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1. Quantitative atomistic simulations of halogenated compounds in
condensed phase: Computation and Experiment
Krystel El Hage and Markus Meuwly
Department of Chemistry, University of Basel

Over the past 10-15 years, halogenation has emerged as one of the important
chemical modifications pursued in medicinal, materials and supramolecular
chemistry. Halogen bonding was sought-after in rational drug design due to the
directionality of the interaction, its tunability and its hydrophobicity. Nowadays,
halogenated compounds, containing F, Cl, Br and I constitute 20% of all
pharmaceutical small molecule drugs used in medicinal chemistry, several of which
are halogenated phenyl rings. [1,2] The relevance of these compounds extends to a
larger application field ranging from spectroscopic probes to drug design and protein
engineering.
The combination of computation and experiment is able to provide an atomistically
refined picture of the molecular dynamics of condensed phase systems on the
picosecond timescale of complex solvated systems. The validity of the underlying
computational model is verified by comparing with reference data from experiments.
Suitably parameterized force fields allow extensive sampling of configurational
space. Since the relevant dynamics is governed by electrostatic and van der Waals
interactions, multipolar and polarisable force fields are necessary for the
interpretation of time scales and structural changes at the atomistic level. [3,4,5,6]
Here, we take you on a journey of singly halogenated aromatic rings from
picosecond dynamics (2D-IR spectroscopy and hydration dynamics) to the
nanosecond (solute retention in chromatography) and microsecond time scale
(thermodynamic stability of proteins [7]). The results show that the validity of an
atomistic simulation model depends on a number of essential prerequisites and its
effect spans time scales ranging from pico- to micro-seconds. In other words, models
developed and validated vis-a-vis information on fast (ps) time scales prove their
utility for quantitative studies of large systems and on extended time scales.
[1] Clark, T. et al J. Mol. Model. 2007, 13, 291-296.
[2] Lommerse, J.P.M. et al. J. Am. Chem. Soc. 1996, 118, 3108-3116.
[3] Bereau, T.; Kramer, C.; Meuwly, M. J. Chem. Theo. Comput. 2013, 9, 5450-5459.
[4] Cazade, P-A.; Tran, H.; Bereau, T.; Das, A. K.; Klasi, F.; Hamm, P.; Meuwly, M. J. Chem. Phys.
2015, 142, 212415-9.
[5] Gupta P. K.; Meuwly, M. Chem. Phys. Chem. 2016, DOI: 10.1002/cphc.201600180.
[6] Hédin, F.; El Hage, K.; Meuwly, M. J. Chem. Inf. Model., 2016, 56,1479–1489.
[7] El Hage, K. et al. J. Biol. Chem. 2016, DOI: 10.1074/jbc.M116.761015.

3

2. Refinement of time-resolved experimental electron-density data
through QM/MM MD simulations: The 10ps intermediate of
bacteriorhodopsin
Siri van Keulen, Martin P. Bircher, Elisa Liberatore, Swarnendu Bhattacharyya, and
U. Röthlisberger1 Przemyslaw Michal Nogly, Tobias Weinert, Dan James and Jörg
Standfuss2
1) École Polytechnique Fédérale de Lausanne SB - ISIC - LCBC, CH-1015 Lausanne,
Switzerland
2) Paul Scherrer Institute, OFLC/123, 5232 Villigen PSI

The simplest known light driven proton pump is bacteriorhodopsin (bR) [1]. Proton
pumping is widely used in Nature, therefore, a detailed understanding of bR’s
activation pathway has a potential impact far beyond the conversion of light in
bacteria [1]. bR’s activation starts with the photoinduced trans-cis isomerisation of
the covalently bound retinal moiety that takes place within a picosecond, one of the
fastest reactions in biology [2,3]. Much effort has been devoted to obtain structural
data of photoactivated intermediates of bR, e.g. via X-ray crystallography.
Unfortunately, retinal is prone to radiation damage [4]. Femtosecond pulses
generated by modern X-ray free-electron lasers (XFELs) can circumvent the issue of
radiation damage [4]. The laboratory of Jörg Standfuss from the Paul Scherrer
Institute applied ultrafast XFEL pulses to perform time-resolved pump probe
experiments of bR on picosecond to millisecond time scales, resulting in electrondensity difference maps of bR at several time intervals after photon exposure [5].
The electron density difference maps between bR’s resting state and the millisecond
intermediates indicate well-defined protein movements but the structures of the
picosecond intermediates are more difficult to resolve.
Here, we used quantum mechanics/molecular mechanics (QM/MM) molecular
dynamics (MD) simulations in the first excited singlet state to follow the
photoisomerisation event followed by relaxation in the electronic ground state.
Density difference maps were generated during the dynamics and compared to the
experimental data. New structures for the retinal moiety of the intermediate are
proposed based on a quantitative comparison of experimental and simulated density
difference maps.
A generalisation of this concept using density-difference driven QM/MM MD (d3MD)
is proposed and has been implemented in a development version of the CPMD code
[6]. At every discrete time step, the difference between the on-the-fly generated
density difference map and the experimental one is computed, which in turn is used
to generate an adjustable, harmonic electrostatic penalty potential which is applied to
the Kohn-Sham effective Hamiltonian. The difference of density differences therefore has a direct influence on the evolution of the density, thereby guiding the nuclei
to adopt structures that are consistent with the experimentally measured timeresolved data. d3MD allows for a collective refinement of structures solely based on
the structure of the initial state and density difference maps, offering a direct,
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simplified and physical approach to generate structures from experimental density
difference maps from static as well as time-resolved studies.
[1] Wickstrand, C., Dods, R., Royant, A., & Neutze, R. (2015). Bacteriorhodopsin: Would the real
structural intermediates please stand up?. Biochimica et Biophysica Acta (BBA)-General Subjects,
1850(3), 536-553.
[2] Schoenlein, R. W., Peteanu, L. A., Mathies, R. A., & Shank, C. V. (1991). The first step in vision:
femtosecond isomerization of rhodopsin. Science, 254(5030), 412-415.
[3] Herbst, J., Heyne, K., & Diller, R. (2002). Femtosecond infrared spectroscopy of bacteriorhodopsin
chromophore isomerization. Science, 297(5582), 822-825.
[4] Panneels, V., Wu, W., Tsai, C. J., Nogly, P., Rheinberger, J., Jaeger, K., et al. (2015). Timeresolved structural studies with serial crystallography: A new light on retinal proteins. Structural
Dynamics, 2(4), 041718.
[5] Nogly, P. et al. (2016). Lipidic cubic phase injector is a viable crystal delivery system for Timeresolved serial crystallography. Nature Communications, 7, 12314, doi:10.1038/nscomms12314
[6] Nango et al., A three –dimensional movie of structural changes in bacteriorhodopsin, Science, in
press [7] Nogly et al., Direct observation of retinal 10 picoseconds after photoactivation, in preparation
[6] CPMD, development version, Copyright IBM Corp. and MPI-FKF Stuttgart, 1990-2016.
http://www.cpmd.org
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3. Nonadiabatic quantum dynamics of iodomethane induced by the
interaction with ultrashort laser pulses
Aurelien Patoz and Jirí Vaníceka)
Laboratory of Theoretical Physical Chemistry, Institut des Sciences et Ingenierie Chimiques, Ecole
Polytechnique Federale de Lausanne (EPFL), CH-1015, Lausanne, Switzerland

Andres Tehlar and Hans-Jakob Wörner
Laboratorium für Physikalische Chemie, ETH Zürich, Switzerland

Photodissociation dynamics of iodomethane (CH3I) following the excitation to the A
band has been studied since the discovery of the first laser relying on photodissociation. More recently, this chemical reaction has been explored with time-resolved
high-harmonic spectroscopy by the NCCR MUST Wörner group. While some of the
results of these experiments have been explained qualitatively by a one-dimensional
theoretical model of (CH3I), in an on-going collaboration the NCCR MUST Vanicek
group attempts to describe these results in a more quantitative detail by simulating
the photodissociation dynamics using a higher-dimensional model that also includes
nonadiabatic couplings. To do so, we have implemented a generalized split-operator
method which is based on a combination of a discrete variable representation and
finite basis representation (DVR-FBR) and enables the treatment of noncartesian,
such as angular coordinates. Our implementation allows us to perform exact
nonadiabatic quantum dynamics of a molecule interacting with a time-dependent
electromagnetic field to arbitrary order of accuracy in the time step. In order to test
the effect on various degrees of freedom and of the nonadiabatic dynamics, we have
applied these algorithms to compute the coupled nuclear and electronic dynamics in
one-, two-, and three dimensional models of iodomethane both in the presence and
in the absence of nonadiabatic couplings.
a) Email: jiri.vanicek@epfl.ch.
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4. Nonlinear electron-phonon coupling in doped manganites
V. Esposito1, R. Mankowsky2,3, M. Fechner4, H. Lemke5,6, M. Chollet5, J.M. Glownia5,
M. Nakamura7, M. Kawasaki7, Y. Tokura7, U. Staub1, P. Beaud1,6, and M. Först2,3
1) Swiss Light Source, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
2) Max-Planck Institute for the Structure and Dynamics of Matter, 22761 Hamburg, Germany
3) Center for Free Electron Laser Science, 22761 Hamburg, Germany
4) Materials Theory, ETH Zürich, Wolfgang-Pauli-Strasse 27, 8093 Zürich, Switzerland
5) LCLS, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA
6) SwissFEL, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
7) RIKEN Center for Emergent Matter Science, Wako 351-0198, Japan

The control of material properties using ultrashort pulses of light is a promising route
for the development of future electro-optical storage and high speed switching
devices. One very fruitful approach is to use low energy excitations in the midinfrared spectral range to realize the targeted changes [1,2]. The selectivity of the
process minimizes the entropy added to the system as compared to the excitation of
electronic transitions in the ultraviolet to near-infrared wavelengths range. In
particular, the transient enhancement of superconductivity initiated via nonlinear
phonon-phonon interactions is a nice example that has recently received large
attention [3].
In this work, we report of a new route to manipulate the electronic properties of a
material via vibrational excitation. Investigating the dynamics of the charge order in a
manganites film following resonant excitation of a phonon mode to large amplitude,
we find direct nonlinear coupling between the excited mode and the electronic
degrees of freedom. In particular our work demonstrates that the nonlinear electronphonon coupling is sufficiently strong to drive the insulator-metal transition in this
material [4]. The generalization of our approach leads to new ways of manipulating
materials e.g. shaping their properties on ultrashort timescales.
[1] Rini, M. et al. Nature 449, 72–74 (2007)
[2] Kubacka, T. et al. Science 343, 1333–1336 (2014)
3] Mankowsky, R. et al. Nature 516, 71–73 (2014)
[4] Esposito, V. et al. Submitted (2016)

7

5. The Ultrafast Einstein-de Haas Effect
C. Dornes1, M. Savoini1, M. Kubli1, Y. Acreman2, H. Lemke3, E. Bothschafter4,
M. Porer4, V. Espositio4, L. Rettig4,6, Y. W. Windsor4, M. Ramakrishnan4, M. Buzzi4,
C. A. F. Vaz4, U. Staub4, Diling Zhu5, Song Sanghoon5, M. Glownia5 and
Steve Johnson1
1) Ultrafast Dynamics Group, ETH Zürich, Auguste-Piccard-Hof 1, 8093 Zürich, Switzerland
2) Laboratory for Solid State Physics, ETH Zürich, Otto-Stern-Weg 1, 8093 Zurich, Switzerland
3) SwissFEL, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
4) Swiss Light Source, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland
5) LCLS, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA
6) Fritz-Haber-Institut of the Max Planck Society, Faradayweg 4-6, Berlin 14915, Germany

The original Einstein-de Haas experiment confirmed the appearance of a mechanical
torque on an iron rod upon changes of its magnetisation, as required by conservation
of angular momentum. Today, the microscopic mechanism behind ultrafast
demagnetisation is hotly debated. We present a femtosecond time-resolved x-ray
diffraction measurement of a laser-induced transverse strain wave in a magnetised
iron film. Its origin is identified as angular momentum transfer from the electronic
spin system to the lattice during demagnetisation. This experiment provides what we
believe to be the first direct evidence of angular momentum transfer from spins to the
lattice on sub-picosecond time scales, demonstrating that there is a mechanism for
significant local interaction between spins and the lattice that participates in ultrafast
demagnetization.
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6. Band structure effects in attosecond photoemission delays from
Cu(111) surface
L. Kasmi1, M. Lucchini1, L. Castiglioni2, P. Kliuiev2, J. Osterwalder2,
M. Hengsberger2, L.Gallmann1,3, P. Krüger4 and U. Keller1
1) Department of Physics, ETH Zürich, 8093 Zürich, Switzerland
2) Department of Physics, University of Zürich, 8057 Zürich, Switzerland
3) Institute of Applied Physics, University of Bern, 3012 Bern, Switzerland
4) Graduate school of Advanced Integration Science, Chiba University, Chiba, 263-8522, Japan

email: kasmil@phys.ethz.ch
The measurement of attosecond photoemission delays from surfaces can unravel
fundamental knowledge on electron propagation in a solid, like for instance, on what
time and length scales the band structure starts to affect the electronic motion.
The presence of the electronic band structure modifies the reaction of an electron to
an external force in a way that can be described through the concept of an effective
mass. As a result of their differing effective masses, electrons in a solid propagate at
a different speed than in free space. However, the time the electrons need to
assume their effective masses is still being debated in the literature.
In this work, we used the attosecond metrology technique of RABBITT to measure
photoemission delays from the first few monolayers of Cu(111) and investigate if the
band structure affects the electronic propagation. By disentangling the effect of the
reflection of the probe field at the surface [1], and introducing a robust simultaneous
delay referencing [2], we were able to extract the absolute photoemission delays
specific to the solid target.
We used density functional theory to calculate the electronic band structure and the
group velocities of the excited final states. From that we could calculate propagation
times of electrons excited in a bulk final state (see fig. 1(d)). We also calculated the
propagation time of free-electron final states. The comparison between experimental
results and calculation shows that a photoemitted electron can propagate with the
free electron velocity for some kinetic energies while for the other kinetic energies
the model using the group velocity defined by the band structure curvature explains
the photoemission delays. This distinction in propagation velocity allows one to
distinguish between excitation into a free-electron final state and excitation into a
bulk final state. These results show that even though the photoemission process
happens within few hundreds of attoseconds and within 1-2 monolayers of the solid
surface, the electron still has the time to feel the crystal potential and thereby
assume its effective mass. The influence of different initial states is also investigated
and can be explained by our model.
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(a

(b

(d

(c

Figure 1: (a) RABBITT trace acquired from the Cu(111) surface showing a split
signal in the sideband due to the split valence bands investigated. (b) XUV spectrum
used for the experiment (c) Cartoon showing the two excitation mechanisms that can
happen: (i) excitation into a bulk final state with a group velocity defined by the
electronic band structure curvature (ii) excitation into a free electron final state with
the free electron group velocity. The band structure is calculated with density
functional theory. (d) Absolute photoemission delays (black) extracted from the
RABBITT traces, for the different parts of the split band: upper and lower, as a
function of electron energy. Propagation times calculated with group velocities
extracted from the calculated band structure for the upper part (in magenta) and
lower part (in light blue) of the valence band as indicated in (c) with the same color
code. The propagation time calculated with the free electron group velocity is shown
in dark blue.
[1] M. Lucchini et al., Phys. Rev. Lett. 115, 137401 (2015),
[2] R. Locher et al., Optica 2, 405 (2015)
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7. Time-resolved X-ray absorption spectroscopy with a waterwindow high-harmonic source
Yoann Pertot1, Cédric Schmidt2, Mary Matthews2, Adrien Chauvet2, Martin Huppert1,
Vit Svoboda1, Aaron von Conta1, Andres Tehlar1, Denitsa Baykusheva1, Jean-Pierre
Wolf2 and Hans Jakob Wörner1
1

Laboratory for Physical Chemistry, ETH Zürich
2

GAP-Biophotonics, Université de Genève

X-ray spectroscopy is a powerful probe of matter owing to its sensitivity to elements,
the structure and chemical nature of their environment, as well as their oxidation and
spin states. The development of time-resolved X-ray absorption spectroscopy (TRXAS) has therefore been a long-standing goal. However, TR-XAS has largely
remained limited to large-scale facilities, to sub-picosecond temporal resolution and
to the condensed phase. Here, we report the first realization of TR-XAS with a
temporal resolution in the low femtosecond range by developing a table-top highharmonic source that partially covers the water window. We use this new source to
follow previously unexamined light-induced chemical reactions in the lowest
electronic states of isolated CF4+ and SF6+ molecules in the gas phase. Probing
these reactions through element-specific core-to-valence transitions at the carbon Kedge (290 eV) or the sulfur L-edges (160-240 eV), we characterize their reaction
path, observe the effect of symmetry breaking through the splitting of absorption
lines and Rydberg-valence mixing induced by the geometry changes. The present
method represents a major advance for studying ultrafast structural and electronic
dynamics in all phases of matter, with unprecedented temporal resolution and a
unique sensitivity to unoccupied molecular orbitals [1].
[1] Y. Pertot et al., Science, in press (2016).
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8. Time-resolved XUV photoelectron spectroscopy of molecular
dynamics using a monochromatized high-harmonic source
A. von Conta1, A. Tehlar1, A. Schletter1, Y. Arasaki2, K. Takatsuka2 and H. J.
Wörner1
1) Laboratory for Physical Chemistry, ETH Zurich, Vladimir-Prelog-Weg 2, CH-8093 Zurich,
Switzerland
2) Department of Basic Science, Graduate School of Arts and Sciences, The University of Tokyo,
Komaba, 153-8902 Tokyo, Japan

An XUV monochromator for high-harmonic radiation is used to investigate ultrafast
non-adiabatic molecular dynamics by means of time-resolved photoelectron
spectroscopy (TRPES). Using NO2 as an example we demonstrate the unique
capabilities that XUV-TRPES offers to time-domain studies of a broad variety of
laser-induced molecular processes, such as the direct observation of vibrational
dynamics in multiple electronic states simultaneously, molecular dynamics at a
conical intersection, the vibrational dynamics of a hot electronic ground state, as well
as the ultimate photodissociation of the molecule. The key advantages of XUVTRPES, as compared to traditional TRPES based on UV laser pulses, originate from
its ability to project the neutral-state molecular wave packet onto several different
final states of the cation, providing a multi-dimensional perspective of the ultrafast
coupled electronic and nuclear dynamics.
Using 3.1 eV (400 nm) light pulses, NO2 is excited from the X 2A1 to the A 2B2 state.
This excitation is followed by a relaxation into the electronic ground state via a
conical intersection on a time scale of a few tens of femtoseconds [1, 2]. Tuning the
excitation wavelength around 398 nm allows us to turn the ensuing dissociation on or
off. Time-resolved photoelectron spectra are recorded using a magnetic-bottle
photoelectron spectrometer. The monochromator beamline that we have realized [3,
4] allows us to select individual harmonics from the spectral comb originating from
high-harmonic generation. The XUV pulses used in our experiments correspond to
harmonic orders 15, 17 or 19 of an 800 nm driving field (about 23, 26 or 29 eV) and
have an energy bandwidth on the order of 350 meV.
We have performed high-level non-adiabatic calculations [5] to model the vibrational
wavepacket. Based on the knowledge of the time-dependent nuclear wavefunction
the photoelectron spectra were calculated, using an approach related to the
reflection method [6]. These calculations allow us to assign the individual spectral
components and to draw a coherent picture of the ultrafast dynamics.
[1] R. Jost et al., JCP 95, 5701 (1991).
[2] H. J. Wörner et al., Science 334, 208 (2011).
[3] F. Frassetto et al., Opt. Exp. 19.20, 19169 (2011).
[4] A. von Conta et al., Rev. Sci. Instr. 87, 073102 (2016).
[5] Y. Arasaki and K. Takatsuka, Chem Phys. 338, 175 (2007).
[6] R. Schinke, Photodissociation Dynamics, Cambridge University Press, 1993.
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9. Time-resolved X-ray absorption spectroscopy indicates a new
photodissociation mechanism of dissolved CBr4
R. Bohinc1, A. Schneider1, G. Smolentsev1, S. Bjelić1, M. Žitnik2,3, M. Nachtegaal1,
and J. A. van Bokhoven1,4
1
2
3

Paul Scherrer Institut, 5232 Villigen PSI, Switzerland

Jožef Stefan Institute, Jamova cesta 39, SI-1000 Ljubljana, Slovenia

Faculty of mathematics and physics, University of Ljubljana, Jadranska ulica 19, Ljubljana,
Slovenia
4

Institute for Chemical and Bioengineering, ETH Zürich, 8093 Zürich, Switzerland

Commercial catalytic reactions can be improved by optimizing the slowest reaction
step in the catalytic cycle. Nucleophilic substitution, in which one bond is broken and
two new bonds are created, often represents the rate determining reaction step, as
for instance in the Monsanto process in which acetic acid is synthesized from carbon
monoxide and methanol.1 Understanding the initial carbon-halogen bond breakage
of halogenated methanes, in such liquid phase reactions is therefore of utmost
importance.
Photodissociation of dissolved CBr4 - a prototype bond breaking reaction - has been
extensively investigated in numerous time-resolved studies.2-4 While the proposed
mechanism considers the recombination of Br and CBr3 radicals created upon the CBr bond cleavage and the subsequent decay of C2Br6 to Br2 and C2Br4, it does not
address the bromination of solvent molecules observed in the gas phase.5 To
elucidate the photodissociation mechanism of CBr4 in methanol in real time, we have
performed time-resolved x-ray absorption spectroscopy measurements on the 30 ns
– 10 µs time scale using the newly constructed time resolved set-up at the
SuperXAS beam line.
From a fitting analysis of transient spectra a quantitative description of photodissociation dynamics was obtained. We have identified a new decay channel
corresponding to photobromination of methanol yielding HBr. The resulting species
was found to be the Br-dominant component in the reaction mechanism as
confirmed by both XAS and liquid chromatography-mass spectrometry. Within the
time- window of our experiment we find that the formation of HBr is driven by the
reaction between CBr3 radicals and methanol. The initial high and low levels in the
concentration of HBr and Br radicals, respectively, indicate a fast reaction between
Br radicals and methanol to yield HBr. We find that the final decay species in the
mechanism are HBr and C2Br6. The mechanism of could be quantitatively followed in
real time. Our findings are well supported by DFT calculations of X-ray absorption
spectra and a LCMS analysis of a CBr4 ex-situ sample. In our future studies we aim
to investigate the initial stage in the photodissociation dynamics of dissolved CBr4
and extract the reaction rate constant for bromination of methanol.
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Figure 1: Normalized static (black line) and transient difference (colored lines) XAS
spectra of CBr4 in methanol recorded around Br K-edge. The time delay for the
transient difference spectra ranges from 30 ns to 10 µs for the in situ spectra, while
the exposure time for the ex-situ spectra corresponds to 2h.
[1] J. H. Jones, Platin. Met. Rev. 44, 94 (2000)
[2] H. Zhang et al., J. Phys. Chem. A 109, 5984 (2005)
[3] X. Zheng et al. J. Chem. Phys. 113, 10934 (2000)
[4] Q. Kong et al., J. Am. Chem. Soc. 129, 13584 (2007)
[5] E. Buckley and E. Whittle, Trans. Faraday Society 55, 1536 (1959).
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10. Time resolved FWM - spectroscopy in the XUV
Gregor Knopp, Jakub Szlachetko, Chris Milne, Julien Rehault, Thomas Feurer,
Hans Martin Frey, Andrea Cannizzo, Alexei Maznev, Keith Nelson, Fillippo
Bencivenga, Flavio Capodonti, Claudio Masciovecchio and Rafael Abela.
With the development of free electron laser (FEL) radiation sources a new area of Xray spectroscopy commenced which can have a ‘comparable’ impact as lasers had
in nonlinear optics and spectroscopy. Extending the methodologies of nonlinear
spectroscopy to X-ray wavelengths is a promising and exciting avenue, in the light of
recent successful experiments at X-ray FELs. Combinations of multiple photons
resonant with high frequency core transitions, characterize different excitation
processes due to specific sequences of light-matter interaction. This provides a high
selectivity due to momentum and energy conservation of the interacting photons with
the material. To date most nonlinear X-ray processes in the focus of research are
rather static approaches, detecting characteristic photons or electrons after
increasing the X-ray photon intensity on the sample. Time resolved nonlinear
methodologies that inherently comprise time delays are not so common. Time
resolved transient grating (XUV-TG) or more general four wave mixing (XUV-FWM)
in the XUV-region has been recently demonstrated by Bencivenga et.al. [1,2]. An
objective goal of FEL driven ultrafast X-TG experiments is to access wave-vectors at
the nm scale. Due to the spatial and temporal dependency of the signals detected,
FWM comprises additional information compared to standard pump probe
experiments. Time resolved XUV-TG signals contain information about the electronic
excitation, transport phenomena and phonon modes. Electron and phonon dynamics
both contribute to the signal at different time delays. In a serious of beamtimes XUV
TG-signals with grating pulse energies around the Si-L2,3 (~100 eV) edge and
optical probe pulses at ~400 nm have been measured with the mini-timer setup at
the DIPROI endstation at the FERMI FEL amongst others on Si3N4, SiC and
diamond samples. At short time delays (~1 ps) the characteristic signal decays
observed in the experiments are compatible with the usual relaxation times
associated with electron dynamics of e.g. Si3N4 [2], while at long delays (> 50 ps)
phonon modes e.g. in SiC and other samples could be clearly identified. At X-ray
wavelengths ionization and Auger cascades may modify or even inhibit the
observation of the nonlinear response of the atomic/molecular system. Crosssections for X-ray multiphoton processes in the in the vicinity of resonances are in
essence not available and up to now no clear general picture is drawn, even for the
‘simplest’ nonlinear processes like X-ray two-photon absorption (TPA).
Consequently, accurate knowledge about the onset of nonlinear X-ray signals is
essential. By utilizing high energy off-resonant X-ray emission spectroscopy, the
possibility to measure TPA crosssections in the hard X-ray regime has been
demonstrated [3]. This latter experiment was performed at the Coherent X-ray
Imaging instrument30 at the Linac Coherent Light Source (Menlo Park, USA) XFEL.
We will present results and ‘preliminary results’ from the different experiments and
will discuss strategies based on these observations towards more general future
nonlinear time-resolved X-ray approaches.
[1]. F. Bencivenga et al., Nature 520 (2015).
[2]. F. Bencivenga, et al., Faraday Discussions, doi:10.1039/C6FD00089D (2016).
[3]. Jakub Szlachetko et al., Nature Scientific Reports, doi: 10.1038/srep33292 (2016).
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11. Excited-carrier dynamics in solution processed few-layer MoS2
nanoflakes
Demetra Tsokkou 1), Xiaoyun Yu 2), Kevin Sivula2) and Natalie Banerji 1)
1) Department of Chemistry, University of Fribourg, Chemin du Musée 9, CH-1700 Fribourg,
Switzerland, dimitra.tsokkou@unifr.ch
2) Laboratory for Molecular Engineering of Optoelectronic Nanomaterials, Institute of Chemical
Sciences and Engineering, École Polytechnique Fédérale de Lausanne (EPFL), Station 6, 1015
Lausanne, Switzerland

Two-dimensional metal dichalcogenides are in the focus of scientific interest, since
they have emerged as promising materials for photovoltaic and optoelectronic
applications due to their remarkable fundamental properties. Among them,
molybdenum disulfide (MoS2) nanoflakes have shown unique optical and electrical
properties, which are dependent on the number of atomic layers that consists the
nanoflakes. The initial investigations were concentrated on monolayers; however the
excellent performance of few-layer dichalcogenides in devices has revealed the
necessity to study their significantly different behavior. In the fast-evolving field,
many discrepancies persist nevertheless concerning the optoelectronic properties of
the few- layer materials. Therefore, we have used time-resolved absorption
spectroscopy to shed light on the excited-state dynamics of excitons and free
charges in solution-processed, few-layer MoS2 nanoflakes. We show that in thick,
solution-processed nanoflakes (~10-20 layers), both excitons and free charges are
instantaneously generated for above band gap excitation, and we demonstrate that
the free charges are long-lived (>> 1 ns). In addition, we reveal many-body
interactions due to the presence of free charges resulting in band gap
renormalization effects.
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12. Localized holes and delocalized electrons in photoexcited
inorganic perovskites: Watching each atomic actor by picosecond
X-ray absorption spectroscopy
Fabio G. Santomauro, Jakob Grilj, Lars Mewes, Georgian Nedelcu, Sergii Yakunin,
Thomas Rossi, Gloria Capano, André Al Haddad, James Budarz, Dominik Kinschel,
Dario S. Ferreira, Giacomo Rossi, Mario Gutierrez Tovar, Daniel Grolimund, Valerie
Samson, Maarten Nachtegaal, Grigory Smolentsev, Maksym V. Kovalenko and
Majed Chergui
(EPFL, ETHZ, PSI)

We report on an element-selective study of the fate of charge carriers in
photoexcited inorganic CsPbBr3 and CsPb(ClBr)3 perovskite nanocrystals (NCs) in
toluene solutions using time-resolved X-ray absorption spectroscopy with 80 ps time
resolution. Probing the Br K-edge, the Pb L3-edge and the Cs L2-edge, we find that
holes in the valence band are localized at Br atoms, forming small polarons, while
electrons appear as delocalized in the conduction band. No signature of either
electronic or structural changes are observed at the Cs L2-edge. The results at the
Br and Pb edges suggest the existence of a weakly localized exciton, while the
absence of signatures at the Cs edge indicates that the Cs+ cation plays no role in
the charge transport, at least beyond 80 ps. These results can explain the rather
modest charge carrier mobilities in these materials.
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13. Ultrafast Stark Effect Spectroscopy Study of Carrier
Accumulation at the Surface of Organo-Lead Trihalide Perovskite
Thin Films
Marine E. F. Bouduban, Arun A. Paraecattil, Joël Teuscher, and Jacques-E. Moser
Photochemical Dynamics Group, Institute of Chemical Sciences & Engineering, Ecole Polytechnique
Fédérale de Lausanne, CH-1015 Lausanne

Ever since their first demonstration, hybrid lead-halide perovskite solar cells (PSCs),
with power conversion efficiencies nowadays exceeding 22%, have kept their
promises and proven to be a serious alternative to current solar cell technologies.
Yet, further improvements still require a fundamental understanding of some key
features inherent to PSCs, such as their interfacial properties. These cells indeed
belong to the family of electron donor-acceptor heterojunction systems, where
photocarriers do not only need to be quickly transported across the light-absorbing
semiconductor layer, but must also be injected efficiently into the respective
extracting contact materials.
The present study aims at unravelling the origin of performance inhomogeneity in
PSCs by probing three essential processes: (i) Transmission of carriers across
various heterojunctions (such as perovskite-spiro-MeOTAD and perovskite-SnO2),
(ii) Carrier recombination in the bulk material, and (iii) Transport of carriers across
the perovskite layer. In this respect, the newly developed technique of TimeResolved Electroabsorption Spectroscopy (TREAS) appears as a method of choice,
as it allows to probe field-induced dynamic phenomena such as field screening and
charge accumulation at interfaces.1 As a consequence, the three abovementioned
processes can be successfully accessed when using this technique in combination
with Ultrafast Transient Absorption Spectroscopy (TAS).
In this study, two different perovskite materials, namely methylammonium lead
triiodide (MAPbI3) and a mixed cation, mixed halide material (MA,FA)PbI3-xBrx , were
used to build four thin-film PSCs architectures exhibiting different interfacial
structures. Carrier dynamics in these cells were scrutinized by application of ultrafast
TREAS and TAS spectroscopies. This combination of techniques allowed to readily
diagnose transport and interfacial charge transfer problems that could occur in nonoptimum devices. A significantly more efficient electron injection at the (MA, FA)PbI3xBrx | SnO2 interface was observed in particular, together with a decreased bulk
recombination rate, compared to that of the standard MAPbI3 material. These results
account for the reported higher open circuit voltage and altogether better
photovoltaic performance of solar cells based on a mixed organic cations, mixed
halide-perovskite semiconducting film.2
[1] Dynamics of Photocarrier Separation in MAPbI3 Perovskite Multigrain Films under a Quasistatic
Electric Field. A. A. Paraecattil, J. Risse-De Jonghe, V. Pranculis, J. Teuscher & J.-E.
Moser. J. Phys. Chem. C 2016, 120, 19595-19602.
[2] Ultrafast Electromodulated Differential Absorption Spectroscopy as a Diagnostic Tool for Carrier
Transport and Interfacial Charge Transfer in Highly Efficient Perovskite Solar Cells. M. E. F.
Bouduban, A. A. Paraecattil, M. Hadadian, J. Teuscher, J.-P. Correa-Baena, M. Grätzel, A. Hagfeldt,
& J.-E. Moser (manuscript in preparation).
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14. Filming plasmonic interference and propagation at buried
interfaces with nm-fs precision
G. Vanacore and F. Carbone
EPFL, Lausanne, Switzerland E-mail: fabrizio.carbone@epfl.ch

The collective motion of carriers at the surface of metals and its coupling with an
electromagnetic field, enables the propagation of so called Surface Plasmon
Polaritons (SPP) in confined spaces, which can be smaller then the wavelength of
the field itself. Highly confined guided waves hold promise for applications and are
an interesting tool for the investigation of fundamental aspects of quantum
mechanics and condensed matter physics. In fact, their microscopic nature results
from a subtle interplay between the material’s electronic structure and the electromagnetic field.
For practical applications, SPPs confined at buried interfaces between engineered
multi-layers are of particular interest. In this presentation, we show that Photon
Induced Near field Electron Microscopy (PINEM) (1), can provide movies of the
plasmon plasmon interference and propagation at the interface between a 50 nm Ag
film and a SiN4 membrane (2), retrieving the velocity of SPPs and its reduction due
to confinment. Furthermore, having light-excitation as a control parameter enables
shaping the charge density distribution in the film on the nm-scale. The implications
of these results and also some perspective for shaping and coherently controlling
electron beams will be discussed.
[1] L. Piazza, et al. Nature Communications 6, 6407 (2015)
[2] T. Lummen et al., Nature Communications 7, 13156 (2016)
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15. Iterative reconstruction of molecular wave functions from
angle-resolved photoelectron spectroscopy data using Fourier
transform based phase retrieval algorithms
P. Kliuiev, T. Latychevskaia, H.-W. Fink, J. Osterwalder, M. Hengsberger, and L.
Castiglioni,
Department of Physics, University of Zurich, 8057 Zurich, Switzerland
E-mail: kliuiev@physik.uzh.ch

Further advancement in efficiency of molecular optoelectronic devices requires
detailed knowledge of the charge transfer mechanisms at metal-organic interfaces
and thus requires rigorous time-resolved spatial visualization of these processes.
It was shown that unambiguous information about the wave functions of well-ordered
organic large planar molecules on single crystalline metal substrates is encoded in
angle-resolved photoelectron spectroscopy (ARPES) data [1-3]. Within the plane
wave approximation for the photoelectron final state, the recorded ARPES intensity
distribution is related to the squared modulus of the Fourier transform of the initial
state wave function [1]. The latter can be computed by inverse Fourier transform of
the ARPES data, provided the phase distribution in the detector plane is known. The
phase distribution may be retrieved from the parity of the wave function [1],
dichroism measurements [3] or iteratively, by employing knowledge about the shape
of the wave function [2]. We suggest that the phase problem in ARPES based
reconstruction of molecular wave functions can be solved in a more robust manner
by exploiting the analogy to the phase problem in coherent diffraction imaging (CDI)
[4]. Namely, if the far field optical or photoelectron intensity distribution is measured
at the oversampling condition, both the amplitude and the phase of the object can be
reconstructed purely from the experimentally available modulus of its Fourier
transform using state-of-the-art phase retrieval algorithms, currently available in CDI
[5-7]. We performed an optical analogue experiment [8] on micrometer-sized
structures and reconstructed their amplitude and phase distributions from the farfield diffraction patterns. By employing the same algorithm to a set of ARPES data,
we reconstructed both amplitude and phase of the lowest unoccupied molecular
orbital (LUMO) of a sub-monolayer of pentacene molecules [8]. The concept of
ARPES orbital imaging is currently extended to time-resolved 2PPE measurements
of resonantly pumped HOMO-LUMO excitations in PTCDA molecules separated
from the Ag(110) substrate by ultrathin KCl spacer layers.
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Fig. 1: Reconstruction of the pentacene LUMO. (a) CBE map recorded with PEEM
from a sub-monolayer of pentacene on Ag(110) at 50 eV photon energy. (b)
Reconstructed amplitude of LUMO. (c) Reconstructed phase of LUMO. Image
transparency is weighed with the corresponding amplitude values for illustration
purposes.
1) P. Puschnig et al., Science 326, 702, (2009).
2) D. Lueftner et al., PNAS 111, 605, (2014).
3) M. Wiessner et al., Nat. Comm. 5, 4156, (2014).
4) J. Miao et al., Nature 400, 342, (1999).
5) J. Fienup, Opt. Lett. 3, 27, (1978).
6) S. Marchesini et al., Phys. Rev. B 68, 140101, (2003).
7) R. Harder et al., New J. Phys. 12, 035019, (2010).
8) P. Kliuiev et al., New J. Phys. 18, 093041, (2016).
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16. Ultrafast long-range energy transfer in multichromophoric
systems investigated by ultrafast deep-UV to Vis electronic
spectroscopy
M. Nazari,1 C. D. Bösch,2 M. Gazzetto,1 S. M. Langenegger,2 R. Häner,2 T. Feurer,1
A. Cannizzo1
1 Institute of Applied Physics, University of Bern, Sidlerstrasse 5, CH-3012 Bern
2 Department of Chemistry and Biochemistry, University of Bern, Freiestrasse 3, CH-3012 Bern

We present a study on a family of multichromophoric light-harvesters for
supramolecular photo- catalysers, which show an energy transfer (EnT) efficiency
with unitary quantum yield over several nm (see figure). The origin of such an
efficient transfer mechanism, the role of DNA scaffold and the transfer length are still
matter of debate.

(Left panel) an example of the self-assembled supramolecular structures showing
efficient (unitary quantum yield) light harvesting. (Right panel) The proposed
photocycle based on experimental evidences and calculations (see text for details)
Our study with deep-UV to Vis transient absorption spectroscopy confirms that in fact
the EnT occurs in few tens of fs (within our time resolution) over a typical distance of
1 nm. We observed the formation of transient delocalized states upon excitation,
which we believe to be responsible of such an efficient EnT. They last just for few
100s of fs before to collapse into a localized excited state centred on one of the
chromophores. This mechanism, which at our knowledge has been never observed
and proposed so far, suggests new strategies to improve efficiencies of transfer
phenomena in multichromophoric systems and violates the common opinion that
efficient energy and charge transfers need long-lived states.
A corollary of the latter is that these systems are ideal models to investigate the
effect of femtosecond shaped pulses and ps THz fields on transport and transfer
phenomena over long distances (>nm).

22

17. 2D Raman–THz spectroscopy reveals the inhomogeneity of
aqueous salt solutions
Andrey Shalit, Saima Ahmed, Janne Savolainen and Peter Hamm
Institut für Chemie, Universität Zürich, Winterthurerstrasse 190, CH-8057 Zürich, Switzerland,
peter.hamm@chem.uzh.ch

Various multidimensional THz techniques have emerged recently allowing to
observe the spectroscopic signatures of molecules in the liquid [1] and gas phases
[2] and semiconductor solid [3] through nonlinear interactions in the spectral range of
few THz. Here we apply a novel nonlinear multidimensional Raman-THz
spectroscopy [4] to investigate how structural and dynamical properties of liquid
water are affected by ion solvation. The inherent ability of multidimensional
spectroscopy to deconvolute heterogeneous relaxation dynamic is used to reveal the
correlation between the inhomogeneity of the collective intermolecular hydrogenbonds mods and the viscosity of salt solution Comparison of the 2D Raman-THz
response of neat water (fig 1a) with the series of chloride salts (see for example
MgCl2 salt response in fig. 1b) reveal the extended relaxation component along the
t1=t2 diagonal in the 2D plot as the viscosity of the solution increases. As in case of
conceptually similar 2D Raman spectroscopy [5] the signal along t1=t2 reflects the
degree of the inhomogeneity of the intermolecular motion. Specifically, we
demonstrate that the relaxation time along t1=t2 correlates with the capability of a
given cation to increase/decrease the viscosity of the solution (fig. 1c) thus
connecting the macroscopic observable (viscosity) to microscopic hydrogen bond
networks dynamics [6]. A detailed understanding of the observed t1=t2 signal will
require massive support from theory as well as from molecular dynamics (MD)
simulations and first steps in this direction are underway.

Fig. 1 a) The experimental 2D Raman-THz signal of a) water and b) 2M MgCl2.
Insets display the cuts along the diagonal t1=t2. c) Relaxation times for the series of
2M Mn+Cln salts vs. viscosity.
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