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Long-lived photon echoes in semiconductor nanostructures: from 
Exciton to resident electron spin and nuclei spin dynamics 

I. A. Akimov 
 Technische Universität Dortmund, 44221 Dortmund, Germany 

Coherent optical response provides rich information about the energy structure and dynamical properties 
of the studied system and can be used for applications in quantum memories where light-matter 
interaction is exploited to store and retrieve optical fields in the form of photon echoes. Excitons in 
semiconductor nanostructures can be excited resonantly by sub-ps optical pulses on a very short 
timescale enabling access to large bandwidths but unavoidably leading to short radiative lifetime, which 
imposes limitations for optical storage time. Using the spin degrees of freedom, it is possible to extend 
the timescale of coherent optical response by several orders of magnitude and to explore the fascinating 
field of coherent optics with spins. In our earlier work, this concept has been achieved for localized 
charged excitons in CdTe quantum well structures and donor-bound excitons in bulk ZnO crystals [1, 2, 
3]. It is based on resonant excitation of negatively charged exciton (trion) with a sequence of optical 
pulses in the presence of a transverse magnetic field. This allowed us to transfer the optical coherence of 
trions into the electron spin coherence of resident electrons with a significantly longer relaxation time 
and to extend the timescale of photon echo by 2-3 orders of magnitude from 50 ps to 50 ns [1, 2, 3]. For 
realistic quantum memory protocols, it is necessary to apply resonant optical pulses with an area of π, 
i.e. to perform robust Rabi flops. This is very difficult in semiconductor quantum wells and bulk crystals 
due to the strong damping of Rabi oscillations by excitation-induced dephasing [4]. Therefore, it is 
advantageous to use quantum dots (QDs) with strong localization potential which ensures robust 
coherence properties. In our recent studies, we have shown multiple Rabi rotations of trions in InGaAs 
quantum dots observed by photon echo spectroscopy with spatially shaped laser pulses [5]. Moreover, 
we have demonstrated that additional control pulses can be used as tuning knobs for adjusting the 
magnitude and timing of the coherent emission in a wide range up to several hundreds of picoseconds 
[6,7]. Finally, we revealed homogeneous optical anisotropy in an ensemble of symmetric self-assembled 
InGaAs quantum dots, i.e. optical and spin coherences in an ensemble of QDs subject to a transverse 
magnetic field can be initialized by linearly polarized optical fields in a deterministic way and most of 
the quantum optical approaches developed for single QDs can be transformed into ensembles [8]. These 
achievements in QD ensembles embedded in microcavity allowed us to perform the next step, the 
demonstration of long-lived spin-dependent echoes in charged QDs (see Fig.1).

Fig. 1. Long-lived spin dependent echo in (In,Ga)As/GaAs 
quantum dots (QDs). Sketch of the photon echo experiment. 
(In,Ga)As quantum dots are embedded in a microcavity with 
GaAs/AlAs distributed Bragg reflectors (DBR). Three-pulse 
photon echo (3PE) results from resonant excitation of charged 
excitons (trions) with a sequence of three optical pulses 
delayed in time by τ12 and τ23. External magnetic field B is 
applied in plane of the sample. Temperature T=2 K. Left 
inset: Low temperature photoluminescence (PL, blue line) and 
transmission (red line) spectra of the sample. The PL spectrum 
is shown for lateral emission from the edge of the sample in 
the direction parallel to its plane, e.g. along x-axis. The laser 
spectrum is shown with a green line. Right inset: Schematic 
diagram of an (In,Ga)As QD within a GaAs matrix. Small blue 
arrows at the nodes of the lattice represent random 
orientations of nuclear spins within the quantum dot. The 
arrow “BN” corresponds to the effective magnetic field of 
nuclear fluctuations acting on the resident electron spin “e.” 
Right: Dependence of three-pulse photon echo on τ23 in a 
transverse magnetic field B = 56 mT (top) and in zero 
magnetic field (bottom). Blue lines show the experiment and 
red lines are calculations in the nuclear spin fluctuation 
model. The oscillatory decay reflects the spin dynamics of 
resident electrons in the resulting magnetic field Btot=B+BN. 

Here, we have shown that despite strong inhomogeneous broadening, it is possible to perform a robust 
and efficient transfer between the optical and spin coherences and to observe long-lived spin-dependent 
photon echoes in an ensemble of charged self-assembled QDs. Without the magnetic field, the photon 
echo decays with T2 = 0.45 ns which is determined by the radiative lifetime of trionsT1 = 0.26 ns.In the 
presence of the transverse magnetic field of about 50 mT, the decay of the photon echo signal is given 
by the spin dephasing time of the ensemble of resident electrons T2,e ∼ 4ns[9] as shown in the Fig.1 (top 
right). Moreover, the long-lived oscillatory response is also observed in a zero magnetic field (data 



These oscillations occur due to spin precession of the resident electron spins in the effective fluctuating 
nuclear field, whose direction and magnitude are different in each quantum dot. We evaluated the mean 
field of nuclear spin fluctuations as 6.4 mT. The spin initialization for resident electrons in the photon echo 
protocol depends on the direction and magnitude of the effective nuclear field and therefore extends the 
possibilities for exploring the hyperfine interaction in semiconductor QDs [10]. 
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Exchanging quantum information with a nuclear spin ensemble: 
there and back again 

M. Atatüre 
University of Cambridge, Cambridge CB30HE, UK 

Quantum nodes comprising multiple qubits coupled to photons can serve a range of quantum information 
applications including quantum repeaters and photonic cluster-state generation. An optically active solid-
state spin qubit serving as broker to exchange information between a photon and several register qubits is 
one promising implementation. Multiple such spin-photon interfaces have demonstrated functionality 
including in diamond, silicon carbide and rare-earth doped YVO4 crystal. Many initial implementations 
involve an electronic spin in dipolar coupling to a small number of proximal nuclear spins, where their 
distance controls their coupling rate. III-V compound semiconductor quantum dots have superior optical 
properties including brightness, purity and coherence, and have efficient coupling to information-carrying 
single photons. However, they lack additional spins to act as register qubits for the electron spin qubit. 
Quantum dots offer an opportunity for a contrasting perspective to the few proximal spin implementations, 
namely the nuclear spin ensemble comprising the quantum dot itself. The resident electron spin qubit is 
Fermi-contact linked to a group of roughly 100,000 nuclei, which, if not managed, serves as a source of 
noise detrimental to the qubit's performance [1]. However, if these nuclei are sufficiently manipulated, they 
can potentially serve as an information reservoir by leveraging their collective behavior [2]. This concept 
bears similarities to spin-wave-based photonic memories in solid states or ferromagnetic magnon modes. 
Advances in controlling dense nuclear spin ensembles relied on dynamic nuclear polarization, reducing 
their magnetic-field fluctuations and allowing for electron-mediated collective nuclear excitations [3]. The 
final goal of a nuclear quantum register combines a controllable electron spin with a tailored nuclear 
ensemble.In this talk we will discuss the reversible quantum state transfer between an electron spin qubit 
and a collective excitation of 13,000 nuclear spins in a GaAs QD. We present a method to construct a 
collective nuclear state by polarizing Ga isotopes. Consequently, one of the Ga isotopes is set in our 
register's ground state, forming a coherent nuclear dark state with 60% polarization. 

Fig. 1. Left  Electrically gated 
heterostructure device containing GaAs 
quantum dots.  
 Right: Illustration of electron-mediated 
control mechanism of the nuclear spin 
ensemble. 

Our electro-nuclear coherent control facilitates arbitrary state transfers from the electron spin qubit to the 
single magnon spin-wave states. We show that the register reaches a storage time of 130(16) µs, aligned 
with limitations from residual quadrupolar broadening. 
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Photo-ionization and high-harmonic generation in zinc oxide 
Irradiated by intense mid-infrared femtosecond laser pulse 

T. Apostolova1, B. Obreshkov2 
1Institute for Advanced Physical Studies, 1618 Sofia, Bulgaria

2Institute for Nuclear Research and Nuclear Energy, 1784 Sofia, Bulgaria 

We theoretically investigate photo-ionization and high harmonic generation in the bulk of zinc oxide 
irradiated by intense femto-second laser pulses with mid-infrared wavelength (3 μm) in a wide range of laser 
intensities. For laser intensities below threshold for avalanche breakdown of ZnO we find that high harmonic 
generation (HHG) is strongly affected by the multiple band structure of the irradiated semiconductor. More 
specifically, it is shown that the sub-cycle response of multiple valence band holes to photo-ionization results 
in transient intra-band current responsible for the high-harmonic emission process. The intra-band 
mechanism is weakly dependent on the static band structure of ZnO and reflects the time-dependent 
characteristics of photo-ionization and photo-excitation process in a non-equilibrium plasma of electron-hole 
pairs. The corresponding HHG spectra resulting from photo-ionization for parallel and perpendicular laser 
polarization are calculated. For the parallel polarization, the power spectrum of both intra- and inter-band 
currents is dominated by bremsstrahlung and lacks clear harmonic structure (Fig.1a). For the perpendicular 
polarization, the inter-band current displays clear odd harmonic peaks below the absorption edge. The 
harmonic structure above the band edge is not so well defined. It consists of broad and overlapping harmonic 
peaks on top of the continuous background (Fig.1b). The non-adiabatic response of valence band holes 
manifests in the emergence of clean odd-harmonic structure in the intra-band current. 

Fig. 1. Power spectrum of intra- (dashed red line) and inter-
band (solid black line) currents  in the bulk of ZnO for peak 
laser intensity 1012W/cm2,  laser wavelength 3 μm and pulse 
duration of 60fs. 
Left: a - the laser is polarized parallel to the optical axis; 
Right: b -    the  laser polarization direction is perpendicular 
to the optical axis. 

Taking into account the realistic, multiple band structure of the solid our theoretical calculations of HHG 
spectra show good semi-quantitative agreement with the experimental data [1],[2] without including ultra-
fast de-phasing process. Clean and well-defined odd-order harmonic peaks extending beyond the band edge 
of ZnO are obtained for laser linearly polarized perpendicular to the optical axis of the crystal. 
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A two-stage onset of helimagnetism in Cr1/3NbS2  
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Chiral helimagnetism in Cr1/3NbS2 has served as an interesting host for studies of novel magnetic orders as 
well as tunable electrical properties relevant to its mesoscale magnetic textures [1]. However, the current 
understanding of helimagnetism has been indirectly inferred based on the measurement of material physical 
properties with an absence of the comprehensive understanding of the evolution of the helical magnetism [2]. 
Here, we demonstrate the second harmonic generation (SHG) spectroscopy as an outstanding method to 
investigate a chiral helimagnet Cr1/3NbS2. Combining SHG wide-field imaging and rotational anisotropy 
(RA) SHG scanning measurements, we reveal the existence of two chiral structural domain states and the 
formation of six helimagnetic domain states (Fig. 1(a)) upon an unexpected rotational symmetry breaking 
across the phase transition. The spatially resolved RA SHG patterns directly show that the six domain states 



are related by vertical mirror and three-fold rotation symmetries, corresponding to the structural chirality and 
magnetism, respectively, in Cr1/3NbS2. We will also discuss the observation of the rotation symmetry 
breaking, ascribed to an existence of magnetic anisotropy, in striking contrast to a widely accepted 
assumption of negligible anisotropy in helical magnets. 

Fig. 1.   (a)   Map of  helical magnetic order 
at 80 K, visualizing the formation of helical 
order parameters with different directions in 
Cr1/3NbS2.  
(b) Temperature dependence of nonlinear 
optical susceptibility tensors,     corresponding 
to structure (top) and magnetism (middle and 
bottom) contributions.  

Furthermore, we observe two characteristic temperatures at which distinct nonlinear optical susceptibility 
tensors evolve. The probed susceptibility tensors are characterized by different symmetry properties, 
demonstrating that the helimagnetism in Cr1/3NbS2 undergoes two phase transitions. I will finally discuss 
potential pathways of helimagnetic phase transitions from the paramagnetic states. 
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Exciton-polaritons with halide perovskites 
W. Bao 

Rensselaer Polytechnic Institute, Troy, NY 12180, USA 

Recently, semiconducting lead halide perovskites with a composition of ABX3 (where A is commonly 
CH3NH3

+ (MA+) or Cs+; B is Pb2+; X is Cl−, and Br−) have emerged as contenders to GaAs for polaritonic 
but at room temperature, due to their large exciton binding energy, high photoluminescence (PL) quantum 
yield, tunable bandgap and high room-temperature nonlinear interaction strength. With chemical vapor 
deposition (CVD), single-crystalline inorganic halide perovskites have shown polariton condensation. 
However, due to the limitations of the current growth methods and the fragile nature of perovskites, only 
small single crystals can be integrated into the optical cavities. Critically, the small sizes prohibit the studies 
of large-scale phenomena, such as superfluidity formation, XY spin Hamiltonian, and topological effects, 
due to the limited lattice size and the restricted propagation lengths.In this talk, I will first introduce our 
approach [1] to overcome the above size limitation and obtain various types of large halide perovskite single 
crystals inside optical nanocavities. Due to the uniform confined environment, the solution growth approach 
shows uniformity, comparable to the MBE-grown GaAs quantum well, enabling submillimeter-large single 
crystals with superb excitonic quality. These crystals with strongly interacting Wannier-Mott excitons 
allowed us to successfully demonstrate a polaritonic XY spin Hamiltonian at room temperature. Further, we 
show that a lattice with many coherently coupled condensates up to 10 x 10 can be achieved. This is a critical 
step towards the ultimate goal of realizing a room-temperature polaritonic platform on par with MBE-grown 
GaAs at low temperatures. In addition, we show that the dispersion of the perovskite system has unique 
advantages for future studies on synthetic non-Abelian gauge fields and topological physics. 

Fig. 1. Left:  Schematic of polaritonic XY spin Hamiltonian 
Right: Schematic of polaritonic valley Hall laser. 

Lastly, I will introduce our recent two works using halide perovskite on topological valley Hall polariton 
condensation [2] and polariton superfluidity [3]. 
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All-optical attoclock for detecting topology in solids 
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Photoionization in strong optical fields of atoms, and molecules, as well as analogous processes of 
transitions from valence to conduction band in solids, are at the heart of attosecond science. The so 
called attoclock [1] was suggested as  a method to measure attosecond-scale dynamics of electrons 
during photoionization in strong optical fields. As an electron tunnels out of the atomic potential through 
the barrier created by laser field, the time spent on tunneling is mapped by the nearly circularly polarized 
laser field on the final direction of the electron motion (Fig. 1a). In this scheme, the rotating electric 
field plays the role of a “hand of a clock”, with one degree rotation corresponding to just 2.7fs/360°=7.5 
attoseconds for an infrared driver at 800 nm. Experiments demonstrated effective delays  in the range of 
10-102 attoseconds, with the observed deflection stemming also from the action of the core potential [2], 
with the tunneling delay still under discussion [3]. Irrespectively of the underlying physics, applying this 
idea directly to tracking electron injection across the bandgap in bulk dielectrics is highly challenging 
due to obvious limitations in directly measuring the electrons. In [4] it was suggested that the attoclock 
principle can be implemented in an all-optical setup by measuring the polarization of light emitted by 
the electrons during injection into a conduction band. Indeed, the light radiated by the electrons directly 
reflects their acceleration. Therefore, polarization of radiated light for different harmonics can capture 
the attosecond-scale dynamics of electrons. This approach can thus be called an “all-optical attoclock.”

Fig. 1. Electronic [1] (a) and  all-optical [4] (b) attoclock. (c) Polarization and ellipticity of THz light  
(0thharmonic) in a Haldane topological insulator in dependence on the coupling parameter t2 (see inset) for a 
two-color driver shown in (b).  

Here we show how an all-optical attoclock can be used to study the Berry curvature and the overall 
topology of conduction bands in solids, using a combination of two co-rotating fields with frequencies ω 
and 2ω, see Fig.1b. The Berry curvature manifests itself as the presence of an effective magnetic field, 
which modifies electron trajectories and therefore the polarization of the radiated light. Using both 
effective semiclassical model and semiconductor Bloch equations we show that the topology can be 
“recorded” in the polarizations of low-order harmonics. As an example, in Fig. 1c we show 0th harmonic 
[located in terahertz (THz) range] of a two-color field, shown in Fig. 1b. The calculations are done for 
the Haldane model of a topological insulator (see inset to Fig. 1c), showing that the transition between 
topologically trivial and topologically nontrivial phase (different by the values of the Chern number C) 
is clearly visible in the polarization of the harmonics. This contributes to the field of topological strong 
field physics [5], extending our ability to measure and control matter with light. We note that, whereas 
high harmonics were recently considered [6] to detect topology, our mechanism is focused namely on 
the lowest harmonics. 
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Robust and time-optimal quantum control from geometric space curves 
E. Barnes 

 Virginia Tech, Blacksburg, VA, 24061, USA 

Quantum information technologies demand highly accurate control over quantum systems. Achieving this 
requires control techniques that perform well despite the presence of decohering noise and other adverse effects. I 
will present a general technique for designing control fields that dynamically correct errors while performing 
operations using a close relationship between quantum evolution and geometric space curves. This approach 
provides access to the global solution space of control fields that accomplish a given task, facilitating the design 
of experimentally feasible gate operations for a wide variety of applications. This approach unifies and 
generalizes prior methods for dynamically decoupling a qubit from its environment. Noise-cancelling pulses can 
be derived by designing space curves with certain geometric properties and then computing their curvatures. 

Fig. 1. Geometric space curves provide a general 
method to design quantum gates that are robust to 
environmental noise and other sources of error. The 
evolution of a driven quantum system subject to low-
frequency noise (left) can be described using space 
curves (middle). Two examples of space curves in 
three dimensions are shown. These curves represent 
the deviation away from the ideal evolution induced 
by noise.The coordinate origin of the space in which 
the curve lives represents the ideal evolution and 
astime evolves and noise errors accumulate, the curve 
moves away from this point. The dimension of this 
space is determined by the size of the Lie algebra 
spanned by the operators  in the system 
Hamiltonian,including control and noise terms. 

The control Hamiltonian is encoded in the shape of the curve.  
As the  curve is traversed, the local curvature at  each point determines the strength of the control fields at that 
point  in   the evolution. For example, the green curve in the middle yields the pulse shown on the right.  
The arrows on the curve indicate the direction in which the  curve is traversed, while the  solid (dashed)   lines in  
the curve and pulse represent the past (future) as time evolves. We can thus reverse-engineer the  evolution  by first 
constructing a space curve and then computing the  control  Hamiltonian from its shape.Choosing the space curve 
to return to the origin at the end of  the evolution (middle) yields noise- cancelling control pulses (right). 

I will present noise-cancellation conditions for a variety of different noise types, including pulse amplitude, 
detuning and phase noise, Stark shift errors, etc. I will also discuss applications of this method to qubit platforms 
based on electron spins, superconducting circuits, trapped ions, and Rydberg atoms. 
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The investigation of emerging collective modes provides direct information on the microscopic 
interactions at the origin of materials’ properties. While ultrafast methods allow real-time monitoring of 
phonons, magnons, and excitons, their behavior is typically measured only within a limited region of 
momentum space, close to the center of the Brillouin zone. Extending these studies to encompass the 
entire Brillouin zone offers a more complete understanding of the interactions. Particularly fascinating 
are scenarios that involve finite momentum transfer, such as processes between particles in different 
valleys [1].In this study, we delve into both inter- and intra-valley scattering in photo-excited graphite 
[2-4] and evaluate their impact on interband plasmonic excitations [5]. To do so, we develop and employ 
time and momentum-resolved electron energy loss spectroscopy (tr-q-EELS), a novel experimental 
approach implemented in an ultrafast transmission electron microscope [6]. Additionally, we selectively 
modulate relaxation pathways by adjusting the pump photon energy. 
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Fig. 1. Left: Experimental setup of momentum- and time-
resolved EELS in an ultrafast TEM.  
Right: Sketch of the inter- and intravalley scattering 
processes for the relaxation of photo-excited electrons in 
graphite.  

Ab-initio calculations establish a direct link between our experimental observations and the excitation of 
strongly coupled optical phonons occurring at specific location in the Brillouin zone. Our novel 
approach opens the way to ultrafast collective mode spectroscopy at finite momentum within tabletop 
measurements.
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Ultrafast spectroscopy of coherent phonon across the pressure-driven 
Insulator to metal phase transition in V2O3
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Nowadays, material science is moving towards the understanding of material in out-of-equilibrium 
states by making use of perturbative approaches to investigate their dynamical response under strong 
stimuli. From that perspective, the use of ultrashort light pulse seems to be relevant as it can selectively 
address different degrees of freedom inside solid-state materials and more particularly the electronic 
ones [1]. Such methodology may help to decipher the physical phenomena originating from electronic 
correlations, like Mott transition, and completes the more conventional approach where phase diagrams 
of materials are investigated at equilibrium in the temperature/pressure frame.The combination of 
ultrafast optical spectroscopy and high-pressure experiment sounds like a wise choice to investigate 
materials experiencing phase transition under hydrostatic pressure such as the canonical Mott insulator 
V2O3 [2]. We use an innovative setup to monitor the ultrafast out-of-equilibrium dynamics of V2O3, 
especially the coherent structural photo-response, across the pressure driven Insulator to Metal transition 
(IMT). The obtained results demonstrate the possibility to use the spectroscopy of coherent phonons as a 
thermodynamical phase marker in a nanometric V2O3 thin film.  

Fig.1. Simplified scheme of the experimental setup. 

In addition, the variation of frequency of the ultrafast coherent phonon mode (A1g character) seems to 
reflect the manifestation of a peculiar coupling between lattice and electronic degrees of freedom near 
first-order transition lines with a clear drop of frequency around the critical pressure. 
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The perovskite family of oxides (ABO3) shows a wide range of functionalities due to the strong interplay 
between spin, orbital, and lattice interactions. This is in particular reflected in the different structural 
instabilities found in these systems. An example is the oxygen octahedra tilting and distortions, which are 
associated with structural phase transition, in particular, with the cooling from the undistorted, high-
temperature cubic phase. The idea to control structural instabilities by a coherent drive of the material's 
intrinsic vibrations (i.e. phonons) was exploited in the last decades using ultrashort laser pulses, and the 
emergence of new phases [1-6] was observed. In these studies, the change in the material properties was 
primarily linked to the externally driven displacement of Raman modes, and in particular the ones 
responsible for a distortion of the equilibrium crystal structure. One can then expect that when a Raman 
phonon is driven by an external excitation, a larger displacement would lead to a more significant change 
in the material properties.Here, we present evidence of a new mechanism for the excitation of lower 
energy Raman active, phonon in the centrosymmetric LaAlO3, which makes use of an intense THz 
electric field. In particular, we observed a coherent dynamics in low-temperature measurements of the 
optical response to a THz pulse excitation. Our measurements show the apparent excitation of an IR-
inactive Eg mode at 1.1 THz, as well as a continuum of low frequency oscillations with peaks at 0.35 THz 
and 0.8 THz, never reported before. Importantly, for a given pump pulse energy, the THz pulse is actually 
significantly more efficient in driving the Eg mode than an optical radiation (1300 nm), this last acting 
through Impulsive Stimulated Raman Scattering (ISRS). We point out that, given the absence of IR active 
phonons in the spectral range of the THz pulse, the reported mechanism is not consistent with a Ionic 
Raman Scattering (IRS) [7.8]. At this stage, we hypothesize that the Eg phonon is parametrically driven 
by the coupling with the strain induced by the THz in the material, this last displaying ferroelastic 
properties [9,10]. The proposed model is able to qualitatively reproduce the low frequency dynamics as 
well as the Eg excitation. Our investigation shows an efficient new path for the excitation of Raman-
active phonon to large amplitude, and would open new directions for the control of the structural phases 
and related macroscopic properties.         

The proposed model is able to qualitatively reproduce the low 
frequency dynamics as well as the Eg excitation. Our investigation shows an efficient new path for the 
excitation of Raman-active phonon to large amplitude, and would open new directions for the control of 
the structural phases and related macroscopic properties.    
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Fig. 1.Pump-probe response (probe 
polarization rotation) in time (a) and 
frequency (b) domain of LaAlO3[100] 
at 8K. The FFT was evaluated in the 
range 0-50ps. The sample was excited 
by means of an 1300nm pump (red) 
and broad band OH1-geneated THz 
pump (blue). Inset of panel (a) shows 
pump-probe response till later delay 
times up to 500 ps. 
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Time-resolved low-energy photoelectron diffraction for the study of 
Ultrafast adsorbate-surface interactions 

M. Bauer
Kiel University, 24118 Kiel, Germany 

Various types of surface-sensitive time-domain techniques have, in the past, provided detailed and comprehensive 
insights into ultrafast adsorbate-surface interactions involving the charge and vibrational degrees of freedom that 
are relevant for surface chemical reactions. Time-domain surface electron diffraction techniques hold the potential 
to greatly enrich this research, as they can provide quantitative and direct information on how structural orders in 
adsorbate layers are transiently affected by such interactions [1-3]. In this context, ultrafast low-energy electron 
diffraction (ULEED) would be the first choice technique due to its exceptional surface sensitivity and the available 
and established methods for the quantitative analysis of the data. However, electron dispersion and Coulomb 
interaction broadens the probing electron pulse and considerably limits the time resolution of ultrafast electron 
diffraction techniques in general, and it is particularly critical for the low electron energies typically used in LEED. 
To at least partially compensate for this problem, attempts have been made to minimize the propagation distance of 
the electron pulses from the source to the sample surfaces. However, even with sophisticated designs, the time 
scale below one picosecond has not been reached yet [4]. In this talk, I will present a surface-sensitive and ultrafast 
electron diffraction experiment capable of probing structural dynamics in adsorbate layers with a temporal 
resolution of 100 fs-see Fig.1.  In our experiment we analyze the energy-momentum distribution of low-energy 
photoelectrons excited by a near ultraviolet (NUV) ultrafast laser pulse in graphite that are diffracted as they pass 
through an ordered tin-phthalocyanine adsorbate layer. The propagation distance of the (photo-) electron pulse 
prior diffraction is limited by the inelastic mean free path of the electrons in the substrate to typical values of a few 
nanometers, so that a significant temporal broadening is omitted. We experimentally demonstrate a time resolution 
of this ultrafast low energy photoelectron diffraction (ULEPD) technique of 100 fs, yet limited by the pulse width 
of the NUV laser pulse. The analysis of the transient changes in the photoelectron diffraction intensity from the 
SnPc overlayer indicates the excitation of the adsorbate layer on a characteristic time scale of several ps. We 
associate the observed changes to vibrational disorder in adsorbate layer as a result of coupling to the phonon bath 
in graphite, which is transiently excited during the cooling-down of the photo-excited hot carrier distribution. 
Remarkably, the ULEPD signal contains also direct information on the hot photocarrier dynamics in the substrate 
providing unique capabilities to directly correlate ultrafast processes associated with the electronic and structural 
degrees of freedom at surfaces.  

Fig. 1.   (a)  Experimental scheme for ULEPD.        (b) ULEPD signal of SnPc/graphite 500 fs before photoexcitation. 
The  inset  shows  the  same  energy-momentum  field of view for the pristine graphite sample.    (c) ULEPD transients 
extracted from energy regions above (red) and below (red) EF. The green data results from the sum of these transients 
and  represent structural changes in the adsorbate layer due to vibrational disorder. Lines are fits to the data. 

In the future we plan to use a momentum microscope for the detection of the photoelectron diffraction signal. 
Similar to ULEED it will enable us to access the full two-dimensional ULEPD signal of an adsorbate layer, 
including ultrafast diffuse scattering information [5, 6]. The use of XUV-pulses from high-harmonic generation 
sources or free electron lasers for the generation of the probe photoelectron pulse will furthermore considerably 
extend the accessible momentum field of view. 
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Exciton polaritons in two-dimensional-semiconductor heterostructures 
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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. The fact that excitons in 2D semiconductors, such as various monolayer transition-
metal dichalcogenides (TMDs),  e.g., MoSe2 or WS2, 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 composite particles 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 [9]. In this talk, we review our recent research activities on the linear and nonlinear optical 
properties of 2D semiconductors in various geometries: free-standing monolayer, monolayer in 
dielectric heterostructures, plasmonic heterostructure (i.e., monolayer in proximity to metal surface), and 
microcavities containing 2D-monolayers. We show that 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]. While the main focus of the talk will be on plasmonic devices that allow for ultrafast (sub-
picosecond) modulations, we also touch briefly on recently obtained insights into the lasing properties of 
TMD microcavities, extending work that focuses on GaAs quantum well microcavity lasers [4-6]. Fig.1 
shows the plasmonic modulator device that consists of a TMD monolayer in the vicinity of a metal 
surface. This structure supports surface-plasmon polaritons (SPPs), but also mixed modes in which 
excitons from the monolayer are coupled to the SPP. We call these latter modes exciton-surface-
plasmon-polaritons (E-SPPs).  

Fig. 1 (a) Sketch of plasmonic device with input and output coupler grating; (b) optical image of device;  
(c) transmission data.[1]. 

The E-SPP dispersion is shown in Fig.2. Fig. 3 shows experimental data of the optical nonlinearity seen 
in a pump-and-probe configuration. The differential transmission has a peak in frequency (close to the 
E-SPP resonance), and exhibits an ultrafast (femtosecond) initial temporal decay, corresponding to a 
modulation bandwidth of ~1.5 THz, followed by a picosecond decay. 



DR
/R

 (%
)

Detuning (μeV)

DT
/T 

(%
)

b

e
Detuning (μeV)

c

DT
/T 

(%
) 

DR
/R

 (%
) 

f

-10 100 -10 100

-10 100 -10 100

20

25

30

5

10

15

-15

-10

-28

-26

-24

-20

Detuning (μeV) Detuning (μeV)

 Fig.2. Calculated dispersion relation (left) with close-up 
of exciton-surface-plasmon-polariton (E-SPP) resonance 
(right).  [1]. 

Fig. 
Fig.3 Differential transmission induced by pump divided 
by transmission without pump (DT/T). (a) Frequency 
dependence for three different pump frequencies. 
(b) Time dependence for pump frequency of 1.736 eV 
showing ultrafast (290 fs) initial recovery. [1]. 

Fig.3 shows experimental data of the optical nonlinearity seen in a pump-and-probe configuration. The 
differential transmission has a peak in frequency (close to the E-SPP resonance), and exhibits an 
ultrafast (femtosecond) initial temporal decay, corresponding to a modulation bandwidth of ~1.5 THz, 
followed by a picosecond decay. Fig.4 shows theoretical predictions for the enhancement of the optical 
nonlinearity that is expected when the exciton resonance is closer to the SPP resonance. 

Fig.4.Real (a) and imaginary 
(b) part of calculated plasmonic 
enhancement factor for two 
different exciton frequencies.   
(c) Real (black) and imaginary 
(blue) part for exciton frequency 
of 2.8 eV .[1]. 

Fig.5 shows ultranarrow (micro-eV) resonances that can be induced with a stationary pump field tuned 
close to the exciton resonance, if pump and probe have the same linear polarization.  

Fig. 5.  (a) and (d): depiction of 
two   different  pump-  probe 
configurations;        
(b) experimental       differential 
transmission    for configuration  
(a) for linearly co-polarized and 
cross-polarized pump and probe; 
(e)    experimental     differential 
reflection for configuration   (d),  
(c) and (f) same as (b) and (e), 
respectively, but showing 
theoretical results.[2]. 

The ultranarrow resonance leads to slow-light behavior, and using an interferometric measurement we 
found a slow-down factor of 1,300, i.e., the group velocity of the E-SPP was smaller than the speed of 
light in vacuum by a factor of 1,300 [2]. 
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Phase competition and coexistence are hallmarks of strongly-correlated materials [1] and directly related 
to intriguing phenomena such as colossal magnetoresistance [2] and high-temperature superconductivity 
[3]. Active control over phase textures further promises nanoscale tunable electronic material properties 
[4]. Light allows for tilting the balance between distinct correlated states and phases with a prominent 
example given by the optical switching of an insulator to a metal. However, optical excitation generally 
lacks the specificity to select sub-wavelength domains. In this work, we employ valley-selective 
photodoping of correlated electronic states to demonstrate control over the domains and texture of a 
quasi-one-dimensional Peierls insulator [5]. Specifically, we exploit the anisotropic absorption of 
nanowire domains by tuning both the photon energy and the polarization to the transition matrix 
elements most strongly coupled to the structural transformation.  

Fig.1. Optical surface electronic texture control via valley-selective photodoping. 
a. Top: schematic of optical control parameters that drive selective surface domain switching.
Bottom:  the Peierls transition in a one-dimensional atomic chain yields the formation of a periodic lattice 
distortion and charge density wave (CDW) with a characteristic energy gap.  
b. Top: light-induced electronic quench of the CDW phase. A population of states at the CDW gap yields a

specific 
homogeneous phase change across the surface via delocalized energetic charge carriers. 
Bottom: direct bandgap excitation (valley-selective)  minimizes  dissipation  which  manifests  in domain- 
switching (red wires) with pronounced phase coexistence and local carrier confinement.  
c. Experimental setup of ultrafast LEED.  The  domain-specific  quench  of  the   structural  distortion  manifests in
a loss of corresponding reflex intensity. 

We find that averting dissipation facilitates domain-specific carrier confinement, control over 
nanotextured phases, and a prolonged lifetime of the metastable metallic state. Augmenting existing 
manipulation schemes, valley-selective photoexcitation will enable the activation of electronic phase 
separation beyond thermodynamic limitations, facilitating optically-controlled hidden states, engineered 
heterostructures, and polarization-sensitive percolation networks. 
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Dynamics in the non-equilibrium state: 
 Towards a more complete understanding how the charge, spin, and 

Lattice degrees of freedom interact 
U. Bovensiepen 

University of Duisburg-Essen, 47048 Duisburg, Germany 

One key challenge in the analysis of ultrafast experiments is the assignment of a particular pump-induced 
observation to a specific degree of freedom that may cooperate or compete with another one. A seminal 
example is the analysis of e-ph interaction by Allen [1]. Using specific probing and resonant pumping 
methods, which are typically available in the experimental toolbox nowadays, very detailed microscopic 
understanding was developed, see, for example, the work on the interface hybrid phonons regarding energy 
transfer across metal-oxide interfaces [2] and hot electron injection and transport in heterostructures [3]. In 
this talk recent developments exploiting ultrafast soft x-ray spectroscopy carried out at the femtoslicing 
facility at BESSY II, Berlin, and the spectroscopy and coherent scattering (SCS) instrument at the 
European XFEL, Hamburg, will be presented. The experimental opportunities and related challenges [4], 
key observations of ultrafast spectral changes at Ni or Fe L3 and O K absorption edges in metals [5,6], 
charge transfer insulators [7], and films of Fe(II) spin-crossover complexes [8] will be discussed. Thereby, 
the manifold scientific opportunities which exploit the element and site specificity of the spectroscopy to 
shed light on non-equilibrium dynamics in condensed matter will be highlighted. Moreover, dichroic 
experiments, which provide specific access to broken symmetry ground states, will be addressed. 

Fig. 1. Scheme of the SCS instrument at European 
XFEL which allows for shot-to-shot normalization in 
combination with pump-probe experiments. A key 
element is the beam-splitting off-axis zone plate (BOZ) 
which splits the monochromatized (MONO) pulsed x-
ray beam generated by the SASE3 undulator system 
(UND) after passing an exit slit (ES) into three beams. 
Subsequently, they pass the sample (SAM) which 
consists of three membranes. The center one is bare 
membrane window. The two other ones contain the 
sample of interest. The right one is pumped by laser 
excitation. The corresponding transmitted intensities 
are detected at the detector DSSC and shot-to-shot 
normalization provides excellent signal-to-noise ratio in 
time dependent x-ray experiments. The figure was 
originally published in [4]. 

Moreover, dichroic experiments, which provide specific access to broken symmetry ground states, will be 
addressed. 
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Light-induced quench of macroscopic condensates probed via 
Time-resolved ARPES  

D. Armanno1, J. M. Parent1, A. Longa1, G. Jargot1, F. Légaré1, N. Gauthier1, F. Boschini2 
1 Institut National de la Recherche Scientifique, Varennes,  QC J3X 1S2, Canada 

2University of British Columbia, Vancouver, BC V6T 1Z4, 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 an ultrafast quench of macroscopic condensates [1]. In this context, it is 
worth noting that near-infrared light carries photon energies several orders of magnitude larger than 
those usually associated with the underlying order parameters (eV vs. meV energy scales). 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 can map a large area in momentum space by using 6-eV probe pulses, in combination with a 
new state-of-the-art hemispherical analyzer (ASTRAIOS 190, SPECS) with single octupole deflector 
technology and sample biasing [3]. We demonstrate the momentum mapping capabilities of our TR-
ARPES system by presenting the Fermi surface mapping of optimally doped Bi2Sr2CaCu2O8+δ (Bi2212), 
a prototypical high-Tc cuprate superconductor, in Figure 1(a), where we prove the ability to reach up to 
~90% of the antinodal (0,π) distance. Figure 1(b) shows that 300 meV pump excitation induces an 
ultrafast filling of the superconducting gap, similar to what has been reported upon near-infrared 
excitation [4]. We 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.

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.  

We will then present some preliminary TR-ARPES results on Ta2NiSe5, where we investigate how mid-
infrared light excitation might offer valuable insights into the presence of an underlying excitonic 
condensate. 
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Dynamical routes renormalization of the magnonic spectrum beyond 
Linear spin wave theory via nonlinear magnonics 

D. Bossini 
University of Konstanz, 78457 Konstanz, Germany 

In the absence of external magnetic felds, the Hamiltonian of a magnetic material contains the exchange 
interaction, which is of electrostatic origin, and the spin-orbit coupling, whose magnitude depends on 
the atomic charge [1]. Linear spin wave theory provides a representation of the entire spectrum of 
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collective magnetic excitations, i.e. magnons, under the following assumptions: i) the interactions are 
constant; ii) the number of magnons in the system are negligible; iii) the magnon-magnon interaction 
and scattering are not present [1-3]. However, the electric field component of laser pulses is able to 
perturb electrostatic interactions, charge distributions and, at the same time, can create a magnonic 
population. A fundamental open question therefore concerns the possibility to optically renormalise the 
magnon spectrum and the spin Hamiltonian. In practice this means either modifying the amplitude, 
frequency and lifetime of the magnons, in comparison with the predictions of linear spin wave theory, 
whose predictions are confirmed by equilibrium spectroscopic methods (e.g. Raman, infrared 
absorption). Activating a coupling between different magnon modes by means of laser pulses induces 
spin dynamics elusive of linear spin wave theory as well.Here, we discuss a route to achieve nonlinear 
coherent spin dynamics in solid state magnets. We rely on an electric-dipole excitation of high-energy 
magnons near the edges of the Brillouin zone, called two-magnon (2M) mode [4-6]. This process 
enables to trigger magnon pairs in a spin-conserving fashion by perturbing the exchange interaction [4-
6]. We note that this transition is in the mid-infrared spectral range and therefore the exploration of the 
spin dynamics, triggered by its resonant and off-resonant pumping, requires a laser source operating in 
the mid-infrared spectral range. Furthermore, the abilities to tune the central photon energy of the laser 
pulses, to fully control the polarization and spectrum of the excitation pulses is also key for this 
experimental investigation. To meet these extremely challenging demands, we have developed an home-
made laser system, based on the Yb:YAG thin disk technology, able to generate femtosecond laser 
pulses with photon energy tunable in the 37 THz- 50 THz range [7]. The mid-infrared beam was used to 
excite the weak ferromagnet α-Fe2O3 (hematite) at room temperature. In this material the 2M mode is 
centered at 46 THz. The transient spin dynamics is monitored by measuring the second-order magneto-
optical effects [8] with a near-infrared laser beam, tuned to the transparency region of hematite. The data 
reveals the activation and a surprising amplification of coherent low-energy zone-centre magnons, i.e. 
the two magnetic resonances, which are not directly driven. Strikingly, the spectrum of these low-energy 
magnons differs from the observations obtained with equilibrium spectroscopic methods, which are on 
the other hand consistent with spin wave theory. The light-spin interaction thus results in a room-
temperature renormalisation of the magnon spectra: a five-fold and three- fold increases of the 
amplitudes and 4% frequency shifts of their ground-state values were measured. We rationalise the 
observation in terms of a novel resonant scattering mechanism, in which zone-edge magnons couple 
nonlinearly to the zone-centre modes. This process provides effectively a resonant to the light scattering 
mechanism, which is canonically employed to trigger coherent magnons in solids (impulsive stimulated 
Raman scattering [9-11]).  In a quantum mechanical model, we analytically derive the corrections to the 
spectrum due to the photoinduced magnon population. The effect of the magnon-magnon scattering can 
be also added to the analytical formalism, although it significantly complicates the analytical treatment. 
On the other hand, atomistic spin dynamics simulations were performed, relying on a stochastic version 
of the Landau-Lifschitz-Gilbert equation for a weak ferromagnet. The numerical results demonstrate that 
exciting zone-edge magnons results in a blueshift of one of the magnetic resonances of hematite, in 
particular the q-AFM mode. This is consistent with the experimental observation. Our results present a 
milestone on the path towards a coherent all-optical engineering of Hamiltonians in solids, as an 
arbitrary tuning of the quasiparticles eigen frequencies would result in optically driving instabilities and 
phase transitions. 
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From visible to mid-infrared ultrafast fluoride fiber lasers 
M. Bernier, M.-P, Lord, M. Olivier, R. Vallée  
Université Laval, Québec, G1V 0A6 Canada 

Ultrafast lasers, particularly those operating in the femtosecond regime, are currently revolutionizing 
many fields of science by providing access to record optical intensities, enabling many nonlinear 
processes that are not possible in long-pulse regime. Femtosecond pulses were traditionally generated in 
crystalline materials using mirror-based bulk cavities. Over the last two decades or so, fiber lasers have 
attracted a great deal of interest for their operation in the ultrafast regime, taking advantage of 
distributed gain and balancing the fiber’s dispersion and nonlinearity. Fibers are excellent hosts for 
lasers, the heat can be well distributed over long fiber lengths, allowing for their power scaling. In 
addition, by using fiber-based photonic components, it is possible to make them all-fiber which 
significantly improve their robustness. Ultrafast fiber lasers were first developed in silica fibers at near 
infrared wavelengths. Hosting fiber lasers in silica offers great advantages, as this material is easily 
available and fairly robust, with favorable thermo-mechanical properties. Unfortunately silica’s 
relatively high maximum phonon energy, combined with its limited transparency at wavelengths above 
2200 nm, has limited ultrafast fiber lasers to the wavelength range of about 900nm to 2100nm. Recently, 
thanks to the availability of excellent quality fluoride optical fibers doped with rare earths, ultrafast fiber 
lasers were reported at mid-infrared (mid-IR) wavelengths ranging from 2800 to 3500 nm [1-4], using 
the nonlinear polarization evolution as modelocking mechanism.  In this report, we will review these 
fiber laser systems based on erbium, dysprosium and praseodymium in fluoride fibers, modelocked by 
the nonlinear polarization evolution in fiber as shown in Fig.1.

Fig. 1 (left) Experimental setup 
implementing the nonlinear polarization 
evolution in fluoride fibers. M: Mirror, λ/2: 
half-wave plate, λ/4: quarter-wave plate, L: 
lens, PC: pump combiner, ISO: isolator, 
DM: dichroic mirror. (right) Output 
characteristics (pulse width and output 
spectrum) of femtosecond fiber lasers 
operating at 635nm as reported in [5] (top) 
and at 2800nm as reported in [4]. Figures 
from [4, 5].  

Very recently, we have also extended the operation of ultrafast fiber lasers at visible wavelengths [5] by 
taking advantage of the low maximum phonon energy of fluoride glasses combined with newly available 
GaN-based blue laser diodes as a pump source. 
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Intense femtosecond mid-infrared sources at 4-micron 
Z. Chang 

University of Ottawa, Ottawa, ON K1N 6N5, Canada 

Many physical phenomena in strong-field benefit from longer laser wavelengths. Yet, most of our 
experience with intense light fields has been restricted to a very limited near infrared (NIR) range of 0.8 
to 1 µm, provided by the popular Ti:Sapphire and neodymium/ytterbium based solid-state lasers. 
Attosecond extreme ultraviolet sources driven by Ti:Sapphire lasers centered at 800 nm have been the 
workhorse for studying electron dynamics since 2001. However, the photon energy range with sufficient 
flux for time-resolved experiments is limited <200 eV. In recently years, significant progress has been 
made in developing few-cycle, carrier-envelope phase stabilized, high peak-power lasers in the 1.6 to 2 
μm that has laid the foundation for attosecond X-ray sources in the water window (282 – 533 eV), which 
covers the atomic K-shell excitation of carbon and oxygen [1]. Even longer wave-length high-peak-
power lasers are becoming available, which are suitable to study light filamentation, high harmonic 



generation, and laser-plasma interaction in the relativistic regime [2]. We first review the recent progress 
on Chirped Pulse Amplification (CPA) lasers centered at 2.5 μm and 4.1 μm based on the Cr:ZnSe [3] 
and Fe:ZnSe gain media [4], which are able to output mJ-level  femtosecond pulses at >100 Hz 
repetition rate. We then describe recent breakthroughs in Chirped Pulsed Optical Parametric Amplifiers 
(OPCPA) based on the ZnGeP2 (ZGP) nonlinear crystals pumped by Ho:YLF CPA lasers at 2 μm. Sub-
100 fs pulses with mJ energy can be generated at 1 kHz [5]. The Fe:ZnSe gain medium features a unique 
combination of spectroscopic, optical, and technological characteristics enabling power-scalable mid-
infrared (MIR) sources: a long upper-level lifetime (55 µs over 77-140K) suitable for energy storage of 
light from commercial, high-energy free running Er:YAG pump lasers; high (>10-18 cm2) emission 
cross-section at 4 µm allowing a straightforward high-efficiency amplifier design; and large emission 
bandwidth supporting femtosecond pulses [6].  We have developed a chirped pulse amplifier based on 
cryogenically cooled Fe:ZnSe, as shown in Fig.2.  

Fig. 1.  A high-repetition - rate M I R    chirped pulse 
aplification laser  based cryogenically cooled Fe:ZnSe 
pumped   by free-running  ErYAG lasers[4]                     . 

Fig. 2. Ahigh-efficiency MIR optical parametric chirped 
pulse  amplifier based ZnGeP2 pumped by Ho:YLF lasers 
at 2 mm [5] 

The seed pulses were produced by a two-stage optical parametric amplifier using BBO and PPNL 
nonlinear crystals pumped by a 1.03-m Yb:KGW CPA laser. The broadband mJ-level MIR seed pulses 
were then chirped by an aberration-free Öffner-triplet grating stretcher. The Fe2+:ZnSe crystals were 
pumped by two 100-µs, 2.94-μm Er:YAG lasers. The gain medium is cooled to 77 K to take advantage 
of the long florescence life time of the Fe:ZnSe at cryogenic temperature, which permits the usage of the 
commercially available diode-pumped free-running Er:YAG lasers. The output pulses are 247-fs at 333 
Hz and 4.6 mJ with a center wavelength of 4.07 µm. Few-cycle pulses were generated by passing the 
beam, at a repetition rate of 400 Hz, through a large-diameter gas-filled hollow core fiber followed by 
dispersion compensating bulk CaF2. A krypton-filled fiber at 53 psi yielded 1.14-mJ, 42-fs pulses 
centered at 4.07-µm [7]. ZnGeP2 is a unique MIR nonlinear crystal. It is attractive for OPA applications 
due to a very high nonlinearity, d36=75 pm/V. Its specific thermal conductivity, 36 W/(m·K) is 20 times 
larger than that of KTA that is critical for high repetition rate operation. The laser-induced damage 
threshold at 2.05 m is large that favors high energy operation.  Advances in the fabrication have led to 
high quality ZGP products with 30×30 mm2 clear apertures. 60-mm diameter crystals have been grown 
in research labs. We have developed a tabletop optical parametric chirped pulse amplification system 
based on ZGP crystals as illustrated in Fig.2. 3.2-mJ, 92-fs pulses centered at 3.1 µm were generated. 
Pumped by a 2-µm chirped pulse amplifier with a flat-top beam profile, the amplifier achieves a 16.5% 
overall efficiency, which, to the best of our knowledge, is the highest efficiency achieved by OPCPA at 
this wavelength. By focusing the GW-level MIR beams from the Fe:ZnSe CPA and ZGP OPCPA in air, 
non-perturbative harmonics were observed. The peak power and repetition rate will be increased for 
strong-field physics applications that include attosecond keV X-ray sources, laser plasma wavefield 
electron acceleration and intense terahertz pulse generation.  
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Bimolecular and extraordinarily large Auger recombination processes in 
hexagonal boron nitride 

A. I. Chatzakis 
Texas Tech University, Lubbock, TX 79409, USA 

Hexagonal boron nitride (hBN) is a wide, indirect bandgap semiconductor that holds 
great promise for optoelectronic devices in the ultraviolet and mid-infrared spectral 
regimes. The efficiency of optoelectronic devices is dominated by the dynamic behavior 
of photogenerated carriers. Here, we report on the dynamics of photoexcited free carriers
in exfoliated 10B-enriched (99%) hBN at room temperature. By using ultrafast
ultraviolet-pump near infrared-probe transient transmission spectroscopy, we can analyze 
the response of materials over very short time scales. We identify three characteristic 
recombination rates described by the so-called ABC model [1]. A slow recombination  
mechanism   which   is   independent   of   the   excitation   fluence   at   a   rate   of A~3.9 
× 109s-1 was assigned to Shockley-Read-Hall (SRH) term that is due to the impurities 
and defects in the lattice. At free carrier densities in the order of 1016cm-3, induced by 
the excitation  pulse, we found that the dominant recombination mechanism is 
bimolecular with a characteristic rate constant B as of ~2.0 × 10-7 cm3s-1. At higher 
excitation densities ≥ 1017cm3𝑐𝑐𝑚𝑚"%, the Auger recombination takes place. Auger 
recombination is one of the three mechanisms that determine the kinetics of 
photoexcited carriers, and it strongly contributes to losses in quantum efficiency known 
as  the  droop effect and  has  a  strong  dependence  on  the  excitation  fluence.  The 
characteristic constant rate C we deduced here is in the range 1024 to 10-26 cm3s-1 [2]. The 
recombination coefficients  for  the  SRH  and  bimolecular  mechanisms  are  consistent 
with  earlier  reported measurements on other semiconductors [3,4]. 

Fig.1. The graph displays the normalized 
differential transients plotted as a function 
of the time delay between the pump and 
probe pulses. The yellow solid line 
represents the fit of the data. The inset 
shows the sample and illustrates the pump-
probe principle. 

The Auger rate we found here is significantly larger than that in other nitride-based 
semiconductors [5] and sufficient to reduce the internal quantum efficiency of hBN-
based devices at high operating charge densities. The larger values of the Auger 
coefficient deduced here can potentially be attributed to the localization of the charges 
by defects and impurities, as well as to the build-in polarization field caused by the 
strain. The strain value is about -1.8%, induced by lattice mismatch between the 
sapphire and hBN layers, and found to be as large as ~5.9% and close to the theoretical 
calculation, which is 5.2%. 
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Controlling THz emission in topological materials 
E. E. M. Chia 

Nanyang Technological University, Singapore 637371, Singapore. 

This talk describes follow-up work on the two materials described at the Symposium in 2023 [1]. First, 
in the ferromagnet-semiconductor Co/MoS2 heterostructure, by making use of the strongly out-of-
equilibrium character of the injected spins, we demonstrate a highly-efficient spin injection from a 
ferromagnet into a semiconductor, thus overcoming the crippling problem of impedance mismatch. 
Surprisingly, we measure a giant spin current that is orders of magnitude larger than typical injected spin 
current densities using currently available techniques Fig.1 [2]. 
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Fig. 1 (a) (THz peak)/(absorbed fluence) of Co/MoS2 under different pump wavelengths. The red, white and purple 
regions represent different spin injection processes illustrated in panels (b), (c) and (d), respectively [2]. 

A follow-up question is: can this spintronic THz emitter architecture be integrated with silicon? Our data 
shows the formation of silicide layer at the Co/Si interface that also shows large spin-to-charge 
conversion - see Fig.2, [3]. 

Fig. 2 (a) Schematic of THz emission setup for 
SiO2/Co/Si/quartz heterostructure. Emitted THz 
waveforms for (b) Co(3 nm)/Si (d)/W(6 nm), and 
(c) Co(3 nm)/Pt (6 nm) and Co(3 nm)/Si(2 nm) 
[3]. 

Second, in thin polycrystalline films of the centrosymmetric Dirac semimetal PtSe2 we observe a giant 
and highly tunable THz emission that is (a) rapidly turned on at oblique incidence, (b) locked to both the 
in-plane photon momentum and polarization state of the incident pump beam, and (c) whose 
polarization-state-locked THz emission is strong evidence of the central role played by quantum 
geometry-see Fig.3 [4].

Fig. 3.  (a) Schematic of THz emission setup for 
Dirac semimetal PtSe2.  
(b) THz emission amplitude for different incident 
pump angle [4]. 

A follow-up of this work would be: can we tune the THz emission of this material, by electrical means, 
via the control its quantum geometry? The answer is yes.
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Elucidating the pairing symmetry of infinite-layered nikelate superconductors 
E. E. M. Chia 
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The superconducting infinite-layer nickelate family has risen as a promising platform for revealing the 
mechanism of high-temperature superconductivity. However, its challenging material synthesis has 
obscured effort in understanding the nature of its ground state and low-lying excitations, which is a 
prerequisite for identifying the origin of the Cooper pairing in high-temperature superconductors. In 
particular, the superconducting gap symmetry of nickelates has hardly been investigated and remains 
controversial. Here, we report the pairing symmetry of the infinite-layer nickelates in neodymium-based 
(Nd,Sr)NiO2 and lanthanide-based (La,Ca)NiO2 thin films of high crystallinity, using a tunnel-diode-
based penetration depth technique in the MHz frequency range. Our microscopic analysis reveal that a 
complex order parameter is able to explain the temperature dependence of both samples. In contrast to 
the cuprates, our results suggest that the superconducting order parameter in the nickelates is beyond a 
single d-wave gap. 



Ultrafast control of optical Kerr rotation in bulk transition 
Metal dichalcogenides 

E. Cappelluti1, H. Rostami2, F. Cilento3 
1 Istituto di Struttura della Materia, 34149 Trieste, Italy 

2University of Bath, Bath BA2 7AY, UK 
3 Elettra-Sincrotrone Trieste,34149 Basovizza, Italy 

The present semiconductor technology largely exploits the manipulation of the electronic charge through its 
entanglement with other degrees of freedom, including spin, lattice, or coupling with photons. Transition-metal 
dichalcogenides (TMDs) of the type MX2 (M =Mo, W; X = S, Se) are among the best materials for employing 
such scenario [1]. Obeying to their layered hexagonal structure and to the sizeable spin-orbit coupling, their 
electronic structure is dominated by two inequivalent valleys that, when exfoliated or grown at the monolayer 
limit, because of the broken symmetry inversion, show a complementary spin/orbital content and an opposite 
optical response. This scenario enables the possibility of tailoring the optical, electronic and magnetic properties 
of the compounds by a selected spin/valley population controlled by the circular polarization of the incoming 
light [2]. However, the possibility of exploiting such physics in materials with even number of layers, where the 
inversion symmetry is restored and no control of the valleys is feasible, hampers straightforward applications to 
bulk materials. We perform broadband time-resolved optical spectroscopy [3] on bulk WSe2 and, by using a 
circularly polarized pump pulse tuned at the A-excitonic resonance, we show that a large room temperature 
transient optical rotation of the reflected polarization (Kerr effect) is obtained. We observe a Kerr signal in the 
energy range of all the three main optical features associated with the A, B and C excitons. The time-resolved 
dynamics of the pump-induced Kerr signal reveals a common timescale for all the three features, with a 
remarkably long lifetime of ≈1.8 ps. An additional exponential faster decay, with characteristic timescale of 
≈300 fs is further observed only for the Kerr signal at the A-exciton resonance. 

Fig. 1. a. Sketch of the experimental apparatus, consisting in a 
pump-probe setup capable of measuring simultaneously two 
orthogonal polarizations, matching theprincipal axes of the 
crystalline sample. The probe is a broadband supercontinuum, 
while the polarization of the pump at 800 nm can be quickly 
switched between right and left circular.  
b. Difference of the time-resolved reflectivity as a function of
pump-probe delay and probe photon energy, obtained as a 
difference between the two probe polarizations (V-vertical and 
Hhorizontal) and the two pump pulse helicities. A Kerr signal, 
indicative of polarization rotation, is observed at the three 
exciton energies and lasts for a few hundreds of femtoseconds. 

Based on a comprehensive theoretical analysis [4], we show that the origin of a finite Kerr rotation in 
centrosymmetric bulk TMDs is due to the intrinsic quantum entanglement between the spin, layer, valley and 
orbital degrees of freedom, encoded in the proper optical selection rules. The present results pave the way for 
the exploitation of bulk transition-metal dichalcogenide materials for future feasible opto-magnetic 
manipulations, circumventing the limitations of exploiting single-layer compounds. 
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Coherent THz lattice dynamics coupled to spins in 2D antiferromagnetic 
Semiconductors: a combined magneto-optical and ARPES study 

M. Cinchetti 
Technische Universität Dortmund, 44221 Dortmund, Germany 

Two-dimensional (2D) materials have attracted a huge interest from the physics, chemistry and engineering 
community as extremely promising candidates for future emerging technologies. A prominent example is the 
demand for miniaturized, ultrahigh-speed electronic devices that currently drives the electronic industry, where 
van der Waals antiferromagnetic semiconductors could provide systems with intrinsic magnetic stability and 
THz dynamics, scalable down to the monolayer limit. In my talk I will discuss our recent studies on FePS3, that 
we have chosen as a promising van der Waals antiferromagnetic semiconductor that can be scaled down to the 
2D limit without losing its magnetic order. We have studied this material using two complementary 
experimental methods. First, we performed pump-probe magneto-optical measurements to access the laser-
driven lattice and spin dynamics. When pumping in resonance with a d-d transition of the Fe2+ multiplet, we 
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generated a coherent phonon mode oscillating at 3.2 THz. This mode can be excited in a regime of low optical 
absorption that prevents damage even of single antiferromagnetic layers [1]. The amplitude of this mode 
decreases as the sample is heated up to the Néel temperature and eventually vanishes as the phase transition to 
the paramagnetic phase occurs, thus revealing its connection to the long-range magnetic order. In the presence 
of an external magnetic field, the optically triggered 3.2 THz phonon hybridizes with a magnon mode, which 
we utilize to excite the hybridized phonon-magnon mode optically. Second, we utilized angle-resolved 

photoelectron spectroscopy (ARPES) to probe the electronic structure of FePS3 in 
its ground state [2] and employed time-resolved ARPES to capture the ultrafast 
dynamics of selected spin-allowed and spin-forbidden d-d transitions in FePS3 [3]. 
The insights from magneto-optical experiments, juxtaposed with ARPES findings, 
shed light on the intricate quasiparticle dynamics underpinning the observed THz 
dynamics in FePS3, offering a deeper understanding of the role of resonant 
excitation of d-d transitions in quantum material behaviour.  To conclude, I will 

underline how our findings pioneer the application of time-resolved ARPES in exploring the dynamics of d-d 
transitions across a broad spectrum of solid-state systems, and their interplay with other quasiparticles such as 
phonons, excitons and magnons. 
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THz emitting magnetic hybrid nanostructures in spintronic devices 
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The formation of hybrid nanostructures in spintronic devices has been investigated as a response to specific 
needs especially in nanoelectronics or adjacent fields where combined optical and magnetic response to various 
excitations is required for various types of sensing. With the advent of high accuracy and high resolution 
fabrication technologies such as lithography, coupling phenomena at the nanoscale may become accessible. The 
integration of the magnetic and semi-conductor components adds new capabilities to the electronic devices. 
While spin phenomena have long been investigated within the context of conventional ferromagnetic materials, 
the study of spin generation, relaxation, and spin-orbit coupling in non-magnetic materials took off only 
recently with the advent of hybrid spintronics and it is here many novel materials and architectures can find 
their greatest potentials in both science and technology [1]. Here we present initial approach to nanostructuring 
of hybrid patterned structures based on magnetic FePt-based bilayers, as well as their response to the optical 
excitation of magnetization, in view of potential applications as THz spintronic emitters. Indeed, spintronic THz 
emitters made of L10 phase ferromagnetic/non-magnetic bilayers, can exhibit spin-to-charge current transition, 
resulting in controlled and tunable THz pulse emission. We have synthesized magnetic bilayers made of Si(001) 
/ Fe(2 nm) / Pt(3 nm) and by appropriate annealing we have engineered at the Fe / Pt interface an area of 
alloying made of L10 phase FePt (Fig. 1).  

 presence of L10 p at the b
Fig. 1: The HREM proof Fig. 2: The THz electric field 

emission of Fe / Pt bilayer as well as the 
emission in the presence of L10 

phase at the bilayer’L10 phase at the bilayer’s interface 

Upon optical pumping with a femtosecond laser pulse,  we  have  found  that  the THz  signal  emitted  from the    
heterostructure is highly enhanced in the presence of the L10 interfacial area, compared  with the case where the 
alloying at the interface is not manifested (Fig. 2).This is interpreted in terms of spin   dynamics    simulated  by   
the spin lattice in the face centred tetragonal L10 interfacial region. It is inferred that the presence of L10 alloyed 
interlayer enhances the spin asymmetry between the Pt 5d band and the Fe 3d band.    
This leads to an increased THz emission, stimulated by the interfacial alloyed region.
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The parent compounds of high-Tc cuprate superconductors are Mott insulators with antiferromagnetic 
(AFM) order, where strong correlations between Cu 3d-electrons split the half-filled Cu 3d-band into the 
upper (UHB) and lower (LHB) Hubbard band, resulting in an antiferromagnetic insulating ground state 
[1]. The insulating parent (undoped) compounds are characterized by a charge-transfer (CT) gap of 
about 2 eV between the oxygen-derived p-band, located within the Mott gap, and the upper Hubbard 
band (UHB). The nature of doping induced changes in the low energy electronic structure by 
introducing electrons or holes into the CuO2 planes is, like the problem of high-Tc cuprates itself, still 
under intense discussion [1-4]. Introducing a few percent of holes (or electrons) into the CuO2 planes, 
results in a transfer of spectral weight to lower energies, with the appearance of excitations in the mid-
infrared (MIR) range [2]. Upon further doping the MIR peak eventually merges into the Drude-like free 
carrier peak as doping approaches optimal doping [2]. While numerous models have been put forward to 
account for the doping evolution of free carrier and MIR response, the consensus is still lacking [5]. 
Photodoping, i.e., generating electron- and hole-like carriers by absorption of light with frequency 
exceeding the CT gap, was shown to induce similar changes in low energy excitation spectrum to 
chemical doping, both by using quasi-continuous [6] or pulsed excitation [7-9], where studies on thick 
films and single crystals suggest photoinduced metallic state [7-9]. Here, we investigate transient photo-
doping phenomena in La2CuO4, an archetypal antiferromagnetic Mott insulating parent compound of the 
cuprate high-Tc superconductor. We capture the dynamics of the transient state by tracking the time-
evolution of THz photoconductivity [8] and the changes in the complex dielectric function e(w,t) [10] in 
the 0.5 – 2.6 eV range in optically-thin films, following optical excitation across the charge transfer 
(CT) gap.  We cover a large range of excitation densities from 0.001 to ~0.12 absorbed photons 
[electron-hole (e-h) pairs] per Cu. Analysis of De(w,t) demonstrates a pronounced photoinduced 
reduction of the CT gap, consistent with recent transient X-ray absorption study [11], concomitant with 
the appearance of mid-infrared absorption and a weak free carrier response, all simultaneously relaxing 
on a (sub)picosecond scale. Up to the highest excitation densities, where at comparable chemical-doping 
levels a metallic state is realized, the free carrier contribution remains negligible, underscoring the 
robustness of the underlying electronic correlations. Recovery dynamics proceeds on the ps timescale 
and is density-independent up to 0.01 e-h pairs per Cu. The low free-carrier spectral weight and the 
overall fast recombination suggest that relaxation proceeds via pair-wise recombination of nearly bound 
e-h pairs through multi-magnon emission [12]. Only at densities beyond 0.01 e-h pairs per Cu the 
relaxation rate starts to increase with increasing excitation density, which we attribute to partial melting 
of the antiferromagnetic background and many-body recombination processes. Comparison of the 
excitation density dependence of the Drude-like and MIR spectral weights suggests the two are 
intimately related, providing constraints for theories of low-energy excitations in weakly doped cuprates.

References 
[1]   P.  A.  Lee,  N. Nagaosa,  X.G. Wen,  Reviews of Modern Physics 78, 17 (2006). 
[2]   S.  Uchida, S Uchida, T Ido, H Takagi, T Arima, Y Tokura, S Tajima,  Physical Review B 43, 7942 (1991). 
[3]   A.  S. Mishchenko,  N. Nagaosa,   Z.-X.  Shen,  G.   De Filippis,  V. Cataudella,  T. P. Devereaux,   C. Bernhard,    K. W.  Kim ,  J.  Zaanen,    Physical

     Review Letters 100, 166401 (2008). 
[4]   S.  Zhou, Y. Wang, Z. Wang,  Physical Review B 89, 195119 (2014). 
[5]   A.  J. Leggett, Proceedings  of  National  Academy of  Science  USA 96,  8365 (1999). 
[6]   Y.  H. Kim, S.-W. Cheong, Z. Fisk, Physical Review Letters 67, 2227 (1991). 
[7]   H.  Okamoto,  T. Miyagoe, K. Kobayashi, H. Uemura, H. Nishioka, H. Matsuzaki, A. Sawa, Y. Tokura, Physical Review B 83, 125102 (2011). 
[8]    J.  C. Petersen, A. Farahani, D.G. Sahota, R. Liang  J.S. Dodge, Physical Review  B 96, 115133 (2017). 

[9]   E.  Baldini,    M. A. Sentef,   S.  Acharya,   T.  Brumme,   E.  Sheveleva,   F. Lyzwa,       E. Pomjakushina, C. Bernhard, M. van  Schilfgaarde,  F. Carbone 
  A. Rubio, C. Weber,  Proceedings  of  National  Academy of  Science  USA 117, 6409 (2020). 

[10] M. Obergfell,   J. Demsar, Physical Review Letters 124, 037401 (2020). 
[11] D.  R.  Baykusheva,   H. Jang,    A. A. Husain,  S. Lee,   S. F. R. Ten Huisen,   P. Zhou,  S. Park,  H.Kim,   J.-K. Kim,  H.D. Kim ,  M. Kim, S.-Y. Park 

     P.  Abbamonte, B. J. Kim, G. D. Gu,Y. Wang, M. Mitrano,  Physical Review X 12, 011013 (2022). 
[12] Z.  Lenarcic,   P. Prelovsek,  Physical Review Letters 112, 087402 (2014). 

https://scholar.google.com/citations?user=dVNMQ5kAAAAJ&hl=en&oi=sra


Optical control of superconductivity probed with ultrafast optical magnetometry 
G. De Vecchi

1
, S. Fava

1
, G. Jotzu

1
, M. Buzzi

1
, Y. Liu

2
, S. Nakata

2
, B. Keimer

2
 

 A. Cavalleri
3

1
 Max Planck Institute for the Structure and Dynamics of Matter, 22761 Hamburg, Germany 

2
 Max Planck Institute for Solid State Research, 70569 Stuttgart, Germany 

3
University of Oxford, Oxford OX1 3PU, UK 

A number of recent experiments have made use of ultrashort pulses to dynamically reduce or enhance 
signatures of superconductivity. Irradiation with visible or ultraviolet pulses has been used to study the 
disruption and recovery of the superconducting state [1]. In a series of more recent experiments, mid 
infrared optical pulses were used to drive YBa2Cu3O6+x along the insulating c-axis direction, coupling to 
apical oxygen vibrations, to coherently modulate their electronic properties. A transient state with 
superconducting-like optical properties was observed up to temperatures far in excess of equilibrium Tc 
[2-4]. Whether these out-of-equilibrium superconducting-like states also show a dynamical diamagnetic 
response, beyond the documented transient optical conductivities, remains an open question. Here, we 
make use of an ultrafast optical magnetometry technique to measure changes in the magnetic field in the 
vicinity of a YBa2Cu3O6.48 sample with       sensitivity and sub-picosecond time resolution (Figure 1). 
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 [5]. I will then discuss 
how disruption of superconductivity in YBa2Cu3O7 thin films can be used to generate ultrafast magnetic 
field transients that allow for ultrafast magnetization control. We create a device based on a 
lithographically defined YBa2Cu3O7 disk and photo-excite it with ultraviolet ∼100fs pulses. After photo-
excitation, the magnetic shielding currents in the YBa2Cu3O7 disk are quenched and the magnetic field 
rapidly increases on picosecond timescales. We use these ultrafast magnetic field ramps to study the 
magnetization dynamics of a Bi:Y3Fe5O12 sample included in this device and show that the ultrafast 
magnetic field transient launches coherent oscillations of the ferromagnetic resonance mode in 
Bi:Y3Fe5O12 [6]. 

Fig, 1 Magnetic field expulsion after phonon 

excitation in YBa2Cu3O6.48. Schematic of 

theexperiment. A thin Al2O3 crystal is placed 

on top and next to the exposed side of the GaP 

(100) detectioncrystal to completely reflect the 

15 μm pump and prevent it from generating a 

spurious non-linear optical response in the 

GaP (100) crystal. The thin Al2O3 crystal also 

creates a well-defined edge in the mid infrared 

pump beam, shaping the photo-excited region 

into a half disc of ~ 375 μm 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. 

We use these ultrafast magnetic field ramps to study the magnetization dynamics of a Bi:Y3Fe5O12 
sample included in this device and show that the ultrafast magnetic field transient launches coherent 
oscillations of the ferromagnetic resonance mode in Bi:Y3Fe5O12 [6].
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Magnetism and spin dynamics in low-dimensional materials 
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The conventional wisdom for a long time was that fluctuations would kill any long-range magnetic order 
in materials of lower dimensions than three since continuous symmetries cannot be spontaneously 
broken at finite temperature in systems with sufficiently short-range interactions in dimensions lower or 
equal to two. It was also thought that two-dimensional materials themselves could not be realized, since 
they would inevitably spontaneously roll up into a three-dimensional configuration with lower energy. 
However, by introducing sufficiently high energy barriers, such low-dimensional states can indeed be 
created. As we all now know, the structure of two-dimensional materials like graphene can be stabilized 
with the help of thermal undulations, and in low-dimensional magnetic systems, the spin-orbit coupling 
is an important origin of barriers protecting the long-range ordered magnetic state. This leads to a range 
fascinating phenomena. In this talk, I will give an overview of our recent theoretical work on spin 
textures and spin dynamics in low-dimensional systems and our recent efforts to develop methods to 
identify both local and global minima in highly convoluted spin-Hamiltonian potential energy surfaces. 
We have, for example, discovered complex magnetic textures in the vanadium stibnites [1], a class of 
Kagome systems, and large spin-lattice couplings, i.e, how the magnetic interactions depend on atomic 
displacement, in CrI3 [2,3]. Employing fully relativistic first-principles calculations, we extract an 
effective measure of the spin-lattice coupling in the prototypical two-dimensional magnet CrI3, finding 
that they are up to ten times larger than what is found for bcc Fe. The magnetic exchange interactions, 
including Heisenberg and relativistic Dzyaloshinskii-Moriya interactions in this system are found to e 
sensitive both to the in-plane motion of Cr atoms and out-of-plane motion of ligand atoms. Furthermore, 
we have identified a large number of metastable topologically nontrivial spin textures in two-
dimensional systems with frustrated exchange, using our newly developed metaheuristic conditional 
neural-network-based method (see Fig. 1) [4].  

Fig. 1. A subset of identified topological metastable 
spin textures in the Pd/Fe/Ir(111) system with an 
external magnetic field of 3.5 T.  
(a) Skyrmion, (b skyrmionium, (c)antiskyrmion,  
(d)–(o) isolated magnetic textures, with higher-order 
topological charge varying between Q = −2 and  
Q −13.   The   distance   between  neighboring  spin-cones is ∼ 2  2    
Blue    and    red     colors    indicate   opposite  spin 
directions.  

We have also developed an efficient genetic-tunneling based algorithm to identify skyrmionic ground 
states, which in contrast to simulated annealing correctly converges to the correct topological charge 
state as a function of magnetic field [5]. 
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Transferable optical enhancement nanostructures by 
Gapless stencil lithography 

A. K. Demir, J. Li, T. Zhang, C. Occhialini, L. Nessi, Q. Song, J.Kong, R. Comin
Massachusetts Institute of Technology, Cambridge, MA 02139, USA 

Optical spectroscopy is one of the prime tools for unveiling the electronic properties and symmetries of 
materials in the atomically thin limit. However, the vanishing thickness of two-dimensional (2D) 
materials often results in a cross section too low for conventional optical methods to produce measurable 
signals. In this work, we developed a scheme based on the stencil lithography technique to fabricate 
transferable high-resolution optical enhancement nanostructures for Raman and photoluminescence (PL) 
spectroscopy [Fig. 1].  We also demonstrate that the method is particularly effective for optical studies 
of air-sensitive materials, as the fabrication and the transfer can be performed in situ. The fabrication 
technique can be easily generalized to enable a high degree of flexibility for functional photonic devices 
and surfaces.  

Fig. 1. An illustration of the fabrication steps with 
the corresponding SEM/FIB images. A, A 
commercial SiNx membrane is milled, flipped, and 
lowered to contact the substrate. The window is 
removed, and the material of choice is evaporated. 
The membrane is loosely stuck to the surface and 
can be easily removed with a low-adhesion tape. 
After the removal, the nanostructures can be 
transferred onto the sample of interest. B, 
Clockwise, from top right: Milled membrane (SEM); 
the sides are cut with FIB (FIB); before the 
membrane is removed (SEM); after the membrane is 
removed (SEM); after the nanostructures are 
transferred on a single-layer WSe2 sample (SEM). 

Equipped with this nanofabrication technique, we designed and fabricated plasmonic nanostructures to 
tailor the interaction of atomically thin materials with light. We demonstrate orders-of-magnitude 
increase in the Raman intensity of ultrathin flakes of 2D semiconductors and magnets [Fig. 2] as well as 
selective Purcell enhancement of quenched excitons in WSe2/MoS2 heterostructures. 

Fig. 2. Raman Enhancement due to Transferred 
Plasmonic Arrays. A, Illustration of electric field 
enhancement due to a single gold nanodisk with 
radius R = 90 nm and thickness = 20 nm on the 
plane 0.7 nm under the nanodisk. B, Wavelength 
dependent normalised scattering cross sections 
for various radii, with the same thickness, 20 nm. 
C, Raw Raman spectra of Wse2 taken with 785 
nm excitation with and without the nanodisks for 
a gold filling factor of 0.32. The low wavenumber 
tail is the intralayer exciton of WSe2. The inset 
shows the optical micrograph of the structure, 
with nanodisks radii overlaid on each array. D, 
Raw Raman spectra of three-layer NiI2 taken 
with 785 nm excitation with and without 
nanodisks. The inset shows the optical 
micrograph of the structure, with the regions of 
interest delineated and labelled. 

This approach can be readily implemented with virtually no change of parameters for optical 
enhancement of spectroscopy methods other than Raman and PL, such as second-harmonic generation 
and infrared absorption, and can be critical for obtaining statistically significant data due to orders of 
magnitude increase in signal quality. Combining the highly precise characteristics of the technique with 
the transferability provided with our method can prove instrumental in fabricating complex metasurfaces 
and photonic structures and find uses in quantum information/sensing technologies with optical read-
outs. 
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Electron-phonon scattering processes in ferromagnets observed in real time 
H. A. Dürr 

Uppsala University, 75120 Uppsala, Sweden 
The non-equilibrium energy exchange mechanism between electronic and lattice degrees of freedom is 
of central importance for understanding ultrafast phenomena such as manipulating magnetism on the 
femtosecond timescale. We show for ferromagnetic Ni, where ultrafast demagnetization was first 
discovered, how scattering processes between transient phonons and valence electrons take place in real 
time [1]. The observed momentum-dependent filling of electronic states provides a new avenue to 
understand and ultimately tailor materials properties far from equilibrium. Fig. 1 illustrates the central 
idea behind observing electron-phonon scattering processes in real time. Following fs laser excitation 
transient phonons are excited as observed via ultrafast electron diffraction from the vibrating lattice [2]. 
Reabsorption of transient phonons leads to characteristic electron scattering processes that can be 
detected with time-resolved photoemission spectroscopy as state-dependent state occupations. These 
electronic scattering events are also spin dependent and affect to spin polarizations of the involved 
electronic states [1].          

Fig. 1. Left: Ni Brillouin zone with electronic states at the Fermi 
level shown in white on brown background. Following laser 
excitation electrons are scattered by transient phonons between the k-
points marked by the yellow arrow.   
Right: This results in different band occupations as quantified by a 
state-dependent chemical potential (top panel) and it also affects the 
state-resolved magnetic moment changes observed with time-resolved 
photoemission spectroscopy [1]. 

We will show that these processes are also at work in other ferromagnetic materials and can lead to 
intriguing nanoscale spin dynamics [3]. 
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Resonant inelastic x-ray scattering investigations of 
Excitons in and out of equilibrium 

M. P. M. Dean
Brookhaven National Laboratory, Upton, NY 11973, USA 

Excitons are quasiparticles that emerge when a valence electron is promoted in energy to the conduction 
states, leaving behind a hole that interacts with the electron. Many aspects of exciton physics in 
traditional insulators are well understood. However, in correlated quantum materials, the situation 
becomes richer and more complex due to the emergence of many-body excitons, which involve strong 
electron-electron and electron-spin interactions. In this talk I will explain the technique of resonant 
inelastic x-ray scattering [1], which we have recently been applying to several aspects of exciton 
physics. The first part of the talk will address NiPS3, which has received intense interest since it hosts an 
excitonic quasiparticle whose properties appear to be intimately linked to the magnetic state of the 
lattice. Despite ex- tensive studies, the electronic character, mobility, and magnetic interactions of the 
exciton remain unresolved. Fig. 1 shows RIXS map measurements and calculations. We find that 
exciton formation is primarily a spin rearrangement of the Ni d8 electrons and that on-site Ni inter-
orbital exchange interactions are primarily responsible for the energy of formation of the exciton. This 
quasiparticle is therefore best thought of as Hund’s exciton. Fig. 2 plots the momentum dependence of 
the Hund’s exciton, which reveals that it propagates in a way that is analogous to the double-magnon 
excitation. . 



Fig. 1. a, RIXS intensity map as a function of incident photon energy through the Ni L3 resonance.    The  exciton 
is visible at an energy loss of 1.47 e. b, RIXS calculations for NiPS3 that capture  the  energy  and  
resonant profile  of the  dd-transitions and exciton in the material. c,  Calculated  unbroadened RIXS intensity  
(vertical lines)  and  broadened RIXS spectra (solid curve) at the main resonant incident energy of the exciton 
peak. d–f, Description of the ground and excited states in NiPS3. d shows the hole  occupations of Ni 3d 
(denoted by d) and ligand (denoted by L) orbitals. e displays probabilities of having d8, d9L, and d10L2 
configurations. f gives the expectation value of the total spin operator squared <S2>.  The orange (green) 
vertical lines in     d–f  indicate the energy for the double-magnons (excitons). g, h, Wavefunction illustrations 
extracted from  b for g  the  exciton and h the ground state. The size of each orbital (3d for the central Ni site and 
3p for the six neighboring  S  sites) is proportional to  its  hole  occupation.    The   color    represents  the 
expectation  value  of   the  spin  operator  along the z axis <S2>,  again  calculated separately for the Ni and 
S states. Therefore, the change in  spin  state and the partial  transfer     of    holes involved in the exciton 
transition is encoded in the  change  in color  and size of orbitals, respectively. We represent the ground 
state by only the down-spin configuration, omitting the up-spinand  spin-zero elements of the triplet. 

We trace this unique behavior to fundamental similarities between the NiPS3 exciton hopping and spin 
exchange processes, underlining the unique magnetic characteristics of this novel quasiparticle [2]. 

Fig. 2. a. Exciton dispersion and comparison with 
double-magnons. a, b, RIXS intensity maps as a function 
of the H and K in-plane momentum transfer, respectively, 
with an energy window chosen to isolate the exciton 
dispersion. The overlaid green squares mark the peak 
positions of the exciton. c and d show the low energy 
dispersion at equivalent momenta with the observed 
inelastic feature, including magnons (white lines) and 
double-magnons (orange circles). Panels e and f, show 
that both the exciton and double-magnon have similar 
dispersion with an energy offset of ∼ 1.4 eV. The asterisks 
in panels e and f denote the reported exciton energy from 
previously reported optical measurements. 

In the latter part of the talk, I will discuss ultrafast pump-probe RIXS measurements of a charge-transfer 
exciton in cuprate La2-xSrxCuO4, which reveal a novel Floquet renormaliztion of the Cu-O hybridization. 
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On-chip testing of the transient metallization of dielectrics 
P. Dombi 

Wigner Research Centre for Physics, 1121 Budapest, Hungary 

Control over the carrier-envelope phase (CEP) of laser pulses provides a powerful knob to steer 
interactions of laser light with matter in the strong-field regime, as evidenced by numerous studies of 
electric-field-controlled ultrafast electron dynamics in atomic, molecular and solid-state media. In the 
future, CEP-controlled few-cycle laser pulses could be the carrier of digital information in petahertz 
technology. For example, petahertz multiplexing could be achieved by encoding information into CEP 
spatial maps. Moreover, characterizing and controlling CEP in space could enable the scaling up of 
attosecond experiments [1] and the investigation of the collective behavior of extensive systems [2]. In 
this paper, we present the development of a compact on-air optical chip that is capable of measuring 3D 
CEP maps of laser pulses without the need for a vacuum equipment. The operation of the device is 
based on the transient metallization of dielectrics [3] induced by a few-cycle laser pulse of sufficient 
intensity. The probe detects CEP using ultrafast current generation in dielectrics [3]. Using a spatial light 
modulator, we could also sculpt CEP distributions and implement a mechanism that enables a feedback 
loop for CEP sculpting [4]. The ability to sculpt CEP in 3D will enable CEP control of light-phase-
sensitive systems of sizes comparable to that of a laser beam. Remarkably, our device can operate using 
a fraction of the full pulse energy of an off-the-shelf few-cycle Ti:sapphire oscillator, as low as 1 nJ. The 
spatial CEP distribution of few-cycle laser beams is neither uniform nor trivial. Due to volume smearing 
effects, experiments exploring the CEP sensitivity of laser-matter interactions are usually limited to 
small systems with sizes that are far below the volume of the laser focal volume. With our probe we can 
localize volumes of uniform CEP and determine their size. Fig.1 shows an example of a measured 
CEP(x,y,z) distribution visualized as a colored cloud. We identified that it contains 18.4 μm

3
 of uniform

phase settled between 15° and 25° (the pink-colored volume). Fig.1 also provides a preview of the 
measurement setup.  

Fig. 1. Sketch of the optical chip setup with a cloud 
representing measured values of 3D CEP(x,y,z) 
distribution. Pink, white and blue color show positive, 
zero and negative CEP values respectively. 

In summary, we constructed an optical chip device to test the transient metallization of different 
dielectric and semiconductor media. We found a clear correlation between the bandgap and the 
generated current and the intensity dependence of the current enables us to draw conclusions about the 
current generation mechanism, as well. Our on-chip probe also allows to provide a 3D scan of the CEP 
of ultrashort laser pulses around the focus of the beam. 
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Ultrashort pulse propagation in suspensions 
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The problems of laser pulse deep penetration into biological tissues and suspensions are challenges 
because these media are turbid and laser radiation is subject to multiple scattering. Solution of these 



problems allow to elaborate reliable techniques of deep tissue imaging and noninvasive diagnostics. The 
issues of laser pulse stable propagations in such media have not yet been resolved, but the first steps 
towards their solution have been undertaken [1, 2]. As is known, laser radiation acts on microparticles 
with a gradient force directed along the gradient of the field intensity and moving them into the high 
intensity area. As a result, they are concentrated along the optical axis of laser beam and provide 
nonlinear laser beam-suspension interaction. A rise in particle concentration in this region causes a 
nonlinear change in the bio-suspension's effective refractive index, which in turn creates an effective 
waveguide that allows laser light to self-channel inside it. Particle diffusion and optical pressure forces 
compete to bring about dynamic equilibrium. Furthermore, forward scattering force impact is another 
factor that provides self-trapping radiation in suspensions, as demonstrated in work [1]. The findings of 
our research on laser beam propagation in suspensions containing red blood cells, in particular, are 
shown below. The bioparticles have diameters significantly bigger than the wavelength of the radiation. 
Theoretical analysis of possible scenarios of laser beam propagation in bio-suspension reduces to 
solution of self-consistent equation system, namely modified nonlinear Schrödinger equation taking into 
account the concentration nonlinearity of the medium and possible dissipation of radiation due to 
scattering and absorption, as well as the convection-diffusion equation. In the last equation we consider 
the movement of microparticles under the combined action of the gradient force of light pressure 
associated with polarizability and the forward scattering force. To ensure correctness of analysis, we 
consider the WKB approximation of light scattering. In order to solve the self-consistent equation 
system, we employed numerical methods, as well as a variational approach. The calculations assumed 
that the polarizability of particles can be a complex quantity due to absorption. It is shown that the 
optical nonlinearity of the suspension, caused by the movement of particles in a field of gradient forces, 
acts similar to Kerr nonlinearity, leading to self-focusing of radiation in the medium, if the input power 
of laser radiation is above the threshold value. Regarding the Kerr medium, the threshold power has an 
inverse relationship with the square of the particle size and a direct relationship with the square of the 
wavelength. In a steady state, when the effect of diffusion is offset by the action of gradient forces, 
soliton radiation propagation in a bio-suspension is achievable. The shape of the soliton is determined by 
the polarizability of the particles, the diffusion coefficient, the mobility and size of the particles, their 
concentration in the suspension and the effective refractive index of the medium.  

Fig. 1. Modeling of laser radiation propagation bio-
suspension in (x,z) plane at different initial field 
amplitudes :Left: initial field amplitude is less than 
threshold for self-channeling regime; 
Right: initial field amplitudes is more than threshold for 
self-channeling regime. 

The regimes of laser beam propagation in the bio-suspension with concentration nonlinearity are 
analyzed, taking into account the diffraction divergence of the beam, forward scattering, and dissipative 
losses. The possibility of deep penetration of laser radiation into a bio-suspension is substantiated if 
forward scattering compensates for the dissipative loss of radiation energy. Under conditions of 
complete compensation of losses due to beam amplification as a result of forward scattering of radiation, 
its self-channeling in the medium is achievable.
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Advances in ultrafast optical parametric oscillators 
M. Ebrahim-Zadeh

The Barcelona Institute of Science and Technology, 08860 Castelldefels, Spain 

A novel approach for frequency comb generation based on bulk degenerate χ(2) OPOs presented. Driven 
by a continuous-wave laser and using intracavity dispersion control, coherent broadband spectral output 
with corresponding to transform-limited femtosecond pulses in the time domain is obtained. Optical 
frequency combs have had a remarkable impact on photonics, paving the way for many new applications 
from frequency metrology and spectroscopy to remote sensing and astronomy. The established 
techniques for comb generation are based on the direct use of mode-locked femtosecond laser oscillators 
such as Ti:sapphire and fiber lasers [1,2], their combination with photonic fibers [3], or the use of  χ(3) 
Kerr microcavities pumped by mode-locked or continuous-wave (cw) lasers [4]. These approaches have 
resulted in tremendous advances in frequency combs, enabling remarkable progress in photonics. 
Nevertheless, it remains the case that these techniques rely on relatively complex and costly 
femtosecond lasers, or sophisticated fabrication methods for advanced microstructures. It would be 
desirable to explore potential alternative approaches to frequency comb generation offering reduced 
complexity and cost, increased flexibility, practical powers, and wider accessibility for continually 
evolving applications. Optical parametric oscillators (OPOs) based on bulk χ(2) nonlinear materials are 
now widely established as flexible sources of tunable radiation across broad spectral regions from the 
UV to mid-IR. Using ultrafast femtosecond laser oscillators, in combination with synchronous pumping, 
femtosecond OPOs can provide broadband radiation in non-degenerate [5,6] or degenerate [7,8] 
operation, offering another approach to comb generation. However, the need for a mode-locked pump 
laser (to provide the input comb), together with synchronous pumping, similarly result in high 
complexity and cost. Broadband generation can also be achieved using cw OPOs in singly resonant 
oscillator (SRO) configuration by exploiting large parametric gain bandwidth [9] or cascaded χ(2) 

nonlinearity [10]. However, both these techniques are strictly limited to specific phase-matching 
conditions and do not generally provide a coherent phase-locked output spectrum characteristic of a 
frequency comb. An alternative approach to optical frequency comb generation is active phase 
modulation based on χ(2) cw OPOs in degenerate doubly resonant oscillator (DRO) configuration. This 
technique has been previously demonstrated in MgO:LiNbO3 pumped at 532 nm, generating an output 
spectrum over a bandwidth of 20 nm (5.4 THz) centered at ~1064 nm [11]. In the time domain, 
operation of such a degenerate phase-modulated cw OPO corresponds to mode-locked output pulses, 
where using a degenerate cw OPO based on MgO:sPPLT pumped at 532 nm, we demonstrated the 
generation of ~500 ps output pulses [12]. In a recent report, we further theoretically investigated the 
process of spectral formation and pulse generation in degenerate cw OPO based on MgO:PPLN pumped 
at 532 nm subjected to intracavity phase modulation [13]. Using an intracavity electro-optic modulator 
synchronized to the free-spectral-range of the cavity, in combination with spectral filtering, we showed 
that a stable, uniform, and periodic train of picosecond pulses of <5 ps with FWHM spectral bandwidth 
of 0.4 THz could be generated (Fig. 1). 

Fig. 1. (a) Modulation instability (MI) gain profile (gMI). The red curve corresponds to the spectral peak for net 
cavity detuning (d), while for positive detuning degeneracy is maintained, as shown by the single red line. The red 
curve is well-matched with the gMI maxima. (b) Output spectrum and the corresponding parametric and MI gain 
profiles. The spectrum exhibiting two peaks at the position of gMI maxima at ±4.6 THz. (c) Normalized 
interferometric and intensity autocorrelations (grey and red curves, respectively). Inset: the last pulses (red solid) in 
the final round-trip with a Gaussian fit (black dashed) showing a pulse FWHM=3.43 ps. 

 Our simulations confirmed that the intracavity phase modulator enables spectral broadening 
accompanied by uniform period pulse train formation at degeneracy. On the other hand, in the context of 

(a) (c) 



frequency comb generation, the spectral and temporal coherence of phase-modulated cw OPOs are 
strictly limited due to the dispersion characteristics of the DRO configuration. In normal operation, cw 
DROs are over-constrained by the requirements of phase-matching (kp=ks+ki), energy conservation 
(ωp=ωs+ωi), and simultaneous cavity resonance at both signal and idler frequencies (msωs=c/2nsL; 
miωi=c/2niL, L is the optical cavity length). In conventional schemes widely deployed to date, cw DROs 
can only be reliably operated at a single (or very few) signal-idler frequency pairs nearest the peak of 
parametric gain [14]. This is an intrinsic property of DRO due to the Vernier effect arising from cavity 
dispersion. As such, the generation of broadband multi-axial-mode radiation is fundamentally precluded 
in cw DROs at any wavelength. To overcome this fundamental limitation and thus enable broadband 
generation from degenerate cw OPOs, a parameter of critical importance is thus the control of cavity 
dispersion. We previously demonstrated the generation of broadband radiation from a degenerate cw 
OPO based on MgO:sPPLT pumped at 532 nm [15]. By deploying chirped mirrors for dispersion 
compensation of the cavity, we generated broadband radiation over 34 nm (9 THz) about ~1064 nm, 
limited by unoptimized dispersion characteristics of the mirror coatings. Under this condition, we also 
observed signature of the frequency comb generation by recording the RF spectrum of the output 
spectrum under passive conditions. At the same time, we have also recently theoretically studied the 
feasibility of broadband frequency comb generation in degenerate cw OPOs using active phase 
modulation in combination with full dispersion control of the cavity [16]. Our simulations show that 
under this condition, it is possible to achieve coherent broadband phase-locked output spectrum 
characteristic of a frequency comb, with a temporal output corresponding to transform-limited 
femtosecond pulses, irrespective dispersion regime (normal or anomalous). Using a degenerate cw OPO 
based on MgO:PPLN pumped at 532 nm, in the presence of intracavity dispersion compensation, we 
confirm spectral generation with a FWHM bandwidth of Δν ≈ 6.9 THz centred at 1064 nm, with stable 
pulses of duration as short as Δτ ≈ 65 fs in the normal dispersion regime, corresponding to a transform-
limited time-bandwidth product of ΔτΔν ≈ 0.45, can be achieved (Fig. 2).  

Fig. 2. (a) Generic design of the phase-locked degenerate cw OPO with intracavity dispersion control. 
In the normal  dispersion  regime,  optimum  detuning  together  with dispersion compensation result in 
(b) spectral   output   with   a   FWHM bandwidth of  6.9 THz,  and (c) transform-limited pulses of 65 fs 
duration with flat temporal phase. 

Our calculations point to the feasibility of generating coherent broadband frequency combs using bulk 
degenerated cw OPOs under optimum compensation of cavity dispersion. The approach could pave the 
way for the realization of a new class of coherent broadband femtosecond light sources in different 
spectral regions based on bulk χ(2) OPOs driven by cw pump lasers. 
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Measuring ultrafast electron correlations with core X-ray photoemission and 
X-ray absorption spectroscopies 
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The relaxation dynamics of nonequilibrium electrons have been extensively studied via many different 
pump-probe spectroscopies. But the estimation of how far the excited system is from a thermal state is often 
indirect, especially at short times, usually requiring fits to thermal distribution functions to estimate effective 
temperatures. Here, we show how time-resolved x-ray photoemission spectroscopy and time-resolved x-ray 
absorption spectroscopy can be employed as ultrafast thermometers that measure the effective energy content in 
the electronic subsystem. The scheme uses a correlation between the integrated weights of the spectral peaks as a 
function of time, with the thermal correlation functions of the appropriate many-body states of electrons near the 
initial Fermi level. When the spectral peaks are well separated, these integrated weights serve as an ultrafast probe 
of the energy (and ultimately the effective temperature) of the excited electrons.  With sufficiently short time 
resolution, one can go beyond thermometry, to directly probing electron correlation functions, which provide 
time-averaged dynamics of the electron correlations. Pump-probe experiments excite electrons out of equilibrium 
and then probe how they relax back to a steady state (which usually is back to an equilibrium state). This is a new 
frontier, which allows us to examine different relaxation mechanisms and, in some cases, to discover novel 
nonequilibrium phases that cannot be reached in equilibrium. When studying relaxation processes, it is critical to 
have a way to determine how close one is to equilibrium and what is the average energy as a function of time. The 
hot-electron model assumes that the electronic system rapidly thermalizes to an effective hot temperature, which 
then slowly relaxes with the phonon bath until it reaches its final equilibrium temperature [1]. The true relaxation 
process is more complex than that, but even in this simplified picture, it is important to be able to monitor how the 
energy content of the electrons changes on an ultrafast time scale. Yet there is no known thermometer that can be 
used to monitor this process on these ultrafast time scales. In earlier work, we showed how a combination of 
time-resolved photoelectron spectroscopy and Raman scattering could be employed to show how close a system is 
to thermal equilibrium [2]. This methodology does not allow us to easily monitor the energy content of the system 
at short times, because it also requires fitting with thermal distribution functions. Here, we show how such an 
ultrafast analysis can be performed with time-resolved core x-ray photoemission spectroscopy (tr-XPS) and 
time-resolved core x-ray absorption spectroscopy (tr-XAS) in strongly correlated quantum materials even if the 
system has not yet thermalized. The energy content is inferred from the effective energy of an equilibrium system 
that has the same integrated weights for the spectral peaks. In earlier thermometry work on x-ray probes, the 
strategy has been to focus on the shape of the spectral function and fit it with the appropriate convolution with a 
Fermi-Dirac distribution. But when one wants to work with shorter and shorter time scales, such an approach 
becomes difficult, because the short-time pulses distort the shape of the spectra due to the energy-time uncertainty 
relation [3.4], making such an analysis increasingly more difficult as the time-scale is decreased. Instead, when 
we have strongly correlated systems, the weights in the spectral peaks depend on correlation functions of the local 
electron density for conduction and localized electrons. Technically, the way to see why this should be the case is 
to think in terms of partial spectral moment sum rules. The integrated weight of the core-hole spectral function is 
equal to 1---but the partial weights, integrated under each of the separated peaks, is instead equal to correlation 
functions of electron densities of electrons that lie near the original Fermi level of the system. This observation 
takes a total sum rule, which cannot be used for thermometry, because it is independent of temperature, into 
partial sum rules that can be used for thermometry, because they depend on the correlation functions that are 
modified by the pump pulse. Similar arguments show that this approach will also work for XAS. This observation 
then allows us to correlate the integrated weight of different spectral peaks with the effective energy content of the 
system after the pump has been applied. Because the integrated weights are not subject to the energy-time 
uncertainty relation, they are much more robust for use at ultrafast time scales (although, even here, at some point 
peaks will be broadened so much so that we cannot separate them and determine the partial spectral weights). 
What is most remarkable about this approach is that it works on ultrafast time scales currently accessible to 
experiments on X-ray free-electron lasers. This approach provides a novel high-precision tool to monitor the 
energy content without requiring any fitting protocols (although it does require calibration). We want to be clear 
that when we use the general term thermometry, we do not imply that this means the system is in thermal 
equilibrium, or even can be described by a hot-electron model. Instead, it is just a shorthand way to describe how 



we are measuring energy content via a mapping to an effective thermodynamic temperature by 
comparing the values of different correlation functions. Examples of how this works are shown in Fig.1 
and 2. 

Fig. 1: XAS results for a 
Mott insulator.  
Panel (a): time-dependent 
correlations of the four states 
with respect to presence or 
absence of d− or f −electrons 
on the site. Panels (b), (c), 
(d): correlations averaged 
over the probe-pulse window 
(solid lines) for increasingly 
broader probe widths.  

 Fig. 2: Experimental data for CeO2 illustrating this behavior. 
In this system, the peaks do not fully separate, because the 
difference in the core-hole-electron interactions is not large 
enough to create a splitting. So, we need to fit the peaks to 
identify which charge state on the Ce ion corresponds to which 
spectral weight. By integrating these weights, as shown in the 
inset, we can see the ultrafast transfer of spectral weight 
corresponding to the change in the electron correlations 
mediated by the pump pulse. This shows that these correlation 
effects take place on the ultrafast time scales. Future 
experiments will hopefully show more details by performing 
probes more densely spaced in time. 

It is important to keep in mind that we are not assuming anything about thermal equilibrium, but instead 
are focused on learning about the nonequilibrium state during and after the pump is applied by using 
equilibrium values of measurements as a way to quantitatively summarize the nonequilibrium behavior.
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Time-dependent scattering approach to non-equilibrium and 
Core-hole spectroscopies 

A. E. Feiguin 
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The conventional calculation of scattering cross sections relies on a treatment based on time-dependent 
perturbation theory that provides formulation in terms of Green’s functions in the frequency domain. In 
equilibrium, it boils down to evaluating a simple spectral function equivalent to Fermi’s golden rule, 
which can be solved efficiently by a number of numerical methods. However, away from equilibrium, 
the resulting expressions –similar to a Kramer-Heisenberg formula-- require a full knowledge of the 
excitation spectrum and eigenvectors to account for all the possible allowed transitions and intermediate 
states, a seemingly unsurmountable complication. Similar problems arise when the quantity of interest 
originates from higher order processes, such as in Auger, or resonant inelastic X-ray scattering (RIXS) 
spectroscopies. We have recently presented a new paradigm to overcome these hurdles[1-4] by 
formulating the problem in the time-domain, without relying on Green's functions: we explicitly 
introduce the scattering particles (neutron, electron, photon, positron) and simulate the full scattering 
event by solving the time-dependent Schrödinger equation. The spectrum is recovered by measuring the 
momentum and energy lost by the scattered particles, akin an actual energy-loss experiment. These ideas 
can be generalized to study photoemission beyond the sudden approximation, milti-photon processes, 
two-electron ARPES, and the interplay between radiative and non-radiative recombination channels in 



X-ray spectroscopies, to mention a few examples. 
Fig. 1. Left: Schematic representation of the regimes 
involved in the core-hole creation and non-radiative 
Auger recombination: (a) core-hole creation; (b) transient 
regime in which the core hole is screened creating a 
polarizarion cloud; (b) an electron recombines with the 
core-hole while a second one is ejected into the continuum. 
(d) Geometry used in the calculations.  
Right:  Comparison between perturbative results (black 
curve) and non-perturbative results obtained with our 
time-dependent scattering approach. The core-hole is 
created by a pulse of light; and different curves correspond 
to pulses of different duration.  

In addition, by not relying on perturbation theory, the results offer a window into higher-order 
contributions that are not accounted for by other formulations. 
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Ultrafast hidden spin polarization dynamics of bright and dark 
Excitons in 2H-WSe2 
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Combining a high harmonic generation extreme ultraviolet (XUV) beamline [1] with a hemispherical 
analyzer equipped with a spin polarimeter, we performed spin-, time- and angle-resolved photoemission 
spectroscopy (STAR-PES) of excitons prepared by photoexcitation of inversion-symmetric 2H-WSe2 
with circularly polarized light. The very short probing depth of XUV photoemission permits selective 
measurement of photoelectrons originating from the top-most WSe2 layer (Fig. 1), allowing for direct 
measurement of hidden spin polarization of bright and momentum-forbidden dark excitons. 

Fig. 1. Schematic of crystal structure, associated Brillouinzone, and 
band structure for two adjacent layers in 2H-WSe2. Valley-dependent 
chiroptical selection rules within each layer are visualized by a black 
arrow, bright and dark excitons are represented as shaded areas, and 
the spin-orbit texture is shown with red and blue color code. 

Our results [2] reveal efficient chiroptical control of bright excitons’ hidden spin polarization. Following 
optical photoexcitation, intervalley scattering between nonequivalent K-K’ valleys leads to a decay of 
bright excitons’ hidden spin polarization. Conversely, the ultrafast formation of momentum-forbidden 
dark excitons acts as a local spin polarization reservoir, which could be used for spin injection in van der 
Waals heterostructures involving multilayer transition metal dichalcogenides. 
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What is the role of disorder in the nonequilibrium dynamics of 
Correlated quantum systems?  

H.F. Fotso 
University at Buffalo SUNY, Buffalo.  NY 14260 

The interplay of interaction and disorder gives rise in equilibrium to a vast array of intriguing properties and 
has thus rightfully received a great deal of attention. Away from equilibrium however, the transient dynamics 
of many-particle correlated systems that feature both interaction and disorder is rather challenging.  To 
enable the investigation of the nonequilibrium dynamics of interacting systems in the presence of disorder, 
we recently introduced the nonequilibrium DMFT+CPA method [1]. An embedding scheme that combines 
the nonequilibrium extensions of both the dynamical mean field theory (DMFT) [2,3] and the coherent 
potential approximation (CPA) [4,5]. This framework opens up the possibility for detailed exploration of the 
effects of disorder on the dynamics away from equilibrium of correlated quantum systems with connections 
to various fundamental questions and practical applications.  The approach was previously benchmarked on 
the equilibrium solution of the Anderson-Hubbard model describing itinerant electrons with local electron-
electron interaction as well as a site dependent random on-site energy. The analysis reveals among other 
features the disorder-induced insulator-to-metallic phase transition that occurs when the Mott gap due to 
strong interaction is filled when the disorder strength is increased.  In recent efforts, we have analyzed the 
effect of disorder on the nonequilibrium dynamics of this correlated system, described by the Anderson-
Hubbard model, under an interaction quench. The system, initially in equilibrium at a given temperature, 
Tinitial = 1/βinitial , has the interaction abruptly switched from zero to a finite value at a given time. 

Fig. 1. Left :Density of states of the Anderson-Hubbard model for different interaction strengths as a function of  
disorder strength, Observe on panel (d) the insulator to metal transition that occurs when the disorder strength is  
finite near the critical value of the interaction [1]. Right: Relaxation of the kinetic, potential and total energy 
of the system across the interaction quench [7]. 

To investigate the role of disorder on the nonequilibrium dynamics of a correlated many-particle system, we 
use our effective medium approach to calculate, through the nonequilibrium Green’s functions, for different 
values of the final interaction and varying disorder strengths, different observables of the system as it evolves 
in time. We are also able to determine the effective steady state temperature after the quench and to analyze 
the effects of disorder on the thermalization for various interaction strengths. The analysis shows that 
disorder can tune the final temperature of the system across a broad range of values [6]. Very importantly 
this analysis also reveals that for a quench from a non-interacting system to a weakly interacting one, the 
steady state temperature is increased with increasing disorder strength whereas this trend is reversed for 
moderate final interaction strengths. Within our nonequilibrium DMFT+CPA framework, we consider 
various types of disorder and analyze the thermalization of the system under an interaction quench. Figure 1 
shows the density of states of the Anderson-Hubbard model for different interaction strengths as a function 
of disorder strength, Observe on panel (d) the insulator to metal transition that occurs when the disorder 
strength is finite near the critical value of the interaction [1]. The figure also shows the relaxation of the 
kinetic, potential and total energy across an interaction quench for and interaction quench occurring at time t 
= 0 from U1 = 0 to U2 = t*, 2t*, and 2.5t* for different values of disorder. It shows that for for weak final 
interaction, the final kinetic energy following the nontrivial transient immediately after the quench is 
increased with increased disorder strength and that this trend is reversed when the final interaction is 
increased [7]. 
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Crystal lattice fluctuations, which are known to influence phase transitions of quantum materials in 
equilibrium, are also expected to determine the dynamics of light-induced phase changes. However, they 
have only rarely been explored in these dynamical settings. Here, we study the time evolution of lattice 
fluctuations in the quantum paraelectric SrTiO3, in which mid-infrared drives have been shown to 
induce a metastable ferroelectric state. Crucial in these physics is the competition between polar 
instabilities and antiferrodistortive rotations, which in equilibrium frustrate the formation of long-range 
ferroelectricity. We make use of high intensity mid-infrared optical pulses to resonantly drive the Ti-O 
stretching mode at 17 THz, and we measure the resulting change in lattice fluctuations using time-
resolved x-ray diffuse scattering at a free electron laser. After a prompt increase, we observe a long-
lived quench in R-point antiferrodistortive lattice fluctuations. Their enhancement and reduction are 
explained theoretically by considering fourth-order nonlinear phononic interactions to the driven optical 
phonon and third-order coupling to lattice strain, respectively. 

Fig. 1. The fundamental distortions of SrTiO3. (a) The polar distortion, creating the symmetry-broken ferroelectric 
state with polarization  , involves the displacement of the center Ti atom along the c-axis;  
(b) The  antiferrodistortive distortion involves the rotation of the oxygen octahedra around the c axis by an 
angle 𝜙, with a (½ ½ ½) wave vector;  
(c) Illustration of the change in potential energy 𝛥𝑉(𝑃,𝜙) = 𝑉𝑇𝑂𝑇(𝑃,𝜙) − 𝑉𝑇𝑂𝑇(0,𝜙)  along the ferroelectric 
coordinate 𝑃 for a range of antiferrodistortive rotation angles 𝜙 , with 𝑉𝑇𝑂𝑇(𝑃,𝜙) being  the DFT total energy, 
which is not the same for all the 𝜙-dependent 𝑃 = 0 states. As 𝛥𝑉(𝑃,𝜙)  measures the difference  between two 
states, it is zero  for  all  angles  at the  origin  with 𝑃 = 0  although  the  structures  are  different. Starting from 
𝜙 = 0°, the depth of the potential  energy 𝛥𝑉 along 𝑃  reduces with the onset of antiferrodistortive  rotations.  
At 𝜙 = 6°, the  rotation angle of the equilibrium tetragonal state, the gain in  potential energy 𝛥𝑉(𝑃0, 6°)  is 
reduced by a factor of  five compared to 𝛥𝑉(𝑃0, 0°). Rotations beyond this angle revive the deeper instability of 
the ferroelectric state. 
(d)Selected cuts of potential energy 𝛥𝑉(𝑃,𝜙) along the ferroelectric coordinate 𝑃  for selected rotation angles 𝜙. 
Fig.1 adapted from Ref. [1] 

These observations provide a number of testable hypotheses for the physics of light-induced 
ferroelectricity.      
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Observation of Floquet-Bloch states in Dirac materials 
N. Gedik 
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Floquet engineering is a novel method of manipulating quantum phases of matter via periodic driving [1, 
2]. It has successfully been utilized in different platforms ranging from photonic systems [3] to optical 
lattice of ultracold atoms [4, 5]. In solids, light can be used as the periodic drive via coherent light-
matter interaction. This leads to hybridization of Bloch electrons with photons resulting in replica bands 
known as Floquet-Bloch states. In this talk, I will discuss direct observation of Floquet-Bloch states in 
topological insulators and graphene. I will first review the original discovery of Floquet-Bloch states in a 
topological insulator [6]. Since then, their manifestations have been seen in a number of other 
experiments [7-14]. By engineering the electronic band structure using Floquet-Bloch states, various 
exotic phase transitions have been predicted [15-22] to occur. To realize these phases, it is necessary to 
better understand the nature of Floquet-Bloch states in different materials. However, direct energy and 
momentum resolved observation of these states is still limited to only few material systems [6, 10, 14, 
23, 24]. I will then report the recent direct observation of Floquet-Bloch states in monolayer epitaxial 
graphene which was the first proposed material platform [15] for Floquet engineering. By using time- 
and angle-resolved photoemission spectroscopy (trARPES) with mid-infrared (mid-IR) pump excitation, 
we detected replicas of the Dirac cone. Pump polarization dependence of these replica bands 
unequivocally shows that they originate from the scattering between Floquet-Bloch states and photon-
dressed free-electron-like photoemission final states, called Volkov states. Beyond graphene, our 
method can potentially be used to directly observe Floquet-Bloch states in other systems paving the way 
for Floquet engineering in a wide range of quantum materials.       

Fig. 1. Left: Emergence and decay 
of Floquet-Bloch states in Bi2Se3 
[23]. Right: a- conceptual schematic 
of pump-probe experiments on 
graphene and the generation of 
replica bands. The red circle 
corresponds to the measurement 
window of our experiments. b- 
emergence and decay of a replica 
band in graphene via 5 μm pump 
excitation. 

Beyond graphene, our method can potentially be used to directly observe Floquet-Bloch states in other 
systems paving the way for Floquet engineering in a wide range of quantum materials.  
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Ultrafast electron dynamics in 2D materials and heterostructures
I.Gierz

University of Regensburg, 93040 Regensburg, Germany

2D materials exhibit exotic electronic properties that differ from their bulk counterparts due to 
confinement and reduced screening. Since the discovery of graphene in 2004 a whole zoo of 2D 
materials has become available. 2D materials can be stacked as desired to form heterostructures. In this 
way, new artificial materials with customized properties can be created [1]. Despite the weak van der 
Waals coupling between the individual layers, hybridization effects usually occur, so that the electronic 
properties of the heterostructure clearly exceed those of the sum of the individual layers. Understanding 
and tailoring the non-equilibrium carrier dynamics of these ultimately thin high-tech materials is an 
essential step towards the design of future devices.In my talk I will introduce confinement heteroepitaxy 
[2] as a new approach for the large-scale production of van der Waals heterostructures with clean 
interfaces. As an example, I will discuss heterostructures consisting of graphene and 2D Sn, where the 
Sn layer can be either metallic or Mott insulating depending on its atomic structure [3,4]. We drive these 
heterostructures out-of-equilibrium with a visible pump pulse and trace the ultrafast carrier and band 
structure dynamics with time- and angle-resolved photoemission spectroscopy. We find that the 
dynamics of the graphene 𝜋 -band sensitively depends on the properties of the 2D Sn layer. We 
tentatively interpret our results in terms of ultrafast charge transfer and transient changes in screening. 

Fig. 1. Time- and angle-resolved 
photoemission  spectroscopy (trARPES) 
revealing the transient electronic 
properties of 2D solids and 
heterostructures. 

We find that the dynamics of the graphene 𝜋-band sensitively depends on the properties of the 2D Sn 
layer. We tentatively interpret our results in terms of ultrafast charge transfer and transient changes in 
screening. 
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Toward multimodal momentum-microscopy studies of novel materials and 
Interfaces - time, spin, and depth resolution 

A. X. Gray 
Temple University, Philadelphia, PA 19122, USA 

Rational design and efficient ultrafast control of new electronic, magnetic, and topological phases of 
matter in quantum-material systems are considered to be one of the most promising avenues toward 
realizing new generations of energy-efficient spintronic devices. Material platforms based on two-
dimensional van der Waals crystals are particularly appealing from this perspective because they are 
both incredibly versatile and sensitive to ultrafast external stimuli.However, a key requirement for the 
realization of viable devices based on such materials is a clear understanding of the layer-resolved 
electronic and magnetic structure, which can vary dramatically as a function of depth and proximity to 
other materials. Equally important, for topologically nontrivial two-dimensional materials, is the ability 
to resolve the spin and orbital characters of the bands as well as the local Berry curvature. This 
resolution is crucial for forming a complete picture of the interactions responsible for new physical 
phenomena and functionalities. Recent theoretical [1,2] and experimental [3] demonstrations of probing 
local Berry curvature in 2D materials using a combination of spin-resolved ARPES and circular 
dichroism open up new avenues for ultrafast spectroscopic detection of transient topological states. In 
this talk, I will discuss our recent proof-of-principle experiments demonstrating momentum-resolved 
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mapping of the local Berry curvature in strongly-correlated van der Waals ferromagnets using 
momentum microscopy combined with magnetic circular dichroism and spin resolution (Fig, 1a). I will 
also talk about our recent standing-wave studies demonstrating the capability to extract depth-resolved 
electronic structural information from single monolayers of transition-metal dichalcogenides and their 
heterostructures (Fig.1b).

Fig. 1. a. Schematics of the local Berry curvature 
mapping technique and the  polarization-
dependent momentum microscopy images of the 
Fermi surface (left) and magnetic circular 
dichroism (MCD) (right). Bottom right plot shows 
a combination of MCD and spin resolution, which 
isolates  the Berry curvature, revealing a ‘hidden’ 
MCD signal; 
b.Standing-wave photoemission microscopy
measurement of a WS2  monolayer  with the 
standing-wave  modulations of the W, S, and C 
core-level peaks containing depth-resolved 
information about the chemical profile of the 
monolayer. 

These insights are essential for harnessing the unique capabilities of two-dimensional van der Waals 
crystals in real-world applications, such as ultrafast electronic and spintronic devices, where the ability 
to manipulate and control these properties rapidly and precisely is key to their functionality and 
efficiency. 
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Attosecond field emission 
E.Goulielmakis  

University of Rostock, 18059 Rostock, Germany 

Field emission of electrons underlies great advances in science and technology, ranging from signal 
processing at ever higher frequencies to imaging of the atomic-scale structure of matter. The advancing 
of electron microscopy techniques to enable the complete visualization of matter on the native spatial 
(picometre) and temporal (attosecond) scales of electron dynamics calls for techniques that can confine 
and examine the field emission on sub-femtosecond time intervals. Here we introduce Homochromatic 
Attosecond Streaking (HAS) to characterize the temporal structure of the strong-field emission from 
metallic nanotips. In our approach an intense single cycle [1,2] laser pulse shone to a tungsten nanotip 
generates electron pulses by optical field emission, while its weak replica is used to probe the dynamics 
of the released electron pulses in real time (Fig. 1a). We record electron spectra as a function of the 
delay between the two pulses  to compose a streaking spectrogram (Fig. 1b) whose reconstruction (Fig. 
1c) allows the direct imaping of the emission dynamics. 

Fig. 1, Illustration of 
photoemission from a tungsten 
nanotip under intense laser pulses (a). 
Measured (b) and reconstructed (c) 
streaking spectrogram of 
photoelectrons. Temporal structure of 
photoemission is revealed by 
reconstruction of the spectrogram, as 
shown in (d and e). (f) Near field and 
its timing with respect to the attosecond 
electron pulse. 
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Access to the temporal properties of the electron pulses, including the duration τ = (53 as ± 5 as) and 
chirp, and the direct exploration of nanoscale near fields open new prospects for research and 
applications at the interface of attosecond physics and nano-optics [3].
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Metastable phases in photo-doped Mott insulators 
D. Golež  

Jozef Stefan Institute, 1000 Ljubljana, Slovenia 

Chemically doped Mott insulators have long intrigued condensed matter physicists due to their display 
of intriguing phenomena, such as high-temperature superconductivity and metal-insulator transitions. 
Can photoexcitation across the charge gap induce similar phenomena and new (metastable) phases? We 
present a recent study on Ca2RuO4 under epitaxial strain, where optical spectroscopy and X-ray 
diffraction identified a transition into a metastable metallic phase. The driving force behind this 
nonthermal transition is a strong coupling between lattice and orbital orders, altered by photoexcitation, 
and the proximity of first-order phase transition. While the equilibrium Landau-Ginzburg landscape 
provides useful guidance, microscopic time-dependent Dynamical mean-field theory shows 
unconventional trajectories from equilibrium insulating to metastable metallic states due to strong 
electronic correlations, see Fig.1.  

Fig. 1. Dynamics of the microscopic 
trajectories for the lattice distortion Q3 and the 
electronic order 𝜙  from different excitation 
strengths embedded in the equilibrium free-
energy landscape.  S-PBca marks the 
equilibrium insulating state and L-Pbca the 
metastable metallic state. 

In the second part, we demonstrate long-lived states in the paradigmatic Mott insulator NiO after above 
gap excitations, comparing time-resolved X-ray absorption spectroscopy with microscopic simulations 
based on Dynamical Mean-Field Theory-DMTF. The X-ray absorption signal reveals bandgap 
renormalisation on different orbitals due to photo-induced changes in screening. Furthermore, additional 
spectral features appear, and the comparison with the nonthermal extension of multiplet ligand field 
theory shows that these correspond to d-d excitation activated by photo-doped charge carriers. These 
works open perspective on how developing time-resolved experimental probes based on free-electron 
laser allows for a systematic analysis of photo-induced changes in Mott insulators and opens a 
perspective for a systematic search of metastable phase in Mott insulators in particular due to the 
interplay of strong electron-electron and electron-lattice coupling. 
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Quantum photonics with rare-earth materials
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University of Illinois Urbana-Champaign, Urbana, IL61801,USA 
Optically active and highly coherent emitters in solids are a promising platform for a wide variety of 
quantum information applications, particularly quantum memory and other quantum networking tasks. 
Rare-earth emitters in solid-state hosts at cryogenic temperatures are particularly well-suited for 
quantum memory and similar operations due to their unique combination of properties that flow from 
the relative insensitivity of shielded rare-earth electronic states to the environment [1, 2]. This shielding 
leads to extremely long coherence times (which set the fundamental limit on quantum light storage) that 
can reach milliseconds on the optical transitions and hours on the spin transitions. Rare-earth emitters 
are also not restricted to a particular host material, or even to a particular class of host materials. The 
best properties are typically found when the rare-earth species is a substitutional dopant in an optically 
transparent crystalline material, but this encompasses an enormous range of possibilities. This flexibility 
is useful as a knob to tune the properties of the emitters and to enable integration in larger photonic 
devices and systems. Finally, rare-earth emitters retain their atom-like properties up to extremely high 
densities and small separations, far beyond other atoms or solid-state emitters. This “frozen gas” state 
where we can consider local electronic excitations at individual emitters interacting with externally 
applied electromagnetic fields continues to inter-emitter spacings well below 1 nm [3]. This feature 
enables both extremely high optical densities to aid in efficient quantum light storage and opens the 
potential for blockade-type interactions between coherent and controllable emitters for deterministic 
entangling gates. We will discuss two different emerging materials systems for rare-earth based quantum 
optics that take advantage of the flexibility of these emitters to target application-specific functionalities. 
First, I will show progress in our efforts to identify and grow new materials with rare-earth atoms at 
stoichiometric concentrations in order to reduce disorder-induced inhomogeneous broadening and 
increase spectral density to extreme levels [4]. This includes measures of the inhomogeneous linewidth 
of several promising materials as well as initial characterization of their coherence properties.

Fig. 1. A. Photoluminescence 
excitation (PLE) spectrum and 
optical image of in-house grown 
stoichiometric material NaEu(IO3)4 
showing an inhomogeneous linewidth 
below 3 GHz. B. Spectral hole 
burned in NaEu(IO3)4 and probed by 
PLE showing a sub-MHz width. C. 
Resonance spectrum and SEM image 
of a ring resonator fabricated in thin-
film lithium niobate doped with 
erbium atoms showing a quality 
factor approaching 106. D. PLE 
across the erbium absorption line 
with cavity peaks visible. E. Lifetime 
of erbium dopants is shortened on 
thecavity resonance with a Purcell 
factor of 3.5. 

I will also show recent results on integration of rare-earth emitters in nanofabricated photonic devices 
for on-chip quantum light storage [5, 6]. This includes demonstrating Purcell enhanced emission from 
erbium dopants coupled to a ring resonator. 
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Ultrafast spectroscopic studies of topological quantum matter 
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Over the last decade, ultrafast techniques have been crucial to gain fundamental insights into the 
topological properties of quantum materials. We employed ultrafast time- resolved angle-resolved 
photoemission spectroscopy to probe and elucidate surface electronic structure and electron dynamics of 
Z2 topological insulators, Dirac-Weyl semimetals, knotted quantum matter and exotic spin-orbit 
superconductors [1, 2, 3]. In this talk, I plan to present a few recent examples where ultrafast techniques 
have been crucial to discover the topological behavior: Weyl conductors and Chern physics: (1) It was 
long been speculated that MoxW1−xTe2 materials may realize Lorentz violating topological Weyl 
fermions. In order to explore its topology, we first showed theoretically that it is crucial to access the full 
electron dynamics to reveal a non-Lorentz electronic Weyl state in MoxW1−xTe2. Then, we 
experimentally explored MoxW1−xTe2 materials by a suite of pump-probe time-resolved ARPES 
techniques. By comparing our pump-probe results with ab initio simulations, we concluded that the 
materials indeed features topological states associated with non-trivial Berry curvature field which is the 
generator of the non-Lorentz Weyl topology and non-trivial Chern quantized numbers [4].  
(2) In candidate topological semimetal class TaIr(Te/Se)4, the Weyl points and Fermi arcs live entirely 
above the chemical potential level, making them inaccessible to conventional ARPES. We utilized 
ultrafast ARPES to directly access the electronic states above the Fermi level in TaIrTe4. We observe 
signatures of Berry curvature singularity nodes and correspondingly coupled spin textured Fermi arcs 
states. A full map reveals, for the first time, that TaIrTe4 is a topological metal (doped semimetal) with 
the minimum number of four Weyl nodes allowed by time-reversal symmetry [3].  
Intrinsic Topological Insulators: The third example would be on the possibility of novel phenomena 
induced by light. Here, we used pump-probe photoemission spectroscopy to explore the optically 
excited Dirac surface states in the bulk-insulating topological insulator Bi2Te2Se. Our results revealed 
optical and ultrafast properties that are in sharp contrast to those of bulk- metallic (self-doped) 
topological insulators. We observed a gigantic optical lifetime exceeding 4 μs (1 μs=10−6 s) for the 
surface states in Bi2Te2Se, whereas the lifetime in most topological insulators, such as Bi2Se3, has been 
limited to a few picoseconds (1 ps=10−12 s). Moreover, we discovered a surface photovoltage, a shift of 
the chemical potential of the topological surface states, as large as 100 mV. Our results demonstrate a 
rare quantum platform to explore charge excitation and relaxation in energy and momentum space in 
two-dimensional systems [5]. Finally, (time permitting) I will talk about electronic structure and 
relaxation dynamics in a superconducting topological material. Topological superconductors host new 
states of quantum matter which show a pairing gap in the bulk and gapless surface states providing a 
platform to realize Majorana zero modes. Recently, alkaline-earth metal Sr intercalated Bi2Se3 has been 
reported to show superconductivity with a Tc ~ 3 K and a large shielding fraction. We report systematic 
electronic structure studies of Sr0.06Bi2Se3 (Tc ~ 2.5 K). Using ARPES, we observed a quantum well 
confined two-dimensional state coexisting with a topological surface state in Sr0.06Bi2Se3. 
Furthermore, our time-resolved ultrafast ARPES reveals the relaxation dynamics showing different 
decay mechanism between the excited topological surface states and the two-dimensional states. Our 
experimental observation is understood by considering the intra-band scattering for topological surface 
states and an additional electron phonon scattering for the 2D states, which is likely responsible for the 
superconductivity and topological phenomena [6-8]. These ultrafast studies and their future extensions 
(that we plan to carry out) will be helpful in understanding low temperature superconducting states 
realized in these topological materials [8]. 
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In condensed matter physics, there has been a persistent pursuit to sample light-matter interaction at the 
shortest length and time scales conceivable. Scanning near-field optical microscopy (SNOM), which 
utilizes evanescent fields confined to nanoscale metallic objects, offers insights into this interaction but 
the spatial resolution is limited by the probe apex size (~10 nm) [1]. On the other hand, lightwave-driven 
scanning tunnelling microscopy (LW-STM) has provided glimpses into atomic-scale dynamics [2,3]. 
Yet, there the rapid motion of electrons within a single cycle of light cannot be resolved, as only the 
time-integrated electronic response in the form of rectified currents is collected. Here, we present a 
novel optical microscopy paradigm, leveraging strong-field nonlinearities to achieve atomic-scale spatial 
resolution with subcycle time resolution [4]. 
We use qPlus sensors with atomically sharp tungsten tips in ultrahigh vacuum and cryogenic conditions 
and illuminate the tip apex with phase-locked terahertz pulses (Fig. 1a), detecting the scattered light with 
electro-optic sampling (EOS). Intriguingly, when approaching the tip to atomic-scale tip-sample 
separation, a significant signal increase with a distinct phase delay Δφ occurs (Fig. 1b). This hallmark 
phase shift indicates the origin of the signal: a transient dipole induced by the AC tunnelling currents 
flowing in response to the THz field (Fig. 1c,d). Owing to the atomic confinement of this novel near-
field optical tunnelling emission (NOTE) signal (Fig. 1e), we can image single packing defects on an 
Au(111) surface (Fig. 1f). Moreover, with NOTE we can clock the subcycle electron tunnelling 
dynamics in WSe2 trilayers (Fig. 1g). 

Fig. 1. NOTE microscopy. (a) We couple a THz light pulse (𝐸light) to a tungsten tip tapping above an Au(111) 
surface and detect scattered near fields demodulated at the n-th harmonic of the tapping frequency (𝐸nscat) via 
EOS. (b) Scattered THz transients (𝐸2scat ) for varying tip-sample distance Δz (tapping amplitude 𝐴 = 25 nm). 
At minimal Δz, the transient transforms accruing a phase shift Δφ, and significant amplitude increase relative to 
conventional near fields. (c) Formation of a mesoscopic near-field dipole 𝒑nf at the tip apex, driven by 𝐸light at 
time t1, causing a tunnelling current 𝐽lw  (d) At time t2, 𝒑nf = 0 as 𝐸light  crosses zero, but the NOTE dipole 𝒑lw 
induced by the tunnelling current is maximal. (e) Peak of the NOTE signal 𝐸�2scat for 𝐴 = 200 pm, plotted  together 
with the time-integrated lightwave tunnelling current 〈𝐽lw〉 measured for increasing Δz. (f) Quasi- constant height 
LW-STM and NOTE line scans across a single packing defect on an Au(111) surface. (g) Real- time subcycle 
sampling of ultrafast tunnelling currents on trilayer WSe2, showing 𝒑nf at the tip apex (green), the NOTE 
dipole 𝒑lw (dark purple), and retrieved ultrafast tunnelling currents (pink).

This all-optical approach provides first ever experimental access to subcycle atomic-scale electron 
dynamics in various quantum materials, promising strong-field control over light-matter interaction at 
atomic lengthscales. 
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In two-dimensional transition metal dichalcogenides (TMDCs), strong spin-orbit coupling and Coulomb 
interactions result in a variety of bright and dark excitonic states, distributed over the whole Brillouin 
zone. Time-resolved momentum microscopy, a variant of time- and angle-resolved photoemission 
spectroscopy, allows for the detailed spectroscopical characterization of these excitons in two-
dimensional momentum space and to investigate their dynamics in the time domain. While momentum-
dark excitons as well as interlayer excitons formation have been observed in several previous 
experiments [1-5], the spin state has remained elusive. However, due to the valley degree of freedom in 
TMDcs, the spin plays an important role for charge transfer processes in these materials and for future 
device applications. Here, we report a time-resolved momentum microscopy experiment which makes 
this spin information accessible. In a complete experiment, we succeeded in tracing electrons every time 
step after optical excitation. The centerpiece of our experimental setup is an optical pumping scheme 
which makes excitation under near-normal incident with circularly polarized light possible. This allows 
for the preparation of a well-defined initial state with a single spin- and valley polarization (Fig. 1). 
Precisely titled pulse fronts of the pump beam match the pulse fronts of the XUV probe beam incident 
on the sample under an angle of 70°. In this way, we disentangle the scattering rates between the bright 
and the various momentum- and spin-forbidden dark excitons of the K, K’, Σ, and Σ’ valleys with 10-fs 
time resolution.  

Fig. 1. a: Energy scheme 
of WS2 with bright and 
momentum-dark excitons.  
b: E(k) photoemission 
intensity distribution in the 
K-Γ-K’ direction for right 
circular pump two delays of 
the XUV probe. 
c:         Photoemission 
momentum   maps    an 
energy    of        E=2 eV 
above the valence band 
maximum EVB for left and 
right circular pump and 
zero pump-probe delay.  

The build-up of the momentum-dark KK’ exciton is found to proceed within 40 fs, similarly fast as the 
formation of the previously investigated KΣ exciton [2]. In contrast, we find at least six times longer 
scattering times for processes involving a spin flip of the electron and leading to spin-dark KK as well as 
spin- and momentum-dark KΣ’ excitons. While the fast relaxation of the bright into momentum-dark 
excitons is clearly related to the strong exciton phonon scattering in TMDCs [2,5], different mechanisms 
for spin-flip scattering have been discussed. One of them is intervalley electron-hole exchange 
interaction between the K and K’ valleys. Another one is the phonon-mediated Elliot-Yafet mechanism. 
We will discuss the relative importance of these different spin-relaxation channels in light of the valley-
resolved exciton dynamics of our experiment. 
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Cuprates as a class of high Tc superconductors host multiple unconventional phases that require further 
studies to fully understand. Studying the time-dependent response of these materials can enhance our 
understanding of excitations, light-matter interaction, electron-phonon coupling, and the electronic 
response in different phases. Here we focus on the relationship between the pseudogap and 
superconducting phases. To study this, we employ time and angle-resolved photoemission spectroscopy 
(trARPES). We directly probe the Fermi surface and electron dispersion, giving us access to the spectral 
function at different momenta and the dynamics of quasi-particles. Relating this information about the 
quasi-particles to the pseudogap and superconducting phase respectively can help us understand the 
underlying mechanism of superconductivity in these compounds. 

Fig. 1. Series of band 
maps measured on 
Bi2212 for 𝑘∥ =
0.39𝐴−1  at different 
pump fluencies. A 
shift in 𝑘𝐹  as well as 
𝜇 is observed 

The pseudogap phase is characterized by a low density of states (DOS) at the Fermi level, a loss of states 
in the Fermi surface compared to the superconducting phase, and the loss of one hole contributing to the 
charge transport. Doping-dependent studies on the bi-layer high Tc superconductor Bi2212 reveal a 
change in the topology of its Fermi surface [1,2,3].

Fig. 2. Fluence-dependent Fermi-Surface evolution. Fermi-
Surface is reconstructed from 𝑘𝐹  points in a Tight-Binding 
approach 

At a hole doping of 22%, the topology changes from a hole- to an electron-like Fermi surface, which is 
usually called a Lifshitz transition. We find that for the optimally doped Bi2212 (16% hole doping), we 
are able to induce this Lifshiftz transition by irradiating the sample with high fluence femtosecond laser 
excitation. The induced transition persists for multiple microseconds and is of reversible nature. 
Exploiting this effect could allow for controlled manipulation of the phase diagram through the use of 
laser radiation. 
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Chiral phononics is emerging as a new field that utilizes the angular momentum of circularly polarized 
lattice vibrations to manipulate the properties of quantum materials. Phonon angular momentum 
naturally couples to the angular momentum of light, to electronic spin, orbital, and valley angular 
momentum, and further serves as a fundamental quantized physical observable in its own right. Some of 
the most prominent discoveries in recent years include the observation of chiral phonons in 2D and 
chiral materials [1,2], chiral-phonon transport phenomena such as the phonon Hall and spin Seebeck 
effects [3,4], and ultrafast phonon angular momentum coupling upon demagnetization of magnetic 
materials [5].When driven resonantly with an ultrashort circularly polarized laser pulse, light makes the 
ions in the material behave like microscopic electromagnetic coils, by producing circular motions of the 
atoms around their respective equilibrium positions in the crystal [6]. This  induces real and effective 
magnetic fields that have been predicted and measured to yield up to the tesla-scale [7-13], unlocking an 
unprecedented means for the control of magnetic order.Here, I present our recent theoretical predictions 
of novel phenomena arising from chiral phonon driving. In particular, I will focus on two mechanisms, 
(1) the chirality-dependent generation of multiferroic polarization [14] and (2) the dynamical generation 
of chiral crystal structures with geometric chiral phonons [15]. 1. Dynamically induced multiferroic 
polarization. We develop a methodology to simultaneously create a ferroelectric polarization and a 
magnetization in the nonpolar, nonmagnetic material LiBO2, see Fig. 1(a). The ferroelectric polarization 
is generated by resonantly driving linearly polarized phonon modes that couple to and rectify a polar 
optical phonon mode. The magnetization in turn is generated by the magnetic moment of resonantly 
driven circularly polarized phonon modes. When driven elliptically, the material accordingly will yield 
both, effectively generating multiferroic polarization that can be reversed by changing the chirality of 
the laser pulse.  2. Phonon-induced geometric chirality.   We describe a mechanism by which achiral 
crystal structures can be turned into chiral ones upon ultrafast phonon excitation, see Fig.1(b). 

Fig. 1: Effects of dynamical and geometric phonon 
chirality. (a) Chirality-dependent generation of multiple 
ferroic polarizations in LiBO2 [14]. Linear, elliptical, or 
circular excitation of phonons induces a ferroelectric 
polarization, ferroelectric polarization and magnetization, or a 
magnetization, respectively. (b) Phonon-induced chirality in 
various materials [15]. The displacement of the atoms along 
the eigenvectors of geometric chiral phonons brings the 
material from an achiral to a chiral crystal structure. Example 
shown here for a generic tetragonal perovskite oxide. 

We show that materials in every achiral point group contain phonon modes, whose displacement pattern 
changes the symmetry of the system into a chiral point group. This distinguishes them from 
conventional chiral phonons, in which the circular motion, not the displacement, induces chirality. These 
geometric chiral phonons can be rectified through nonlinearly light-driven phonons and further switched 
between two enantiomeric states upon reorientation of the laser pulse. This method enables the creation 
of chirality on demand, with likely implications for chiral electronic and optical properties. 
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Magnetoelectric multiferroics exhibit ferroelectric and magnetic order that are intrinsically coupled to 
each other within a single phase. All-optical control of the magnetoelectric phase using femtosecond 
laser pulses is appealing for low-energy consumption spintronics. It has remained unexplored whether 
light can control multiple ferroic order parameters simultaneously in a single domain. We report the 
observation of ultrafast enhanced second-harmonic generation (SHG) in multiferroic BiFeO3 by 
resonant excitation of a high-energy A1 phonon with strong-field mid-infrared laser pulses. Interestingly, 
we find that both the ferroelectric and antiferromagnetic contributions to the SHG signal are enhanced 
on a sub-picosecond timescale. We perform phonon dynamics simulations by density functional theory 
calculations, which confirms the enhanced ferroelectric SHG signal. We conclude that coherent phonon 
excitation with ultrashort laser pulses concurrently controls ferroelectricity and antiferromagnetic order. 

Fig. 1. Control of multiferroic order through nonlinear 
phonon dynamics. Left : Rhombohedral crystal structure of 
BiFeO3. The ferroelectric polarization (PFE) is along the 
stretched body-diagonal of the pseudocubic unit cell. The spins 
between nearest-neighbor iron ions are antiferromagnetically 
aligned (red arrows) and form a spin cycloid with a wavelength 
of 62 nm along the normal vector τ of the mirror plane (yellow). 
In a single-magnetic domain crystal, the spin cycloid breaks the 
three-fold rotation symmetry around PFE. Right: (Left) Initial 
state with the equilibrium ferroelectricpolarization and a 
thermal broadening of the iron-spin alignment. (Right) The 
lattice distortion following the resonant excitation of a A1 
phonon leads to a change in polarization and to an improved 
alignment of the iron spins [1].  

Our findings demonstrate that nonlinear phonon driving may serve as a compelling technique for 
manipulating multiple ferroic order parameters in a single shot, which we expect to be applicable 
generically to a broad category of materials exhibiting magnetoelectric coupling, providing a route 
towards information processing using cross-coupled orders on ultrashort timescales [1]. 
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Real-time ab initio study of chiral spin dynamics in laser-induced demagnetization 
J. He  

Charles University, Prague 12843, Czech Republic 

Two-dimensional (2D) magnets and van der Walls (vdW) heterostructures open unprecedented 
opportunities for discovering emergent phenomena and implementing device structures in all-2D 
spintronics. Although light is the fastest means to manipulate the magnetism, the spin dynamics of light 
driven 2D magnetic materials and vdW heterostructures remains mostly untapped. Using real-time 
density functional theory (rt-TDDFT) and ab initio non-adiabatic molecular dynamics (NAMD), we 
systematically investigate the ultrafast laser pulses induced spin transfer and relaxation dynamics of 2D 
antiferromagnetic-ferromagnetic (AFM/FM) van der Waals heterostructures. Laser pulses can induce a 
ferrimagnetic (FiM) state in the AFM layer within tens of femtoseconds and maintain it for 
subpicosecond time scale before reverting to the AFM state. We identify the unequal electron–phonon 
coupling of spin-up and spin-down channels of AFM spin sublattice causes an inequivalent spin 
relaxation, in turn extending the time scale of the FiM state. On the other hand, we further to unveil 
significant x and y components of spin (SAM) and orbital (OAM) angular momentum SAM and OAM 



induced by circularly left (σ+) and right (σ–) polarized laser pulses in 2D ferromagnets and 
ferromagnetic Fe, Co, and Ni. Our results show that the magnitude of the OAM is an order of magnitude 
larger than that of the SAM, highlighting a stronger optical response from the orbital degrees of freedom 
of electrons. Intriguingly, σ+ and σ– pulses induce chirality in the precession of SAM and OAM, 
respectively, with clear associations with laser frequency and duration. Finally, we identify the chiral 
SAM and OAM related the generation of chiral phonon during the demagnetization process.          

Fig. 1. Circularly left (σ+) and right (σ–) polarized 
laser pulses induced chiral dynamics in  
2D ferromagnets.  

These insights offer a comprehensive understanding of SAM and OAM dynamics, along with lattice 
rotation, during and shortly after a polarized laser pulse. 
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All-optical sampling of optical waveforms in solids using 
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Direct access to the temporal profile of the electric field is of key importance for many applications and 
research areas, such as nonlinear optics, investigations of ultrafast electron and molecular dynamics, 
metrology and so on. Several methods were developed to address this challenging problem, many of 
them relying on the generation of free electrons either by a weak extreme ultraviolet pulse or a strong 
optical pulse. Another possibility is all-optical methods, where the nonlinear wave mixing is used. This 
class of techniques includes electro-optic sampling (EOS) [1,2] and air-biased coherent detection. In this 
contribution we start by reviewing the existing methods of the all-optical sampling. The well-known 
scheme of EOS is shown in Fig. 1. 

Fig. 1. The scheme of the EOS 
approach. Terahertz or infrared pulse 
(blue curve), which can be delayed by 
the  time τ, is sent into a nonlinear 
crystal which provides sum-frequency 
generation (SFG) signal together with 
a sampling pulse (orange curve). As a 
result of SFG, sidebands are generated 
in the spectrum (red curve) which is 
made to interfere with the unperturbed 
sampling pulse at a photodiode. The 
delay-dependentintensity at the 
photodiode characterizes the temporal 
profile of the test pulse. 

Narrow-band, weak, low-frequency test pulse propagates together with a shorter sampling pulse in a 
nonlinear crystal which is characterized by a second-order optical nonlinearity. As a result, sidebands at 
sum and difference frequencies (signal) are generated. These sidebands interfere with the unperturbed 
sampling pulse in the lower arm, called the local oscillator (LO), at a photodiode. The measured 
dependence of the photodiode signal on the delay provides direct information about the temporal profile 
of the test pulse. This scheme has an advantage of being independent on the carrier-envelope offset 
(CEO) of the sampling pulse, with a very significant trade-off: the bandwidth of the test pulse must be 



the input pulse and the post-compressed pulse, i.e., with ZnSe sample in the beam path. Like the 
Gaussian-shaped input pulse, the post-compressed pulse also shows an almost undisturbed beam shape, 
indicating a regime below the onset of filamentation. After passing through the ZnSe sample, the beam 
profile exhibits a Townes profile, which corresponds to the formation of a self-similar spatial soliton and 
indicates spectral homogenization of the beam profile. The spectral homogeneity of the beam profile is 
confirmed by measuring the V-parameter [6]. The intensity-weighted V-parameter is larger than 85% 
within the 1/e2 intensity range of the beam profile. The temporal characterization of the pulses is 
performed using the SHG-FROG technique and provides the temporal pulse shapes before and after post-
compression in ZnSe (Fig. 1b). The input pulses with a duration of 95 fs are compressed to 53 fs. Only 5 
% of the pulse energy is contained in the visible satellite structures. Using ZnS the self-compression 
regime is realized, benefiting from the shorter ZDW and hence larger negative GVD compared to ZnSe. 
In this process, 75 fs input pulses are compressed to 35 fs, which corresponds to only two optical cycles. 
The resulting peak power reaches almost 50 GW, that is, a record value for wavelengths above 4 µm.
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Room temperature superfluorescence in Lead Halide Perovskites
K. Gundogdu 

 North Carolina State University, Raleigh, NC 27606, USA 

The formation of coherent macroscopic states and the manipulation of their entanglement using external 
stimuli are essential for emerging quantum applications. However, the observation of collective quantum 
phenomena such as Bose–Einstein condensation, superconductivity, superfluidity and superradiance has 
been limited to extremely low temperatures to suppress dephasing due to random thermal agitations. In 
this presentation we will talk about room-temperature superfluorescence (SF) in hybrid perovskite thin 
films [1,2]. In SF an optically excited population of incoherent dipoles develops collective coherence 
spontaneously. This emergent collective state forms a giant dipole and radiates a burst of photons [Fig. 1]. 
Because electronic transitions dephase extremely fast, observation of SF in semiconductors is extremely 
rare and under high magnetic fields and at very low temperatures [3]. Therefore, the discovery of room 
temperature SF in perovskites is very surprising and shows that in this material platform, there exists an 
extremely strong immunity to electronic dephasing due to thermal processes. To explain this observation, 
we propose that the formation of large polarons in hybrid perovskites provides a quantum analogue of 
vibration isolation to electronic excitation and protects it against dephasing even at room temperature.  
Fig. 1 An incoherent ensemble of dipoles is shown on the left. Arrows indicate the randomly distributed phases of individual 

dipoles. The red waves resemble vacuum fluctuations, which lead 
to spontaneous synchronization. After a time delay, the phases of 
the excited dipoles are locked, forming a macroscopic quantum 
coherent state: a ‘giant atom’ (on the right). This macroscopic 
state interacts with the radiationfield collectively. The system 
isthen described as a single wavefunction of indistinguishable 
particles. The collective emission of the macroscopic coherent 
system leads to a superfluorescent burst. 

Understanding the origins of sustained quantum coherence and the superfluorescence phase transition at 
high temperatures can provide guidance to design systems for emerging quantum information 
technologies and to realize similar high-temperature macroscopic quantum phenomena in tailored 
materials. 
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Post-compression of few-cycle millijoule pulses beyond 4 µm wavelength 
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Coherent high-intensity sources in the mid-infrared spectral range are of great interest for driving a wide 
range of secondary light sources, e.g., for applications in strong-field and attosecond physics [1]. In the 
wavelength range beyond 4 µm, only a very limited number of such sources are available. One of the 
main reasons is the limited availability of suitable nonlinear crystals, which, typically, also possess a 
rather low damage threshold [2]. The established method for generating even shorter optical pulses is 
spectral broadening by means of self-phase modulation (SPM) in nonlinear media and subsequent 
compression. To this end, in the spectral range beyond 4 µm, only dielectric bulk media have been used 
so far [3].Here we present the nonlinear compression of sub-100 fs multi-mJ pulses at 5 µm wavelength 
using polycrystalline ZnSe and ZnS. The post-compression provides shortest pulses with two optical 
cycles and energies >1.5 mJ at 1 kHz repetition rate.A simple post-compression scheme is set up, 
comprising a two-lens telescope and the nonlinear medium under study. The input pulses are provided by 
a ZGP-based midwave-IR (MWIR) OPCPA operating at 1 kHz repetition rate [4]. In the following, the 
idler pulses at 4.9 µm are used, which have an energy of 2.2 mJ and sub-100 fs duration. The compression 
of the idler pulses in the MWIR OPCPA is realized by CaF2 plates, which enable adjustable GDD for 
post-compression experiments.ZnSe or ZnS in polycrystalline form is used as medium for spectral 
broadening via SPM, as these materials exhibit a rather high nonlinear refractive index. Both samples 
exhibit an anti-reflective coating. ZnSe and ZnS have different band gaps (2.7 eV and 3.54 eV, 
respectively) and zero dispersion wavelengths (ZDW) (4.8 µm and 3.6 µm, respectively). Using ZnS one 
can therefore exploit the self-compression regime. In the case of ZnSe, the positive dispersion resulting 
from SPM must be subsequently compressed, since the ZDW almost coincides with the center wavelength 
of the input pulse. 

Fig. 1. Post-compression of fs multi-mJ 5-µm pulses using ZnSe. (a) Measured and retrieved normalized spectral 
amplitudes after spectral broadening in ZnSe and related spectral phase. (b) Retrieved temporal pulse shape 
before and after spectral broadening with subsequent post-compression. (c) Far-field intensity distribution with 
and without ZnSe in the beam path; Inset: Interband photoluminescence from ZnSe (SPM:self-phase modulation). 

The intensity at the sample entrance surface is adjusted by the telescope consisting of two CaF2 lenses in 
such a way that no signs of filamentation can be observed, and an optimum in terms of spectral 
broadening and beam profile is achieved. The corresponding intensity for both samples is ~170 GW/cm2. 
Even at this intensity, a bright glow can be observed in the visible spectral range, which we attribute to 
the generation of higher harmonics. For ZnSe, the dominant visible emission is bluish (Inset Fig. 1c), 
which corresponds to its band gap energy. The latter is due to the recombination of generated free charge 
carriers by multiphoton absorption (MPA) [5]. The ZnS sample appears orange, which corresponds to the 
eighth harmonic. The spectrum of the 4.9 µm input pulse with a bandwidth of 0.7 µm (1/e2 level) is 
broadened by SPM in the nonlinear media. In the case of ZnSe, whose group velocity dispersion (GVD) 
at 5 µm is only -10 fs2/mm, the resulting positive dispersion must be compensated after passing through 
the sample, which is realized by a CaF2 lens. The pulse input spectrum is broadened to 1.3 µm in the ZnSe 
sample with a thickness of 5 mm (Fig. 1a), which supports a FTL pulse duration of 40 fs. The loss in the 
post-compression process is only 15%, resulting in final pulse energy of 1.9 mJ. After passing the ZnSe 
sample, the measured spectrum shows a fine structure (Fig. 1a), which is attributed to MPA. Simulations 
of the propagation of the 4.9 µm pulse in the ZnSe sample were carried out using the non-linear 
Schrödinger equation (NLSE). The result of this simulation shows a good agreement with the measured 
spectrum as well as with the spectral phase. The reduction in intensity, especially in the central region of 
the spectrum due to MPA, is clearly visible (Fig. 1a).Fig. 1c shows the far-field intensity distributions of 



much shorter than that of the sampling pulse, fundamentally limiting the application of EOS. Recently, 
an important progress was made in removing this limitation and extending the detection bandwidth of 
optical methods to the petahertz domain [3]. Instead of an unperturbed sampling pulse in the lower arm, 
third-harmonic generation of the sampling pulse was used as a LO. While requiring a locked CEO of the 
sampling pulse, this approach no longer limits the bandwidth of the test pulse to a fraction of the 
sampling bandwidth. In addition, it offers an advantage in terms of sensitivity and signal-to-noise ratio. 
Further development of these ideas into the several-PHz range relies on higher-order nonlinear 
processes, which yield several-octave spectra suitable for characterization of ultrashort and/or high-
frequency test pulses. We propose a scheme for such a method, as shown in Fig. 2. As explained in the 
caption, in this case, due to several nonlinear processes which affect the generation of both the signal 
and the LO, the resulting spectra are very broad, allowing in principle characterization of the test pulses 
down to and below of 1 femtosecond. However, three key requirements must be met for the scheme to 
function properly: first, high-order nonlinear processes must be efficient enough to provide a broad 
spectrum, second, generation of the signal and of the LO must happen in the same crystal, thus a careful 
separation of the two arms must happen by considering the corresponding polarization, and third, CEO 
of the sampling pulse must be locked. We have experimentally implemented the above scheme based on 
the cascaded third-harmonic generation in a SiO2 crystal in the signal (upper) arm. We were able to 
characterize test pulses with a duration around one cycle, using 2.8-fs sampling pulse with a field 
strength of 1.5x1010 V/m, which is sufficient to provide a broad spectrum. In addition, we have 
developed a numerical model, based on the unidirectional propagation equation, which describes both 
signal and LO generation as a function of delay τ. 

Fig. 2. The scheme of the approach proposed in this 
contribution. Weak test pulse (blue curve) is sent into 
a nonlinear medium together with a sampling pulse 
(orange curve), resulting in a broad signal spectrum 
(red  curve) due to third- and higher-order 
nonlinear processes. Simultaneously, second-harmonic 
generation provides a broad LO spectrum (green 
curve). The two arms can be separated by considering 
different polarization of the test pulse and LO. The 
delay-dependent intensity at the photodiode 
characterizes the temporal profile of the test pulse. 

The excellent agreement of the experimentally characterized (green curve) and simulated (red curve) 
pulse is observed, as shown in Fig. 3(a). 

Fig. 3. The simulated and experimental test pulses 
(a) and the contribution of different nonlinearity 
mechanisms to the Fourier transform of the 
photodiode signal (b). The sampling pulse strength is 
1.5x1010 V/m (a) and 5x1010 V/m (b). In(b), the 
contributions of non-cascaded third harmonic 
generation (red curve), cascaded third-harmonic 
generation (green curve), third-harmonic generation 
plus Brunel radiation (blue curve), and third-
harmonic generation plus Brunel radiation plus 
injection current (magenta curve) are shown. 

To access the capabilities of the all-optical methods to characterize even shorter/short-wavelength 
pulses, a role and strength of other nonlinear mechanisms, such as transition from the valence zone and 
the conduction zone, must be investigated. In Fig. 3(b) we show the contributions of the different 
mechanisms, such as the third harmonic generation, cascaded generation during propagation, as well as 
Brunel radiation and injection current, which are associated with time-dependent conduction-zone 
electron density and polarization at the instant of the electron injection to the conduction zone, 
correspondingly. One can see that cascaded third-harmonic generation is the key mechanism for 
extending the response above 2 PHz, while Brunel radiation does not increase response significantly. On 
the other hand, injection current is critical for extending the response even further, up to 4.8 PHz. Thus 
the all-optical sampling based on injection current in solids has a significant potential for the 
characterization of ultrashort sub-fs pulses. 
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Understanding control and modulation of color center defects 
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Color centers are molecule-like defects in semiconductor materials that emit photons of a particular 
frequency and can host single electron spins. This spin-photon interface has made them a promising 
platform for realizing a variety of quantum technologies relevant for defense applications, including 
quantum networking, positioning, and sensing. In particular, for quantum networking, it is desirable to 
have defects that are optically bright, emit at telecommunications wavelengths with narrow linewidth, 
have an optically addressable spin degree of freedom, and can be easily integrated with existing wafer-
scale fabrication processes for electronics and photonics. Color centers in silicon satisfy all of these 
requirements, and as a result have recently been the focus of intensive research efforts to characterize 
known defects and engineer new defects with optimal characteristics [1-7]. A key aspect for developing 
these technologies is understanding how the electrical and optical properties are affected both by local 
changes in defect bond structure [2], and non-local effects like strain [3-4] and disorder [5]. Another 
aspect is scalability; the random nature of defect synthesis by ion-beam implantation lacks the necessary 
control in both the density and position of defects. With regard to this, recent work has demonstrated how 
local laser processing can be used to write and erase defects on demand by changing local chemistry [6]. 

Fig. 1. Left: Components of the zero field splitting 
tensor, Dzz (black), Dyy (blue), and Dxx (red), of the 
silicon G-center for defect configurations that linearly 
interpolate between GCA and GCB (shown on the 
side) in steps of 0.1 (10%). Dashed lines indicate the 
experimentally measured ZFS values.  
Right: Computed photoluminescence spectra of 
common color center defects in silicon. 

This increased level of control over defect formation, has motivated recent high-throughput calculations 
seeking to identify defect candidates, and the creation of publicly-accessible databases of defects and their 
properties [7]. These vast amounts of computed data are uncovering novel correlations between defect 
chemistry and electro-optical properties. This also forms the basis for machine learning approaches used 
to predict defect characteristics directly from their structures, accelerating computational screening and 
revealing rules-of-thumb for engineering defects optimally suited for quantum applications. 

Fig. 2. Distribution of silicon defects identified by the quantumdefects.com database [7]. The squared transition dipole 
moment is plotted against defect zero-phonon-
line. Marker shape indicates if the defect has two 
midgap states (Midgap), no midgap levels 
(Buried), or midgap state and level within the 
conduction band (CB Buried)/valence band (VB 
Buried). Marker color denotes the number of 
unpaired spins in the groundstate – 0 (yellow), 1 
(blue), 2 (green), 3 (magenta), or 4 (orange). 
The extend of the telecom band (dark grey) is 
marked, with an 0.1 eV error (light grey). High 
quality predicted and known defects are 
indicated by arrows. 
This also forms the basis for machine 
learning approaches used to predict 

defect characteristics directly from their structures, accelerating computational screening and revealing 
rules-of-thumb for engineering defects optimally suited for quantum applications. 
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In the last two decades, wavelength conversion using stimulated Raman scattering (SRS) in gas-filled 
hollow-core fibers (HCF) has been an active area of research. These fibers offer several advantages, 
including tight light confinement, long interaction length, and the ability to guide very high peak 
powers, making them an ideal platform for nonlinear light-matter interactions. Photonic band-gap and 
Kagomé photonic crystal fibers (PCF) were the first to show efficient SRS conversions in gas-filled 
HCFs [1]. However, anti-resonant fibers (ARFs) with circular tubes in the cladding were later found to 
offer broader transmission windows and recently surpassed the gold standard of standard telecom fibers 
in terms of lower transmission losses [2]. ARFs enable low-loss single-mode guidance across a broad 
spectrum with minimal light-glass overlap, allowing for sustained high-power delivery. Additionally, 
their attenuation outside the designed transmission windows can increase drastically, inhibiting 
undesired conversions (e.g., to the second Stokes), which makes them a superior apparatus for efficient 
first Stokes generation. Lasers centered at ~1470 nm find applications in both medical and defense 
fields. In medicine, they are used for skin rejuvenation, treating enlarged prostate (BPH), and addressing 
varicose veins. Their eye-safe properties also make them valuable for military purposes, including range 
finding, illumination, and covert operations. In addition, in-band pumping of Erbium-doped glasses used 
both for bulk and fiber lasers and amplifiers can also benefit from lasers emitting at ~1.45 μm. Methane 
(CH4) gas has a large vibrational Raman shift of ∼2916 cm−1 and a Raman gain that is second largest 
only to hydrogen, but favorably, due to its isotropic polarizability, it is not rotationally Raman active. A 
CH4-filled ARF can convert a technologically mature 1030 nm Ytterbium-doped fiber laser pump to the 
first Stokes (S1) around 1470 nm while preserving the pump beam properties, such as single mode 
propagation. However, CH4 weakly absorbs radiation at both the pump (~1030 nm) and first Stokes 
(1470 nm) wavelengths. In contrast, a 1065 nm pump converts to S1 ~1545 nm, which is also a highly 
applicable wavelength, and in this case, the CH4 absorption is negligible. Plausibly, as a result, most 
experimental studies with methane-filled ARFs converted a ~1060 nm pump laser [3], and some used 
the converted S1 ~ 1545 nm as a pump for an additional conversion to ~2.8 μm [4,5]. Most reported 
conversions achieved sub-1 W average powers, but only very recently did two reports reach a few watts 
levels with a picosecond laser pump. The first report used a pump centered at ~1064 nm with a 
repetition rate of 100 kHz [6], and the second report used a pump centered at 1030 nm and a repetition 
rate of 200 kHz [7]. These two reports also differ in the laser and fiber types used for conversions. 
Here, we focus on efficient conversion to the first Stokes of ns duration pulses and study and compare 
the conversion process when pumping at λp1=1029.5 nm and λp2=1065.1 nm. The HCF is a custom-
designed ARF (Fig. 1a) with ~29 μm mode field diameter, 400 μm cladding, and dual transmission 
bands that are qualitatively plotted in Fig. 1b. The pump source is a high peak power Q-switched 
ytterbium-doped PCF laser with an interchangeable central wavelength λp1 or λp2 using different volume 
Bragg grating mirrors, and a linewidth of ~ 0.15 nm (Fig. 1c). The pulse duration can also vary from ~8 
ns to over 60 ns, depending on the Q-switch repetition rate and the power of the 976 nm pump diode. 
The linearly polarized pump beam is attenuated via a half-wave plate and a linear polarizer. The beam is 
focused with an aspherical lens into the bare end of the ARF through an antireflection-coated glass 
window, which seals the input gas cell. The opposite end of the ARF is mounted inside an output gas 
cell, pointing at another antireflection-coated window. The cells are first vacuum-pumped and then 
pressurized to variable CH4 pressures. The output beam, comprising both the pump and the converted 
Stokes signal, is collimated after the cell window and reflected off a dichroic mirror to separate the first 
Stokes signal from the pump. The pump and Stokes beams are measured at the dichroic mirror's 
reflection and transmission, respectively. Selected conversion experiment results with an ARF length of 
~9 meters are plotted in Figs. 1d-1f. An example of the first Stokes spectrum centered at ~ 1471.8 nm is 
shown in Figs. 1d. The output quantum efficiency for conversion from λp2 (CH4 pressure 9 bars) and λp1 
(CH4 pressure 5 bar) are graphed in Fig.1e and 1f, respectively. The difference in the magnitude of the 
methane absorption between the two conversions significantly affects the results. The conversion 
efficiency saturates much faster in terms of gas pressure and peak powers when pumping at λp1. Still, 
comprehensive experimental characterizations allowed us to reach over 2 W average power at ~1471 
nm. In addition,at ~1545nm, we reached over 2.5W average power with almost 50% input to first Stokes



Fig. 1. The ARF a- scanning electron 
micrograph; b- qualitative dual band 
transmission efficiency.The measured 
spectrum of c- the pump laser at λp1 and d- 
the converted first Stokes. Quantum 
efficiency experimental measurements for 
pumping at e- λp1=1029.5 nm, and f- 
λp2=1065.1 nm. 

We believe these results are promising, especially for conversions of the discussed longer pulse lengths.       
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Ultrafast spectroscopy has long promised to reveal the key degrees of freedom which drive phase 
transitions in quantum materials by decoupling the electronic, lattice, spin and orbital degrees of 
freedom in the time-domain. A classic example is the application of ultrafast spectroscopy to the 
insulator to metal phase transition in vanadium dioxide (VO2), where a more than 50 year old debate 
continues over whether the transition is electronically driven (Mott-like) or structurally driven (Peirls-
like) [1,2] (Fig. 1a).  

Fig. 1. Ultrafast dynamics of the light-
induced phase transition in VO2. (a) 
Structural and electronic changes in the 
insulator to metal phase transition in VO2. (b) 
Experimental and modelled changes in the 
broadband reflectivity as a function of time-
delay following photoexcitation. (c) Dynamics 
of the four most relevant optical components 
of the phase transition, tracking the motion of 
the 𝑑∥band and Drude plasma. 

Ultrafast X-ray diffraction measurements have shown that the lattice can transform from the insulating 
monoclinic structure to the metallic rutile in less than 100 fs [3,4], while various types of optical 
measurements show the associated reflectivity changes occurring in as little as 25 fs [5-6], suggesting 
the electronic transition proceeds the structural one. However, to date these measurements have only 
shown direct sensitivity to either the electronic or structural degrees of freedom, and so a comprehensive 
picture of the full dynamics at sub-100 fs timescales is still lacking.Here we present such a 
comprehensive picture. Using ultrabroadband pulses spanning the entire deep ultraviolet to infrared 
(220-2500 nm) which we generate by high-energy soliton self-compression [7,8], we map the evolution 
of the electronic structure in VO2 following photoexcitation with 5 fs resolution. Fits to the 
ultrabroadband optical response (Fig. 1b) allow us to track the energies and bandwidths of the key 𝑑∥ 
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and 𝜋∗ bands along with the Drude plasma response (Fig 1c). We find the overall electronic structure 
changes from the insulator to metal in less than 10 fs, with the associated collapse of the 𝑑∥ band 
splitting and emergence of a Drude plasma term, in agreement with the Mott picture. However, instead 
of a simple monotonic switching process [3–6], we observe that the transition follows a complex 
pathway. We find that at short times the 𝑑∥ band is narrower than in equilibrium and that the Drude term 
shows highly enhanced electronic scattering of around 100 attoseconds, making VO2 at short times the 
“worst bad” metal yet observed. Surprisingly, given the rapid scattering rate, this non-equilibrium state 
persists for over 100 fs, suggesting a barrier to electron-hole recombination.  This barrier to relaxation 
can be explained by the motion of the 𝑑∥ band, where complex, 20 fs-scale oscillations in energy and 
bandwidth shift the band 0.2 eV upward in energy, which is consistent with a partial re-opening of the 
insulating gap and a transient semi-metallic phase. Thus, even though intraband collisions are extremely 
frequent, this bottleneck prevents full relaxation until the 𝑑∥ band finishes its evolution at around 100 fs. 
We assign this transient gap opening to the competition between the structural crystal-field splitting and 
Mott-band, and the oscillations in the 𝑑∥ band to the coherent motion of the vanadium dimers launched 
by the ultrafast transition. We support these observations, which come directly from the experimental 
data, with advanced DFT calculations [9] and novel tensor-network calculations which comprehensively 
treat the electronic correlations in a simplified 1D model [10]. Our work not only resolves the nature of 
the phase transition in VO2 at ultrafast timescales, but reveals an unexpected complexity which may be 
present in many other light-induced phase transitions at their earliest time scales, and suggests that 
ultrabroadband few-femtosecond pump-probe spectroscopy enabled by soliton-based light sources may 
prove a powerful technique in unravelling the dynamics of quantum materials [11]. 
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The fluxonium qubit has garnered significant interest recently due to its high gate fidelities and strongly 
anharmonic spectrum. These valuable features have resulted in the fluxonium being proposed as the 
basis for a quantum processor, for use in transducing between microwave and optical signals, and as a 
nonlinear element for manipulating long-lifetime linear cavities. The capabilities of the fluxonium qubit 
for such schemes can be significantly improved under the application of a microwave drive. Here we 
discuss our recent experimental efforts demonstrating the benefits of applying a microwave drive for 
initializing [1] and reading out a fluxonium qubit. We will conclude by discussing prospects for 
improving multiple-fluxonium devices through the application of a microwave drive [2]. 

Fig. 1. Parametric control of 
 a  fluxonium   coupled  to  a  
rapidly- decaying  resonator. 

We will conclude by discussing prospects for improving multiple-fluxonium devices through the 
application of a microwave drive [2]. 
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Ultrafast dynamics of correlated ch
 
arges in transition metal oxides 
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High-Tc superconducting YBa2Cu3Oy (TC~92 K): Since the early 1990s, the relaxation dynamics of 
superconducting (SC) quasiparticles have been reported enormously [1]. In contrast, the generation 
processes have not been directly captured (Fig. 1(a)), although this process is not only very important for 
elucidating the microscopic mechanism of high-Tc superconductivity, but also provides insights into 
recent studies on the high-harmonic generation [2] and the photoinduced superconductivity [3].  

      Fig. 1 (a) Quasiparticle generation and  relaxation 
 (b) Crystal structure of YBCO 

         Fig. 2 Crystal structure and ferroelectric CO in 
         LuFe2O4  

In fact, measurements with a time window of <100 fs have not been made at T<Tc. Furthermore, 
ultrafast measurements of the SC state have focused on the THz range near the SC gap of about meV 
[1]. However, electronic phase transitions in strongly correlated systems should be characterized by a 
broader spectrum covering the eV scale and the overall spectral changes are still unclear. In view of this 
situation, we have performed transient reflectivity measurements in optimally-doped SC YBCO 
(YBa2Cu3Oy (TC~92 K); Fig. 1(b)) with 6 fs near-infrared light and those using conventional 100 fs 
pulses in the spectral range of 0.1-3 eV. We found 1) quasiparticle generation by near infrared excitation 
is characterized by a spectral-weight transfer in the broad spectral range. 2) Coherent apical oxygen 
phonons are produced during the quasiparticle generation. Electronic ferroelectric LuFe2O4 :in 
electronic ferroelectrics, wherein spontaneous polarization P is realized by charge ordering (CO) arising 
from inter-site Coulomb repulsion, ultrafast/large electronic responses are expected therein. Layered 
iron oxides LuFe2O4 is promising candidates toward practical applications for showing the ferroelectric 
CO at room temperature [4, 5]. Here we report highly-sensitive nature of the ferroelectric polarization P 
at room temperature; the concomitant second harmonic generation (SHG) has been found to show the 
largest (ca. 150%) increase among bulk ferroelectrics upon applying 100 kV/cm-class THz electric field. 
Ultrafast modulation of the anisotropy of the ferroelectric polarization is discussed based on the THz-
field induced change of the SHG anisotropy. Phase-sensitive responses of 2’d order nonlinear 
susceptibility (d-tensor) show that the sensitivity is increasing during the THz-field application, 
reflecting the cooperativity. 
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Atomically thin layers of transition metal dichalcogenides (TMDCs) are structures similar to graphene 
with an optical bandgap in the visible spectral region and promising optical properties for applications in 
optoelectronic devices. We study many-body effects of photoexcited carriers and their ultrafast 
dynamics. For low and intermediate excited carrier densities, excitons are present even at room 
temperature with large binding energies due to the two-dimensional nature of the system and reduced 
dielectric screening of the Coulomb interaction. At large excited carrier densities, the excitonic Mott 
transition takes place [1], leading to an interacting electron-hole-plasma in which many-body effects 
shape the optical properties of the TMDC system. For the regime, in which excitons are present, we 
study Auger-like exciton-exciton annihilation (EEA). As a result of the Coulomb interaction, one bound 
electron-hole-pair recombines nonradiatively while transferring its excess energy to another bound 
electron-hole-pair. The EAA is often considered to be among the most important fundamental 
constraints on quantum yield in devices based on excitons in two-dimensional materials. A range of 
EEA coefficients from several 10−3 cm2 s−1 to about 0.1 cm2 s−1 have been found experimentally for 
different TMD materials. Since it is challenging to experimentally disentangle EEA from competing 
processes, guidance of a quantitative theory is highly desirable. The very nature of EEA requires a 
material-realistic description that was not available so far. We present a many-body theory of EEA 
based on first-principle band structures and Coulomb interaction matrix elements. The challenge is to 
combine the large phase space of target states with a theory for exciton-exciton interaction in the second 
order of the Coulomb potential. Our approach consistently takes into account all electron-hole 
correlations on a two-particle level and goes beyond an effective bosonic picture. Applying our theory to 
monolayer MoS2 encapsulated in hBN, we obtain EEA coefficients on the order of 10−3 cm2 s−1 at room 
temperature [2], suggesting that carrier losses are often dominated by other processes, such as defect-
assisted scattering. 

Fig. 1. (a) Fundamental EEA process: An exciton in 
state |δ⟩ is annihilated, while a second exciton is 
promoted from low-energy state |α⟩ to high-energy 
state |β⟩. (b) Time dependence of the total exciton 
density nX in hBN-encapsulated MoS2 at T = 300 K. 
(c) Contribution of Bloch bands to EEA scattering 
rates. The symbol size repre- sents the projection of 
initial (full green circles) and final (open blue circles) 
two-particle states onto Bloch states according to the 
corresponding two-particle wave functions. The 
single-particle band structure is shown in gray.  

Vertically stacked van der Waals heterobilayers with type-II band alignment host layer-separated, 
Coulomb-correlated electron-hole pairs forming interlayer excitons (ILX) with binding energies of more 
than 100 meV and lifetimes that are often drastically increased in comparison to excitons within a single 
layer [3]. We demonstrate in [3] that dipolar blue shifts are almost perfectly compensated by many-body 
effects, mainly by screening-induced self-energy corrections. Moreover, we identify a crossover 
between attractive and repulsive behavior at elevated exciton densities. Theoretical findings are 
supported by experimental studies of spectrally-narrow interlayer excitons in atomically-reconstructed, 
hBN-encapsulated MoSe2/WSe2 heterobilayers. Both theory and experiment show energy 
renormalization on a scale of a few meV even for high injection densities in the vicinity of the Mott 
transition. Our results revise the established picture of dipolar repulsion dominating exciton-exciton 
interactions in van der Waals heterostructures and open up opportunities for their external design 
(Fig.2). Ultrastrong photoexcitation can generate a high density plasma of unbound electrons and holes. 
Due to optical nonlinearities, which originate from Pauli blocking and many-body effects of the excited 
carriers, the generated carrier density will deviate from the estimate using a linear absorption coefficient. 
We describe nonlinear absorption properties and excited carrier dynamics using a theoretical approach 
that combines results from ab-initio electronic-state calculations with a many-body treatment of optical 
excitation [4]. 



Fig. 2. Exciton energy renormalization induced 
by exciton-exciton interaction. (a) Cumulative 
density-dependent renormalization of the zero-
momentum bright 1s-exciton (spin-singlet) energy 
at a temperature of 100 K, subsequently adding 
dipole-dipole interaction (dip-dip), fermionic 
exchange interaction and phase-space filling (+ 
ferm. X + PSF), bosonic exchange interaction (+ 
bos. X), and screened bosonic exchange (+ 
screen.). The latter represents the result of the full 
calculation. (b) Individual contributions to the 
exciton energy renormalization corresponding to 
the cumulative presentation in panel (a) at an 
electron-hole pair density 1012 cm−2. The red shift 
due to fermionic exchange and the blue shift due to 
phase-space filling compensate to a large extent. 
(c) Calculated temperature and density dependence 
of energy renormalization for the zero-momentum 
bright 1s-exciton. (d) Calculated temperature and 
density dependence of the zero-momentum bright 
1s-exciton broadening. 

We determine the excited carrier density vs. pump power and identify the role and magnitude of optical 
nonlinearities at elevated excitation carrier densities for the frequently used TMDC materials MoS2, 
MoSe2, WS2, and WSe2 considering various excitation conditions. Our calculations use a DFT-based 6-
band Wannier lattice model in connection with solutions of the semiconductor Bloch equations 
including carrier-carrier and carrier-phonon interactions on a self-consistent GW-level for the non-
equilibrium carrier dynamics [4]. For photoexcitation at the bandgap, we find that the use of a linear 
absorption coefficient of the unexcited system underestimates the achievable carrier density in MoS2 due 
to giant band-gap shrinkage and excitation-induced dephasing. The same holds for excitation of the 
high-energy band continuum in W-based materials. Generally, the excitation-induced shifts of the 
electronic states lead to dynamically changing absorption during intense photoexcitation depending on 
the spectral position of the pump laser. 

   Fig. 3. Photoexcited charge-carrier density vs pump fluence for excitation of hBN-encapsulated MoS2 at a lattice 
temperature of 300 K with a 150-fs laser pulse tuned to the bandgap energy including polaron effects (a), at the C 
exciton (b), and well above the bandgap corresponding to the Ti:Sa laser emission wavelength (c). Solid lines and 
symbols represent calculated carrier densities including optical nonlinearities. Dashed lines correspond to an 
extrapolation of carrier density in the linear regime. Absorption spectra of MoS2 for different excited carrier 
densities in thermal equilibrium at 300 K are shown in (d) together with the energetic position and spectral width of 
the pump pulses used in (a)–(c). The carrier density increases from zero (black line) to 3 × 1014 cm−2 (orange line). 
EG is the bandgap energy in the absence of excited carriers.

The absorption spectra in Fig. 3 (d) exhibit A and B excitons below the bandgap and the C exciton at the 
position of the green line for weak excitation densities. The bleaching of the excitonic resonances with 
increasing excitation density is accompanied by a reduction of the exciton binding energy, which is 
nearly compensated by the band-gap shrinkage. As a result, the energetic positions of the exciton lines 
exhibit almost no shift. 
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Spintronics THz using ultrafast spin-currents generated by an ultrashort femtosecond laser optical pulse 
is at the heart of a new technology of THz emitters in the 0.1-30 THz window [1]. In those active 
spintronic structures and devices, the ultrafast spin-current generated from a ferromagnetic reservoir like 
played by a thin 3d transition metal layer under the optical excitation, is known to i) accelerate the 
demagnetization process within the ferromagnet itself and concomitantly ii) to relax at the interface with 
a material of a high-spin orbit coupling (SOC) giving rise to the generation of an ultrafast lateral charge 
current [1-4]. Such spin-charge conversion (SCC) process required for the observation of such emission 
in the femtosecond window are ensured either by the inverse spin Hall effect (ISHE) of 5d heavy metals 
(Pt, W, Ta) and/or by the inverse Rashba-Edelstein effect (IREE) at the interface with specific Rashba 
materials or three-dimensional topological insulators (TIs) [2-3]. In that prospect, the involvement of 
large spin-orbit interactions at the interface or at its vicinity are of a prime importance. Conversely, THz 
emission spectroscopy may then offer a very reliable probe to investigate ultrafast spin and charge 
currents to probe the spin-injection efficiency in devices. Typical systems either consist in nanometer-
thin multilayers composed by a ferromagnetic (FM) layer and a heavy metal (HM) from the 3d-5d 
family giving rise to ISHE with well-engineered interfaces possibly integrating NIR optical cavity or 
Bragg reflector for the exciting laser pulse (650 nm - 2.6 um). Alternative path for THz emission as well 
as spin-orbit torque technologies now turns to bilayers of FM and topological insulator (TI). TIs present 
conductive topological surface states (TSS) with enhanced SOC strength which allow very efficient 
interfacial SCC via IREE [2-3]. From application perspective point of view, the THz output power 
generated from SCC is expected to be one order of magnitude larger than THz wave directly generated 
from TI surface by optical rectification effects [5].In the first part of the talk, we will demonstrate large 
ultrafast spin-charge interconversion and subsequent THz emission using the TSS of two type of 
quantum materials and related interfaces. In particular, we will report on THz emission features from 
dynamical spin-injection in Bi1-xSbx (with variable thickness from 2.5 to 50 nm) [6] and Bi2SnTe4 (5SL) 
[7]. In that systems, Bi1-xSbx are grown either by molecular beam epitaxy (MBE) or by sputtering 
methods. Epitaxial Bi1-xSbx ultrathin films and corresponding interface quality have been widely 
characterized by several complementary methods including XRD, TEM cross-section, transport 
characterization, Angular [8] and Spin-Resolved Photo-Emission Spectroscopy (ARPES and spin-
ARPES) [4]. The latter experiments and data display clear electronic dispersion in both the valence band 
and within the gap representative of S1 TSS and S2 Rashba states. Moreover, spin-resolved ARPES 
reveals clear spin-momentum locking onto the S1 and S2 Fermi surface states, SML favorable to SCC 
and efficient THz emission [Figs.1 and 2]. 

 Fig.1. Spin-resolved surface states of a 5-nm Bi0.85Sb0.15 on 
Si (1 1 1). (a) High-resolution ARPES at the Fermi energy 
(b) ARPES energy dispersion along the ΓM direction. The 
color bar represents the density of states in arb. units. (c) σy 
polarization DOS measured at the Fermi level where the 
color bar is proportional to the spin-polarization with scale 
extrema of P.S = ±0.1(T=300 K) and (d) corresponding TB 
modelling of the s-DOS projected on the first bilayer. The 
color bar indicates the spin polarization σy between -σmax,y ≃ 
−0.7 and σmax,y ≃ +0.7. (e) Color map representing the 
measured ARPES intensity close to Fermi energy integrated 
on 25 meV with arrows representing the measured spin 
polarization direction and amplitude (T=300 K). The 
different electron and hole pockets labeled P1, P2 and P3 in 
(d) are easily identified in the experimental measurements.  



Fig.2. SCC and THz emission from Bi1−xSbx/Co 
bilayers acquired at 300 K. (a) THz time-trace 
from Bi0.85Sb0.15 (5)/Co(2)/AlOx(3) for ±B 
compared to Co(2)/Pt(4).  
b) Spectral components of the THz emission from
Bi0.85Sb0.15 (5)/Co(2)/AlOx(3) and Co(2)/Pt(4) for 
+B. Inset) Normalized THz efficiency ηTHz 
dependence on the azimuthal angle φ. 
(c) THz efficiency as a function of the Bi0.79Sb0.21 
layer thickness (2.5, 5 and 15 nm) compared to 
Co(2)/Pt(4). 
(d)THz signalBi0.79Sb0.21(15)/Al(5)/Co(4)/AlOx(3), 
Bi0.79Sb0.21(15)/AlOx(3), Bi0.79Sb0.21(15)/Co(4)/ 
AlOx(3) on BaF2 and Co(2)/Pt(4).  
Time traces are shifted in time for clarity. Inset) 
Fluorescence map obtained from a TEM cross-
section Bi0.79 Sb0.21(15)/Co(4)/AlOx(3)(brown 
frame) Bi0.79Sb0.21(15)/Al(5)/Co(4)/AlOx(3)(green 
frame) grown on BaF2.

Electronic band structure calculations of Bi1-xSbx in the sp3 tight-binding framework and subsequent 
SCC calculation response performed within the linear Kubo response theory accounts for the results 
observed of THz emission vs. Bi1-xSbx film thickness. On the other hand, the stoichiometry of Bi2SnTe4 
explored in that present work has been chosen to minimize the presence of bulk bands at the Fermi 
crossing contrary to other Bi-based TIs such as Bi2Se3. Emission performances of Bi0.79Sb0.21 and 
Bi2SnTe4 are about the same order of magnitude as Co/Pt state-of-the-art spintronic THz emitters. 
Moreover, thickness-independent renormalized emission is demonstrated on Bi2SnTe4 is in favor of an 
interfacial SCC carried by IREE. In the second part of my talk, I will discuss our latest results of THz 
emission from SCC process generated by IREE occurring at the interface of 2-Dimensional PtSe2 
materials [9]. There, 2D materials, such as transition metal dichalcogenides, are ideal platforms as they 
possess strong SOC, reduced dimensionality and crystal symmetries and tunable electronic band 
structure compared to metals. Moreover, SCC can be tuned with the number of layers, electric field, or 
strain. Here, SCC in epitaxially grown 2D PtSe2 and subsequent THz spintronic emission is studied 
since its 1T crystal allows it by symmetry. High quality of as-grown PtSe2 layers is demonstrated, 
followed by in situ ferromagnet deposition by sputtering that leaves the PtSe2 unaffected, resulting in 
well-defined clean interfaces as evidenced with extensive characterizations. Through this atomic growth 
control and using THz spintronic emission, the unique thickness-dependent electronic structure of PtSe2 
allows the control of SCC. Indeed, the transition from IREE in 1–3 monolayers (ML) to the inverse spin 
Hall effect (ISHE) in multilayers (>3ML) of PtSe2 enabling the extraction of the perpendicular spin 
diffusion length and relative strength of IREE and ISHE is demonstrated. This band structure flexibility 
makes PtSe2an ideal candidate to explore the underlying mechanisms and engineering of the SCC as 
well as for the development of tunable THz spintronic emitters. 
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Driving certain cuprates and organic materials has been shown to induce terahertz optical properties 
reminiscent of superconductivity far above the equilibrium transition temperature. So far, nothing is 
known regarding the magnetic response of these non-equilibrium states. Do they also show features 
equivalent to a Meissner effect, expelling a static external magnetic field? In this work, an underdoped 
cuprate sample, YBa2Cu3O6.48 was placed in a weak static external magnetic field and driven with a 
phonon-resonant mid-infrared laser pulse. Under the same driving conditions, terahertz time-domain 
spectroscopy had previously shown superconducting-like optical properties [1-3]. The magnetic 
response of the material upon driving was probed using Faraday rotation in a magneto-optic material [4], 
positioned adjacent to the superconducting sample. We observe an ultrafast enhancement of the 
magnetic field at the edge of the sample, indicating light-induced diamagnetism. The degree magnetic 
field expulsion was comparable to that expected in an equilibrium type II superconductor of similar 
shape and size, with a volume susceptibility χV of approximately -0.3. 

Fig. 1. a)  b) Magnetic field expulsion 
after phonon excitation in YBa2Cu3O6.48. 
(a) Schematic of the experiment. A thin 
sapphire crystal is placed on top and next 
to the exposed side of the GaP (100) 
detection crystal to completely reflect the 
15 μm pump. This also creates a well-
defined edge in the mid infrared pump 
beam, shaping the photo-excited region 
into a half disc of ~ 375 μm diameter. The 
simulated changes due to local (quasi-
static) magnetic field expulsion are also 
shown. The time-dependent magnetic field 
is sampled by positioning the probe beam 
in the vicinity of the edge of the photo-
excited region.  

(b) Pump-induced change in the measured magnetic field Δ𝐵 as function of pump-probe delay measured at two 
different temperatures of 100 K (red) and 300 K (yellow). The upper plot shows the cross-correlation of the pump 
and the probe pulses measured in-situ in a position adjacent to the sample. Its peak defines the time-zero in the delay 
scan. The inset shows the dependence of the peak value of the pump-induced magnetic field expulsion (Δ𝐵peak), 
measured via polarization rotation, on the input polarization angle 𝜃inc chosen for the probe pulse, showing a 
Faraday-type dependence. From [5] 

We find that the effect persists up to temperatures of 300K and shows a similar scaling as the superfluid 
density extrapolated from terahertz conductivity measurements. For the weak magnetic fields (up to 
about 10mT) studied here, the effect remains linear, and it is an interesting question to examine if and 
where this state shows a non-linear magnetic field dependence. Terahertz measurements suggest that a 
light-induced superfluid density appears in a similar temperature and doping regime as the pseudogap 
state [1] and it will be insightful to investigate to which degree this also applies for light-induced flux 
expulsion. Furthermore, when studying a sample featuring a topological defect, the magnetic flux 
therein may be expected to be quantized, which could potentially be probed with the detection method 
presented here. Beyond superconductivity, ultrafast magnetometry also opens up new avenues in the 
study of driven magnetic phenomena and potentially of light-induced topologically protected edge 
currents.
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Response functions are a fundamental aspect of physics; they represent the link between experimental observations 
and the underlying quantum many-body state. In particular, dynamical response functions are part of the toolbox that 
physicists use to unravel the nature of correlated matter. In this talk, I will discuss some aspects of obtaining response 
functions on quantum computers. First, I will introduce a new method for measuring response functions by using a 
linear response framework and making the experiment an inextricable part of the quantum simulation [1]. This 
method can be frequency- and momentum-selective, avoids limitations on operators that can be directly measured, 
and is ancilla-free. As prototypical examples of response functions, we demonstrate that both bosonic and fermionic 
Green’s functions can be obtained, and apply these ideas to the study of a charge- density-wave material. The linear 
response method provides a robust framework for using quantum computers to study systems in physics and 
chemistry. It also provides new paradigms for computing response functions on classical computers. I will illustrate 
the use of this idea for equilibrium and non-equilibrium Green’s functions. Second, I will discuss some of our recent 
work that uses a little-known property of Green’s functions – and in particular Green’s functions – to eliminate a large 
portion of the noise resulting from NISQ quantum computers. Green’s functions are positive definite functions[2,3], a 
fact that high constrains the relationship between the values of the Green’s function at each point in time. We make 
use of this by insisting that the measured (discretized) Green’s function forms a positive semi-definite matrix, and 
project the noisy data onto the nearest positive function. 

Fig. 1. Left :Linear response framework for 
quantum simulation of correlation functions[1]: 
Right:Denoising quantum simulation data by 
positive definite projection.. 

The overall idea of these works is to get quantum computers to produce quantities that are relevant for condensed 
matter physics and other natural sciences.  Dynamical correlation functions are key in that they provide a direct 
connection to experiments. 
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Quantum sensors offer unique capabilities such as unprecedented spatial resolution or unparalleled accuracy and 
precision. However, despite their remarkable performance metrics, most quantum sensors today operate by uniformly 
interrogating a single quantum systesm or ensemble using a standard spectroscopy technique such as Ramsey or Rabi 
spectroscopy. In this talk I will explain the motivation and operating principles of two novel spatially multiplexed 
quantum sensors that move beyond this paradigm, enabling novel measurements and enhanced performance. I will 
first introduce our multiplexed strontium optical lattice clock, which consists of two or more atomic ensembles of 
trapped, ultra-cold strontium in one vacuum chamber. This miniature clock network enables us to bypass the primary 
limitations to typical atomic clock comparisons and achieve new levels of precision  [1]. I will present on recent 
experimental results in which we make use of multiple atomic ensembles to perform enhanced phase estimation and 
demonstrate a reduced absolute instability of an optical lattice clock [2]. I will also briefly present the results of a 
blinded, laboratory-based precision test of the gravitational redshift at the millimeter to centimeter scale  [3].  

Fig. 1: we demonstrate that by splitting the atoms in an optical lat tice clock  up 
into multiple spatially resolved atomic ensembles, we can more precisely 
measure the frequency difference between the atomic transition and the clock  laser  
to realize a more stable clock.  

Finally, I will briefly discuss a novel experimental platform we have developed for simultaneously manipulating and 
independently measuring many single NV centers in parallel[4]. This approach enables parallelization of quantum 
sensing with nanometer scale spatial resolution while also unlocking the potential of nanoscale covariance 
magnetometry for the study of complex phases and many-body dynamics in condensed matter systems [5].  
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Conventional light–matter interaction processes are driven by absorption where a photon induces an 
efficient transition between two matter states whose energy difference is resonant with the photon 
energy. The resulting processes are often relatively slow because they require several field oscillations 
to match energies of light and matter. But photon energy becomes less relevant when a lightwave is 
made so strong that already its momentary peak field can efficiently translate electrons on time scales 
much faster than its half cycle by the force it exerts to electrons. This idea has opened a completely new 
temporal scope for explorations in condensed matter––lightwave electronics where the carrier wave (not 
photon energy) drives electronic coherences much faster than electronic scattering occurs. In other 
words, lightwave electronics operates through intense optical-carrier waves as ultrafast biasing fields 
that drive the quantum flow of electrons and coherences on timescales faster than an oscillation cycle of 
light. Consequently, lightwave electronic control may seamlessly convert quantum states between light 
and matter to create quantum chips that exploit electronics for efficient interactions while optics for 
speed or long coherence lifetimes. The current repertoire [1] includes quasiparticle colliders that have 
unveiled the actors behind various quantum phenomena; all-optical band-structure reconstruction that 
have quantified quantum materials and topology in ambient; attoclocks that have measured electronic 
interaction dynamics of diverse quantum phenomena; ultrafast electron videography that have followed 
electronic reactions unfold; efficient light sources and conversion that could create compact chips; and 
petahertz electronics that could speed up traditional semiconductor electronics million fold. This 
evolution has been so rapid that lightwave electronics is poised to control and process quantum 
information via lightwave-driven multi-electron interactions proceeding at unprecedented speeds and 
precision, as visioned in Fig. 1. 

Fig. 1. Vision of lightwave electronic 
quantum-information processing. 

The first steps include flipping a so-called valleytronic electronic quantum state of coherent electrons in 
less than 5 fs [2], detecting precise electronic state(s) within quantum material’s band structure [3], and 
attoclocking multi-electron interactions [4]. These advancements promise to transform semiconductor 
technology into a domain a million times faster than present electronic capabilities. With precision 
control over multi-electron effects, lightwave electronics is carving a path toward integrating, 
modulating, timing, and characterizing sequences that will not only elucidate emergent quantum 
correlations but also construct versatile and scalable quantum information technologies, harmoniously 
integrated with traditional semiconductor systems. Following these ideas, I will present the key 
opportunities and challenges lightwave electronics could take on to combine, control, (atto)clock, and 
characterize lightwave sequences to both explore emergent quantum phenomena in semicondoctor 
quantum materials—also including quantum-functionalized conventional semiconductors[5,6]—and to 
build both coherent classical and quantum-information technology. 
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How to make them bright 
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Atomically thin semiconductors constitute a remarkable playground for exciton physics in two dimensions. 
This involves optically accessible (bright) as well as spin- and momentum-forbidden (dark) excitonic states 
for intra- and interlayer excitations. Momentum-dark excitons outside the optical light cone can typically be 
excited by momentum transfer resulting from phonon scattering [1], or by spatially structured optical near-
fields [2-4] and directly studied by photoelectron spectroscopy [5]. In this talk, we theoretically address the 
following questions: (a) whether - at increasing densities and under exciton-phonon scattering - dark excitons 
can be approximated as a weakly interacting boson gas or are possibly dominated by their fermionic 
substructure [1], (b) how spatially structured near-fields can be induced by nanostructures (such as molecules 
[3] or metal nanoparticles [4]) to excite dark in-plane excitons, and (c) how dark exciton dynamics can be 
followed via tr-ARPES [5] 

Fig.  1. Left: Two pulse excitation scheme for tr-ARPES in a 
three band system involving excitons and the ionization 
continuum (top); calculated ARPES signal at delay time 
400fs showing valence band excitations, intravalley and 
intervalley excitons formed after exciton-phonon scattering 
(bottom). 
Right: Near-field coupling of gold metal nanoparticle 
plasmons to dark excitons with Q>0, the coupling for bright 
excitons vanishes (Q=0) (top); Spectral absorption of the 
coupled exciton – plasmon hybrid, showing peak splitting 
from strong coupling of dark excitons and plasmons, 
whereas bright excitons occur undisturbed as a central peak 
(bottom). 

Throughout the talk, a comparison with recent experiments (absorption, luminescence and angle resolved 
photoemission spectroscopy) will be provided.
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Stochastic switching of sub-THz magnons in an orthoferrite revealed by 
Femtosecond spin-noise spectroscopy 
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Observation of antiferromagnetic spin dynamics at ultrafast timescales has conventionally been studied using 
pump-probe spectroscopy, which in principle is a perturbative technique that measures an excited state of the 
system induced by pump pulses. In contrast, one of the peculiarities of the sub-THz frequency range is that it 
lies below the thermal energy at ambient conditions and therefore, incoherent magnon dynamics occurs 
spontaneously due to thermal excitation. Such a dynamics should have significant contributions to the state 
of matter, but it is difficult to measure with traditional pump-probe spectroscopy where only the average 
change of the probed quantity is detected upon photoexcitation. To access spontaneous thermal dynamics in 
spin systems, we have developed a technique called femtosecond noise correlation spectroscopy. The 
principle is based on real-time statistical processing of the correlated noise encoded in two time-delayed 
femtosecond probe pulse sequences transmitted through the sample [1]. This approach allows us to visualize 
the temporal autocorrelation of the magnon dynamics with femtosecond resolution. By this way, we 
successfully observed the critical enhancement and softening of thermal magnons in the orthoferrite 
Sm0.7Er0.3FeO3 [2] in the temperature region close to spin reorientation transition [3].         



 Fig.1. (a) Temporal autocorrelation 
profile of the magnon noise in 
Sm0.7Er0.3FeO3 around the spin 
reorientation transition temperature, 
as measured by femtosecond noise 
correlation  spectroscopy [3]. 
(b)Schematic representation of 
random telegraph noise induced by 
thermal excitation in a double-well 
potential.  

Comparison to a stochastic, large-scale Landau-Lifshitz-Gilbert simulation shows that such an 
enhancement is related to the stochastic switching dynamics of magnetization within a double-well 
anisotropy potential landscape, often called random telegraph noise (RTN). 
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Emission of coherent THz magnons in an antiferromagnetic insulator triggered by 
Ultrafast spin-phonon interactions 
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Antiferromagnets have a strong potential for future spintronic devices due to their insensitivity to 
perturbative external magnetic fields, absence of stray fields, and for accessing to frequencies from GHz 
to the terahertz (THz) regime [1–3]. However, their functionalization in thin films remains a challenging 
task, and requires to access and manipulate their THz resonance modes. In this talk, I will discuss how 
we can generate coherent THz antiferromagnetic magnons triggered by  fs pulses in thin films of NiO 
capped with platinum [4] and detect them using THz time-domain spectroscopy (Fig. 1a).  

Fig. 1. Laser induced coherent 
and incoherent THz emission 
from NiO/Pt bilayer. (a) 
Schematic of the setup. (b) THz 
emission from a low damping 

NiO(001)(10nm)/Pt(2nm) 
bilayer showing 1 ps oscillations 
(exp.: blue, model: brown). 



The generated THz signal has two main components as shown in Fig. 1b: i) a broadband contribution 
(up to 3 THz) alongside ii) a narrowband contribution centred at 1.1 THz. The latter can be associated 
with the THz radiation of high-frequency AFM mode of NiO. We then evidence that the THz magnon 
currents can be detected by THz inverse spin Hall effect in the heavy metal layer.  
I will then highlight that the THz magnon excitation arises either off-resonant optical spin-torque or 
from spin-phonon interactions (including ultra-fast strain and spin-Seebeck) depending on the growth 
orientation. Using ultrafast X-ray diffraction, we thus evidence the presence of an ultra-strain wave that 
can effectively trigger an out-of-plane precession of the Neel vector in NiO via dynamical magneto-
striction in these compounds.Finally, I will discuss how these observations could be extended to other 
antiferromagnetic systems and how these results opens promising perspectives for the development of 
narrowband and controllable THz spintronic devices using insulating AFMs. 
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Probing quantum materials: nonlinear THz spectroscopy 
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Non-linear THz spectroscopy has developed into a sensitive and effective method to probe 
electrodynamics and electronic properties of quantum materials. Very efficient THz high-harmonic 
generation in Dirac materials, such as graphene [1] and the 3D Dirac semimetal Cd3As2 [2], has been 
reported, originating from the linear dispersion in these materials. In superconductors, coupling of the 
THz field to the Higgs mode also leads to a pronounced non-linear THz response [3], as does the non-
Fermi liquid state in CaRuO3 [4], see Fig. 1. Apart from high-harmonic generation, the non-linear THz 
response can also provide insights into the coupling between for instance magnons and phonons in 
magnetically ordered materials, as is for instance found in antiferromagnetic CoF2 [5].   

Fig. 1. Non-linear THz response 
of CaRuO3 as a function of 
temperature showing the 
correlation with the formation of 
heavy quasi-particles with non-
Fermi liquid behavior at low 
temperatures. (a) Third-harmonic 
THz signal in time domain at 
different temperatures. (b) 
Fourier amplitude of the signal in 
panel (a). (c) THG amplitude E3f 
and (d) the transmitted amplitude 
Ef of the fundamental frequency 
as a function of temperature. 
Taken from ref. [4].  

This contribution will present some of the recent achievements in this field, and discuss the underlying 
mechanisms leading to the non-linear THz response.   
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Real-time observations reveal new opportunities on the ultrafast time in 
Nanostructured quantum materials 
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Ultrafast light and electrical pulses can induce new functionality in quantum materials [1] not accessible 
via the application of conventional thermodynamic parameters like temperature or pressure [2]. The 
non-equilibrium pathways hold great technological potential [3] and topical examples include insulator 
to metal transitions (IMT) for optical memories [4] or neural networks for AI [5]. From fundamental 
standpoint, several degrees of freedom couple during such transformations, which gives rise to 
multiscale dynamics in time and space. While structural reorganizations often play an important role in 
the stabilization of the newly formed electronic state, the establishment of a new macroscopic structural 
order requires long-range crystalline deformations, involving the propagation of acoustic waves. In a 
recent work, we evidenced a macroscopic transformation pathway from semiconductor to metal in 
nanocrystals of trititanium pentaoxide (Ti3O5) [6],that involved generation and propagation of volumic 
strain waves. In another example, we studied a prototypical Mott insulator V2O3, a widely considered 
test bed for investigating and benchmarking the out-of-equilibrium models for quantum materials. V2O3 
is metallic at room temperature and undergoes a first order transition below 150 K towards an insulating 
phase involving antiferromagnetic and ferroelastic symmetry breakings (AFI). In addition, this transition 
also involves a non-symmetry-breaking volume expansion (~ +1.4%). Transient reflectivity studies of 
V2O3 in the AFI phase have unveiled a transformation within time consistent with the acoustic 
propagation of strain waves. Astoundingly, transformation yield of up to 100% at and above a threshold 
laser fluence (~2 mJ.cm-2) can be achieved. Importantly, this observation persisted for low energy of the 
exciting photon (0.89 eV, just above the Mott-Hubbard gap value of 0.75 eV [7]) and at low temperature 
down to 10 K, hence precluding trivial heating process. The granular morphology of the V2O3 films 
favors complete transformation to the metallic phase, unlike a single crystal where in-plane clamping 
takes place and seems to be a hinderance to the photoinduced IMT [8]. The ultrafast x-ray diffraction on 
thin films revealed volume contraction and confirmed the quasi-complete transformation to metallic 
phase on the acoustic time-scale of strain waves, as observed in the optical studies. Also, the data 
indicate symmetry change within each single ferroelastic domain on a faster time scale than the volume 
change through the film. We suspect triggering a sequence of phase change phenomena: first a non-
equilibrium transition towards a high symmetry/high volume insulating phase within ferroelastic 
domains, then a metallic phase of high symmetry/low volume through the film. In brief, we discuss how 
structure and morphology can provide with control knobs [6,9] in the fast-growing field of photoinduced 
phase transitions, and material science at large. The above mentioned findings may stimulate further 
theoretical developments and guide the assessment of the ultimate performance of ultrafast devices 
based on Mott insulators and alike.   
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For a decade, a number of ultrafast science applications [1-3] involve high-field coherent radiation in the 
mid-infrared region, motivating the development of such laser sources. In this context, we have designed 
an optical setup able to generate few-cycle pulses around 10 µm, with 20 µJ of energy per pulse 
providing carrier-to-envelop phase (CEP) stability and control [4]. As depicted in figure 1, the laser 
source is based on a frequency domain optical parametric amplifier (FOPA) [5], coupled with intrapulse 
difference frequency generation (DFG). From an incident pulse of 45 fs at 800 nm, two spectral bands 
around 1.8 µm are amplified and shaped in the FOPA before being converted to the mid-infrared by 
DFG.  

Fig. 1. FOPA used as a dual-band 
amplifier. Two spectral bands of an 
incident pulse are amplified in two 
independent BBO crystals located in the 
Fourier plane of a 4f-setup. The 
polarization of one slice is rotated by a 
half waveplate and the delay between the 
two slices can be tuned by tilting a 
compensating window. A final DFG stage 
converts the output to the mid-infrared. 

Through this innovative architecture, the wavelength of the resulting mid-infrared pulse can be adjusted 
by changing the spectral bands amplified in the FOPA. As shown, in the figure 2, we are demonstrating 
a wavelength tunability from 5.6 µm to 13.5 µm for pulse durations within 50 fs and 120 fs, 
corresponding to pulse durations ranging from 6.4 to 1.3 optical cycles. The temporal shapes have been 
characterized by the Frequency Resolved Optical Switching technique (FROSt) [6], a phase-matching 
free approach insensitive to the wavelength. For this measurement, a near-infrared pump pulse of around 
50 µJ and 100 fs induces an ultrafast switch in the transmissivity of a Germanium crystal, while the mid-
infrared pulse probes the transmission at different pump-probe delays. A phase retrieval algorithm is 
then applied to retrieve both temporal amplitude and phase of the probe pulse. To summarize, this work 
proposes a highly flexible solution for ultrafast science applications including the complete toolbox of 
generation and also temporal characterization of few-cycles pulses in the mid-infrared spectral range.  

Fig. 2. Left:spectrum of the mid-
infrared source at 5.6 µm (blue), 
8.2 µm (green) and 13.5 µm (red) 
with  corresponding.   
Right: temporal amplitude (solid 
lines) and phase (dashed lines) 
characterized by FROSt.  

To summarize, this work proposes a highly flexible solution for ultrafast science applications including 
the complete toolbox of generation and also temporal characterization of few-cycles pulses in the mid-
infrared spectral range. 
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Noisy intermediate-scale quantum (NISQ) devices could yield early-stage advantages over classical 
computers before large-scale fault-tolerant quantum computers emerge. A particularly promising group 
of NISQ-tailored algorithms are the variational quantum algorithms (VQAs), developed, e.g., for 
chemistry-simulation purposes. VQAs utilise classical optimisers that guide the operation of shallow-
depth quantum circuits. Such quantum-classical symbioses could lead to less-stringent requirements on 
the coherence times and error rates of the quantum processor. The recent theoretical advances in VQA 
development have been complimented by rapid improvements of several quantum-processors platforms. 
Owing to their small size and the potential for rapid industrial scaling, silicon quantum processors 
constitute a particularly promising platform. Moreover, silicon processors’ diverse tunability could 
endow VAQs with additional degrees of freedom that could improve algorithmic performance. In this 
talk, I will present numerical results suggesting that current VQAs for quantum computational chemistry 
are not viable in the presence of realistic noise levels [1]. There are three possible directions for 
improvement. First, one could rely on error mitigation [1]. Second, one could rely on new noise-robust 
VQAs [2]. I will argue that neither error mitigation nor algorithmic improvements will be sufficient to 
perform useful chemical computations on NISQ hardware. However, there is a third option. One can 
relax the digital gate-based model of quantum computation to a model where the hardware is controlled 
at the level of the Hamiltonian (experimental pulses) native to the specific platform [3-5]. To explore the 
prospect of pulse-based VQAs, I will consider the time it takes to variationally prepare molecular 
ground states on silicon quantum processors. I account for experimental constraints and the effects of 
pulse filtering such that my model investigates realistic pulse shapes. Finally, I will present an analysis 
of the effect of noise on these pulse-based computations. I find that silicon quantum processors boast 
competitive state-preparation times for chemical ground states (Fig. 1 [5]) when compared with 
superconducting hardware [3, 4]. Further, there is a dramatic reduction in the state-preparation time 
when going from a digital gate-based model to the silicon pulse-based model.  Thus, pulse-based 
computation with silicon hardware could be a promising route towards chemical simulations on 
quantum processors. 

Fig. 1. Estimates of the disassociation curves for 𝑯𝟐  (left), 
𝑯𝒆𝑯+ (centre), and +𝑳𝒊𝑯 (right). For each molecule and bond 
separation the numerically simulated silicon quantum processor is 
given a fixed amount of evolution time as a resource and prepares 
the best possible approximation to the ground state in this time. As 
more time is allowed, the quantum processor can obtain better 
approximations. The top three panels plot the disassociation 
curves (energy against bond separation), with the colour of the 
curve corresponding to the allowed evolution time indicated by the 
colour bar above each panel. The yellow curve corresponds to 
zero evolution time. The purple curve corresponds to enough time 
to reach the full configuration interaction (FCI) energy (dashed 
curve). In the bottom panels, the error from the FCI energy is 
plotted on a log scale with the evolution time now on the vertical 
axis. In the bottom panels, we observe a sharp transition: above 
an evolution time called the minimal evolution time (MET), the 
ground state can be prepared exactly. We indicate the MET as a 
function of bond distance by a black-and-white curve. Below the 
MET, the error is large, and the corresponding colour is yellow, 
as indicated by the bottom right colour bar. While above the MET, 
the error is small and fluctuates around the simulation accuracy, 
and the corresponding colour is blue. 

Further, there is a dramatic reduction in the state-preparation time when going from a digital gate-based 
model to the silicon pulse-based model.  Thus, pulse-based computation with silicon hardware could be 
a promising route towards chemical simulations on quantum processors. 
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Many-body interaction and correlation are fundamental in understanding collective and emergent 
phenomena that cannot be understood by a simple extrapolation of the microscopic laws of individual 
particles. Some many-body effects are drastic, such as Dicke superradiance and quantum entanglement 
in atomic systems. However, some effects of many-body interaction and correlation are subtle and 
difficult to identify, for example, in semiconductor materials which are intrinsically a complex many-
body system of interacting carriers and quasiparticles. In GaAs quantum wells, many-body interaction 
can be manifested as line shift (excitation induced shift), line broadening (excitation induced dephasing), 
or FWM signal at negative time delays [1]. Particularly in a 1D spectrum, many aspects of many-body 
dynamics are indirect and have to be inferred. Optical multidimensional coherent spectroscopy (MDCS) 
has become a powerful tool for studying couplings and dynamics in complex systems [2], including 
effects of many-body interaction and correlation. In this presentation, I will give a brief introduction of 
optical MDCS and how 2D spectra can reveal many-body effects in various systems including atomic 
systems and 2D materials. In atomic systems, double-quantum MDCS provides an extremely sensitive 
and background-free detection of dipole-dipole interaction and correlated two-atom states [3, 4]. The 
technique relies on the detection of double-quantum coherence induced by collective resonances of two 
correlated atoms. The double-quantum excitation can be extended to multiple-quantum excitation which 
can excite and probe correlated states of multiple atoms [5, 6]. For example, as shown in Fig. 1(a), 7-
atom correlated states are revealed in a multi-quantum 2D spectrum. Optical MDCS has been used 
extensively to study many-body dynamics in semiconductor quantum wells and dots [2], and more 
recently carrier and valley dynamics in 2D materials [2]. One advantage of 2D spectra is to clearly 
separate homogeneous linewidth even in a strongly inhomogeneous system. We have used [7] optical 
MDCS to measure the homogenous linewidths at different powers and temperatures, which allowed us 
to extrapolate the intrinsic coherence dephasing time of valley carriers in a monolayer MoSe2.    

Fig. 1. (a) Energy 
level diagram and 
multi-quantum 2D 
spectrum showing 
seven atom quantum 
coherence. 
(b)Reflection spectrum 
and 2D spectrum 
showing polaron 
responses in a doped 
MoSe2 monolayer.  

Optical MDCS can also be used to explore dynamics of more complex quasiparticles such as polarons 
[8] which are excitons coherently dressed by a surrounding Fermi sea. As shown in Fig. 1(b), the Fermi-
sea dressing results in attractive polaron (AP) and repulsive polaron (RP). These two resonances and 
their coherent coupling are clearly revealed in a 2D spectrum. The associated polaron dynamics can be 
quantitative analyzed by fitting the spectra to obtain homogeneous and inhomogeneous linewidths.  
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Using phase-locked mid-infrared pulses to probe internal Rydberg-like transitions of excitons in the 
magnetic semiconductor CrSBr, we reveal their binding energy and a dramatic anisotropy of their quasi-
one-dimensional orbitals, which manifests in a strong fine-structure splitting. Further, we switch the 
internal structure from strongly bound, monolayer-localized to weakly bound, interlayer-delocalized states 
by pushing the system from the antiferromagnetic to the paramagnetic phase. Our detailed analysis 
connects this transition to the exciton’s spin-controlled effective quantum confinement. This in situ 
control of Coulomb correlations opens a path to future applications where excitons or even condensates 
may be interfaced with spintronics; extrinsically switchable Coulomb correlations could shape phase 
transitions on demand. Coulomb correlations define electronic quasiparticles and their interaction chains 
and therefore have a significant impact on the electronic and optical properties of quantum materials. In 
van der Waals (vdW) layered crystals, enhanced correlations have been tailored in reduced dimensions 
giving rise to a variety of fascinating phenomena including strongly bound excitons and exotic electronic 
and magnetic phases [1]. However, this has mainly been achieved by static structural engineering. In 
contrast, magnetic vdW materials [2] provide a unique opportunity to control Coulomb correlations in situ 
through magnetic order. In this context, the vdW magnet CrSBr stands out for its magneto-optical 
properties, which are dictated by quasi-1D excitons coupled to A-type antiferromagnetism. The low-tem-
perature antiferromagnetic coupling of adjacent layers affects the interlayer hybridization and interband 
resonances observed by interband spectroscopy [3,4]. However, this approach cannot disentangle 
Coulomb correlation effects from single-particle bandgap renormalization across the magnetic phase 
transition. Furthermore, the anisotropy-induced fine structure has remained elusive due to the weak oscil-
lator strength for light emission polarized along the crystallographic a-axis [4]. Therefore, a precise 
understanding of the underlying Coulomb correlations in CrSBr has so far remained challenging, even 
though it is crucial for tailoring novel properties of quantum materials. 

Fig. 1 a, Coulomb potential (grey surface) of 
the excitons. The projections emphasise the 
large in-plane anisotropy. Whereas a- and b-
axes share a common 1s level (light grey line), 
the degeneracy of the 2p states is lifted. The 
different 1s-2pa and 1s-2pb energies (vertical 
red lines) are interrogated by MIR transients 
(red waveforms). b, Schematic of the band 
structure of CrSBr. The projections onto the a- 
and b-directions highlight the large difference 
in effective mass of the lowest conduction band 
(  ) and the highest valence band (     c, 
Experimental (left) and theoretical (right) 
pump-induced changes of the MIR absorption 
(  ) as a function of photon energy at a pump-
probe delay time    = 500 fs. d, Calculated 
eigenenergies    relative to the ground state 
energy   . The arrows indicate the transition 
energy from the 1s state (grey) to the 2pa 
(orange) and 2pb  (blue) states. Insets: 
Probability densities | |  for 1s, 2pa and 2pb 
orbitals. 

Here, we present a direct measurement of the internal structure of quasi-1D excitons in CrSBr and its 
evolution across the transition from an antiferromagnetic (AFM) to a paramagnetic (PM) state [5]. To this 
end, we first excite free electron-hole pairs across the single-particle bandgap using 20-fs near-infrared 
laser pulses. After a variable delay time tpp, a phase-locked mid-infrared (MIR) light pulse is transmitted 
through the sample to interrogate internal Rydberg-like transitions of excitons. By simultaneously 
monitoring the MIR waveform, EMIR, and its pump-induced change, ΔEMIR, using electro-optic sampling, 



we extract the full complex-valued dielectric response of the photoexcited electron-hole ensemble in the 
MIR regime [6] and thus the internal structure and binding energy of excitons [7]. The quantum 
confinement of the excitons critically depends on the magnetic order

,
 [3,4]. At the transition from the

AFM to the PM state, the linewidth of the dielectric response increases abruptly together with an apparent 
blueshift of the resonance (not shown). This strong impact of the magnetic phase on the excitons’ internal 
structure can be directly seen in the raw time domain data (Fig. 2a) as well. Below the Néel temperature 
  , ΔEMIR exhibits an absorptive behavior combined with pronounced trailing oscillations indicative of 
the excitonic 1s-2p resonance. Above   , these signatures are strongly suppressed while a characteristic 
time shift of the photoinduced response, tshift (inset, Fig. 2a), occurs suggesting a less-pronounced exciton 
response. Our state-of-the-art many-body theory reproduces these results and explains the observations as 
follows (Fig. 2b): The transition to the PM phase results in the delocalization of excitons over several 
layers, which increases the scattering rate   and reduces the exciton binding energy (Fig. 2c). The drastic 
changes of the exciton fine structure demonstrate that Coulomb correlations can be switched from 
strongly bound, monolayer-localized to weakly bound, interlayer-delocalized states through magnetic 
order. To put our hypothesis that the magnetic order controls excitonic correlations to the ultimate test, we 
induce an intermediate ferromagnetic phase close to the AFM-PM phase transition using a static magnetic 
field. Indeed, the abrupt changes in the dielectric response and in tshift now occur at a substantially lower 
temperature (Fig. 2b,c, orange symbols and lines). Thus, the magnetic field breaks the out-of-plane 
quantum confinement and leads to a delocalization of excitons even below     This highlights the 
potential of the magnetic field as a tuning knob for Coulomb correlations in magnetic vdW materials. The 
drastic magnetic-phase-dependence of the Coulomb correlations is also reflected in the ultrafast decay dy-
namics (not shown). In the PM phase, the exciton lifetime is significantly extended, and inter- and 
intralayer-like species coexist. This corroborates that the magnetic order not only alters the internal 
exciton structure, but also governs the nature of electron-hole pairs at play. 

Fig. 2a, Electric field of the MIR probe transient 

transmitted through the unexcited CrSBr sample,     , as 

a function of the electro-optic sampling time     . The 

simultaneously acquired pump-induced changes to the 

electric field       are depicted for different temperatures 
T. Inset: Close-up view of the data marked by the rectangle. 

For decreasing temperature, the minimum of       shifts 

gradually by a time       (arrow). b, experimental 

(symbols) and theoretical (lines) time shift       of the 

half-cycle marked by the triangle (compare a) without an 

external magnetic field (grey color). The time shift 

decreases sharply around    (blue dashed line). In 
experiment and theory, an applied magnetic field of ~0.2 T 

along the b-axis causes the jump in        (orange symbols 

and line) to occur at ~80 K (blue arrow and grey dashed 

line). c, calculated dephasing constant   and 1s-2p 

transition energy       . 

In conclusion, we have revealed the fine structure of strongly anisotropic, quasi-1D excitons by intra-
excitonic Rydberg spectroscopy. Our quantitative experiment-theory comparisons of the exciton binding 
energy show how band structure and Coulombic anisotropy jointly lift the degeneracy of the 2p states and 
lead to a strongly polarization-dependent oscillator strength of internal excitonic transitions. By inducing 
a phase transition from the AFM to the PM state, excitonic correlations can be switched from strongly 
bound, monolayer-localized to weakly bound, interlayer-delocalized states. Our results demonstrate that 
the magnetic order is a critical control knob for excitonic correlations, which provides fascinating 
opportunities for realizing spin-correlated exciton-polaritons [8] and even Bose-Einstein condensates – a 
captivating perspective for novel solid-state quantum technologies. 
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The discrete translational symmetry of a crystalline solid leads to a band structure of Bloch electrons 
that is periodic in momentum space. Analogously, when Bloch electrons are exposed to the time-
periodic electric field of light with frequency ω, its band structure is periodically repeated in the form of 
'Floquet' replicas, which are displaced along the energy axis by multiples of ħω. Quasi-stationary 
Floquet-Bloch states have been observed in topological insulators [1,2] and black phosphorus [3]. 
However, the dynamics of Floquet states, including their transient build-up and electron transfer 
between sidebands, have not yet been accessible experimentally. In a more general context, the relation 
between Floquet bands and subcycle interband excitations, as well as intraband currents responsible for 
high-harmonic generation (HHG) in solids (Fig. 1a) has remained mostly elusive despite its crucial role 
in strong-field light-matter interaction. 

Fig. 1: a) Transition between 
subcycle dynamics and quasi-static 
Floquet-Bloch bands.  
b) Experimental  scheme: an s-
polarized, phase-stable MIR pulse 
(red) drives the topological surface 
state  (TSS) of Bi2Te3. An 
ultraviolet (UV) probe pulse (blue) at 
variable time delay, t, provides 
snapshots of the induced dynamics 
with subcycle temporal resolution. 
c) Driving electric field (black) and
temporal positions (vertical lines) of 
ARPES  maps in d and Fig. 2.  
d) ARPES maps at selected delay
times capturing the build-up of 
Floquet-Bloch sidebands. 

Here, we study the ultrafast dynamics of Floquet-Bloch bands in the strong-field limit using subcycle 
angle-resolved photoemission spectroscopy (ARPES) [4]. Figure 1b shows the experimental scheme. 
We pump the 3D topological insulator Bi2Te3 with phase-locked, s-polarized mid-infrared (MIR) pulses 
with a center frequency of ωMIR/2π = 25 THz. This material exhibits a finite band gap in the bulk and a 
Dirac-like topological surface state (TSS). Spin-momentum locking protects the electrons in the TSS 
from scattering [5], which warrants sufficient coherence times for Floquet-Bloch states to form under 
periodic driving [1,2]. An ultraviolet pulse with a pulse duration of 17 fs, arriving at a variable delay 
time, t, probes the system with subcycle time resolution by two-photon photoemission. The energy and 
momentum of the released electrons are measured with a hemispherical analyzer. The maximum applied 
peak field of 0.8 MVcm

-1
 (Fig. 1c) is strong enough for HHG in the TSS [6]. The ARPES maps in

Fig. 1d show the initial dynamics of the band structure. Up to 100 fs before the field maximum, the 
effect of the MIR pulse on the TSS is negligible. 40 fs later (t = -60 fs), the electric field has induced a 
pronounced asymmetry in the electronic distribution along the momentum axis, which is the hallmark of 
lightwave-driven currents. A clear separation of electronic populations into multiple sidebands becomes 
apparent only one quarter of an oscillation cycle later. The ARPES maps in Fig. 1d show the initial 
dynamics of the band structure. Up to 100 fs before the field maximum, the effect of the MIR pulse on 
the TSS is negligible. 40 fs later (t = -60 fs), the electric field has induced a pronounced asymmetry in 
the electronic distribution along the momentum axis, which is the hallmark of lightwave-driven currents. 
A clear separation of electronic populations into multiple sidebands becomes apparent only one quarter 
of an oscillation cycle later, at t = -50 fs. Simultaneously, the electron population oscillates back and 
forth along the momentum axis (t = -50 fs and -40 fs). The newly emerging bands clearly follow the 
ground-state band structure offset by integer multiples of ℏωMIR = 0.1 eV (Fig. 1d, thin grey curves). 
With increasing field, the band splitting becomes more pronounced, and the electron population shifts 



entirely to the upper branch near the field crest (Fig. 1d, t = -18 fs). Thus, Floquet states result from the 
quantum interference of electrons, which coherently followed the driving field for at least one cycle. Our 
experiments also clarify the long-standing question of how multi-photon transitions between equilibrium 
bands proceed in the strong-field regime. In Bi2Te3, the direct bulk bandgap at the Γ point exceeds 
0.3 eV, thus preventing resonant one-photon interband excitations (ℏωMIR = 0.1 eV). Nevertheless, 
electrons can overcome the gap via Floquet-Bloch replicas of the TSS. In the second half of the MIR 
pulse, the electronic distribution deviates strongly from the original dispersion: a substantial fraction of 
the electrons is transferred to the first and second Floquet-Bloch sidebands, where they are periodically 
accelerated by the carrier field (Fig. 2a).  

Fig. 2: a) Experimental and b) theoretical ARPES maps tracking multi-photon excitations via Floquet-Bloch 
replicas. c) Experimental (upper panel) and theoretical (lower panel) temporal evolution of the photoelectron 
intensity integrated across the bulk conduction band (dashed trapezoid in a) 

Because the experiment isperformed under conditions sufficient for HHG [6], our measurements capture 
electron dynamics underlying HHG directly in momentum space. Once the high-energy tail of the 
Floquet electron distribution reaches the bulk conduction band (BCB; Fig. 2a, t = 22 fs, grey area), the 
surface states hybridize with the bulk band and populate it. This novel mechanism of transitions between 
equilibrium bands via Floquet-Bloch states is well reproduced by a nonequilibrium Green’s function 
approach (Fig. 2b). For a more quantitative analysis, we investigate the energy-momentum integral of 
the recorded photoelectron intensity across the bulk conduction band region (dashed trapezoid; Fig. 2a, t 
= 46 fs), IBCB, as a function of t (Fig. 2c, upper panel). After a rapid increase during the MIR pulse, IBCB 
settles to a long-lived plateau, indicating the incoherent electron population scattered into the bulk 
conduction band. Remarkably, the onset of IBCB is superimposed with pronounced oscillations, which 
imply coherent coupling of the transiently dressed TSS with the BCB. This behavior is also well 
reproduced by our simulations (Fig. 2c, lower panel). When the Floquet states reach the conduction band 
while the surface-bulk coupling is still coherent, the electron population can be transferred into and out 
of the bulk. Ultimately, scattering creates an incoherent bulk population, which accelerates the collapse 
of the Floquet band structure while the MIR pulse ends.In summary, we have captured the ultrafast 
dynamics of Floquet-Bloch bands in a topological insulator with subcycle ARPES. We directly visualize 
in momentum space how the lightwave-driven surface state of Bi2Te3 crosses over from an initial regime 
of deterministic quantum trajectories to a Floquet band structure. The dynamics unify the particle aspect 
of electrons describing subcycle acceleration with the wave-like interference of electrons forming light-
induced sidebands. Our ability to image Bloch electrons, which are transiently dressed by strong light 
fields, marks a breakthrough toward a comprehensive understanding of Floquet engineering, HHG, and 
other strong-field light-matter interaction concepts. 
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Light-matter coupling is centered around the coupling of a single optical mode with a single matter 
excitation, creating the pair of polaritons which define the optical properties of the coupled structure. In 
the ultrastrong (USC) and deep-strong coupling (DSC) regimes, this has enabled the observation of 
exciting quantum phenomena of cavity quantum electrodynamics such as cavity quantum chemistry [1], 
cavity-controlled electronic transport [2] or applications in nanophotonics including novel light sources 
or squeezed quantum states of light [3]. Precise control of the coupling is pivotal for utilizing the 
properties of ultrastrong coupling and has enabled e.g., strong custom-tailored nonlinearities [4] or 
subcycle switch-off of light-matter coupling [5], which is predicted to release the virtual photon 
population of the exotic vacuum ground state [6]. For USC, the coupling strength      , defined as the 
ratio of the vacuum Rabi frequency and the carrier frequency of light, approaches unity. For DSC, 

     with a recent record of       = 3.19 accompanied by a ground state populated by more 
than one virtual photon, on average [7]. Moreover, here, the large spectral bandwidth bridged by the 
polariton doublet of     may foster further interactions with off-resonant light and matter modes. The 
resulting multi-mode or very-strong coupling regime [8–11] offers additional degrees of freedom for 
designing light-matter coupled resonances and the non-trivial vacuum state, beyond the parameters of a 
two-mode system. However, controlling multiple coupling pathways has remained challenging. Here we 
experimentally implement a novel strategy to sculpt ultrastrong multi-mode coupling by tailoring the 
spatial overlap of multiple modes of planar metallic THz resonators and the cyclotron resonances (CR) 
of Landau-quantized two-dimensional electrons, hosted in quantum wells (QWs), on subwavelength 
scales [12]. We show that similarly to the selection rules of classical optics, spatial structuring of the 
matter component allows for suppressing or enhancing certain coupling pathways, thereby enabling 
control of the number of light-matter coupled modes, their octave-spanning frequency spectra, and their 
response to magnetic tuning. Our resonators (Fig. 1a) feature a fundamental LC mode with a frequency 
of    = 0.8 THz (Fig. 1b), and a second, dipolar mode with a resonance frequency of    = 1.6 THz (Fig. 
1c). 

Fig. 1. a. Schematic of a THz resonator (gold shape) on top of the GaAs substrate (dark brown), and the 
cyclotron resonances hosted in spatially confined GaAs quantum well structures (bright orange patch). 
b.Simulated x-polarized near-field distribution of the LC mode of the bare resonator, and c, the dipolar mode.
d.Schematic of the coupling with zero mode overlap, e partial overlap and f, full overlap of the 1

st
 (LC,    ) 

and 2
nd

 (DP,    ) cavity modes. 

 Their different spatial field profiles allow us to control the coupling pathways by spatially structuring 
the QWs to tune the overlap of the cavity modes from almost zero to unity (Figs. 2d-f). A reference 
sample implements a planar QW and is referred to as unstructured, while the QW of the second sample, 
referred to as structured, is laterally etched to a size of 15 µm by 15 µm to control the overlap with the 
resonator modes (Fig. 1a). For the unstructured sample the CR couples to both resonator modes without 
spatial selectivity.Here, each pair of lower (LP) and upper polaritons (UP) of the cavity modes display 
the typical anti-crossing behavior (Fig. 2a). 



Fig. 2 a.  Experimental transmission spectra of the unstructured sample as a function of the cyclotron 
frequency   . The curves represent the eigenmodes calculated by theoretical fit. b, FEFD simulation of the 
transmission spectra of the structure including the theoretical fit of panel a. The two arrows indicate the 
frequencies of the uncoupled LC and DP modes obtained by our fit. Outset: Schematic of the resonator on top 
of an unstructured QW (bright orange area). c, Experimental transmission spectra of the unstructured sample, 
each normalized to the average transmission  for each frequency  , as a function of . The curves 
represent the eigenmodes calculated by theoretical fit. d,  FEFD simulation of the transmission spectra of the 
structure, each normalized to the average transmission      for each frequency   as a function of   , 
including the theoretical fit of panel a. The two arrows indicate the frequencies of the uncoupled LC and DP 
modes obtained by our fit. Outset: Schematic of the resonator on top of a structured QW patch (bright orange 
patch).  

In contrast, the spectra of the structured sample (Fig. 2c), where the QW polarization can couple to the 
near-field only in the central gap area, exhibit a fundamentally different response characterized by three 
rather than four coupled modes. Here, the resonances associated with UP1 and LP2 for the first structure 
merge into a single coupled resonance resembling an S-shape without an anti-crossing, as theoretically 
predicted in ref. [11]. These observations are reproduced by our classical electrodynamical finite-
element frequency-domain (FEFD) simulations (Fig. 2b,d). The observed differences between both 
structures are explained by our quantum mechanical formalism which extends the established Hopfield 
model to non-orthogonal modes and takes the fractional overlap of light and matter modes of our 
samples into account. This allows us to extract the coupling parameters quantifying the mutual 
interaction between all partaking modes [11]. For two photonic modes there exists a single overlap 
parameter      based on the electric near-field distribution of the resonator modes. Our formalism allows 
us to accurately fit the resonances of both sets of data and we obtain an overlap of           for the 
unstructured system and        for the structured sample. We identify the S-shaped spectral signature 
as a hallmark of nearly full mode overlap,       , accompanied by a change of character of the light-
matter coupling mechanism, whereby the number of participating modes is reduced from 4 to 3. Thus, 
the interaction between the second photon mode and the second electronic mode (orthogonal to and 
degenerate with the first one),         , vanishes for        and the cross-interaction term 
proportional to       becomes dominant, demonstrating the effectiveness of our approach. 
In conclusion, the concept of lateral confinement of the quantum wells adds a previously unexplored 
parameter space for tailoring ultrastrong light-matter coupling by controlling the spatial mode overlap of 
multiple interacting light and matter modes, across several optical octaves. Our novel design approach 
increases the flexibility for sculpting polaritonic structures, by selectively boosting or suppressing 
certain coupling pathways, in similarity to tailoring of selection rules in classical optics. This opens up 
novel pathways for controlling dissipation, tailoring quantum light sources, nonlinearities, correlations 
as well as entanglement in quantum information processing. 
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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 µeV - 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    

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 ≪ λTHz) 
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, ν0 
(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 η, the ratio of g/ν0, 
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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Exciton dynamics in two-dimensional quantum materials in space and time 
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In 2D semiconducting quantum materials, organic semiconductors and their heterostructures, the energy of 
absorbed light is stored in Coulomb-bound electron-hole pairs, i.e. excitons. For future technological applications 
of these classes of materials, for instance in optoelectronics and for energy harvesting, it is crucial to study the 
initial exciton formation and also the subsequent relaxation and dissipation processes at the fundamental level and 
on the relevant length and time scales. In our research, we have built a new photoemission-based experiment [1] 
that is capable studying excitonics at the space-time limit corresponding to nanometers and femtoseconds. In a 
series of experiments, we identified characteristic signatures in the exciton formation process and the pathways of 
subsequent energy conversion and thermalization. In addition, the new experiment gives us access to the so-called 
“dark exciton landscape”, where we can follow exciton dynamics with unprecedented temporal and spatial 
resolution.In my talk, I will present the ultrafast formation dynamics of dark interlayer excitons in twisted 
WSe2/MoS2 heterostructures. In particular, I will report on the identification of a key signature of the moiré 
superlattice that is imprinted on the momentum-resolved interlayer exciton photoemission signal [2,3].  

Fig. 1. a) Scheme of the ultrafast momentum microscopy experiment [1]. b) 3D electronic structure of WSe2/MoS2 
with excitonic signals above the valence band maxima [2,3]. c) Selected momentum cuts showing the momentum 
fingerprint of the optically excited A-exciton in WSe2 (left) and an interlayer exciton in WSe2/MoS2 [2]. d) Exciton 
photoemission orbital tomography of the ‘S1’ exciton in C60 [4]. In comparison with theory, the exciton’s electron 
probability density (yellow) in comparison to the hole localization (blue) can be extracted. 

Furthermore, I will present photoemission exciton tomography [4] that allows us to study ultrafast 
charge transfer from TMD to organic layers, and to disentangle multiorbital contributions in the exciton 
formation in the organic semiconductor.  
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Light control of coupled electron-lattice ordering 
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Photoexcitation is a powerful means in distinguishing different interactions and manipulating the states 
of matter, especially in complex quantum systems. Here we demonstrate photoexcitation-induced 
ultrafast dynamics in two-dimensional quantum materials, as well as the development of new theoretical 
tools incorporating both nonadiabatic electron-nuclear couplings and nuclear quantum effects for atomic 
scale simulations of such ultrafast processes. For instance, we discover a novel mechanism which 
involves self-amplified exciton-phonon dynamics for the formation of charge density wave (CDW), and 
we predict a new collective mode induced by photoexcitation which is significantly different from 
thermally-induced phonon mode [1-6]. We will also discuss photoinduced structural and electronic 
phases such as controlling the dynamics of Weyl quasiparticles in semimetal WTe2 (Fig. 1) and the 
coupled exciton-lattice orders in exciton insulator candidate Ta2NiSe7. 

Fig. 1. The dynamics of Weyl points 
distribution in response to different 
photoexcitation. 

Our results provide insights from a new perspective on the coherent electron and lattice quantum 
dynamics in materials upon photoexcitation. 
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Charge density waves in ZrTe3: the fate of nesting in real 3D materials
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Among the materials hosting Charge Density Wave (CDW) phases, transition metal tri-chalcogenides 
have attracted considerable attention thanks to their quasi-one-dimensional (q1D) nature. ZrTe3 is of 
particular interest because its Fermi surface comprises both a 3D hole like pocket centered at Γ and q1D 
bands at the zone edges [1,2] (Fig. 1). Extensive angle resolved photoemission spectroscopy (ARPES) 
studies have shown that the CDW transition, setting in at 63 K [3], is mainly driven by the q1D states, 
with the opening of a pseudo gap at the D point of the Brillouin zone. For this reason, Fermi Surface 
Nesting (FSN) between these states was proposed as the driving force of the CDW transition. However, 
FSN alone does not fully explain the observed changes in the gap and in the 3D band with temperature 
[4]. We performed time resolved ARPES measurements on ZrTe3 single crystals, probed with 6 eV and 
20.9 eV photon energy, revealing a transient photoinduced energy shift of the 3D band and subsequent 
coherent oscillations of both q1D and 3D bands compatible with the excitation of an Ag phonon mode. 



Fig. 1. (a) Fermi surface map of 
ZrTe3 measured by ARPES at 15 K. 
(b) Sketch of the Brillouin zone 
(adapted  from [2]). (c) ZrTe3 crystal 
unit cell projected on the [a,c] plane. 
(d) trARPES data of the 3D band 
taken along  the ΓY direction 
(vertical black line in (a)) at negative 
pump-probe delay with 6 eV probe 
energy. (e) Energy Distribution 
Curves (EDC) dynamics taken along 
the vertical red line in (d). (f) 
trARPES data of the q1D band taken 
along the YD direction (horizontal 
black line in (a)) at negative 
pump-probe delay with 20.9 eV probe 
energy.  
(g) EDCs dynamics along the vertical 
red line in (f). 

Hence, our experiment indicates the presence of a strong electron phonon coupling that could be 
involved in the CDW formation, in agreement with complementary observations [5] and providing an 
alternative scenario to the nesting mechanism. 
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Vortex beams possessing helical wavefronts can carry non-zero orbital angular momentum (OAM) 
equivalent to integer multiples of ℏ, indexed by their topological charge (ℓ) [1-2]. Most efforts aimed at 
exploiting such “twisted” light fields are predicated on an ability to precisely, and independently tune 
their wavelength and OAM. Conventional nonlinear optical (NLO) approaches used to manipulate these 
parameters typically rely on birefringent phase matching in bulk crystals with broken inversion 
symmetry to achieve the requisite energy and momentum conservation [3]. This results in systems that 
are ill-suited to integrated devices and operational bandwidths that are constrained by material choice 
and geometry. These challenges have fueled an interest in uncovering NLO processes in 
low-dimensional materials [4], which offer a high degree of compatibility with emerging 
two-dimensional (2D) hybrid platforms [5]. In this context, extending van der Waals (vdW) nonlinear 
optics through the spatial degree of freedom of light would be transformative, dramatically expanding 
the functionality, while shrinking the length scale, of a wide array of classical and quantum NLO devices. 
Here, we show that the fundamental properties of optical vortices can be freely and independently tuned 
via NLO frequency-mixing processes in a 2D vdW crystal. Using monolayer MoS2, we demonstrate the 
ad hoc control over wavelength and topological charge through difference frequency generation (DFG), 
sum frequency generation (SFG), and four-wave mixing (FWM). In our studies, we employ 
time-resolved structured-light microscopy to drive and interrogate vortex NLO processes in monolayer 
flakes of MoS2 exfoliated onto a glass substrate. In all cases, a Gaussian pulse (i.e., ℓ𝑝 = 0) serves to 
pump the NLO process. A seed pulse with tunable wavelength supplied by an optical parametric 
oscillator (OPO) is converted to a Laguerre-Gaussian (LG) vortex beam (i.e., ℓ𝑠 ≠ 0) and is colinearly 
and spatio-temporally overlapped with the pump on the crystal. The reflected beam is filtered to isolate 
the generated nonlinear component and its intensity, spectral content, and spatial profile are 



simultaneously analyzed. 

Fig. 1. Real-space images (top 
panels) of the donut shaped intensity 
profile of the vortex seed (ℓ𝑆 = +1,
ℏ𝜔𝑆 = 1.18 eV) and resulting DFG
(ℓ𝐷𝐹𝐺 = -1, ℏ𝜔𝐷𝐹𝐺 = 1.92 eV),
SFG (ℓ𝑆𝐹𝐺 = +1, ℏ𝜔𝑆𝐹𝐺 = 2.81 eV)
and FWM (ℓ𝐹𝑊𝑀 = -1, ℏ𝜔𝐹𝑊𝑀 =
1.92 eV) outputs. The lower panels 
show the corresponding momentum 
space maps imaged at the focal 
plane of a cylindrical lens. For all 
data, the pump beam is always 
Gaussian (ℓ𝑃 = 0, ℏ𝜔𝑃

𝐷𝐹𝐺 = 3.1 eV,
ℏ𝜔𝑃

𝑆𝐹𝐺 = 1.63 eV , ℏ𝜔𝑃
𝐹𝑊𝑀 =

1.55 eV).   

The seed vortex beam is generated using a spatial light modulator (SLM) encoded with a spiral phase 
mask. For example, a vortex beam with a topological charge of ℓ = +1 has a 0 to 2π azimuthal phase 
modulation with a single-phase singularity. This translates to a spatial profile with a characteristic 
donut-like intensity distribution. The magnitude and sign of the topological charge can be measured by 
mapping the LG vortex to momentum space using a cylindrical lens [6]. Here, the number of gaps 
between fringes is equal to the magnitude of the topological charge and the skew corresponds to its sign. 
To explore vortex DFG, SFG, and FWM, we utilize a Gaussian pump pulse (𝑙𝑝 = 0) with various photon 
energies (ℏ𝜔𝑝

𝐷𝐹𝐺 = 3.1 eV, ℏ𝜔𝑝
𝑆𝐹𝐺 = 1.63 eV, ℏ𝜔𝑝

𝐹𝑊𝑀 = 1.55 eV) and a vortex seed pulse (ℏ𝜔𝑠 =
1.14 − 1.22 eV, ℓ𝑠 = +1). The top panels of Fig. 1 show the donut shaped intensity profile of the 
vortex seed beam (ℓ𝑠 = +1, ℏ𝜔𝑠 = 1.18 eV), followed by the resulting DFG (ℏ𝜔𝐷𝐹𝐺 = ℏ𝜔𝑝

𝐷𝐹𝐺 −
ℏ𝜔𝑠 = 1.92 eV), SFG (ℏ𝜔𝑆𝐹𝐺 = ℏ𝜔𝑝

𝑆𝐹𝐺 + ℏ𝜔𝑠 = 2.81 eV), and FWM (ℏ𝜔𝐹𝑊𝑀 = 2ℏ𝜔𝑝
𝐹𝑊𝑀 − ℏ𝜔𝑠 =

1.92 eV) outputs, where their respective topological charges should obey OAM conservation laws 
(𝑙𝐷𝐹𝐺 = ℓ𝑝 − ℓ𝑠 = −1, 𝑙𝑆𝐹𝐺 = ℓ𝑝 + ℓ𝑠 = +1, and 𝑙𝐹𝑊𝑀 = 2ℓ𝑝 − ℓ𝑠 = −1). Clearly, the DFG, SFG, 
and FWM outputs inherit the donut-like intensity pattern and are approximately equivalent in diameter 
to the input seed, indicative of the conservation of the OAM magnitude. Indeed, the lower panels of Fig 
1 show the corresponding momentum space maps of the frequency-mixed outputs, each with a single 
gap between a pair of fringes, confirming that |ℓ𝐷𝐹𝐺| = |ℓ𝑆𝐹𝐺| = |ℓ𝐹𝑊𝑀| = 1. The skew direction of
the SFG output fringe pattern is the same as that of the seed, reflecting the conservation of the 
magnitude and sign of the topological charge. In contrast, the skew direction of the DFG and FWM 
outputs are opposite that of the seed, indicative of an inversion of the topological charge for these two 
NLO processes, as required by their OAM conservation laws.  The ability to realize such multi-beam 
vortex NLO processes in a monolayer vdW crystal opens a wide range of possibilities to utilize these 
materials as nanoscale sources of tunable vortex light, applicable to classical and quantum 
communication nanophotonic devices. Moreover, while we have focused on second-order and 
third-order processes, we envision that higher-order processes can also be realized, allowing us to extend 
further into the ultraviolet regime. Moreover, it may allow us to potentially couple the orbital degree of 
freedom of light to topology-driven light-matter interactions [7], providing us with greater insight into 
the nature of such material systems. 
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The discovery of charge-configurable metastable states in charge density wave materials that can be 
manipulated in time [1,2] and space using ultrafast optical techniques [3], as well as by pulsed direct 
current injection in diverse device configurations, has led to new applications in important areas of 
electronics [4–8] and optics [9]. In this talk I will present some of the fundamental principles leading to 
the emergent metastable quantum state in the prototype material 1T-TaS2, including some very recent 
findings on the decay dynamics that elucidate the microscopic origins of the metastable state and the 
accompanying resistivity switching [10]. These findings may be relevant in the search for similar effects 
in other quantum materials, such as the recent case of EuTe4 [7]. We pay particular attention to the non-
equilibrium phase diagram which reveals different transport mechanisms in different metastable states, 
ranging from metallic, variable range hopping and simple activated behaviour and the structural 
deformations caused by the passing current. The second part of the talk will be devoted to a description 
of new ultrafast memory devices in a superconducting cryo-computing environment [11] and remarkable 
applications for ultra-efficient XUV and X-ray modulators that promise to revolutionise X-ray beam 
steering optics shown in Fig. 1  [9] that arise due to completely different manifestations of the 
metastable state. 

Fig. 1 High-efficiency X-ray modulator based on the spatial 
modulation of the 1T-TaS2 metastable state. A buckled surface is 
formed as a result of a pulsed transient grating. The XUV or X-ray 
beam is deflected from the grating. The grating can operate as a 
modulator or as a programmable grating at low temperatures. 

The mechanism for the transition to the metastable state is 
understood to arise from photodoping of the conduction band with electrons, or by carrier injection with 
electrical pulses ranging from 1.9 ps to microseconds or more. Similarities between optical excitation 
and charge injection can be seen in the resulting strain. Charge injection creates domain walls in the 
electronic crystal order which, after examination of the hidden metastable state by scanning tunneling 
microscopy are seen to preferrentially run parallel with the direction of the applied current (dark lines in 
Fig.2). This in turn results in a strain modulation which also runs parallel to the direction of the current 
(vertical light stripes Fig.2).  

Fig. 2 The strain modulation observed by scanning 
tunneling microscope after a short current pulse is applied 
through STM tips (left panel). The direction of the electrical 
current is indicated by the arrow (right panel). Domain 
walls are also observed as dark lines. 

The remarkably controllable state and 
experimental accessibility of the microscopic state due to the temperature-tunable lifetime make 1T-
TaS2 an excellent prototype system for detailed investigations of the causes and consequences of the 
emergent metastable state. 
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Progress in mid-IR ultrafast lasers based on transition metal doped 

II-VI gain media 
S. Mirov

University of Alabama at Birmingham, Birmingham AL 35294, USA 

Chromium and iron-doped ZnSe and ZnS lasers have come of age due to advancements in laser design, 
thermal management, fabrication of low-loss polycrystalline gain media, as well as the availability of 
effective fiber and hybrid fiber-bulk pump lasers. Arguably, Cr and Fe-doped ZnSe/S lasers currently 
represent the most effective route for middle-infrared (MIR) lasing over the 1.9–6 µm spectral range in 
all the known oscillation regimes. Ultrafast MIR lasers based on transition-metal-doped II-VI 
chalcogenides (TM:II-VI, [3]) attract growing attention because they provide direct access to peak- and 

average-power scalable few-optical-cycle mid-IR pulses. The 
progress in TM:II-VI lasers has been further accelerated by the 
development of new methods of laser material fabrication. 
Specifically, the technology based on a post-grown thermal 
diffusion doping of ZnS and ZnSe [1] has enabled large-scale 
production of large-size polycrystalline gain elements with high 
optical quality and high dopant concentration (see Fig.1). This, in 
turn, has dramatically simplified the development of ultrafast 
amplifiers and enabled the development of fs oscillators with 
unique output parameters [1-7]. The unique capabilities of 
polycrystalline Cr:ZnS and Cr:ZnSe for generation,
amplification, and nonlinear frequency conversion of ultra-short 

optical pulses in the MIR range were successfully explored for the development of octave-spanning 
single optical cycle oscillators [5], full repetition rate MOPAs with average power above 30 W [1], and 
CPA multipass amplifiers with TW levels of output power [8]. Cr:ZnS is a typical representative of a 
large TM:II-VI family. It combines superb ultrafast laser capabilities with broad IR transparency and 
high nonlinearity of wide-bandgap II-VI semiconductors. It supports all mode-locking regimes, from 
active to passive to Kerr-lens mode-locking. The key advantage of Cr:ZnS Kerr lens-based ultrafast 
laser and frequency comb technology is high efficiency: 20 – 25% optical-to-optical conversion from 
low-cost CW EDFL light to 2-cycle MIR pulses and 10 – 12% conversion of 2-cycle pulses at 2.4 µm to 
single-cycle electromagnetic transients in the longwave IR. Further, the system's complexity is 
significantly reduced because all the optical signals required for stabilizing the MIR comb with the large 
lever arm are generated directly inside the polycrystalline Cr:ZnS gain medium of a single-pass 
amplifier. One can equip the system with an additional optical rectification stage to enhance the optical 
power in the offset-free longwave IR spectral band. For instance, ZGP crystal allows the record-
breaking efficiency of optical rectification. It generates super-octave longwave (4-12 µm) IR combs 
with Watt-level power [7]. Those advantages allowed the implementation of shoe-box-sized, lightweight 
fs frequency combs with the brightness exceeding the brightness of a synchrotron by orders of 
magnitude in a broad spectral range [9]. The developed MIR frequency combs open new avenues in 
imaging, sensing, and spectroscopy [10]. The combination of effective MIR Cr:II-VI femtosecond 
oscillators, the high energy storage capabilities of Fe:II-VI, which are unique among MIR gain media, 
and OPCPA and CO2 amplifiers will be discussed for the development of TW-class ultrafast MIR 
systems operating over the 2–10.6 μm spectral range for high energy physics applications. 
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Dark states in silicon
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Electron spins in semiconductor quantum dots typically interact with many nuclear spins in their 
semiconductor environments, realizing a manifestation of the central spin problem. The central spin 
problem is a widely studied model of decoherence and is predicted to exhibit a rich variety of interesting 
and useful phenomena, only some of which have been observed. In this talk, I will discuss a series of 
experiments exploring these dynamics in silicon quantum dots. We report evidence for the formation of 
a nuclear dark state, which occurs when the nuclei are driven into a state that does not interact with the 
electrons [1-7]. We show evidence that this dark state depends on the synchronized precession of the 
nuclear spins, and that driving the nuclear spins into the dark state promotes increased lifetimes of 
electronic spin states. We also discuss the relationship between the dark state and the coherence time of 
electronic spin states.  

Fig. 1. Schematic of a silicon gate-
defined quantum dot (top) and the 
electronic wavefunctions interacting with 
silicon-29 nuclear spins (bottom).  

In this work, we prepare and detect nonequilibrium nuclear spin states in Si quantum dots using a two-
electron-spin qubit. The electrons in the qubit interact with silicon-29 atoms in the semiconductor. In 
this system, the transverse hyperfine field from the nuclei mediates dynamic nuclear polarization, which 
occurs through repeated Landau-Zener sweeps of the electronic spins states. After repeated Landau-
Zener sweeps, we find evidence for the suppression of transverse hyperfine fluctuations, indicative of 
the formation of a nuclear dark state. Together with numerical simulations, we show that this dark state 
is associated with synchronized precession of the nuclear spins, and without driving, it persists for more 
than 1 millisecond as determined by the nuclear spin dephasing time. We further show that driving the 
nuclear spins into the dark state increases the lifetime of the electronic spin states by at least an order of 
magnitude.Our results open new possibilities for investigations on decoherence-mitigation strategies and 
inter-particle correlations in central spin systems. Future directions include exploring the effects of spin-
orbit coupling, quantum correlations between nuclear spins, uses of the nuclear dark state as a quantum 
memory, and how the dark state limits the maximum achievable nuclear polarization in silicon quantum 
dots.  
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Theory of Higgs spectroscopy for 
Superconductors in non-equilibrium: latest results 
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Higgs spectroscopy is a new and emergent field [1-3] that allows to classify and to determine the 
superconducting order parameter by means of ultra-fast optical spectroscopy. There are two ways to 
activate the Higgs mode in superconductors, namely a single-cycle ‘quench’ or an adiabatic, multicycle 
‘drive’ pulse, both illustrated in Figure 1. In the talk I will review and report on the latest progress on 
Higgs spectroscopy, in particular on the role of the third-harmonic-generation (THG) [4-6] and the 
possible IR-activation of the Higgs mode by impurities or external dc current [7,8]. I also provide new 
predictions for time-resolved ARPES experiments in which, after a quench, a continuum of Higgs mode is 
observable and a phase information of the superconducting gap function would be possible to extract [9].  

Fig. 1. Top panel Higgs mode in the NEARS spectrum of optimally doped BISSCO for A1g and B1g polarization, 
respectively. Taken from Ref. [10.] Bottom panel: 2 ways for activation of the Higgs mode by light (left) 
Illustration of multi-cycle driving the Higgs mode: (right): Illustration of single-cycle quenching of the free 
energy potential. 

Finally, I discuss recent results on Non-Equilibrium Anti-Stokes Raman Scattering (NEARS) [10] and on 
two-dimensional coherent spectroscopy [11,12] where the Higgs mode has been observed experimentally. 
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Recent advances in the optical control of superconductivity in 
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Tailored optical excitation in certain high-TC cuprates has been shown to induce superconducting-like 
interlayer coherence at temperatures far above TC, as evidenced by the terahertz-frequency optical 
properties in the nonequilibrium state [1, 2]. In YBa2Cu3O6+x, this phenomenon was initially attributed 
to the nonlinear excitation of certain lattice modes in the mid infrared and the creation of new crystal 
structures [3]. More recent work, however, has associated this phenomenon to a parametric excitation 
and amplification of Josephson plasma polaritons, which are overdamped above TC but are made 
coherent by the phonon drive [4]. Here, we discuss our latest experiments in the field of optical control 
of superconductivity in YBa2Cu3O6+x, which have led to considerable advances both in optimizing the 
nonequilibrium state and understanding the underlying mechanism behind its formation. First, we 
investigated both the enhancement of the “superfluid density”, 2(, and the dissipative response of 
quasiparticles, 1(, by systematically tuning the duration and energy of the mid-infrared excitation 
pulse while keeping the peak field fixed [5]. We found that the photoinduced 2( 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 (see Fig. 1). Therefore, 
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.   

Fig. 1. a- Schematic of the mid-infrared (MIR) pump–THz 
probe experiment in YBa2Cu3O6.48. The sample is excited by a 
MIR pump pulse (yellow) polarized along the crystal c-axis, 
resonantly driving apical oxygen phonon modes as indicated 
inside the yellow shading. The subsequent changes in the low-
frequency optical properties are sampled by a broadband, also 
c-polarized THz probe pulse (grey). b- Evolution of the 
transient spectral weight and (c) of the coherent 
superconducting-like response measured at the time delay 
corresponding to the peak of the light-induced response, as a 
function pump pulse duration. The top horizontal axis indicates 
the pump fluence which increases linearly with the pump pulse 
duration to keep the peak electric field constant. The red and 
blue horizontal dashed lines in (b) indicate the equilibrium 
spectral weight values at T = 100 K and T = 10 K, respectively, 
while that in (c) refers to the equilibrium superfluid density at T 
= 10 K. Equivalent temperatures are reported on the right axes.  

Second, in another recent experiment we went beyond conventional pump-probe schemes and acquired 
two-dimensional frequency maps using pairs of mutually delayed, carrier envelope phase stable mid-
infrared pump pulses, combined with measurements of the time-modulated second-order nonlinear 
optical susceptibility [6]. We found that the driven zone-center phonons amplify coherent pairs of 
opposite-momentum Josephson plasma polaritons, generating a squeezed state of interlayer phase 
fluctuations. This squeezed state is a potentially important ingredient in the microscopic physics of 
photo-induced superconductivity in YBa2Cu3O6+x as well as in other materials.
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Achieving solid-state coherent electronics requires controlling light-induced carrier generation and 
motion on the one-femtosecond-scale to beat incoherence via equilibration. Because the durations of 
carrier and photon wavepackets are dictated by their spectral bandwidth, observing sub-femtosecond 
dynamics requires exploiting extreme ultraviolet laser pulses or nonlinear optical effects.  
Carriers created via multi-photon absorption or strong-field injection are spectrally broad, and their 
energy spread in the conduction band is hard to predict. We avoid these complicated initial states by 
implementing extreme ultraviolet-inject and visible-drive photoconductive sampling (Fig. 1a) [1]: First, 
we single-photon-excite carriers from the valence to the conduction band of lithium fluoride (LiF, 

        eV) using a ~1-fs long extreme ultraviolet light pulse generated via high-harmonic 
generation. Then, using the electric field of a delayed, carrier-envelope-stable, visible laser pulse, we 
drive the crystal momentum of the photocarriers and generate a macroscopic current that we detect using 
electrodes on the sample surface (Fig. 1b). At low drive intensities, we find that the current is linear to 
vector potential of the driving laser field at the instant of carrier injection. 
At increased driving field, the delay-dependent current deviates from the vector potential (Fig. 1b). We 
identify two contributions to the deviations (Fig. 1c): at the maxima of the observed current, the driving 
laser field can move carriers into non-parabolic regions of the band structure. This effect crops such 
maxima locally and is fully reversible after the maximum. When further increasing the driving field, the 
carriers are pushed near the Brillouin zone edge, where the distance to the second conduction band 
decreases. Here, the drive laser can non-adiabatically excite them to the second conduction band, a non-
reversible transition that inverts the group velocity of the involved carriers. Because these transitions 
only occur after carriers have been propelled to the Brillouin zone edge, they modify the current signal 
before the driving laser pulse maximum and can be recognized by their timing. 
This observation highlights that populating multiple adjacent conduction bands diminishes light-driven 
currents, allowing us to formulate a Fourier-type upper limit for the speed of efficient optoelectronics: 
carriers in an optoelectronic device made from a material possessing a conduction band with bandwidth 
     can most efficiently generate light wave-driven currents if the duration of the carrier wavepacket 
exceeds        

      
    
 

           

Fig. 1: a) Experiment: an 
extreme-ultraviolet laser 
pulse excites carriers from 
the valence to the 
conduction bands of LiF. 
The electric field of a visible 
few-cycle laser pulse 
modulates their momentum. 
This accelerates the carriers 
and creates a macroscopic 
current. b) the measured 
current versus the delay 
between the extreme 
ultraviolet and the visible 
light pulses at different 
driving field strengths.  
c) semiconductor-Bloch-
equation-modeled carrier 
dynamics in LiF. From [1]. 
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The fascinating field of ultrafast spin physics has recently opened a new research direction in THz 
physics [1]. The main concept relates the generation/transport of ultrafast spin current to the emission of 
THz radiation. Such effect takes place after femtosecond laser pulse excitation of nanostructures which 
are composed of magnetic (FM) and non-magnetic (NM) ultra-thin layers [2]. The spin current is 
converted to an ultrafast charge current that is able to emit THz radiation. The key factor that defines the 
strength of the THz emission is the transfer of the spin current across the FM/NM interface. Such 
FM/NM nanostructures, the so-called spintronic THz emitters (STEs), hold the promise for the next 
generation of THz technologies, since they are able to provide high field strengths [3], spatiotemporal 
modulation of the THz beam [4] and a very wide spectrum reaching up to 30 THz [1,2]. Future 
applications of the effect on THz devices need the better understanding of ultrafast spin physics and 
reliable control of spin current generation and transport. Furthermore, the subsequent charge current 
dynamics need to be taken into account in terms of shaping the THz bandwidth and signal strength [5].In 
this work, we are addressing the need for controllable spin and charge current properties by investigating 
material aspects of the spintronic emitters. Although many materials have been so far studied as 
potential STEs [6], still the goal for a better functional THz emitter has not been fulfilled. We will 
present results from ‘unconventional’ STEs such as alloys of FePt, antiferromagnetic layers and emitters 
with different structural and magnetic anisotropies.We first refer to the need of finding the best material 
combination of ferromagnetic (FM) and nonmagnetic (NM) layer. We show how we can drastically 
modify the THz emission by inducing alloyed FM/NM phases.  We use Fe/Pt bilayers as a model system 
to induce different alloyed phases in the layers [7]. We show that a graded structure of Fe/L10-FePt/Pt 
can boost the THz emission. We also reveal the role of other phases like the Fe3Pt and FePt3 which can 
also modify the strength of the spin current and the interface transmission. Next, we probe the role of 
very thin antiferromagnetic interlayers like NiO and CoO in Ni(Co)/NiO(CoO)/Pt heterostructures in 
transporting ultrafast spin current and subsequently emitting THz radiation [8]. We show that 
antiferromagnetic layers are able to transport spin current and modify the THz spectrum. Furthermore, 
we focus on different crystallographic phases of the non-magnetic layers where the spin-to-charge 
conversion is taking place. We present the cases of Pt and Ta where the layers exhibit different 
crystallographic growth modes in the spintronic heterostructure.  

Fig. 1. Left: Schematic of THz-Time 
Domain Spectroscopy (THz-TDS) 
system used for our measurements. [7]  
Right: Large THz emission signals 
from modified Fe/Pt structures. The 
tetragonal alloyed phase (shown as an 
inset) induces the strongest signal 
compared to Fe/Pt bilayers and other 
FexPt1-x alloys.  

We show that a phase transition of Ta and a polycrystalline to epitaxial transition of Pt are able to 
reconstruct the THz emission and bandwidth. Our results show that materials engineering have a great 
influence in THz spintronic heterostructures and it can be of highly importance topic for the future 
applications of THz spintronics.
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We investigate BaNiS2, a prototype of correlated Dirac semimetal with Dirac states positioned along the 
Γ−M symmetry line. Our interest lies in understanding how the band inversion mechanism and the 
formation of Dirac cones are influenced by p−d hybridization and charge transfer gap within this system. 
A recently published work indicate that substituting Ni for Co can alter both properties, thereby allowing 
for the movement of the cones along the aforementioned symmetry line [1]. Specifically, as the Ni 
concentration increases in BaCo1-xNixS2, the cones shift away from Γ and decrease in energy. Notably, x 
also serves as a control parameter affecting the strength of electronic correlations, leading to a notable 
Mott metal−insulator transition and influencing spin−orbit coupling. These observations underscore the 
efficacy of chemical substitution as a means to manipulate Dirac states in BaCo1-xNixS2, with charge 
transfer serving as a crucial control parameter [2]. Furthermore, an alternative method for manipulating 
the Dirac states of BaNiS2 is using alkali-metal deposition on its surface [3]. Through a combination of 
conventional angle-resolved photoemission spectroscopy (ARPES) and time-resolved (trARPES) 
techniques (Fig. 1a), coupled with first-principles calculations, we have successfully probed and 
theoretically elucidated the effects of surface doping on the electronic structure of BaNiS2 in situ (Fig. 
1b and 1c). 

Fig.1. a) Experimental geometry of 
the trARPES setup. b) ARPES 
images for the dz2 and dx2−y2 bands 
forming a    Dirac linear 
dispersion. c) Curves extracted from 
the experimental Dirac states in b) 
for different alkali metal (here K) 
dosing time. d) ARPES images for the 
dz2 band and e) for the dx2−y2 bands, 
and their respected difference 
trARPES images (after photo-
excitation minus before 
photoexcitation): red and blue in the 
color scale indicate gain and loss of 
photoemission yield, respectively 

Moreover, we illustrate that ultrafast light pulses have the profound ability to substantially modify the 
Dirac states and transport characteristics of this Dirac semimetal [4]. Utilizing trARPES, we reveal that 
photoexcitation induces a significant decrease in the Fermi velocities of Dirac electrons (Fig. 1d and 1e). 
This striking phenomenon is complemented by non-rigid, orbital-dependent band shifts occurring at the 
center of the Brillouin zone. These findings are corroborated by dynamic alterations in the screening 
length of non-local interactions. 
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Using RT-TDDFT calculations with the ELK code, we compare the excitation pattern and 
nonequilibrium dynamics in metal-metal vs. metal-insulator heterostructures. As an example for the 
latter we investigated Fen/(MgO)m(001) with a varying number of layers of both constituents (n=1-5, 
m=3-7) [1-3] and found a strong anisotropy of response depending on the orientation of the electric field 
and laser frequency. The metal part is excited most efficiently by in-plane laser pulses with frequencies 
below the band gap of the insulator, whereas a strong excitation of MgO occurs predominantly for out-
of-plane orientation of the electric field and frequencies above the band gap of MgO. From the analysis 
of the spin- and layer resolved changes of the density of states (Fig. 1, left) a concerted mechanism of 
excitation was identified, that comprises a transfer of carriers from the top of the valence band of MgO 
to states above the Fermi level in Fe and - simultaneously - from states in Fe just below the Fermi level 
to the conduction band of MgO, mediated by hybridized states at the interface. This effective 
bidirectional transfer of hot carriers between the d-states of the transition metal part and the valence and 
conduction band states of the insulating subsystem may be applicable to a broader class of 
metal/insulator heterostructures. Fe5/Au5(001) serves as a model system for a metal-metal 
heterostructure [4]. From the layer-resolved changes in occupation numbers at 20.2 fs after the 
excitation with a 2 eV pulse, also here we observe a much richer behavior in the heterostructure as 
compared to the corresponding bulk constituents. Both for bulk Fe and the Fe layers in the 
heterostructure, a significantly enhanced number of excited electrons appears around 1 eV and 1.7 eV in 
the minority channel due to the availability of unoccupied 3d states above EF in contrast to the majority 
3d states, that are largely occupied. While excitations below ~0.6 eV are nearly absent in bulk Fe, they 
are pronounced in bulk Au, stemming from the localized occupied Au 4d band at ~-2 eV and appear also 
in the Fe5/Au5(001) heterostructure, as a result of hybridization effects at the interface.  

Fig. 1. Spin- and layer-
resolved changes in the density 
of states ΔD(E) = 
D𝜎𝜎(E,20fs)−D𝜎𝜎(E, 0) Left: of  
the central and interface layers 
of Fe and MgO in 
Fe5/(MgO)7(001), excited with 
an out-of-plane laser pulse 
with hν = 7.75 eV. Purple and 
green arrows indicate 
concerted transfer and 
excitation of carriers. Adapted 
from Ref. [3]; Right: in a 
Fe5/Au5(001) heterostructure 
and bulk Fe and Au. Adapted 
from Ref. [4].Blue: positive 
sign, accumulation; Red: 
negative sign, depletion of 
occupation. The upper panels 
refer to the majority spin 
channel and the lower panels 
to the minority spin channel. 

Since mainly minority spin carriers from Fe are transferred through the interface, this generates a 
noticeable spin-polarization in the interface Au region. 
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Multi-dimensional Coherent Terahertz Spectroscopy (THz-MDCS) is a new tool for studying with 
unprecedented resolution and controlling quantum materials by using a pair of phase-locked, intense 
Terahertz (THz) laser pulses [1]. Establishing this experimental technique in superconductors and 
topological materials requires solving a non-equilibrium many-body problem [2-5] that spans across 
several fields of current interest, including light-induced superconductivity, parametric driving of 
metastable phases, and quantum entanglement of supercurrent qubits. In this talk, we will discuss two 
examples of how THz-MDCS can be used to control and characterize strong nonlinearity and quantum 
interference not achieved so far in superconductors. The first example, observation of quantum echo signals 
(Fig. 1), demonstrates constructive and destructive interference of time-delayed Higgs and quasi-particle 
coherences, along with preservation and retrieval of the phase coherence amid multiple such excitations [6]. 

Fig.1.Left:(a) Theoretical prediction of 
Higgs echo nonlinear peaks centered at 
the symmetry-forbidden Higgs frequency 
and displaced along the vertical axis that 
measures the phase coherence between 
two time-delayed  excitations.  
(b) Demonstration of quantum echo 
arising from temporal modulation, δΔ, of 
the superconductor order parameter.  
Right: (a) Experimental observation of 
quantum echo peaks in the THz-MDCS 
spectra of Nb at 4K. (b) Higgs echo 
signals diminish by increasing the 
temperature from 4K to 8K 

We discuss the unconventional quantum echo signal arising from Higgs coherence in a niobium 
superconductor, and identify distinct experimental signatures attributed to anharmonicity. In particular, a 
THz pulse-pair time modulation of the superconducting gap generates a “time grating” of coherent Higgs 
population, analogous to exciton discrete states in semiconductors, which scatters echo signals distinct from 
conventional spin- and photon-echoes in atom and semiconductor continua. Notable differences from 
conventional behaviors include Higgs echo satellite peaks occurring at frequencies forbidden by equilibrium 
particle-hole symmetry, an asymmetric time delay in the echo formation, and negative time signals attributed 
to Higgs-quasiparticle anharmonic coupling absent for two-level system continua. As a second example, we 
discuss a dynamical transition to a soliton state that is periodically driven by intense multi-cycle THz 
excitation of the continuum states of an iron-based superconductor with strong inter-band couplings [7]. The 
delayed transition to such THz-driven state during the pulse, Fig. 2, is marked by the emergence, above 
excitation threshold leading to quasi-particle population inversion, of Floquet-like spectral sidebands 
centered well below the superconductor energy gap. These protected low-frequency peaks, observed for the 
first time here, display nonlinear dependences on temperature and THz laser field that differ from those of 
the second harmonic peak (Figs. 2 (d) and (e)). We attribute them to the THz-driven time delayed 
synchronization of a continuum of pseudo-spin oscillators whose phases lock in a way analogous to Dicke 
superradiance. While in synthetic matter with ultracold atoms order parameters governed by soliton 
oscillations have been identified, solitons in solid state superconductors have eluded observation until now. 
A grand challenge of fundamental quantum science and information technology lies in overcoming the 
dephasing bottlenecks that impede high-coherence of solid state systems. Our demonstration of THz solitons 
controllable by the laser field holds promise for quantum memory and sensing applications utilizing the 
enhanced coherence of a macroscopic pseudo-spin. At the same time, our demonstration of a temporal Higgs 
grating of the superconductor order parameter, controlled by the relative phase of a THz pulse-pair, paves the 
way for steering a quantum system during cycles of THz wave oscillations towards eigenstates that can form 
a temporal Floquet lattice. 



Fig. 2. Emergence of soliton sideband peak in 
pump-probe spectra for ω0=1THz driving of 
iron-based superconductors. (a): High field 
pump-probe signal develops new persistent 
oscillations after the pulse has peaked. (b) 
Soliton sideband peak develops in pump-probe 
spectrum at frequency Δω well below the 
superconductor energy gap at ~6.8meV. 
Compare with the fundamental and second 
harmonic peaks. Inset:  Time and frequency 
dependence of order parameter for low and high 
pump fields. Soliton state emerges during the 
second part of multi-cycle THz pump in multi-
band superconductors with strong inter-band 
interactions. (c) Comparison of pump-probe 
spectra in log-linear scale for pump fields as in 
(a). (d),(e):Comparison of temperature 
dependencies between soliton sideband (d) and 
second harmonic (e) peaks. 

By using THz-MDCS to observe such processes with a resolution superior to that of previous experiments, 
one can provide missing steps towards practical Floquet engineering and quantum coherent tomography in a 
wide range of quantum systems. Future coherent control experiments could contribute to transformative 
advances in quantum logic and electronic functionalities that can reach the ultimate sub-cycle speed limit. 
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Optical Properties of two-dimensional materials 
V. Perebeinos 

University at Buffalo SUNY, 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 
absorptions [1], photoluminescence spectra [2], and polariton spectra [3] 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. 

Fig. 1. Left: Temperature dependence of the 
photoluminescence trion peak in MoS2, where 
non-monotonic behavior is due to the low-lying 
dark trion states [2].  
Right: Doping dependence of the transition 
energies in MoS2. The size of the circles are 
proportional to the oscillator strengths of the 
excited states [4]. 

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. 
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Parametric quantum control for superconducting and hybrid quantum devices 
W. Pfaff 
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Hybrid quantum systems provide a unique opportunity for combining the advantages of different physical degrees 
of freedom into a single device; for instance, coupling qubits to ultra-coherent solid-state spins could unlock 
quantum memories with unprecedented coherence times [1]. Conversely, combining qubit degrees of freedom 
with other systems is a promising path toward new, quantum-limited sensing techniques. It remains an 
outstanding problem, however, to realize efficient interfaces between different degrees of freedom such that 
benefits outweigh the challenges. Recently, parametric control of superconducting quantum circuits has emerged 
as a promising route for interfacing weakly coupled, highly coherent circuit modes [2-4]. Here, the Josephson 
junction of superconducting qubit devices is effectively employed as a nonlinear medium, allowing pumped 
mode-conversion. Crucially, this leads to drive-controlled, fast exchange of excitations at rates that may exceed 
static coupling strengths. This raises the opportunity for fast and efficient control of hybrid circuits as well. 
Specifically, we are interested in realizing systems in which collective excitations of solid-state spins, such as 
magnons [5] or collective modes in highly coherent rare-earth (RE) dopant spins [6], are controlled through 
superconducting quantum circuits.         

Fig. 1.a. Four-wave mixing in 
Josephson junctions enables fast 
mode conversion, akin to driven 
sidebands; b, fast and high-fidelity 
swaps of excitations between a 
superconducting qubit and a 
resonator; this enables fast inter-
qubit gates through bus modes; c, 
hybrid quantum circuits are 
composed of a 3D cavity, rare-
earth doped crystal (seen in 
between the ‘bowties’), and on-
chip quantum circuit; d, RE spins 
of Yb171 dopants detected through 
hybridization with the cavity. 
Black lines: cavity readout signal 
at various magnetic field 
magnitudes and angles; detection 
results in ‘dips’ in cavity signal 
when cavity hybridized with spins 
(predicted by intersections with 
the solid lines). 

I will discuss our recent progress in developing parametrically controlled superconducting circuits, and how this 
effort has enabled a flexible toolkit for interfacing weakly coupled quantum degrees of freedom. Enabled by 
strong parametric pumping, we have realized fast and high-fidelity two-qubit gates between superconducting 
transmon qubits located on different chips, coupled only through a detachable cable connection. This result shows 
that parametric control enables highly efficient quantum interfaces for composite systems. To transfer this 
approach to the platform of hybrid circuits, we have combined solid-state spins with microwave cavities, which in 
turn are coupled to parametrically controllable Josephson circuits. Initial results have shown coherent interactions 
between all components of these devices, and we have shown sensitive spin-detection as well as controlled 
hybridization between spins and circuit modes. These results lay the foundation for a powerful and versatile 
interface for hybrid quantum systems and will enable us to realize new classes of quantum devices, such as spin 
memory-enhanced quantum circuits. 
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Understanding the ultrafast emergence of a 
Skyrmion phase in a ferromagnet 

B. Pfau 
Max Born Institute for Nonlinear Optics and Short Pulse Spectroscopy, 12489 Berlin, Germany 

Femtosecond lasers provide a unique tool to excite and investigate matter in highly excited, non-
equilibrium states. In magnetic materials, laser excitation can result in transient ultrafast 
demagnetization or even permanent magnetization switching. Highly excited states may also transition 
into magnetic states which remain hidden during adiabatic field sweeps or after slow excitation. I will 
report on a recently discovered phase transition in ferromagnetic Co-based multilayers with 
perpendicular magnetic anisotropy where laser excitation leads to the formation of a topological 
skyrmion phase [1]. The skyrmions formed are solitonic nanometer-scale spin textures that are 
intrinsically stabilized even at room temperature by stray fields and asymmetric exchange 
(Dzyaloshinskii–Moriya interaction, DMI) in the ferromagnetic material.Insight into the laser-induced 
formation mechanism comes from pump–probe resonant scattering experiments at x-ray free-electron 
lasers. These experiments have demonstrated that the transition proceeds at unprecedented speed, with 
the topology change completed after 300 ps (Fig. 1) [1]. In concert with atomistic simulation, our 
experiments further reveal that a fluctuation state created by the laser pulse mediates the topological 
phase transition. During this transient, high-temperature state, the lateral ferromagnetic order and the 
coupling between the magnetic layers are dissolved, leading to the effective elimination of the energy 
barrier for topological transitions. Skyrmions then freeze out from this fluctuation phase by an 
increasing imbalance of the skyrmion nucleation rate and their decay rate during cool down. In this 
process, the strong dependence of the nucleation rate on the applied field provides a knob to tune the 
density of the final skyrmion phase. We are able to produce states raging from densely packed 
skyrmions down to states with single skyrmions in the excited area, providing perspectives for 
applications [2]. As the skyrmions nucleate from magnetic fluctuations, they appear randomly 
distributed in the material. We have developed two methods to control the position of the nucleation 
sites in the material. The first method is based on focused-ion beam modification of the local magnetic 
anisotropy using He-ions (Fig. 1) [3]. In our second approach, we use metallic nanostructures on the 
backside of the magnetic films that lead to a local modification of the laser excitation amplitudes [4]. 
Both methods allow for reliable nanoscale localization of the skyrmions.  

Fig.1.Left:Time-resolved 
scattering signal tracking the 
formation of the skyrmion 
phase after ultrafast laser 
excitation. The images of the 
initial homogenously 
magnetized state and the final 
skyrmion state were recorded 
separately with x-ray imaging. 
[1].  Right: Laser-induce 
formation of skyrmions 
controlled by local He-ion 
irradiation. [3] 

In the future, these developments may provide the control required for pump–probe experiments to 
image the ultrafast formation of a single skyrmion. 
References 
[1]   F. Büttner, B. Pfau, M.Böttcher,  M.Schneider,  G.Mercurio,  C.M. Günther,  P.Hessing,  C.Klose, A. Wittmann,  K.Gerlinger, L.-M.  Kern,C. C.Strüber 

  C. von  Korff Schmising, J. Fuchs, D. Engel,   A. Churikova,  S. Huang,   D.Suzuki,  I.Lemesh,  M.Huang, L.Caretta, D.Weder,    J.H. Gaida, M. Möller  
  T.  R.Harvey, S. Zayko,  K. Bagschik,   R. Carley,  L.  Mercadier,  J. Schlappa,   A. Yaroslavtsev,  L. Le Guyarder, N. Gerasimova,  A. Scherz, C. Deiter 
  R. Gort, D.Hickin, J.Zhu, M.Turcato, D.Lomidze, F. Erdinger,  A.Castoldi,  S.Maffessanti, M.Porro,  A. Samartsev, J. Sinova,  C. Ropers,  J. H.Mentink    
  B. Dupé,  G.S. D. Beach, S. Eisebitt, Nature Materials 20, 30 (2021). 

[2]  K. Gerlinger, B.Pfau, F.Büttner, M.Schneider, L.-M. Kern,J.Fuchs,  D. Engel, C. M. Günther, M. Huang, I. Lemesh, L.Caretta, A. Churikova,  P.Hessing  
   C. Klose, C.Strüber, C.von Korff Schmising, S.Huang, A. Wittmann, K.Litzius, D.Metternich, R. Battistelli, K. Bagschik, A.Sadovnikov, G.S. D. Beach  

       S. Eisebitt, Applied Physics Letters 118, 192403(2021). 
[3]  L. Kern, B.Pfau,V.Deinhart, M.Schneider,  C. Klose,  K. Gerlinger,  S.Wittrock,  D.Engel,  I.Will,  C. M. Günther,  R.Liefferink,  J.H. Mentink, S.Wintz 

  M.Weigand,M.-J. Huang,R. Battistelli,D.Metternich,F. Büttner,K. Höflich,S. Eisebitt, Nano Letters 22, 4028 (2022). 
[4]  L. Kern, B. Pfau,   M. Schneider,  K. Gerlinger,  V. Deinhart,   S. Wittrock,  T. Sidiropoulos,   D. Engel,   I. Will,   C. M. Günther,   K. Litzius,  S. Wintz  

  M.Weigand, F. Büttner, S. Eisebitt, Physical Review B 106, 054435(2022). 

https://www.nature.com/articles/s41563-020-00807-1#auth-Marie-B_ttcher-Aff3
https://www.nature.com/articles/s41563-020-00807-1#auth-Michael-Schneider-Aff2
https://www.nature.com/articles/s41563-020-00807-1#auth-Giuseppe-Mercurio-Aff4
https://www.nature.com/articles/s41563-020-00807-1#auth-Christian_M_-G_nther-Aff5-Aff6
https://www.nature.com/articles/s41563-020-00807-1#auth-Piet-Hessing-Aff2
https://www.nature.com/articles/s41563-020-00807-1#auth-Christopher-Klose-Aff2
https://www.nature.com/articles/s41563-020-00807-1#auth-Angela-Wittmann-Aff1
https://www.nature.com/articles/s41563-020-00807-1#auth-Kathinka-Gerlinger-Aff2
https://www.nature.com/articles/s41563-020-00807-1#auth-Christian-Str_ber-Aff2
https://www.nature.com/articles/s41563-020-00807-1#auth-Josefin-Fuchs-Aff2
https://www.nature.com/articles/s41563-020-00807-1#auth-Dieter-Engel-Aff2
https://www.nature.com/articles/s41563-020-00807-1#auth-Alexandra-Churikova-Aff1
https://www.nature.com/articles/s41563-020-00807-1#auth-Siying-Huang-Aff1
https://www.nature.com/articles/s41563-020-00807-1#auth-Daniel-Suzuki-Aff1
https://www.nature.com/articles/s41563-020-00807-1#auth-Ivan-Lemesh-Aff1
https://www.nature.com/articles/s41563-020-00807-1#auth-Mantao-Huang-Aff1
https://www.nature.com/articles/s41563-020-00807-1#auth-Lucas-Caretta-Aff1
https://www.nature.com/articles/s41563-020-00807-1#auth-David-Weder-Aff2
https://www.nature.com/articles/s41563-020-00807-1#auth-John_H_-Gaida-Aff7
https://www.nature.com/articles/s41563-020-00807-1#auth-Marcel-M_ller-Aff7
https://www.nature.com/articles/s41563-020-00807-1#auth-Sergey-Zayko-Aff7
https://www.nature.com/articles/s41563-020-00807-1#auth-Kai-Bagschik-Aff8
https://www.nature.com/articles/s41563-020-00807-1#auth-Robert-Carley-Aff4
https://www.nature.com/articles/s41563-020-00807-1#auth-Laurent-Mercadier-Aff4
https://www.nature.com/articles/s41563-020-00807-1#auth-Justine-Schlappa-Aff4
https://www.nature.com/articles/s41563-020-00807-1#auth-Alexander-Yaroslavtsev-Aff4
https://www.nature.com/articles/s41563-020-00807-1#auth-David-Hickin-Aff4
https://www.nature.com/articles/s41563-020-00807-1#auth-Jun-Zhu-Aff4
https://www.nature.com/articles/s41563-020-00807-1#auth-Monica-Turcato-Aff4
https://www.nature.com/articles/s41563-020-00807-1#auth-David-Lomidze-Aff4
https://www.nature.com/articles/s41563-020-00807-1#auth-Florian-Erdinger-Aff9
https://www.nature.com/articles/s41563-020-00807-1#auth-Stefano-Maffessanti-Aff8
https://www.nature.com/articles/s41563-020-00807-1#auth-Matteo-Porro-Aff4
https://www.nature.com/articles/s41563-020-00807-1#auth-Andrey-Samartsev-Aff4
https://www.nature.com/articles/s41563-020-00807-1#auth-Jairo-Sinova-Aff3
https://www.nature.com/articles/s41563-020-00807-1#auth-Claus-Ropers-Aff7
https://www.nature.com/articles/s41563-020-00807-1#auth-Geoffrey_S__D_-Beach-Aff1
https://www.nature.com/articles/s41563-020-00807-1#auth-Stefan-Eisebitt-Aff2-Aff6
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;


Light-driven deterministic control of magnetism  
I. Radu 

European X-ray Free-Electron Laser, 22869 Schenefeld, Germany 

A long sought-after phenomenon and a core scientific driver in ultrafast science is the light-driven 
deterministic control of order parameters in solids (magnetism, ferroelectricity etc) on timescales 
comparable or even faster than the optical cycle of the photo-exciting light field. In this context, a 
particularly appealing approach is the use of strong THz and mid-IR fields (MV/cm and higher) that can 
drive elementary excitations (phonons, magnons), long-range quantum phases as well as phase 
transitions on their intrinsic energy- and time-scales [1-3]. Here, I will showcase the latest developments 
in our projects on ultrafast magnetism by employing light-spin interactions in a strong-field regime and 
demonstrate THz-driven ultrafast magnetization reversal of a magnetically ordered material using 
linearly polarized, single-cycle THz pulses. We observe a fully deterministic switching event occurring 
upon each single-shot THz pulse excitation of the investigated ferrimagnetic GdFe alloys, i.e. the so-
called toggle magnetization switching [4,5] – see Figure 1. The magnetization switching process evolves 
at unprecedented speeds down to sub-picosecond timescales, as stroboscopically probed with time-
resolved magneto-optics in the extreme ultraviolet (XUV) and visible (VIS) spectral range. Reaching 
switching amplitudes close to 100% within a few picoseconds our measurements reveal a highly 
efficient non-equilibrium energy transfer mechanism from the THz light pulse to the spin system, this 
novel spin switching behavior being solely driven by the electric (E) field of the THz pump pulse.  

Fig. 1: Left Schematic depiction of the experimental approach: Single-cycle THz pulses with variable central 
frequency and field strengths are used to photoexcitethe ferromagnetic GdFe alloys (Gd and Fe magnetic    moments 
are anti -ferro-magnetically coupled   in   the  ground state)   in   a  single  shot manner. Right:  Magneto-optical 
imaging of the GdFe sample after a single-shot and two-shot THz exposure at two different incident THz  fluences. 
The magnetization orientation of the sample is fully controlled back and forth by a linearly polarized, single-
cycle THz pulse  excitation (i.e. toggle magnetization reversal) in the absence of an external magnetic 
field,demonstrating the THz- driven all-optical magnetization switching phenomenon.  

Our findings demonstrate the ultrafast and deterministic control of magnetization using single THz 
pulses in the absence of a symmetry-breaking magnetic field, paving the way for an entire class of new 
experiments employing nonlinear light-spin interactions at THz frequencies. I will conclude with our 
future plans on implementing such strong-field THz/mid-IR sources in combination with ultrashort X-
ray pulses at the European XFEL.  
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Carrier dynamics in semiconductor structures under 
Photonic and electronic excitations 
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One of the critical issues Ultrafast Dynamics is the maintaining the metastability of light-induced 
nonequlibrium. It is an idea to use relatively long lasting processes that is linked to nonequlibrium - ones 
like acoustic phonons, carrier motion, specifically in semiconductors, the processes in the inner shell of 
the atoms, and so on, to envelope the nonequlibrium to make it lasting longer. It may provide a solution 
to nonequlibrium metastability. It is also may help to solve a problem of non-photonic nonequlibrium 
excitation leading to numerous technology applications. As matter of fact in low dimentionals structures 
the timing of even very slow processes like carrier motion and acoustic phonons run the same as 
photoinduced nonequlibrium in electronic structures-timing, say acoustic phonons in molecular-size 
(sub-nm) structure may be well below ps, that bring the use of features specific to the nonequlibrium to 
practical technology applications, like above THz electronics on chip and so on. Here we will discuss 
one of such processes - negative photoresponse-NPR, induced by below ps-pulse laser excitation. A 
nonintuitive result of the experimentally observed response [1] -Fig.1, a where instead of predicted 
unipolar response [2], has been demonstrates voltage polarity change.  As a matter of fact it does not 
affect the regular excitation with low intensity modulated signal-see the inset that in its turn, offers great 
opportunities for remote applications, like EO-IR sensing, optical communications, EW and so on.  NPR 
that is lasting up to ms and depends only on pump pulse intensity, is a combination of two factors-
electronic system excitation and low dimensionality (2D) defined by the nature of fs-excitation-resulted 
bleaching.  

Fig.1. NPR-excitation by  fs-laser 
irradiation of that is  lasting up to ms. 
a. experimental observation in Ge p-i-
n diode structure; 
b. nonequlibrium modeling results
based on theoretical model. From [3]. 

Recent discovery that "if, following ultrafast excitation, the carrier density and temperature are 
increased, and during relaxation the system reaches a state sufficiently close to the quasi-thermal 
equilibrium in which the carrier density is still elevated, but smaller than the intrinsic thermal 
equilibrium density at the elevated temperature, then the signal can become negative"  [3]-Fig.1.b. That 
result open a new opportunity for extending nonequlibrium lifetime in semiconductor structures-
specifically ones with p-n junctions. Despite the effect has been observed in bulk material the pulse 
propagation in semiconductors that demonstrates so called bleaching effect depending on pulse flight 
time -which is for 10fs  in Ge it is~0.75µm and with respect to Ge absorption is modeled in [4]Fig.2. 
Therefore, with respect to p-n junction lay out the dynamics in the structure pretty much follows to 2D.  

Fig. 2. Bleaching  in semiconductors. a. bulk p-i-n diode bleaching schematic; b, c  calculated bleaching  effects in 
bulk Ge. From  [4]. 



And it is plausible to maintain such a quasi-metastability with a train of relatively low pulse repetition 
rate ultrashort pulses. Making a layered structure where each layer is comparable with pulse time of 
flight and the NPR timing, it is possible to build layered structure maintaining practically indefinite 
metastability. If we look at that from the other side it is possible with respect to bleaching time and pulse 
time of flight to build a photovoltaic structure that can be used to maintain such qualities with very long 
pulses excitation or even wih CW sources. The same principle also can be used while train of electric 
pulses is used as a pumping source [7]. In such a case the only limitations for pulse width and, thereto 
pumping power will be the capacitance-C which is directly depends on layer thickness. And in such a 
case we may need a potential or bias to move pulses across a layer, While results of positive response is 
strongly depending on R-C parameters it will be plausible in low dimentionals semiconductor structures 
to see above mentioned enveloping of nonequlibrium with carrier velocity. Farther considering 
electronic pumping of such low dimensional structures Once tested in organic light emitting diodes [5] 
electronic pumping that strongly depends on capacitance-size of the structure demonstrated high 
efficiency in maintain nonequlibrium even in relatively thick materials.    

Fig.3. Schematic of thing layered heterostructure 
electrically pumped by train of electric pulses. 
From [5]    

Electronic phase-transition with electric pumping was experimentally demonstrated in double pump-
probe experiment [6], where phase transition were measured with respect to X-ray probe diffraction 
pattern with pumping both optically-100fs laser pulse and electrically with different step-voltages 
applied to the structure.   

Fig.4 .Similarity of transient structures 
formed under electrical and optical 
excitation. The static diffraction pattern is 
shown by the black curve. From [7].  

Switching to electronic pumping and using layered structures, like similar to twisted vdW structures, 
may allow on-chip broadband electronics using the principles of Ultrafast Dynamics and Ultrafast 
Bandgap Photonics.Not only electric pumping in combination with layered material structures is a 
plausible way to induce nonequlibrium but any other non-ultrashort laser pulse pumping is a way to 
pump high intensity pulse into a such structured material and it makes great prospective for proliferating 
nonequlibrium-related phenomena and effects in multiple applications: from peta-Hz electronics to 
remote sensing, photovoltaics in general, like the Sun-powered batteries, high-temperature 
superconductivity, magnetic switches and so on. 
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Advanced electronics for the clean energy future 
M. Ringer 

National Renewable Energy Laboratory, Golden, CO80401, USA 

Power electronics, and related semiconductor-based devices, are critical elements as increased renewable 
energy technologies are deployed globally.  It is imperative that these devices are readily available, 
manufactured efficiently, and comprised of elements that do not further constrict global supply chains for 
critical materials. NREL, along with Department of Energy (DOE) collaborators, developed scenarios that 
demonstrated the increased in renewable generation required to meet the aggressive decarbonization goals 
targeted by the U.S. government.  Figure 1a shows that between 300 and 400 GW of onshore wind, 100-300 
GW of solar photovoltaics, and 75-175 GW of offshore wind will be required to meet an 80% renewable 
energy penetration scenario [1].  With that penetration of renewables, increased power electronics to convert 
generated electricity (DC to AC in the U.S.) and to optimize the operation of these variable assets is critical 
to achieving the adoption of these technologies, and of the audacious carbon reduction targets that each will 
drive [2].  Estimates suggest that up to 80% of the generated power will flow through power electronics [3]. 

Fig. 1.  - Installed renewable capacity in the U.S. to 
.meet an 80% renewable energy 2050[1] 

         Fig. 2.  – Development of grid-ready power 
electronics at NREL –   from   material   discovery  to  
device  fabrication (Source: NREL planning presentation, 
2023)meet an 80% renewable energy 2050[1].

The development of the next generation of power electronics will require a multi-pronged research effort.  In 
addition to the materials science discoveries, the new devices that will evolve from these discoveries will 
need to be developed into devices that are resilient, manufactured effectively and evaluated at relevant power 
levels for operation.  NREL has developed a multi-disciplined team that is collaborating to get these next 
generation wide-bandgap power electronic devices commercialized. The team at NREL is utilizing the 
process illustrated in Fig. 2 to move from material discovery to devices validation.   

Fig. 3 (a) J-V results of a Schottky diode  with a 
diameter of 1 mm, measured as the  temperature is 
brought up to 410 °C.  
(b) Plot of ln(J−2V/T2) vs 1/kbT from fitting  the J-V 
data from part (a). Resulting barrier height from fitting 
this line is around 1.2 eV [4] 

NREL is looking at gallium oxide devices, at the materials level, to help lower costs, improve performance, 
operate at higher efficiencies, and increase reliability.  Recent work has demonstrated Fig. 3 that certain 
gallium oxides can reduce turn-on voltage by a factor of 10, with a corresponding reduction in on/off ratio 
[4].  These results show the potential impact that novel materials can achieve towards improve power 
electronic performance.  Any material that shows promising results must also be able to handle challenging 
(high temperature, aggressive operating environments) conditions.  NREL’s researchers have worked with a 
commercial partner to develop a 200kW, 1050 VDC SiC-based inverted to power a hybrid motor in a heavy-
duty construction vehicle.  Similar to the work completed for other vehicle-based power electronics, the 
evaluation for thermal management systems is required to remove the large amounts of heat that are 
produced by next generation power electronics [5]. Finally, once a material has been identified, and scaled to 
handle its operating environment, it must be evaluated at scale.  Modeling has demonstrated that a multilevel, 
back-to-back, inverter can be used successfully in grid forming applications [6]. The presentation associated 
with this abstract will discuss the importance of a balanced approach to scientific discovery, device scale-up 
and inevitable scale-up at relevant operating conditions.  The scientific community must be able to 
simultaneously identify new materials, and scale-up current technology to meet the stringent needs of a 
decarbonized energy future.   
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Ultrafast pump-probe nano-imaging: nano-movies 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 underlying the photophysical response 
of hybrid organic-inorganic perovskites.  Their photovoltaic performance and other photonic functions 
are still poorly understood in part because of the multi-scale chemical and structural heterogeneities. 
While polaron formation following the photoexcitation is believed to relate to the effective carrier 
transport observed, the elementary physical processes underlying 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].  

Fig. 2. (A) Ultrafast nano-imaging of 
photoinduced polaron dynamics in triple 
cation perovskites.  
(B)Ultrafast movie resolving heterogeneity 
in carrier dynamics and polaron radius 
underlying the performance of perovskite-
based photophysical devices of solar cells, 
lasers, and light emitting diodes.  

We then apply a combination of ground and excited state spectroscopic nanoimaging of the 
formamidinium (FA) cation vibration where we use vibrational solvatochromism as a probe of the static 
and dynamic evolution of the local molecular environment. A transient vibrational blueshift we model as 
signature of nano-scale spatial variations in the polaron-cation coupling based on a combination of 
vibrational Stark shift, FA orientation, and lattice-field effects [4]. 
The high degree of local variation in polaron-cation coupling dynamics points towards the missing link 
between the optoelectronic heterogeneity and associated carrier dynamics. The results suggest that there 
is a lot of room for improved synthesis and device engineering and that perovskite photonics 
performance is far from any fundamental limits.  
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Ultrafast dynamics of athermal electrons in metals  
T. Held1, C. Seibel1, S. Roden1, M. Uehlein1, P.D. Ndione1, S.T. Weber1, D.O. Gericke2, B. Rethfeld1 

1Rheinland-Pfälzische Technische Universität Kaiserslautern-Landau, 67663 Kaiserslautern, Germany 
2University of Warwick, Coventry CV4 7AL, United Kingdom

Femtosecond laser pulses irradiating solid materials induce a cascade of processes starting with the 
excitation of so-called hot electrons, proceeding through various relaxation processes and, at sufficiently 
high energies, inducing ultrafast structural dynamics. During irradiation, the energy is mainly absorbed 
by the electrons, which collectively reach a state far from equilibrium with an energy distribution 
deviating strongly from a Fermi distribution. The relaxation of such electrons to an equilibrated situation 
may include complex pathways since several scattering mechanisms act on different timescales. As a 
result, thermal electron distributions as well as highly excited electrons can exist much longer than the 
single-electron lifetime predicts. We simulate the dynamics of a large ensemble of excited electrons 
using complete Boltzmann collision integrals. We consider the density of states of the given metal and 
are able to identify characteristic features in the excited electron distributions. Figure 1a) shows 
athermal electron distributions in gold at different timesteps after an ultrashort excitation with visible 
light. Here, all electrons in the density of states indicated in the figure have been considered to belong to 
one effective band. Moreover, only electron-electron collisions have been activated.  Our approach 
allows to extract spectral electron densities [1], i.e. the occupation of certain energy ranges. Figure 1b) 
shows examples of such spectral electron densities in different energy ranges, as indicated in the figure. 
Depending on the energy, we identify two regions with qualitatively different behavior and a transition 
between them at a certain transition energy. Between the Fermi energy and the transition energy, the 
spectral densities continue to rise after the laser excitation. 

Fig. 1. a) Electron 
distribution of gold at 
various times after 
ultrashort laser 
excitation with visible 
light.  
b) Development of
spectral electron 
densities at various 
energies arising due to 
the interplay of various 
relaxation processes [1]. 

The transition energy is characterized by an almost constant electron density after the pulse, and we 
found it to be close to half the photon energy of the exciting laser. Above the transition energy, the 
spectral densities decrease after the excitation. We find that this complex behavior is caused by the 
interplay of electron lifetimes and secondary excitation mechanisms [1]. These results reveal that the 
temporal dynamics cannot be matched with a simple relaxation time approach.  For noble metals, sp- 
and d-electrons may have to be considered separately. Moreover, an occupational nonequilibrium may 
persist even after Fermi-distributions have been established. We have studied such case in a 
temperature-based approach and have determined the optical response of laser-excited gold over a broad 
range of timescales [2]. We now reconsider the dynamics from the initial athermal distribution to the 
occupational nonequilibrium with help of band-resolved Boltzmann collision integrals. First results on 
the electron dynamics will be discussed in the presentation. Moreover, we investigate how an 
occupational nonequilibrium affects the electron-phonon coupling strength. We find a strong 
dependence of the coupling parameter on the band occupation reflecting features of the band-resolved 
density of states [3]. Our results demonstrate the importance of nonequilibrium electron distributions on 
the heating of the crystal lattice and subsequent phase transitions. 
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Unpacking photoinduced phase transition in quantum materials: from Equilibrium 
to nonequilibrium 

C.-Y. Ruan 
Michigan State University, East Lansing, MI 48824, USA 

Early pioneering studies of photoinduced phase transition (PIPT) identified hallmark behaviors, such as 
domino effects, sensitivity to the initial condition, and the density-dependence [1],  as keys to bring 
light-induced metastable or even long-lived hidden phases with properties never seen under equilibrium 
conditions [2]. Such distinct signatures of PIPT were often identified in low-dimensional charge-transfer 
organic crystals that are prototypical correlated electron systems [3]. For inorganic systems, such as 
quais-1D and quasi-2D inorganic quantum materials, the PIPT dynamics demonstrated by recent 
ultrafast investigations seemed also to embody similar phenomenology but in a more subtle way [4,5].  
In this talk, I will seek to connect the hallmark PIPT behaviors with nonequilibrium many-body physics 
as a general framework [6] for understanding emergent behavior and nonequilibrium controls of hidden, 
metastable phases in quantum materials [5-9].  

Fig.1. Quantum material systems upon applying ultrashort laser pulses 
provide a rich platform to access excited material phases and their 
transformations that are not entirely like their equilibrium counterparts 
[9, 15]. 

The methodology we primarily draw to investigate the emergent behavior in PIPT is multi-message 
ultrafast measurements to probe the evolutionary process from nonequilibrium to equilibrium regimes 
and back.  The term evolution here may have two connotations:      (1) the photoexcited state evolves 
from a locally extended complex system into a more homogeneous macroscopic entity, but without a 
directly traceable linkage between the two functioning bodies; (2) the law of physics underpinning this 
phase transitions itself also evolves. Thus, the PIPT phenomenology naturally includes two key aspects 
behind the nonequilibrium many-body physics, namely the emergent phenomena and scale-dependent 
physics [7]. To identify the key traits of nonequilibrium evolution and scale-dependent physics, the 
datasets we employed to illustrate the phenomenology comes from correlative measurements uniting 
structural and electronic probes together [8], to map the property evolution based on local and global 
structure correlation functions [9]. In particular, the recent advances that achieved an improved 
spatiotemporal resolution based on diffraction contrast in high-brightness microscope systems critically 
aided the effort to push the nonequilibrium windows of observation down to sub-100 fs temporal and 
sub-picometer noise floor [10] – namely the few-particle excitation regime.   This new sensitivity hence 
makes it possible to bridge between the ultrafast photo-seeding process, the incubation stage 
(metastable), and the down-fall dynamics characteristic of the domino effects at later stage under a broad 
range of excitation to identify the multi-pronged and multi-thresholded processes behind PIPT [11].Two 
examples will be given to illustrate this phenomenology: (1) Scale-dependent self-organization in 
vanadium dioxide thermally induced and photoinduced phase transitions [12,13]. (2) Disorder to order: 
Nonequilibrium universal dynamics in the condensation of 2D charge-density waves [14,15]. We hope 
to illustrate that while in all thermodynamical phase transitions converge to the familiar equilibrium 
dynamics and phase diagrams, upon driven far from equilibrium the systems may display various routes 
towards nonthermal phases and there is no single overarching principle governing the entire 
evolutionary process from equilibrium to nonequilibrium stages. 
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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 NbSe2 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].   

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. [1].   

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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Comprehension of anisotropic materials is crucial for developing polarization-sensitive photodetectors and 
polarizers [1]. Binary II-V semiconductors are among the most promising candidates to reach this goal, 
exhibiting anisotropic optical and electronic responses [2]. This family includes ZnAs2: its energy absorption 
edge varies by more than 30 meV when light polarization is rotated from parallel to orthogonal to the 
crystallographic c-axis, while reflectivity is 1.5 times larger when the electric field is parallel to the c-axis, both 
in the region of transparency [1.2 um - 20 um] and at energies larger than the optical gap [2, 3, 4]. What gives 
rise to these properties is still an open question. To address this inquiry, we have mapped the band structure of 
ZnAs2 using angle-resolved photoemission spectroscopy (ARPES): the different effective masses of the valence 
band along ΓB and ΓZ directions of the Brillouin zone are the clear fingerprint of the optical anisotropy 
previously outlined.  

Fig. 1. (A) Crystal structure of ZnAs2 showing in 
red the cleave plane [3].  
(B) Occupied valence band structure measured 
with 56 eV photon energy, the zero energy scale is 
set to the maximum of the valence band (VB). (C) 
Calculated band structure is adapted. (D) and (E) 
Conduction band transiently populated by an 
above gap (1.8 eV) optical excitation (pump). The 
polarization of the probe, with an energy of 6 eV, is 
horizontal (D) and vertical (E), respectively. 

Furthermore, to disclose the unoccupied states, we have carried out time-resolved ARPES measurements, 
revealing lifetimes of several tens of picoseconds and a unique splitting in the transiently populated conduction 
band while probing with vertical polarization that cannot be reproduced by ab initio calculations. The goal of 
our activity is to clarify the origin of this behavior in the conduction band which may pave the way to the use of 
ZnAs2, and II-V semiconductors, in optoelectronic devices, leveraging their large anisotropic properties, and 
the long-lasting charge populations induced by light absorption in the visible spectral range. 
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Exploring supersolid formation in polariton condensates 
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Polaritons are unique quasiparticles resulting from the coupling of excitons with confined photons in 
semiconductors. Their hybrid light-matter nature has facilitated the study of various fundamental phenomena 
and the proposal of numerous technologically relevant applications, offering advantages such as low energy 
consumption, dissipation-less operation, and high clock frequencies [1]. Moreover, polaritons exhibit 
captivating macroscopic quantum phenomena, including superfluidity, quantized circulation, and parametric 
effects, to name a few. In this work, we explore the potential observation of supersolid formation in a polariton 
condensate. By utilizing patterned waveguides to fold propagating polariton modes within the light cone, we 
induce the creation of topologically protected states where condensation occurs at very low thresholds. [2-4] 
Through the spontaneous parametric scattering into higher modes within the waveguide, we observe a 
modulation atop the condensate, suggesting the emergence of a supersolid phase. These findings are pioneering 
in demonstrating the feasibility of realizing a supersolid in a photonic structure and could pave the way for 
discovering new regimes and physical phenomena. 
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An ultrafast and depth-resolved view on all-optical 
Switching of in-plane magnetization 
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All-optical magnetic switching (AOS) describes the ability to deterministically switch the magnetization 
of a nanolayer exclusively by light and without applied magnetic fields [1]. Typical laser pulse durations 
of femto- to few picoseconds render this approach orders of magnitude faster than current field-driven 
technology, e.g., in state-of-the-art magnetic hard drives. AOS has so far been observed for a range of 
nanoscale transition metal (TM) and rare earth (RE) based alloys and multilayers, but the underlying 
mechanisms are still under investigation [2,3]. Ultrashort pulses of soft-X-ray radiation have been an 
inevitable tool for disentangling the dynamics of the different magnetic elements in materials exhibiting 
AOS [4] and their short wavelength also enabled AOS on a nanometer lateral scale [5]. In this work, we 
reveal the spatiotemporal evolution of AOS along the depth of a magnetic heterostructure consisting of a 
10-nm thin, in-plane magnetized, ferrimagnetic GdCo layer [6]. To this end, we perform femtosecond 
transverse magneto-optical Kerr effect (TMOKE) spectroscopy at the Gd N5,4 resonance at a laser-
driven high-harmonic generation (HHG) source [7]. The comparison of the angle- and energy-resolved 
data with magnetic scattering simulations [8] enables a depth-resolved view of the photoexcited 
dynamics. Results being recorded for different excitation fluences, below and above the AOS threshold, 
show that the magnetization reversal is governed by the formation and propagation of a transient domain 
along the depth of the nanolayer with reversed in-plane magnetization, which - within a few picoseconds 
and depending on the fluence - either expands from the top through the entire depth of the magnetic thin 
film or is quenched back to the initial state.  

Fig. 1(a) Schematic of the ϑ-2ϑ spectroscopy 
setup used for the time-resolved pump-probe 
measurements. The all-optical switching 
dynamics of an in-plane magnetized GdCo sample 
are excited by 27 fs (FWHM), 2.1 µm mid-
infrared laser pulses and probed at the Gd N5,4 
resonance via broadband TMOKE spectroscopy, 
employing > 27 fs (FWHM) soft x-ray pulses. The 
magnetic contrast is achieved by flipping a 
saturating magnetic field B applied to the sample. 
(b) Magnetic asymmetry spectra are recorded as 
a function of pump-probe delay, capturing the 
depth-dependent magnetization dynamics of the 
GdCo layer due to a strongly photon energy-
dependent information depth.  
(c) Fitting the time-resolved spectra with 
magnetic scattering simulations allows retrieving 
the transient  magnetization distribution 
within the GdCo layer, relating ultrafast pump-
induced changes within the asymmetry spectrum 
to real-space changes of the magnetization depth 
profile. 

The time-resolved profiling of the laser-induced switching process provides a direct insight into the 
microscopic mechanisms and spatial propagation of the ultrafast magnetization reversal within a 
magnetic thin film system. This enables a better understanding of the dynamics in the different material 
classes and sample geometries exhibiting AOS. 
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In high-Tc cuprate superconductors, the charge order phase has been widely identified in the temperature 
region above the superconducting phase in their phase diagram. Here a crucial question arises as to 
whether the charge order is related to the emergence of superconductivity or not. A common example of 
the charge order in cuprate SCs is the so-called stripe order where charges and spins are aligned in a 
form of stripes in CuO2 planes. A substantial reduction of Tc in the stripe phase suggests that the 
charge/spin stipe is a competing order with the superconductivity. Along with this picture, the initial 
studies of the light-induced superconductivity have been performed in the stripe phase of 
La2−x−yEuySrxCuO4 (LESCO) [1] and La2−xBaxCuO4 (LBCO) [2]. The phenomena have been understood 
as the light-induced suppression of the stripe order which leads to the revival of initially prohibited c-
axis interlayer Josephson couplings in equilibrium. However, there still remains a number of ambiguities 
about the origin of the light-induced superconductivity phenomena, and how the charge order states, 
including the stripe order, are correlated or uncorrelated with the superconductivity.In this work, we 
performed comprehensive studies of light-induced superconductivity in another archetypical La-214 
system, La2-x-yNdySrxCuO4, by optical pump-terahertz probe spectroscopy. We found that the plasma 
edge appears in the c-axis THz reflectivity spectrum after the photo-excitation near below the onset of 
charge order temperature but far above Tc, whereas the 1/ω-divergence of the imaginary part optical 
conductivity was lacked in all the investigated doping samples [3]. Based on the experimental results, 
we discuss the interplay between the charge order and the superconductivity in La-based cuprates. 

References 
[1]  D. Fausti, R. I. Tobey, N. Dean, S. Kaiser, A. Dienst, M. C. Hoffmann, S. Pyon, T. Takayama, H. Takagi A. Cavalleri,  Science 331, 189 (2011). 
[2] D. Nicoletti,  E.  Casandruc,  Y.  Laplace,  V. Khanna,  C.  R.  Hunt,  S.  Kaiser,  S.  S.  Dhesi,  G.  D. Gu,  J. P. Hill, A. Cavalleri, Physical Review B 90 
       100503(R) (2014). 
[3]  M. Nishida, K. Katsumi, D. Song , H. Eisaki, R. Shimano, Physical Review B 107, 174523 (2023). 
* The author acknowledges the collaboration with  M.  Nishida,  K.  Katsumi,  D.  Song,  A.  Hallas, and H. Eisaki. This work was in part supported by JST 

CREST Grant No. JPMJCR19T3.. 

Femtosecond electron diffuse scattering reveals two distinct non-thermal 
Phonon populations in bulk MoS2  

Y. Pan1, P. Hildebrandt2, D. Zahn2, M. Zacharias3, R. Ernstorfer,4, F. Caruso1 
H. Seiler,5

1 Christian-Albrechts-Universität zu Kiel, 24118 Kiel, Germany 
2 Fritz-Haber-Institut, 14195 Berlin, Germany 

3 FOTON Institute, 35708 Rennes, France 
4 Technische Universität Berlin, 10623 Berlin, Germany 

5 Freie Universität Berlin,14195 Berlin, Germany 

Femtosecond electron diffuse scattering has recently emerged as a powerful method to investigate 
electron-phonon and phonon-phonon couplings in time- and momentum-spaces [1-3]. Here we employ 
femtosecond electron diffuse scattering (FEDS) to investigate the momentum-resolved phonon 
dynamics in bulk MoS2 [4]. Our data reveal that the non-equilibrium lattice dynamics after photo-
excitation with a 2.14 eV pump pulse occurs in two successive stages involving qualitatively distinct 
non-thermal phonon populations before the lattice finally reaches a hot but quasi-thermal state. These 
stages are seen in Fig. 1. a-c, displaying intensity difference maps at 3 chosen pump-probe time delays. 
The first of these populations, seen in Fig.1. a, is established on the 500 fs timescale, and is dominated 
by K and M phonons generated through electron-phonon thermalization. A second nonthermal phonon 
distribution, seen in Fig. 1. b emerges with a timescale of roughly 3 ps, featuring hot Q phonons in 
addition to K and M phonons. Finally, over a timescale of around 40 ps, a hot but quasi-thermal phonon 
distribution is observed, seen in Fig. 1. c. To rationalize the observed phonon dynamics, we combine ab 
initio computations of the structure factor with time-dependent Boltzmann equations [3,5]. By 
combining these tools, we are able to reproduce the two-step relaxation process of the nonequilibrium 
lattice in MoS2 seen in the FEDS experiments. For the first step, we identify some particularly strongly 
coupled acoustic modes at M and K which are coupled to the electrons.   



 Fig. 1. a-c. Momentum-resolved  electron 
diffraction signals, I(q, t) - I(q, t < t0), at pump–
probe delays of 1, 5, and 50 ps. The Bragg 
reflections (blue dots) are negative due to the 
Debye-Waller effect. The diffuse background (red) 
qualitatively evolves as a function of pump–probe 
delay. The inelastic signals at 5 ps qualitatively 
depart from the non-thermal signals at 1 ps and 
quasi-thermal signals at 50 ps. This indicates that 
MoS2 undergoes two qualitatively distinct non-
thermal phonon populations  before the lattice 
reaches a hot but thermal state.  

These results demonstrate the richness of nonequilibrium lattice dynamics in layered materials.       
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The quantum Boltzmann equation has been used successfully in modeling the nonequilibrium behavior 
of electrons, holes, and polaritons in laser-excited semiconductors. As far back as 1991, the quantum 
Boltzmann equation was used to model the path to equilibrium of an exciton gas (see Fig.1) and free 
electrons and holes.  

Fig. 1.  Solid lines:  time-resolved 
photoluminescence   from excitons 
in Cu2O. Dashed lines: the results  
of a fit to the  quantum Boltzmann  
equation for phonon emission and  
absorption. From[1]. 

Fig.  2.  The steady-state 
distribution of   polaritons  
in   a  microcavity  for three 
different choices  of  exciton-  

               exciton interaction   strength
 From[3]. 

More recently, it has been extended to a Boltzmann-like equation for the phase coherence as a function 
of time in fermion and boson gases, which helps us to understand how a fully quantum mechanical 
description can give irreversible behavior in time [2]. The quantum Boltzmann equation depends 
sensitively on the scattering rates of particles, which in turn depend on the interaction constants.  In the 
past few years a quantum Boltzmann equation model has been used to constrain the polariton-polariton 
scattering rate in microcavities [3] (see Fig.2), which has been a controversial topic in polariton optics. It 
has also been used to model the transfer of momentum from free electrons to polaritons in one-
dimensional drag experiments in which electric current is passed through a polariton condensate. This 
talk will give a review of quantum Boltzmann methods and discuss recent work. 
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Exciton-polaritons are hybrid light-matter quasi-particles resulting from the strong coupling of 
semiconductor excitons and microcavity photon. Being bosons polaritons can exhibit macroscopic 
spatial coherence and form out-of-equilibrium condensates exhibiting superfluid behavior when pumped 
above threshold. A promising recent theoretical proposal for polaritonic qubit utilizes split-ring 
polariton-condensate in an annular ring involving quantized circular currents[1,2]. This system relies on 
the formation of vortices in superfluids arising from the quantization of circulation, where the phase 
accumulation around a supercurrent loop can only take discrete values. Closely related physics governs 
the principles of operation of superconducting flux or phase qubits involving superconducting loops 
interrupted by Josephson junction. Here we show that, under appropriate conditions, optically trapped 
out-of-equilibrium polariton condensates can populate two well-characterized states corresponding to 
the clockwise and counterclockwise circulating currents. We demonstrate coherent coupling between 

these states, due to the partial reflection of the circulating 
superfluid from a weakly disordered laser potential or an 
external control laser beam, while simultaneously 
maintaining long coherence times. We can control the 
coupling and thereby the energy splitting between the two 
eigenmodes of the system. Inspired by the theoretical 
proposal to realise qubit analogs and quantum computing 
with two-mode BECs [4], we formallyidentify the two 
polaritonic eigenmodes with   the basis states of a qubit.  

 F i g 1 .  Polaritonic qubit analog                            Supplemented with controllable coupling between individual  
polaritonic qubits, such systems hold great potential for simulating a subset of quantum algorithms that 
do not rely on entanglement. 
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Sub-wavelength time- and spatially resolved electron and spin dynamics in solids 
M. Schultze 

Graz University of Technology, 8010 Graz, Austria 

The enormous electric field strength of ultrafast 
laser waveforms allows to steer electronic motion 
and control electronic excitation so fast, that 
secondary processes disrupting coherence and 
striving for an equilibrium have hard time catching 
up – even in condensed phase systems. We 
investigate the opportunities this temporal 
segregation offers to transfer coherent control ideas 
as demonstrated in atomic and molecular ensembles 
to solids.  This talk will discuss two experiments 
demonstrating that ultrafast optical fields at optical 
frequencies allow manipulating electronic and spin 
degrees of freedom in solid state systems at optical 
clock rates faster than de-coherence.  

    Fig.1: Ultrafast wave-packet creation by an ultraviolet 
     light-field. 
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Ultrafast wave-packet creation by an ultraviolet light-field in the band-structure of wide-gap dielectrics 
proves the early times reversibility of electronic excitations and holds promise of novel ultrafast, 
coherent optoelectronic applications up to the petahertz frontier that we identified as the ultimate limit of 
optoelectronic signal manipulation [1].  
As a corollary of this ultrafast coherent modification of the electronic system, in suitably chosen 
heterostructures also the spin system can be manipulated coherently. Optically induced spin transfer is 
demonstrated as a route to the direct, all-optical manipulation of macroscopic magnetic moments on 
previously inaccessible attosecond timescales [2].  
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Advanced laser technology for THz generation 
C. J. Saraceno 
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Ultrafast lasers have become ubiquitous for fundamental research. However, many applications could 
benefit from long driving wavelengths with comparable performance to the more well-established 1µm 
laser systems. For example, long driving wavelengths are of interest as drivers for secondary sources, for 
nonlinear conversion schemes from the XUV to the THz. We focus our attention on the advantages of 
long-wavelength pulses to increase the conversion efficiency in THz generation.: they allow in many 
materials to reduce the impact of multi-photon absorption, as well as enable to reach high conversion 
efficiencies in two-color plasma sources, thanks to a stronger ponderomotive force. Traditionally, high-
power ultrafast sources were restricted to complex and inefficient parametric conversion stages, 

allowing to reach tens of watts of average 
power, using pumps with several hundreds 
of watts based on Yb systems [3]. A much 
more elegant and simple approach is to 
use gain media directly emitting in this 
wavelength range for high-power 
oscillators and amplifiers. As shown in 
Fig. 1, many advances have been realized 
in bulk and fiber-based amplifier systems 
in this wavelength range. Some 
remarkable achievements in the wider area 
of high-power 2 µm ultrafast lasers are the 
demonstration of a Tm-fiber based chirped 
pulse amplifier systems, with an average 
power of 1060 W at 80-MHz pulse 
repetition frequency, corresponding to a 
pulse energy of 13.2 µJ [4]. Nevertheless, 

compared with ultrafast lasers in the 1-µm wavelength range, the average power of 2 µm ultrafast lasers 
are at least one order of magnitude lower as show in Fig. 1, showing large potential for further progress. 
In particular, very few results have been achieved in this wavelength range with disk lasers -both 
oscillators and amplifiers- therefore representing an area of unexplored potential in ultrafast source 
development. We will discuss during our presentation the current development in high-power 2 µm disk 
and bulk lasers and current challenges and application possibilities, in particular with a focus towards 
THz generation using these sources.We will discuss during our presentation the current development in 
high-power 2 µm disk and bulk lasers and current challenges and application possibilities, in particular 
with a focus towards THz generation using these sources. 
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Continuous-wave and pulsed operation of rare-earth ion-doped 
Fluoride crystal waveguide lasers in the near and mid-infrared spectral region 
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1Koç University, Istanbul 34450, Turkey 

2Università di Pisa, 56127 Pisa Italy

Fluoride based crystal hosts have numerous favorable optical properties, including low phonon energies 
that help reduce unwanted non-radiative decay processes, wide transparency window from ultraviolet to 
mid-infrared and the possibility to fabricate low-loss waveguides by femtosecond laser inscription. In 
addition, various rare-earth ions can be doped into the crystal to generate laser emission in the near and 
mid-infrared wavelengths. In this study, we describe our recent experiments in which low-loss 
channeled waveguides were fabricated in Tm3+:BaY2F8 and Er3+:YLiF4 to obtain laser operation near 2 
µm and 2.7-2.8 µm, respectively [1, 2].   Fig. 1(a) shows a photograph of the Tm3+:BaY2F8 waveguide 
laser setup. Channeled waveguides with diameters of 30 µm and 50 µm were inscribed inside the 
crystal, with propagation loss of as low as 0.22 dB/cm for the 50-µm waveguide at the non-resonant 
pump wavelength of 731 nm. By using 680 mW of pump power at 781 nm and a 6% transmitting output 
coupler, 73 mW of continuous-wave (cw) output power was obtained with a slope efficiency of 13% as 
can be seen in the measured efficiency curve in Fig. 1(b). The output spectrum was centered at 1.86 µm 
(Fig. 1(c)). 

Fig. 1. (a) Photograph, (b) measured efficiency curve, and (c) output beam profile/spectrum of the 
Tm3+:BaY2F8 waveguide operating at 1.86 µm.

In a second experiment, low-loss channeled waveguides with diameters of 50 µm and 70 µm were 
inscribed inside a Er3+:YLiF4 crystal. The propagation loss of the 70-µm waveguide, shown in Fig. 2(a) 
was measured as 0.23 dB/cm. The waveguide laser was pumped at 798 nm and could be operated either 
in cw or self-Q-switched (SQS) regime. The output wavelength and power slope efficiency were 2808 
nm and 19.6% during cw operation, respectively. During SQS operation, the output wavelength shifted 
to 2717 nm (Fig. 2(b)) and pulses as short as 240 ns could be generated with a repetition rate of 368 
kHz. 

Fig. 2. (a) Confocal microscope image of the 70-µm channeled waveguide inside Er3+:YLiF4 crystal. 
Measured (b) output spectrum and (c) temporal pulse profile of the self-Q-switched Er3+:YLiF4 waveguide laser 
operating at the wavelength of 2717 nm. 

The measured temporal profile of the 240-ns pulses is shown in Fig. 2(c). 
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Ultrafast 2-3 micron laser sources: towards silicon photonics 
Integration and applications 

I. T. Sorokina1, M. Demesh1, A. Rudenkov1, N. Gusakova1, E. Einmo1 
V. L. Kalashnikov1, C. Grivas1, E. Sorokin2 

1 Norwegian University of Science and Technology, 7034 Trondheim, Norway 
4 Technische Universität Wien, 1040 Vienna, Austria 

In the last 15 years silicon (Si) photonics has received tremendous attention, mainly from the telecom 
industry. Such areas as Si optical interconnects and other passive devices have matured to the degree that 
they find applications in the mega-scale datacenters in the research and industrial giants like Intel. The 
light emitters, however, could not be directly fabricated in Si, neither as a laser/LED (Si is an indirect 
bandgap semiconductor) nor by doping. Most of the demonstrated silicon photonic systems still rely on 
external light sources such as VECSELs [1].    Interestingly, Cr2+-doped ZnS may provide a path for 
direct integration with Si photonics, because ZnS is one of the few semiconductors lattice-matched to Si 
and because the Cr2+: ZnS operation wavelength range of 2-3.1 µm [2-4] lies well in the transparency 
window of Si and allows for high-power broadest tunable and few-cycle ultrafast laser operation, 
including frequency combs [3,5] even in the directly diode-pumped setups [6]. The works on power 
scaling have enabled generation, via nonlinear frequency conversion, of mid-IR light that spans the entire 
“molecular fingerprint” region between 3 and 14 µm [5,6]. For ultrashort-pulse Si photonics, it is also 
advantageous that Cr:ZnS wavelength range lies beyond the two-photon absorption range of Si below 2.1 
µm. At the same time, the development of energetic 0.1-10 µJ ultrafast mid-IR sources opens possibilities 
for  sub-wavelength 3-D sub-surface processing of silicon and other semiconductor materials [7,8].This 
talk reviews the state-of-the-art in the field with a particular emphasis on our recent advances towards the 
challenging goal of development of integrable ultrashort-pulsed waveguide laser systems in the 2–3 µm 
wavelength range. We will discuss approaches for generating and amplification with a high gain factor of 
CW and pulsed mid-IR radiation in depressed-cladding buried waveguide lasers. We demonstrate that a 
relaxation of higher-order spatial modes to the lowest-order mode (“mode condensation” [9]), initialized 
by spatially profiled gain, allows energy harvesting in a waveguide solid-state amplifier with a good mode 
with M2<1.3. 1. Cr:ZnS processing with 2.1µm ultra-short pulsed laser: For the direct laser writing of the 
waveguide we used an integrated MOPA Ho:YAG picosecond laser system (ATLA Lasers AS) at 2090 
nm central wavelength and compared the results with previously written structures using sub-ps pulses at 
1030 nm. We fabricated circular waveguides with different diameters of 20–50 μm (Fig. 1) that were 
inscribed in a 34-mm long polycrystalline Cr:ZnS sample using a NA=0.85 objective. The waveguides 
possess estimated single pass losses of about 0.6±0.1 dB/cm at 30–50 µm diameter and refractive index 
change of about Δ𝑛 = (−2.5 ± 0.5) × 10−3 at 1030 nm and noticeably higher index change at 2090 nm. 
The modification traces at 2090 nm were nearly spherical, while the 1030-nm traces were 5–10 times 
longer in the direction of writing beam propagation.  An investigation of this phenomenon is underway.

Fig. 1. End view of waveguides in Cr:ZnS crystal at ~200 µm depth (2090 nm 
writing). Laser beam is focused from above. Writing direction is perpendicular to the 
view plane. Since the index change in ZnS is negative, all waveguides are of 
depressed-cladding type, where the waveguide is formed by many lines of traces 
written around the unchanged core. 

2. CW operation of waveguide Cr:ZnS laser/ We have built a simple laser cavity with flat cavity mirrors
butt-coupled to the polished uncoated facets of the samples. The active waveguide was pumped at 
1550 nm by the emission of an Erbium-fiber laser focused on the waveguide facet through the dichroic 
mirror, highly reflective in the 2100–2500 nm range and transmitting at the pump wavelength. The output 
coupler mirror had about 40% transmittance. Typical output characteristics are shown in Fig 2.  

Fig. 2. Top: a) comparison of CW laser 
operation of polycrystalline Cr:ZnS depressed 
cladding buried waveguide lasers with different 
geometry; b) effect of waveguide size on the 
spatial distribution of the output radiation and 
spectral characteristics of waveguide lasers.  

We measured the highest slope efficiency of 11% and 300 mW output at the incident pump power of 4.7 
W for the 50-µm waveguide. We aim to reduce the propagation loss by optimizing the writing conditions 
and depressed cladding geometry. 3. Chirped pulse amplification in waveguide laser.In our previous 
report [8] we proposed a novel technique to provide hybrid CPO-CPA pulse energy scaling, preserving 



the output spectrum high-fidelity compression. In this work, we study a robust technique of high 
repetition rate chirped pulses amplification in a laser written depressed-cladding buried waveguide active 
media in a single pass configuration. A schematic of the experimental setup is shown in Fig. 3a. It 
consists of a Cr:ZnS mode-locked seed laser operating in an anomalous dispersion regime (30fs, 10nJ, 
68MHz), chirped volume Bragg grating stretcher, a Faraday isolator, the waveguide Cr:ZnS gain element, 
Er-fiber laser as a pump source, and dichroic mirror based signal/ pump separator at the output.  The 
results are presented for the most representative cases - waveguides with diameters of 50, 40, and 20 µm. 
Fig. 3b shows beam quality measurements for the 50 µm waveguide with an M2 factor of 1.13×1.25. Fig. 
3c shows the power performance of the same samples. The maximum output power of 2.3 W and the gain 
factor G=61 (5.2 dB/cm) was obtained for a 50 µm waveguide with power added optical efficiency of 
10.2%. The other waveguides demonstrated the following parameters: 1.5 W output power and G=62 for 
the 40 µm waveguide, 0.2 W output power, and G=3.8 for the 20 µm waveguide. Fig. 3d illustrates the 
normalized spectra of the seed, amplified pulse, and ASE in the 50 µm waveguide amplifier. One can see 
the onset of gain-narrowing, where the longer wavelength components are suppressed, while components 
near the gain maximum (cf. the ASE spectrum) are enhanced.  

Fig. 3. Top: a) experimental setup: Seed is the 
femtosecond Cr:ZnS laser, CVBG is the chirped 
volume Bragg grating, Signal/ pump separator at 
the output is a dichroic mirror; b) M2 factor 
measurements results for 50 µm waveguide). 
Bottom: c) output power versus pump power 
characteristics for waveguides with three 
different diameters (50, 40, and 20 µm); d) seed, 
amplified pulse, and amplified spontaneous 
emission (ASE) spectra for 50 µm waveguide. 

The results of numerical simulations based on the dissipative Lugiato–Lefever model [11] are shown in 
Fig. 4a, b 

Fig. 4.  Intensity  I  profiles  of  the  amplified field  after   3.4 cm  Cr:ZnS 
waveguide of  50 µm  (a), and 20 µm (b) diameters.   The input energy of the 500 
ps seed pulse is  1.47 nJ and the pump  powers  are  22 W (a)  and 12 (b) W. 
Inset in (b) shows the field  profile after  3.28 cm  propagation   distance  in a 
waveguide. G is a gain factor (arb.un.). (c) and (d): output beam profiles for  50µm 
(c),  and 20  µm (d) waveguide diameters. 

The calculated gain factor G up to ~60 (Fig. 4a) agrees with the experiment for the largest waveguide 
cross-sections 50 µm (Fig. 3c). The beam profile is close to the Gaussian (Figs. 3b and 4a,c). The mode 
quality and gain factor degrade with a decrease in the waveguide diameter due to the excitation of higher-
order transverse modes (Fig. 3c and 4b,d). In this case, the impact of the soft aperture induced by a 
transversely profiled pump beam is not sufficient for their suppression. In the experiment, the gain factor 
is noticeably lower than the calculated, as we guess, due to higher propagation losses (Figs. 2a and 3c) 
and oversimplified (parabolic-like) graded refractive index profile with Δ𝑛 =0.003. We demonstrate that 
using a large cross-section multimode Cr2+:ZnS waveguide allows reaching the gain factors up to ~60 in a 
single pass. Experiments and calculations show the interplay between the non-dissipative (transversely 
graded refractive index) and dissipative (graded gain) confinement potentials. This results in integrating 
higher-order modes into lower-order ones (spatial mode synthesis or “mode condensation” [9]), 
potentially allowing effective use of the whole gain volume and energy harvesting in the compact 
multimode waveguides. As an outlook, one may anticipate realizing a high-repetition-rate waveguide self-
mode-locked oscillator [11] and a photonic crystal-like amplifier in a laser-processed Cr2+:ZnS bulk 
medium. 
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Ultrafast spin and charge carrier dynamics in heterostructures with 
Hidden spin polarization 

B. Stadtmüller 
Rheinland-Pfälzische Technische Universität Kaiserslautern-Landau, 67663 Kaiserslautern, Germany 

Developing innovative concepts to control charge and spin carriers in active functional units on 
increasingly smaller length scales and faster timescales is one of the major challenges in information 
technology. One approach to achieve this is by using intrinsic two-dimensional (2D) materials like 
transition metal dichalcogenides (TMDs) and designing their spin-dependent band structure through 
chemical functionalization or optical engineering. For TMDs, this is primarily achieved by creating 
aligned or twisted 2D heterostructures with either other TMDs or 2D honeycomb materials, such as 
graphene. Although this method has been successfully used to adjust the interfacial properties of 2D 
heterostructures, it still has limitations in terms of tuneability of the interfacial energy level alignment 
and the lateral dimensions of the heterostructures. In this contribution, we will introduce heterostructures 
consisting of molecules and TMDs (see Fig. 1a) as a highly tunable platform to control the evolution of 
optically excited charge and spin carriers at hybrid interfaces. This carrier dynamics can have a profound 
influence on the transient interfacial energy level alignment.  

Fig.1 (a). Graphical representation of the tunability of molecule-TMD heterostructures. The electronic 
properties of such interfaces can be chemically designed by choosing molecules that can exhibit different sizes, 
structural shapes, and chemical compositions. These distinct properties enable a fine-tuning of the energy level 
alignment in the molecular layer as well as at the hybrid interface (b). (c) Sketch of the local layer- and spin-
dependent valence band structure of the two non-interacting WSe2 layers of the bulk unit cell in which the spin 
polarization vanishes at every point in the Brillouin zone. 

The key to this approach is the highly tunability of molecular materials. As illustrated in Fig 1b, this 
allows one to control not only the optical band gaps (Egap) of both sides of the interface but also to 
design the energy level alignment at the interfaces (ΔEVB). We will focus on heterostructures that 
combine the TMD bulk crystal WSe2 with fullerenes and metal-phthalocyanines (MPcs). WSe2 has a 
hidden spin polarization [1,2], as illustrated in Fig. 1c. This means that the valence bands of the 
individual WSe2 layers show the well-known spin polarization at the Brillouin zone boundary. 
polarization of neighboring layers cancels each other out due to the centrosymmetric bulk structure, 
leading to an overall spin-degenerate band structure. On the other hand, the excited state dynamics of 
fullerenes such as C60 are dominated by charge transfer excitons [3,4] that can act as precursors for a 
highly efficient interlayer charge transfer across the hybrid interfaces. Using time-, spin—and 
momentum-resolved photoemission [5], we will show how different types of energy level alignment at 
the interface between molecules and bulk crystals of WSe2 influence the interfacial charge and spin 
transfer dynamics and the transient interfacial energy level alignment. For the case of C60/WSe2, optical 
excitation of the molecular layer leads to the formation of charge transfer excitons followed by an 
ultrafast electron transfer into WSe2, as sketched in Fig. 2a. This population dynamics can be identified 
by the characteristic signatures in the time- and momentum-resolved photoemission (tr-ARPES) data set 



that is shown in Fig. 2b. Most importantly, the ultrafast electron transfer from the molecular layer into 
WSe2 leads to a transient charging of the interfacial layers. The corresponding interfacial dipole fields 
can transiently alter the interfacial energy level alignment. Most importantly, the strength of these 
transient interfacial dipoles reduces with increasing distance from the interface thus affecting the WSe2 
layers within the bulk unit cell differently. This causes a spin- and layer-dependent modification of the 
WSe2 valence bands (see Fig. 2c) that transiently reveals the hidden spin polarization of WSe2 [6].  
In the context of hybrid interfaces between metal phthalocyanines (MPcs) and WSe2, we have 
uncovered an interesting energy level alignment with two competing resonant optical excitation 
pathways. 

Fig.2 (a) Illustration of the 
C60/WSe2 heterostructure as 
well    as the  interfacial 
charge transfer after the 
optical   excitation of the C60 
layer. (b) Snapshots of the 
time resolved   ARPES  data 
set. (c) Spin-resolved spectral 
yield of   the  valence band 
structure at selected time 
delays illustrating the 
transient layer dependent 
WSe2 valence band shift.  

When we use IR photons, we observe an optical transition either across the fundamental band gap of 
WSe2 or across the hybrid interface from the MPc into the WSe2 layer as shown in Fig. 3.  

Fig.3 Illustration of the optically excited intra- and 
interlayer charge transfer processes occurring for the 
MPc/WSe2 heterostructures.  

This generates charge and spin carrier populations that can undergo various competing interlayer charge 
transfer processes. We will focus on the ultrafast dynamics of the interfacial charge transfer processes 
and their impact on the transient interfacial energy level alignment. Furthermore, we will demonstrate 
how we can adjust the optically generated charge and spin carrier populations by polarizing the 
excitation light pulses. 
Our results will thus provide a clear pathway toward manipulating spin functionalities in 
molecular/TMDC heterostructures by chemically and optically steering the evolution of ultrafast spin 
and charge carriers in hybrid systems. 
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Ultrafast laser-induced shear phonons in layered vdW materials revealed by 
Ultrafast electron microscopy 
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Coherent phonons generated by optical excitation have been extensively studied for their potential 
application in characterizing and manipulating the fascinating properties of low-dimensional electronic 
materials. The detection of coherent phonons has gradually matured with the development of various 
ultrafast experimental methods, especially through techniques like ultrafast electron diffraction and 
microcopy, providing direct structural sensitivity and high spatial resolution [1]. Optical phonons and 
longitudinal acoustic (LA) phonons spanning gigahertz to terahertz frequencies have been reported in a 
wide range of materials. However, the generation of transverse acoustic (TA) shear modes is less 
common, as it requires a specific choice of excitation symmetry breaking.Firstly, ultrafast selected-area 
electron diffraction was used to investigate laser-induced LA phonons in hexagonal 2H-MoTe2 film [2]. 
Experimental and simulation results demonstrate that the inhomogeneous laser excitation can induce the 
second harmonic component of the LA strain wave, while no TA phonons can be excited. We 
theoretically analyzed the influence of coherent LA and TA phonons on diffraction intensity to provide a 
guide for identification of different type of phonons [3]. Then, we explored the shear phonons in 
monoclinic 1T’-MoTe2 [4], which underwent a phase transition into the orthorhombic Td phase below 
around 250K. In the Td phase, a ~0.37 THz interlayer optical shear phonon (Fig. 1a) was observed, 
disappearing as the temperature rises above 250K. Within the 1T’ phase, two coherent acoustic phonons 
were measured with frequency of 13.5 GHz (TA) and 39 GHz (LA) respectively (Fig. 1c). The LA 
phonon represents a common breathing mode that can be excited in both Td and 1T’ phase; in contrast, 
TA phonons can only be detectable in the 1T’ phase. The presence of optical shear mode in Td phase 
and acoustic shear mode in 1T’ phase serves as valuable indicators for characterizing thermal phase 
transition (Fig. 1e). Further experiments will focus on the pathway of ultrafast light-induced Td to 1T’ 
phase transition. 

Fig. 1. Laser-excited coherent 
shear phonons in MoTe2.  
(a) Diffraction intensity 
oscillation of optical shear 
mode and (b) the 
corresponding FFT in Td 
phase; (c) Diffraction intensity 
oscillation of acoustic shear 
and breathing mode and (d) 
the corresponding FFT in 1T’ 
phase, the acoustic shear 
mode can only be detected in 
the Bragg peak with k≠0, 
which was also cross-checked 
by the bend contour movement 
in dark-filed imaging; (e) 
Temperature dependence of 
optical and acoustic shear 
mode amplitude indicating the 
thermal phase transition.  

Further experiments will focus on the pathway of ultrafast light-induced Td to 1T’ phase transition. 
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Third-order anharmonicity is the lowest symmetry-allowed anharmonic interaction in homogeneous 
solids, and thus the lowest-order description of phonon-phonon interaction. In many solids three-phonon 
scattering is the primary interaction that describes processes as diverse as thermal conductivity, phase 
transitions and light-driven superconducting-like states [1-3]. Historically, nonlinear photonics is often 
implemented by driving a high-frequency IR-active drive mode, producing a coherent response in a 
lower-frequency Raman-active mode. Here, the rectified (quasi-DC) component of the RMS 
displacement of the IR mode u2 results in an impulsive force on the lower-frequency mode, leading to 
displacive excitation [4]. However, in general, a third-order anharmonic process driving a low-frequency 
mode can also drive a mode with double the drive frequency, and the drive modes to not, in general have 
to be at finite wavevector, as long as the total crystal momentum is conserved.X-ray free electron lasers 
(XFELs) are uniquely suited to probe the nonlinear interactions between finite-wavevector modes. The 
combination of sensitivity to finite-wavevector motions, quantitative measurement of mode 
displacements, and time-domain measurements which allow for nonlinear spectroscopy are key to 
revealing these interactions [5]. 

Fig, 1: Ionic Raman Scattering in SrTiO3. (a) Structure of STO 
and Excitation scheme. The A1g mode is illustrated in red 
(center panel) and the TO phonon at zone-center is 
illustrated on the right panel. (b)  Schematic of the Ionic 
Raman scattering process in reciprocal space. Two TO phonons 
(red) combine and produce a single A1g phonon (blue). (c) 
Predicted A1g displacements based on a THz drive field 
(electronic Raman scattering). (d) Predicted A1g 
displacements (blue) based on an Ionic Raman scattering 
drive force (orange) for a single oscillating mode. (e) X-ray 
diffraction of a peak sensitive to octahedral rotation of the A1g 
mode. (f) Time-dependent displacement of the A1g mode. 
Note the slow buildup of amplitude over two cycles, indicating 
a resonant drive force. 

In particular, THz pump, x-ray probe experimental modalities are a powerful approach, as direct 
excitation of IR-active vibrations ensures that all of the energy delivered by the pump pulse is delivered 
to the vibrational degrees of freedom that are of interest in these experiments [6, 7]. Here, we investigate 
strontium titanate (SrTiO3) a crystal with low-lying IR-active modes that can be driven to high 
amplitude with THz radiation. In this experiment, we use THz radiation to excite finite-wavevector TO 
phonons in SrTiO3. Subsequently, using time-resolved x-ray diffraction, we observe a coherent 
oscillation of the Raman-active A1g mode that corresponds to the octahedral rotation of the TiO6 
octahedra away from their high-temperature symmetric phase. There are two possibilities for how this 
mode is driven – either by a direct Raman transition, or by a (sum-frequency Ionic Raman scattering) 
[8]. Both processes have the same nonlinearity, and therefore we distinguish between them by the shape 
of the expected drive field and displacement. Based on the buildup of oscillations in the Raman-active 
mode, we conclude that the A1g mode in SrTiO3 is primarily driven by Ionic Raman scattering that 
couples the low-frequency TO phonon modes at finite wavevector +q to the zone-center A1g mode. To 
our knowledge, this is the first observation of finite-wavevector ionic Raman upconversion. We further 



quantify the coupling strength by estimating the amplitude of the TO and A1g phonon mode 
displacements. Since this anharmonicity is the lowest-order nonlinear coupling between the phonon 
branches that control octahedral rotation and ferroelectric displacement, a measurement of this coupling 
provides powerful insight into the nature of tolerance factor tuning in ferroelectrics – using the 
octahedral rotation to control the ferroelectric order parameter. Beyond ferroelectrics, our approach 
should be generalizable to a wide variety of systems with coupled structural degrees of freedom. This 
points the way to a powerful quantitative tool to disentangle the underlying couplings that result in the 
phase diagrams of complex quantum matter.  
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Electric-pulse-induced spin and charge dynamics in doped Mott insulators 
T. Tohyama 
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Electric pulse applied to the Mott insulators induces insulator-to-metal transitions. The nature of the 
insulator-to-metal transition depends on the shape of pulses. The Keldysh crossover serves as an 
indicator that distinguishes between excitations resulting from photon absorption triggered by near-
infrared multicycle pulses and those arising from quantum tunneling induced by terahertz pulses. The 
crossover has been theoretically demonstrated for a one-dimensional (1D) Mott insulator [1]. In doped 
Mott insulator, however, metallic excitations due to doped carriers will cause electric-pulse-induced 
phenomena different from the Mott insulator. In doped 1D Mott insulators, only Drude component 
dominates low-energy excitation. When space dimension is higher than 1D, spin degrees of freedom 
contribute to charge excitations. Therefore, not only the Drude weight but also spin-related excitations 
emerge above the Drude excitation in energy. To clarify the nature of  electric-pulse-induced charge 
dynamics in the low-energy region below the Mott gap in doped Mott insulators as wll as the difference 
of nonequilibrium responses between Drude and spin-related excitations, we study a doped two-leg 
ladder Hubbard model with strong on-site Coulomb interaction. We calculate time-resolved optical 
conductivity for the hole-doped two-leg ladder Hubbard model driven by electric field. The time-
dependent density-matrix renormalization group is used for the calculation of the optical conductivity in 
a 16x2 ladder [2]. Fig. 1 shows a preliminary result of the real part of optical conductivity before and 
after pumping by electric pulses [3].  

Fig. 1.  Time-dependent optical conductivity excited by pump 
pulses for a four-hole doped two-leg ladder Hubbard lattice with 
16x2=32 sites and on-site Coulomb interaction U=10 in the unit of 
hopping energy. The amplitude of the vector potential is set to be 
A0=0.5. Blue line is for time τ <0 (before pumping). Red line 
represents spectrum for a monocycle pulse with pump frequency 
ωp=0 calculated at time τ =12 when pump pulse is finished. Green 
line is for a pump pulse with  ωp=1. 

 Before pumping, low-energy metallic excitations form a peak structure close to the energy ω=0. 
Together with this low-energy peak, there is a broad excitation near ω=1 accompanied by spin 
excitations. By pumping these two structures using the pump frequency ωp=0 and ωp=1, we find 
suppression of the peak for both cases. The peak structure remains for ωp=0, while the peak position 
shifts to ω=0 for the ωp=1 case. The latter suggests that pumping the broad ω=1 spin-related structure 
induces a strong Drude-like feature, i.e., coherent metallic state. 
This work was done in collaboration with Sumal Chandra, Kazuya Shinjo, and Shigetoshi Sota. 
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Polariton formation and interactions in van der Waals metasurfaces 
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Intrinsic strong light-matter coupling was recently demonstrated in a nano-patterned multi-layer WS2 
flake by engineering a bound-state in the continuum (BIC) energetically resonant with the bulk 
exciton[1]. This all-dielectric approach (shown in Fig 1 a-c) supports a photonic mode that is 
independent of material-intrinsic losses, and the coupling can thus be precisely tuned via the details of 
the BIC structure. The polariton (a coupled exciton/photon) energy can be tuned further via the choice of 
dielectric material which makes this a potentially ideal platform for polaritonic devices operating at 
room temperature. A polariton’s photonic origin imbues on it a dispersion relation in which the band 
energy can vary considerably even below 1 µm-1, a regime which is relevant to wave-vector sensitive 
ultrafast spectroscopy techniques. BIC-WS2 polaritons are characterized by an anomalous dispersion 
relation in which the polariton energy decreases as wave-vector increases, an inversion of the dispersion 
relation typically seen in micro-cavity based polariton systems. Zero momentum polaritons can thus 
scatter into higher wavevectors that are both energetically favourable and more weakly coupled, 
reducing polariton lifetimes. Polariton scattering to larger wave vectors relies on interactions with other 
polaritons, uncoupled excitons, and/or phonons, and depend strongly on the detuning between the 
exciton transition energy and the energy of the trapped photonic mode. Understanding how these 
interactions underpin fast polariton relaxation is vital for eventual implementation of monolithic 
polaritonic devices.  

Fig. 1. (a) WS2 - BIC metasurface [1]. 
(b) BIC energy can be tuned by changing 
the unit cell scaling factor [1]. (c) BIC 
linewidth can be tuned by changing the 
length difference between the islands in 
a unit cell [1]. (d) Example WS2-BIC 2D 
spectrum showing polariton at ~1.90eV 
and exciton at 1.97eV 

Multi-dimensional coherent spectroscopy (MDCS) is an incisive ultrafast tool which can be used to 
reveal and quantify interactions in diverse material systems. In this work, we simultaneously track 
excitation and emission at both exciton and polariton energies and observe coherent dynamics that occur 
on the femtosecond timescale. By examining lineshape and linewidth of the polariton resonance, we can 
extract both homogeneous and inhomogeneous linewidth as a function of a variety of other controllable 
parameters (e.g. detuning, wavevector, temperature) to understand how they impact the polariton 
dynamics. For example, we can understand the relevance of polariton-phonon interactions by looking at 
the polariton homogeneous line-width at different temperatures -Fig 2. 

Fig. 2. 2D spectra of the polariton 
resonance at 300K and 5K, showing no 
decrease in linewidth at low 
temperature. The blueshift of the 
polariton transition is due to the 
change in energy of the exciton 
resonance, which is also observed in 
transmission measurements in [1] 

We observe no decrease in the linewidth at low temperature, which indicates that phonon-polariton 
interactions do not play a dominant role in polariton decoherence. By performing measurements at 
different excitation densities, we also find that polariton-polariton and exciton-polariton interactions are 
also not a significant factor. With these decoherence pathways ruled out, we conclude that non-radiative 
population relaxation pathways and radiative recombination are the dominant factors governing the 
homogeneous linewidth and thus the polariton line-shape. We find significant dependence of the 



polariton linewidth and shape on the wavevector and phonon- exciton detuning -Fig 3, with the longest 
decoherence times near normal incidence and zero detuning, respectively.  

Fig. 3. (a) Transmission 
measurements as a function of 
detuning (scaling factor) [1].  
(b-c)2D rephasing spectra of 
WS2-BICwith moderate positive 
and near zero 
detuning,respectively. Insets 
show the polariton dispersion 
curve for each detuning.  

We explain the former as being caused by the exciton-photon coupling being reduced, enabling 
scattering of the polariton to higher wave-vectors where the photon confinement is reduced, increasing 
leakage from the BIC. As wavevector increases, the effective detuning is also increased, similarly 
leading to reduced exciton-phonon coupling. MDCS can also be used to study relaxation and coupling 
between different bright transitions through the presence and dynamics of cross peaks – signals that 
appears at different excitation and detection energies. We utilize this capability to investigate the 
timescale over which resonantly excited excitons form into polaritons. Understanding this process will 
likely be very important for devices where polaritons would be formed using electrical rather than 
optical means. Our results show polariton formation and relaxation occurring over 10s and 100s of fs, 
respectively, and hint at slower hybridization due to inherent aperiodicity at the edge of the structure.
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Recent measurements on SrTiO3 showed that strong single- and multi-cycle terahertz (THz) fields can 
induce transient ferroelectricity [1-2], raising the prospects for ultrafast, reversible control of structure. 
However, recent equilibrium measurements show hints of a different instability towards an incipient 
phase with spatially modulated polarization at low temperature [3–5], highlighting the need for 



microscopic structural information of the transient ferroelectric state. We present ultrafast x-ray 
scattering from THz-driven SrTiO3 in the quantum paraelectric regime. We developed a novel approach 
to probe inversion symmetry breaking that reveals polar-acoustic excitations that are particularly soft at 
lengthscales of tens of nanometers. This indicates a structural instability with spatially-modulated 
polarization distinct from the homogeneous ferroelectric [5,6]. Our results highlight the importance of 
probing fluctuations with momentum resolution and provide new insight into the microscopic structure 
of transient phases [1,2]. Fig. 1 summarizes the x-ray scattering response of SrTiO3 upon excitation with 
a single-cycle THz pulse. 

Fig. 1. (a) Intensity of the (3,3,3) Bragg 
reflection of SrTiO3 at T=20 K along the 
[0,0,1] direction (pseudo-cubic lattice). The 
inset is a reciprocal space map of the peak in 
a plane perpendicular to [1,-1,0]. (b) 
Dynamics of the relative intensity for 
representative wavevectors indicated with 
colored dots above the intensity in (a). The 
corresponding wavevectors are indicated next 
to each trace. (c) Dispersion relation 
obtained by Fourier transform of the coherent 
oscillations like those in (b). Note that the 
response is localized at finite wavevector 
corresponding to wavelengths of order 10-50 
nm. 

The coherent oscillations generated by the THz pulse, shown in Fig. 1(b), are primarily localized in the 
range of wavevectors ξ = 0.03 - 0.06 rlu, corresponding to wavelengths of 10-20 nm. This is surprising 
since the strongest resonant mode is expected to be the 0.4 THz zone-center ferroelectric soft mode, yet 
the strongest response is away from ξ = 0, indicating that momentum conservation is broken by a 
nanoscale modulation of the absorption, i.e. polar nanoregions that modulate the infrared absorption at 
short lenghscale. To characterize the inversion symmetry of excitations in Fig. 1 we devised a scheme to 
invert the polarity of the generated THz based on two identical LiNbO3 prisms with ferroelectric axes 
pointing in opposite directions [7]. Fig. 2 (a) shows the electro-optic sampling of the THz field from the 
two prisms. In Fig. 2(b) we show a representative x-ray intensity response for the two incident fields 
sowing that the entire response is inverted when the field polarity inverts (purple and green traces, 
respectively). This indicates that the coherent excitations that result in the dispersion of Fig. 1(c) are 
polar and infrared active, and especially the acoustic branch. Importantly, Fig. 2(c) shows that the 
dispersion of this polar-acoustic mode softens upon cooling. This softening at finite momentum is 
distinct from the known ferroelectric precursor that originates from the collapse of the TO mode at ξ = 
0. Here, the eventual collapse of the acoustic branch at finite ξ would correspond to a state with a
spatially modulated polarization [5].      

Fig. 2. (a) Electro-optic 
sampling of the THz 
waveforms generated by 
two LiNbO3 prisms 
oriented with ferroelectric 
axis in opposite directions. 
The inset illustrates how the 
inversion of the field is 
expected to produce an 
inverted distortion of the 
crystal. (b) differential X-
ray intensity integrated over 
x = 0.03 - 0.06 rlu for the 
two fields shown in (a). (c) 
the temperature dependence 
of the dispersion obtained 
from the peak of the Fourier 
transform similar to that in 
Fig. 1(c). 



Our ultrafast x-ray measurements reveal the polar nature of acoustic excitations in the quantum 
paraelectric phase of SrTiO3 measurements. Our data indicates that this behavior arises from a 
flexoelectric coupling that is linear in both optical and acoustic displacements. The softening of this 
acoustic polar branch at finite wavevector implies a potential instability of the structure related to an 
incipient modulated polar-acoustic regime. 
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Ultrafast quench of the electronic order in the strongly coupled 
Charge-density-wave system VTe2 
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The coexistence of strong electron-phonon coupling and non-trivial topological physics in quantum 
materials can lead to new exciting phenomena, and the study of the interplay of these multiple quantum 
orders constitute a new paradigm in condensed matter. Here, by combining time and angle-resolved 
photoemission spectroscopy (TR-ARPES) and broadband time-resolved optical spectroscopy (TR-OS), 
we investigate the effect of an optical excitation on the electronic and structural properties of the strong-
coupling charge-density-wave (CDW) system VTe2. Using TR-OS measurements we unveil the 
presence of two independent amplitude modes (AM) of the CDW phase [1]. Moreover, by performing 
TR-ARPES experiments, we show that at high pump fluence the closure of the electronic gap is not 
controlled by the excitation of the CDW amplitude modes, but it takes place on a slower time scale of 
the order 500 fs, as shown in Fig. 1.   

Fig. 1. (a) Dynamics of the CDW gap magntiude as 
a function of the pump-probe delay. The grey trace 
shows the cross-correlation between pump and 
probe pulses. The measurement has been performed 
at an absorbed fluence of 1.2 mJ/cm2. (b) Schematic 
representation of the two main effects contributing to 
the dynamics of the CDW gap. 

This timescale suggests that the gap dynamics is mostly governed by the excitation of high-frequency 
strongly-coupled optical phonons, which result in a loss of long range order of the CDW phase [2]. 
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Nonlinear emission from dressed excitons in thin layer WSe2 
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Under intense periodic driving by light, an electronic system undergoes photon-dressing and its energy 
structure changes strongly depending on the light properties (field strength, polarization, wavelength). 
Such concept of photon-dressed states, in other words Floquet states, is considered as a promising way 
to manipulate material properties on an ultrafast time scale [1]. So far, there have been many reports on 
characteristic energy structure changes of Floquet states in solids [2-4]. However, in real experiments, 
where ultrashort pulses are usually used, the above Floquet picture becomes an approximate one, and we 
need to consider the dynamics of Floquet states in both the adiabatic and non-adiabatic regime [5,6]. The 
understanding of their dynamics provide us with additional knob for control of Floquet state.  Here, we 
focus on the coherent emission from Floquet state as a probe of Floquet state dynamics, and chose 
monolayer WSe2 as a target sample to induce Floquet state [7]. Monolayer WSe2 hosts excitons with a 
large binding energy of several hundred meV, providing us with an ideal platform to study electronic 
structure modification effect on nonlinear coherent emission process [3,4]. As a driving field, we used 
mid-infrared (MIR) pulses, whose photon energy and pulse are set to be   0.26 eV and 60 fs (full width 
of half maximum), respectively.Fig.1(a) shows the measured emission spectrum in the vicinity of 
exciton level (1.65 eV) with MIR intensity of 0.17 TW cm-2. We observed the clear 5th and 7th 
harmonic emission (dotted lines), which has been reported in the previous study [8]. In addition to the 
high harmonics, we found coherent emission resonant with the excitonic level (dashed line). When the 
quantum state is described by single Floquet eigenstate, coherent emission is only allowed near high 
harmonic emission energy reflecting the temporal periodicity. Our observation of coherent emission far 
from harmonic emission suggests that the quantum state during the MIR pulse duration becomes the 
superposition of Floquet states, breaking the temporal periodicity. To understand the Floquet state 
dynamics in detail, we performed the numerical simulation of the two-level model. As shown in Fig. 
1(b), the calculated coherent emission spectrum is similar to the experimentally observed one. By 
analyzing the simulated results, we obtained the overview of dressed exciton dynamics. First, exciton 
resonance is dynamical shifted toward higher energy through Floquet state formation with an increase of 
MIR field amplitude. Second, dynamical shift of the excitonic energy satisfies seven-photon resonance 
condition with MIR photon, leading to diabatic transition from dressed vacuum to dressed excitonic 
states. Finally, dressed excitonic states are adiabatically transformed to bare excitonic state with a 
decrease of MIR field amplitude, emitting coherent excitonic emission.  

Fig. 1. (a) Measured coherent 
emission spectrum from 
monolayer WSe2 sample driven by 
MIR pulses. (b) Simulated 
emission spectrum using the two-
level model. Dotted lines indicate 
high harmonic emission energy. 
Dashed lines (labelled as Ex.) 
indicate the excitonic level.   

Our observation clearly demonstrates novel nonlinear optical response induced by Floquet state 
formation under MIR pulse. Time-resolved measurement of the coherent emission may allow us to 
capture Floquet state dynamics in more detail. 
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The latest advances in time-resolved spectroscopic techniques, based on the generation of intense THz 
pulses, have paved intriguing new ways for the investigation of ultrafast collective phenomena in many 
complex systems. As an example, recent experiments showed the possibility to selectively excite 
electronic collective modes in broken-symmetry phases of matter, such as amplitude (Higgs) or phase 
(plasma) fluctuations of the superconducting order parameter. Despite the great interest and the huge 
experimental progress, a general framework able to describe THz-driven collective excitations in 
ultrafast experiments is still lacking. In this talk I will present some recent advances in the theoretical 
modelling of the superconducting response at THz frequencies, shedding light on the microscopic 
mechanism at the basis of the Higgs mode visibility in conventional superconductors and on the 
nonlinear excitation of out-of-plane Josephson plasma modes in superconducting cuprates.  

Fig.1. (a) Nonlinear excitation of 
the superconducting (Higgs) 
amplitude and (plasma) phase 
modes [3]. While strong THz pulses 
drive a single Higgs fluctuation 
(blue), two plasma modes at opposite 
momenta (red) are simultaneously 
excited. (b) Nonlinear response at 
fixed time delay 𝜏  in 2D THz 
spectroscopy on superconducting 
NbN samples [2]. (c) When the 
incident THz frequency matches2Δ , 
the first harmonic (FH) component 
shows a divergence ascribed to the 
paramagnetic light-matter coupling. 
(d) Out-of-plane nonlinear response 
in bilayer superconducting YBCO 
[4]. Due to dispersion effects, the 
signal is flat close to the lower 
plasma edge 𝜔𝑧2 ∼ 1 THz while it is 
maximized close to the upper plasma 
edge 𝜔𝑧2 ∼ 15  THz. (e) When 
pumping the system close to 𝜔𝑧2, the 
nonlinear response scales 
monotonically with the superfluid 
stiffness as a function of temperature 
[5]. 

In particular, while the Higgs mode is very elusive in conventional spectroscopies, amplitude 
fluctuations become sizable in disordered superconductors due to a finite paramagnetic coupling with 
strong THz pulses [1]. Whit this respect, we have recently demonstrated that 2D THz spectroscopy 
appears as a preferential tool to unambiguously identify the paramagnetic (current-current) response and 
decouple it from the diamagnetic (density-density) one [2]. For what concerns the superconducting 
phase mode, instead, we have shown that the simultaneous excitation of two Josephson plasmons in 
superconducting cuprates dominates the out-of-plane nonlinear response at THz frequencies [3]. We 
have demonstrated [4] that an accurate description of dispersion effects, and the subsequent mixing 
between in-plane and out-of-plane plasmons, is crucial to understand what marks the difference between 
single-layer and bilayer cuprates [5]. 
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Creating and manipulating dissipation-less pure spin currents have been crucial challenges for the 
spintronic community for the past ten years. A central handle to achieve low consumption pure spin based 
computing is the inter-conversion of spin and charge, if possible at very short timescales. All known 
mechanisms rely here on the Spin-Orbit Coupling (SOC) interaction, whereby spins couple with moving 
charges [1]. So far, the most reliable mechanism in the DC range is the (inverse) Spin Hall effect (ISHE) 
obtained in the bulk of metallic heavy elements like Pt or W. Recently another type of SOC, called spin 
galvanic or (inverse) Edelstein effect (IEE), has been used based on the Rashba interaction [2,3]. It stems 
from the action of an electrical built-in potential onto the two-dimensional electron systems existing at 
interfaces between two different materials [4]. To evidence the conversion effect, one needs an injector, i.e. 
a ferromagnetic layer, in contact with the convertor. Here, I will compare the two effects pushed to the 
picosecond regime. The injection is realized by ultra-fast demagnetization of a metallic ferromagnet, a 
mechanism appropriate for generating a picosecond angular spin burst. Different systems are assessed, 
either with a heavy metal as the strong spin-orbit material insuring the conversion into charge (ISHE), or 
relying on the behavior of interface states between two materials (IEE). In particular, bilayers like 
CoFeB/MgO [4] or the record efficiency system (in the DC range): SrTiO3/LaAlO3 /NiFe [5, 6] are studied. 
The latter relies on the 2D electron liquid created by the polar discontinuity between the two band gap 
insulators, allowing for the Rashba splitting to be tuned using an electric field [7,8]. 

Fig. 1: THz response of the 
LAO/STO interface.  a) shows 
the schematics of the measurement 
setup and b) is the THz emission of 
the system. The signal is 1000 
smaller than that of the reference 
system CoFeB/Pt and is equivalent 
to that obtained on a sample 
without the 2D electron state. 

I will discuss the (lack of) efficiency of the Rashba-based systems in the THz range (Fig. 1) in the light of 
the timescales of the different characteristic phenomena occurring around the picosecond, emphasizing 
the salient features necessary for an efficient THz emission. I will also address the potential importance of 
orbital effects that dominate the angular momentum conversion in the STO/LAO system [9]. 
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GHz diamond spin-mechanical Lamb wave resonators protected by a 
Phononic band gap 
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Spin-mechanical resonators, in which electron spins are coupled to vibrations of a mechanical oscillator, 
provide an experimental platform for exploring coherent interactions between single phonons and spins 
and for exploiting these interactions to mediate coherent coupling between distant spins.  Recent 
experimental studies on spin-mechanics have used negatively charged nitrogen vacancy (NV) centers 
and silicon vacancy (SiV) centers in diamond as suitable spin systems.  A variety of mechanical 
resonators such as beams and cantilevers, bulk acoustic wave resonators, surface acoustic wave (SAW) 
resonators, microdisks, and optomechanical crystals have been explored [1]. Further experimental 
advance of quantum spin-mechanics, however, requires the development of ultracoherent diamond 
nanomechanical resonators at a GHz frequency.  A mechanical resonator can be characterized by three 
key parameters: linewidth γm (or quality factor Q), effective mass meff, and resonance frequency fm.  
Ultrasmall γm and meff are essential for reaching the quantum regime of spin-mechanics, while fm at a 
GHz frequency is important for reducing effects of thermal phonons and for matching the mechanical 
resonance with a spin transition.  Ultracoherent GHz nanomechanical resonators have been realized with 
a silicon optomechanical crystal embedded in a phononic crystal lattice. Fabricating a diamond 
optomechanical crystal, which integrates a nanomechanical resonator with a photonic crystal optical 
cavity, especially embedding the diamond optomechanical crystal in a phononic band gap shield, 
however, remains difficult. A Lamb wave resonator (LWR), which is essentially a thin elastic plate with 
free boundaries, provides a simple geometric structure for GHz nanomechanical resonators.  As 
illustrated in Fig. 1a, a thin rectangular diamond plate with a length of 9.5 µm, embedded in a phononic 
crystal lattice, features a fundamental compression mode with fm near 1 GHz.  For the square lattice in 
Fig. 1a, the phononic band structure of the symmetric (with respect to the midplane of the plate) 
compression modes features a large energy gap that protects the fundamental compression mode (see 
Fig. 1b).  Without an integrated photonic crystal, this type of structures is relatively straightforward to 
fabricate.  Figure 1c shows a scanning electron micrograph (SEM) of a diamond phononic structure 
fabricated with the design given in Fig.1a [2].   

Fig. 1. (a) A LWR with dimension (9.5, 4.5) µm, along with 
the calculated displacement pattern of the fundamental 
compression mode, embedded in a square phononic crystal 
lattice with a period of 8 µm. (b) Phononic band structure of 
the symmetric modes of the square lattice.  The phononic 
band gap shields the fundamental compression mode with a 
frequency near 1 GHz (the dashed line). (c) Scanning 
electron micrograph of a LWR embedded in a phononic 
square lattice fabricated from a diamond thin film with the 
dimension given in (a).   

A major obstacle that has hindered the development of LWRs as ultracoherent nanomechanical 
resonators is the excitation and detection of compression modes without making physical contact with 
the resonators, since unlike in a cavity optomechanical system, these modes do not couple to an optical 
cavity. We have developed an all-optical technique to excite and detect the fundamental compression 
mode in a LWR [3].  Specifically, a LWR is placed in a sharply focused laser beam (see Fig. 2a). A 
temporally modulated optical gradient force is employed to resonantly excite the fundamental 
compression mode.  The induced mechanical vibrations are probed through their coupling to a SiV 
center.  Mechanical vibrations with an amplitude as small as a picometer can be detected through 
sideband, instead of conventional, optical interferometry and through sideband optical transitions of a 
SiV center.  

(a)
(b) (c)



Fig. 2. (a) A LWR placed at the waist of a laser 
beam.  The arrows illustrate the directions of the 
gradient force. (b) schematic illustrating the 
interference between the direct dipole transition 
and the first red sideband transition.  (c) A 
confocal fluorescence microscopy image of the 
LWR indicating the SiV used for the experiment.  

Using this all-optical approach, we have demonstrated a diamond LWR featuring a fundamental 
compressional mode with fm near 1 GHz and with Q > 107 at temperatures near 7 K.  The Qfm product 
achieved is comparable to or exceed that of the state-of-the-art silicon optomechanical crystals 
embedded in a phononic band gap acoustic shield at similar temperatures [4]. As illustrated in Fig. 2b, 
both the direct dipole transition and the phonon-assisted transition of a SiV can excite the two-level 
system from |g> to |e>.  Optical emissions from the excited state depend on the relative phase of the two 
corresponding transition amplitudes.  The compression mechanical vibrations can thus be detected 
through the interference between these two transition pathways, i.e. through sideband optical 
interferometry.  For our experimental studies, a SiV center slightly offset from the center of the 
resonator is used, with the SiV position indicated in a confocal fluorescence microscopy image of the 
LWR in Fig. 2c. An intensity-modulated 1550 nm laser beam is used to resonantly excite the 
fundamental compression mode via the optical gradient force. Optical emissions from the SiV center are 
measured as a function of the phase of the intensity modulation, i.e., ϕ in Fig. 2b.  The resulting 
interference fringes shown in Fig. 3a demonstrate the coherent excitation of the compression mechanical 
mode in the LWR.  

Fig. 3. (a) Fluorescence from 
the SiV center as function of j, 
the phase of the intensity 
modulation of the 1550 nm laser. 
The solid line is a numerical fit to 
a sinusoidal with a period of 2p. 
(b) The oscillation amplitude 
derived from the interference 
fringes as a function of the 
detuning from the mechanical 
resonance. (c) Phonon sidebands 
in the PLE spectrum induced by 
the excitation of the fundamental 
compression mode.  

Multiple phonon sidebands can be observed in the PLE spectrum, indicating the relatively strong 
excitation of the compression mechanical mode by the resonant gradient force.  More detailed 
experimental results along with a theoretical analysis will be presented. 
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Robust spin order and fragile charge order in Na0.5CoO2 as revealed by 
Time-resolved terahertz spectroscopy 

N.-L. Wang 
Peking University, Beijing 100871, China 

Near-infrared (NIR) pump-terahertz (THz) probe spectroscopy is used to investigate the charge and spin 
excitations in a strongly correlated electron compound Na0.5CoO2. The compound shows a coexistence 
of multiple charge and spin orders due to the intricate interactions between charge, spin, and orbital 
degrees of freedom (Fig.1).  Our findings unequivocally illustrate that ultrashort laser pulses facilitate 
the disentanglement of different interactions within complex systems characterized by multiple orders, 
providing a fresh perspective on the interplay between itinerant and localized electrons within the Co 3d 
t2g multiplets [1]. 

Fig. 1: (a) Crystal structure of Na0.5CoO2, with 
oxygen sites undisplayed. The ordered occupation 
of Na ions leads to inequivalent Co valent states of 
Co3.5+δ and Co3.5-δ within each CoO2 layer. (b) The 
Co3.5+δ ion has larger magnetic moment, while the 
Co3.5-δ ion has smaller magnetic moment. They form 
antiferromagnetic orders at Tc1 and Tc3, respectively, 
with two possible configuration. A charge order is 
formed near Tc2~50 K. (c) Resistivity and magnetic 
susceptibility measurement of Na0.5CoO2. 

NIR pulses create significantly diverse 
effects on the charge and spin orders; while the charge order is easily melted, coherent magnon 
excitations are present in all fluences examined. Furthermore, a π-phase shift of the coherent magnon 
oscillations is observed in the pump-induced change of the terahertz electric field between regions of 
increasing and decreasing field change (Fig. 2). 

Fig.2: (a) The coherent 
magnon mode at several 
temperatures. (b) Upper panel: 
∆E/Epeak along pump-probe 
time delay τ= 46.08 ps. Lower 
panel: Two-dimensional 
scanning of ∆E(t,τ)/Epeak signal 
along t and τ. (c) A π-phase 
shift of the oscillations between 
the region when ∆E/Epeak is 
increasing or decreasing. At 
the gate time when ∆E reaches 
the maximum, the oscillation 
becomes invisible. 

Work done in collaboration with X. Y. Zhou, S. J. Zhang and other team members in Peking University 
and Beijing Academy of Quantum Information Sciences-BAQIS. 
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Using ultrafast x-ray spectroscopies to probe and control many-body Entanglement 

in quantum materials 
Y. Wang 

 Emory University, Atlanta, GA30322,USA 

Quantum materials are at the forefront of both scientific research and technological development. One of 
the defining features of these materials is that their electrons exhibit collective behavior underpinned by 
quantum entanglement, which sets them apart from classical band theory. The quest to understand, 
control, and design quantum materials for specific functionalities, such as superconductors and batteries, 
stands as a crucial research domain in the field of energy science. Achieving these groundbreaking 
applications requires precise and efficient characterization of the collective properties of electrons using 
advanced experimental techniques and theoretical analysis. In this talk, I will combine the recent 
progress in quantum optics and ultrafast x-ray spectroscopy in the probe and control of many-body 
entanglements. My talk will start with probing entangled states in cold-atom-based quantum simulators 
for a doped Hubbard model. Through multi-partite correlations, we discovered an exotic crossover from 
spin polarons to Fermi liquid, possibly addressing the recent ARPES observations in cuprates [see 
Fig.1(a)]. I will then generalize the notions to quantum materials and discuss the spectral probe of 
entanglement using time-resolved resonant inelastic x-ray scattering (trRIXS). We find that the 
instantaneous short-range magnetic excitations can be manipulated by pulsed laser in a predictive 
manner. The entanglement depth of the transient state can be witnessed by the quantum Fisher 
information and quantified by trRIXS snapshots via a self-consistent iteration [see Fig.1(b)].  

Fig. 1. (a). The simulated 
three-point (left) and four-
point (right) correlations for 
doped Hubbard models, 
compared against the cold-
atom experimental data 
(yellow circles). (b). Light-
induced spin quantum Fisher 
information in a strongly 
correlated system, 
descripbed by the single-
band extended Hubbard 
model. The gray dashed line 
indicates the boundary 
between witnessed separable 
and entangled state. (c): 
fermionic entanglement 
witness extracted from RIXS 
spectrum, compared with the 
entanglement entropy. The 
simulation uses an extended 
Hubbard model as an 
example. 

Finally, I will discuss the possibility of enhancing many-body entanglement using an ultrafast laser 
pulse and generalizing the spectral witness to indistinguishable fermions via the ideas in cold atoms [see 
Fig.1(c)]. 
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Ultrafast spin-shear coupling in van der Waals antiferromagnets 
H. Wen 

Argonne National Laboratory, Lemont, IL, 60439, USA 

The interlay of magnetic orders and lattice structures in van der Waals magnets gives rise to a plethora 
of exotic phenomena. However, among multiple structural degrees of freedom, it remains elusive which 
structural parameters primarily couple to magnetism and how this coupling impacts the ultrafast 
dynamics of vdW magnets. Here, we discover a strong coupling between interlayer shear and magnetic 
orders in vdW antiferromagnets using a set of ultrafast measurements including ultrafast electron 
diffraction and microscopy, ultrafast x-ray diffraction, and optical linear dichroism. On picosecond time 
scale, a seesaw-like motion of the reciprocal lattice is observed in FePS3, which exhibits a thirty-fold 
amplification upon cooling of the sample below the Neel temperature (Fig. 1a,b) [1]. The rotation in 
reciprocal space is a result of an unusually large interlayer shear in real space, where individual micro-
patches of the film behave as synchronized shear oscillators along the same in-plane axis. Ultrafast 
electron microscopy further reveals shear acoustic harmonics up to the 4th order that arise from 
structural heterogeneities (Fig. 1c) [2]. On nanosecond time scales, the recovery of the lattice shear and 
magnetic order exhibit concurrent slowing down at the Neel temperature with the same critical 
components (Fig. 1d) [3] 

Fig. 1 a, Ultrafast 
electron diffraction 
measurement of FPS3 
films at the sample 
temperature of 79 K. 
Diffraction pattern and 
sample image are shown 
as the middle inset). b, 
Diffraction intensity 
oscillations of -331 peak 
at various temperatures. 
c, Harmonics of acoustic 
waves and the 
corresponding space-
time maps. d, Recovery 
time constants as a 
function of temperature 
shows coupled critical 
slowing down of spin 
( 𝜏𝐿𝐷) and lattice 
(𝜏 𝛽) degrees of freedom.  

The time-dependent Ginzburg-Landau theory shows that this concurrent critical slowing down arises 
from a linear coupling of the interlayer shear to the magnetic order, which is dictated by the broken 
mirror symmetry intrinsic to the monoclinic stacking. Our work not only offers the first microscopic 
view of the spin-mediated mechanical motion of an antiferromagnet but also identifies a new route 
towards realizing high-frequency resonators up to the millimeter band, where the capability of 
controlling magnetic states at the ultrafast timescale can be readily transferred to engineering the 
mechanical properties of nano-devices. 
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Ultrafast dynamics of iron-based superconductors and 
High pressure ultrafast spectroscopy 

J. Zhao 
Institute of Physics, Beijing 100190, China 

I will address two parts of our recent ultrafast spectroscopy investigation of quantum materials. First, I 
will talk about our ultrafast spectroscopy investigations of iron-based high temperature superconductors. 
Ultrafast dynamics of single-unit cell layer FeSe/SrTiO3 [1], intercalated iron-based superconductors 
(Li0.84Fe0.16)OHFe0.98Se, Fe1.05Se0.2Te0.8, and Fe1.01Se0.2Te0.8 [2] have also been investigated, for which 
the e-phonon coupling strengths are experimentally obtained. With these, for the first time a universal 
positive correlation between the superconducting transition temperature Tc and the e-phonon coupling 
strength λA1g or λ is discovered to exist among all known optimally doped iron-based superconductors 
(including FeSe-based, FeAs-based, and monolayer FeSe systems). Thus, we found that the e-phonon 
coupling may play an important role in all iron-based superconductors, especially including the single-
layer system. 

Fig.1.  Left. Universal positive correlation between Tc 
and λ( λ A1g) in iron-based superconductors [2,1]. 
Right: On-site in situ high-pressure ultrafast spectroscopy 
and ultrafast dynamics [3,4]. 

Then I will talk about our recent innovation of on-site in situ high pressure ultrafast pump-probe 
spectroscopy. Both ultrafast spectroscopy and high-pressure physics is important fields of materials 
physics. Combining the two is nontrivial, because conventional efforts cannot remove potential artifacts 
caused by repositioning fluctuations. In conventional ways, usually the DAC is taken out of the light 
path to tune and calibrate pressure and then put back. This will often introduce sample motion and 
rotation (i.e. repositioning fluctuation), which likely introduces artifacts in signals. We innovated and 
realized an on-site in situ high pressure pump-probe ultrafast spectroscopy technique, for which the 
DACs and samples remain within the light path, thus successfully removing repositioning fluctuation. 
With such, we successfully constructed an on-site in situ high pressure ultrafast pump-probe 
spectroscopy instrument [3]. Before, colleagues report mainly normalized data. Now this achievement 
allows for precision measurements in both the amplitude and lifetime. Standard description has also 
been initiated to greatly enhance the data comparability among different groups [3]. Using this 
instrument we studied the ultrafast dynamics of strongly correlated iridate Sr2IrO4 under high pressure. 
For the first time we found pressure-induced phonon-bottleneck effect (needs experimental data in both 
amplitude and lifetime), whereby conventional phonon-bottleneck effects are all driven by temperature 
[4,5]. These achievements critically help the inauguration of high-pressure ultrafast dynamics—to 
become a new branch of material physics research. This will also greatly contribute to the investigations 
of material physics under extreme conditions. 
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Nonlinear photonics and excitonics in van der Waals heterostructures 
L. Gu1, L.Zhang1, R.Ni1, M.Xie1, D. S. Wild2, S. Park3, H.Jang3, T. Taniguchi4, K. Watanabe4, M,Hafezi1, Y. Zhou1 

1University of Maryland, College Park, MD 20742, USA 
2Max Plank Institute of Quantum Optics, Garching, 85748, Germany 

3Brookhaven National Laboratory, Upton, NY 11973, USA 
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Heterostructures of atomically thin semiconductors, such as transition metal dichalcogenides (TMDs), have 
recently emerged as an exciting platform for exploring strongly interacting many-body systems of electrons 
and excitons. This talk focuses on our recent research investigating strong interactions among excitons and 
free carriers within these systems, shedding light on their relevance to Mott-Hubbard physics and applications 
in nonlinear optics and nanophotonics.First, I will discuss how optical pumping in TMD trilayers can induce 
giant excitonic optical nonlinearity, as much as ~10 meV of resonance blueshifts of Fermi polarons [1]. 
Intriguingly, we observe a remarkable asymmetry in the optical nonlinearity between electron and hole doping, 
which is tunable by the applied electric field. We attribute these features to the optically induced valley 
polarization due to the interactions between excitons and free charges, which open new avenues for photon 
blockade. Combining multiple layers of atomically thin excitonic materials, we envision the realization of 
chiral optical nano-cavities [2] featuring a strong nonlinear response. 

Fig. 1. Giant optical nonlinearity from exciton-hole interactions. a. 
Our results show strong oscillator strength and giant nonlinearity of 
Fermi polarons in trilayer WSe2, where hundreds of photons lead to a 
strong blueshift of the polaron resonance [Ref. 1].  
b. Reflectance change induced by optical pumping in trilayer WSe2,
showing drastically different behaviors in the hole vs. electron-doped 
regimes (negative vs. positive gate voltages). 

Furthermore, I will discuss our recent demonstration of ultrasharp, tightly bound interlayer excitons with 
energy tunable over a ~180 meV range. Remarkably, we demonstrate the long-range transport of interlayer 
excitons with a characteristic diffusion length exceeding ten micrometers, which can be attributed, in part, to 
their dipolar repulsive interactions. The formation and transport of tightly bound interlayer excitons with 
narrow linewidth, coupled with the ability to electrically manipulate their properties, open exciting new 
avenues for exploring quantum many-body physics, including excitonic condensate and superfluidity.
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Angular momentum dynamics on ultrashort timescales in ferromagnets: 
Electron-magnon vs. spin-orbit interactions  
F. Dusabirane2, K. Leckron1, B. Rethfeld1, H. C. Schneider1 
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Ultrafast demagnetization dynamics in 3d-ferromagnets, such as Nickel, were discovered more than 25 years 
ago, yet there still is no consensus as to how the angular momentum is dissipated on a timescale of about 
100fs. I will give a brief overview of old and new theoretical approaches that have been suggested as a 
microscopic mechanism for ferromagnetic ultrafast demagnetization. I will review our own work on the 
Elliott-Yafet mechanism and then focus on electron-magnon interactions, which have received increasing 
attention recently. To study the influence of electron-magnon scattering processes on the carrier dynamics in 
itinerant ferromagnets on ultrafast timescales, we employ a model band structure (“Stoner model”) for the 
electronic single-particle states. The electron magnon-interaction is formally obtained as coupling to a 
Heisenberg model, which incorporates the magnetic properties of the itinerant ferromagnet [1]. Importantly, 
we compute the dynamics of momentum resolved electron and magnon distributions including electron-
magnon and electron-electron scattering, which are both treated at the level of Boltzmann scattering integrals. 
We also include an Elliott-Yafet like spin relaxation mechanism due to spin-orbit coupling [2]. We find that 
electron-magnon scattering leads to a pronounced non-equilibrium for magnon modes at higher energies and 
wave vectors that couple directly to Stoner transitions as shown in the Figure. For reasonable parameters that 



capture some of the properties of magnons in iron, the electronic spin-flip scattering with magnons results in a 
momentum dependent absorption/emission of magnons and a transient increase of the electron spin 
polarization on a timescale of a few ten femtoseconds, which is then removed by the Elliott-Yafet spin 
relaxation. Such an increase of the spin polarization is also found in the 𝑑𝑀/𝑑𝑡  model, which has been 
introduced to model ferromagnetic demagnetization dynamics and spin current generation [3]. As we do not 
make its quasi-equilibrium assumption, we can go beyond the 𝑑𝑀/𝑑𝑡  model and demonstrate the non-
equilibrium features inherent in the demagnetization dynamics due to the interplay of electron-magnon and 
electron-electron scattering processes [4].  

Fig. 1. Change of magnon distribution δN(q,t) due to electron-magnon 
and electron-electron scattering after excitation by an instantaneous 
heating process. The region of q values, for which electronic spin flip 
transitions are possible, starts around 2 nm-1.

We study the influence of magnon-phonon relaxation processes and different excitation conditions. Finally, 
we compare our results to recent experiments [5]. 
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Ultrafast magnetization from the perspective of phonon 
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Ultrafast magnetism upon photoexcitation in magnetic quantum materials inspires new device concepts based 
on nonequilibrium phenomena, yet meanwhile poses great challenges in capturing the coupled spin-lattice and 
spin-electron dynamics. Here we present a full ab initio dynamics description of the photoinduced ultrafast 
demagnetization of a monolayer ferromagnet, using Fe3GeTe2 as a prototype system. We observe a three-stage 
demagnetization process, namely, an ultrafast and substantial demagnetization on a timescale of 100 fs, after 
which the light-induced coherent A1g phonon modes significantly couple to the spin dynamics in the next 
200-800 fs. In the third stage, nonlinear phonons drive chiral in-plane and out-of-plane lattice motions and 
results in significant spin precession. The nonadiabatic effect causes significant phonon hardening and 
suppresses the spin-phonon coupling during demagnetization. Our work provides a general understanding of 
the dynamic charge-spin-lattice coupling in ultrafast demagnetization and evidences angular momentum 
transfer between phonons and the spin degrees of freedom. 

     Fig. 1. The three-stage demagnetization mechanism in 
     two-dimensional ferromagnet. 

Finally, we discuss the proposal of manipulating magnons and chiral phonons via light which we hope to 
spark further experimental study. 
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Waveform measurement of propagating ultrashort graphene 
Plasmon wavepackets using on-chip THz spectroscopy 

K.Yoshioka 
 NTT Corporation, 243-0198 Atsugi, Japan 

Graphene plasmons within the terahertz (THz) spectrum have attracted significant interest as potential 
next-generation information carriers due to their strong confinement capabilities, active functionalities, 
and minimal loss characteristics [1]. The development of graphene-based plasmonic circuitry 
necessitates the ability to dynamically generate, control, and manipulate signal propagation, as well as to 
conduct on-chip remote measurements of these signals in terms of their amplitude and phase. However, 
existing methodologies that employ optical excitation via subwavelength configurations are 
predominantly constrained to stationary assessments of localized plasmonic fields.Here, through the 
application of state-of-the-art THz electronic techniques [2,3], we have achieved the dynamic on-chip 
transmission of ultrashort graphene plasmon wavepackets [4]. Our approach, centered on electrical 
excitation, facilitates the direct conversion of ultrashort electrical pulses into plasmon wavepackets, 
effectively eliminating the momentum mismatch that notably reduces the efficiency of plasmon 
generation and detection in optical strategies.Fig. 1(a) shows the schematic of our THz circuit, made by 
inserting hexagonal boron nitride (hBN) encapsulated graphene into a coplanar waveguide. This 
configuration allows an ultrashort current pulse of approximately 1 ps, generated using a 
photoconductive switch, to be injected from ohmic contacts while the signal propagating through the 
graphene is read out from the opposite ohmic contact. The measurement temperature was 4K. Fig. 1(b) 
shows the measured waveform of an acoustic plasmon after propagation of 12 µm length in the circuit.  

Fig. 1. a. Schematic of the on-chip THz spectroscopy setup used to investigate the dynamic transfer of ultrashort 
graphene plasmon wavepackets.  
b. 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 impedance mismatch in the circuit. 

The pulse duration of the main pulse was only 1.2 ps, to the best of our knowledge, this is the shortest 
electrically generated plasmon wavepacket in any material. Following echo pulses come from multiple 
reflections in the circuit. Furthermore, we succeeded in reproducing the plasmon waveform with a 
theory based on the telegrapher’s equation [5] without adjustable parameters. This enabled us to 
understand detailed transport properties of ultrashort wavepackets such as propagation mode, velocity, 
and length. With the estimated propagation length of 21 µm and wavepacket size of 4.0 µm, more than 
five wavepackets can be transferred before decoherence. We envision that our THz-electronics approach 
will accelerate the progress of polariton studies in various van der Waals heterostructures, not limited to 
graphene, and therefore unlock new capabilities for controlling ultrafast signals on-chip. 
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Ultrafast formation of topological defects in a 2D charge density wave 
A. Zong 
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Topological defects play a key role in nonequilibrium phase transitions, ranging from birth of the early 
universe [1] to quantum critical behavior of ultracold atoms [2]. In solids, transient defects are known to 
generate a variety of hidden orders not accessible in equilibrium [3–5], but how defects are formed at the 
nanometer lengthscale and femtosecond timescale remains unknown. Here, we employ an intense laser 
pulse to create topological defects in a 2D charge density wave (CDW) in 1T-TiSe2, and we track their 
morphology and dynamics with ultrafast electron diffraction (Fig. 1a–d). 

      `  
Fig. 1. a–d. Differential electron diffraction intensity at four time delays after photoexcitation at 210 K by a 3-mJ/cm2, 
800-nm pulse. The lower left quadrant shows the simulation result. e. Time evolution of diffuse intensities for the 
longitudinal optical phonon (red markers, left axis) and change in the peak width of the 2D CDW at the M point (yellow 
markers, right axis). Solid curves are guides to the eye. Both the width and LO phonon population show similar three-part 
dynamics, labeled I–III. f. Schematic of dual-stage formation of CDW domain walls mediated by LO phonons. Only Ti 
atoms are shown (circles), where arrows denote CDW displacements. In the first stage (up to ∼ 0.3 ps), the CDW 
amplitude decreases, represented by the shrinking arrow length; in the second stage (up to 1 ps), the CDW 
amplitude partially recovers. Pairs of domain walls are indicated by red   shades, where CDW displacements in 
the opposite direction compared to the t < 0 configuration are highlighted by red  arrows. Domain wall formation 
modifies the local inter-chain coupling (k → k′), leading to local displacements (δ) that constitute the LO phonons. 
All panels reproduced from ref. [6]. 

Leveraging its high temporal resolution and sensitivity in detecting weak diffuse signals, we discover a 
dual-stage growth of 1D domain walls within 1 ps, a process not dictated by the order parameter 
amplitude but instead mediated by a nonthermal population of longitudinal optical phonons (Fig. 1e,f). 
Our work provides a framework for the ultrafast engineering of topological defects that are coupled to 
specific collective modes, which will prove useful for the dynamical control of non-equilibrium phases 
in correlated materials [6]. 
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Effective magnetic field and magnetization from chiral phonons 
H. Zhu 

Rice University, Houston TX 77025, USA 

Controlling time-reversal symmetry (TRS) on very short time scales may enable novel non-equilibrium 
phases of matter, as well as ultrafast spintronics for energy-efficient information processing. Strongly 
driven phonons directly influence the interatomic distances, orbital symmetry, and exchange interactions 
that are closely related to magnetism in materials. Chiral phonons, where atoms rotate unidirectionally 
around the equilibrium position inside crystalline lattice, break time reversal symmetry and are expected 
to directly couple with magnetization. We excited chiral phonons using circular-polarized terahertz 
pulses and observed a prominent transient magneto-optic Kerr effect in cerium trihalide[1], which was 
known to have unusually large spin-phonon coupling [2]. We developed the technique for the generation 
and nonlinear imaging of coherent chiral phonons in the spectral range around 10 THz to reveal the 
phonon dynamics [3]. The effective magnetic field needed to polarize the paramagnetic spins is on the 
order of 1 tesla under a moderate absorbed fluence of 0.2 mJ/cm2. The temperature dependence of the 
spin dynamics indicates the magnetic field indeed is generated by the phonons, as opposed to a pure 
electromagnetic inverse Faraday effect.  

Fig. 1. (a) Illustration of part of the 
unit cell centered around a Ce3+ ion 
and the atomic displacement of Eu 
chiral phonon mode centered 
around 10.5 THz according to DFT 
calculations. The F- ions are 
denoted in red and purple according 
to their difference in effective 
charge tensor. (b) Schematic of the 
time-resolved Kerr ellipticity and 
Faraday rotation for spin dynamics, 
and second harmonic generation for 
phonon dynamics. (c) Faraday 
rotation as a function of delay time 
is opposite under left CP and right 
CP THz excitation, evidencing TRS 
breaking at 10 K. (d) Time-
dependent effective magnetic field 
derived from measured 
magnetization dynamics aligns with 
that derived from phonon dynamics. 
The shadowed region indicates 
uncertainty from the measurement of 
the phonons’ effective magnetic 
moment. 

The quasi-static magnetic field from TRS-broken phonons, as opposed to magnetoelectric and 
magnetoelastic effect that causes linear magnon-phonon coupling [4,5],or phonon-enhanced magnetism 
[6], may be enhanced by polaritonic cavities [7] and open a new route to investigate spin-phonon 
interaction in a broad range of quantum materials [8,9]. 
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