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An important career development for advanced postdocs and junior group lea-
ders is gaining experience with grant applications and becoming project leader 
with grants from, e.g., German Research Foundation (DFG), European Research 
Council (ERC), or Japanese Science and Technology Agency (JST). In particular, 
establishing an independent junior research group with substantial own funding is 
one major achievement and career step for younger scientists. The department 
has been very successful in this regard as currently six research groups receive 
such independent funding and are hosted by the department: ERC Group of 
Kramer Campen, ERC Group of Ralph Ernstorfer, ERC Group of Tobias Kampfrath, 
DFG Emmy Noether Group of Laurenz Rettig, Max Planck Research Group of Julia 
Stähler, and Max Planck Research Group of Michael Zürch. Four of these group 
leaders have recently been appointed as professors (or received offers). In 
addition, several group leaders are project leaders in DFG funded collaborative 
research centers (Sfb 951, Sfb 1109, TRR 227), the DFG research unit FOR 1700  or 
have received individual research grants funded by DFG, JST, or from the European 
Commission.  
 
Research profile and structure 
Our research focusses on the dynamics of elementary processes at surfaces, 
interfaces and in solids aiming at a microscopic understanding of the coupling 
between various degrees of freedom (electrons, spins and phonons/vibrations). 
The goal is to obtain mechanistic insights at an atomistic or molecular level into 
various dynamic phenomena like ultrafast phase transitions, excited state dyna-
mics or molecular processes and (electro-)chemical reactions at interfaces. Our 
strategy is to address these problems from several sides using complementary 
approaches, in particular by the development and application of various time- or 
spatial-resolved spectroscopic techniques dedicated to the specific physical ques-
tions. Research in the department is performed by small teams with specific, com-
plementary expertise, creating various synergies and exchange between the 
different groups.  
 
The current research topics of the department consist of three pillars: (1) Ultrafast 
dynamics of elementary processes and phase transitions in solids with specific 
focus on the coupling between electrons, phonons and spins. These processes are 
probed on their relevant time scales by time-resolved spectroscopy using ultrashort 
laser pulses from THz to XUV and ultrafast electron diffraction (UED). (2) A rather 
recent development is our new focus on localized excitations and transport 
phenomena at the nanoscale. Here we employ scanning probe microscopy to 
investigate plasmonic excitations and light confinement and inelastic scattering in 
STM junctions as well as electronic transport. The increasing emphasis on spatial-
temporal phenomena combining ultrafast lasers with local scanning probe 
techniques is nicely complemented by ultrafast diffraction methods like UED. (3) 
The third pillar addresses molecular structure of adsorbates, electro-chemical 
reactions and dynamical processes at interfaces and in (molecular) liquids. These 
are probed by nonlinear optical techniques, in particular IR-vis vibrational sum 
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Dynamics of Correlated Materials Probed by trARPES and X-ray Diffraction 
 
The Emmy Noether group Dynamics of Correlated Materials focusses on under-
standing the ultrafast dynamics of complex materials with many interacting de-
grees of freedom after optical excitation, and on characterizing photo-induced 
phase transitions and out-of-equilibrium states using momentum-resolved tech-
niques such as femtosecond time-resolved photoelectron spectroscopy (trARPES) 
or time-resolved (resonant) X-ray diffraction. Using a combination of such tech-
niques, we aim at understanding the interactions between the various degrees of 
freedom inside such materials (e.g. electrons, spins or lattice), which in complex 
materials often lead to novel ground states with fascinating physical properties.  
 
Multidimensional photoelectron spectroscopy 
Many of the group’s activities are performed in close collaboration with the ERC 
group of Ralph Ernstorfer, with which we share our high-repetition rate XUV 
trARPES setup. A new electron detector, a momentum microscope (SPECS Metis), 
was installed during the last two years  allowing simultaneous and very efficient 
detection of transient electronic band structures in the complete surface Brillouin 
zone (BZ) of most materials. This development of multidimensional photoelectron 
spectroscopy (MPES) enables a completely new approach towards the investi-
gation of transient electronic band structures and their properties, as well as its 
dynamics, treating three (energy, kx, ky) or even four dimensions (including time) on 
the same footing (see also report of the Ernstorfer group).  
This approach is particularly useful for the investigation of anisotropic electronic 

 
Figure 1: Time-resolved ARPES data of black phosphorous. Left: Constant energy contour of the con-

duction band states, showing the “hidden” X/Y valleys close to the BZ boundary. Right: Energy-

momentum cuts along the armchair (kx) and the zigzag (ky) direction. Overlaid red lines are DFT 

calculations for different kz values. 
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RKKY exchange interaction on the demagnetization dynamics in an antiferro-
magnetic system. The transient diffraction intensity of the (001) magnetic reflec-
tion shows a drastically different behavior for different rare-earth ions in the 
system, ranging from a sub-picosecond demagnetization in SmRh2Si2 up to several 
100 ps in PrRh2Si2 (Fig. 4b). In addition, we find a pronounced critical slow-down of 
the dynamics upon approaching a critical fluence in all materials (Fig. 4c). This 
strongly varying demagnetization behavior can be well understood by considering 
the transfer rate of angular momentum, and its dependence on the strength of 
the RKKY interaction, which we parametrize by the de Gennes factor (g-1)2 J(J+1). 
Thereby, our systematic study of AFM demagnetization dynamics in this system 
reveals the indirect exchange interaction as the fundamental process responsible 
for angular momentum transfer. In addition, in GdRh2Si2, we could identify a co-
herent in-plane rotation of the whole AFM structure after excitation, due to a 
transient change of the magnetocrystalline anisotropy. 
 

 
Figure 4: Time-resolved resonant x-ray diffraction in RERh2Si2. (a) RE atoms are embedded in a fixed 

Rh/Si matrix, and always order in a similar AFM structure. Soft x-rays tuned to the RE M4/5 ab-

sorption edges are used to detect the out-of-plane (001) magnetic diffraction peak. (b) Normalized 

magnetic diffraction signal for various RERh2Si2 compounds. Lines are biexponential fits. (c) 

Extracted slow time constants as a function of excitation fluence. (d) Derived angular momentum 

transfer rate as a function of the de Gennes factor. 
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Ultrafast Dynamics of Electrons and Lattice in Nanoscale Matter 
 
The Structural & Electronic Surface Dynamics Group aims for a microscopic under-
standing of fundamental interactions in nanoscale condensed matter, ultimately 
on the level of individual quantum states. To achieve this, we develop and employ 
experimental techniques providing momentum-resolved information on transient 
states of the electronic structure and the atomic structure. This methodology is 
applied to a broad spectrum of material systems ranging from thin-film (semi-) 
metals and semiconductors to nanoscale heterostructures and nanocrystals. We 
closely collaborate with the Dynamics of Correlated Materials Group headed by 
Laurenz Rettig.     
 
Development of multidimensional photoemission spectroscopy 
In recent years, we developed time- and angle-resolved photoemission spectro-
scopy (trARPES) based on a femtosecond extreme ultraviolet (XUV) laser source, 
which provides access to the non-equilibrium electronic structure in the entire 
Brillouin zone of crystalline materials. We extended this approach by adding a 
momentum microscope detector, which enables four-dimensional trARPES as 
depicted in Fig. 1(a). The high repetition rate (500 kHz) of the XUV source provides 
enough statistics for mapping the weak and transient excited state signal in 
addition to the occupied states in the material’s valence band. This is illustrated in 
panels b and c, showing two snapshots from a 3D movie of the formation and 
evolution of excitons in WSe2, a prototypical layered semiconductor. Additional 
examples of use of this approach can be found in the report of the Dynamics of 
Correlated Materials Group.  
 
The combination of a high-repetition rate light source and an every-electron de-
tection scheme generates large data volumes. Making such data accessible to a 
broader community, for instance for benchmarking electronic structure calcula-
tions, represents a new challenge for the photoemission community. Within the 
BiGmax Research Network, we develop unsupervised learning algorithms for 
extracting experimental band structure from multidimensional data sets. We 
share this development with the community by developing a general multi-
dimensional photoemission data analytics toolbox (https://github.com/mpes-kit).  
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phonon modes on the atomic motion. Only recently, the analysis of inelastic 
scattering signal has been established as technique for obtaining momentum-
resolved information on transient phonon populations. We employ this approach 
to study electron-phonon and phonon-phonon interactions as well as phase 
transitions in strongly coupled electron-lattice systems like charge density wave 
materials and certain topologically nontrivial semimetals. Fig. 2 shows exemplary 
data of the anisotropic semiconductor black phosphorous. The diffraction 
difference between excited and ground states shows the momentum distribution 
of the inelastic scattering, which reflects the transient phonon distribution in 
momentum space. After 300 ps, the pattern reflects a hot, yet thermal phonon 
distribution, see panel (b). On the sub-100 ps timescale, however, the inelastic 
scattering reveals nonthermal phonon distributions and highly anisotropic phonon 
population dynamics, as shown for small-momentum phonons in the armchair 
(red) and zigzag (black) crystalline directions, panel (c).  
 

 
Figure 2: Femtosecond electron diffraction of a black phosphorous thin film. (a) Raw diffraction 

pattern showing the anisotropic structure in the armchair-zigzag plane. (b) Diffraction difference 

observed 300 ps after optical excitation of the electronic structure. Red signal: increase of star-

shaped inelastic scattering, which reflects the transient phonon population at this time. The 

anisotropy of the phonon dynamics is retrieved from the momentum-dependent scattering signal, 

e.g., along the armchair (red dots) and zigzag (black dots) directions in the vicinity of elastic 

scattering peaks (see inset). Panel (c) shows the pronounced differences in the phonon dynamics 

along these high-symmetry directions (color code relates to the inset in (b)). These are explained by 

the anisotropy of the electron-phonon scattering phase space, which we independently measured 

with complementary trARPES measurements. 

 
Ultrafast diffraction and microscopy of nanoscale materials 
The large scattering cross section of nonrelativistic electrons allows for the investi-
gation of structural dynamics in nanocrystals. We investigated size-selected magic-
number Au clusters composed of ~920 atoms, which were soft-landed on different 
thin film substrates like graphene, see Fig. 3(a, b). The time-resolved diffraction 
patterns of these nanoscale heterostructures revealed the ultrafast flow of energy 
within each constituent as well as across the boundary and a hot-electron-assisted 
surface-melting mechanism. In the case of Au clusters on graphene, the dynamics 
of ultrafast restricted rotations, i.e., librations, could be extracted from the 
diffraction data. Molecular dynamics simulations reveal efficient coupling between 
flexural phonons of graphene and rotational motion of the cluster as quasi-
impulsive driving mechanism of the librations.  
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Complementary to the momentum-space technique trARPES, we also aim to 
observe ultrafast dynamics in real space with femtosecond electron point-pro-
jection microscopy. This technique is sensitive to the electric potential in the 
vicinity of nanostructures; time-resolved experiments hence reveal changes in the 
electric potential and allow the reconstruction of the underlying motion of 
charges. To enhance the sensitivity of the technique towards the limit of a single 
elementary charge, we aim to realize femtosecond electron holography. Im-
provements of the mechanical stability of the microscope and optimization of the 
photoemission process from nanotips in terms of source coherence have recently 
allowed us to record first images with clear signatures of electron interference, see 
Fig. 3. 
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 Figure 3: (a) Illustration of 

librational motion of Au-932 

clusters on graphene. (b) The 

diffraction pattern of this 0D-2D 

heterostructure shows separa-

ted graphene and Au peaks, 

which allows retrieving ultrafast 

energy flow in the hetero-

structure. Deviations from 

Debye-Waller dynamics in the 

diffraction data could be identi-

fied as rotational motion of the 

entire nanocrystals. (c) Electron 

transmission image of free-

standing graphene recorded 

with 220 eV electrons. A crack in 

the graphene causes single-slit 

scattering and single-electron 

interference (top right and 

lineout profile).  
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Nonlinear Phonon Spectroscopy using Infrared Free-Electron Lasers 
 
The Lattice Dynamics group uses the FHI infrared Free-Electron Laser (FEL) to 
study optical phonons in polar dielectric crystals, and the associated resonances in 
the nonlinear-optical response of materials in the mid- to far-infrared spectral 
region. Specifically, we are interested in phonon polaritons in hetero- and nano-
structures, where we use the structure to control the resonances while the 
polaritonic field confinement leads to enhancement of the nonlinear-optical 
signals. For these studies, we develop novel experimental approaches and instru-
mentation, as for instance FEL-based far-infrared surface-vibrational spectroscopy 
and microscopy. These new methods will, for instance, also be applied to in-
vestigations of transient structural motifs in electrochemical systems and domain 
structure in correlated oxide heterostructures in the future.   
 
Phonon polaritons in polar dielectric heterostructures 
Phonon polaritons – phonon-light coupled quasiparticles - arise in thin films or at 
surfaces of polar dielectric crystals due to the infrared-active optical phonons. 
They are supported in the negative permittivity region between transverse and 
longitudinal optical phonon resonances - the so-called Reststrahlen region. The 
long lifetimes of these excitations offer unique advantages for infrared nano-
photonics over lossy, short-lived plasmon polaritons. However, a major drawback 
arises from the limited, material-specific spectral range over which phonon polari-
tons are supported, as well as their limited tunability. The Lattice Dynamics group 
follows various approaches to lift these restrictions by means of planar hetero-
structures, where the polariton modes can be tuned either via polariton-polariton 
coupling between the different layers, or even by phonon hybridization at the 
material interfaces in atomic-scale heterostructures. 
 
For ultrathin polar dielectric films of 10-100 nm thickness, the phonon polariton 
dispersion is strongly modified, resulting in a unique mode that naturally resides at 
the zero-crossing of the dielectric function (epsilon-near-zero, ENZ). This ENZ con-
dition has many attractive properties otherwise only accessible through carefully 
designed metamaterials, such as infinite phase velocity, scatter-free propagation, 
and drastically enhanced nonlinear-optical effects. When brought onto a polar 
dielectric substrate, the ENZ polariton in the thin film can hybridize with the 
substrate polariton, to generate strongly coupled modes with unique properties of 
both surface and ENZ polaritons.  
 
In contrast, a (non-polar) dielectric ultrathin film placed on a polar crystal surface 
results in a compression of the substrate polariton dispersion. This is particularly 
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interesting when using phase change materials like GST as the dielectric, where 
this compression can be modulated, see Fig. 1. Additionally, the perpendicularly 
polarized waveguide mode was found to, due to the polar crystal substrate, have 
very similar (polariton-like) properties, making the GST/polar crystal hetero-
structure an extremely attractive platform for infrared nanophotonics.  

 

 

Figure 1: Tuning of phonon polariton resonances: (a) Schematic of Otto-type prism coupling ex-

periment that allows mapping of the polariton dispersion in heterostructures. (b) For ultrathin layers 

of the phase-change material GST, switching of the of the GST phase results in tremendous tuning 

of the GST-compressed surface polariton (p-pol, blue/green) and the newly discovered polariton-like 

waveguided mode (s-pol, red/orange). 

 
For heterostructures with ultrathin film thicknesses approaching atomic length 
scales, the modified chemical bonding at the layer interfaces additionally leads to 
hybridization of the optical phonons, and thereby modulation of the phonon 
polaritons. Simultaneously, due to strong anisotropy (in-plane vs. out-of-plane 
modes) of the heterostructure, this new material now also supports so-called 
hyperbolic polaritons – volume-confined modes with unbound momenta. As such, 
atomic-scale heterostructures establish a new way to design materials specifically 
for phonon-polariton-based nanophotonics. 
 
Far-Infrared sum-frequency generation spectroscopy and microscopy  
Infrared-visible sum-frequency generation (SFG) spectroscopy is a powerful tool to 
reveal the structure and symmetry of interfaces. This technique is well established 
in the mid-infrared range using table-top laser sources providing access to high-
frequency vibrations. This has led to many major discoveries, for instance regar-
ding the surface structure of liquid and solid water, or the transient interface 
structure in electrochemical systems. Using the FHI FEL, the Lattice Dynamics 
group is now pushing SFG spectroscopy into the far-infrared range, opening up a 
whole new field of exciting possibilities, owing to the vibrational and electronic 
excitations in that spectral range which are currently inaccessible. This applies for 
instance - but is by far not limited to - most optical phonon modes in the large 
class of metal oxides. Therefore, far-infrared SFG spectroscopy could be employed 
to study many important problems in, for instance, aqueous oxide chemistry or 
strongly correlated oxide heterostructures.  
 
Many interface problems in physics, chemistry, and even biology involve significant 
spatial heterogeneity. Therefore, spatially resolved information about the interface 
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available. This also allowed for first far-infrared SFG microscopy experiments, here 
done with spatially scanning tightly focused beams. 
 
To harvest the full potential of far-infrared SFG spectroscopy and microscopy, the 
department applied for and was recently granted financial support by the Max-
Planck-Society to acquire a new high-power visible laser operating in burst mode, 
synchronized with the FEL. This new laser will be installed in early 2020, and our 
group will implement FEL-based SFG spectroscopy and microscopy as an ex-
perimental end station at the FHI FEL. Notably, the concept also includes to 
establish wide-field SFG microscopy. Once operational, this SFG end station will be 
used for many different experiments, ranging from infrared nanophotonics to 
quantum materials and electrochemistry.  
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Spintronic operations with intense THz fields 
We not only use THz radiation to probe spin and charge dynamics, but also 
employ intense THz pulses to drive and finally control dynamics. A recent result is 
the switching of magnetic order of antiferromagnets as illustrated by Fig 2. Our 
sample was a thin film of the only lately discovered metallic antiferromagnet 
CuMnAs. Since the antiferromagnetically coupled and, thus, oppositely oriented 
(staggered) spins are located at sites with locally broken inversion symmetry, 
CuMnAs has a remarkable property: Driving a charge current through the metal is 
like applying a staggered magnetic field to the two spin sublattices. This effective 
field exerts a uniform torque on all spins and rotates them coherently (see Fig. 2a). 
The degree of alignment of the spin system can be probed by electrical measure-
ment of anisotropic magnetoresistance (AMR).   

 

To characterize our sample, we first applied microsecond voltage pulses (Fig. 2b) 
through Ohmic contacts to the sample. As expected from previous works of our 
collaborators, we observed that with every additional pulse, the AMR signal 
increased (Fig. 2c), indicating that an increasing number of spins had been rotated.  
 
In a second experiment using the very same sample and setup, we excited the 
sample with free-space THz pulses (Fig. 2d) that featured a duration of ~1 ps and a 
peak field of ~0.3 MV/cm (Fig. 2e). Remarkably, we found the AMR signal to exhibit 
an increase when the number of applied pulses increased (Fig. 2f), fully analogous 
to the result of MHz-driving (Fig. 2c). Further checks showed that antiferro-
magnetic order of CuMnAs can indeed be switched (here rotated) using THz 
pulses. In complete analogy to the electrical approach (Fig. 2a), switching back was 
achieved by rotating the polarization of the THz beam by 90°. 

 
Figure 2: THz switching of antiferromagnetic order. (a) By applying an electric current pulse to the 

metallic antiferromagnet CuMnAs, a staggered magnetic field is applied to the antiferromagnetically 

coupled spin sublattices, resulting in coherent rotation of all spins. (b) Voltage vs time t of the 

electrical pulse applied to the Ohmic contacts of the sample. (c) AMR signal vs number of applied 

pulses. (d) Free-space THz pulses are applied to the sample to induce switching of antiferromagnetic 

order. (e) Transient electric field of the incident THz pulse. (f) AMR signal vs number of applied THz 

pulses. 
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Near-field Physics and Chemistry in Plasmonic Nanocavities  
 
Near-field physical and chemical processes have gained increasing attention due 
to the potential for nanoscale imaging, ultrasensitive chemical analysis, and en-
hancement of photochemical reactions. Plasmonic nanocavities are key for various 
applications due to their strong field confinement and enhancement. The group of 
Takashi Kumagai has focused on investigation of near-field physics and chemistry 
in plasmonic nanocavities using a newly developed low-temperature STM for 
precise local optical excitation and detection (photon-STM). The photon-STM has 
been developed in collaboration with UNISOKU Co. Ltd. and was installed in the 
new STM laboratory in June, 2017. It has achieved high performance and the 
group has carried out the experiments described below. Part of this work is done 
in collaboration with the Ultrafast Scanning Probe Microscopy group of Dr. 
Melanie Müller. 
 
Plasmon-assisted resonant electron tunneling 
Light-induced electron transfer is of fundamental importance in nature and 
intimately related to energy conversion such as photovoltaics and photocatalysis. 
In particular, efficient electron transfer by visible light is a key to make use of solar 
energy. Plasmonic nanostructures can be used to harvest light and enhance 
photophysical and photochemical processes through surface plasmon excitation 
leading to dramatic enhancement of electromagnetic fields. Employng the photon-
STM the group demonstrated plasmon-assisted resonant electron tunneling from 
an Ag or Au tip to field emission resonances (FERs) of a Ag(111) surface induced by 
irradiating an STM junction with a focused cw laser at visible wavelengths (Fig. 1a). 
As a hallmark of the plasmon-assisted resonant tunneling, a significant redshift of 
the FERs is observed whereby the shift of the first resonance equals the incident 
photon energy (Fig. 1b). STM-induced luminescence measurement for Ag and Au 

 

Figure 1: (a) Schematic of the experiment. (b) FER spectra with (red) and without (black) illumination. 

(c) Schematic energy diagram of plasmon-assisted resonant tunneling in the STM junction. 
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THz-gated Scanning Tunneling Microscopy of Photoexcited Nanostructures 
 
Since the start of the Ultrafast Scanning Probe Microscopy Group in 2017, much of 
our work concentrated on the development and implementation of a THz-gated 
Scanning Tunneling Microscope (THz-STM) specifically designed for the com-
bination of broadband optical and THz excitation, respectively. The main goal of 
our research is to probe the local femtosecond dynamics of photoexcited systems 
like nanostructures or surfaces on the nanometer scale down to atomic length 
scales. Understanding the role of the local environment and surface conditions on 
ultrafast carrier dynamics and their relaxation pathways is a longstanding goal in 
surface dynamics. In this regard, using THz-STM we aim at combining femtosecond 
spectroscopic information with atomic spatial resolution, complementing the wide 
variety of time-resolved surface science techniques available in the department of 
physical chemistry.  
 
In close collaboration with the group of Takashi Kumagai and Unisoku Co., Ltd. we 
developed an ultrahigh-vacuum STM/AFM system with two large-aperture motor-
ized parabolic mirrors integrated on the SPM platform in UHV for broadband 
excitation and light detection covering the full spectral range from the visible to 
the THz. The setup is operational at room temperature since February 2019 and is 
fully compatible to be upgraded to cryogenic temperatures down to 5K. For ultra-
fast gating of the tunnel junction we employ broadband single-cycle THz pulses 
generated from a metallic spintronic emitter (STE), as developed in our depart-
ment in the THz-group of Tobias Kampfrath. A broadband OPCPA laser system, 
shared with the group of Ralph Ernstorfer, with variable repetition rates from 0.2 – 
2 MHz at few µJ pulse energies is used for THz-generation and simultaneous 
photoexcitation of the STM junction. 
 
First experiments include the investigation of THz near-field coupling to the tip, 
which requires time-domain sampling of the THz electric field directly in the STM 
junction as accomplished via ultrafast gating of photocurrents. Moreover, in this 
context we could probe nano-localized dynamics of photocarriers in a metallic 
STM junction on femtosecond timescales, manifested as deviations of the 
measured waveform from the real THz near-field. In terms of setup development, 
we analyzed the performance of the spintronic emitter using a curved-wavefront 
excitation geometry implemented for efficient pumping with few-femtosecond 
optical pulses at the µJ-level.  
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independent of the type of sample and at all temperatures. However, care has to 
be taken to exclude temporal broadening due to non-instantaneous effects such 
as long-lived photocarriers and electron-propagation effects. In their absence, the 
delay-dependent THz-induced change of the photocurrent is determined by the 
instantaneous THz electric field, with a dependence dictated by the photocurrent-
voltage characteristic, as seen in Fig. 1c). In the particular case of a linear IV depen-
dence, knowledge of its slope allows for easy quantitative calibration of the applied 
THz voltage. For the example shown in Fig. 1d) peak THz voltages of 4 Vpp are 
obtained in the junction.   
 
Employing this method, we characterized the THz near-field dependence of the 
relative position of tip and THz focus, as shown in Fig. 1f) and 1g), where we see 
low-pass filtering due to frequency-dependent spatial overlap. We further can use 
the Gouy phase shift to tune the THz waveform from sinus-like to a cosine-like 
pulse (yellow curve). Together with straightforward control of the THz polarity and 
polarization via magnetization of the STE, our setup allows us to precisely tune the 
THz waveform according to the requirements for THz-STM. 
 
Beyond characterization of the THz near-field, we started to investigate the 
dynamics of photoexcited charge carriers in the STM junction. Depending on 
sample bias and THz polarity, we find carrier dynamics on femtosecond to few 
picosecond timescales to contribute to the signal. For the example shown in Fig. 
2a) using a W-tip and HOPG sample, photocarrier dynamics are observed several 
ps before arrival of the THz pulse. Whereas photoemission is a nearly instan-
taneous effect suitable for waveform sampling, tunneling of long-lived hot 
electrons at energies closer to the Fermi level requires convolution of the 
waveform with their respective lifetimes. Furthermore, for DC biases smaller than 
the applied THz voltage, slow photoelectrons can be decelerated back into the tip 
(or sample). To understand the observed dynamics, further modeling of photo-
assisted tunneling through a time-dependent junction and calculation of photo-

 
Figure 2. Dynamics of photocarriers measured for a W-tip and HOPG sample in a IR-pump - THz-

probe scheme. (a) THz-induced photocurrent modulation for different sample biases at tunneling 

distances (Iset = 200 pA, Uset = 10 V). Note that the x-axis is reversed compared to Figures 1 (d) and 

(f). The red dashed line shows the first half cycle of the applied THz transient (right y-axis).  Signal 

observed before arrival of the THz pulse can originate from either (b) long-lived hot electrons inside 

tip and sample, or (c) from slow photoelectrons decelerated back into the tip or sample by the THz 

field at low DC voltages UDC< UTHz, for which photoelectron propagation is dominated by the spatio-

temporal distribution of the THz field. 
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electron trajectories within the THz near-field is required. These experiments are a 
first step to demonstrate the ability of THz-STM to probe ultrafast carrier dynamics 
with femtosecond time resolution on THz sub-cycle timescales. 
 
Curved-wavefront excitation of a spintronic THz emitter 
Optimal operation of a THz-STM requires variable repetition rates between 100’s 
kHz to few MHz, with µJ pulse energies for generation of THz pulses with sufficient 
field strength. Optically pumped emitters such as photoconductive antennas and 
spintronic emitters are very attractive for THz-STM as they allow for simple adjust-
ment of the THz polarity and polarization, but they suffer from saturation effects 
and low damage thresholds. In the case of a spintronic emitter pumped with µJ 
optical pulses, depending on the pump spot size both ablation and thermal sup-
pression of THz emission might occur. In this regard, placing the STE in the conver-
gent or divergent part of a focused pump beam, we aimed for a flexible setup 
enabling tunable pump spot sizes which can be optimized for a specific repetition 
rate and pump pulse energy, respectively. 
 
We find that the THz field strength decreases by more than 90% close to the 
pump focus independent of the pulse energy, excluding thermal heating effects. 
We attribute this large drop to a superposition of sub-wavelength emission (caus-
ing decreased radiation coupling to the far field) and THz beam propagation ef-
fects. Further investigation taking into account propagation of the THz beam are 
underway.  
 
Further directions 
After an initial period of implementation and experimental characterization of the 
setup, we will focus on using THz-STM as a nanoscale platform to study high-field 
THz-driven nonequilibrium states in matter with high spatial resolution using high 
repetition rate THz sources. We recently started to study room-temperature elec-
troluminescence of p-doped GaAs out of the STM junction, aiming for the spatio-
temporal investigation of THz-driven luminescence from semiconductor surfaces 
on sub-cycle timescales. Moreover, we are planning first time-resolved imaging 
experiments on photoexcited semiconductor surfaces and metal-semiconductor 
interfaces at room temperature. Furthermore we will upgrade our STM to 
cryogenic temperatures, which is necessary to access not only a wider class of 
samples, but also to improve the stability of the illuminated STM junction. This is a 
key aspect for experiments which conceptually do not require low temperatures, 
but which suffer from thermal instabilities of the tip and thermal drifts at room 
temperature.  
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High Resolution Scanning Gate Microscopy 
 
Quantum transport on the nanoscale is often probed by electrical conductance 
measurements. However, these measurements typically lack spatial resolution and 
the observable, the current, is averaged over the whole junction. Especially at 
nanometer length scales the environment as well as the precise chemical 
composition of the junction will influence the measurement and the electronic 
properties of the material. Therefore, having utmost control over the junction is of 
importance. In our group we want to combine commercially available scanning 
probe microscopy (SPM) methods with additional electrodes integrated into the 
sample system, parallel to the surface, to electronically contact/gate nano-scale 
materials with nanometer precision. These additional electrodes in close proximity 
to the surface extend the functionality of the SPM to perform scanning gate micro-
scopy, pointometry as well as Kelvin probe microscopy. In this manner the high 
spatial resolution of SPM can be combined with sophisticated transport experi-
ments. In a nutshell, the detailed composition of the junction can be characterized 
by SPM while performing transport experiments. Furthermore, SPM enables 
modification of the structure or adsorbed molecules with atomistic precision.   
 
The core of this technique are electrodes which bridge the gap from mm scale 
patches to µm wide contacts in the center of the silicon sample. It is of particular 
importance that these electrodes stay intact especially after the high temperature 
treatment necessary for preparation of Si(100), by several short annealing steps at 
1000°C or higher. Therefore, antimony, which has a low segregation speed, was 
ion-implanted in close proximity to the surface. Key is that the silicon host material 
becomes insulating at low temperature whereas the implanted electrodes stay 
metallic because of their high dopant density. The precise arrangement of the ion-
implanted electrodes is defined by the experimental question. For example, a 
narrow spacing between two electrodes is desired for conductance experiments 
while a larger separation is favored when using them to apply an electric field for 
gating purposes (see Fig. 1).  
 
For this project we have designed and set up a home-build ultra-high vacuum 
system optimized for semi-conductor preparation which we extended with a 
commercially available low-temperature SPM from Createc GmbH. Most im-
portantly we have developed a sample holder matching the needs of high quality 
semi-conductor surface preparation and in-situ transport measurements: Four 
insulated contact are integrated into the sample clamping system of the sample 
holder, equipped with direct heating possibilities. Each of the four clamps will be 
pressed against one of the four ultra-shallow electrodes for electrical contact. 
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Experimental characterization of the electrodes 
We tested a first set of ion-implanted electrodes by comparing their temperature 
dependent resistivity with and without antimony wires. To avoid out-diffusion of 
the dopants the thermal budget must be limited to approximately 1050°C. In 
contrast to a reference sample without wires the four-probe resistance of a 1 µm 
wide wire does not rise continuously with decreasing temperature, but reaches a 
plateau at roughly 0.01M Ohm (see Fig. 2a). Furthermore, a characteristic Ohmic 
behavior is found for the implanted wires, which is desired to rule out con-
tributions of the contacts to the conductance measurements (see Fig. 2b). This 
changes when annealing the sample above 1050°C. Out-diffusion of the dopants 
sets in and the resistivity increases and a non-linear IV dependence is observed. 
 

 The lateral confinement of the implanted regions is confirmed by measuring the 
resistance of two electrodes separated by a narrow insulating region with varying 
width. Electrically this can be described as two p-n junctions in series, resulting in 
an open bipolar transistor. The IV traces are no longer Ohmic but have a large 
non-conducting region, which increases linearly with the separation (see Fig. 2 b 
and c). The narrow area between the two electrodes might limit the formation of 
the depletion layer and the device will be punched through. Interestingly, even 
when annealing the sample repeatedly to 1050°C the gap stays intact, 
demonstrating that lateral diffusion seems to play a minor role. 
 
To locate the electrodes on the sample with the SPM tip a marker design, com-
patible with the high temperature treatment, was developed, which does not 
deteriorate the surface quality. The reactive ion etched markers allow us to 
position the SPM tip with nm-precision, even after taking the sample out of the 
SPM stage and growing a silicon encapsulation layer (M. Koch et al. 2019).  

 

Figure 1: (a) Schematic illustration of the experimental setup: A Si(100) sample equipped with four 

ultra-shallow ion-implanted electrodes bridging the gap from mm to µm. These implanted 

electrodes can be subsequently extended with STM hydrogen resist lithography to the nm scale. 
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The enhanced conductance of the electrodes is visualized with STM spectroscopy. 
With increasing distance of the SPM tip to the electrodes a non-conductive gap 
opens which increases rapidly in size and a high bias voltage is required for STM 
imaging. However, we find that the presence of the electrodes does not influence 
the surface quality (Fig. 2 d).  
 
Outlook 
We have now successfully developed a platform with conducting electrodes on 
insulating Si(001), which bridge from mm length scale down to the (sub) µm scale. 
This versatile sample system will be used to study different scientific problems. For 
example, we will investigate the charge transport through organic molecules and 
nanostructures as well as electronic properties of nanoscopic 2D materials, like 
transition metal dichalcogenide (TMDC) flakes. To contact objects even down to 
the few nm scale we want to extend the ion-implanted ultra-shallow electrodes 
with STM patterned electrodes (STM hydrogen resist lithography) based on 
controlled phosphine adsorption. While the hydrogen passivated silicon surface is 
rather inert, the non-terminated (hydrogen free) Si(001) surface consists of 
unsaturated dangling bonds and is highly reactive. By controlling the surface 
passivation and removing hydrogen with atomic precision, the adsorption site of 
molecules can be steered. In the case of phosphine this has been perfected to 
pattern electronic circuits with STM. These truly nano-scale circuits will then be 
used to electrically contact for example organic assemblies to study their transport 
behavior. 
 

 

Figure 2: (a) Sample resistance as a function of temperature for a reference sample without 

implants and for two ion-implanted wires with a width of 1 and 3.5µm, respectively. (b) IV trace of a 

1µm wide wire (red) and of two electrodes separated by 0.5µm weakly doped silicon (blue). (c) Size 

of the non-conductive region as a function of the electrode separation. (d) Non-conductive region 

extracted from STM spectroscopy. The inset shows the STM image of the same region. The sample 

temperature is 5K if not stated otherwise. 
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By applying oscillating electric fields we intend to induce motion on the molecular 
level which will be studied by SPM. For this purpose we have designed a double-
decker molecule with an integrated dipole moment, isolated from the substrate. 
SPM manipulation will allow to control the environment of the molecular rotor so 
that we can address the steric interaction between individual molecules. 
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Interfacial Molecular Spectroscopy 
 
Much of the work performed in our group is done in collaboration with the 
Nonlinear Spectro-Electrochemistry Group of Dr. Yujin Tong, who was a post-doc 
with us until 2017. While there is substantial overlap of the interests of both 
groups, he has focussed to a larger extent on the steady-state characterization of 
other catalytically interesting systems. As of the winter of 2019/20 the activities of 
both groups will move to the University of Duisburg-Essen where Dr. Campen has 
been appointed as a W3 Professor and Dr. Tong will take up a senior scientist 
position. 
 
The Goal: Mechanistic Insight into (Photo)electrocatalysis 
(Photo-)electrocatalytic chemistry holds out hope for mitigating human effects on 
the climate system, more efficiently producing value-added chemicals and helping 
clean up polluted environments. Building the best possible catalysts for reactions 
of interest requires understanding the mechanism of the relevant heterogeneous 
chemistry and its change with catalyst material, solution composition and surface 
structure. Despite the clear need for this sort of insight there are very few catalytic 
systems where the mechanism of the relevant chemistry is well understood.  
 
The absence of such insight can be largely attributed to three factors:  (1) 
particularly for buried, solid/liquid, interfaces characterizing interfacial molecular 
structure is experimentally challenging, (2) most candidate catalytic materials have 
significant spatial structural heterogeneity and thus presumably strong spatial 
heterogeneity in reactivity, and (3) assuming the first two hurdles can be 
overcome, experimental characterization of interfaces under steady-state reactive 
conditions cannot unambiguously probe mechanism: one cannot know whether a 
particular species observed at an interface is an intermediate in the desired 
chemistry or an unwanted side product.  
 
In the Interfacial Molecular Spectroscopy Group we focus on addressing these 
challenges for prototypical electrode/electrolyte and solid/gas systems. We are 
doing so by developing nonlinear optical, vibrationally resonant sum frequency 
generation (VSFG), and mixed optical/current measurements that allow the 
characterization of the solid/gas and electrified solid/liquid interface with interfacial 
specificity; by performing second harmonic generation (SHG) microscopy to 
spatially characterize chemical reactivity operando and by performing femtosecond 
perturbation experiments to overcome the limits of steady-state characterization of 
reactivity. 
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Moving Beyond Steady-State Reactive Conditions 
We are currently moving beyond steady-state nonequilibrium characterization for 
the hydrogen evolution reaction (HER) on Pt and Au. We do so by performing 
perturbation experiments triggered, using fs optical pulses, on the fs timescale of 
electron transfer. As an initial step on Pt single crystal working electrodes we 
demonstrated the detection of photocurrents induced by femtosecond optical 
excitation as a function of bias [Zwaschka 2019]. This approach allows separation 
of current induced by the femtosecond duration elementary step of charge 
transfer from that induced by slower, picosecond, electrolyte structural dynamics. 
The results of its application to the HER on Pt suggest that ease of electron 

 

 
 
Figure 3: top left panel: circular FOV 

of the electrode at 1.8 V vs. RHE. 

Red dots are sites at which bubbles 

nucleate during the linear potential 

sweep shown in the bottom panel. 

Top right: magnification of active 

area showing the order of bubble 

appearance. Bottom panel: com-

parison of measured electrode 

charge density and bubble derived 

charge density for three different 

fields of view.  

 

 

 

 

Figure 4: Photovoltage induced by a 

4.56 eV UV pulse and a second pulse 

of variable photon energy plotted as a 

function of photon energy and delay 

between the two femtosecond pulses. 

The presence of a photoinjected  con-

duction band electron near 0 fs Is 

clear (adsorption in the far infrared) 

and its localization over 200 fs (shift of 

spectral position towards  800 nm). 

The resulting localized solvated 

electron is long-lived and its spectral 

response, which is 200 meV red 

shifted from its bulk value, reflects the 

electrons partial desolvation at the 

interface.  
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transfer may control previously observed trends in H2 generation activity with 
change of Pt crystal face5. Current work is devoted towards spectroscopic charac-
terization of the interface after excitation using VSFG. 
 
Using a similar approach, we also characterized the mechanism of H2 generation 
at the Au electrode/water interface. In contrast to Pt, hydrogen adsorbs very 
weakly on Au and thus we initiate adiabatic electron transfer by forming an 
interfacial solvated electron (which reduces water forming H2 over longer 
timescales). We have observed this solvated electron in a novel two pulse 
photovoltage scheme in which we form the solvated electron with an initial 
femtosecond UV pulse, illuminate the interface with a second fs pulse, and 
measure the photovoltage as a function of delay between the two pulses and the 
wavelength of the second pulse. This scheme, some results from the application of 
which are shown in Fig. 2, in conjunction with more conventional UV pump – VSFG 
probe measurements, allows us to extract the spectrum of the solvated electron 
at a metal water interface and show how the surface bias alters its local structure. 
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Nonlinear Optical Spectro-Electrochemistry 
 
A deep understanding of electrochemical processes generally requires a com-
bination of electrochemical and spectroscopic methods. While electrochemical 
analysis can provide the potential, current and charge information, the spec-
troscopies can reveal the electronic and vibrational properties of the reaction 
intermediates or products. The combination is referred to as spectro-electro-
chemistry. Among the modern spectro-electrochemical techniques, vibrational 
spectrsocopy such as Infrared absorption and Raman scattering are powerful in 
terms of providing structural and chemical information of interfacial species and 
have thus been widely employed for in situ spectro-electrochemical characteri-
zation. However, IR and Raman spectroscopies are not surface specific. When the 
surface and the bulk have similar chemical compositions, i.e. bulk solvents and 
anions adsorb to the electrode surface, it is very challenging to selectively probe 
the adsorbed species and discriminate from those of the bulk. Vibrational sum 
frequency spectroscopy (VSFS), based on the 2nd order nonlinear optical process, 
is intrinsically surface specific hence an excellent tool in probing buried interfaces. 
Our group employs VSFG to study fundamental processes in electrochemistry, 
whereby a majority of work has been done in collaboration with Interfacial 
molecular spectroscopy group of Dr. R. Kramer Campen. 

 
Figure 5: Left panel: Electric double layer structure according to the Gouy–Chapman–Stern model. 

Right panel: Example systems studied with VSFS in our group: hydrophobic water on gold; sulfate 

adsorbed on a Pt(111) single crystal electrode and solvated perchlorate at the air/water interface. 

 
Structure of the electric double layer 
Electric double layer is the key component of electrochemistry, where reactants, 
products, ions and solvents follow certain spatial distribution at the interface. 
Currently the most accepted model is the Gouy-Chapman-Stern model (Fig. 1 left), 
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in which the interface has been divided into three regions: the inner Helmholtz 
plane, where solvent and specific anions adsorb directly to the electrode; the 
outer Helmholtz plane, where solvated cations present; and the diffuse layer, 
where ions follow Poisson- Boltzmann distribution. However, this model is 
depicted based essentially on the thermodynamic measurements, i.e. the electro-
capillary curve, surface excess, differential capacitance, etc. The molecular level 
information is still insufficient and many of the recent observations cannot be 
explained by this qualitative model. For example, why different ions can affect the 
efficiency and selectivity of CO2 reduction? To gain such information, we have to 
directly probe the molecules and ions in the electric double layer. This is what we 
are doing in our group. A few examples are shown in the right panel of Fig. 1. With 
VSFS, we have successfully probed the bias dependent structure of water on gold 
electrode, the chemical and physical nature of sulfate anions on Pt(111) surface, 
and also the anisotropic properties of the polarizability of perchlorate at the 
air/solution interface where weak electric double layer present.  
 
Structure and chemistry of adsorbates under potential control 
Electrochemistry is about the chemical reaction under bias control. In the ideal 
case, one would like to follow the evolution of all the structure and chemistry of 
the reactants and products during the reaction. Here we demonstrate with a 
model system of pyridine derivative (Dimethylaminopyridine) to monitor the 
deprotonation and phase transition processes with VSFS.  As demonstrated in 
Fig.  2, the spectroelectrochemical approach can provide fruitful information to 
reveal the detailed physical chemistry actions that happen as a function of bias.  
 

 
Figure 6: Top left: Cyclic voltammetry of gold electrode in 0.1M NaClO4 solution containing 1mM 

Dimethylaminopyridine (DMAP). The Numbers indicate features related to the interaction of DMAP 

with the gold electrode; Bottom left: potential dependent VSFG spectra of DMAP; Right panel: The 

corresponding chemical and structural changes as suggested from the spectroelectrochemical 

measurements.  
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Toward ultrafast electrochemistry 
Many electrochemical and photo-electrochemical related processes take place on 
pico- or even femtosecond time scales. However, a three electrode system cou-
pled to a conventional potentiostat has a rather poor time resolution of, at best, 
10 ns. To overcome this resolution problem, we have combined the photocurrent 
or photovoltage detection with ultrafast laser excitation. As demonstrated in Fig. 3 
left, using a sequence of two ultrashort laser pulses of different photon energies 
and detecting the laser induced change in photovoltage as a function of time delay 
between the two incident pulses, ultrafast electrochemical processes on femto-
second timescales can be resolved.  

 
Figure 7: Left panel: scheme for newly developed photo voltage detection scheme to follow ultrafast 

processes at electrochemical interfaces. Right panel: time dependent photo voltage measured for 

gold solution interface as trigger by a UV laser (267 nm) followed by a second layer pulse with the 

indicated energies. The dynamics consistent with the evolution of solvated electron at the interface. 

 
This method can be employed to study the evolution of the interfacial charge 
carriers which are directly relevant to photo-electrochemistry. Since the measured 
quantity is the charge/voltage instead of photons, the experimental geometry will 
be less restricted by the spectroscopic requirement, hence this method can be 
directly used for in situ characterization of the photovoltaic devices. The right panel 
of Fig. 3 shows as an example of such study, whereby photoinjected solvated 
electrons at the gold/solution interface are monitored. The excitation laser was 
chosen at 267nm, whicle the probe laser (2nd pulse) was tuned from mid infrared 
to the visible frequency region. The induced photovoltage induced by the 2nd pulse 
is plotted as a function of delay in Fig. 3, right panel. The wavelength dependence 
is attributed to the different degrees of localization of solvated electrons at the 
interface. The results suggest that with such ultrafast laser excitation, sub pico-
second time resolution could be achieved at the electrochemical interface. 
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time energy fellow within the H-bonding network of water. As shown in Fig. 2, the 
bipolar TKE signal of water manifests intermolecular energy transfer between the 
rotational and the translational degrees of freedom. MD simulations2 corroborate 
the experimental findings. A significant THz field induced molecular alignment is 
found, but no relaxation is resolved. However, we observe a relaxation tail 
resembling the tail of the TKE signal of water, in the translational degrees of 
freedom of water molecules. 
 
Nonlinear THz spectroscopy of aqueous ionic solutions. The symbiotic relation of 
water and ions is vital to the bio-functionality of both partners. Water shields the 
giant electric field of ions which otherwise strongly polarizes their surrounding and 
in return its H-bonding network is disrupted. However, the extent of this co-
operativity and mechanism of ionic solvation are not exactly known. To this end, 
we measured the TKE response of a large series of aqueous ionic solutions. 
Notably, as the TKE response of aqueous solutions originates from a water-water 
interaction, it can directly probe the structural deformation of water around ions. 
In general, relative to the pure water signal, we observe a reduction (enhance-
ment) of the TKE signal amplitude for anions (cations) which signifies the different 
cationic versus anionic solvation mechanisms. Cations are repelled by the H-
bonding network and interact electrostatically with the water electron lone pairs, 
resulting in stronger H-bonding between water molecules. In contrast, negatively 
charged anions accommodate themselves in the H-bonding network, disrupting 
the water-water coupling. 
 
THz-Magnetic-field induced Faraday Rotation in Molecular Liquids. Upon copro-
pagation of a THz pulse, with ~1T magnetic field strength and 0.5ps duration, and 
a short optical pulse through molecular liquids, we resolved an ultrafast Faraday 
rotation of the optical pulse. Analog to the electric Hall effect, the polarization 
rotation is explained by the deflection of an optically induced instantaneous 
electric polarization by the Lorentz force originated from the THz magnetic field. 
The resolved effect scales linearly with the THz magnetic field and quadratically 
with the molecular polarizability. Nonpolar liquids (e.g. n-hexane) and long chain 
alcohols (e.g. 1-hexanol) show strongest Faraday rotation.  
 
Rotational dynamics of encapsulated water molecules. Fullerene based molecular 
cages provide a unique opportunity to study the dynamics of confined molecules. 
For example, the dynamics of different spin isomers of water can be accessed in 
H2O@C60. To this end, as shown in Fig. 3 we obtained the THz transmission 
spectra of H2O@C60 at 8K and remarkably resolved the onset of ortho (total spin 
I=1) to para (total spin I=0) conversion of water spin isomers3. We have also 
measured the THz pump/THz probe response of H2O@C60 at 220K. The latter 
signal shows the real-time dynamics of the encapsulated molecule. Further 
measurements are underway to capture the entire spin conversion dynamics of 
H2O@C60 and resolve the non-saturated rotational transition line shapes. The 
latter information will enable us to realize the impact of the highly polarizable C60 
cage structure on water dynamics. Moreover, we will perform THz pump/THz 

 
2 In collaboration with Thomas Kühne, Paderborn University and Roland Netz, Free University Berlin.  
3 In collaboration with Richard Whitby and Malcolm Levitt, University of Southampton and Boris 

Gorshunov, Moscow Institute of Physics and Technology.  
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occupied state attributed to Fe2+-like cations of the (2x1) structure is found at 
1.13(5) eV. We observe a fluence-independent reduction in surface potential, 
presumably caused by adsorption of residual hydrogen gas or oxygen defect 
formation, and an additional fluence-dependent component of surface potential 
decrease which is interpreted as a reduction of intrinsic upward surface band 
bending owing to a surface photovoltage effect.  

Interfacial Electronic Structure & Elementary Excitations in Hybrid Systems 
 
Disentanglement of a hybrid exciton in the time domain 
The notoriously low charge separation efficiency at ZnO-organic interfaces was 
suggested to result from weak electronic coupling of the LUMO to the ZnO CB or 
from the formation of a hybrid charge transfer state, which favors recombination 
at the interface. Using TR–ARPES, we disentangled the key processes in the charge 
separation sequence at the interface of a ZnO single crystal and p-quinquephenyl-
pyridine (5PPy, inset in Fig. 3a). Characterization and comparison of the interfacial 
electronic structure of pyridine/ZnO(10-10) with the one of 5PPy/ZnO(10-10) 
reveals an occupied in-gap state directly below EF, an extraordinarily strong work 
function reduction >2 eV, and a 5PPy LUMO around 2 eV above EF [Vempati 2019]. 
In order to disentangle the contributions of pure electronic coupling of the LUMO 
to the ZnO CB and to reveal the influence of the electron-hole interaction on the 
charge separation dynamics at this inorganic/organic interface, we used two 
different excitation schemes to transiently populate the LUMO: Interfacial 
excitation from the in-gap state (Fig. 3b) causes population decay due to pure 
wave function overlap with the ZnO CB within only 70 fs (Fig. 3a, green), while 
intramolecular excitation (Fig. 3c) results in a lifetime increase by a factor of five 
(Fig. 3a, blue) as a result of the on-site electron-hole interaction in the molecule.  
 

 
Figure 10: a) Comparison of LUMO population decay for interfacial (scheme in b) and intramolecular 

photoexcitation (scheme in c). (d) Exemplary time-resolved 2PPE experiment for intramolecular 

excitation. (e) Build-up of the hybrid charge transfer exciton on ps timescales. The replica of the 

hybrid charge transfer exciton is probed by pump photons. 
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Ultrafast Carrier and Spin Dynamics Probed by Transient X-ray Spectroscopy 
and Diffraction 
 
The Max Planck Research Group Transient X-ray Spectroscopy and Diffraction 
experimentally explores structural, carrier and spin dynamics in novel quantum 
materials, heterostructures and on surfaces and at interfaces to answer current 
questions in materials science and physical chemistry. For this we pursue a 
multidisciplinary research program that combines the exquisite possibilities that 
ultrafast X-ray spectroscopy and nanoimaging offers and closely interface with 
material synthesis and theory groups. In the lab, we develop and employ 
attosecond XUV and soft X-ray sources to perform transient absorption 
spectroscopy and time-resolved X-ray diffraction experiments. We further develop 
novel nonlinear X-ray spectroscopies at large-scale facilities with the goal to gain 
interfacial and surface sensitivity combined with the material specificity provided 
by X-rays on femtosecond time scales. We are interested in experimentally 
studying and controlling material properties on time scales down to the sub-
femtosecond regime and on nanometer length scales to tackle challenging 
problems in quantum electronics, information storage and solar energy conver-
sion. The Max Planck Research Group Transient X-ray Spectroscopy and 
Diffraction officially started in March 2019 after a 3-month preparational phase 
beginning in December 2018. The group is currently moving to the University of 
California at Berkeley, where Dr. Michael Zürch has been appointed as assistant 
professor with tenure-track and new labs will be set up in early 2020. 
 
Attosecond diffraction spectroscopy 
In our group we develop a new scheme that we refer to as attosecond diffraction 
spectroscopy, which is a multimodal approach to probe the long-range spin order 
and the electronic and lattice dynamics in magnetic thin films. For this, we 
generate isolated attosecond pulses in a broad spectral range covering several 
absorption edges present in the multilayer thin films and interrogate the spin 
order by resonant magnetic diffraction, while the electronic-structural response is 
simultaneously measured with atomic specificity by transient absorption 
spectroscopy (Fig. 1a). Using this scheme enables us following the ultrafast optical 
excitation of the carriers out of equilibrium and the subsequent demagnetization. 
This provides insights into the complex correlation between magnetism and 
electronic excitation. With this we seek to contribute to the experimental and 
theoretical efforts to understand and control this phenomenon, acknowledging 
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the prospects ultrafast spin control has for novel fast and efficient memories and 
spintronic devices. 
 
A first experiment was conducted in collaboration with the group of Prof. Leone at 
the University of California at Berkeley and evaluated during the first few months 
of the MPRG. In the experiment, 4-fs optical pump pulses and extreme ultraviolet 
(XUV) attosecond probe pulses covering the core-level absorption edges of cobalt 
and platinum, the constituents of the magnetic multilayer under investigation, 
between 50 and 75 eV  are employed (Fig. 1b, top). The two pulses are collinearly 
focused onto a Co-Pt multilayer thin film with stripe-like oriented magnetic 
domains (domain size ~160 nm, inset Fig. 1a). The observed transient absorption 
spectra (Fib 1b, bottom) feature photo-induced red-shifts of the absorption edges 
indicating out-of-equilibrium excitation of the electrons (Fig. 1c, black and red 
curves for Co and Pt, respectively). The demagnetization, i.e. loss of magnetization 
M, observed in the diffraction signal peaks after ~200 fs and slowly recovers over a 
time scale of ~100 ps (not shown here), consistent with previous observations in 
Co-Pt multilayers. Intriguingly, it is observed that the onset of the demagnetization 
(Fig. 1c, blue curve) is delayed by approximately 4 fs with respect to time zero. To 
understand this observation, we initiated a collaboration with a theory group from 
the Max Born Institute. The observation can be explained by the fact that in the 
ground state the cobalt layers are responsible for the magnetization and the 
platinum layers become weakly magnetized at the interface. The optical excitation 
then drives a spin current from the cobalt into the platinum layers through a 
mechanism known in literature as optically induced spin and orbital momentum 
transfer causing a brief increase of the magnetization in the platinum layers, while 
cobalt demagnetizes. It is found that the total observed magnetization is nearly 
constant in this case. The observed time scale thus manifests the time scale 
before many body effects and scattering events disturb the coherence in this 
process.  

 
Figure 1: Scheme and application of attosecond diffraction spectroscopy to study ultrafast demag-

netization.  (a) Experimental scheme of attosecond diffraction spectroscopy. (b) Static absorbance 

and photo-induced absorption change (top) and transient absorption signal depending on the time 

delay (bottom). (c) Normalized absorption edge shift in Co (black) and Pt (red) upon laser excitation. 

The onset of demagnetization (blue) measured by resonant magnetic diffraction is observed at ap-

proximately 4 fs delay. 

 
In the near future we hope to expand the analysis further as we have strong 
indication that we can separate the cobalt and platinum response in the diffrac-
tion data and, thus, gain a better insight into these complex dynamics. Following 
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