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Tutorial Speakers 

 

I. SwissFEL– Machine 

X-ray free-electron lasers – the machine side 

Eduard Prat 

Paul Scherrer Institute, 5232 Villigen PSI, Switzerland 

e-mail: eduard.prat@psi.ch 

 

In this tutorial we describe some aspects of X-ray free-electron lasers (FELs) from the “machine” 
perspective. After introducing the basic physics principles of the FEL process we explain the type of 
accelerators that are required to produce FEL radiation, listing the available facilities around the globe. 
We then describe in more detail SwissFEL, the X-ray FEL facility in Switzerland. Finally, we elaborate 
several advanced methods to control the FEL properties in terms of pulse duration, power, coherence 
and bandwidth. 

 

 

 

 

 

II. SwissFEL– Condensed Matter Science 

Simon Gerber 

Quantum Technologies Group, Paul Scherrer Institute, 5232 Villigen PSI, Switzerland 

e-mail: simon.gerber@psi.ch 

The advent of X-ray free-electron lasers (FEL) provides us with a tool to investigate the lattice and 
electronic dynamics of solids at the inherent time (femtosecond) and length (Ångström) scale. This 
new generation of accelerator-based photon sources delivers extremely brilliant, ultrashort and 
coherent X-ray pulses that are primarily used to map out ultrafast dynamics, but also for taking 
snapshots with single X-ray pulses and/or employing their coherence. First, I will introduce the unique 
properties of X-ray FELs and sketch the current state-of-the-art of condensed matter experiments. 
Then, I will focus on the existing and upcoming capabilities for solid-state physics at SwissFEL, and 
illustrate them by a selection of recent experiments. 
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III. SwissFEL– Bio 

Femtosecond-to-Millisecond Structural Biology at SLS and SwissFEL 

Jörg Standfuss 

Laboratory of Biomolecular Research, Department of Biology and Chemistry, Paul Scherrer 
Institute, 5232 Villigen PSI, Switzerland 

e-mail: joerg.standfuss@psi.ch 

Providing detailed experimental insights into how proteins change over time and to relate these 
structural changes to biological function remains one of the major challenges in structural biology. 
Next generation X-ray sources like the Swiss Licht Source 2.0 (SLS 2.0) or Swiss Free Electron Laser 
(SwissFEL) offer exciting new opportunities to study protein dynamics by time-resolved pump-probe 
crystallography. In my presentation, I will outline the possibilities but also the challenges that have to 
be overcome before we can routinely study atomic rearrangements in proteins at ambient 
temperature and in real time.  

In the last few years, my group has been pushing the boundaries of what is possible by the technique. 
We demonstrated the use of sample efficient high-viscosity sample injectors to determine room 
temperature structures at the European Synchrotron Radiation Facility (ESRF). At the Swiss Light 
Source (SLS) we implemented routine crystallographic techniques including phasing and ligand 
soaking on soluble and membrane proteins. Next, we introduced high-viscosity injectors to time-
resolved measurements in order to increase sample efficiency. This allowed us and our collaborators 
in Japan and California to collect over 40 structural snapshots of bacteriorhodopsin. This work covered 
many temporal regimes from the light- induced isomerization of retinal within the first picosecond, 
the following proton release steps within microseconds to the uptake reaction in the early 
milliseconds. Together the work provides the most complete molecular view of a membrane pump in 
action and acts as a template how to approach studies on proteins with increasing complexity. As a 
first step in this direction, we recently concluded piloting time-resolved crystallographic 
measurements at the SwissFEL to resolved the structural changes within the light-driven sodium pump 
Krokinobacter eikastus rhodopsin 2 (KR2) from femtoseconds to milliseconds. Currently we are 
studying the possibility to use synthetic photoswitches to track the binding and release of protein 
ligands. The overarching goal of our previous and present proposals is mapping the structural 
dynamics of protein-ligand interactions in a series of proteins used in optogenetics and 
photopharmacology.  
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Special Session – Better Science Initiative 

Joel Schaad & Natascha Flückiger 

Abteilung für Gleichstellung Universität Bern, Hochschulstrasse 6, 3012 Bern 

e-mail: joel.schaad@unibe.ch  

Academic work should be characterised by sustainability, diversity, and equal opportunities: it should 
provide quality in a holistic sense, whereby quantity and speed should not be the primary 
considerations. The Better Science Initiative contributes to a rethinking of the current paradigm of 
quantifiable scientific and scholarly work. Our ten calls to action concerning research, teaching, and 
administration draw attention to these issues. 

Creativity instead of pressure to perform · Rethinking excellence · Making demands visible 
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Oral Presentations  

Intense THz Field-Induced Ultrafast Mode Switching of THz Nano-Structures 

Bong Joo Kang*, Rohrbach, David; Brunner, Fabian; Bagiante, Salvatore; Sigg, Hans; Feurer, Thomas 

Institute of Applied Physics, University of Bern, 3012 Bern, Switzerland 

*e-mail: bong-joo.kang@iap.unibe.ch 

Specifically designed resonant THz nano-structures absorb and locally enhance an incident THz pulse, 
thus, generating fields high enough to cause nonlinear material responses and to give access to study 
nonlinear transport phenomena or to realize ultrafast electronic devices, such as efficient photovoltaic 
nano-cells, electroluminescent emitters, or highly sensitive photon detectors. Here, we study the 
ultrafast mode switching of metallic split ring resonators on semiconductor substrates. Mode 
switching occurs when the substrate underneath the gap region changes conductivity. For 
semiconductors, the electric field-induced conductivity is attributed to carrier generation via different 
mechanisms, e.g., inter-valley scattering (IVS) or impact ionization (IMI) [1]. However, mechanism and 
time scale by which mode switching occurs are still debated, despite several successful studies 
conducted to understand the underlying physics of field-induced nonlinear substrate behavior [1-2]. 
In the present work, by using semiconductor substrates with different bandgaps, we first show that 
impact ionization is indeed the most relevant carrier generation process. Moreover, we establish a 
mode switching time of 200 fs.  

We fabricated split ring resonators (SRRs) with capacitive faces to increase the interaction volume on 
different semiconductor substrates. In the presence of a high THz electric field between the gap faces, 
carrier multiplication results in ultrafast switching of the SRR resonance. We measured the nonlinear 
behavior of the SRR for increasing THz electric field strengths. Mode switching of the SRR on different 
substrates occurs above a critical electric field. The experimental results agree well with sophisticated 
time-domain simulations. The critical electric field clearly shows a bandgap dependence, which is 
consistent with previous predictions of IMI studies [3]. In addition, by combining THz electro-optic 
sampling with high-fidelity numerical simulations we establish a minimum mode switching time of 200 
fs and are able to determine at which time after excitation mode switching occurs. The results further 
clarify the dominant carrier generation mechanisms for THz nano-structures on semiconducting 
substrates and the mode switching dynamics and pave the route towards femtosecond switching in 
such structures. 

References:  

[1] A. T. Tarekegne, K. Iwaszczuk, M. Zalkovskij, A. C. Strikwerda, and P. U. Jepsen, "Impact ionization 
in high resistivity silicon induced by an intense terahertz field enhanced by an antenna array," New 
J. Phys. 17, 043002 (2015). 

[2] C. Lange, T. Maag, M. Hohenleutner, S. Baierl, O. Schubert, E. R. J. Edwards, D. Bougeard, G. 
Woltersdorf, and R. Huber, Extremely Nonperturbative Nonlinearities in GaAs Driven by Atomically 
Strong Terahertz Fields in Gold Metamaterials, Phys. Rev. Lett. 113, 227401 (2014). 

[3] Y. Okuto and C. R. Crowell, "Energy-Conservation Considerations in the Characterization of Impact 
Ionization in Semiconductors," Phys. Rev. B 6, 3076 (1972). 
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Nonlinear THz spectroscopy at MHz repetition rate 

Celia Millon*, Saraceno, Clara 

RUB - PULS 

*e-mail: celia.millon@ruhr-uni-bochum.de 

Terahertz (THz) spectroscopy is well-known to be a powerful tool to study non-linear properties of 
materials [1]. Progress in ultrafast laser driven THz sources have enabled to bring these spectroscopies 
into the nonlinear domain i.e., driven by strong THz electric fields. However, so far, the need for high 
pulse energy (few mJ) driving lasers resulted in experiments only carried out at low repetition rate 
(few kHz). We will present here a unique nonlinear THz spectroscopy tool capable of generating 
strong-fields (>200 kV/cm) and operating at four orders of magnitude higher repetition rate (13 MHz), 
enabled by the development of unique powerful laser sources [2-3]. We compare the results between 
a conventional Ti:Sa laser-driven TDS and our high-power. We believe this unique tool will be an 
important contributor to improve our understanding of non-linearity.  

References:  

[1] K. Tanaka, H. Hirori, and M. Nagai, “THz Nonlinear Spectroscopy of Solids,” IEEE Trans. Terahertz 
Sci. Technol., vol. 1, no. 1, pp. 301–312, Sep. 2011, doi: 10.1109/TTHZ.2011.2159535.  

[2] C. J. Saraceno, “Mode-locked thin-disk lasers and their potential application for high-power 
terahertz generation,” J. Opt., vol. 20, no. 4, Art. no. 4, Apr. 2018, doi: 10.1088/2040-8986/aab30e.  

[3] F. Meyer, T. Vogel, S. Ahmed, and C. Saraceno, “Single-cycle, MHz-repetition rate THz source with 
66 mW of average power,” Opt. Lett., vol. 45, no. 8, Mar. 2020, doi: 10.1364/OL.386305.  
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Clocking Auger electrons 

Dan Haynes*, Wurzer, M.; Schletter, A.; Al-Haddad, A.; Blaga, C.; Bostedt, C.; Bozek, J.; Bromberger, 
H.; Bucher, M.; Camper, A.; Carron, S.; Coffee, R.; Costello, J. T.; DiMauro, L. F.; Ding, Y.; Ferguson, K.; 

Grguraš, I.; Helml, W.; Hoffmann, M. C.; Ilchen, M.; Jalas, S.; Kabachnik, N. M.; Kazansky, A. K.; 
Kienberger, R.; Maier, A. R.; Maxwell, T.; Mazza, T.; Meyer, M.; Park, H.; Robinson, J.; Roedig, C.; 

Schlarb, H.; Singla, R.; Tellkamp, F.; Walker, P. A.; Zhang, K.; Doumy, G.; Behrens, C.; Cavalieri, A. L. 

Universität Hamburg/Institute of Applied Physics, University of Bern 

*e-mail: daniel.haynes@mpsd.mpg.de 

The extreme-intensity light pulses now available at X-ray free-electron lasers (XFELs) have durations 
on femto- or attosecond timescales and wavelengths well into the X-ray regime, placing these facilities 
at the frontier of ultrafast science. Exploiting the few-femtosecond X-ray pulses produced at LCLS, we 
applied attosecond streaking to experimentally determine the Auger decay lifetime in XFEL-excited 
neon gas. Auger decay is a fundamental and quotidian relaxation process, and the main one by which 
highly excited states of matter revert to stability [1, 2]. It is therefore crucial to understand the nature 
of this process in situ, performing studies with the same XFEL pulses that are used to create and 
investigate these exotic states of matter. 

The lifetime determined from this work, 2.2+0.2/-0.3 fs, may be one of the fastest events yet clocked 
at an XFEL. Notably, the measured delay between the centres of mass of the photo- and Auger 
emission bursts was significantly longer than the final decay lifetime, which was recovered using a full 
quantum-mechanical model of Auger decay and emission [3]. The discrepancy revealed, 
unambiguously and for the first time, the necessity of a comprehensive, single-step treatment of 
Auger decay when working at XFELs. Though a simpler two-step model is adequate for sufficiently 
short pulses[4], it breaks down under the typical conditions at XFELs, where the pulse durations may 
be commensurate with or exceed the Auger decay lifetime. A deeper understanding of the temporal 
emission profile of Auger electrons may prove vital in high-profile XFEL-based studies of biological 
systems, where Auger electrons trigger catastrophic radiation damage in samples, and images must 
be captured before the destruction of the protein. 

To make these measurements possible, the timing and phase jitter that should normally prohibit 
attosecond resolution at XFELs were overcome using a new experimental approach. Termed “self-
referenced attosecond streaking”, the technique dispenses with the need for precise control of 
streaking laser parameters by examining global trends in the data. In this case, self-referenced 
streaking was made possible by the consistent delay between photo- and Auger emission; measuring 
both peaks for each XFEL pulse before combining the data from thousands of pulses revealed the 
equally consistent streaking phase shift between the two events. It is hoped that in future experiments 
the technique can be fully generalised, allowing it to be applied to the study of systems without any 
inherent delay. As XFELs approach and breach the attosecond frontier, it is hoped that novel 
experimental and analytical techniques including self-referenced streaking will facilitate and expedite 
pioneering studies of the fastest processes in nature.  

References:  

[1] Rohringer, N. et al. Atomic inner-shell X-ray laser at 1.46 nanometres pumped by an X-ray free-
electron laser. Nature 481, 488-491 (2012). 

[2] Fang, L. et al. Double core-hole production in N2: beating the Auger clock. Phys. Rev. Lett. 105, 
083005 (2010). 
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[3] Smirnova, O., Yakovlev V. S. & Scrinzi, A. Quantum Coherence in the Time-Resolved Auger 
Measurement. Phys. Rev. Lett. 91, 253001 (2003). 

[4] Drescher, M. et al. Time-resolved atomic inner-shell spectroscopy. Nature 419, 803-807 (2002). 
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X-ray Transient Grating spectroscopy at X-ray Free Electron Lasers 

Cristian Svetina*, J. R. Rouxel, D. Fainozzi, R. Mankowsky, B. Roesner, G. Seniutinas, R. Mincigrucci, 
S. Catalini, L. Foglia, R. Cucini, F. Doering, A. Kubec, F. Koch, F. Bencivenga, A. Al Haddad, A. Gessini, I. 
Mochi, A. A. Maznev, C. Cirelli, S. Gerber, B. Pedrini, G. F. Mancini, E. Razzoli, M. Burian, H. Ueda , G. 

Pamfilidis, E. Ferrari, Y. Deng, A. Mozzanica, P. J. M. Johnson, D. Ozerov, M. G. Izzo, C. Bottari, C. 
Arrell, E. J. Divall, S. Zerdane, M. Sander, G. Knopp, H. T. Lemke, C. J. Milne, C. David, R. Torre, M. 

Chergui, K. A. Nelson, C. Masciovecchio, U. Staub , L. Patthey and P. Beaud 

Paul Scherrer Institut 

*e-mail: cristian.svetina@psi.ch 

Transient grating spectroscopy is a background-free time resolved four wave mixing technique that is 
widely used in the optical domain to gain information on transport and diffusion processes [1,2] as 
well as on vibrational, charge and magnetic dynamics of the ground or excited state [3-5]. In the past 
decade significant efforts has been undertaken to extend this technique into the extreme ultraviolet 
range permitting studies in solids on charge transport, coherent phonons, and ordering dynamics of 
the spin system at their intrinsic nanometer spatial and femtosecond time scale [6]. Extention of 
transient grating spectroscopy to X-rays would allow to overcome the limitations of the longer 
wavelengths by reaching the ultimate time and spatial resolutions (femtosecond – sub-nanometer) 
with high momentum transfer, adding chemical specificity while the deep penetration will allow to 
study of both the surface (reflection) and bulk (transmission) properties. Very recently, we have 
proposed a relative simple method to the expand the application range of transient grating 
spectroscopy far into the X-ray domain. This technique uses a single transmission grating to generate 
the transient excitation pattern in the sample without involving complicated split-and-delay lines [7]. 
In a milestone experiment at SwissFEL we have demonstrated the validity of the technique by 
generating X-ray transient gratings and probing with an optical laser [8]. Our results open the 
possibility to apply X-ray transient grating to perform studies on semiconductors, disordered systems, 
magnetic materials, strongly correlated and quantum materials. It will also  provide a robust tool to 
design and realize new functional materials with desirable properties such as for example high-
temperature superconductors, ultrafast magnetic switches, nano-thermal devices, photo-to-electro 
catalysis, ultrafast non-volatile memory storage. In this talk I will present our first experimental results 
and give a perspective on the upcoming steps in the development of the technique.  

References:  

[1] Rogers, J.A., Maznev, A.A., Banet, M.J. et al. Annu. Rev. Mater. Sci., 30, 117–157 (2000) [2] 
Hofmann, F., Short, M., & Dennett, C. MRS Bulletin, 44(5), 392-402 (2019)  

[3] Brown, E.J., Zhang, Q. & Dantus J. Chem. Phys. 110, 5772–5788 (1999)  
[4] Torchinsky, D., Mahmood, F., Bollinger, A. et al. Nature Mater 12, 387–391 (2013)  
[5] Janušonis, J., Jansma, T., Chang, C. et al. Sci Rep 6, 29143 (2016)  
[6] Bencivenga, F., Cucini, R., Capotodi, F. et al. Nature 520, 205–208 (2015)  
[7] C. Svetina, Mankowsky R., Knopp, G. et al. Opt. Lett. 44 574–577 (2019)  
[8] Rouxel, J.R., Fainozzi, D., Mankowsky, R. et al. Nat. Photon. 15, 499–503 (2021) 
  



6 
 

Ultrafast dynamics and coupling of magnetic sublattices in room-
temperature multiferroic hexaferrite 

Hiroki Ueda*, Jang, Hoyoung; Chun, SaeHwan; Kim, Hyeong-Do; Kim, Minseok; Park, Sang-Youn; 
Finizio, Simone; Ortiz Hernandez, Nazaret; Kimura, Tsuyoshi; Tanaka, Yoshikazu; Doll, Andrin;    

Staub, Urs 

Paul Scherrer Institute 

*e-mail: hiroki.ueda@psi.ch 

Understanding ultrafast magnetism, such as demagnetization, all-optical magnetization switching, and 
even cross-correlation with other degrees of freedom, e.g., phonons, has created a recent sig-nificant 
interest in the field of condensed matter physics due to the potential for applications in data storage 
technologies. In addition, it is fundamentally interesting how such processes work and what drives 
them at the atomic (spin) level. Although most investigated systems are metallic, magnetoe-lectric 
multiferroics of type II bear great potentials because they have an intrinsic correlation among 
ferromagnetic (FM) and antiferromagnetic (AFM) sublattices and electric polarization (P). So far, 
however, ultrafast dynamics in multiferroics have been much less investigated [1].  

In this presentation, we report time-resolved resonant x-ray diffraction (tr-RXD) to study ultrafast 
magnetism in a room-temperature hexaferrite possessing FM and AFM sublattices [2]. An ad-vantage 
of tr-RXD over conventional optical techniques is that we can separately investigate the sublattices 
having different propagation vectors. Namely, we followed two reflections after 400 nm fs optical 
laser excitation; one that is sensitive to the AFM component and one that is sensitive to the FM 
component. We observed an oscillation in tr-RXD intensities of both reflections with the same 
frequency but with opposite phase. This observation indicates a coherent excita-tion of a magnon 
mode triggered by the above-bandgap excitation. The two magnetic sublattices entangle in the 
magnon mode and should give rise to transient modulation of P. Such a coupled mode is known as an 
electromagnon [3], involving two characters, phononic and magnonic. It ena-bles simultaneous 
ultrafast control of the two characters. A microscopic mechanism of the coherent magnon excitation 
is proposed based on the ultrafast back-and-forth interactions between the spins and the lattice: 
direct modulation of magnetic frustration via transient lattice distortion launched by the ultrafast 
demagnetization.  

References:  

[1]  T. Kubacka et al., Science 343, 1333 (2014).   
[2] Y. Kitagawa et al., Nat. Mater. 9, 797 (2010). 
[3]  A. Pimenov et al., Nat. Phys. 2, 97 (2006).  
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Coherent atomic in-plane and out-of-plane dynamics in WTe2 probed by 
time-resolved x-ray diffraction and near-infrared reflectivity 

Davide Soranzio*, Abreu, Elsa; Beaud, Paul; Boie, Larissa; Cilento, Federico; Deng, Yunpei; 
Dössegger, Janine; Houver, Sarah; Lemke, Henrik T.; Mankowsky, Roman; Ovuka, Vladimir; 

Parmigiani, Fulvio; Peressi, Maria; Sander, Mathias; Savoini, Matteo; Zerdane, Serhane;          
Johnson, Steven L. 

Institute for Quantum Electronics, ETH Zurich, CH-8093 Zurich, Switzerland 

*e-mail: davideso@phys.ethz.ch 

We studied the structural dynamics of the layered transition metal dichalcogenide WTe2 through the 
combined use of time-resolved x-ray diffraction and near-infrared reflectivity experiments supported 
by density functional theory (DFT) simulations. The focus of the study was the in-plane and out-of-
plane motion connected to its zone-center A1 optical phonon modes. 

The sample was excited using an 800 nm pump pulse that triggers the coherent optical phonon modes 
which modify the atomic positions. The consequent changes in the diffraction intensity of multiple 
Bragg peaks were probed exploiting the high coherence, brilliance, and short pulse duration of the 
free electron laser x-ray beam at SwissFEL [1]. This oscillatory motion leads to modifications of the 
electronic charge density distribution which affect the electronic band structure. In particular, this has 
a strong impact on the band curvature across the electron and hole pockets in the reciprocal space 
that can be interpreted as changes in the effective mass of the associated carriers. These features are 
central in the proposed explanation of the extremely high magnetoresistance in WTe2 through the 
carrier mobility terms [2][3]. 

Fitting our experimental x-ray diffraction data, we were able to derive amplitude, frequency and decay 
time of the two most prominent A1 modes (~0.24 THz, shear mode and 2.4 THz) which cause the 
largest perturbation effects. We analyzed their fluence dependence and compared these results with 
near-infrared (950 nm) reflectivity measurements under similar pump conditions, showcasing an 
analogous response where the two phonon modes present distinct amplitude trends. Furthermore, 
the structural investigation was integrated by x-ray azimuthal angular scans at tens of picoseconds. 

The electronic structure properties were studied through numerical simulations for various phononic 
displacement amplitudes. The energy levels were primarily examined along the Gamma-X direction 
for which the largest magnetoresistance values were reported. The relative change of the effective 
mass was found to be linear with the applied shift of the atomic coordinates under a good 
approximation in the examined range, which includes the obtained experimental amplitudes. At a few 
mJ/cm^2 fluence, these variations were calculated to be around 10%, depending on the specific band 
and phonon mode, which could lead to measurable magnetoresistance modulations [3]. 

References:  

[1] G. Ingold et al., Journal of Synchrotron Radiation 26.3, pp. 874-886 (2019) 
[2] M. N. Ali et al., Nature 514, pp. 205-208 (2014) 
[3] H. Y. Lv et al., EPL (Europhysics Letters) 110, 37004 (2015) 
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Exploring the dynamics of correlated electrons in heavy-fermion materials by 
THz time-domain spectroscopy 

Chia-Jung Yang*, Pal, Shovon; Zamani, Farzaneh; Kliemt, Kristin; Krellner, Cornelius; Stockert, Oliver; 
v. Löhneysen, Hilbert; Kroha, Johann; and Fiebig, Manfred 

Department of Materials, ETH Zurich, 8093 Zurich, Switzerland 

*e-mail: chia-jung.yang@mat.ethz.ch 

The interaction of terahertz (THz) light with condensed matter systems is a rapidly evolving field 
covering diverse physical phenomena. The wide spectrum of such phenomena ranges from 
intraband/interband transitions and lattice vibrations to the dynamics of electrons, spins, and 
quasiparticles in several categories of strongly correlated electronic systems. The advancement of the 
THz technique, in particular intense singe-cycle THz pulse generation, nonlinear THz spectroscopy, and 
THz time-domain spectroscopy (THz-TDS), has enabled researchers to explore properties of correlated 
materials that were otherwise not accessible. In this contribution, I will elaborate on how THz-TDS has 
revealed several fundamental aspects of a special category of strongly correlated material – the heavy-
fermion systems.  

Heavy-fermion (HF) materials are a specific type of intermetallic compound that contains a lattice of 
localized magnetic moments immersed in a conduction electron sea. The localized magnetic moments 
originate from the partially filled f-orbitals of the actinide or the lanthanide ions. At a temperature 
lower than the Kondo temperature (TK*), electrons in such materials possess an effective mass of two 
to three orders of magnitude larger than its rest mass. These “heavy” electrons, or the so-called 
“heavy fermions”, strongly influence electronic behavior and lead to interesting properties such as 
unconventional superconductivity and quantum criticality. The latter makes HF materials one of the 
best candidates to study quantum phase transition, a second-order phase transition between the 
ground states of a many-body system occurring around absolute zero. Despite years of intense 
research, there are debates on the physical mechanisms of quantum criticality and the quasiparticle 
dynamics near the transition point.  

We have successfully probed the evolution of quasiparticle spectral weight [1,2] and separately 
investigated the optical conductivities from different correlated contributions [3] in CeCu6-xAux bulk 
compounds using THz-TDS. Upon exciting a HF compound with low-energy THz radiation, part of the 
correlated Kondo state can be coherently disrupted that then resurges back with a distinct temporal 
separation from the instantaneous conduction electron response. By taking the advantage of this 
temporal separation, we find that near the critical doping concentration, the quasiparticle weight rises 
logarithmically with decreasing temperature, reaches a maximum near TK*, and then decreases until 
the lowest temperature, indicating quasiparticle breakdown. Moreover, the instantaneous responses 
that are related to the light electrons yield the expected Drude behavior in the optical conductivity. 
While the delayed response that is related to the heavy quasiparticles does not show any Drude peak 
in the THz frequency range. The same technique is also applied to another prototype heavy-fermion 
compound – YbRh2Si2. We found that the spectral weight near the critical magnetic field rises 
logarithmically until TK* then decreases until 10 K. Upon decreasing the temperature even further, we 
find that the spectral weight starts building up logarithmically until the lowest temperature measured. 
A critical, two-band Fermi-liquid theory indicates that this further enhancement signals quasiparticle 
critical slowing down for a fermionic field – an observation of which in our experiments is indeed 
intriguing.  
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References:  

[1] C. Wetli et al., Nat. Phys. 14, 1103 (2018).  
[2] S. Pal et al., Phys. Rev. Lett. 122, 096401 (2019). 
[3] C.-J. Yang et al., Phys. Rev. Research 2, 033296 (2020). 
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Skyrmion lattice rotation in Cu2OSeO3 driven by femtosecond near-infrared 
laser pulses 

Phoebe Tengdin*, Benoit Truc, Alexey Sapozhnik, Ivan Madan, Simone Gargiulo, Thomas 
Schoenenberger, Ping Che, Henrik Ronnow, Thomas Lagrange, Fabrizio Carbone 

Ecole polytechnique federale de Lausanne 

*e-mail: phoebe.tengdin@epfl.ch 

Control of topological magnetic textures has attracted intense interest due to the potential 
applications for these structures in spintronic devices. Here we show that tailored femtosecond laser 
pulses can induce a controlled rotation of a skyrmion lattice in a multiferroic material. When light 
pulses have an energy below the bandgap of the Mott insulator Cu2OSeO3, they can drive magnon 
currents whose direction and strength determines the direction and amount of the skyrmion lattice 
rotation. The possibility to tune the laser pulse parameters: polarization, fluence and energy, provide 
a unique handle to actively control the skyrmion lattice motion. Moreover, the measured rotation of 
the skyrmion lattice allows us to image the spin current vector field generated in the sample by the 
femtosecond laser pulse. This direct manipulation of topological structures via spin currents can be 
used to build spin memory and logic devices with much lower dissipation losses than previously 
achieved. 
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Nonlinear spectroscopy offers a powerful tool for investigating microscopic quantum dynamics. 
However such quantities are often challenging to obtain theoretically for complex condensed phase 
systems, due to the large number of degrees of freedom.  

For nonadiabatic systems, computationally cheap semiclassical approximations for the full electron-
nuclear dynamics can be derived with the use of mapping variables [1, 2]. Within these approaches 
the electronic subsystem is mapped exactly onto a fictitious system, which has a well-defined classical 
limit. The dynamics associated with the mapped system is then described by an ensemble of classical 
trajectories. In particular, we have recently developed a new classical-trajectory mapping-based 
technique, called spin-PLDM [3], which is able to obtain the relatively short time quantum dynamics 
extremely accurately, does not suffer from over-damped coherences and can be applied to calculate 
both single and multi-time correlation functions. These characteristics make it ideally suited for 
obtaining optical response functions. 

In this talk, we will show how spin-PLDM can be applied to accurately and efficiently compute the 
various optical response functions that contribute to the nonlinear electronic spectra of nonadiabatic 
condensed phase systems, such as a Frenkel biexciton model and the Fenna-Matthews-Olsen 
complex. Because each optical response function is calculated independently within our approach, 
contributions from different dynamical pathways can be separated from the full signal, giving further 
insight beyond what can be achieved directly from experiment. 
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It is generally known that metal halide perovskites have rapidly captured the interest of the scientific 
community, in large part, due to their versatility and broad application spectrum including 
photovoltaics [1], light-emitting diodes [2], light detection [3], and energy storage [4]. Conforming to 
the stoichiometric unit of metal halide perovskites ABX3, where A+ is a monovalent cation, B2+ a 
divalent metal ion and X– a halide anion, formamidinium lead triiodide (FAPbI3) perovskites showcase 
enhanced light-absorbing capacity at the expense of a fragile temperature-dependent thermodynamic 
stability. All three ionic constituents may give rise to defects of varying complexity ranging anywhere 
from simple vacancies and interstitials to dislocations, kinks and jogs, all the way to grain boundaries 
(GBs), pores, cracks or inclusions. External stimuli (such as light or an electric field) instigate defect 
migration within the crystal lattice influencing thereby the electrical response of a device. Defect 
transport is, in general, detrimental for the overall material performance. GBs constitute regions of 
increased defect concentration and local disorder. One of the leading questions today is the effect of 
GBs on ionic migration in polycrystalline films. This is of particular relevance for solution-processed 
perovskite thin films, which usually contain numerous GBs. By reducing defect densities in regions 
where they are most abundant (like GBs) or by mitigating ionic defect transport, one can suppress 
nonradiative recombination and improve material performance. The exact effect of GBs on ionic 
mobility is still debatable in the literature, where some suggest that GBs facilitate ionic defect 
migration [5-6] while others argue otherwise [7-8].  

Our approach to understand the structure-property relationships of grain boundaries in crystalline 
FAPbI3 perovskites entails the development and application of theoretical and computational 
modeling at the atomistic length scale, where the chemistry, structure and geometrical characteristics 
of individual components in the crystal lattice are paramount. In order to simulate the behavior of 
systems containing defects, we started off by building and equilibrating atomistic models comprising 
grain boundaries formed by grains at experimentally observed angles (9). Therein, a thoroughly 
validated and readily used detailed force field was enlisted that captured well both intra- and 
intermolecular interactions [10-11]. To model the role of grain boundaries in the migration of mobile 
defects, such as ionic vacancies and interstitial atoms, we calculated the potential energy profiles 
perpendicular to the grain boundary plane. Preliminary results on the system’s energetics evince that 
although grain boundaries correspond to local maxima of the system’s total potential energy, the 
potential energy of a defect is lower at a GB than in the bulk of the crystalline grain. This suggests that 
GBs may act as energy traps, immobilizing all mobile defects passing by their close vicinity. Suggestions 
and early results on mitigating the increased defect concentration at the GBs may also be reported.  
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Recent years have seen the establishment of the field of attochemistry; the study of electronic 
structure of molecules on attosecond time scales and its coupling to nuclear dynamics. While 
theoretical studies have gone as far as predicting coherences between bifurcating wavepackets [1] or 
the dephasing and revival of charge migration [2], experimental techniques and results showing 
sensitive and robust probes of these phenomena have lagged behind, leading to key open questions. 
Two pioneering studies, using high harmonic spectroscopy and time resolved mass spectrometry, have 
shown experimental signatures of charge migration [3,4] - an extremely fast and periodic 
rearrangement electronic density due to the coherent superposition of electronic states that is key 
process in attochemistry, however, the influence of nuclear dynamics remain to be demonstrated. In 
this work we present experimental and theoretical results from X-ray attosecond transient absorption 
spectroscopy (ATAS) on silane (SiH_4) that show the dephasing and revival of charge migration. 

In our experiment, a 5 fs Vis/NIR pump pulse strong-field excites the silane molecule into a 
superposition of electronically excited states. This electronic superposition is then probed using a 
delayed Soft-X-ray attosecond probe pulse covering the L_{2/3} absorption edge of silicon at 100-110 
eV. The charge migration resulting from the coherence is detected through quantum beats in the 
transient absorption spectrum and, as opposed to isolated atoms, exhibits a rich temporal structure 
in which the initial quantum beat decays over the first 15 fs but then reappears between a delay of 40 
and 50 fs. 

The interpretation of the electronic dynamics is achieved with the help of Multi-Configurational Time-
Dependent Hartree (MCTDH) calculations in which the electronic and vibrational degrees of freedom 
of the system are treated fully-quantum-mechanically. These calculations reproduce the temporal 
structure of the quantum beat in the experiment and assign them to a superposition of valence and 
Rydberg excited states separated by ~3 eV (corresponding to a quantum beats with a period of ~1.4 
fs). The MCTDH simulations also allow us to identify the signature of possible non-adiabatic effects in 
the experimental results, giving evidence for the preservation of coherence upon passage through a 
conical intersection. Naturally, the adiabatic dynamics are also well captured in the simulations and 
are found to be responsible for the modulation of the coherence between the electronic states. 
Specifically, it is found that electronic coherence requires overlap in both position and momentum 
space of the associated vibrational wavepackets. 

With this work we have obtained the first evidence of dephasing and revival of attosecond charge 
migration, mediated by nuclear and non-adiabatic dynamics. These results demonstrate that ATAS is, 
through its element specificity and simultaneously high temporal and spectral resolution, a general 
method for the study of key phenomena underlying attochemistry.  
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Recent advances in attosecond science have allowed for time-resolved studies of the photoabsorption 
process in solids using the technique of attosecond transient absorption spectroscopy. In a recent 
study, we extended this technique to metals for the first time [1]. This prior work showed a strong 
response in the vicinity of the giant dipole resonance of titanium due to an induced change in electron 
localization. Here, in contrast, we investigate the interaction of light with the simple metal aluminum 
which approximates the behavior of an ideal free-electron gas between its plasma frequency (15 eV) 
and the L2,3 absorption edge (72-74 eV) very well [2]. 

We use a pump-probe setup [3] with few-femtosecond time resolution to investigate transient 
changes in the XUV absorption of aluminum samples after excitation with a near-infrared (NIR) pulse 
with a peak intensity of ~3.8 x 10^11 W/cm^2. The NIR pulse smears out the Fermi-Dirac distribution 
which causes a global increase of absorption at all photon energies in the free-free absorption window 
of aluminum. Additionally, the pump-induced temperature increase leads to a reduction of the 
chemical potential to fulfill particle conservation. This manifests itself as an increase in absorption 
around the Fermi level. We support the experiments with ab initio calculations and a nearly-free 
electron model in the Sommerfeld expansion. We find that the simplest independent-particle model 
with a fixed band structure is sufficient to explain the experimental findings qualitatively and 
quantitatively between the experimentally accessible energy window between 30 and 50 eV. This 
shows that collective effects do not play a significant role in the observed response.  

The mechanisms that lead to the observed absorption change in aluminum are universal in the sense 
that they are present in all materials with a finite number of free carriers. However, in materials with 
a more complex electronic structure they may be masked by other, stronger contributions. In titanium, 
for example, we found the transient response to be dominated by a pump-induced change in electron 
localization [1]. This effect is two orders of magnitude stronger than the absorption modulation 
observed in aluminum. Due to the similarities of free-electron-like metals with dense plasmas, our 
work may also provide a benchmark for improving the understanding of dense non-equilibrium 
plasma with higher electron temperature.  
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Coherent Diffraction Imaging (CDI) is a lens-less technique that aims at retrieving spatial information 
of an isolated sample from the scattering amplitude of a highly coherent and monochromatic light 
beam [1]. Thanks to the ultra-short and high-intensity light pulses provided by the recently developed 
Free Electron Lasers, CDI allows time-resolved insights into isolated samples down to the nanoscale. 
The lack of optical devices makes CDI an indirect imaging method, and sophisticated numerical 
analyses are required to retrieve the sample image. In the small-angle scattering regime, where the 
component of the radiation’s transferred momentum parallel to the beam propagation direction is 
negligible, a 2D projection of the sample can be effectively retrieved, through the so-called phase 
retrieval algorithms. Those algorithms exploit the trivial relationship between the 2D sample 
projection and the diffraction pattern: the square root of the latter is proportional the Fourier 
amplitude of the former [2,3].  
In the wide-angle scattering regime, the diffraction pattern contains, instead, 3D structural 
information on the sample, thanks to the relevant amount of sample’s depth information encoded 
especially at high scattering angles [4,5]. However, extracting such 3D information turns out to be 
challenging, due to both the non-trivial mathematical link between the sample’s 3D morphology and 
the diffraction pattern, and the huge amount of information to be retrieved. In practice, these 
obstacles prevented, so far, the direct extension of the 2D single shot CDI methods to the wide-angle 
3D case [6].  
Here we present a 3D reconstruction method from single shot wide-angle diffraction patterns based 
on fitting of loosely constrained sample models . The imaging approach is a classical “forward-fitting” 
procedure, which is founded onto three main pillars: (i) a fast simulation method based on Multi-Slice 
Fourier Transform (MSFT), (ii) a sufficiently generic parametrization of the sample shape, and (iii) a 
wise optimization strategy.  
We will present three-dimensional reconstructions from wide-angle diffraction patterns acquired at 
the CAMP endstation at the extreme-ultraviolet Free-Electron Laser FLASH in Hamburg, where 
unsupported, individual silver nanocrystals of 70nm average size were characterized with CDI using a 
wavelength of 5.1nm.  
For the imaging procedure, the sample is parametrized as a convex 3D polygon with uniform refractive 
index, without any additional constrained symmetry. 
First investigations on the method performance show satisfactory reliability and consistency, with an 
almost complete independence upon the starting guess of the optimization procedure*. The retrieved 
shapes of the Silver clusters agree, in many cases perfectly, with results from a previous work [4], 
correctly reproducing the expected crystalline symmetries. In addition, two new structural motives 
were identified, tetrahedral shapes and trigonal platelets, which testify for the dependence of the 
surviving seed structure on the exact experimental conditions in an early stage of the formation 
process.  
The relevance of the presented results, however, goes well beyond this specific dataset. Indeed, this 
work represents a strong proof of concept for this imaging approach, raising the bar of the capabilities 
of 3D Coherent Diffraction Imaging from single shot. 
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For an intuitive visualization of the imaging procedure, please visit https://youtu.be/sAM0G3uxYtk  
and https://youtu.be/VBGSkSvSI80   
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The concomitant motion of electrons and nuclei on the femtosecond time scale marks the fate of 
processes in chemistry and biology. While bond breaking and formation occurring in chemical 
reactions involve valence electrons, core electrons – although deeply localized close to the nuclei – 
may also drive complex dynamics after absorption of an x-ray photon. The binding energy of core 
electrons has the peculiarity to be both element-specific and sensitive to the local chemical 
environment, i.e. the surrounding electron density and nuclear geometry. This so-called chemical shift 
is at the foundation of x-ray photoelectron spectroscopy (XPS) [1], a technique which has been mainly 
used up to now in the static regime. Observing electron rearrangements in real-time at specific atoms 
and without perturbing the system poses a great challenge. In this joint experimental and theoretical 
study, we demonstrate the ability to correlate the ultrafast dynamics arising from purely electronic 
excitation of carbon monoxide to the local chemical shifts. This accomplishment was feasible thanks 
to the capability of Free Electron Lasers of generating two-color few-femtosecond x-ray pump-probe 
pulse sequences [2,3], which allows us to be site-selective in both the excitation and probe steps. In 
particular, the x-ray pump pulse excites a core electron at the oxygen site to a valence orbital O1s → 
2π* , leading to the formation of a highly excited but still neutral molecule. This core-excited species 
deexcites in a few-femtosecond via Auger decay. The time-delayed x-ray pulse probes the ultrafast 
dynamics by core-ionizing the carbon atom. In order to disentangle the underlying processes, we 
developed a sophisticated theoretical model that treats both electron and nuclear motions at the 
quantum level and includes all relevant channels. The time-resolved XPS spectra are calculated at first 
order in time-dependent perturbation theory with respect to the x-ray probe pulse. Using these 
powerful tools, we demonstrate the possibility to follow in real-time charge-redistribution 
accompanying the population transfer from an electronic core-excited state to relaxation through 
Auger decay, leading ultimately to dissociation and hole trapping at the carbon site. Importantly, we 
highlight the essential role of satellite states in the description of the photoionization step in the 
course of molecular fragmentation. Our study thus sheds light on the most fundamental ultrafast 
processes taking place in matter triggered by photon absorption, and constitutes a stepping stone 
towards the investigation of intricate dynamics in complex molecules in the attosecond regime.
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Molecular dynamics (MD) simulations have matured to a degree that they allow the study of realistic 
processes at sufficiently high level of theory including environmental effects like solvents. [1,2] They 
can provide molecular-level insights into the local solvation and collocation of condensed phase 
systems to map the dependencies of spatial with temporal aspects such as vibrational frequency life 
times and reaction rates. 

Deep eutectic solvents came into scientific focus as cheaper and more environmentally sustainable 
alternative to ionic liquids. [3] Recent 2-dimensional infrared experiments with the eutectic mixture 
of acetamide and water are performed in the group of P. Hamm to investigate their influence on the 
C-N stretching vibration of a solvated pottasium thiocyanate probe molecule. We apply state-of-the-
art MD simulations to various ratios of acetamide-water mixtures using multipolar force fields for 
intermolecular electrostatic interaction as well as anharmonic or machine learning potential energy 
functions for thiocyanate anions. Using the experimental results as benchmark I aim to shed light on 
the mechanics that link structural properties to spectroscopic features such as frequency relaxation 
times on a picosecond timescale. 

Solvent effects also play a major role for reactions in e.g. biological systems and influence fundamental 
processes such as proton transfers. Formic acid dimer (FAD) is widely used for investigations of double 
proton transfer (DPT) reactions and is considered a prototype system for hydrogen bonding in 
biomolecules. [4,5] The latest update of the machine learning potential PhysNet [6] developed in our 
group not only allows QM/MM simulations with a potential energy function of quantum chemical 
accuracy, but also reproduces the atomic charges with respect to the current structural conformation. 
My work combines accurate prediction of the potential energy and electrostatic interaction of FAD 
with water solvent molecules with computationally efficiency that enables statistical sampling of DPT 
processes with reaction rates on a low reciprocal nanosecond scale. 

My findings show that the supportive role of the water solvent on proton transfer processes is not 
only based on electrostatic support, but increases the probability for a reactive FAD conformations. 
Moreover, the strong correlation between conformation and the DPT reaction barrier shows how 
important a full-dimensional potential function is even for such fundamental reactions. 
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Cooperative and coherent behaviour has been observed in a number of biological systems. Electronic 
coupling in highly ordered chromophore networks in photosynthetic antenna complexes enable 
energy transfer between the chromophores towards the reaction centre [1]. In our work, we focus on 
the examination of cooperative effects such as superradiance and excitonic coupling. Superradiance 
can occur, when a group of quantum two-level systems acting as N emitters (e.g., excited atoms or 
molecules) interact coherently with a common light field provided that the wavelength of the light is 
much greater than the separation of the emitters. These coherently coupled excited chromophores 
emit light in form of a high intensity pulse (with rate ∝ N2). This is drastically different from the 
expected exponential decay (with rate ∝ N) of a group of independent atoms [2]. Superradiance has 
only been shown experimentally in bacterial photosynthetic systems [3], but has been theoretically 
predicted as a collective coherent emission from tryptophan residues in microtubules [4].  

Microtubules form part of the cytoskeleton of eukaryotic cells and enable intra-cellular motility, 
transport and replication. Similar to photosynthetic antenna complexes, they provide (together with 
their building blocks tubulin protein heterodimers) a native ordered configuration of photoactive 
molecules with large transition dipole moments, namely the tryptophan chromophores. Upon 
absorption of deep-UV light (~280 nm) this superradiant excitonic state is extended over the whole 
chromophore lattice. Superradiance may also allow supertransfer between the lowest exciton states 
[4,5]. These cooperative effects (superradiance and supertransfer) may induce ultraefficient 
photoexcitation and could enhance excitonic energy transfer in microtubules over long distances 
under physiological conditions.  

Our aim is to experimentally demonstrate superradiance by the tryptophan networks in tubulin, 
microtubules and ordered arrangements of microtubules such as centrioles using femtosecond-
fluorescence upconversion spectroscopy and deep-UV transient absorption spectroscopy. Hereby, we 
use tubulin heterodimers and isolated tryptophan as a reference. Therefore, the complete analysis 
and understanding of the excited state dynamics of microtubules, tubulin heterodimers and isolated 
tryptophan is essential to identify signatures of superradiance in the recorded data. Coventional 
fluorescence spectroscopy shows a blue-shifted fluorescence spectrum of tubulin heterodimers and 
microtubules with respect to isolated tryptophan in physiological buffer solution. In agreement with 
this observation, our results obtained from deep-UV transient absorption spectroscopy exhibit a faster 
relaxation dynamics of tubulin heterodimers with respect to isolated tryptophan. These results are 
promising with regard to detection of superradiance in larger tryptophan networks, which we expect 
to occur as a strong fast-decaying emission signal stimulated by the UV-pump pulse in fluorescence 
upconversion experiments and/or UV-probe pulse in transient absorption spectroscopy. 
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