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Charge transfer, chemical reactions, photovoltaic processes or phase transitions are often triggered by an initial  
primary excitation that induces subsequent dynamics starting on an ultrafast timescale, i.e., attoseconds  
(10-18) to femtoseconds (10-15). In our research we apply such controlled primary excitations to study the impact  
of these excitations on dynamical mechanisms in materials, which are driven by non-equilibrium electron, spin, 
and lattice dynamics. A microscopic understanding of these ultrafast physics allows us to gain insight into 
the fundamental mechanisms that determine electronic, magnetic, and structural changes in materials. Our 
tools comprise time-resolved photoemission spectroscopy and magneto-optical techniques with pulsed laser 
sources, and in particular the application of photons in the extreme ultraviolet from high-harmonic generation 
table-top light sources.

Ultrafast magnetization dynamics in  
nanostructures
The speed at which a magnetic state can be manipulated and, 
hence, data can be magnetically stored depends ultimately 
on the elementary spin-photon interaction, spin-scattering, 
and spin-transport processes. Until the mid-1990s, dynamics 
in magnetic systems were believed to occur on time scales of 
~100 picoseconds or longer, determined by the interaction of 
the spins with the lattice. However, studies using femtose-
cond laser pulses starting from 1996 revealed the presence 
of other processes beyond this simple spin-lattice relaxation 
picture. 

Ultrafast Dynamics in Solids,  
at Surfaces and Interfaces

Energy conversion in correlated electron materials
In materials with strong correlations, the interactions of spin, 
charge, and lattice determine the path of energy conversion 
after optical excitation. Depending on the dominant 
interaction, the deposited energy is directed into different 
forms of work inducing electronic, magnetic, and structural 
changes. Often, however, the main interaction that would 
be responsible for the pathway of energy flow after an 
excitation is hard to determine in thermal equilibrium. Here, 
ultrafast time-resolved spectroscopies are a powerful way to 
overcome this problem and to investigate non-equilibrium 
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Fig. 2: Schematic timeline of ultrafast photon–electron–spin–lattice interactions after an ultrafast laser excitation. During the ultrafast excitation 
of the electron system by a femtosecond laser pulse, ultrafast spin-photon interaction can be a source of coherent magnetization dynamics. On 
a longer femtosecond timescale, various scattering processes between electrons, phonons, and magnons, as well as superdiffusive spin-currents 
determine the dynamic response of the material. The different contributions of the above-mentioned processes to the ultrafast magnetic dyna-
mics are widely debated and a field of active research, [6].

Fig. 1: Time-resolved snapshots of a photo-induced charge-density-wave to semi-metal phase transition, measured with time- and angle-resolved 
photoelectron spectroscopy, [1].

In this research field, we use novel methods based on the 
combination of coherent ultrafast X-ray pulses from laser-
based high-harmonic generation with a variety of magneto-
optical techniques. These combinations allow us to probe 
ultrafast spin dynamics with element-specificity and highest 
time-resolution. Highlights of our research are, e.g., elucida-
ting the role of superdiffusive spin-currents in a femtose-
cond demagnetization process, and probing the timescale of 
the exchange interaction in a ferromagnetic alloy. Currently, 
we study cooperative effects of interacting magnetic subsys-
tems in magnetic multilayers, alloys, and nanostructures.

energy flow in correlated materials. In particular, time-
resolved photoemission techniques are well suited, since 
they can follow in a direct manner the optically induced 
redistribution of charge carriers. Hence, ultrafast time-
resolved mapping of the electrons’ energies, spins, and 
momenta after a strong optical excitation sheds light on 
band-structure formation, its relaxation to equilibrium, and 
the pathways of energy flow that are determined by the 
material’s spin-charge-lattice interactions. 

The short life of electrons at interfaces
The idea in this research area is to study photo-stimulated 
electron dynamics after an optical excitation in real time. 
In particular, we are interested in the fate of excited elect-
rons, i.e., their decay processes and their according ultrashort 
lifetimes. In general, the investigation of the dissipation of 
such “hot electrons” is of relevance, for instance, in femto-
chemistry, spin-dynamics, for spin-injection processes, and 
for energy conversion mechanisms. Since the lifetime of ex-
cited electrons plays a central role in all photo-stimulated 
processes, and also depends on a diverse range of physical 

parameters, our works extend from dynamics in quantum-
well nanostructures to molecule/surface hybrid systems 
and topological materials with high spin-orbit coupling. As 
an experimental method to access the relevant ultrafast 
dynamical processes, we employ time-resolved two-photon 
photoemission spectroscopy. This real-time pump-probe 
technique is then combined with different photoemission 
methods which include angular- (“ARPES”), spin-, and/or real-
space resolution.
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U L T R A F A S T  D Y N A M I C S  I N  S O L I D S ,  A T  S U R F A C E S  A N D  I N T E R F A C E S

New tools to study ultrafast materials dynamics
Rapid progress in ultrafast X-ray science worldwide, both in 
high-harmonic generation (HHG) and X-ray free electron la-
ser (FEL) sources, has paved the way for a new generation of 
light-matter experiments investigating ultrafast electronic, 
magnetic, and structural dynamics in materials. Here, we 
developed in recent years several ultrafast material science 
experiments that are based on the use of table-top HHG 
lightsources. By the virtue of the short wavelength pulses 
produced by high-harmonic generation lightsources, we 
could show that HHG is an ideal probe for even the fastest 
dynamics in matter. Using elemental absorption edges, site-
specific magnetic, electronic, structural, and chemical dyna-
mics can be captured, providing unique capabilities for the 
study of complex emerging materials. 
In our activities, the development of such novel tools for the 
study of ultrafast dynamics in materials is an integral part of 
our research.

[1] S. Mathias et al., Self-amplified photo-induced gap quenching in a correla-
ted electron material, Nature Comm. 7, 12902 (2016)

[2] S. Jakobs et al., Controlling the spin-texture of topological insulators with 
organic molecules, Nano Letters 15, 6022 (2015)

[3] E. Turgut et al., Controlling the Competition between Optically Induced 
Ultrafast Spin-Flip Scattering and Spin Transport in Magnetic Multilayers, 
Phys. Rev. Lett. 110, 197201 (2013).

[4] D. Rudolf et al., Ultrafast magnetization enhancement in metallic multilay-
ers driven by superdiffusive spin current, Nature Comm. 3, 1037–6 (2012)

[5] S. Steil et al., Spin-dependent trapping of electrons at spinterfaces, Nature 
Phys. 9, 242 (2013)

[6] S. Mathias et al., Probing the timescale of the exchange interaction in a 
ferromagnetic alloy, PNAS 109, 4792–4797 (2012)

[7] T. Rohwer et al., Collapse of long-range charge order tracked by time-resol-
ved photoemission at high momentum, Nature 471, 490 (2011)

[8] S. Mathias et al., Quantum-well induced giant spin-orbit splitting, Phys. 
Rev. Lett. 104, 066802 (2010)

H A N S  H O F S Ä S S  •  S E C O N D  I N S T I T U T E  O F  P H Y S I C S  •  S O L I D  S T A T E  P H Y S I C S  A N D  M A T E R I A L S  P H Y S I C S

Ion beams are essential for fabricating electronic devices, thin film coatings, for surface processing and for 
elemental thin film analysis. Our group operates several ion beam facilities providing ion beams from eV 
to GeV energies for materials modification, synthesis of thin films, ion implantation of impurities, dopant 
atoms and probe atoms as well as ion beam analysis of materials. Material modifications include ion im-
plantation, surface pattern formation by keV ion irradiation, ion track formation by irradiation with GeV 
heavy ions, and 3D-microstructuring using MeV proton beams. Low energy ion beam deposition is ideal 
to synthesize diamond-like materials and cubic boron nitride. We also use ultra-low energy mass selected 
ions for controlled doping of graphene and related 2D materials. Semiconductors and metallic compounds 
are implanted with radioactive probe atoms for nuclear spectroscopy. Our ion beam analysis techniques 
are RBS, high resolution RBS (nm resolution), PIXE and nuclear reaction analysis.

Ion Beams and Materials

Three low energy ion beam systems are optimized for ion 
beam erosion of surfaces to investigate pattern formation 
processes at surfaces in particular under the influence of 
metallic surfactant atoms.
A 500 keV multi purpose heavy ion implanter is available for 
ion implantation of nearly all elements, including some ra-
dioactive isotopes (111In). The implanter also provides up to 1 
MeV He2+ for RBS analyses as well as protons for nuclear re-
action analysis. A high resolution RBS setup provides a depth 
resolution of 1-2 nm for thin film analyses (Fig.1).
A 3 MeV Pelletron tandem accelerator is equipped with beam 
lines for RBS, external beam PIXE, micro beam PIXE, proton 
beam writing of 3D microstructures and nuclear reaction 
analysis. A dedicated setup for hydrogen profiling using the 
resonant 1H(15N,αγ)12C reaction is available.

 
Materials modification 
Formation of nanoscale periodic ripple and dot patterns at 
surfaces by ion beam erosion with keV ions is a well known 
phenomenon. We have extended this process by introducing 
surfactant atoms by co-deposition during sputter erosion. 
These surfactant atoms strongly modify the erosion process 
and lead to a variety of novel surface patterns, to surface 
smoothing and to the formation of nanostructured ultra-
thin films. Nanopatterns on Si with a designed pattern sym-
metry can be created by ion irradiation and simultaneous co-
deposition of Fe (Fig. 2).

Ion beam facilities
Our group operates several low energy ion beam systems for 
thin film growth and surface modification. A dedicated mass 
selected UHV ion beam system provides low energy mass se-
lected ions in the energy range 10 eV to 60 keV for graphene 
doping and the synthesis of high quality diamond-like ma-
terials, like tetrahedral amorphous carbon (ta-C) and cubic 
boron nitride (c-BN), and for shallow surface modification of 
materials. 

Fig. 1: High resolution RBS setup showing the scattering chamber 
and the cylindrical electrostatic analyzer providing a depth resolu-
tion of < 2 nm.

Fig. 3: Schematic of a time- and spin-resolved two-photon photoemission experiment from an organic molecule/metal hybrid system [5].
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