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1.  Mn doped ZnO nanoparticles (Kahraman, group Bacellar) 

Abdullah Kahraman*, Bacellar Camila, Milne Chris 

abdullah.kahraman@psi.ch 

Due to its direct band gap, high carrier mobility and ease of crystallization, ZnO is a promising material 
for photocatalytic and optoelectronic applications. Its efficient utility, however, is restricted by (i) its 
instability, arising from photocorrosion in aqueous solution, (ii) rapid recombination of 
photogenerated carriers and (iii) dissolution of ZnO upon sensitization of the surface. These are all 
related to the intrinsic structure of ZnO and the variety of native lattice defects that can occur, 
depending on material preparation method. The most promising approach to overcome these 
limitations is to introduce intentional impurities by doping. However, this leads to extrinsic decay 
channels which makes notably more complicated the understanding of its functional efficiency due to 
the presence of such dopant-induced defect sites. It is, therefore, required to improve our 
fundamental understanding of the defect structure and carrier dynamics. 
Herein the focus is ZnO nanoparticles doped with manganese (Mn) which introduces new mid-gap 
states that results in further absorption of visible light and modification of carrier lifetime. The sol-gel 
method has been used to have undoped and doped Mn:ZnO (with the concentrations 0.5%, 1.0%, and 
2.0). Nanoparticle size measurement, absorption spectra and XRD indicate successful nanoparticle 
growth. Ultrafast transient absorption spectroscopy results show the change of charge carrier 
dynamics upon Mn doping. XANES of Zn edges exhibit changes in the edge and above edge. Mn edges 
reveal that Mn is present in the samples in 2+ oxidation state. 
 

2.  Short Excited State Lifetimes Mediate Charge Recombination Losses in 
Organic Solar Cell Blends with Low Charge Transfer Driving Force 
(Shivhare, group Banerji) 

Shivhare, Rishi*; Gareth, John Moore; Hofacker, Andreas; Hutsch, Sebastian; Zhong, Yufei; 
Hambsch, Mike; Erdmann, Tim; Kiriy, Anton; C. B. Mannsfeld, Stefan; Ortmann, Frank; Banerji, 
Natalie 

rishi.shivare@dcb.unibe.ch 

The field of organic photovoltaics (OPV) has undergone a resurgence in recent years owing to the swift 
increase in efficiency values of the solar cells. Highly efficient OPV systems demand a concomitant 
increase in the short-circuit current density (jSC) and the open-circuit voltage (VOC). In order to 
optimize the VOC losses, majority of the high efficiency OPV systems employ donor:acceptor 
combinations with near-zero energetic offset for the interfacial charge transfer reaction. In our study, 
we have investigated a blend of a low optical-gap diketopyrrolopyrrole (DPP) polymer and a fullerene 
derivative: PC[70]BM, with a near-zero driving force of ~ 50 meV for the interfacial electron transfer. 
In order to probe a sequence of events which ultimately lead to the formation of free charges, we 
employ a series of complementary spectroscopic and theoretical tools. Using femtosecond transient 
absorption (TA) and electroabsorption (EA) spectroscopy, we quantify the charge transfer (CT) and 
recombination dynamics and as well as the charge transport at early timescales. Firstly, we observe 
unusually short S1 and CT state lifetimes in the investigated system  (~ 13-14 ps) and significant 
geminate charge recombination (gCR). Secondly, electron transfer is found to be ultrafast with a time 
constant of ~ 240 fs. The finding of ultrafast electron transfer was found to be consistent with a 
semiclassical Marcus-Levich-Jortner (MLJ) description at low driving force and low reorganization 
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energy (λ_(reorg.)). At low S1-CT offset, a short-excited state lifetime mediates charge recombination 
because i) back-transfer from the CT to the S1 state followed by S1 recombination can occur and ii) 
additional S1-CT hybridization can decrease the CT lifetime as a result of intensity borrowing effects. 
Both effects were confirmed by density functional theory (DFT) calculations. In addition, we employed 
time-resolved electromodulated differential absorption (EDA) spectroscopy to probe the transport of 
charge carriers on a sub-nanosecond time scale. We observed relatively slow (tens of picoseconds) 
dissociation of charges from the interfacial CT state, in contrast to polymer:fullerene blends with high 
CT driving force. We identify low local charge carrier mobility as a primary reason for the slow rise of 
the free charge population. Lastly, we performed simulations using a four-state kinetic model using 
Gaussian manifold of states and thus entailing the effects of energetic disorder (σ). These simulations 
enabled us to discern the role of interfacial CT state disorder (σ_CT) and the energetic disorder in the 
bulk of the film (σ_bulk). Firstly, the simulations reveal that the free charge yield could be increased 
from the observed 12% to 60% by increasing the S1 and CT lifetimes to 150 ps. Alternatively, by 
decreasing the interfacial CT state disorder (σ_CT) and increasing the bulk disorder (σ_bulk) the yield 
of free charge generation can be enhanced to 65% despite short excited-state lifetimes.  

[1] R. Shivhare, T. Erdmann, U. Hörmann, E. Collado-Fregoso, S. Zeiske, J. Benduhn, S. Ullbrich, R. 
Hübner, M. Hambsch, A. Kiriy, Chem. Mater. 2018, 30, 6801. 

[2] J. De Jonghe-Risse, M. Scarongella, J. C. Brauer, E. Buchaca-Domingo, J.-E. Moser, N. Stingelin, N. 
Banerji, Nat. Commun. 2016, 7, 1. 

[3] S. M. Menke, A. Cheminal, P. Conaghan, N. A. Ran, N. C. Greehnam, G. C. Bazan, T.-Q. Nguyen, A. 
Rao, R. H. Friend, Nat. Commun. 2018, 9, 1. 

[4] F. D. Eisner, M. Azzouzi, Z. Fei, X. Hou, T. D. Anthopoulos, T. J. S. Dennis, M. Heeney, J. Nelson, J. 
Am. Chem. Soc. 2019, 141, 6362. 

[5] S. D. Dimitrov, A. A. Bakulin, C. B. Nielsen, B. C. Schroeder, J. Du, H. Bronstein, I. McCulloch, R. H. 
Friend, J. R. Durrant, J. Am. Chem. Soc. 2012, 134, 18189. 

 

3.  Ultrafast structural control of electronic and magnetic properties in 
Sr2IrO4/SrTiO3 superlattices (Liu, group Beaud) 

Xin Liu*, Arrell, Christopher; Sander, Mathias; Lemke, Henrik Till; Beaud, Paul; Mankowsky, 
Roman 

xliu@mail.bnu.edu.cn 

Transition metal oxides have become a research hotspot due to their rich physical phenomena, such 
as high-temperature superconductivity, colossal magnetoresistance and magnetoelectric coupling. 
Among them, the 5d transition metal oxides feature a ten times larger spin-orbit coupling (SOC) 
compared to the 3d counterparts, lifting it to a similar energy scale as on-site Coulomb repulsion and 
crystal field splitting [1]. In Sr2IrO4, the strong SOC (~0.5 eV) splits the t2g band into a fully occupied 
Jeff=3/2 quartet and a singly occupied upper Jeff=1/2 doublet. A moderate strength Coulomb 
interaction U is sufficient to split this doublet into upper and lower Hubbard bands (UHB, LHB) leading 
to a Jeff=1/2 Mott insulating ground state with canted antiferromagnetic order [1]. 
In artificially designed superlattices, periodic building blocks of few unit cells of two (or more) 
materials, the coupling between the spin, lattice, orbit and charge degree of freedoms can be tuned. 
Proximity effects, charge injection and symmetry breaking at the interface can induce novel emergent 
phenomena and functionalities [2, 3]. Recently, we demonstrated the reconstruction of the band 
structure across the oxide interfaces in Sr2IrO4/SrTiO3 superlattices, where the band gap can be tuned 
from 270.7 meV to 81.4 meV [4]. 
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A key factor in the formation of the ground state of Iridates is that the SOC is large compared to non-
cubic crystal fields. Breaking the in-plane square lattice symmetry of the IrO6 octahedra can therefore 
strongly modify their physical properties [5]. Such symmetry breaking can be induced on ultrafast 
timescales by resonant excitation of the highest frequency O-Ir-O stretching phonon mode with high 
field THz pulses. Here, we propose to break the in-plane symmetry of the crystal field by resonant 
excitation of the 78 meV O-Ir-O stretching mode of Sr2IrO4/SrTiO3 heterostructures and investigate its 
effect on magnetic, electronic and structural degrees of freedom by a combination of time-resolved 
optical spectroscopy and ultrafast x-ray diffraction [6]. Importantly, by tuning the Mott gap of the 
Sr2IrO4/SrTiO3 samples onto the phonon resonance energy of 78 meV, the strength of this effect can 
potentially be strongly enhanced.  

[1] B. J. Kim et al., Phys. Rev. Lett. 101, 076402 (2008). 
[2] R. Ramesh et al., Nat. Rev. Mater. 4, 257-268 (2019). 
[3] J. Matsuno et al., Phys Rev Lett, 114,247209 (2015). 
[4] X. Liu et al., Sci. China Mater. 63, 1855 (2020). 
[5] X. Liu, et al., Phys. Rev. Lett 109, 157401 (2012). 
[6] S. J. Moon et al., Phys. Rev. B 80, 195110 (2009). 
 

4.  Single-shot interferometry for Fourier transform electronic 
spectroscopies without phase-stable setups (Riede, group Cannizzo) 

Aaron Christopher Riede*, Andrea Cannizzo 

aaron.riede@iap.unibe.ch 

We present a novel approach for coherent electronic spectroscopies based on single shot detection 
of interferograms generated with femtosecond pulses. In combination with a simultaneous, 
interferometric phase measurement, the extensive effort for phase stabilization and attosecond delay 
control can be reduced tremendously. We can determine the differential phase between two pulses 
with a precision of 15 as and in addition to that prove, that heterodyne detection is possible in non-
phase stable setups. 

 

5.  Two-dimensional ultrafast transient absorption spectrograph covering 
deep-ultraviolet to visible spectral region optimized for biomolecules 
(Nazari, group Cannizzo) 

Maryam Nazari*, Riede, Aaron; Cannizzo, Andrea 

maryam.nazari@iap.unibe.ch 

Performing a successful experiment on biomolecules, requires not only the choice of the suitable 
detection scheme but a smart blend of strategies to minimize photo-damages, to handle very small 
sample volumes, and to keep the signal-to-noise ratio and acquisition rate high.  
In this contribution we report on the implementation of a multi-kHz single-shot referenced 2D-TA UV 
spectrograph which has the capability to cover a broad spectral region in excitation from 270-to-380 
nm and in the detection from 270-to-390 nm and 320-to-720 nm. Other setups features are: an 
unprecedented time resolution of 33 fs (standard deviation); signals are photometrically corrected; a 
single shot noise of <1 mOD and the capability to operate with sample volumes as small as few μl 
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which is an accomplishment in studying biological or biomimetic systems. To show its performances 
and potentials, we report two preliminary studies on the photophysics of phenanthrenes hosted in a 
multichromophoric antenna system and of aromatic amino acids in a blue-copper azurin.  

 

6.  Photo-induced structural dynamics in Magnetite (Truc, group Carbone) 

Benoit Truc*, Usai, Paolo; Benhabib, Siham; Pennacchio, Francesco; Madan, Ivan; Vanacore, 
Giovanni Maria; Carbone, Fabrizio 

benoit.truc@epfl.ch 

Magnetite (Fe3O4) is the first magnetic material ever discovered. At 125K, the system undergoes a 
metal-insulator transition (MIT) accompanied by a structural transition as well as a magnetic 
rearrangement, the so-called Verwey transition. Light offers the appealing possibility of manipulating 
the electronic and structural properties of matter. Here, using two different photon-energies, we 
directly visualize the photo-induced structural dynamics of Magnetite using the ultrafast electron 
diffraction (UED) technique providing sub pm/ps spatio-temporal resolution. We found two distinct 
behaviors that could be explained by different interactions between the electronic/magnetic degrees 
of freedom and the crystal structure. 

 

7.  Nanoscale-femtosecond dielectric response of Mott insulators captured 
by two-color near-field ultrafast electron microscopy (Barantani, group 
Carbone) 

Francesco Barantani*, Fu, Xuewen; Gargiulo, Simone; Madan, Ivan; Berruto, Gabriele; 
LaGrange, Thomas; Jin, Lei; Wu, Junqiao; Vanacore, Giovanni Maria; Carbone, Fabrizio; Zhu, 
Yimei 

francesco.barantani@epfl.ch 

Characterizing and controlling the out-of-equilibrium state of nanostructured Mott insulators hold 
great promises for emerging quantum technologies while providing an exciting playground for 
investigating fundamental physics of strongly-correlated systems. Here, we use two-color near-field 
ultrafast electron microscopy to photo-induce the insulator-to-metal transition in a single VO2 
nanowire and probe the ensuing electronic dynamics with combined nanometer-femtosecond 
resolution (10^-21 m*s). We take advantage of a femtosecond temporal gating of the electron pulse 
mediated by an infrared laser pulse, and exploit the sensitivity of inelastic electron-light scattering to 
changes in the material dielectric function. By spatially mapping the near-field dynamics of an 
individual VO2 nanowire, we observe that ultrafast photo-doping drives the system into a metallic 
state on a timescale of ~150 fs without yet perturbing the crystalline lattice. Due to the high versatility 
and sensitivity of the electron probe, our method would allow capturing the electronic dynamics of a 
wide range of nanoscale materials with ultimate spatiotemporal resolution. 
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8.  Ultrafast Light-Induced Lifshitz Transition in High Tc superconductors 
Cuprates (Hellbrück, group Carbone) 

Lukas Hellbrück* 

lukas.hellbruck@epfl.ch 

The relation between the pseudogap phase and the superconducting dome in high Tc superconductors 
is still not well understood despite intense research. To develop better insight into this relation and 
understand the electronic properties of these materials, we study the Fermi surface via time- and 
angle-resolved photoemission spectroscopy (tr-ARPES). We measure the size and topology of the 
Fermi surface, allowing us to quantify the carrier density and the charge interactions. For Bi2212 at 
22% doping, the Fermi surface shows a pump induced Lifshitz transition, accompanied by the lack of 
a pseudogap. For optimally doped Bi2212, we observe a Lifshitz transition (from hole-like to e- like) at 
high fluences of light.  

 

9.  Deposition and imaging of Ar layers on graphite with electron diffraction 
(Usai, group Carbone) 

Paolo Usai*, Claude, Rémi; Latychevskaia, Tatiana; Benhabib, Siham; Carbone, Fabrizio 

paolo.usai@epfl.ch 

2D-materials represent some of the simplest systems for the study of a variety of different 
phenomena, including superconductivity [1,2], magnetism [3] and other phase transitions [4]. A 
prototypical 2D-system can be constructed depositing a noble gas over a substrate with a weak 
interaction between the two [5,6,7], such as graphite, to create a tunable layered crystalline structure. 
In this work we demonstrate how the growth process of Argon layers can be imaged and controlled 
using electron diffraction. The phase diagram at low-P low-T is still unknown and making possible its 
exploration allows us to understand which phases are involved and what mechanism drives the 
melting process. 

[1] Christophe Brun et al 2017 Supercond. Sci. Technol. 30 013003 
[2] A T Bollinger and I Božović 2016 Supercond. Sci. Technol. 29 103001 
[3] Mak, K.F., Shan, J. & Ralph, D.C. Probing and controlling magnetic states in 2D layered magnetic 

materials. Nat Rev Phys 1, 646–661 (2019).  
[4] Li, W., Qian, X. & Li, J. Phase transitions in 2D materials. Nat Rev Mater (2021)  
[5] J. Chem. Phys. 128, 024709 (2008) 
[6] Neumann, M., Nyéki, J., Cowan, B., & Saunders, J. (2007). Bilayer 3He: a simple two-dimensional 

heavy-fermion system with quantum criticality. Science, 317(5843), 1356-1359. 
[7] Christopher G. Shaw, S. C. Fain, Jr., and M. D. Chinn Phys. Rev. Lett. 41, 955 – Published 2 October 

1978  
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10.  Nuclear Excitation by Electron Capture in Excited Ions (Gargiulo, group 
Carbone) 

Gargiulo, Simone*; Madan, Ivan; Carbone, Fabrizio 

simone.gargiulo@epfl.ch 

Nuclear excitation by electron capture (NEEC) was initially proposed in 1976 [1] as the inverse process 
of the internal conversion.  
Since its recent observation in the 93Mo isomer depletion [2], NEEC is the object of a live debate [3, 
4]: the unexpectedly large measured excitation probability\ P_{exc} differs by nine orders of 
magnitude from the state-of-the-art theoretical predictions [5]. A recent study [6], accounting for the 
momentum distribution of the target electrons, slightly increased this theoretical limit. The authors 
showed that the depletion probability increases by several orders of magnitude in case of the L-shell. 
However, these L-channels do not contribute significantly to the P_{exc} because the charge state 
required for an L-vacancy to be present is distant from the averaged charge state (q_{mean}) at the 
resonance condition [5].  
In fact so far, the evaluation of the NEEC cross section has been carried out widely using the 
assumption that the ion is in its electronic ground state prior to the capture (for brevity, GSA), 
inhibiting the capture in the innermost-shells as soon as the atomic orbitals fill up.  
For the particular case of 73Ge this means that NEEC into K-shell cannot occur: in all the cases the 
energy released through a K-capture exceeds the nuclear transition energy.  
By lifting this restriction and considering NEEC in excited ions (NEEC-EXI), we show for 73Ge that many 
more capture channels emerge [7]. These excited electronic configurations make K-capture now 
possible, through new channels with resonance strengths larger than any other channel obtained 
under GSA.  
In out-of-equilibrium scenarios, excited electronic configurations might be more likely to occur and 
the same can hold true for the 93Mo isomer depletion. Under NEEC-EXI, although the K-capture 
remains strictly forbidden for 93Mo, the presence of vacancies in the L-shell at the resonance 
condition — even for lower charge states than q_{mean}— could make the contribution of L-channels 
no longer insignificant for the total excitation probability.  

[1] Goldanskii, V. I., and V. A. Namiot. On the excitation of isomeric nuclear levels by laser radiation 
through inverse internal electron conversion. Physics Letters B 62.4 (1976): 393-394. 

[2] Guo, Song, et al. Possible overestimation of isomer depletion due to contamination. Nature 
594.7861 (2021): E1-E2. 

[3] Chiara, C. J., et al. Isomer depletion as experimental evidence of nuclear excitation by electron 
capture. Nature 554.7691 (2018): 216-218. 

[4] Chiara, C. J., et al. Reply to: Possible overestimation of isomer depletion due to contamination. 
Nature 594.7861 (2021): E3-E4. 

[5] Wu, Yuanbin, Christoph H. Keitel, and Adriana Pálffy. Mo 93 m Isomer Depletion via Beam-Based 
Nuclear Excitation by Electron Capture. Physical review letters 122.21 (2019): 212501. 

[6] Rzadkiewicz, J., Polasik, M., Slabkowska, K., Syrocki, L., Carroll, J. J. & Chiara C. J. Novel approach to 
93mMo isomer depletion: nuclear excitation by electron capture in resonant transfer process. 
Phys. Rev. Lett. (in the press). 

[7] Gargiulo, S., Madan, I., & Carbone, F. (2021). Nuclear excitation by electron capture in excited ions. 
arXiv preprint arXiv:2102.05718. 
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11.  Is electron magnetic circular dichroism (EMC) possible with low 
brightness electron beams? (Leccese, group Carbone) 

Veronica Leccese*, Sapozhnik, Alexey; Lagrange, Thomas; Carbone Fabrizio 

veronica.leccese@epfl.ch 

Electron magnetic circular dichroism (EMCD) techniques are based on measuring the difference of 
two-electron energy loss (EEL) spectra taken at particular scattering conditions. As an analog to X-ray 
chiral dichroism (XMCD) spectroscopy, EMCD provides element-specific information about the 
magnetic properties of materials, e.g., atomic spin states and orbital magnetic moment. Moreover, 
EMCD has the benefit of a much higher spatial resolution and can probe materials at the nanometer 
scale. Here, we show a new momentum-resolved EMCD technique using optimized microfabricated 
phase plates. We compare EMCD analysis measured at different geometries using low electron 
brightness sources and low dose conditions, such as thermionic TEMs and pulsed ultrafast electron 
sources. The innovative acquisition method has the main advantage that both EEL spectra for EMCD 
corresponding to the electrons with the orbital angular momentum +1 and -1 are acquired 
simultaneously. This approach allows for reducing errors caused by the spectrometer drift, the 
background subtraction procedure, etc. We highlight all the limitations of misleading and weak EMCD 
signals obtained with such a technique, comparing them with the results obtained with the more 
standard EMCD measurements in a high-resolution field emission TEM, where the specimen acts as a 
beam splitter. Since EMCD usually measures L2,3-edges, one must deal with a very limited SNR. 
Therefore, our final goal is to understand the feasibility of femtosecond time-resolved EMCD 
experiments with low brightness electron beams to study crucial magnetic processes, such as laser-
induced diamagnetism and heat-assisted magnetic recording (HAMR) technologies. 

 

12.  Non-thermal generation of a new metastable skyrmion phase in 
Cu2OSeO3 (Sapozhnik, group Carbone) 

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

alexey.sapozhnik@epfl.ch  

Metastable skyrmions with long lifetimes are attractive for various applications. However, the physics 
behind the non-equilibrium topological phases is far from being fully understood. We report the 
creation of a new hidden skyrmion phase in a Cu2OSeO3 lamella achieved by femtosecond laser 
excitation of the material at 5 K and a magnetic field of 15 mT. The formation of the skyrmion lattice 
was confirmed by Lorentz-TEM. Since this small magnetic field is below the equilibrium skyrmion 
pocket of our lamella, the generation of skyrmions cannot be explained by transient heating of the 
sample through the equilibrium skyrmion pocket. Thus, non-thermal mechanisms are involved in the 
skyrmion photocreation process in this material. 
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13.  Synthetically engineered biomolecular laser gain media (Ollmann, group 
Cavalieri) 

Zoltan Ollmann*, Gabriel, Aeppli; Roger, Benoit; Christoph, Bostedt; Adrian, Cavalieri; Guy, 
Matmon; Angel, Rubio 

zoltan.ollmann@iap.unibe.ch 

Dye lasers are highly versatile coherent light sources with active gain media supporting a broad range 
of emission wavelengths [1, 2]. A typical organic dye has a gain curve 50-60 nm wide. By choosing 
different dyes, laser emission can be achieved from the UV to NIR. The bandwidth can be used to 
produce either femtosecond pulses or tunable narrowband radiation. Conversely, dye lasers suffer 
from photobleaching where molecules in the upper lasing singlet state undergo inter-system crossing 
and decay non-radiatively into a triplet state. There they cease to contribute to the laser gain and can 
even act as absorbers, further reducing the laser emission. Circulating or injecting the laser with fresh 
dye slows or circumvents photobleaching, but this solution is relatively inconvenient and solid-state 
lasers have superseded dye lasers in modern times. 
As dipole-dipole and exchange interactions between dyes are central in photobleaching, 
intermolecular distance is a key parameter. However, controlling this parameter through the 
concentration of the dye is too coarse and affects too many other aspects of the emission. A more 
powerful approach can be realised using the tools of protein engineering and synthetic biology. Here, 
proteins can be synthesized into nanoparticles with selective attachment sites for dye molecules (and 
other functional groups), allowing the number, spacing, and configuration of neighbouring dye 
molecules to be precisely engineered. 
Following recent work using a virus as a host to mediate intermolecular interaction and vary the local 
density of optically active chromophores [3], we are designing a dye laser system, with a gain medium 
composed of dye molecules conjugated to engineered oligomers [4,5]. We will characterize and then 
enhance the gain characteristics and longevity as a function of dye molecule configuration. A 
theoretical effort will model the many-body interactions, which will also guide their design. To validate 
the model and provide additional insight, we plan to use the SwissFEL X-ray free electron laser to 
probe the electronic and structural dynamics during the lasing process with femtosecond resolution. 
These experiments could lead the way to a new generation of dye lasers that maintain the benefits of 
broadband gain while minimising the limitations. 
Alternatively, synthesised nanoparticles might be functionalized so that stimulated laser emission can 
be used as a highly sensitive indicator of chemical or and biological agents. In view of the current 
pandemic, for example, nanoparticles can be conjugated to dye molecules and additionally 
engineered with a high affinity and selectivity to attach to antibodies. Interaction between the dye 
molecules and antibodies via the nanoparticle scaffold could then quench or ideally enhance the dye 
laser stimulated emission, providing immediate evidence of the antibodies. Past work [3] indicates 
that this nonlinear optical immunoassay can have sensitivities on the order of femtomol/mL obtained 
within minutes. Further optimisation may even lead to single-shot sensitivity, meaning that results 
can be obtained in nanoseconds. If broadly applied, such an approach would allow immunity in the 
general population to be evaluated, and further would constitute a general platform for viral testing 
and immunoassays in future epidemiological outbreaks. 

[1] P.P. Sorokin, J.R. Lankard “Stimulated emission observed from an organic dye, chloro-aluminum 
phthalocyanine” IBM J. Res. Dev. 10, 162 (1966)  

[2] F.P. Schäfer, W. Schmidt, J. Voltze „Organic dye solution laser” Appl. Phys. Lett. 9, 306 (1966)  
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[3] J. E. Hales, G. Matmon, P. A. Dalby, J. M. Ward and G. Aeppli „Virus lasers for biological detection” 
Nat. Commun. 10, 3594 (2019  

[4] G. Collu, T. Bierig, A-S Krebs, S. Engilberge, N.Varma, R.Guixà-González, X. Deupi, V. Olieric, E. 
Poghosyan and R. M. Benoit. Chimeric single α-helical domains as rigid fusion protein connections 
for protein nanotechnology and structural biology“ bioRxiv (2020)  

[5] T. Bierig, G. Collu, A. Blan, E. Poghosyan and R. M. Benoit “Design, Expression, Purification, and 
Characterization of a YFP-Tagged 2019-nCoV Spike Receptor-Binding Domain Construct” Front. 
Bioeng. Biotechnol (2020) 

 

14.  Ultrafast dynamics of spin and orbital correlations in honeycomb Mott 
insulator α-Li2IrO3 (Chen, group Chergui) 

Hui-Yuan Chen*, Rolf Baldwin Versteeg, Giulia Fulvia Mancini, Henrik Till Lemke, Roman 
Mankowsky, Mathias Sander, Petra Becker-Bohatý, Linda Kerkhoff, Fabrizio Carbone and 
Majed Chergui  

hui-yuan.chen@epfl.ch  

The interplay of multiple orbital interactions of similar energy scale in strongly correlated condensed 
matters has been the promising land for various exotic physics. Honeycomb iridates such as Li2IrO3 
and Na2IrO3 have drawn significant attention in the recent years. The combination of crystal field 
splitting, Coulomb repulsion, and strong spin-orbit (SO) coupling in iridates leads to a plethora of 
unusual electronic eigenstates and spin degrees of freedom, enabling exotic many-body-phenomena, 
most notably the realization of Kitaev quantum spin liquid (QSL) [1,2]. Recently, these honeycomb 
have been ruled out manifesting QSL at ambient conditions, efforts have thus been shifted toward 
exploring Kitaev physics via applying perturbation such as external hydraulic pressure and internal 
chemical doping [3-6]. Photoexcitation, or photo-doping, has also been widely adopted to transiently 
perturb electronic configuration in condensed matters [7]. Combined with specific probing 
spectroscopy, such pump-probe technique can resolve non-equilibrium electronic and orbital 
behavior, providing even richer insight of the underlying physics in correlated electron systems. 
Resonant inelastic X-ray scattering (RIXS), on the other hand, is a powerful spectroscopic technique to 
study collective electron excitation in strongly correlated transition metal compounds with its high 
energy and momentum resolution from the resonant enhancement of inelastic scattering cross-
section [8]. Recently, this technique has also exhibited promising potential in studying non-equilibrium 
exotic state excited by ultrafast lasers [9,10]. In this paper, we combine optical transient spectroscopy 
and time-resolved RIXS (tr-RIXS) spectroscopy to study 5-d orbital dynamics in the honeycomb Mott 
insulator α-Li2IrO3. Tr-RIXS spectrum showed the signature of perturbed inter-site d-d transition in a 
honeycomb Mott insulator α-Li2IrO3 after ultrafast laser excitation. This implies an anisotropic bond-
dependent interaction which entails Kitaev quantum spin liquid.  

[1] G. Jackeli and G. Khaliullin, Mott Insulators in the Strong Spin-Orbit Coupling Limit: From 
Heisenberg to a Quantum Compass and Kitaev Models, Phys. Rev. Lett. 102, 017205 (2009). 

[2] H. Takagi, T. Takayama, G. Jackeli, G. Khaliullin, and S. E. Nagler, Concept and Realization of Kitaev 
Quantum Spin Liquids, Nature Reviews Physics 1, 4 (2019). 

[3] V. Hermann, J. Ebad-Allah, F. Freund, A. Jesche, A. A. Tsirlin, P. Gegenwart, and C. A. Kuntscher, 
Optical Signature of the Pressure-Induced Dimerization in the Honeycomb Iridate α-Li2IrO3, Phys. 
Rev. B 99, 235116 (2019). 

[4] J. P. Clancy, H. Gretarsson, J. A. Sears, Y. Singh, S. Desgreniers, K. Mehlawat, S. Layek, G. K. 
Rozenberg, Y. Ding, M. H. Upton, D. Casa, N. Chen, J. Im, Y. Lee, R. Yadav, L. Hozoi, D. Efremov, J. 
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van den Brink, and Y.-J. Kim, Pressure-Driven Collapse of the Relativistic Electronic Ground State in 
a Honeycomb Iridate, Npj Quantum Materials 3, 1 (2018). 

[5] G. Simutis, N. Barbero, K. Rolfs, P. Leroy-Calatayud, K. Mehlawat, R. Khasanov, H. Luetkens, E. 
Pomjakushina, Y. Singh, H.-R. Ott, J. Mesot, A. Amato, and T. Shiroka, Chemical and Hydrostatic-
Pressure Effects on the Kitaev Honeycomb Material Na2IrO3, Phys. Rev. B 98, 104421 (2018). 

[6] V. Hermann, J. Ebad-Allah, F. Freund, I. M. Pietsch, A. Jesche, A. A. Tsirlin, J. Deisenhofer, M. 
Hanfland, P. Gegenwart, and C. A. Kuntscher, High-Pressure versus Isoelectronic Doping Effect on 
the Honeycomb Iridate Na2IrO3, Phys. Rev. B 96, 195137 (2017). 

[7] Z. Alpichshev, E. J. Sie, F. Mahmood, G. Cao, and N. Gedik, Origin of the Exciton Mass in the 
Frustrated Mott Insulator Na2IrO3, Phys. Rev. B 96, 235141 (2017). 

[8] L. J. P. Ament, M. van Veenendaal, T. P. Devereaux, J. P. Hill, and J. van den Brink, Resonant Inelastic 
X-Ray Scattering Studies of Elementary Excitations, Rev. Mod. Phys. 83, 705 (2011). 

[9] M. P. M. Dean, Y. Cao, X. Liu, S. Wall, D. Zhu, R. Mankowsky, V. Thampy, X. M. Chen, J. G. Vale, D. 
Casa, J. Kim, A. H. Said, P. Juhas, R. Alonso-Mori, J. M. Glownia, A. Robert, J. Robinson, M. Sikorski, 
S. Song, M. Kozina, H. Lemke, L. Patthey, S. Owada, T. Katayama, M. Yabashi, Y. Tanaka, T. Togashi, 
J. Liu, C. Rayan Serrao, B. J. Kim, L. Huber, C.-L. Chang, D. F. McMorrow, M. Först, and J. P. Hill, 
Ultrafast Energy- and Momentum-Resolved Dynamics of Magnetic Correlations in the Photo-
Doped Mott Insulator Sr2IrO4, Nature Mater 15, 601 (2016). 

[10] Y. Wang, Y. Chen, C. Jia, B. Moritz, and T. P. Devereaux, Time-Resolved Resonant Inelastic x-Ray 
Scattering in a Pumped Mott Insulator, Phys. Rev. B 101, 165126 (2020). 

 

15.  Dynamic THz Stark Effect of Solvated Molecules (Kang, group Feurer) 

Bong Joo Kang*, Rohwer, Egmont J.; Cascella, Michele; Liu, Shi-Xia; Stanley, Robert J.; Feurer, 
Thomas 

bong-joo.kang@iap.unibe.ch 

Stark spectroscopy has been an invaluable tool to reveal information about the physicochemical 
properties of a molecule, specifically its dielectric properties or charge redistribution [1]. Typically, 
two molecular properties dominate Stark spectra, i.e. a dipole moment change or a difference in 
polarizability between ground and excited state. The analysis of the Stark effect leads to a deeper 
understanding of photo-induced electron and charge transfer, biological organization and energy 
tuning, or the design of nonlinear material properties [2-3]. However, a successful measurement in a 
conventional system, which employs a low frequency alternating current (AC) voltage source, is 
subject to some preconditions such as limited sample thickness, limited E-field strength, geometric 
constraints, and freezing issues. To overcome such limitations, we demonstrate terahertz (THz) Stark 
spectroscopy. Using intense single cycle THz pulses as the electric field source and monitoring 
transient spectral responses with a coincident fs-supercontinuum (SC) pulse offers advantages over 
traditional Stark spectroscopy and opens previously inaccessible perspectives. 1) THz pulses, with their 
picosecond transients, oscillate faster than typical solvent responses and consequently eliminate the 
requirement to freeze the samples to prevent poling effects. 2) THz frequencies allow for peak fields 
much beyond the dielectric breakdown limit in conventional low frequency experiments. 3) All-optical 
approaches eliminate the geometric issues of applying E-fields to different sample thicknesses in 
arbitrary polarization directions. Thus, we can now conduct time-resolved studies at room 
temperature and at ambient conditions more relevant to physiological or operative conditions.  
In this study, we demonstrate that single-cycle THz pulses can induce spectral signatures associated 
with changes in polarizability as a first milestone to establish such novel methodology. We generate 
high power THz pulses by the tilted-pulse-front pumping method in a LiNbO3 crystal, and we enhance 
the fields even further by specifically designed field enhancement structures. The THz fields are 
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combined with a fs-SC generated from an Al2O3 crystal for measuring transient absorption spectra. 
For the proof of concept experiment, we selected anthanthrene, which shows narrow and well-
defined vibronic modes. We compare the results with first principle calculations and traditional AC 
Stark spectroscopy. The THz-induced (no freezing) and the AC Stark spectra (frozen sample) shows a 
clear quantitative agreement and the results are also consistent with DFT calculations. These results 
open up Stark spectroscopy to a wider range of temperatures, to samples in liquid phase and to a 
much broader range of solvent environments. This technique also opens the door to study transient 
or non-equilibrium electronic properties of molecules on the scale of femtoseconds. 

[1] G. U. Bublitz and S. G. Boxer, "Stark spectroscopy: applications in chemistry, biology, and materials 
science," Annu. Rev. Phys. Chem. 48, 213 (1997). 

[2] G. Kodali, S. U. Siddiqui, and R. J. Stanley, "Charge redistribution in oxidized and semiquinone E. 
coli DNA photolyase upon photoexcitation: Stark spectroscopy reveals a rationale for the position 
of Trp382," J. Am. Chem. Soc. 131, 4795 (2009). 

[3] M. S. Mehata, C.-S. Hsu, Y.-P. Lee, and N. Ohta, " Electroabsorption and Electrophotoluminescence 
of Poly(2,3-diphenyl-5-hexyl-p-phenylene vinylene)," J. Phys. Chem. C 116, 14789 (2012). 

 

16.  Birefringence of orthorhombic DyScO3: Towards a terahertz quarter-wave 
plate (Li, group Fiebig) 

Jingwen Li*, Yang, Chia-Jung; Lehmann, Jannis; Strkalj, Nives; Trassin, Morgan; Fiebig, 
Manfred; and Pal, Shovon 

jingwen.li@mat.ethz.ch  

The terahertz (1 THz = 1012 Hz) frequency range spans from 0.1 to 10 THz, the energy scales of which 
correspond to plenty of collective excitations in materials, such as phonons, magnons, and heavy 
fermions. Based on the light-matter-interaction in this range, THz light is an ideal tool to investigate 
the low-energy excitations and non-equilibrium processes in solid state systems. With the boost in the 
development of THz technologies over the past few decades, such as THz generation, detection, and 
phase-sensitive THz time-domain spectroscopy (THz-TDS), THz light-based experiments have become 
possible. For example, THz-TDS has been used to investigate the quasiparticle weight and the optical 
conductivities in heavy-fermion compounds, CeCu6-xAux [1,2]. While these studies are based on 
linearly-polarized (LP) THz light, handedness-sensitivity based on circularly-polarized (CP) THz light are 
essential, such as in investigating circular dichroism or generation of nanoscopic toroidal chiral 
structures of many biomolecules [3,4], etc. Conventional THz devices, such as quarter-wave plates 
(QWPs) for generating CP THz light, are typically suffering from issues, including bulky size, complex 
fabrication, or narrow working ranges. In this contribution, I will introduce a broadband THz QWP 
based on a 50-μm-thick (110)-cut orthorhombic DyScO3 (DSO) crystal, and a polarimetry technique 
used to verify the polarization of the output CP THz light [5].  
(110)-cut orthorhombic DSO is chosen for its high birefringence of the two in-plane axes, i.e. [1-10] 
and [001] in the THz range. The frequency-dependent complex optical parameters along the two axes, 
including refractive indices, extinction coefficient, and absorption coefficient, are calculated from the 
phase-sensitive THz-TDS. A large birefringence within the THz range of the DSO plate gives the 
possibility to use the plate as a THz QWP. Absorption coefficients along the two in-plane axes within 
0.5–0.7 THz are very close and relatively low, which guarantees minimal dichroism and absorption. All 
experimental evidence gives a strong hint that this DSO plate can be used as a THz QWP.  
To verify the function of the DSO QWP, a THz polarimetry technique is used to map out the polarization 
of the THz pulse modified by the DSO plate [6]. Two linear THz wire grid polarizers, that are placed 
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right after the DSO plate, are the heart of the polarimetry measurement. Ellipticity parameters of the 
THz pulse, including the phase retardation and the amplitude ratio, can be mapped out as a function 
of the rotating angle of the first polarizer. By evaluating the ellipticity parameters, we find that the 
DSO plate has modified the linear THz pulse to a CP pulse in the 0.5–0.7 THz range within a reasonable 
phase tolerance. The 50-μm-thick (110)-cut DSO plate behaves like a zero-order THz QWP in the 0.5–
0.7 THz range, the working frequency range of which is roughly 3 times broader than the commercially 
available quartz THz QWP. This not only gives a choice for simple THz QWPs, but also provides 
possibilities of further applications, such as multiple-plates-based achromatic waveplates and 
integrated device architectures.  

[1] S. Pal et al., Phys. Rev. Lett. 122, 096401 (2019). 
[2] C.-J. Yang et al., Phys. Rev. Research 2, 033296 (2020). 
[3] L. A. Nafie, Annu. Rev. Phys. Chem. 48, 357 (1997). 
[4] W. J. Choi, et al., Nat. Mater. 18, 820 (2019). 
[5] C.-J. Yang, J. Li et al., Appl. Phys. Lett. 118, 223506 (2021).  
[6] J.-B. Masson, et al., Opt. Lett. 31, 265 (2006). 
 

17.  Optical control of near-infrared light at a ferroelectric/semiconductor 
interface (Karvounis, group Grange) 

Artemios Karvounis*, Grange, Rachel  

karvounis@phys.ethz.ch 

A plethora of physical phenomena ranging from the pyroelectric, photovoltaic and photorefractive 
effects manifest on ferroelectric crystals. Here, we present for first time experimental evidence that 
such effects can lead to substantial change of optical properties at the near-infrared wavelength 
regime. By introducing a thin film (~ 50nm) of an absorptive layer on top of a lithium niobate crystal, 
we show a 100% modulation of 1064nm wavelength after green light excitation at moderate power 
levels ~MW/cm^2 and with deeply subwavelength interaction length. This method provide an all-
optical control of light by light with application in telecommunication networks and opto/electronic 
circuits.   

 

18.  Photo-induced Charge Transfer in Azapyrene-Tetrathiafulvalene Triads 
(Zhou, group Häner) 

Ping Zhou*, Aschauer Ulrich, Feurer Thomas, Häner Robert and Liu Shi-Xia 

ping.zhou@dcb.unibe.ch 

Tetrathiafulvalene (TTF)-based donor-acceptor (D‒A) ensembles have attracted a lot of attention due 
to their unique (opto)electronic properties and potential applications in organic semiconductors, 
photovoltaics, sensors, switches and molecular electronics. [1-3] To develop high-performance 
electronic devices, control over multiple charge-transfer (CT) pathways in D-A ensembles is of prime 
importance. Recently, we have demonstrated chemical and ultrafast optical regulation of distinct 
photo-induced charge flows within such D-A systems. [4,5] As a continuation of our ongoing work, we 
herein describe redox and optical properties of new D‒A ensembles (Chart 1) which were prepared 
by covalent linkage of two TTF donor units to a central azapyrene acceptor either with or without two 
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tert-butyl groups. A detailed experimental and theoretical study of electronic interactions between D 
and A units and ICT processes in these triads is presented. 

Photo-induced Charge Transfer in Azapyrene-Tetrathiafulvalene Triads 

 

Chart 1. Chemical structures of triads 2TTF-pyrene and 2TTF-t-butyl-pyrene. 

[1] Bergkamp, J. J.; Decurtins, S.; Liu, S. X., Current advances in fused tetrathiafulvalene donor-
acceptor systems. Chem. Soc. Rev. 2015, 44, 863-74. 

[2] Jana, A.; Ishida, M.; Park, J. S.; Bahring, S.; Jeppesen, J. O.; Sessler, J. L., Tetrathiafulvalene- (TTF-) 
Derived Oligopyrrolic Macrocycles. Chem. Rev. 2017, 117, 2641-2710. 

[3] Pfattner, R.; Pavlica, E.; Jaggi, M.; Liu, S.-X.; Decurtins, S.; Bratina, G.; Veciana, J.; Mas-Torrent, M.; 
Rovira, C., Photo-induced intramolecular charge transfer in an ambipolar field-effect transistor 
based on a π-conjugated donor–acceptor dyad. J. Mater. Chem. C 2013, 1, 3985-3988. 

[4] Zhou, P.; Aschauer, U.; Decurtins, S.; Feurer, T.; Häner, R.; Liu, S. X. Chemical control of 
photoinduced charge-transfer direction in a tetrathiafulvalene-fused dipyrrolylquinoxaline 
difluoroborate dyad. Chem. Commun. 2020, 56, 13421-13424. 

[5] Rohwer, E. J.; Geng, Y.; Akbarimoosavi, M.; Daku, L. M. L.; Aleveque, O.; Levillain, E.; Hauser, J.; 
Cannizzo, A.; Haner, R.; Decurtins, S.; Stanley, R. J.; Feurer, T.; Liu, S. X. Optically Controlled Electron 
Transfer in a Re(I) Complex. Chem. Eur. J. 2021, 27, 5399-5403. 

 

19.  Investigating the role of water in pH-induced gelation of hyaluronic acid 
(van Dam, group Havenith, RESOLV) 

Eliane van Dam*, König, Benedikt; van Dam, Eliane; Adams, Ellen; Ramos, Sashary; Schwaab, 
Gerhard; Havenith, Martina 

eliane.vandam@rub.de 

Water in gel formation is thought to play a larger role than just solvent, however the exact details of 
this process are not well understood. To address this central question, the role of water in pH induced 
gelation of the biopolymer, hyaluronic acid, which forms a hydrogel in a narrow range around pH 2.5 
was studied. Fourier transform terahertz spectroscopy (30 – 690 cm-1) in attenuated total reflection 
geometry is an ideal technique to study the gelation process due to inherent hydration sensitivity and 
applicability to both liquid and gel samples. Solvated protons are observed in the liquid hyaluronan 
solutions, below and above gelation pH. Upon gelation, the signal of the solvated proton disappears, 
indicating the formation of an ion pair with hyaluronic acid. This study thus adds important insights to 
hyaluronic acid`s gelation mechanism: during gel formation, protons get trapped between hyaluronic 
acid chains leading to an absence of protons in the bulk water.  
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20.  THz response of superconducting spin-ladder compound Sr14-xCaxCu24O41 
(Dössegger, group Johnson) 

Janine Dössegger*, Suter, Tim; Puphal, Pascal; Pomjakushina, Ekaterina; Johnson, Steven L.; 
Abreu, Elsa 

djanine@phys.ethz.ch 

The nature of the superconducting state in unconventional superconductors, in particular high 
temperature superconducting cuprates, remains to be fully understood. This is due, in part, to the 
highly complex structure of these materials, where the fundamental building blocks are two-
dimensional CuO2 layers. One approach to simplifying this problem is to analyse the superconducting 
state in lower dimensional compounds such as quasi one-dimensional spin-ladders, such as                   
Sr14-xCaxCu24O41 (SCCO). This material exhibits superconductivity for temperatures below 15 K, an 
applied pressure of 3-10 GPa and a Ca doping level of 11.5 < x < 14, which is believed to be related to 
a redistribution of holes into the spin-ladders. [1] 
THz spectroscopy provides access to material responses in the low frequency range. It is therefore 
ideally suited to probe the superconducting state, in which both the real and imaginary parts of the 
conductivity display distinct signatures for frequencies ω→0. We aim to explore alternative pathways 
to superconductivity in SCCO, where the hole redistribution is driven by low frequency THz 
photoexcitation instead of pressure. 
Here we present a THz time domain spectroscopy study as a function of temperature and doping, 
which highlights the strong anisotropy of the material and reveals the presence of several phonon 
modes in the THz range. We further discuss preliminary THz pump-THz probe data, where a nonlinear 
response of the system is observed. 

[1] T. Vuletic et al., Phys. Rep. 42, 169-258 (2006) 
 

21.  Mapping decoherence pathways following an ultrafast CDW phase 
transition (Boie, group Johnson) 

Larissa Boie*, Winkler, Rafael; Ovuka, Vladimir; Trigo, Mariano; Savoini, Matteo; Abreu, Elsa; 
Teitelbaum, Samuel; Bhattarcharyya, Priyadarshini; Krapivin, Viktor; Dössegger, Janine; Suter, 
Tim; Biasco, Simone; Demsar, Jure; Staub, Urs; Johnson, Steven 

boiel@phys.ethz.ch 

The blue bronze K0.3MoO3 is considered a prototypical 1D material due to its atomic arrangement of 
1D K chains along the crystal b axis. Below a transition temperature of 183 K, the material undergoes 
a metal-to-charge-density-wave (CDW) transition, leading to a new crystal structure and additional 
modes that are coupled to the structural order [1-4]. 
We show results of an ultrafast optical pump – x-ray probe experiment conducted at the x-ray free 
electron laser LCLS in Stanford, USA. We investigated the diffuse scattering near superlattice peaks 
forming in the CDW state of the material shedding light on ultrafast energy transfer. 
The known excitation of the amplitude mode of the CDW with ultrafast laser pulses shows an 
anomalous time-dependent damping that deviates significantly from the usual expectations from 
perturbative anharmonic phonon scattering [3]. The high peak brightness of x-ray FEL sources allow 
us to study the coherent dynamics surrounding the transition in more detail. Preliminary results show 
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markedly different dynamics on a different superlattice peak, implying that the damping differs 
strongly among different components of the CDW order parameter.  
This is a crucial step towards a more general understanding of ultrafast phase transitions in complex 
systems. 

[1] H. Schäfer et al., Phys. Rev. Lett. 105, 066402 (2010). 
[2] T. Huber et al., Phys. Rev. Lett. 113, 026401 (2014). 
[3] M. J. Neugebauer et al., Phys. Rev. B 99, 220302 (2019). 
[4] R. Mankowsky et al., Phys. Rev. Lett. 118, 116402 (2017). 
 

22.  Frequency and Waveform Tuneability of THz Generation via Optical 
Rectification in LiNbO3 (Winkler, group Johnson) 

Rafael Winkler 

rawinkle@phys.ethz.ch 

Optical rectification in LiNbO3 is a commonly used method to generate single cycle THz pulses with 
picosecond duration and high peak electric field. Efficient THz generation requires special phase 
matching methods. One of these methods involves tilting the optical pulse such that it constructively 
overlaps with part of the Cherenkov cone of the generated THz pulse. In combination with the 
dispersion of the THz pulse in LiNbO3, control over the tilting angle of the pulse front offers an 
additional degree of freedom to modify some properties of the THz pulse. We investigate how this 
tilting angle and the propagation distance of the THz pulse in the crystal can be used to tune the central 
frequency of the THz pulse as well as its waveform. Making use of this knowledge, we demonstrate 
the ability to shift the waveform from a symmetric bipolar pulse to a more asymmetric one where one 
polarity of the field has a markedly higher field amplitude. 

 

23.  Probing pressure-driven phase transitions using THz time domain 
spectroscopy (Suter, group Johnson) 

Tim Suter*, Dössegger, Janine; Puphal, Pascal; Pomjakushina, Ekaterina; Johnson, Steven L. ; 
Abreu, Elsa 

timsuter@student.ethz.ch 

We describe recent progress in developing a setup in which we use a diamond anvil cell (DAC) to 
explore phase transitions under high pressure and ultrafast photoexcitation in combination with 
terahertz time-domain spectroscopy (THz TDS). We aim to access pressures of up to 15 GPa at 
temperatures as low as 10 K. The motivation for this project is to study the spin-ladder compound Sr14-

xCaxCu24O41 (SCCO). A superconducting phase arises in SCCO at pressures of 3-10 GPa, temperatures 
below 15 K and Ca doping x between 11.5 and 14 [1]. For lower doping levels, the system instead 
exhibits a charge density wave state. We plan to compare the effect of pressure and photoexcitation 
in driving the superconducting phase in SCCO, with different doping levels. 
We will present our investigation of the response of different pressure media (e.g. KBr, CsI) in the 0.1 
– 3.5 THz range. These media are crucial when using a DAC, they must be loaded alongside the sample 
in order to ensure quasi-hydrostatic pressure conditions. As the sample chamber in a DAC is only a 
few hundred microns wide and thick, pressure dependent studies are limited to small samples, which 
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poses a challenge to THz spectroscopy measurements. (i) Given that the size of the focused THz spot 
is also on the order of a few hundred microns, the external part of the THz beam is necessarily cut off. 
Careful referencing between measurements is therefore required, and a larger THz bandwidth is 
preferred as the size of the THz focal spot is thereby reduced. (ii) Reflections of the THz beam inside 
the sample lead to features that overlap with the main pulse in the time domain, hindering a simple 
Fourier transform analysis. We will present the technical and analytical approaches we are exploring 
to address these two issues. 

[1] T. Vuletic et al., Physics Reports 428:4, 169 (2006) 
 

24.  Phonon Dynamics in Multiferroic Germanium Telluride with Varying 
Levels of Manganese Doping (Ovuka, group Johnson) 

Ovuka, Vladimir*; Savoini, Matteo; Abreu, Elsa; Dössegger, Janine; Francesco Pedrini, Bill; 
Krempasky, Juraj; Dil, Hugo; Springholz, Gunther; Staub, Urs; Johnson, Steven 

vovuka@phys.ethz.ch 

We performed comprehensive ultrafast 800nm pump, 800nm probe experiments on Ge(1-x)Mn(x)Te 
samples. While the host material (GeTe) is ferroelectric at room temperature (Tc~550K)[1], 
substituting Ge with Mn atoms is expected to have two main outcomes: introduction of ferromagnetic 
order [2], and a gradual transition from rhombohedral to cubic lattice structure with increasing Mn 
content at 300K [3]. Our main goal is to quantitatively show the impact of Mn doping on A1 mode 
dynamics via 800nm pump-probe experiments. 
To investigate this class of materials, we performed experiments on Ge(1-x)Mn(x)Te samples with x=0, 
0.13, 0.20, 0.30. The samples have (111) surface orientation (i.e. ferroelectric moment along the 
surface normal). They were examined at different temperatures and different 800nm pump fluence 
levels. Lastly, we took advantage of having the pump and probe angle of incidence close to 45 degrees 
to examine the A1 mode dynamics for different s/p pump-probe polarization settings.  
We observed large, time-dependent relative reflectivity changes for different Mn doping levels, and a 
permanent annealing-like effect in all x>0 samples once exposed to large enough fluence. 
Finally, to complement our pump-probe data, we have performed ellipsometry measurements in the 
0.2-1.0um wavelength range, which helped up uncover the changes in complex refractive index as a 
function of Mn doping. 

[1] Filip Kadlec, Christelle Kadlec, Petr Kuzel, and Jan Petzelt Phys. Rev. B 84, 205209 (2011) 
[2] Molecular beam epitaxy of single phase GeMnTe with high ferromagnetic transition temperature 

M.Hassan G.Springholz R.T.Lechner H.Groiss R.Kirchschlager G.Bauer (2011) 
[3] H. Przybylinska, G. Springholz, R. T. Lechner, M. Hassan, M. Wegscheider, W. Jantsch, and G. Bauer 

Phys. Rev. Lett. 112, 047202 (2014) 
 

25.  Investigation of carrier multiplication in low-bandgap semiconductor InSb 
with 2D Terahertz spectroscopy (Biasco, group Johnson) 

Biasco, Simone*; Burri, Florence; Houver, Sarah; Savoini, Matteo; Abreu, Elsa; Johnson, Steven  

sibiasco@ethz.ch  

Two-dimensional terahertz time-domain spectroscopy (2D THz TDS) has emerged as a powerful 
technique to study the dynamics of crystalline materials on a time scale of few picoseconds with high 
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resolution in energy. By exploiting ultrashort THz pump and THz probe pulses covering a frequency 
range of 1 – 25 THz, 2D THz TDS has allowed investigating low-energy excitations such as electronic 
and lattice coupling [1], 2-phonon coherence [2], magnon nonlinearities [3].  
2D THz TDS can provide information on the electronic band structure, the coupling between different 
degrees of freedom (electrons, phonons, etc) and the interplay of ballistic transport and carrier 
generation/acceleration under intense THz electric fields.  
The accurate control of the intensity, polarization and bandwidth of these THz pulses has already 
proven useful in investigating the nonlinear response of the low-bandgap semiconductor InSb. 2D THz 
TDS experiments at low pump intensity (65 kV/cm) demonstrated that the response is dominated by 
ballistic transport of electrons. The resulting nonlinear spectra feature contributions due to the 
anharmonic and anisotropic features of the conduction band [4]. These ballistic effects are less evident 
when observing the system some more picoseconds after excitation, when the incoherent electron-
electron scattering becomes dominant.  
This interaction includes impact ionization, influencing the carrier multiplication in the conduction 
band and their out-of-equilibrium dynamics, especially at higher THz field strength. To better 
investigate the InSb response in this regime, 2D experiments were performed with varying pump 
electric field strengths (up to 270 kV/cm) in a reflection configuration. 
The temporal traces indicate that for peak electric fields higher than 115 kV/cm, the reflectivity of the 
sample grows and stabilizes even for pump-probe delays larger than 2 ps, reflecting the 25% of the 
incident THz probe power. The high-field pump spectra also indicate a strong enhancement of the 
components at and above the plasma edge frequency (≈ 2 THz). In particular, the average frequency 
is blue-shifted up to 2.7 THz with a significant broadening overlapping with the phonon-resonance at 
6 THz for a pump field of 270 kV/cm.  
To interpret this experiment, a new quasi-ballistic finite-difference time-domain model was 
developed. The simulation code combines the conventional coherent ballistic motion of the electrons 
with the impact ionization mechanism, implemented with the finite-rate equations for the carrier 
concentration and the energy loss due to the generation of new conduction band electrons. 
The computational results reproduce the stable nonlinear signal traces for the longer pump-probe 
delays, indicating a progressive enhancement of the spectral components above the plasma edge 
frequency. In conclusion, this work indicates that the impact ionization plays a major role in the low-
bandgap InSb response at high THz pump intensities, and yet it can be described in a quasi-ballistic 
framework including the incoherent impact events. Our study provides an insight into the relevant 
timescales of the carrier acceleration and multiplication and the resulting out-of-equilibrium 
dynamics. At the same time, we also show that the developed simulation approach can be a promising 
and efficient platform for the further computational investigation of other low-bandgap materials. 

[1] M. Worner, et al., New J. Phys. 15, 025039 (2013) 
[2] C. Somma, et al., Phys. Rev. Lett. 116, 177401 (2016) 
[3] J. Lu, et al., Phys. Rev. Lett. 118, 207204 (2017) 
[4] S. Houver, et al., Optics Express, 27, 8 (2019) 
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26.  Water-window high harmonic generation with 0.8-µm and 2.2-µm 
OPCPAs at 100 kHz (Chevreuil, group Keller) 

Pierre-Alexis Chevreuil*, Stefan Hrisafov, Fabian Brunner, Justinas Pupeikis, Christopher 
Richard Phillips, Lukas Gallmann, and Ursula Keller  

chpierre@phys.ethz.ch  

Significant efforts have been made to extend the cutoff energy of high-harmonic-generation (HHG) 
sources into the water window (283-543 eV) [1]. Ti:Sapphire lasers (0.8 µm) are generally not used for 
HHG at such high photon energies because conventional phase-matching is not possible at more than 
200 eV at this wavelength. On the other hand, conventional phase-matching can be used to phase-
match the full water window with driving wavelengths longer than 2 µm, which explains why most 
efforts of the attosecond community towards photon energy scaling are devoted to the latter 
approach.  
However, suitable lasers, optical components and detectors are less widely available in the mid-IR 
than in the near-IR. On top of this, the single-atom HHG yield is several hundred times lower at 2 µm 
wavelengths compared to 0.8 µm for a given intensity.  
We perform a direct experimental comparison of the common “wavelength scaling” approach with 
the alternative “intensity scaling” approach for generating high photon energies with HHG. On the 
same beamline we use two optical parametric chirped-pulse amplifiers (OPCPAs) operating at 0.8 µm 
[2] and a 2.2 µm [3], respectively. The amplifiers run at 100 kHz repetition rate use the same pump 
and seed lasers.  
Using helium and neon as gas targets, photons up to 0.6 keV are generated in both cases. For the 2.2-
µm case, the HHG plateau extends from 150 eV to 620 and 420 eV in helium and neon, respectively. 
In the 0.8 µm case, with a 2 PW/cm^2 peak intensity, the signal decreases exponentially with 
increasing photon energy. Increasing the peak intensity to 26 PW/cm^2, the signal follows the same 
exponential decrease up to 0.4 keV, followed by a “plateau” between 0.4 keV and 0.6 keV. This 
behaviour, previously observed in similar conditions [4], was attributed to nonadiabatic self-phase-
matching. Indeed, with the 4-cycle pulses and the very high intensities used in our experiment, the 
change of ionic population from one cycle to the next is high enough to allow for a significant sub-
cycle modification of the free-electron density, leading to a blue-shifted HHG emission within a half-
cycle. This translates into an extension of the coherence length and an increase in flux for the photons 
generated during this half-cycle through self-phase-matching [5-6].  
When comparing the flux of the 0.8-µm driven source in helium and neon with the 2.2-µm driven one, 
we find that 200 eV represents a crossover point above which the 2.2-µm source yields a higher flux 
compared to 0.8 µm. Around the carbon K-edge (283 eV), the 2.2-µm-driven source produces a flux 
between 10 and 100 times higher than the 0.8-µm-driven one. Our experiments support the current 
approach in the attosecond community of using long-wavelength lasers in a phase-matched regime 
rather than short-wavelength lasers in a transiently phase-matched regime to efficiently generate 
harmonics in the water-window. 

[1] T. Popmintchev, M.-C. Chen, D. Popmintchev, P. Arpin, S. Brown, S. Alisauskas, G. Andriukaitis, T. 
Balciunas, O. D. Mucke, A. Pugzlys, A. Baltuska, B. Shim, S. E. Schrauth, A. Gaeta, C. Hernandez-Garcia, 
L. Plaja, A. Becker, A. Jaron-Becker, M. M. Murnane, and H. C. Kapteyn, Bright Coherent Ultrahigh 
Harmonics in the keV X-ray Regime from Mid-Infrared Femtosecond Lasers, Science 336(6086), 1287-
1291 (2012). 
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[2] S. Hrisafov, J. Pupeikis, P.-A. Chevreuil, F. Brunner, C. R. Phillips, L. Gallmann, and U. Keller, High-
power few-cycle near-infrared OPCPA for soft X-ray generation at 100 kHz, Opt. Express 28(26), 
40145 (2020). 

[3] J. Pupeikis, P.-A. Chevreuil, N. Bigler, L. Gallmann, C. R. Phillips, and U. Keller, Water window soft 
x-ray source enabled by a 25 W few-cycle 2.2 µm OPCPA at 100 kHz, Optica 7(2), 168 (2020). 

[4] E. Seres, J. Seres, and C. Spielmann, X-ray absorption spectroscopy in the keV range with laser 
generated high harmonic radiation, Appl. Phys. Lett. 89(181919), 4 (2006). 

[5] M. Geissler, G. Tempea, and T. Brabec, Phase-matched high-order harmonic generation in the 
nonadiabatic limit, Phys. Rev. A 62(3), 033817 (2000). 

[6] G. Tempea, M. Geissler, M. Schnürer, and T. Brabec, Self-Phase-Matched High Harmonic 
Generation, Phys. Rev. Lett. 84(19), 4329-4332 (2000). 

 

27.  Biophysical Implications of Dynamic Events in Globular Proteins (Boittier, 
group Meuwly) 

Eric Boittier*, Haydar Taylan Turan, Marco Pezzella, Markus Meuwly 

ericdavid.boittier@unibas.ch 

Globular proteins, including oxygen-binding proteins hemoglobin (Hb) and myoglobin (Mb), are 
characteristically porous proteins that play essential roles in many living organisms [1].  
These roles can be understood as dynamic events: allosteric control of ligand migration in Mb, and 
conformational transitions between deoxygenated and oxygenated states in Hb [1, 2]. 
Molecular dynamics (MD), with standard and enhanced (umbrella) sampling, elucidate these 
molecular mechanisms on the pico- to nanosecond timescales.  
Mb (17 kDa) is smaller than Hb (64 kDa), affording fine-grained study of ligand migration. Several 
internal ''pockets'' form pathways, mediating reversible ligand binding [1]. Barrier heights and kinetics 
between pockets, gained from simulation, form a time-resolved, mechanistic understanding [1, 2]. 
For certain transitions, multiple ligand occupations in adjacent pockets affect the topology of the 
pathway, increasing the terminal pocket volume by 150 \AA$^3$ and decreasing the transition barrier 
by 2.5 kcal/mol in comparison to the unoccupied state. “Hydrophobity'' is quantified as a log ratio of 
two partition functions describing ordered versus disordered water molecules, using the ensemble of 
water orientations with respect to an arbitrary plane (protein surface), estimated from simulation [3]. 
These data help better understand the dynamics of hydration in protein allostery.  

[1] Estarellas, C.; Capece, L.; Seira, C.; Bidon-Chanal, A.; Estrin, D. A.; Luque, F. J.; Christov, C. Z., 
Structural Plasticity in Globins: Role of Protein Dynamics in Defining Ligand Migration Pathways; 
Advances in Protein Chemistry and Structural Biology, Vol. 105, ISSN: 1876-1623; Academic Press: 
2016, pp 59-80. 

[2] Diamantis, P.; Unke, O. T.; Meuwly, M. Migration of small ligands in globins: Xe diffusion in 
truncated hemoglobin. PLOS Computational Biology, 2017, 13, e1005450. 

[3] Shin, S.; Willard, A. P. Characterizing Hydration Properties Based on the Orientational Structure of 
Interfacial Water Molecules. J. Chem. Theory Comput., 2018, 14, 461-465. 
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28.  Spectroscopy, Dynamics, and Hydration of S-Nitrosylated Myoglobin 
(Turan, group Meuwly) 

Haydar Taylan Turan*, Meuwly, Markus 

haydartaylan.turan@unibas.ch 

S-Nitrosylation, the covalent addition of NO to the thiol side chain of cysteine, is an important post-
transitional modification that can alter the function of various proteins [1]. The structural dynamics 
and vibrational spectroscopy of S-nitrosylation in the condensed phase are investigated for the 
methyl-capped cysteine model system and for myoglobin. Using conventional point charge and 
physically more realistic multipolar force fields [2,3] for the −SNO group, it is found that the SN- and 
NO-stretch and the SNO-bend vibrations can be located and distinguished from the other protein 
modes for simulations of MbSNO at 50 K. The finding of stable cis- and trans-MbSNO agrees with 
experimental findings on other proteins as is the observation of buried −SNO [4]. For MbSNO the 
observed relocation of the EF loop in the simulations by ∼3 Å is consistent with the available X-ray 
structure, and the conformations adopted by the −SNO label are in good overall agreement with the 
X-ray structure [5]. Despite the larger size of the −SNO group compared with −SH, MbSNO recruits 
more water molecules in the first two hydration shells due to stronger electrostatic interactions. 
Similarly, when comparing the hydration between the A- and H-helices, they differ by up to 30% 
between WT and MbSNO. This suggests that local hydration can also be significantly modulated 
through nitrosylation.  

[1] Hess, D. T.; Stamler, J., J. Biol. Chem. 2012, 287, 4411-4418. 
[2] Kramer, C.; Gedeck, P.; Meuwly, M., J. Comput. Chem. 2012, 33, 1673-1688. 
[3] Bereau, T.; Kramer, C.; Monnard, F. W.; Nogueira, E. S.; Ward, T. R.; Meuwly, M., J. Phys. Chem. B 

2013, 117, 5460-5471. 
[4] Weichsel, A.; Brailey, J. L.; Montfort, W. R., Biochemistry 2007, 46, 1219-1227. 
[5] Schreiter, E. R.; Rodriguez, M. M.; Weichsel, A.; Montfort, W. R.; Bonaventura, J., J. Biol. Chem. 

2007, 282, 19773-19780 
 

29.  Short time scale vibrational relaxation in hypersonics and atmospheric 
chemistry (San Vicente Veliz, group Meuwly) 

Juan Carlos San Vicente Veliz*, Koner, Debasish; Schwilk, Max; Bemish, Raymond J.; Van Der 
Avorid, Ad; Meuwly, Markus 

j.sanvicente@unibas.ch 

The interaction between ions and neutral atoms or molecules is of central importance in atmospheric 
and astronomical processes and environments. The construction of high fidelity potential energy 
surfaces (PESs) has proven crucial for triatomic interactions involving (CNO, CO2, N2O, NO2) [1-4]. A 
process like vibrational relaxation highlights the fact that different observables provide information 
about different parts of the PESs. An example of this is the Ne-HF complex [5] where high-resolution 
spectroscopy about the lowest stretching and bending states along the van der Waals coordinate 
provides sensitive information about the linear Ne-HF approach but no information of the antilinear 
Ne-FH part of the PES. Thus, it is essential to relate the space sampled by trajectories leading to 
particular final states with specific features to better understand what parts of a PES are crucial for 
reliably characterizing experimental observables from high-level computational studies. An RKHS 
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based multidimensional PES is constructed using electronic energy calculations at the MRCISD+Q/aug-
cc-pVTZ level and quasi-classical trajectory (QCT) calculations are carried out to study the vibrational 
relaxation of O+CO(ν = 1, 2) → O+CO(ν = 0), which is found to involve both, non-reactive and reactive 
processes. Our findings show that the contact time required for vibrational relaxation to take place is 
τ ≥ 150 fs for non-reacting and τ ≥ 330 fs for reacting (oxygen atom exchange) trajectories and the two 
processes are shown to probe different parts of the global potential energy surface. Further 
investigation of vibrational relaxation and inelastic scattering calculations on very fundamental 
systems in physics and very relevant for atmospheric chemistry such as (He, H2+) will provide further 
insight to experiment [6,7]. For this, we plan to use a very accurate RKHS PES based on electronic 
energy calculations at the FCI/aug-cc-pV5Z level. This surface has already proven very successful for 
bound state calculations [8], where for previously observed transition frequencies the correct bound 
state assignment was found.  

[1] Koner, D.; Bemish, R. J.; Meuwly, M., J. Chem. Phys. 2018, 149, 094305. 
[2] San Vicente Veliz, J. C.; Koner, D.; Schwilk, M.; Bemish, R. J.; Meuwly, M., Phys. Chem. Chem. Phys. 

2021, 23, 11251-11263. 
[3] Koner, D.; San Vicente Veliz, J. C.; Bemish, R. J.; Meuwly, M., Phys. Chem. Chem. Phys. 2020, 

22,18488-18498 
[4] San Vicente Veliz, J. C.; Koner, D.; Schwilk, M.; Bemish, R. J.; Meuwly, M., Phys. Chem. Chem. Phys. 

2020, 22, 3927-3939. 
[5] Meuwly, M.; Hutson, J. M., J. Chem. Phys. 1999, 110, 8338-8347. 
[6] Baer, M.; Suzuki, S.; Tanaka, K.; Koyano, I.; Nakamura, H.; Herman, Z.; Kouri, D. J., Phys. Rev. A 

1986, 34, 1748-1751. 
[7] Govers, T. R.; Guyon, P.-M., Chem. Phys. 1987, 113, 425-443. 
[8] Koner, D.; San Vicente Veliz, J. C.; van der Avoird, A.; Meuwly, M., Phys. Chem. Chem. Phys. 2019, 

21, 24976-24983. 
 

30.  On the relationship between structural features and spectroscopic 
features for eutectic liquids (Vazquez-Salazar, group Meuwly) 

Luis Itza Vazquez-Salazar*, Toefer, Kai; Salehi, Seyedeh Maryam; Meuwly, Markus 

luisitza.vazquezsalazar@unibas.ch 

Deep eutectic solvents (DES) are becoming a new alternative to ionic liquids (IL) because of the 
flexibility that can have on the selection of anionic or cationic species that can be involved in the 
mixture while keeping the characteristics that make IL an alternative to typ- ical solvents [1]. On the 
other hand, there is no clear understanding of how the inter-molecular interactions on DES can be 
modified when interacting with other solvents like water. A very convenient way to study changes at 
the molecular level is by the use of spectroscopic techniques; some efforts have been made to 
evaluate how picosecond dynamics of DES changes on the presence of a solvent (i.e. water) [2,3]. 
Using the advantage that molecular dynamics (MD) simulations can describe accurately structural 
changes like a phase transition in IL [4]. We did the calculation of structure factors [5] of the 
Acetamide/KSCN DES mixed with water (e.g. K+–K+ or K+–S−) at different concentrations. These 
calculations aim at using MD simulations as a bridge between molecular structure and structural 
dynamics to having a more molecularly resolved picture [6] of the inter-molecular interaction on DES.  

[1] E. L. Smith, A. P. Abbott, and K. S. Ryder, “Deep eutectic solvents (dess) and their applications,” 
Chem. Rev. 114, 11060–11082 (2014).  
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[2] K. Topfer, S. M. Salehi, L. I. Vazquez-Salazar, and M. Meuwly, “Influence of acetamide/water 
eutectic mixture on structural and spectroscopic properties of kscn,” In Preparation (2021) 

[3] A. Pasti and P. Hamm, Private Communication. 
[4] L. I. Vazquez-Salazar, M. Selle, A. H. de Vries, S. J. Marrink, and P. C. T. Souza, “Martini coarse-

grained models of imidazolium-based ionic liquids: from nanostructural organization to liquid–
liquid extraction,” Green Chem. 22, 7376–7386 (2020). 

[5] N. P. Walter, A. Jaiswal, Z. Cai, and Y. Zhang, “Liquidlib: A comprehensive toolbox for analyzing 
classical and ab initio molecular dynamics simulations of liquids and liquid-like matter with 
applications to neutron scattering experiments,” Comp. Phys. Comm. 228, 209–218 (2018). 

[6] T. K. Kim, J. H. Lee, M. Wulff, Q. Kong, and H. Ihee, “Spatiotemporal kinetics in solution studied by  
time-resolved x-ray liquidography (solution scattering),” ChemPhysChem 10, 1958–1980 (2009). 

 

31.  Genesis of polyatomic molecules in dark clouds: CO2 Formation on Cold 
Amorphous Solid Water (Upadhyay, group Meuwly) 

Meenu Upadhyay*, Pezzella, Marco; Meuwly, Markus 

meenu.upadhyay@unibas.ch 

Building larger molecules from binary reactions under conditions relevant to cold clouds is an essential 
aspect of interstellar chemistry. Gaining a molecular level understanding from experiments is difficult 
due to low pressure and temperature conditions. Therefore, computer-based approaches are a 
meaningful way to study these type of processes.  
CO2 is one of the most abundant species. Hence, obtaining quantitative insights into possible 
formation and relaxation processes in quiescent molecular clouds is important [1]. Here, the formation 
of ground state CO2 from collision of CO(1 Σ +) and O (1D) on amorphous solid water is characterized 
under conditions typical in cold molecular clouds using Reactive Molecular Dynamics. The interaction 
between CO and O are treated either by empirical Morse stretching potentials or by an accurate 
reproducing kernel Hilbert space representation [2] of CCSD(T) reference data. The interaction 
between CO, O, CO2 and the ASW is that of an empirical force field [3]. Reactive molecular dynamics 
simulations shows that the recombination takes place on picoseconds of time scale followed by the 
stabilization of product with CO2 remaining absorbed on the ASW surface on extended time scales [4]. 
It is observed that approx. 60 % of the simulations leads to CO2 formation in 250 ps of time scale. Using 
high level, reproducing kernel-based potential energy surface both COO and CO2 formation is 
observed. The present findings suggest that diffusion [5] of atomic species followed by collisions in 
and on ASW and subsequent vibrational relaxation can lead to stable molecules at low temperatures.  

[1] Minissale, M., Congiu, E., Manico, G., Pirronello, V. and Dulieu, F., Astron. Astrophys., 559, A49 
(2013). 

[2] Unke, O.T. and Meuwly, M., J. Chem. Inf. Model., 57(8), 1923-1931 (2017). 
[3] Pezzella, M. and Meuwly, M., Phys. Chem. Chem. Phys., 21(11), 6247-6255, (2019). 
[4] Upadhyay, M., Pezzella, M. and Meuwly, M., J. Phys. Chem. Lett., (2021), DOI 

:10.1021/acs.jpclett.1c01810. 
[5] Pezzella, M.,Unke, O.T. and Meuwly, M., J. Phys. Chem. Lett., 9(8), 1822-1826 (2018). 
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32.  Site-Selective Dynamics of Azidolysozyme (Salehi, group Meuwly) 

Seyedeh Maryam Salehi*, Markus Meuwly 

seyedehmaryam.salehi@unibas.ch 

The spectroscopic response of and structural dynamics around all azido-modified alanine residues 
(AlaN3 ) in lysozyme are characterized. It is found that AlaN3 is a positionally sensitive probe for the 
local dynamics, covering a frequency range of ∼15 cm−1 for the center frequency of the line shape. 
This is consistent with findings from selective replacements of amino acids in PDZ2, which reported a 
frequency span of ∼10 cm−1 for replacements of Val, Ala, or Glu by azidohomoalanine. For the 
frequency fluctuation correlation functions, the long-time decay constants τ 2 range from ∼1 to ∼10 
ps, which compares with experimentally measured correlation times of 3 ps. Attaching azide to alanine 
residues can yield dynamics that decays to zero on the few ps time scale (i.e., static component Δ0 ∼ 
0 ps−1) or to a remaining, static contribution of ∼0.5 ps−1 (corresponding to 2.5 cm−1 ), depending 
on the local environment on the 10 ps time scale. The magnitude of the static component correlates 
qualitatively with the degree of hydration of the spectroscopic probe. Although attaching azide to 
alanine residues is found to be structurally minimally invasive with respect to the overall protein 
structure, analysis of the local hydrophobicity indicates that the hydration around the modification 
site differs for modified and unmodified alanine residues, respectively. 

[1] S. M. Salehi, and M. Meuwly, J. Chem. Phys. 154, 165101 (2021) 
[2] R. Bloem, K. Koziol, S. A. Waldauer, B. Buchli, R. Walser, B. Samatanga, I. Jelesarov, and P. Hamm, 

J. Phys. Chem. B 116, 13705-13712 (2012). 
[3] P. Pagano, Q. Guo, A. Kohen, and C. M. Cheatum, J. Phys. Chem. Lett. 7, 2507-2511 (2016). 
[4] S. Shin and A. P. Willard, J. Phys. Chem. B 122, 6781-6789 (2018). 
 

33.  Machine Learned Potential Energy Surfaces for Dynamics and 
Spectroscopy (Käser, group Meuwly) 

Silvan Käser*, Unke, Oliver; Boittier, Eric; Upadhyay, Meenu; Meuwly, Markus  

silvan.kaeser@unibas.ch 

With the advent of machine learning (ML) a paradigm shift has taken place in the physical sciences. 
[1,2] In particular for molecular sciences where the interaction between particles is of central 
importance for developing quantitatively meaningful models, ML offers many opportunities for 
improved and computationally efficient modelling of systems.  
Recently, the photo-tautomerization of acetaldehyde (AA, adversely affects global climate) to vinyl 
alcohol (VA) has been investigated experimentally, [3] and the results were linked to formic acid (FA) 
production in the atmosphere. [3,4] Although the experiments provided insights into the 
tautomerization dynamics, the time scale on which the AA → VA isomerization occurs is still unknown. 
Understanding and quantifying the relative importance of such tautomerization reactions (competing 
with decomposition reactions) is an essential aspect in modelling atmospheric processes. It is for such 
tasks that ML potential energy surfaces (PESs) offer a valuable instrument to study problems at a 
molecular level. A high- dimensional Neural Network (NN) of the PhysNet type [5] is used as 
representation of the PES covering AA, FA and dissociation channels (to CO + CH4 and to H2 + C2H2O). 
[6] The PES is used to investigate the isomerization and decomposition dynamics of electronically 
excited AA using reactive molecular dynamics (MD) simulations. An aggregate of 0.5μs of MD 
simulations run with an excess energy of 93.6 kcal/mol (close to experimental conditions where an 
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actinic photon λ = 300 − 330 cm −1 is absorbed) did not lead to VA and internal vibrational energy 
redistribution (IVR) was found as an impeding factor. Whether or not isomerization of AA to VA in the 
atmosphere is relevant for FA generation depends, therefore, on the competition between IVR and 
collisional de-excitation. With collisional quenching times ranging from 1 to 10 ns at tropospheric 
conditions isomerization from AA to VA and the contribution to FA formation seem highly unlikely.  
Vibrational spectroscopy is a sensitive probe for identifying molecules or to follow conformational and 
structural changes in the gas phase and in solution. One essential task in the practical use of vibrational 
spectroscopy is the assignment of a measured frequency to its corresponding type of molecular 
motion. Based on this information, it is also possible to predict changes both in the characterization 
of these motions and their influence on the frequencies themselves. The accurate description of 
vibrational dynamics and infrared (IR) spectroscopy, however, often remains a challenging problem in 
molecular spectroscopy. [7] A combination of high quality ML PESs and second order vibrational 
perturbation theory (VPT2) is proposed to achieve high quality anharmonic frequencies for small (e.g. 
H2CO and HCOOH) to medium sized (e.g. CH3COOH and CH3CONH2) molecules. Overall, the approach 
yields anharmonic frequencies to within 20 cm −1 of experimentally determined frequencies for close 
to 90 % of the modes using coupled cluster quality PESs. For H2CO, the calculated anharmonic 
frequencies compare exceptionally well to experiment with a mean absolute error of 4 cm-1. Further, 
the method is demonstrated to be a tool valuable to for the study of IR intensities and to assist in the 
(re)assignment of experimental IR spectra. [8] 

[1] Behler, J. Perspective: Machine learning potentials for atomistic simulations. J. Chem. Phys. 2016, 
145, 170901.  

[2] Von Lilienfeld, O. A. Quantum machine learning in chemical compound space. Angew. Chem., Int. 
Ed. 2018, 57, 4164–4169.  

[3] Shaw, M. F.; Sztáray, B.; Whalley, L. K.; Heard, D. E.; Millet, D. B.; Jordan, M. J.; Osborn, D. L.; Kable, 
S. H. Photo-tautomerization of acetaldehyde as a photochemical source of formic acid in the 
troposphere. Nat. commun. 2018, 9, 1–7.  

[4] Archibald, A. T.; McGillen, M. R.; Taatjes, C. A.; Percival, C. J.; Shallcross, D. E. Atmospheric 
transformation of enols: A potential secondary source of carboxylic acids in the urban troposphere. 
Geophys. Res. Lett. 34, L21801.  

[5] Unke, O. T.; Meuwly, M. PhysNet: A neural network for predicting energies, forces, dipole 
moments, and partial charges. J. Chem. Theory Comput. 2019, 15, 3678–3693.  

[6] Käser, S.; Unke, O. T.; Meuwly, M. Isomerization and decomposition reactions of acetaldehyde 
relevant to atmospheric processes from dynamics simulations on neural network-based potential 
energy surfaces. J. Chem. Phys. 2020, 152, 214304.  

[7] Qu, C.; Bowman, J. M. Quantum and classical IR spectra of [HCOOH] 2 ,[DCOOH] 2 and [DCOOD] 2 
using ab initio potential energy and dipole moment surfaces. Faraday Discuss. 2018, 212, 33–49.  

[8] Käser, S.; Boittier, E. D.; Upadhyay, M.; Meuwly, M. Transfer Learning to CCSD [T): Accurate 
Anharmonic Frequencies from Machine Learning Models. Journal of Chemical Theory and 
Computation 2021, 17, 3687–3699. 

 

34.  The investigation of tri and tetra atomic reactions relevant to 
atmospheric chemistry (Goswami, group Meuwly) 

Sugata Goswami*, Meuwly, Markus 

sugata.goswami@unibas.ch 

The reactions involving the carbon and oxygen atoms are important in planetary atmosphere. [1,2] In 
recent past San Vicente Veliz et al. have developed global potential energy surfaces (PESs) for the CO2 
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reactive system on its five lowest lying states and performed quasi classical trajectory (QCT) 
simulations.[2] They found the contact time required for vibrational relaxation ζ ≥ 150 fs for the non-
reacting and ζ ≥ 330 fs for the atom-exchange reaction process. We set out to perform a time-
dependent quantum wave packet dynamics investigation of the, C + O2 → CO + O, reaction on its five 
lowest lying states. [2] Our principal interest is to perform the quantum dynamics at the energies 
relevant to the atmospheric chemistry. The progress of the reaction with time is also visualized by 
plotting the wave packet snapshots at different time interval. The total reaction probability as function 
of energy and for the total angular momentum quantum number, J=0 on the electronic ground state 
[2] is being optimized by varying different parameters. The optimized parameters will be used to 
calculate the S-matrix elements for J≥0 and these elements will be used to calculate the reaction 
probabilities and cross-sections. On the other hand, the tetra-atomic system, HONO plays significant 
role in chemistry involving the OH and NO, which behave as catalysts in the tropospheric ozone 
production, and has been the system of interest for various theoretical and experimental 
investigations. [3,4,5] In addition to the well known formation pathways, recent studies have 
postulated other strong but unknown sources. [6] We set out here to investigate the decay dynamics 
of HONO into different fragments along with the reactive process, H + ONO → OH + NO. The potential 
energy curves of the HONO → HO + NO and HONO → H + ONO decay processes are evaluated for the 
five lowest singlet and triplet states at the CASSCF and MRCI+Q levels of theory. The energy calculation 
will be carried out for the HONO → HO + NO and HONO → H + ONO channels at the MRCI+Q level 
followed by the construction of the PES. Dynamics calculations will be carried out by using this PES.  

[1] Sharma, M.; Swantek, W.; Flaherty, J. M.; Doraiswamy, A. S.; Candler, G. V.; Experimental and 
Numerical Investigations of Hypervelocity Carbon Dioxide Flow over Blunt Bodies. J. Thermophys. 
Heat Transfer 2021, 24, 673-683.  

[2] San Vicente Veliz, J. C.; Koner, D.; Schwilk, M.; Bemish, R. J.; Meuwly, M. The C [3P] + O2 [3Σg-] 
↔CO2 ↔CO [1∑+] + O [1D]/O[3P] Reaction: Thermal and Vibrational Relaxation Rates from 15K 
to 20 000 K. Phys. Chem. Chem. Phys. 2021, 23, 11251 – 11263.  

[3] Pradhan, E.; Brown, A. A Ground State Potential Energy Surface for HONO Based on a Neural 
Network with Exponential Fitting Functions. Phys. Chem. Chem. Phys. 2017, 19, 22272-22281.  

[4] Edwards, P. M. et al. High Winter Ozone Pollution From Carbonyl Photolysis in an Oil and Gas Basin. 
Nature 2014, 514, 351-354.  

[5] VanderBoer, T. C.; Young, C. J.; Talukdar, R. K.; Markovic, M. Z.; Brown, S. S.; Roberts, J. M.; Murphy, 
J. G. Nocturnal Loss and Daytime Source of Nitrous Acid Through Reactive Uptake and 
Displacement. Nat. Geosci. 2015, 8, 55-60.  

[6] Spataro, F.; Lannielo, A.; Sources of atmospheric nitrous acid: State of the science, current research 
needs, and future prospects. J. Air Waste Manage. Assoc. 2014, 64, 1232-1250. 

 

35.  Structural Dynamics of Tripeptides in Solution (Vogler, group Meuwly) 

Matthias Vogler*, Michael Devereux, and Markus Meuwly 

matthias.vogler@unibas.ch  

The conformational and structural dynamics of proteins in solution is primarily governed by the 
electrostatic and van der Waals interactions with their environment. Traditionally, the electrostatic 
interactions in molecular dynamics simulations are approximated by assigning partial charges to each 
atom. Such models are, however, not able to correctly describe the anisotropy of these interactions. 
Here, a physics-based extension based on the minimally distributed charge model (MDCM) is 
presented and applied to tripeptides of the Ala-X-Ala type. The infrared spectroscopy of such model 
systems has been investigated experimentally [1] and provides a suitable benchmark to validate point 
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charge and MDCM-based representations. From very recent simulations of Ala-Ala-Ala in solution it is 
known [2] that the population dynamics of the conformational substates changes when anisotropic 
electrostatic interactions based on multipoles are employed and are in better agreement with 
reconstructed potential energy surfaces based on Bayesian inference. [3] This opens the way to 
address deeper biophysical questions such as the interpretation of the reverse hydrophobic effect. [4] 

[1] F. Eker, X. Cao, L. Nafie, and R. Schweitzer-Stenner, J. Am. Chem. Soc. 2002, 124, 48, 14330-14341 
[2] P. Mondal, P. Cazade, A. K. Das, T. Bereau, M. Meuwly arXiv:2106.10142 (2021) 
[3] C. Feng, B. Dhayalan, A. Tokmakoff, Biophys. J. 2018, 114, 12, 2820-2832 
[4] C. Chothia, Nature 1974, 248, 338-339 
 

36.  Exploring the Ultrafast Photophysics of Infrared-absorbing Squaraine 
Dyes (Fish, group Moser) 

George Fish*, Hu, Wei-Hsu; Nüesch, Frank; Hany, Roland; Moser, Jacques-E. 

george.fish@epfl.ch 

Shortwave infrared (SWIR) photodetectors have attracted attention due to their wide range of uses 
ranging from night vision to biomedical imaging. [1], [2] Currently, the vast majority of SWIR cameras 
utilise sensors based on inorganic materials, such as indium gallium arsenide (InGaAs).  
However, InGaAs sensors remain costly and so alternative materials have been explored for SWIR 
photodetection; organic materials, which also have the potential to be used in flexible SWIR 
photodetectors, have been of particular interest. [3] 
Squaraine dyes are one group of materials which have been shown to be of interest for SWIR 
applications, as well as in organic photovoltaics, as a result of their facile and scalable synthesis, strong 
absorption in the IR and good photostability. [4]  
To date, the majority of work exploring the photophysics of squaraine dyes has tended to focus on 
squaraine dyes in solution, or on the impact of H- and J- aggregates on squaraines in the solid state. 
[5], [6] 
Here, we employ transient absorption spectroscopy to investigate the photophysics of IR-absorbing 
squaraine dyes; in particular, we look at the impact of film preparation on the ultrafast processes, and 
explore whether charges can be generated intrinsically within the squaraine dye. 

[1] J. Krieg and U. Adomeit, Appl. Opt. 2019, 58, 9876-9882. 
[2] J. Li, X. Zeng, Y. Xiao, L. Tang, J. Nong, Y. Liu, H. Zhou, B. Ding, F. Xu, H. Tong, Z. Deng and X. Hong, 

Chem. Sci. 2019, 10, 1219-1226 
[3] C. Lee, H. Kim and Y. Kim, npj Flex Electron, 2021, 5, 10 
[4] K. Strassel, W-H. Hu, S. Osbild, D. Padula, D. Rentsch, S. Yakunin, Y. Shynkarenko, M. Kovalenko, F. 

Nüesch, R. Hany and M. Bauer, Sci. Technol. Adv. Mater. 2021, 22, 196 
[5] G. M. Paterno, N. Barbero, S. Galliano, C. Barolo, G. Lanzani, F. Scotognella and R. Borelli, J. Mater. 

Chem. C. 2018, 6, 2778-2785 
[6] G. de Miguel, M. Ziolek, M. Zitnan, J.A. Organero, S. S. Pandey, S. Hayase and A. Douhal, J. Phys. 

Chem. C 2012, 116, 17, 9379-9389 
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37.  Novel Catalyst Heterostructure With An Intercalated Cu2-xO Thin Film 
Confined Underneath Hexagonal Boron Nitride On Top Cu(111) (Diulus, 
group Osterwalder) 

J. Trey Diulus*, Zbynek Novotny, Nicolo' Comini, Jan Beckord, Matthias Hengsberger, Juerg 
Osterwalder  

trey.diulus@psi.ch  

Cuprous oxide (Cu2O) is a promising photocathode material for the hydrogen evolution reaction (HER) 
due to its bandgap in the visible spectrum, relative abundance, and low cost (1), however, Cu2O is 
unstable in aqueous solutions. To increase the corrosion resistance of Cu2O cathodes under 
photoelectrochemical cell conditions, the Cu2O surface must be protected with a chemically stable 
material such as hexagonal boron nitride (h-BN). While the growth of h-BN on top of metal oxides is 
difficult, an alternative approach is Cu2O formation via O2 intercalation through a h-BN monolayer 
grown on a Cu metal substrate (2). Due to weak interactions between h-BN and Cu(111) (3), the 
Cu(111) substrate can be readily oxidized while confined reactions can also occur underneath the h-
BN layer, potentially enhanced by the nano-confinement effect (4). Growth of h-BN on Cu(111) was 
achieved through chemical vapor deposition by borazine exposure in the ultra-high vacuum (UHV) 
preparation chamber of the Solid Liquid Interface Chamber (SLIC) endstation, attached to the In Situ 
Spectroscopy beamline at the Swiss Light Source (SLS). Initially, the surface structure and the chemical 
composition of the bare Cu(111) substrate and the as-grown h-BN/Cu(111) heterostructure were 
characterized using Auger electron spectroscopy (AES) and low-energy electron diffraction (LEED). 
Once the h-BN/Cu(111) sample was prepared, X-ray photoelectron spectroscopy (XPS) was used to 
characterize the coverage and uniformity of h-BN on the surface. Oxidation of the Cu(111) underneath 
the h-BN cover via O2 intercalation was executed by exposure to near-ambient partial pressures of O2 
(0.001 to 1 mbar) at temperatures ranging from room temperature up to 200 °C. Ambient pressure 
XPS (AP-XPS) and X-ray absorption spectroscopy (XAS) were utilized at each temperature and pressure 
to determine the oxidation state of Cu throughout the experiment. Further surface characterization 
of the h-BN/Cu2-xO/Cu(111) was obtained at the PEARL beamline at the SLS. X-ray photoelectron 
diffraction (XPD) provided additional structural information, combined with LEED, to determine the 
surface structure resembling the “29”-Cu2O/Cu(111) superstructure (5). Scanning tunneling 
microscopy (STM) provided high-resolution imaging of the sample surface held at 78 K. Through STM, 
we determined that the oxidation of the Cu(111) substrate occurs via oxygen intercalation at the h-
BN grain boundaries. Interestingly, after the oxidation, the h-BN surface is decorated with nano-sized 
metal oxide clusters. Our ultimate goal is to determine the influence on the electron dynamics of a 
well-defined 2D heterostructure with a weakly interacting h-BN monolayer above the well-defined 
Cu2O film. For a naturally grown Cu2O single crystal, surface oxygen vacancies were suggested to be 
the dominating factor affecting the carrier lifetime upon photoexcitation under reducing conditions 
(6). This suggests that minimizing oxygen vacancies with a 2D overlayer may enhance electron 
transport to the interface, which is crucial for driving the HER. Using time-resolved two-photon 
photoemission (2PPE), we will characterize the electron dynamics for the h-BN/Cu2-xO/Cu(111) 
heterostructure and compare it to our previous studies with bulk Cu2O(111) (6) and h-BN on Cu(111).  

[1] A. Paracchino, V. Laporte, K. Sivula, M. Grätzel, E. Thimsen, Highly active oxide photocathode for 
photoelectrochemical water reduction. Nat. Mater. 10, 456–461 (2011).  

[2] C. Ma, J. Park, L. Liu, Y.-S. Kim, M. Yoon, A. P. Baddorf, G. Gu, A.-P. Li, Interplay between intercalated 
oxygen superstructures and monolayer h -BN on Cu(100). Phys. Rev. B. 94, 064106 (2016).  
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[3] S. Joshi, D. Ecija, R. Koitz, M. Iannuzzi, A. P. Seitsonen, J. Hutter, H. Sachdev, S. Vijayaraghavan, F. 
Bischoff, K. Seufert, J. V. Barth, W. Auwärter, Boron Nitride on Cu(111): An Electronically 
Corrugated Monolayer. Nano Lett. 12, 5821–5828 (2012).  

[4] Q. Fu, X. Bao, Surface chemistry and catalysis confined under two-dimensional materials. Chem. 
Soc. Rev. 46, 1842–1874 (2017).  

[5] A. J. Therrien, R. Zhang, F. R. Lucci, M. D. Marcinkowski, A. Hensley, J.-S. McEwen, E. C. H. Sykes, 
Structurally Accurate Model for the “29”-Structure of CuxO/Cu(111): A DFT and STM Study. J. Phys. 
Chem. C. 120, 10879–10886 (2016).  

[6] L. Grad, Z. Novotny, M. Hengsberger, J. Osterwalder, Influence of surface defect density on the 
ultrafast hot carrier relaxation and transport in Cu2O photoelectrodes. Sci. Rep. 10, 10686 (2020).  

 

38.  Electronic structure of carbon dot monolayers on TiO2(110) (Beckord, 
group Osterwalder) 

*Jan Beckord1, Matthias Hengsberger1, Andrea Cannizzo2, Jürg Osterwalder1 

jan.beckord@physik.uzh.ch 

Carbon dots are nanometer-sized particles with a carbon-containing core and a functionalized organic 
shell. Amongst others, they are of interest for their photocatalytic properties: for example, carbon 
dots deposited on titanium dioxide surfaces significantly improve the yield in oxygen evolution 
reactions under visible light irradiation [1]. To elucidate the electronic structure and dynamics of this 
system, we adsorbed nitrogen-rich carbon dots with an average size of 4 nm on a clean rutile TiO2(110) 
surface from aqueous solution without exposure to air. Another sample was prepared using a size-
selected fraction with an average size of 6 nm. Our XPS measurements revealed coverages between 
half a monolayer and one monolayer. We find an increased upward band bending of the n-doped 
substrate and a reduced work function. A continuum of occupied and unoccupied states is observed 
using ultraviolet photoemission spectroscopy (UPS) and two-photon photoemission spectroscopy 
(2PPE) due to the molecular orbitals on the carbon dots. Optical absorption and fluorescence 
measurements of the carbon dots in aqueous solution support this claim, as the typical broad 
absorption and excitation-dependent fluorescence spectra [2] are observed. The size-selected carbon 
dots have a slightly narrower density of states in comparison, but 2PPE spectra at different photon 
energies do not reveal any predominant resonant transitions in either case. These broad electronic 
states facilitate exciton generation from visible light, explaining the function of carbon dots as 
effective photosensitizers. Previously, an excited state relaxation time of 6 ns was measured with 
time-resolved fluorescence spectrometry in aqueous solution. The addition of copper ions to the 
solution already quenched the fluorescence through an ultrafast electron transfer with a time scale of 
0.2 ps [3]. For the carbon dots adsorbed on TiO2(110), and using time-resolved 2PPE, we observe an 
even faster electron transport into the substrate after excitation using 400 nm light, which drives 
direct optical transitions to unoccupied states in the shell [4]. The remaining holes drive the 
photocatalytic oxygen evolution reaction. 

[1] S. Xie et al., Remarkable photoelectrochemical performance of carbon dots sensitized TiO2 under 
visible light irradiation, J. Mater. Chem. A 2, 16365 (2014) 

[2] G. Hutton, B. Martindale and E. Reisner, Carbon dots as photosensitisers for solar-driven catalysis, 
Chem. Soc. Rev. 46, 6111—6123 (2017) 

[3] A. Sciortino et al., The interaction of photoexcited carbon nanodots with metal ions disclosed down 
to the femtosecond scale, Nanoscale 9, 11902 (2017) 

[4] M. Gazzetto et al., Photocycle of Excitons in Nitrogen-Rich Carbon Nanodots: Implications for 
Photocatalysis and Photovoltaics, ACS Appl. Nano Mater. 3, 6925 (2020) 



Abstracts Poster Presentations – Annual Meeting NCCR MUST – September 2021 

29 
 

 

39.  Probing the Gold/Water Interface with Surface Specific Spectroscopy 
(Piontek, group Petersen, RESOLV) 

Stefan Piontek*1, Dennis Naujoks2, Mark DelloStritto3, Max Jaugstetter1, Manuel Corva1, 
Soumya Ghosh1, Alfred Ludwig2, Dominik Marx1, Kristina Tschulik1, Michael L. Klein3, Poul 
Petersen1 

Stefan.Piontek-r11@ruhr-uni-bochum.de 

Water is integral in electrochemistry, in the generation of the electric double layer, and in propagating 
interfacial electric fields; yet our molecular-level understanding of interfacial water near functioning 
electrode surfaces is limited. 
Sum-frequency-generation (SFG) spectroscopy offers an opportunity to investigate the structure and 
dynamics of the solvent near working electrochemical interfaces, as the method is inherently surface-
specific. Previous efforts that propagated infrared (IR) beams through the solvent suffered due to the 
IR absorption of water. Furthermore, sending visible and IR beams through standard electrode films, 
obscures the SFG spectra, due to the large nonlinear response of conduction band electrons. 

To overcome this limitation, we prepared and investigated thin, yet conductive gradient sputtered Au 
films on CaF2 using SFG, FTIR, AFM, and UV-Vis spectroscopies to explore the ideal thickness of an Au 
electrode layer for SFG experiments. SFG spectra of dry and wet 8.0-0.4 nm thick Au films suggest that 
unobscured interfacial water spectra can be obtained using Au films with a thickness of ~2 nm or less. 
Experimental spectra are compared with the frequency dependent Fresnel Factors generated from 
each interface, which suggest that features we observe in the OH stretching region do not arise from 
the nonresonant response of our gold films. With the newfound ability to probe interfacial solvent 
structure at electrode/aqueous interfaces, we hope to provide insights into more efficient electrolyte 
composition and electrode design. 
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40.  Novel mapping approaches to simulate nonadiabatic dynamics (Amati, 
group Richardson) 

Graziano Amati*, Richardson, Jeremy 

graziano.amati@phys.chem.ethz.ch 

In the poster I will present my ongoing research in the field of quantum nonadiabatic dynamics. My 
project focuses on the development and test of novel approaches to solve the time evolution of 
models consisting of a small electronic system coupled to a nuclear bath in condensed phase. This 
class of so-called spin-boson problems can be rewritten in a full classical framework via novel spin-
mapping techniques, recently developed by our research group. Such methods allow us to map 
computationally hard quantum-mechanical problems onto fully classical systems, which exhibit a 
favorable scaling with the size of the system and the simulation time. So far, spin-mapping methods 
have proven to be an accurate and efficient tool to study nonadiabatic dynamics under out-of-
equilibrium initial conditions, when the electronic and nuclear subsystems are prepared in a 
factorized, uncoupled state. A goal of the project consists in extending the formalism to the 
experimentally significant regime of thermal initial conditions. In order to establish a suitable mapping 
scheme for equilibrium dynamics, a few key dynamical and statistical properties need to be fulfilled. I 
will discuss such conditions and elaborate on their relevance, borrowing ideas from classical ergodic 
theory. I will then introduce a novel approach which fits the necessary criteria to ensure the correct 
thermalization at long times. The theoretical discussion will be supported by preliminary numerical 
result of the method and a comparison with exact benchmarks.  
I will also discuss another complementary approach aimed at increasing the accuracy of long-time 
relaxation of out-of-equilibrium nonadiabatic problems, the generalized quantum master equation. 
Such framework allows to rewrite the time evolution of nonadiabatic correlation functions as a non-
Markovian coarse-grained kinetic model. The problem of the time evolution of electronic correlation 
is recast onto the calculation of fast-decaying memory kernels, which can be accurately calculated by 
spin-mapping methods. Such improvements come as a direct consequence of the fact that those 
kernels relax at time scales which are much smaller than the relaxation time of correlation functions. 
I will present numerical results on spin-boson problems, supporting such systematic increase in 
accuracy. A discussion on future challenges and extensions of the theoretical framework will conclude 
the poster presentation. 
 

41.  Quantum entanglement from uncoupled classical trajectories (Runeson, 
group Richardson) 

Johan Runeson*, Richardson, Jeremy 

johan.runeson@phys.chem.ethz.ch 

A long-standing challenge in mixed quantum-classical trajectory simulations is the treatment of 
decoherence and, more generally, entanglement between the classical and the quantal degrees of 
freedom. Mean-field approaches like Ehrenfest neglect entanglement and therefore fail to describe 
effects such as wavepacket branching in a nonadiabatic scattering problem. Known remedies include 
stochastic hops, coupled trajectories or interference between path histories, but a fully classical 
simulation seems, at first sight, to be impossible. However, we have developed a novel approach 
which describes the emergence of entangled states entirely in terms of uncoupled and deterministic 
Ehrenfest-like trajectories. This is derived for a two-level system by mapping the quantum system onto 
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a path-integral representation of a spin-1/2 [1], which is an extension of our previous linearized spin-
mapping approach [2,3]. We demonstrate that the method correctly accounts for coherence and 
decoherence and thus reproduces the splitting of a wavepacket in Tully's seminal scattering problems 
(see figure). In contrast to many alternative methods, the path-integral approach can properly treat 
system with multiple crossings. This discovery opens up a new class of simulations as an alternative to 
stochastic surface-hopping or coupled-trajectory approaches. 

[1] J. E. Runeson and J. O. Richardson, Quantum entanglement from classical trajectories, submitted, 
arXiv:2105.02075 (2021). 

[2] J. E. Runeson and J. O. Richardson, Spin-mapping approach for nonadiabatic molecular dynamics, 
J. Chem. Phys., 151, 044119 (2019). 

[3] J. E. Runeson and J. O. Richardson, Generalized spin mapping for quantum-classical dynamics, J. 
Chem. Phys., 152, 084110 (2020). 

 

42.  Effect of cation mixing on stability and properties in lead halide 
perovskite systems (Dankl, group Röthlisberger) 

Mathias Dankl * 

mathias.dankl@epfl.ch     

Organic-inorganic hybrid lead halide perovskites have drawn significant attention among the research 
community in the last decades due to their remarkable photovoltaic performance. At the same time 
large-scale production is still hampered by their limited stability under operating conditions. One 
strategy to overcome this issue involves the mixing of cations such as guanidinium, cesium, 
methylammonium, or rubidium into the formamidinium lattice, leading to improved stabilization of 
the perovskite phase [1-3]. In this talk an overview on computationally studied mixed cation 
perovskite systems is given. On the basis of specific systems, the influence of the choice of cation as 
well as the mixing ratio on the stability and the optical properties such as band gaps will be discussed. 
Thereby, the size of the cation serves as a suitable parameter in characterizing stability regions of 
mixed binary systems. A qualitative assessment of the predicted stability regions as a function of the 
cation size is presented [4]. Based on these results, the talk will conclude with general trends and 
properties with respect to the choice of cation mixing.   

[1] L. Hong, J. V. Milic, P. Ahlawat, M. Mladenovic, D. J. Kubicki, F. Jahanabkhshi, D. Ren, M. C. Gélvez-
Rueda, M. A. Ruiz-Preciado, A. Ummadisingu, Y. Liu, C. Tian, L. Pan, S. M. Zakeeruddin, A. Hagfeldt, 
F. C. Grozema, U. Rothlisberger, L. Emsley, H. Han, M. Graetzel, Angew. Chem. Int. Ed. 2020, 59, 
4691.  

[2] A. Boziki, M. Mladenovic, M. Grätzel and U. Rothlisberger, Phys. Chem. Chem. Phys., 2020, 22, 
20880-20890.  

[3] O. A. Syzgantseva; M. Saliba; M. Grätzel; U. Rothlisberger, J. Phys. Chem. Lett. 2017, 8, 6, 1191–
1196.  

[4] F. Jahanbakhshi, M. Mladenovic, M. Dankl, A. Boziki, P. Ahlawat, U. Rothlisberger, Helv. Chim. Acta 
2021, 104, e2000232. 
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43.  Setup and Characterization of a Liquid Helium Jet for Diffraction 
Experiments (Kolatzki, group Rupp) 

Katharina Kolatzki*, Schubert, Marie Louise; Ulmer, Anatoli; Möller, Thomas; Tanyag, Rico 
Mayro P.; Rupp, Daniela  

kkolatzki@phys.ethz.ch  

Intense XUV and X-ray pulses from free-electron lasers (FEL) and high-harmonic generation (HHG) 
sources enable coherent diffractive imaging of isolated nanoparticles in free flight. This has paved the 
way for in-situ structure determination of fragile samples and time-resolved laser-matter interaction 
studies. For such experiments, atomic clusters are ideal model systems and are therefore often used 
as targets. In particular for dynamical studies, it is desirable to work with a repetitive target. This 
becomes especially important when moving towards experiments in the attosecond timescale. Here, 
the pulse intensities are comparably low, which makes averaging over multiple single shots necessary 
to obtain diffraction patterns. This is only sensible if the targets of each shot are of comparable size 
and shape.  
These requirements can be met by helium droplets produced via the Rayleigh-type breakup of a liquid 
jet. They exhibit very narrow size distributions and are almost equidistant, which allows precise 
steering of their position and the droplet repetition rate to match that of the light pulses. In addition, 
helium droplets can be used as a cooling matrix for embedded atoms and molecules, show interesting 
properties such as superfluidity, and have a relatively simple electronic structure.  
We have constructed and characterized a source for a liquid helium jet and subsequent droplets. This 
setup is now available for user experiments at the European XFEL's endstation "Small Quantum 
Systems (SQS)". We have analyzed the shape of the jet and the droplet size distributions using 
shadowgraphy methods. Results of these measurements and an improved setup currently under 
commissioning at ETH Zürich will be presented. 
 

44.  Time-resolved recombination and expansion dynamics of clusters in 
intense XUV double-pulses (Sauppe, group Rupp) 

Mario Sauppe*, Bischoff, Tobias; Bomme, Cédric; Bostedt, Christoph; Erk, Benjamin; Feigl, 
Torsten; Flückiger, Leonie; Gorkhover, Tais; Kolatzki, Katharina; Langbehn, Bruno; Rompotis, 
Dimitrios; Senfftleben, Björn; Treusch, Rolf; Ulmer, Anatoli; Zimbalski, Jannis; Zimmermann, 
Julian; Möller, Thomas; Rupp, Daniela 

msauppe@ethz.ch  

Research at short-wavelength free-electron lasers (FEL) is shaped by fundamental questions of light-
matter-interaction. A deep understanding of ultrafast processes is required for an impeccable 
interpretation of coherent diffraction imaging patterns, but it is also a fascinating topic for itself. When 
an intense X-ray light pulse intersects with an isolated nanoparticle, complex dynamics will be induced 
due to core-level photoionization. Initially, the electrons are ejected, driven by the residual energies 
from photonionization. Photoelectrons created later in the pulse, however, will be trapped in the 
increasingly positive coulomb potential of the particle and a nanoplasma is formed with additional 
ionization and excitation processes coming into play. While these processes occur on a femtosecond 
timescale, ionic-motion and relaxation processes may last up to nanoseconds. We investigated these 
intricate dynamics in xenon clusters in an XUV pump/probe scheme on all relevant timescales, using 
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the multilayer-mirror based split-and-delay unit with a maximum time-delay of 650 ps at the CAMP 
endstation at the FLASH FEL. With time-delay we observe an increase of the average ionic charge, 
which can be traced back to a reduced electron-ion-recombination due to preceding expansion. 
Further no saturation of the average ion charge could be observed, concluding an incomplete 
fragmentation even after 650 ps. The analysis of ions kinetic energies shows evidence of a plasma 
driven expansion of the cluster core, whereat for larger clusters and time delay the cluster shell 
explodes off due to coulombic forces.  

 

45.  Microsolvation of multifunctional nitroxide spin labels in inert gas 
matrices (Karir, group Sander, RESOLV) 

Ginny Karir, Irina Zhruko, Adrian Portela Gonzalez, Laura Galazzo, Enrica Bordignon, Wolfram 
Sander  

ginny.karir@ruhr-uni-bochum.de    

Matrix isolation FTIR spectroscopy was used to investigate the microsolvation of EPR active nitroxide 
spin labels such as Hexamethyl imidazolidine nitroxide radical (HMI) and 2,2,6,6-Tetramethyl-1-
piperidinyloxy (TEMPO) free radical in different inert gas matrices. These spin labels are stable 
paramagnetic organic radicals and are popular in biochemistry as highly sensitive probes of local pH 
and are also used as catalysts. These nitroxide radical shows rich conformational diversity and can 
form a strong 1:1 hydrogen bonded complex with water having an interaction energy of almost 6 
kcal/mol. Quite interestingly HMI has two competing sites – the ring nitrogen and the oxygen of the 
nitroxide radical and it was quite intriguing to understand the preference of solvent (water molecule) 
for hydration amongst these competing sites. TEMPO having only one hydrogen bonding site serves 
as a reference to understand more complicated HMI molecule. 
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46.  Two-color plasma THz transients at 400 kHz repetition rate (Kesim, group 
Saraceno, RESOLV) 

Denizhan Koray Kesim*, Celia Millon, Alan Omar, Tim Vogel, Samira Manosurzadeh, Frank 
Wulf, Clara J. Saraceno 

Denizhan.kesim@ruhr-uni-bochum.de  

Two-color air filaments [1] are a well-established technique for achieving ultra-broadband THz 
transients that can span up to 200 THz [2], offering a variety of opportunities for sensitive broadband 
field-resolved spectroscopy. However, the requirements of this technique in terms of peak power and 
pulse duration to achieve a sufficiently ionized filament and the desired broadband radiation has 
limited the choice of driving sources to Ti:Sa amplified sources operating with low repetition rates <5 
kHz. In combination with the well-known difficulties to detect broadband transients with high dynamic 
range, measurement times become impractically long in real spectroscopic investigations. Here, we 
show broadband THz generation in two-color filaments at 400 kHz repetition rate using a compact 
commercially available fs fiber laser, which is to the best of our knowledge, the highest repetition rate 
two-color plasma source achieved so far. This result was achieved using a pulse energy of only 36 µJ, 
which is >4 times lower compared to lowest reported pump pulse energies [1].  
The driving laser system (TRUMPF Trumicro 2000) delivers 310 fs pulses at 1030 nm with up to 18 W 
of average power. The pulses are further compressed with a home-built Herriot-type multi-pass cell, 
resulting in 27-fs pulse duration for THz generation experiments. The compressed pulses are divided 
into two parts for pump and probe with a 1% output coupler. A chopper is placed on pump beam at 
985 Hz for lock-in detection. The chopped beam is focused with a 50 mm lens creating a short air 
plasma filament (ca. 4 mm of length). A 10 µm thick BBO crystal is placed just after the lens for second 
harmonic generation. In this first realization with the available crystal, the fraction of generated green 
was only <2%, offering a straightforward path for improvement. The generated THz pulses are 
collected by an off-axis parabolic mirror, and the residual green and NIR are filtered by two layers of 
Teflon tape. The probe beam is focused on the detection crystal (f=200 mm) through the off-axis 
parabolic mirror and the delay is adjusted with a linear stage and a shaker is used for real-time electro-
optic sampling.  
The THz transients measured using a 0.1 mm-thick GaP crystal were limited to 7 THz bandwidth. In 
order to sample higher THz frequencies, we replaced the crystal with a 1 mm GaSe and could measure 
THz components spanning up to 25 THz. Significantly higher dynamic range over much wider 
bandwidth can be achieved in few minutes of measurement times by optimizing the ratio of second 
harmonic, using circularly polarized pump for both colors [3] for better conversion efficiency and 
carefully purging the setup.  

[1] D. J. Cook, R. M. Hochstrasser “Intense terahertz pulses by four-wave rectification in air,” Optics 
Letters, 25, 1210. (2000). 

[2] E. Matsubara, M. Nagai, M. Ashida, “Ultrabroadband coherent electric field from far infrared to 
200 THz using air plasma induced by 10 fs pulses,” Appl. Phys. Lett. 101, (2012).  

[3] J. Yuan et al. “Enhancement of terahertz radiation by using circularly polarized two-color laser 
fields,” Appl. Phys. Lett., 109, 131105. (2016). 
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47.  Time-resolved electron solvation following below band gap 
photoexcitation of neutral water clusters (West, group Signorell) 

Christopher West*, Loren Ban, Egor Chasovskikh, Thomas E. Gartmann, Bruce L. Yoder, Ruth 
Signorell 

christopher.west@phys.chem.ethz.ch 

Electron solvation upon direct photoexcitation of water has been the subject of considerable interest 
over recent years. [1-4] However, there remain some questions about the formation mechanism of 
the hydrated electron and the subsequent dynamics. In this contribution, we present a study on 
electron solvation following below band gap excitation in neutral water clusters, which may be directly 
compared with similar studies in liquid water jets. [3] The hydrated electron is formed by 
photoexcitation of neutral water clusters ((H2O)n with n < 200 molecules) with femtosecond laser 
pulses at 7.8 eV photon energy from high-harmonic generation. The subsequent relaxation dynamics 
are probed with laser pulses at 4.7 eV by means of velocity map photoelectron imaging. The observed 
relaxation times, on the order of 200 fs and 1-2 ps, are similar to those retrieved for below and above 
gap excitation in both clusters and liquid jet, indicating that the relaxation times are dominated by the 
solvent response and independent of the generation method. 

[1] T.E. Gartmann, L. Ban, et al., J. Phys. Chem. Lett. 10 (2019) 4777 
[2] V. Svoboda, et al., Sci.Adv. 6 (2020) eaaz0385 
[3] Y. Yamamoto, T. Suzuki, J. Phys. Chem. Lett. 11 (2020) 5510 
[4] L. Ban, et al., J. Phys. Chem. A 124 (2020) 7959 
 

48.  Molecular snapshots of drug release (Wranik, group Standfuss) 

Maximilian Wranik and Jörg Standfuss 

The dynamic interplay between proteins and their ligands is central to molecular biology and drug 
development but is difficult to resolve experimentally over time and on the atomic level. Using time-
resolved crystallography, we studied the release of the photochemical affinity switch azo-
combretastatin A4 from the colchicine site of tubulin. Thirteen logarithmically spaced temporal 
snapshots complemented by time-resolved spectroscopy and computer simulations show how the 
cis to trans isomerization of the azobenzene bond stretches azo-CA4 within the binding pocket in the 
pico- to nanoseconds, followed by stepwise opening of the  βT7 gating loop within microseconds, 
and completion of the unbinding reaction through collapse of the binding pocket within a few 
milliseconds. The reaction is accompanied by global rearrangements around a central hinge region 
critical for the action mechanism of tubulin destabilizing anticancer drugs. 
 

49.  Phonons within highly ordered defect networks at correlated oxide 
interfaces (Skoropata, group Staub) 

Elizabeth Skoropata*, Burian, Max; Ueda, Hiroki; Mankowsky, Roman; Sander, Mathias; 
Lemke, Henrik T.; Radovic, Milan; Ricca, Chiara; Aschauer, Ulrich; Derlet, Peter; Staub, Urs 

elizabeth.skoropata@psi.ch 
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The lattice is the framework over which the charge, orbital, and spin degrees of freedom can interact 
in correlated electron systems. In SrTiO3, studies of the bulk dynamics have already revealed many 
intriguing phenomena such as the ferroelectric soft-mode, and THz induced phonon upconversion [1-
3]. Defects and interfaces have strongly modified local structures that can host properties that do not 
exist in the bulk material analogues. The nature of atomic motion within defect cores and at interfaces 
is of high relevance to physical properties. However, there is a lack of understanding of the dynamical 
processes within defects and interfaces due to the difficulties to distinguish experimentally the local 
environment from the bulk material.  
At interfaces between dissimilar materials, lattice mismatch can be accommodated by the periodic 
formation of misfit dislocations that are characterized by a missing column of atoms and a surrounding 
local strain field. Our recent work has demonstrated the ability to create highly ordered interfacial 
dislocation networks in all oxide interfaces whose periodic lattice modulation is a pathway to tune the 
nanoscale properties of strongly correlated electron systems [4]. The high degree of lateral ordering 
of the dislocations enables an investigation with x-ray experiments, where clear diffraction satellites 
are well resolved from the bulk film reflection by virtue of the large difference in unit cell (Å) vs. 
dislocation network ordering (10s nm). 
Here, we present our preliminary experimental work to investigate the dynamical properties of the 
highly ordered misfit dislocation network at an SrTiO3/LSAT interface using THz pumping and time-
resolved x-ray diffraction. We describe the distinct dynamical responses from the bulk film and 
dislocation network. Furthermore, we explore the potential to resolve the 3-dimensional diffraction 
to gain new insights to the dynamics from correlated oxide interfaces.  

[1] M. Kozina et al. Appl. Phys Lett. 110, 081106 (2017). 
[2] M. Kozina et al. Struct. Dyn. 4, 054301 (2017). 
[3] M. Kozina et al. Nat. Phys. 15, 387 (2019). 
[4] M. Burian et al. Phys. Rev. Res. 3, 013225 (2021). 
 

50.  An implicit split-operator algorithm for the nonlinear time-dependent 
Schrödinger equation (Roulet, group Vaníček) 

Julien Roulet*, Jiří Vaníček  

jul.roulet@gmail.com  

The explicit split-operator algorithm [1] is often used for solving the linear and nonlinear time-
dependent Schrödinger equation. As previously demonstrated, this method is not suitable for all types 
of nonlinear time-dependent Schrödinger equations because it loses its second-order accuracy, which 
makes it very inefficient, and some geometric properties of the exact solution [2]. To overcome these 
issues, we previously developed high-order integrators based on the implicit midpoint method, which 
are efficient, norm-conserving, symmetric, time-reversible, and applicable to both separable and 
nonseparable Hamiltonians [2]. 
Here, we propose to overcome the limitations of the explicit split-operator algorithm differently: By 
abandoning its explicit nature, we describe a family of high-order implicit split-operator algorithms 
that are both geometric and very efficient. The geometric properties of the integrators are proven 
analytically and demonstrated numerically on the local control of a two-dimensional model of retinal. 
Although they are only applicable to separable Hamiltonians, the implicit split-operator algorithms 
are, in this situation, more efficient than the integrators based on the implicit midpoint method.  

[1] M. D. Feit, J. A. Fleck, Jr., and A. Steiger, J. Comp. Phys. 47, 412 (1982) 
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[2] J. Roulet and J. Vanicek, J. Chem. Phys. 154, 154106 (2021) 
 

51.  Core-valence attosecond transient absorption spectroscopy of 
polyatomic molecules (Golubev, group Vaníček) 

Nikolay Golubev*, Kuleff, Alexander; Jiří Vaníček  

nikolay.golubev@epfl.ch   

Tracing ultrafast processes induced by interaction of light with matter is often very challenging. In 
molecular systems, the initially created electronic coherence becomes damped by the slow nuclear 
rearrangement on a femtosecond timescale which makes real-time observations of electron dynamics 
in molecules particularly difficult. In this work, we demonstrate theoretically that the attosecond 
transient absorption spectroscopy (ATAS) can be a very useful technique to trace such ultrafast 
processes in molecules. We report an extension of the theory underlying ATAS for the case of 
molecules, including a full account for the coupled electron-nuclear dynamics in the initially created 
wave packet, and apply it to probe the oscillations of the positive charge created after outer-valence 
ionization of the propiolic acid molecule. By taking advantage of element-specific core-to-valence 
transitions induced by X-ray radiation, we show that the resolution of ATAS makes it possible to trace 
the dynamics of electron density with atomic spatial resolution. 

 

52.  Which form of the molecular Hamiltonian is the most suitable for 
simulating the nonadiabatic quantum dynamics at a conical intersection? 
(Choi, group Vaníček) 

Seonghoon, Choi*, Vaníček, Jiří 

seonghoon.choi@epfl.ch    

Choosing an appropriate representation of the molecular Hamiltonian is one of the challenges faced 
by simulations of the nonadiabatic quantum dynamics around a conical intersection. The adiabatic, 
exact quasidiabatic, and strictly diabatic representations are exact and unitary transforms of each 
other, whereas the approximate quasidiabatic Hamiltonian ignores the residual nonadiabatic 
couplings in the exact quasidiabatic Hamiltonian [1]. A rigorous numerical comparison of the four 
different representations is difficult because of the exceptional nature of systems where the four 
representations can be defined exactly and the necessity of an exceedingly accurate numerical 
algorithm that avoids mixing numerical errors with errors due to the different forms of the 
Hamiltonian. Using the quadratic Jahn–Teller model and high-order geometric integrators [2,3], we 
are able to perform this comparison [4] and find that only the rarely employed exact quasidiabatic 
Hamiltonian yields nearly identical results to the benchmark results of the strictly diabatic 
Hamiltonian, which is not available in general. In this Jahn–Teller model and with the same Fourier 
grid, the commonly employed approximate quasidiabatic Hamiltonian led to inaccurate wavepacket 
dynamics, while the Hamiltonian in the adiabatic basis was the least accurate, due to the singular 
nonadiabatic couplings at the conical intersection.  

[1] S. Choi and J. Vanicek, J. Chem. Phys. 154, 124119 (2021). 
[2] S. Choi and J. Vanicek, J. Chem. Phys. 150, 204112 (2019). 
[3] J. Roulet, S. Choi, and J. Vanicek, J. Chem. Phys. 150, 204113 (2019). 
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[4] S. Choi and J. Vanicek, J. Chem. Phys. 153, 211101 (2020). 
 

53.  High-order geometric integrators for the Variational Gaussian 
approximation (Moghaddasi Fereidani, group Vaníček) 

Roya Moghaddasi Fereidani, and Jiří Vaníček 

roya.moghaddasifereidani@epfl.ch 

The Variational Gaussian approximation (VGA) is a powerful technique to compute vibrationally 
resolved electronic spectra. The variational equations of motion contain averages of the potential and 
its first two derivatives over the instantaneous probability density associated with the Gaussian 
wavefunction. Therefore, we applied this method to a 20-dimensional Coupled-Morse potential, for 
which these expectation values can be determined analytically. Using symmetric compositions of the 
second-order symplectic integrator, even-order convergence for wavefunction is achieved. Although 
each step of a higher order integrator is more computationally expensive, these algorithms are indeed 
more efficient if higher accuracy is desired; a 100-fold speedup compared to the second order 
symplectic algorithm was obtained for a wavefunction convergence error of 10-4. Moreover, we 
proved and numerically demonstrated the conservation of various geometric properties including 
norm, energy, symplectic structure and time reversibility for the described numerical integrators. We 
also illustrate the breakdown of some of these invariants using the Runge-Kutta fourth order 
technique.  

 

54.  High-order geometric integrators for the semiclassical thawed Gaussian 
approximation (Klētnieks, group Vaníček) 

Ēriks Klētnieks and Jiří Vaníček 

eriks.kletnieks@epfl.ch 

The thawed Gaussian approximation (TGA) is a single trajectory semiclassical method, which provides 
a simple and intuitive approach to vibrationally- and time-resolved electronic spectra. The simple 
equations of motion for the wavepacket parameters, which arise from the local harmonic 
approximation for the potential, inherit the symplectic structure from the Schrödinger equation. Here, 
we present high-order symplectic integrators for the thawed Gaussian approximation that preserve 
many geometric properties (such as the norm, symplectic structure, and time reversibility) exactly 
without the loss of efficiency. The convergence and conservation of various geometric properties is 
demonstrated numerically on a 20-dimensional coupled Morse potential. The efficiency of these 
integrators is evident for moderate or high accuracy solutions. For example, to achieve a wavefunction 
accuracy of 10-6, the optimal eighth-order symplectic integrator gives a five-fold speed up over the 
fourth-order explicit Runge-Kutta method (which is neither symplectic nor time-reversible) and a 600-
fold speed up over the standard second-order symplectic integrator (a semiclassical generalization of 
the Verlet integrator). 
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55.  Search for long lasting electronic coherence using on-the-y semiclassical 
dynamics (Scheidegger, group Vaníček) 

Alan Scheidegger, Nikolay V. Golubev and Jiří Vaníček 

alan.scheidegger@epfl.ch 

Creating a superposition of electronic states in a molecule, one can initiate an ultrafast dynamics of 
observable properties, such as the electron density, through a molecular chain. Due to a strong 
correlation between electron and nuclear motion, the slow nuclear rearrangement leads to fast 
decoherence of the electronic oscillations on a time scale of a few femtoseconds. A crucial question 
in the field of attochemistry is whether these pure electronic coherences last long enough to allow for 
their experimental observation. Using a combination of high-level electronic structure methods with 
efficient on-the-y evaluation of nuclear dynamics, we performed a massive scan of small polyatomic 
molecules searching for a long lasting dynamics of the electron density triggered by the outer-valence 
ionization. We noticed that electronic coherence lasting for several femtoseconds with clear electronic 
oscillation was rather unusual in our molecules set. We report here several so far unexplored 
molecules with electronic coherences lasting up to 10 fs which can be good candidates for 
experimental studies. In addition, we present the full-dimensional simulations of the electronic 
coherences in several molecules which were studied previously in the fixed nuclei approximation. 
 

56.  Super-resolution microscopy using a multi-plane light conversion 
detection scheme (Djorovic, group Wolf) 

Aleksa Djorovic*, Luca La Volpe, Giacomo Sorelli, Aurélian Michel John-Herpin, Clémentine 
Rouviere, Nicolas Treps, Luigi Bonacina, and Jean-Pierre Wolf  

djorovalek@gmail.com 

Super-resolution microscopy has managed to breach what was thought to be an absolute fundamental 
limit in optical microscopy - the diffraction limit. This development has enabled the optical imaging of 
smaller and smaller systems, and has thus led to the development of a large number of super-
resolution techniques, many of which have become standard tools in the life sciences Most present 
super-resolution microscopy techniques either exploit the non-linear behaviour of common emitters 
by engineering the incident light, reducing the effective excitation volume and having a largely 
deterministic measurement (ex. STED), or depend on stochastic techniques to localise emitters (ex. 
PALM, STORM). We present a new super-resolution scheme which is dependent solely on the 
modification of the detected light after the sample. Namely, the transmitted and scattered light is 
spatially decomposed into the Hermite-Gaussian (HG) modes using the multi-plane light conversion 
(MPLC) technique. The sample is then raster scanned in order to collect 9 images in the HG basis. We 
show that the first 9 HG modes (TEM00 to TEM22) contain extractable information of structures 
smaller than the diffraction limited resolution. In this regime, we demonstrate sensitivity to single 
particle size, eccentricity and orientation with the use of nanostructured metal particle systems 
prepared by e-beam lithography. In addition, we look at multiparticle systems (dimers and trimers) 
that are closer to each other than the diffraction limited resolution and we use the MPLC technique 
to distinguish them from single particles. A big advantage of our method is that it does not require an 
emitting sample, or any significant sample preparation. The use of an opaque sample in a shadow-
mask imaging configuration allows for the measurement of virtually any sample which is not 
completely transparent in the region of the incident light. In our case, the use of a 1550 nm laser 
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allows for a broad range of samples: including well-defined nanofabricated plasmonic nanostructures 
as well as organic systems such as bacteria. We perform correlated electron microscopy on all 
measured samples to aid discussion and allow for rigorous arguments. 

[1] Schermelleh, L., Ferrand, A., Huser, T. et al. (2019). Super-resolution microscopy demystified. Nat 
Cell Biol 21, 72-84  

[2] Sorelli, G., Gessner, M., Walschaers, M., & Treps, N. (2021). Optimal observables for practical 
super-resolution imaging. arXiv preprint arXiv:2102.05611. 

[3] Boucher, P., Goetschy, A., Sorelli, G., Walschaers, M., & Treps, N. (2021). Full characterization of 
the transmission properties of a multi-plane light converter. Physical Review Research, 3(2), 
023226. 

 

 

57.  Ultrafast pulse shaping modulates perceived visual brightness in living 
animals (Gaulier, group Wolf) 

Gaulier, Geoffrey*; Dietschi, Quentin; Bhattacharyya, Swarnendu; Schmidt, Cedric; 
Montagnese, Matteo; Chauvet, Adrien; Hermelin, Sylvain; Chiodini, Florence; Bonacina, Luigi; 
Herrera, Pedro L.; Rothlisberger, Ursula; Rodriguez, Ivan; Wolf, Jean-Pierre 

geoffrey.gaulier@unige.ch 

Vision is usually assumed to be sensitive to the light intensity and spectrum but not to its spectral 
phase. However, experiments performed on retinal proteins in solution showed that the first step of 
vision consists in an ultrafast photoisomerization that can be coherently controlled by shaping the 
phase of femtosecond laser pulses, especially in the multiphoton interaction regime[1-3] The link 
between these experiments in solution and the biological process allowing vision was not 
demonstrated. Here, we measure the electric signals fired from the retina of living mice upon 
femtosecond multipulse and single-pulse light stimulation. Our results show that the 
electrophysiological signaling is sensitive to the manipulation of the light excitation on a femtosecond 
time scale. The mechanism relies on multiple interactions with the light pulses close to the conical 
intersection, like pump-dump (photoisomerization interruption) and pump-repump (reverse 
isomerization) processes. This interpretation is supported both experimentally and by dynamics 
simulations [4].  

[1] D. Polli, P. Altoè, O. Weingart, K. M. Spillane, C. Manzoni, D. Brida, G. Tomasello, G. Orlandi, P. 
Kukura, R. A. Mathies, M. Garavelli, G. Cerullo, Conical intersection dynamics of the primary 
photoisomerization event in vision. Nature 467, 440-443 (2010). 

[2] R. W. Schoenlein, L. A. Peteanu, R. A. Mathies, C. V. Shank, The first step in vision: Femtosecond 
isomerization of rhodopsin. Science 254, 412-415 (1991).  

[3] C. Schnedermann, M. Liebel, P. Kukura, Mode-specificity of vibrationally coherent internal 
conversion in rhodopsin during the primary visual event. J. Am. Chem. Soc. 137, 2886-2891 (2015). 

[4] G. Gaulier, Q. Dietschi, S. Bhattacharyya, C. Schmidt, M. Montagnese, A. Chauvet, 
[S] Hermelin, F. Chiodini, L. Bonacina, P. L. Herrera, U. Rothlisberger, I. Rodriguez, J.-P. Wolf, Ultrafast 

pulse shaping modulates perceived visual brightness in living animals. Sci. Adv. 7, eabe1911 (2021). 
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58.  The Laser Lightning Rod (Moreno, group Wolf) 

Victor Moreno* 

victor.moreno@unige.ch 

The Laser Lightning Rod (LLR) project is the outcome of many years of laser filamentation researches 
for the demonstration of the ability to trigger and guide lightnings with a laser filament. The LLR 
prototype laser is characterized by 500 mJ of energy per pulse, 1030 nm central wavelength, 1 ps pulse 
duration, and 1 kHz repetition rate, thus approximately, 500 GW peak power, 500 W average power.  
The project aims at investigating its propagation in the multiple filamentation regime and its ability to 
control high-voltage discharges. An experimental campaign at Laboratoire de l’Accélérateur Linéaire, 
Paris in partnership with Laboratoire d’Optique Appliquée, Paris has been carried to study the 
properties of the beam during horizontal propagation and assess the behavior of the telescope 
engineered by University of Geneva in order to focalize at hundred meters and beyond.  
This new development laser from the German company Trumpf provides very high light intensities. 
The optical regime is non-linear, and the pulses filament. Filamentation is a self-guided, non-linear 
propagation mode that relies on the dynamic balance between the optical Kerr effect that tends to 
focus the laser beam and self-defocusing, mainly due to the plasma generated when the pulse 
intensity becomes sufficiently high. The generated plasma remains therefore transparent to the laser 
pulse. As a consequence, ionizing self-guided filaments can exceed 100m in length. It results in the 
long-range propagation of a pulse with multi-GW peak intensity. A plasma track and a low air density 
channel are left in the wake of the pulse. These ionized light filaments can be generated at a distance 
of several kilometers, and can cover a length of more than a hundred meters by an adequate choice 
of the laser parameters. It has been found that this conductive plasma channel reduces the electric 
breakdown voltage for discharges. Thus, the kilometer range filamentation can be used as a potential 
switch when laser is activated for discharging natural electric clouds. In addition, these filaments are 
able to guide electric discharges along the laser path. These laboratory events are likely reproducible 
in the nature when shooting vertically the high-power laser beam. What has been demonstrated to 
be an advantage over older guiding experiments is the increase of the repetition rate of the laser. The 
1kHz repetition rate has demonstrated an increase in the efficiency of guided discharges, such an asset 
for an upscaled experiment.  
In the objective of demonstrating the laser ability to discharge clouds and trigger upward lightnings, 
the laser has been installed on the summit since April 2021 and experiments already started since July 
at the Säntis Mountain in Switzerland at 2500 m above sea level. It is one of the places in Europe that's 
struck by lightning the most, with approximately 100 events per year. The beam runs alongside the 
existing Swisscom transmission tower of 123 meters high. The laser transforms this passive lightning 
tower into an active triggering system.  
 
The Laser Lightning Rod Project 
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We present time resolved X-ray spectroscopy of liquids and nanoparticle samples utilizing a state-of-
the-art table-top driven HHG source for the water-window regime. Measurement in the liquid phase 
allows to access the inter-molecular interaction effects. Furthermore, it enables the investigation of 
bio-relevant molecular systems in their natural environment as well as charge dynamics in 
nanoparticles and their interaction with the environment. These measurements are enabled by 
merging the water-window soft X-ray transient absorption beamline driven by the 1.8 µm post-
compressed pulses and the liquid flat-jet sample delivery system that provides sub- µm thickness 
samples of organic liquids, solutions and nanoparticles in the solution form. We present time-resolved 
measurements of multi-photon induced dynamics in liquid alcohols at carbon K-edge, aqueous 
solutions of organic compounds at carbon & nitrogen K-edge, and charge transfer/recombination 
dynamics in TiO2 colloidal suspension probed at Ti L2,3-edge, all with element, site and orbital 
specificity. 

[1] C. Schmidt, Y. Pertot, T. Balciunas, K. Zinchenko, M. Matthews, H. J. Wörner, and J.-P. Wolf, "High-
order harmonic source spanning up to the oxygen K-edge based on filamentation pulse 
compression," Opt. Express 26, (2018). 

[2] Y. Pertot, C. Schmidt, M. Matthews, A. Chauvet, M. Huppert, V. Svoboda, A. von Conta, A. Tehlar, 
D. Baykusheva, J.-P. Wolf, and H. J. Wörner, "Time-resolved x-ray absorption spectroscopy with a 
water window high-harmonic source," Science (80) (2017). 

[3] A. D. Smith, T. Balciunas, Y.-P. Chang, C. Schmidt, K. Zinchenko, F. B. Nunes, E. Rossi, V. Svoboda, 
Z. Yin, J.-P. Wolf, and H. J. Wörner, "Femtosecond Soft-X-ray Absorption Spectroscopy of Liquids 
with a Water-Window High-Harmonic Source," J. Phys. Chem. Lett. 1981-1988 (2020). 

 

60.  Attosecond spectroscopy of size-resolved water clusters (Heck, group 
Wörner) 

Saijoscha Heck*, Gong, Xiaochun; Jelovina, Denis; Perry, Conaill; Zinschenko, Kristina; Wörner, 
Hans Jakob 

sheck@ethz.ch 

Electron dynamics in water are of fundamental importance for a broad range of phenomena[1-3], but 
their real-time study has so far remained limited to the femtosecond time scale[4-5]. Here, we 
introduce attosecond size-resolved cluster spectroscopy and build up a molecular-level understanding 
of the attosecond electron dynamics in water. We measure the effect that the addition of single water 
molecules has on the photoionization time delays of water clusters. 
 We find a continuous increase of the delay for clusters containing up to 4-5 molecules and little 
change towards larger clusters. The experimental data is supported by quantum-scattering 
calculations with very good agreement. We show that these delays directly reflect the spatial 
extension of the created electron hole, which first increases with cluster size and then partially 
localizes through the onset of structural disorder that is characteristic of large clusters and bulk liquid 
water. These results establish a previously unknown sensitivity of photoionization delays to electron-
hole delocalization and reveal a direct link from electronic structure to attosecond photoemission 
dynamics. Our results offer novel perspectives for studying electron/hole delocalization and its 
attosecond dynamics and they also bridge the technological, theoretical and conceptual gaps between 
gas-phase and liquid-phase attosecond spectroscopies. 

[1] Sanche, L, 2009 Nature 461, 358-359  
[2] Boudaiffa, B, 2000 Science 287, 1658-1660 
[3] Garrett, B. C., 2005 Chemical Reviews 105, 355-389 
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61.  Time-resolved X-ray spectroscopy of chemical reactions and charge 
dynamics in nano-solids in the liquid phase (Balciunas, group Wörner) 

Tadas Balciunas*, Yi-Ping Chang, Zhong Yin, Aaron Terpstra, Jacques-E. Moser, Cédric 
Schmidt, Jean-Pierre Wolf and Hans Jakob Wörner 

tadas.balciunas@phys.chem.ethz.ch    

In this contribution, we present time resolved X-ray spectroscopy of aqueous solutions and nano-
solids samples utilizing a state-of-the-art high–harmonic table–top source covering the entire water-
window range (284 - 538 eV). Measurement in the liquid phase enables the investigation of bio-
relevant molecular systems in their natural environment as well as charge dynamics in nanoparticles 
and their interaction with the environment. 
Table-top soft X-ray (SXR) sources driven by intense femtosecond lasers enabled time–resolved X–ray 
absorption spectroscopy (TRXAS) that has evolved into a powerful tool to investigate the structural 
and electronic dynamics of matter with element, site and orbital specificity. Pioneering transient–
absorption experiments via HHG were performed using near–infrared (NIR) laser–based sources with 
a cut–off limited to the extreme ultraviolet (XUV) photon energy range [2]. Employing long-
wavelength driving pulses allowed extending the high-order harmonic generation (HHG) cut-off and 
XAS measurements into water-window [3, 4]. The water-window spectral range spanning between 
the carbon and oxygen K absorption edges (284 and 538 eV respectively) opens the possibility to 
perform TRXAS measurements in liquid samples and solutions and covers absorption edges of 
biologically-relevant elements of carbon, nitrogen and oxygen. 
The measurements presented in this contribution are enabled by merging the water-window soft X-
ray transient absorption beamline driven by the 1.8 μm post-compressed pulses and the liquid flat-jet 
sample delivery system that provides sub-μm thickness samples of organic liquids, solutions and 
nanoparticles in the solution form. As a proof-of-concept measurements we demonstrate time-
resolved measurement of multi-photon induced dynamics in liquid alcohols at C K-edge, aqueous 
solutions at N K-edge and charge dynamics in TiO2 colloidal suspension probed at Ti L2,3-edge. 
Our measurements represent the first extension of table-top XAS to the oxygen edge of a chemical 
sample in the liquid phase. In the time domain, our measurements resolve the gradual appearance of 
absorption features below the carbon K-edge of methanol during strong–field ionization, which trace 
the valence-shell ionization dynamics of the liquid alcohols with a temporal resolution of ∼30 fs. 
Our recent measurements in aromatic heretocyclic hydrocarbons and solutions reveal dynamics 
iniduced via multi-photon excitation probed at carbon and nitrogen atomic edges simultaneously. By 
performing measurements in liquid and gas phase, we are able to pinpoint differences in 
photoinduced dissociation dynamics in the liquid and gas phases. 
Furthermore, we demonstrate the proof-of-concept measurement of UV pulse (266 nm) induced 
charge dynamics in TiO2 anatase nanoparticles in a colloidal solution. This allows studying charge-
injection and the environment effects on the excitation and relaxation dynamics with element, site 
and orbital specificity. 

[1] A. D. Smith, T. Balciunas, Y.-P. Chang, C. Schmidt, K. Zinchenko, F. B. Nunes, E. Rossi, V. Svoboda,  
Z. Yin, J.-P. Wolf, and H. J. Wörner, J. Phys. Chem. Lett., 2020, 11, 1981–1988 
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A. M. Azzeer, M. F. Kling, S. R. Leone, and F. Krausz, Nature 466, 739–743 (2010) 

[3] Y. Pertot, C. Schmidt, M. Matthews, A. Chauvet, M. Huppert, V. Svoboda, A. von Conta, A. Tehlar, 
D. Baykusheva, J.-P. Wolf, and H. J. Wörner, Science (80-. ). (2017) 

[4]. A. R. Attar, A. Bhattacherjee, C. D. Pemmaraju, K. Schnorr, K. D. Closser, D. Prendergast, and S. R. 
Leone, "Femtosecond x-ray spectroscopy of an electrocyclic ring-opening reaction," Science (80-. 
). 356, 54–59 (2017)  

 

62.  Femtosecond Dynamics of Solvated Biomolecules Studied by Flat-jet X-
ray Absorption Spectroscopy (Zhong, group Wörner) 

Zhong Yin*, Chang, Yi-Ping; Balciunas, Tadas; Shakya, Yashoj; Fazio, Giuseppe; Inhester 
Ludger; Santra, Robin; Wolf, Jean Pierre; Wörner, Hans Jakob  

yinz@ethz.ch 

Photoinduced excitation and ionization of matter are essential for a wide range of bio-chemical 
phenomena. In many cases, multiphoton ionization can lead to ultrafast structural dynamics, which 
constitutes an experimental challenge to follow in real-time, due to to the lack of sufficient time 
resolution. Here, we present experimental evidence of coupled electron-nuclear dynamics in a 
solvated biomolecule utilizing a water window high-harmonic-generation source coupled with a sub- 
μm thin flat jet. Theoretical simulations support the observation of valence-hole-induced structural 
dynamics. 

[1] Kumpulainen T et. al. 2017 Chem. Rev. 117 10826-108939 
[2] Smith A D, et. al. 2020 J. Phys. Chem. Lett. 11 1981-1988 
[3] Smith J W, et. al. 2017 Chem. Rev. 117, 13909-13934 
[4] Yin Z et al, 2020 J. Phys. Photonics 2, 044007 


