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Preface

This report provides an overview of research and activities at
the Max Born Institute (MBI) in 2024 and 2025. It presents se-
lected scientific highlights alongside concise project reports,
complemented by key figures for the institute. It also includes
elements reflecting life at MBI, highlighting staff, alumni, and no-
table events. A complete record of publications and invited talks
is provided in the appendix, together with information on teach-
ing, training, outreach, and activities in scientific organizations.
Further details are available at www.mbi-berlin.de.

In 2024-2025, research at MBI advanced the understanding of
light-matter interaction in a variety of different contexts. High-
lights from the experimental divisions include table-top attosec-
ond pump-attosecond probe spectroscopy revealing valence
electron hole dynamics in atoms; establishing a pump-probe
platform for studying magnetic skyrmion generation and mo-
tion, providing insight into topological phase transitions; and
microresonator-based frequency combs applied to hyperspectral
three-dimensional imaging, enabling rapid, chemically sensitive
diagnostics of particulate matter such as microplastics. In paral-
lel, the theory group introduced schemes to tailor light fields for
enhanced enantio-sensitive interactions with chiral molecules,
opening new directions in quantum-enhanced sensing. These
advances reflect both the consolidation of established research
lines and the emergence of new directions, including the restruc-
turing of one division into a Division of Precision Physics.

Disseminating research results to both the scientific community
and the broader public remains a key objective. In 2024-2025,
one quarter of MBI publications appeared in journals with an im-
pact factor above nine, and two thirds were published open ac-
cess, ensuring broad accessibility.
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In a major infrastructure project carried out in 2024-2025, MBI up-
graded the central heat exchanger system jointly used with IKZ.
This resulted in annual savings of approximately 390,000 kWh
of energy and 6,500 m*® of water, reducing both environmental
impact and operating costs, with a projected amortization time
of 4-5 years.

During the reporting period, several MBI researchers received
prestigious individual distinctions. Lisa-Marie Kern was awarded
the 2024 Dissertation Award of the Condensed Matter Section of
the German Physical Society and the Klaus Tschira Foundation’s
KlarText Award for Science Communication in Physics. Kasra
Amini received a Starting Grant from the European Research
Council, Nathalie Picqué the OPTICA 2024 William F. Meggers
Award, and Tim Butcher the Ferroic Young Researcher Award at
the EMRS 2025 Spring Meeting.

We thank all members of the MBI community for their contribu-
tions during 2024 and 2025 and gratefully acknowledge the con-
tinued support of our funding bodies.

Berlin, April 2026

Stefan Eisebitt, Nathalie Picqué, Marc Vrakking
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Scientific Highlights

UV Pump-Probe Spectros-
copy with Unprecedented

Temporal Resolution

The generation of few-femtosecond pulses tunable across the ultraviolet (UV)

has long remained a significant challenge in modern ultrafast optics. Since

most materials exhibit electronic resonances in the deep- and vacuum-UV

(VUV), such pulses enable the study of valence electron dynamics with un-

precedented temporal resolution.

However, due to the Kramers-Kronig rela-
tion, the vicinity of resonances intrinsically
induces strong material dispersion, which
makes the manipulation and characteriza-
tion of such pulses extremely difficult.

Recently, a technique pioneered by John
C. Travers at the Heriot-Watt University,
UK, was introduced to generate pJ-level,
few-fs UV pulses with a broad wavelength
tunability extending down to 110 nm. This
approach relies on resonant dispersive
wave (RDW) emission following soliton
self-compression in hollow capillary wave-
guides. While RDW-based sources have
been successfully employed across a
wide spectral range down to the deep-UV
(~230 nm), their extension into the short-
er-wavelength VUV region (100-200 nm)
has until now remained unexplored due to
several technical challenges, most notably
due to the high absorption and extreme
dispersion of materials in this regime.
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Our group at the MBI successfully extend-
ed the applicability of the RDW technique
into the VUV spectral range. We fully char-
acterized few-fs pulses tunable between
160 and 190 nm using a technique that
we call electron FROG. This technique is
a variant of frequency-resolved optical gat-
ing (FROG), using two-photon ionization of
noble gases as the nonlinear interaction.
It consists of recording a two-dimensional
(2D) spectrogram of the photoelectron ki-
netic energy distribution as a function of
the delay between two pulse replicas ion-
izing a gas target (see Fig. 1a). This 2D
spectrogram contains information on the
pulse shape that, similar to a conventional
FROG, can be extracted using an iterative
phase-retrieval algorithm.

Unlike standard all-optical FROG trac-
es, electron FROG traces do not depend
solely on the pulse shape, but also en-
code signatures of the atomic electronic

structure of the target gas. To account for
this additional complexity, we developed
a dedicated numerical phase-retrieval
approach based on differential evolution
algorithms. The method was validated
through a series of consistency checks,
including direct comparison with ab initio
quantum mechanical (TDSE) calculations.
The in-situ measurements, together with
our newly developed analysis, demon-
strated that the RDW-generated VUV
pulses have sub-3 fs durations (see inset
of Fig. 1a), in accordance with earlier sim-
ulation-based predictions.

Using the few-cycle VUV pulses availa-
ble at the MBI, we revisited the ultrafast
electronic relaxation dynamics of ethylene
and deuterated ethylene, the smallest car-
bon-carbon chromophores, using time-re-
solved photoelectron spectroscopy. Our
exceptional sub-4 fs temporal resolution
directly revealed previously unobserved

nonadiabatic dynamics occurring on sub-10 fs
timescales (see Fig. 1b). Supported by quan-
titative quantum-dynamical calculations em-
ploying recently developed quantum chemistry
methods by our collaborators at the University
of Ottawa, Canada, we uncovered a revised
picture of ethylene’s early photochemistry. Spe-
cifically, first-principles simulations, in remarka-
ble agreement with experiment, allowed us to

identify that the initial torsional motion about
the C=C bond is driven by strong nonadiaba-
tic couplings between the optically bright T+
state and the otr+ electronic state. We expect
that this finding will have broad implications for
understanding ultrafast photoisomerization of
organic molecules with conjugated carbon-car-
bon double bonds.
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Fig.1 a): Electron FROG
apparatus. (Insets: meas-
ured spectra of pulses tuned
across the VUV; measured
2.8 fs pulse at 160 nm)

b): Early-time dynamics of
deuterated ethylene after
photo-excitation at 158 nm.
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Publications

J. R. C. Andrade, M. Kretschmar, R. Danylo, S. Carlstrom, T. Witting,
A. Mermillod-Blondin, S. Patchovskii, M. Y. lvanov, M. J. J. Vrakking, A. Rouzée,
and T. Nagy; Temporal characterization of tunable few-cycle vacuum ultraviolet
pulses; Nat. Photonics 19 (2025) 1246; doi.org/10.1 -025-01770-

SNK: A. Sen, S. P. Neville, M. Kretschmar, M. Y. Jouybari, R. Danylo, J. R. C.
Andrade, M. J. J. Vrakking, A. Stolow, T. Nagy, M. S. Schuurman, A. Rouzée; A
New Paradigm for the Dynamics of the Carbon-Carbon Double Bond: Ethylene;
submitted to Nature (2025)
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Scientific Highlights

Ultrafast Photoinduced
Reaction Dynamics Using
the Nitrogen K-edge as a

Probe

Photo-induced ultrafast charge transfer processes in molecules are ubiqui-

tous in nature and represent elementary photochemical processes that are

LUMO transitions occurring in photo-excit-
ed molecules in the short-lived 1,3MLCT
manifold. Our results provide conclusive in-
sight on the role of the MLCT process and
subsequent intersystem crossing and spin-
flip dynamics upon visible irradiation in

[Fe'(bpy),*] [3]-

Taken together, these investigations
demonstrate that time-resolved X-ray ab-
sorption spectroscopy is a powerful and

w B

Energy [eV]
N

N

versatile technique for probing ultrafast
changes in the local electronic structure
of molecules with element and site spec-
ificity. By directly accessing core-level
transitions, this approach is sensitive to
electronic-state populations, charge local-
ization, and coordination environment at
selected atomic centers, even in complex,
solution-phase environments. The ability
to correlate transient spectral signatures
with underlying electronic and nuclear dy-

Energy [eV]

namics highlights the unique capability of
time-resolved X-ray absorption spectros-
copy to unravel coupled charge-transfer
and structural processes on their funda-
mental timescales. Building on these ad-
vances, we are now applying this method-
ology to the investigation of photo-induced
charge-transfer dynamics in donor-accep-
tor molecular systems that are directly rele-
vant to light-harvesting and energy-conver-
sion applications.
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Recently, we have developed a versatile,
table-top experimental platform capable of
probing the transient electronic structure of
molecules using extreme high-order har-
monic pulses extending into the soft-X-ray
spectral region. In earlier work, this set-up
was successfully used to study the strong
field ionization dynamics of molecular
nitrogen with ultrafast soft X-ray absorp-
tion spectroscopy at the nitrogen K-edge
(395-405 eV) [1]. Building on this result,
we now have expanded our activities to
the investigation of the photo-induced
bond fission of nitrogen dioxide in the gas-
phase and photo-induced charge transfer
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correlated the time-dependent evolution
of nitrogen K-edge marker transitions with
changes in the underlying electronic mo-
lecular structure. This approach allowed
us to directly follow the reaction path-
way as the system evolves through the
A 2B; (D1) — X 2As (Do) conical intersec-
tion and subsequently dissociates into
NO + O photoproducts [2] (see Fig.1
and 2). Although the temporal resolution
achieved in the present experiments was
limited, our theoretical analysis demon-
strates that, when employing sufficiently
short UV pump pulses with durations be-
low 8 fs, the early wave-packet dynamics

400 nm excitation of the low spin electron-
ic ground state, a new absorption band
emerged in the transient X-ray absorption
spectrum at a photon energy of 400.3 eV,
exhibiting a decay time of ~130 fs. This
decay was accompanied by the rise of a
second absorption band at 399.4 eV, with
a rising time constant of ~160 fs, attribut-
ed to the formation of molecules in the
high-spin quintet state. By comparing our
measurements to calculated nitrogen 1s —
LUMO X-ray absorption spectra for differ-
ent electronic excited states, we unambig-
uously identified the short-lived feature at
400.3 eV as arising from nitrogen 1s —

Publications

[1] C. Kleine, et al.; Ultrafast N K-edge spectroscopy of strong field ionizati-
on and fragmentation dynamics of molecular nitrogen, Phys. Rev. Lett. 129

(2022) 123002

[2] Z.-Y. Zhang,; el al.; Ultrafast mapping of electronic and nuclear structure
in the photo dissociation of nitrogen dioxide; J. Phys. Chem. Lett. 15 (2024)

12025-12033; doi.org/10.1021/acs.jpclett.4c02808

[3] Z.-Y. Zhang, et al.; Primary Events of Metal-to-Ligand Charge Transfer Dy-
namics Probed with Table-Top Femtosecond Soft-X-Ray Spectroscopy at the
Nitrogen K-edge, in preparation (2026)
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Attosecond Plasma Lens

Attosecond pulses — bursts of light lasting only billionths of a billionth

of a second — are essential tools for observing and controlling electronic

motion in atoms, molecules, and solids. However, focusing these pulses,

which lie in the extreme-ultraviolet (XUV) or X-ray region of the electro-

magnetic spectrum, has proven highly challenging due to the lack of suit-

able optics.

Mirrors are commonly used, but they offer
low reflectivity and degrade quickly. Lens-
es, though the most straightforward tool for
focusing visible light, are not suitable for
focusing attosecond pulses, because they
absorb the XUV light and stretch the atto-
second pulses in time.

In a project carried out at the MBI in close
collaboration with DESY we have solved
this problem by generating a plasma lens.
To create it, strong electrical pulses are
sent through hydrogen gas inside a tiny
tube (see Fig. 1). This process strips the hy-
drogen atoms of their electrons, creating a
plasma. The electrons naturally move out-
ward toward the edges of the tube, shaping
the plasma like a concave lens. Normally,
such a lens would spread light out rather
than focus it. But because plasma bends
light differently than ordinary materials, it
instead focuses the attosecond pulses.

In a recent Nature Photonics publication,
we showed that the plasma lens can focus
attosecond pulses across different ranges
of XUV light, with a tunable focal length
controlled by the plasma density. More-
over, a high transmission rate of more than
80 % was achieved. Importantly, the team
found that the plasma lens serves as an ef-
fective filter for the infrared driving pulses,
which normally require thin metal filters.
This means those filters are no longer nec-
essary, allowing more attosecond power
to pass through. With stronger pulses now
available, scientists have new opportuni-
ties to run attosecond experiments that are
often limited by weak light sources.

To better understand how the focused at-
tosecond pulses behave over time, the sci-
entists ran computer simulations. They dis-
covered that the pulses stretch only slight-
ly, from 90 to 96 attoseconds. Under more
realistic conditions — where different colors
of the attosecond pulse arrive at slightly
different times (a phenomenon known as

chirp) — the plasma lens actually shortened

the pulses. In this case, the pulse duration
decreased from 189 to 165 attoseconds.

By experimentally demonstrating an atto-
second plasma lens, the researchers have
addressed a major limitation in attosecond
science. The technique offers simple align-
ment, high transmission, and the ability to
focus light across different colors. These
advantages open the door to a wide range
of applications, from mapping electron dy-
namics in complex materials to advancing
quantum technologies and enabling the
next generation of ultrafast microscopy.

i.org/10.1

Publication
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Fig. 1: a) An attosecond pulse enters a capilla
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ry, where a strong electrical pulse gener-

ates a hydrogen plasma. As the electrons move toward the capillary walls, they form a

concave lens that focuses the attosecond pulse.

b) The attosecond pulses are focused in the presence of plasma.

E. Svirplys, H. Jones, G. Loisch, J. Thomas, M. Huck, O. Kornilov, M. J.
Garland, J. C. Wood, M. J. J. Vrakking, J. Osterhoff, and B. Schiitte; Plas-
ma lens for focusing attosecond pulses; Nat. Photonics online (2025);

Contact

Bernd Schiitte

bernd.schuette@mbi-berlin.de


https://doi.org/10.1038/s41566-025-01794-y

Scientific Highlights

regions and the thermal gradients across
the heterostructure established on an ul-
trashort time scale, ultimately determines
both the switching speed and the final

Looking forward, these insights open
new routes to engineer light-actuated
magnetic devices, by tuning the material
properties that define where the boundary

ergy-efficient memory and logic elements
that exploit light-driven magnetization re-
versal.

nucleates and how fast it travels. Such
design freedom could enable fast and en-

magnetic state.

Pushing Boundaries in
Ultrafast Magnetization

Fig.1: Schematic illustration of the exper-
imental approach. The magnetic hetero-
structure is first excited by a femtosecond
infrared laser pulse (2.1 um wavelength),
initiating the process of all-optical mag-
netization switching. A second soft X-ray
pulse probes the magnetization after a
variable amount of time. The spectrum of
the soft X-rays reflected by the sample is
then recorded using a spectrometer con-
sisting of an optical grating and a CCD
camera.
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A single ultrashort laser pulse can change the magnetization of a suitable

material. But even within a magnetic film of just a few nanometer thick-

ness, this process is not homogeneous, but proceeds with a speed of

about 2,000 meters per second.
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flips tiny magnetic regions without the need
for an externally applied magnetic field. En-
abling such an ultrafast control over mag-
netization, orders of magnitude faster than
what can be achieved using a conventional
magnet-based read/write head as in a mag-
netic hard drive, AOS is a promising can-
didate for novel devices in spintronics and
data-storage applications that use mag-
netic spins with their associated magnetic
moments as information carriers. Such de-
vices typically consist of a stack of nanome-
ter-thin materials, with the actual magnetic
material being one of them.

Until now, the switching process was
thought to happen uniformly in the mag-
netic material wherever the laser pulse
deposits a sufficient amount of energy.
In a recent study, we revealed that this is
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ray spectroscopy (see Fig. 1), we studied
an only 9.4 nm thin gadolinium-cobalt
(GdCo) film in a typical stack with platinum
and copper layers on top and a tantalum
layer below. Using broadband X-rays
tuned to an atomic resonance of the ra-
re earth atom Gd, we applied a technique
recently developed at MBI that allows fol-
lowing magnetization changes along the
depth of the sample in time. The result is
a movie of the magnetization as it evolves
along the film’s depth, with femtosecond
temporal resolution.

This movie revealed what has been hid-
den so far: Immediately after the arrival
of the infrared pulse of 27 fs duration,
the entire GdCo layer first heats up and
its magnetization drops nearly uniformly,
in line with the conventional thinking. But

bottom remains unchanged. A boundary
between these two domains is formed
and subsequently propagates downward
at about 2,000 m/s, sweeping through the
entire GdCo layer in roughly 4.5 ps (see
Fig. 2). In particular, only the surface-near
slice of the GdCo is initially excited strong
enough to overcome the threshold re-
quired for AOS; nevertheless, the switch-
ing succeeds as the rest of the film fol-
lows due to the propagating boundary.

This discovery forces a rethink of AOS
as a combination of local and non-local
processes, challenging the current un-
derstanding of the process by the estab-
lished theoretical models. The moving
boundary, possibly driven by a combi-
nation of angular-momentum exchange
between the switched and unswitched
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Bagged Skyrmions — Con-
trolling Complex Magnetic
States with Light

Magnetic skyrmions are topologically non-trivial nanoscale spin vortices

that behave like stable, movable particles. Because they can be created,

erased, and shifted by electric currents or light in thin magnetic films, they

are promising building blocks for future magnetic memory and computing

technologies.

While single skyrmions have been stud-
ied extensively, theory has long predicted
that much more complex magnetic objects,
so-called skyrmion bags, should exist. In
these spin structures, several skyrmions
are bundled together inside a circular mag-
netic domain. Until recently, however, such
structures could not be generated in a con-
trolled and reproducible way.

In 2025, researchers at the Max Born In-
stitute (MBI) and collaborating institutions
have demonstrated a practical route to
create these higher-order magnetic states
in thin-film materials used in modern spin-
tronics. The key idea is to locally modify the
magnetic properties of the film on the nano-
meter scale using a focused helium-ion
beam. This process creates tiny circular
regions in which the magnetic anisotropy is
slightly reduced, without changing the sur-
face topography. These invisible “magnetic
templates” act as preferential sites where
complex spin textures can form.
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When the sample is exposed to a single
ultrafast laser pulse, circular magnet-
ic domains that can trap one or more
skyrmions are reliably formed in the an-
isotropy-engineered regions. Depend-
ing on the size of the modified area,
the researchers were able to generate
empty rings as well as bags filled with
up to four skyrmions (see figure), consti-
tuting objects with different topological
charge. High-resolution X-ray microsco-
py, combined with a custom laser sys-
tem developed at MBI, allowed these
nanometer-scale structures to be im-
aged directly. This development makes
it possible to now individually generate
these well-defined magnetic objects.
Importantly, this establishes a platform
which now opens the door to study the
dynamics of such structures when driv-
en by current pulses or laser pulses in
pump-probe experiments. While for sim-
ple skyrmions the dependence of the
dynamics on the topology is well known,
it is completely unchartered territory for

more complex topological structures
such as skyrmions bags.

The use of topologically non-trivial struc-
tures has been discussed in the context of
novel data storage and processing appli-
cations schemes. These schemes typically
depend on the dynamics of the systems to
realize the desired functionality. The ability
to now create these structures on demand
enables systematic studies of the under-
lying principles of how magnetic topology
determines dynamics in nanoscale sys-
tems of increasing (topological) complexity.
Importantly, it will also enable the study of
how such structures interact with defects
and with each other, which will be pivotal
for potential applications.

Magnetization maps obtained by X-ray microscopy showing the laser-induced creation of magnetic skyrmion bags. The
skyrmion bags can be reliably generated from magnetic precursor configurations via a single ultrafast laser pulse at positions
predefined via local anisotropy engineering. The bag size and the number of enclosed skyrmions depends on the size of the
modified regions (red outlines). The bottom row of images shows a selection of skyrmion bags created with increasing num-
ber of internal skyrmions from zero to four; scalebar is 500 nm. The approach developed at MBI now enables pump-probe
experiments of the dynamics of such structures.
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Light Created

Information Bits

Ultrafast laser pulses generate electronic states via excitation of band ex-

trema in two dimensional materials that can encode information states.

The writing of information in solid matter
underpins the entire present day ‘“infor-
mation economy”. However, this writing
process, so central to contemporary life,
is classical, slow, and highly energy inten-
sive. That is to say, information is encoded
as a classical bit in which definite states
of 1 and O are represented, e.g. by the
magnetization direction of a ferromagnet-
ic film, the writing and processing occurs
on time scales of hundreds of picoseconds
to nanoseconds, and manipulating such
information involves charge currents that
generate heat. A sustainable information
economy of the future requires a para-
digm shift in information storage and ma-
nipulation, and light-matter interaction with
quantum materials provides a key potential
route by which this might be achieved.

This forms the basis of the field of “valley-
tronics” — the light activated excitation of
one out of a pair of two inequivalent “val-
leys” by circularly polarized light. This par-
ticular manifold feature is illustrated in the
case of graphene, as shown labeled by K
and K* in panel (a), with whether charge is
excited at K or K* representing the states 0
and 1. Such activation can occur on femto-
second times, orders of magnitude faster
than the time to switch the magnetization
in a hard drive. Well established for two
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dimensional materials such as certain tran-
sition metal dichalcogenides, fundamental
physics related to valley wavefunction to-
pology precludes this from occurring in ma-
terials whose spectrum is gapless, exclud-
ing key materials such as the graphene
family or Weyl semi-metals.

We were able to bypass this restriction [1].
While fundamental physics dictates that a
light pulse cannot excite charge at a single
valley in the absence of a gap, a light pulse
combining excitation and de-excitation
pathways can: light is excited at both val-
leys, but then de-excited by the very same
pulse an only one of the two valleys. This
is achieved by combining a circularly po-
larized infrared pulse, that excites charge
equally at both valleys, with a linearly po-
larized THz transient that induces an exci-
tation pathway at one valley, but a de-exci-
tation pathway at its conjugate partner. The
overall result, shown in panel (b), reveals
charge exclusively excited at one valley in
pristine gapless graphene, on a time scale
of 100 fs. This represents a strikingly novel
light-matter coupling: while ultrafast laser
excitation is associated with femtosecond
and faster time scales, de-excitation typi-
cally occurs after the pulse on picosecond
time or longer time scales, associated with
relaxation processes involving an increase

in entropy. Here the light pulse itself coher-
ently drives both excitation and de-exci-
tation at femtosecond times.

The band manifold in two dimensional ma-
terials necessarily involves two types of ex-
trema: valleys, representing local minima
and maxima, and saddles, that combine
a minima in one direction with a maxima
in an orthogonal direction. These can be
seen labeled by “M” in panel (a). Such sad-
dles represent a second potential feature
for the lightwave imprinting of information
on the Brillouin zone, but here symmetry
dictates that in a hexagonal material of two
inequivalent valleys there will be three in-
equivalent saddles. We were able to show
that these three saddles can be selective-
ly activated by pulses of linearly polarized
light [2], with the polarization direction —
indicated by the arrows in panels (c-e) —
determining which configuration is excited.
This manifests a “saddletronics” analogous
to the well-established “valleytronics”, but
with a number of advantageous features.
In particular saddles, as the band manifold
is of low symmetry, are inherently current
carrying unlike the high symmetry valley
manifolds.

These results, taken together, thus reveal an
unsuspected richness in the possibilities of
employing band manifolds to “write information
on a quantum material”. Light pulses inducing
coherent de-excitation pathways expand the
class of “valley active” materials to include semi-
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metals such as Weyl semi-metals and graphene,
while the saddle selection rule expands the
available band features itself for which selective
excitation by light is possible.
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Fig 1: a) The bands of graphene possesses two distinct features characteristic of all two dimensional materials: valleys (indicat-

ed by K) and saddles (indicated by M).

b) An energy gap at the valley was widely believed to be essential for activating a specific valley with a light pulse. Combing THz

and infrared light pulses we were able to design a hybrid lightform that bypassing this fundamental restriction, as can be seen in

the momentum resolved excitation in graphene in which charge is excited exclusively at the K* valley. (c-e) Remarkably, not only

the valley but also the saddle points feature selective excitation by light. The three symmetry inequivalent M points are excited in

pairs by linearly polarized light, with the polarization direction indicated by the blue double arrow. This represents a saddle analo-
gy to the field of valleytronics: “saddletronics”.
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A New Optical Tool for
Fast 3D Identification of

Tiny Particles

We developed a new optical imaging method based on miniaturized frequen-

cy comb light sources that can rapidly determine both the three-dimensional

shape and the chemical composition of tiny particles in a single measure-

ment. By combining frequency combs with holographic imaging, this ap-

proach enables fast and comprehensive characterization of particulate matter,

including environmentally relevant microplastics.

We developed a new imaging method that
allows us to see not only the shape of tiny
objects, but also what they are made of, all
at once and at very high speed. Our ap-
proach makes it possible to determine the
chemical composition and three-dimen-
sional structure of small particles — from
a few micrometers to several millimeters
in size — in a single measurement. This
combination of chemical and spatial infor-
mation is particularly important for studying
complex materials and pollutants that are
difficult to analyze with existing techniques.

The key innovation behind our work is the
use of optical microresonator frequency
comb generators, a special type of light
source that emits many precisely defined
colors of light at once. We use microcombs
with unusually large spacing between
these colors, which turns out to be ideal for
fast imaging. By recording how light from
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the microcomb interacts with a 3D object,
we can capture detailed information about
both its structure and its chemical prop-
erties at the same time. Because all this
information is collected in parallel rather
than step by step, our method reaches ac-
quisition speeds of more than one million
measurement points per second, making
it one of the fastest hyperspectral imaging
techniques available.

Our method combines this light source with
a lensless holographic imaging approach.
Instead of forming a conventional image
with lenses, we record how light waves
interfere after interacting with an object.
From this interference pattern, we recon-
structimages at different depths, effectively
allowing us to “refocus” the object after the
measurement. This provides true three-di-
mensional images. In addition, by analyz-
ing subtle changes in the light waves, we

can measure depth with very high accura-
cy — better than what is normally possible
with standard optical imaging.

To demonstrate the relevance of our ap-
proach, we focused on particulate matter,
in particular microplastics. Microplastics
are now recognized as a serious environ-
mental problem because they persist in
water, soil, and air, and can accumulate
in ecosystems and living organisms. Iden-
tifying microplastics is challenging, as it
requires both chemical identification and
information about particle size and shape.
Using our technique, we showed that dif-
ferent types of plastic can be clearly distin-
guished while their three-dimensional form
and position are measured at the same
time, all within a single, rapid acquisition
(Fig.).

Overall, our work opens the door to compact and
fast instruments capable of analyzing complex
particulate samples in real time. In the future,
this technology could support environmental
monitoring of microplastics, as well as applica-
tions in materials science, industrial inspection,
and health-related studies, where rapid and reli-
able identification of small particles is essential.
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Fig.: Microcomb-based three-dimensional hyperspectral imaging. The sam-

ples are pieces of plastic and optical filter in transmission. Hyperspectral holo-

graphic hypercube of 256x320 pixels, reconstructed at different focus distanc-

es from 0 mm to 492 mm. They are generated from RGB color coding of the

reconstructed amplitude of only three comb lines. To each pixel corresponds

actually a spectrum of 25 comb lines. The measurement time is 29 s.
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100-mJ Class Few-ps
Ho:YLF CPA - Transfer

to Industry

100 mJ-class, few-ps, kHz Ho:YLF CPA systems operating at a wavelength of

2.05 um have been developed to drive high-harmonic generation (HHG) and

to pump midwave- and longwave optical parametric chirped-pulse amplifiers
(OPCPA). In 2025, the Ho:YLF CPA technology was successfully transferred

to Class5 Photonics.

In recent years, the development of
high-energy, ultrashort-pulse lasers with
wavelengths around 2 pm has attracted
considerable interest due to their numer-
ous applications, including the genera-
tion of high harmonics, XUV frequency
combs and hard X-rays. Apart from basic
research, powerful 2 ym sources substan-
tially benefit several applications in la-
ser-based medical treatment, atmospheric
sensing, and material processing. Further-
more, high-performance pump sources
operating at wavelengths of around 2 ym
and beyond are effective in generating
high-energy, ultrashort pulses in the mid-
and long-wave infrared spectral range via
parametric down-conversion.

The most attractive approach to generating
high-intensity laser pulses centred around
2 ym is direct amplification of ultrashort
pulses using the chirped pulse amplifica-
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tion (CPA) technique. The preferred optical
transitions in the 2 ym spectral range are
based of Ho-, Tm- or Cr-ions. Although
Cr- and Tm-doped ultrafast amplifiers have
been demonstrated with multi-mJ pulse
energy at kHz repetition rates, no system
has yet exceeded the 10 mJ level. Of the
Ho-doped gain media, only Ho:YLF has
been able to surpass few-ps pulses at this
energy level.

The Ho:YLF CPA systems developed
at MBI have been successfully used as
drivers for HHG and as pumps for mid-
wave and longwave OPCPAs, delivering
exceptional performance parameters.
Ho:YLF CPA is implemented with a high-
gain regenerative amplifier (RA) and a
two-stage booster amplifier (Fig. 1a). Gen-
eration of 75 mJ pulses with a duration of
2.2 ps at a repetition frequency of 1 kHz is
demonstrated. A peak power of 31 GW is

achieved for the 2050 nm pulses. The CPA
exhibits remarkable stability with a rms
pulse-to-pulse variation as low as 0.19 %.
The RA operates without any signs of bi-
furcation, delivering 22 mJ pulses. Seed-
ing the booster amplifier with the RA output
linearly scales the pulse energy beyond
70 mJ. The amplifier system is operated
at room temperature and shows a high ex-
traction efficiency of 22 % with respect to
the optical pump power. [1] Building on the
demonstrated feasibility of post-compres-
sion of high-energy, 2 ym, few-ps pulses
to sub-100 fs, we plan to shorten the pulse
duration using cascaded post-compression
stages to further increase the peak power.

The core component of the Ho:YLF CPA is
the RA. Due to operating at repetition rates
close to the inverse upper state lifetime of
the active medium, nonlinear dynamics in-
fluence the operation (Fig. 1b). This was

carefully analyzed, resulting in the control of the
bifurcation dynamics in the RA and an outstand-
ing stability (Fig. 1c).

Our Ho:YLF CPA systems are unique in terms of
the output parameters delivered. This achieve-
ment attracted the attention of industry leaders,

Fig. 1: a) Layout of the 2 um Ho:YLF chirped
pulse amplification system. The main parts are
the seed source, the regenerative amplifier
(RA) and the power amplifier (Booster)

b) Artificial illustration of the bifurcation dynam-

ics of a high-gain RA.

¢) Simulated and measured Ho:YLF RA bifurca-
tion diagram at 1 kHz repetition rate.
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Breaking Geometric
Limits in Broadband

Spectroscopy

We demonstrate a broadband spectrometer that breaks the geometric limits

traditionally linking spectral resolution to optical path length. Using frequen-

cy-comb-based dual-comb interferometry, we achieve megahertz-level res-

olution over terahertz bandwidths within fractions of seconds, accessing a

regime that was previously unattainable with any conventional spectrometer.

Broadband optical spectroscopy has a
long history, beginning with Newton’s use
of the prism to reveal the spectral compo-
sition of light and to associate color with a
measurable physical quantity. Fraunhofer’s
discovery of discrete spectral lines and his
invention of the diffraction grating enabled
the first precise wavelength measure-
ments, while Michelson’s interferometer,
with further input from Rayleigh, introduced
an alternative, powerful route to spectral
analysis based on interference. This latter
approach ultimately evolved into Fourier
transform spectroscopy, which became the
dominant technology for broadband spec-
troscopy in the second half of the twentieth
century and remains widely used across
physics, chemistry, and biology.

Despite their diversity, all broadband spec-

trometers developed so far share a fun-
damental limitation: their resolving power
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is set by geometry. Whether dispersive
or interferometric, spectral resolution is
determined by the ratio between a maxi-
mum optical path difference and the wave-
length. Achieving high resolution therefore
requires large path differences, leading to
bulky instruments whose performance is
ultimately constrained by optical aberra-
tions, wavefront distortions, and mechani-
cal stability. This geometric constraint has
shaped spectrometer design for over a
century.

In this work, we demonstrate a fundamen-
tally different class of broadband spec-
trometer — one that is freed from geometric
limitations. Using a dual-comb interferome-
ter based on optical frequency combs, we
perform broadband spectroscopy in which
the resolving power is determined by time
rather than by physical path length. We ex-
perimentally achieve a resolving power of

4 108, corresponding to a spectral resolu-
tion of 1 MHz, over a bandwidth exceeding
1 THz. Achieving such a resolution with a
conventional Fourier transform spectrom-
eter would require an excursion in optical
path difference of approximately 300 m, far
beyond any practical implementation.

Crucially, this resolution is reached with-
in fractions of seconds and in a single
measurement. To reach an equivalent
300 m path difference within the same
measurement time using a Michelson in-
terferometer, a moving mirror would have
to be scanned at velocities approaching
100 m s™. A regime of spectral resolution,
bandwidth, and acquisition speed that was
previously unattainable in any broadband
instrument is thus open.

Our approach relies on pulse-picked du-
al-comb spectroscopy, in which two fre-

quency combs interfere to directly map optical
frequencies into the radio-frequency domain. By
generating a comb with a very narrow line spac-
ing while maintaining a broad spectral span, we
directly interrogate the spectrum with high reso-
lution and precision, while our very long mutual
coherence is key to these new frontiers.

By experimentally demonstrating broadband
spectroscopy at resolutions previously un-
reachable in a single recording, we establish a
new paradigm for precision spectroscopy. This

geometry-free spectrometer concept paves the
way for compact, high-resolution, and high-
speed instruments, with potential impact rang-
ing from fundamental tests of physics to appli-
cations in atomic and molecular spectroscopy,
metrology, and beyond.

The work has been performed in a collabora-
tion with T. W. Hansch (Max Planck Institute of
Quantum Optics, Ludwig Maximilian University
of Munich).
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Fig.: Experimental dual-comb
spectra of a high-finesse Fab-
ry-Perot resonator interrogated
with a comb of 1 MHz line
spacing (red) and 100 MHz line
spacing (yellow) with different
magnifications. The resonanc-
es are not observed when the
sampling is performed with the
100 MHz comb.
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Scientific Highlights

Ultrafast Sensing and
Manipulation of Chirality

Chirality is of paramount importance in nature. At the molecular scale, two

molecules that form non-superimposable mirror images of each other form a

pair of chiral enantiomers. Like choosing between our chiral left or right hand

for a handshake, choosing one of the enantiomers to interact with another

chiral entity will result in a different outcome.

Most biological molecules are chiral, with
their chirality controlling metabolic reac-
tions in living organisms. Not surprisingly,
chirality a key property for drug design,
with the ever-growing need for efficient
and fast sensing of chiral molecules. Tra-
ditional chiro-optical sensing methods
using conventional linear or circularly po-
larized light are limited in their efficiency
and speed for small and medium-size
chiral molecules in small quantities. Can
we tailor light to maximize the efficiency of
its enantio-sensitive interaction with chiral
molecules?

The MBI team has developed such light.
Its chirality is encoded in time: the elec-
tric field vector of this light traces a chiral
figure during a laser cycle. This tempo-
rally chiral light is able to imprint spatial
chirality on achiral objects and/or trigger
enantio-sensitive ultrafast electronic or
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vibronic current, such that these currents
are significantly different in left-handed or
right-handed molecules. As a result, the
temporally chiral light can generate enan-
tio-sensitive non-linear optical response
that is orders of magnitude stronger than
the optical response in conventional chi-
ro-optical methods, which rely on linear
optical response and utilize weak interac-
tion with the magnetic field component of
light. Endowing temporally chiral light with
spatial structures, such as using vortex
beams, leads to yet another new object:
chiral topological light [1]. This light trig-
gers nonlinear optical response with dif-
ferent spatial structures and intensities in
left-handed and right-handed molecules,
leading to enantio-sensitive rotation of
the spatial profile of high harmonics, see
figure. It also makes enantio-sensitive
response robust with respect to fluctua-
tions in laser intensity, imperfect focusing,

temporal shapes, or polarization. What is
more, ultrafast chiral currents triggered in
molecules by light pulses can control en-
antio-sensitive outcomes of photo-chemi-
cal reactions, opening a new field of enan-
tio-sensitive attosecond photo-chemistry
[2, 3].
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Fig.: Distinguishing left-handed vs. right-handed enantiomers of fenchone using chiral topological light.
The chiral topological light is created by focusing two vortex beams of counter-rotating 800 nm and

400 nm elliptically polarized beams to 10 mm focal spot. The two vortex beams carry opposite topologi-
cal charges of +/- 1. The figure shows far-field profile of harmonic 18 (top row) and harmonic 19 (bottom
row) for left-handed (L) and right-handed (R) fenchone molecules and the circular dichroism in emission

intensity (adapted from [1]).
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Scientific Highlights

Ultrafast Valleytronics
in Inversion-Symmetric

Multilayer MoS,

The valley degree of freedom in 2D materials such as Transition Metal

Di-Chalcogenides (TMDCs) opens an intriguing route towards information

storage and processing. In such materials, the hexagonal lattice leads to the

hexagonal structure of the Brillouin zone (see figure).

The six corners of the hexagon show en-
ergy minima — the so-called valleys — in
the conduction band, and the correspond-
ing energy maxima in the valence band.
While the adjacent valleys are energy de-
generate, they have nonzero Berry curva-
ture with opposite signs. Excitation of one
or the other of the two adjacent valleys
can be viewed as a single qubit of infor-
mation. Selective excitation of the desired
valley can be done by using circularly
polarized laser pulse tuned in resonance
with the transition between the valence
and the conduction bands. The valley is
selectively excited when the light circulari-
ty matches the sign of the Berry curvature.
Changing the circularity of the exciting
pulse excited the opposite valley. So far,
utilizing this degree of freedom could only
be done in 2D materials with broken inver-
sion symmetry.
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However, readily accessible TMDC ma-
terials come as “sandwiches” of multiple
monolayers stacked on top of each other,
with each new layer rotated by 180 de-
grees relative to the previous one. In such
“sandwiches”, the inversion symmetry is
restored, the Berry curvature is equal to
zero, and optical selection of the desired
valley appears no longer possible. Our
recent work [2] has changed this com-
mon view, extending our proposal [1] to
multi-layer materials.

We have shown [2] that valley selective
excitation can be achieved in inversion
symmetric materials by using non-reso-
nant light field made of counter-rotating
fundamental and its second harmonic.
This field creates a trefoil structure during
its laser cycle, which field breaks both
inversion and time-reversal symmetries,
turns a trivial material into topological, and

lifts the energy degeneracy of the two val-
leys. What is more, the energy difference
between the two valleys is controlled by
the orientation of the trefoil petals relative
to the hexagonal structure of the lattice,
i.e. by tuning the sub-cycle delay between
the two pulses. This allows one to select
the desired valley by simply rotating the
trefoil petals, tuning the difference be-
tween the valley energies on the sub-opti-
cal cycle time-scale.

a)

Multi-layer 2D material [MoS,]

Brillouin zone

b)

Multi-layer 2D material [MoS,]

Fig.: Valleytronics in inversion-symmetric multilayer hexagonal TMDC materials.
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Conventional approach developed for monolayers with broken inversion symmetry uses circularly polarized light tuned

on resonance with the bandgap. In monolayers, the valley is selected by matching the light circularity to the Berry

curvature, which is opposite in the two valleys. In multi-layer materials with restored inversion symmetry this standard

method no longer works (panel a). However, a field created by combining counter-rotating fundamental and second har-

monic restores valley selectivity even in inversion-symmetric multi-layer materials (panel b). Valley selection is achieved
by simply rotating the trefoil created by the two-color field relative to the hexagon of the lattice (adapted from [2]).
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Scientific Highlights

High Harmonic Generation
of Massively Entangled
Bright States of Light

At the fundamental level, light-matter interaction is fully quantum — both for

matter and for light. However, for standard laser sources, classical descrip-

tion of light during intense laser-matter interaction is expected to be ade-

quate.

This expectation extends not only to the
incident light, but also to the nonlinear op-
tical response it generates. However, new
light frequencies generated by non-equi-
librium dynamics in matter start from the
vacuum state: no photons at new fre-
quencies are initially present. Why should
one apriori assume that the generated
light should be classical, i.e. arise in the
displaced coherent state? What are the
conditions under which this assumption is
valid? Is large number of generated pho-
tons at the new frequencies sufficient to
neglect the intrinsic quantum properties of
the generated light? Can one ignore en-
tanglement between the generated light
and the quantum state of the material sys-
tem, or can one find ways to harvest it?

Surprisingly, up until very recently, these

questions have not even been on the hori-
zon of ultrafast spectroscopies or quan-
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tum optics. The same can be said about
high harmonic generation, the workhorse
of attosecond technology: the quantum
aspects of high harmonic light and the
associated attosecond pulses have been
virtually ignored.

The situation has started to change in
the last two-three years, propelled by two
complementary approaches. The first re-
lies on using bright quantum states of light
as the driving field. The second uses stan-
dard light sources to drive harmonic gen-
eration, but takes advantage of conditional
measurements to transform the generated
states of light from classical into quantum.

We have developed a completely new
concept for generating massive quantum
states of light in the UV-XUV frequency
range, complementary to the two routes
above. We show that non-trivial quantum

states of harmonics are generated as
soon as one induces real excitations into
different electronic states of the quantum
system dressed by a semi-classical laser
field. Such states are typically referred to
as the Floquet states. Real excitations of
several Floquet states imply resonances
induced between them. We have been
able to show that resonances induced
by dynamic Stark shifts lead to controlled
entanglement between multiple high har-
monics, and that continuous resonances
during the whole driving pulse lead to
strong squeezing of the generated light,
as shown in figure.

W [X3 Ps]

P3

Fig.: Quantum nature of resonant harmonic generation in Na vapors

The figure shows the Wigner function of the third harmonic of a 1770 nm inci-
dent laser field which drives a Na vapor. The driven is chosen such that its third
harmonic is one-photon resonant with the strong 3s-3p transition in Na. The driv-
ing field intensity is 3.1011 W/cm?, while the third harmonic is 10, times weaker.
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Short Description of Research Projects — Lasers and Light-Matter-Interaction

Fundamentals of Extreme
Photonics

The project focuses on the development of theoretical concepts and tools for describing

ultrafast, nonlinear light-matter interaction. It aims at both aiding and guiding experi-

mental developments at the MBI and worldwide in ultrafast spectroscopy. The research

includes studies of ultrafast electron and spin dynamics in atoms, molecules, and solids
triggered by tailored light fields, light propagation in complex plasmonic systems and na-

no-structured materials, generation of quantum states of light during nonlinear light-mat-

ter interaction, studying how structured light can be used for efficient sensing chiral

molecules and for tailoring optical response in quantum materials.

Topic 1 Real time description of Ultra-
fast Electron and Structural Dynamics

This topic covers theoretical modeling of
charge and spin dynamics in atoms, mol-
ecules and solids interacting with light. In
atoms, we have shown very high degree
of spin polarization generated both in
one-photon and multi-photon ionization,
with applications to generating relativistic
spin-polarized electron beams in compact
particle accelerators. In solids, the project
develops theoretical and computational
tools for studying the response of electron
charge and spin dynamics to light. In par-
ticular, THz switching of magnetization at
metallic interfaces was predicted, opening
a remarkable new route in spintronics. In
transition metal dichalcogenides (TMDCs),
attosecond control over light polarization
and carrier oscillations under the enve-
lope has revealed the possibility to control
selective population of the desired parts
of the Brillouin zone on few femtosecond
time-scale.

The use of multi-color light with attosecond
control over the time-delay between the
colors allows one to control the topological
properties of 2D materials. We have shown
how the combination of counter-rotating
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fundamental and its second harmonic
fields, phase locked with attosecond pre-
cision, allows one to generate selective
valley excitation in inversion-symmetric
multi-layer TMDC materials, where tradi-
tional valley control approaches fail.

In strongly correlated materials, our work
predicts the possibility of switching be-
tween metallic and insulating phase of a
cuprate LaCuO4, a high-temperature su-
perconductor, on a sub-optical-cycle time
scale, and proposes a novel multi-dimen-
sional spectroscopic approach for its ex-
perimental observation.

Topic 2 Attosecond Quantum Optics

This topic focuses on theoretical studies at
the interface of attosecond science, quan-
tum optics and fundamental quantum me-
chanics. Until recently, intense light-matter
interaction has been described using the
so-called semiclassical approximation,
where both the incident and the generat-
ed light are treated classically while the
material dynamics is treated quantum
mechanically. However, it was discovered
that fundamental quantum mechanics al-
so manifests in the quantum states of the
generated light. In particular, high harmon-

ic generation, the foundation of attosecond
technology, may yield harmonic light in
squeezed or entangled quantum states.
Recent results include the development of
a completely new concept for generating
massive quantum states of light and the
design of photonic structures for tailoring
the nonclassicality of light states. In par-
ticular, new methods for generating bright
squeezed states of light in the UV-XUV fre-
quency range, for tailoring the nonclassical
properties of two interacting quantum opti-
cal fields in integrated waveguide couplers,
and for generating two-mode squeezed
vacuum states were developed.

Topic 3: Ultrafast chirality

This topic focuses on attosecond electronic
and vibronic response in chiral molecules.
Molecules are called chiral when they can-
not be superimposed on their mirror image,
just like our left and right hands. These two
mirror images, called enantiomers, play a
critical role in living matter. Just like choos-
ing between our left or right hand for a
handshake, choosing one of the enantio-
mers to interact with another chiral entity
will result in a very different outcome, mak-
ing chirality a key property in drug design
and medicine, among many other applica-
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tions. In a series of recent papers, we have
shown how electronic and vibronic currents
generated in chiral molecules open new op-
portunities not only for sensing the molec-
ular handedness, but also for dictating the
fragmentation directions of chiral molecules
during photolysis, thus enabling a new pro-
tocol for charge-directed chemistry.

Topic 4: Optics and Photonics in struc-
tured media

This topic focuses on theoretical studies of
light-matter interaction and light propaga-
tion in structured photonic environments.
Tailored photonic environment, such as
nano-structures and plasmonic systems, is
used to enhance light-matter interaction, to
control processing of information carried by
light, or to improve sensing of molecules,
among others. A comprehensive set of
numerical codes developed in the project,
which includes a discontinuous-Galerkin
time-domain finite-element simulation ap-
proach, allows one to address design of
nanostructures tools for enhanced molec-
ular sensing, obtain a complete description
of localized particle plasmon polaritons,
and capture effects in the excitation of
nanostructures by a penetrating beam of
swift electrons.

The key component of the theoretical devel-
opments in this topic is the theory non-Her-
mitian quantum photonics, which rigorous-
ly accounts for gain and loss in structured
photonic environments and shows how their
interplay can be used for optimizing signal
transmission, protection of desired modes
against losses, coupling of modes inside
and between the waveguides, and so on.

1 &ISO 200 2I50 demonstrates clear deviations
from the minimum uncertainty
Glauber coherent state
(round image at early times).
Rapid growth of many body
correlations is accompanied by
SHORT OUTLOOK the growth of the non-classical
We plan to focus on the following questions: signatures in the generated
» Using light to tailor the quantum proper- light.

ties of both quantum materials and the

nonlinear response they generate.
» Application of attosecond-sculpted light

for sensing molecular handedness in an

efficient way.
» Tailoring nano-structured materials for

enhanced photonic and quantum infor-

mation applications.

HIGHLIGHTS

» Ultrafast valleytronics in inversion-sym-
metric multilayer MoS,

» Ultrafast sensing and manipulation of
chirality

» High harmonic generation of massively
entangled bright states of light
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Short Description of Research Projects — Lasers and Light-Matter-Interaction

Ultrafast and Ultraprecise La-
ser Physics & Nonlinear Optics

Project 1.2 focuses on the development of ultrafast light sources for ultrafast and

nonlinear optical spectroscopy. MBI advances the field through the creation of novel,

non-commercial light sources with record-breaking performance, positioning ultra-

fast technology itself as a core research objective.

The project serves as MBI's central plat-
form for research in nonlinear optics and
laser physics, emphasizing the devel-
opment of advanced light sources and
time-resolved techniques. Its primary
aim is to strengthen MBI's research on
ultrafast and nonlinear light-matter inter-
actions through state-of-the-art technol-
ogies emerging from original research
activities. Depending on the intended
application, development priorities in-
clude high pulse energy, ultrashort pulse
duration, carrier-envelope phase stabili-
ty, or high average power and repetition
rates. A further objective is to provide
few-cycle pulses across a broad spectral
range, spanning from the THz to the soft
X-ray regime. Accordingly, the project en-
compasses primary laser and parametric
sources, as well as pulse compression
and wavelength conversion, with these
unique sources supporting research in
Program Areas 2 and 3.

A new research direction within project 1.2
addresses the development of advanced

(=)
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a)
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optical frequency comb systems that ex-
tend well beyond the current state of the
art. Emerging applications require access
to spectral regions beyond the near-in-
frared and visible, including the ultravi-
olet below 200 nm and the mid-infrared
between 5 and 20 ym, as well as comb
line spacings not currently achievable.
Long-term goals include low-noise ultra-
violet frequency combs and high-power
combs with low repetition frequencies for
broadband precision spectroscopy. These
developments pose stringent phase-noise
requirements, with individual comb lines
much narrower than 1 Hz, but remain com-
patible with amplifier-based architectures
and efficient nonlinear frequency conver-
sion. The project also explores integrated
photonics approaches, including chip-
based combs with repetition frequencies
of hundreds of megahertz for gas-phase
spectroscopy or with large line spacings
for imaging and condensed-phase spec-
troscopy. Extending integrated platforms
outside the telecom region is one of the
main challenges. Finally, project 1.2 plans

Wavelength [THz]

2000 1500

the use of quantum technologies for fre-
quency combs suited to applications at
low light levels.

As one part of our endeavours, we re-
cently demonstrated self-compression of
2.5 mJ pulses at 5-um wavelength ex-
ploiting spatial Townes solitons for the first
time, which results in a reduction of pulse
durations from 80 to 37 fs. The compres-
sion regime is situated slightly below the
onset of small-scale filamentation, yielding
two-cycle pulses with 2.0 mJ energy. De-
spite a high throughput of 80 %, this meth-
od is accompanied by a nearly undisturbed
beam profile and excellent spectral homo-
geneity across the beam profile, which sets
the scheme apart from other bulk compres-
sion schemes. The resulting peak power of
45 GW in a 1 kHz pulse train constitutes
a new record value beyond 4 pm wave-
length.

Another notable achievement is the re-
cent demonstration of soliton and modu-
lation-instability microcombs based on a

Fig. 1: Microcomb generation
in high-quality factor SiC
microresonators.

Relative power [dB]
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Optical frequency [THz]

a) Optical microscope picture
of a microresonator of a radius
r=110 um.

b) Microcomb with a line
spacing of 725 GHz.

More than 180 comb lines span
over a range broader than 130
THz at -40 dB.

Fig. 2: Spiral-shaped interference patterns of orbital angular momentum (OAM) beams are analyzed by
combining polar mapping and Fourier Transform algorithms. Single vortices are characterized by determining
angular frequencies along concentric circular cuts (Fixed Circle Fourier Transform). To analyze beam arrays
with unknown centroid positions, the procedure is performed for a matrix of origins sampling the field of interest
(Scanning Circle Fourier Transform). The capability to recognize characteristic vortex features promises new
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Fig. 3: Characterization
of self-compressed 5-um
low-loss 4H silicon carbide nanophotonic plat- HIGHLIGHTS pulses in ZnS.

form operating in the 110-240 THz (2.7-1.25 pm)
region. Our dispersion-engineered microreso-
nators are driven by a narrow-linewidth contin-
uous-wave parametric oscillator. They exhibit
quality factors of around 7x105 at 120 THz. The
threshold for parametric oscillation is as low as
1 mW of on-chip power. We have demonstrated
octave-spanning spectra, as well as the gener-
ation of perfect soliton crystals and dissipative
Kerr solitons with a line spacing ranging from
90 GHz to 5.8 THz.

SHORT OUTLOOK

The interplay between fundamental physics
and advanced laser and photonic technologies
continues to inspire inventions and discoveries
in the fields of atomic and molecular physics. In
the rapidly expanding field of frequency comb
interferometry and its applications to spectros-
copy, sensing and imaging, low-noise frequency
combs provide a new set of tools for precision
measurements, spectroscopy and dynamics.
They cover broad spectral bandwidths across
all phases of matter, opening up new territory
where resolution and span are no longer limited
by geometry.

Upscaling of 1 kHz Ho:YLF CPA emitting at
2.05 pym to deliver 75 mJ pulses with 2.2 ps
duration

Generation of two-cycle light bullets with
2.0 mJ energy via self-compression of 5-uym
pulses in zinc sulfide

Temporal characterization of tunable few-cy-
cle vacuum ultraviolet pulses

Soliton and modulation-instability micro-
combs in SiC at long wavelengths
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a) Optical spectrum,

b) temporal shape,

c¢) spatial-spectral
homogeneity, beam profile,
(d) transition of Gaussian
input beam into Townes
profile behind ZnS.
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Short Description of Research Projects —
Ultrafast and Nonlinear Phenomena: Gas Phase

Ultrafast Electron Dynamics

When attosecond pulses were first demonstrated at the turn of the centu-

ry — an achievement recognized with the 2023 Nobel Prize in Physics —

there was a widespread expectation that attosecond pulses would soon be

used to elucidate time-dependent electron dynamics in attosecond-pump

attosecond-probe experiments, the way that femtosecond-pump femtosec-

ond-probe spectroscopy had in the previous two decades been used to

investigate molecular dynamics, as recognized by the 1999 Nobel Prize in

Chemistry awarded to Ahmed Zewail.

However, despite extensive efforts using
both laboratory light sources and large-
scale free-electron lasers, only a very few
such experiments have so far been carried
out. In fact, as far as laboratory light sourc-
es are concerned, these have been aban-
doned in most laboratories, due to the sig-
nificant experimental challenges involved.

Recently, we have demonstrated all-atto-
second transient absorption spectroscopy

Delay [fs]
(&)}

16.0 16.5 17.0

(AATAS), a technique that offers extremely
high temporal resolution in both the pump
and probe steps while maintaining excel-
lent spectral resolution [M. Volkov, E. Svirp-
lys, S. Carlstrém et al., arXiv:2512.09585].
As shown in Fig. 1, this capability has al-
lowed us to observe valence-hole motion
in xenon ions on a 3-femtosecond times-
cale. Due to the high information content of
the spectrally resolved absorption signal,

17.5 18.0 18.5 19.0

Photon energy [eV]

AATAS significantly goes beyond the lim-
ited number of previous demonstrations
of attosecond-pump attosecond-probe
spectroscopy. Moreover, the stability and
reliability of our experimental approach
have enabled us to collect high-quality
data and to carry out systematic studies
across multiple atomic species. We expect
our table-top setup to be replicated in many
laboratories worldwide.

Fig. 1: AATAS map in Xe, showing the
change in optical density (AmOD) as a
function of the time delay and the photon
energy. The blue regions indicate reduced
absorption due the depletion of neutral

Xe atoms. In addition, narrow absorption
features are visible in red and are the
result of additional absorption in the
generated Xe+ ions. The absorption line at
16 eV exhibits an oscillatory behavior with
a period of 3.1 fs, which is attributed to
coherent hole wave packet motion initiated
by the attosecond pump pulse and probed
by the attosecond probe pulse.

SHORT OUTLOOK

In a next step, we will apply AATAS to a range of
different molecules and solids to explore open
questions in ultrafast science, including coupled
electronic-nuclear dynamics in molecules and
core-hole decay processes in solids.

4 Vit

HIGHLIGHTS

« Demonstration of all-attosecond transient ab-
sorption spectroscopy
Development of an attosecond plasma lens
First demonstration of attosecond-pump at-
tosecond-probe spectroscopy based on an
ytterbium laser

i Fig. 2: PhD student Evaldas
Svirplys in the laboratory where
he performed his all-attosecond
transient absorption spectroscopy
experiments.

Stefanos Carlstroem, Kuo-Yang Chiang,

Lauren Drescher, Gabriel Emperauger,

Oleg Kornilov, Mikhail Y. Ivanov, Felipe Morales
Moreno, Serguei Patchkovskii, Julijana Petkovi¢,
Marco Ruberti, Bernd Schuette, Olga Smirnova,
Evaldas Svirplys, Abhishek Verma, Tobias Witting
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Short Description of Research Projects —
Ultrafast and Nonlinear Phenomena: Gas Phase

Ultrafast Molecular Dynamics

Nonadiabatic phenomena play a fundamental role in many photophysical and pho-

tochemical processes, including essential biochemical mechanisms such as visual

perception, photosynthesis, and DNA photodamage, as well as technologically rele-

vant applications such as light-energy conversion devices and molecular switches.

In molecular systems, nonadiabatic dy-
namics arise when nuclear motion is in-
fluenced by multiple electronic states, a
situation commonly observed in electron-
ically excited molecules. When electronic
states are nearly degenerate and strongly
coupled, population transfer can occur on
ultrashort timescales, profoundly influenc-
ing nuclear motion and governing the fate
of photoexcited molecules. Understanding
the role of these nonadiabatic mechanisms
constitutes the central aim of this project.

Recent advances in ultrafast laser science
have enabled the observation of molecu-
lar dynamics on their intrinsic timescales.
Few-cycle optical pulses are now routine-
ly employed in the visible and infrared
regions, while high-harmonic generation
has extended access to the attosecond
regime in the extreme-ultraviolet and soft-
X-ray domains. However, the generation of
broadly tunable few-femtosecond pulses
in the deep- and vacuum-ultraviolet (DUV/
VUV, 100-300 nm) has remained a major
challenge. Recently, teams at the Max Born
Institute developed a new ultrashort VUV
source based on resonant dispersive-wave
emission, enabling the generation of sub-
4-fs pulses spanning 150-200 nm.

In a recent study, the team led by Arnaud
Rouzée employed these sub-4-fs VUV
pulses in combination with time-resolved
photoelectron spectroscopy to investigate
the excited-state dynamics of ethylene at
158 nm (see Fig. 2). As the smallest mol-
ecule containing a C=C bond, ethylene
serves as a benchmark system for ultrafast
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LL* excitation dynamics. Despite exten-
sive prior work, its sub-100-fs excited-state
lifetime and strong nonadiabatic couplings
have hindered a complete understanding
of its early dynamics. The unprecedented
temporal resolution achieved in this study
revealed previously unobserved spectral
features, motivating a revised theoretical
interpretation.  First-principles quantum
dynamics simulations identified a previ-
ously overlooked oL* electronic state, that
strongly couples to the optically bright LL*
state and initiates torsional motion about
the C=C bond, providing new insight into
ethylene’s early photochemistry with broad
implications for ultrafast photoisomeriza-
tion in conjugated organic molecules.

While time-resolved spectroscopic tech-
niques are indispensable for studying no-
nadiabatic dynamics in gas-phase mole-
cules, they generally lack direct structural
sensitivity. This limitation can be overcome
using time-resolved diffractive imaging
with ultrashort X-ray pulses available at
large scale facilities such as the Linac Co-
herent Light Source (LCLS). In a joint col-
laboration between MBI researchers and
physicists from the Max Planck Institute for
Nuclear Physics, we recently succeeded
to image the strong-laser-driven molecular
dynamics in C60 using X-ray diffraction at
LCLS.

Fig. 1: Kasra Amini (ERC starting
grant recipient) at his setup for
ultrafast electron diffraction.

Delay [fs]

Fig. 3: a) THz electron deflectogram
of radiofrequency-compressed 90
keV, 370-aC electrons; retrieval
indicates a pulse duration of 68 fs
(FWHM) with 75 fs (FWHM) total
timing jitter.

b) Time-resolved UED measurements
of non-thermal dynamics in aluminium
thin film.

In recent years, we have also expanded
our capabilities to perform diffractive imag-
ing experiments in a laboratory-based en-
vironment using ultrashort electron pulses.
Under the leadership of Kasra Amini (ERC
Starting Grant recipient, Fig. 1), the Max
Born Institute commissioned a state-of-
the-art ultrafast electron diffraction (UED)
beamline. Operating at repetition rates of
40-100 kHz, the beamline delivers sub-
100 fs (FWHM) electron bunches enabled
by radio-frequency (RF) compression and
RF-laser timing jitter correction to 6 fs
(FWHM) (see Fig. 3). In the high bunch
charge mode, our UED setup has the high-
est throughput in the world. The UED in-
strument is currently being upgraded for
gas-phase experiments, with an additional
enhancement planned to enable simulta-
neous detection of elastic and energy-re-
solved inelastic scattering. This capability,
enabled by an innovative THz streaking
scheme, will provide simultaneous ac-
cess to structural and electronic dynamics
during ultrafast photochemical rearrange-
ments. In parallel, efforts are ongoing to
push ultrafast electron diffraction to the
few-femtosecond timescale by exploiting
the unique capabilities of the new instru-
ment, combined with ultrashort VUV pulse
generation based on resonant dispersive
wave emission.

Fig. 2: Time-resolved photoelectron
spectrum (TRPES) of C,D, recorded
as a function of the time delay
between two sub-4-fs VUV (168 nm)
pulse replicas generated via
resonant dispersive-wave emission
in a hollow-core fiber.
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SHORT OUTLOOK HIGHLIGHTS

The developments described here open
new perspectives for the real-time imaging
of coupled electronic and nuclear dynam-
ics in molecules. By combining few-femto-
second, infrared to ultraviolet, pulses with
advanced methods such as time-resolved
photoelectron  spectroscopy, transient
X-ray absorption spectroscopy, and ultra-
fast electron diffraction, these approaches
pave the way toward a comprehensive
understanding of ultrafast photochemical
processes in complex molecular systems.

© 00000000000 0000000000000000000000000000000000

» Few-femtosecond clocking of torsion-in-
duced electronic state dynamics in Eth-
ylene

« Ultrafast electronic relaxation pathways of
the molecular photoswitch quadricyclane

» Visualizing the strong-field induced molec-
ular break-up of C,; via X-ray diffraction

» Commissioning of high-repetition rate ul-
trafast electron diffraction beamline with
single-electron capabilities, including ra-
diofrequency compression down to 50 fs

» ERC Starting Grant “TERES”, Kasra Amini

Kasra Amini, Filippo Aria, Rostyslav Danylo, Fernando
R. Diaz, Miguel O. S. Guzman, Mikhail Y. lvanov, Oleg
Kornilov, Martin Kretschmar, Sudhir Kumar, Felipe
Morales Moreno, Tamas Nagy, Erik T. J. Nibbering,
Arnaud Rouzée, Marco Ruberti, Aritha M. Santhosh,
Claus P. Schulz, Arnab Sen, Olga Smirnova, Simone
Stahl, Serguei Patchkovskii, Jyothsna Varghese, Marc
J. J. Vrakking, Tobias Witting, Joanne Woodhouse,
Zhuang-Yan Zhang, Mikalai Zhavarankau
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Broadband Precision

80 Fig. 2: High-throughput experimental height measurement
using microcomb-based digital holography. The object,
60 a 1 cent coin, is measured in a backward-scattering
S p e ct ro s c O py Of M o I e c u I e s E configuration in a single 0.96 second measurement at a
40 E sampling rate of 1.2 10° pixels s.
% a) Reconstructed amplitude of a single comb line.
20 T b) A height map with a non-ambiguity range of 150 um
resulting from the reconstruction and combination of the
Launched in autumn 2024, project 2.3 “Broadband Precision Spectroscopy of Mole- . phase information for 14 comb lines.

cules” includes a significant part of the activities of the Division of Precision Physics.

Its mission is to push the frontiers of molecular physics by combining cutting edge
Fig. 3: Dual-comb spectroscopy in light-
starved conditions.

a) An ultraviolet photon-counting dual-
comb spectrometer.

b) Photon-counting near-ultraviolet dual-
comb spectrum of weak transitions in '3Cs
at an optical power of 90 pW.

laser science, nonlinear optics, and photonics, exploiting the transformative capabili-

ties of laser frequency combs.

7749 7732 77321 77322 773.23 773.24

Building on laser technology from pro-
ject 1.1, the project develops novel inter-
ferometric methods - particularly dual
comb spectroscopy — to achieve unprec-
edented precision, expand broadband fre-
quency metrology, and open new windows
on fundamental physics. The program ad-
vances through three intertwined themes:
precision spectroscopy in small molecules,
comb based hyperspectral imaging and
dimensional metrology, and quantum en-
hanced comb spectroscopy, each address-
ing a different scientific frontier.

The flagship effort, precision spectrosco-
py in small molecules, capitalizes on the
unique attributes of dual comb interferome-

D
~

6414.44 6416.94

Wavenumber [cm]

try, which performs direct time domain fre-
quency measurements. Unlike dispersive
or interferential instruments limited by path
length and optical aberrations, dual comb
interferometers attain resolving power lim-
ited only by the optical period, freeing them
from geometric constraints and leaving the
uncertainty principle as the ultimate bound.
This conceptual breakthrough has recently
been experimentally realized as a signifi-
cant milestone of a long-term effort initiated
at the Max Planck Institute of Quantum Op-
tics: a self-referenced fibre laser dual comb
interferometer captured spectra spanning
more than 1 THz with 1 MHz comb line
spacing — over one million resolved lines
— in a single acquisition, exceeding the

resolution of broadband spectrometers by
more than two orders of magnitude (Fig. 1).
This advance points to a long-term vision
of transforming dual comb spectroscopy
into a benchmark for ab initio quantum
chemistry, refining fundamental constants
such as the Rydberg constant, the proton
electron mass ratio, and the proton charge
radius, and testing their possible temporal
variations. Instrumentally, the limits of ac-
curacy and sensitivity — potentially down
to single particle detection — are being ex-
plored, together with the use of dual comb
methods as broadband optical frequency
references.
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Fig. 1: Overcoming fundamental limits to resolution in broadband spectroscopy. The

resolving power is 4 10°.

a) A portion of the spectrum of a high-finesse Fabry-Pérot resonator, sampled at a
resolution of 1 MHz with dual-comb spectroscopy (red) and at a resolution of 100 MHz

(yellow), where the resonances are missing.

b) A portion of the same spectrum, with resolved comb lines. One million comb lines

are resolved in the entire span. A resolution of 1 MHz would require a path difference
of 300 metres using a grating spectrograph or Fourier transform spectrometer.

In parallel, comb based hyperspectral imaging
and dimensional metrology explores the potential
of dual-comb techniques for imaging. Recent ex-
periments with microresonator-based frequency
combs, whose large line spacings enable simul-
taneous retrieval of chemical composition and full
3D morphology — size, shape, depth, and posi-
tion — of micro to millimetre scale particles across
more than 10° pixels, achieving 1.2 megapixels/s
throughput with micrometre scale precision (Fig.
2). The combination of amplitude and phase di-
agnostics promises nanometre level accuracy
and has immediate applications in environmental
sensing, such as microplastic characterization.
Long term aims include pushing the accuracy of
comb-based 3D imaging and including new diag-
nostic capabilities.

Quantum-enhanced comb spectroscopy ex-
plores whether quantum light and quantum
technologies can enable fundamentally new
performance regimes. We demonstrate experi-
mentally, that dual-comb spectroscopy operates
effectively under extreme low-light conditions, at
power levels over a million times weaker than
usual. Spectral information is retrieved from
photon-counting statistics even when only one
detector click occurs per 100 laser pulses, a
regime where simultaneous photons from both
lasers are exceedingly unlikely. This behavior
cannot be explained by assuming photons ex-
ist prior to detection. These developments allow
us to report the first near-ultraviolet dual-comb
spectra with resolved comb lines, addressing

Frequency [THz]

the challenge of low ultraviolet comb power from
nonlinear conversion (Fig. 3). Overall, our work
extends dual-comb spectroscopy to starved-light
regimes, enabling new applications in precision
spectroscopy, biomedical sensing, and atmo-
spheric measurements.

SHORT OUTLOOK

By combining the technological innovations de-
veloped in project 1.2 with a clear focus on fun-
damental discovery, project 2.3 is establishing
MBI as a leading centre for precise interferom-
etry and preparing the ground for transformative
applications in physics and beyond.

HIGHLIGHTS

» Experimental demonstration of broadband
spectroscopy and interferometry beyond geo-
metrical limitations

* Microcomb-based hyperspectral 3D imaging
of particulate matter

* Near-ultraviolet dual-comb spectroscopy in
light-starved conditions

e0ecccccccccccccccccccccoe

Stephan Amann, Quentin Bournet, Matei Crudu,
Yuchen Gan, Alyssa Mayer, Jérémie Pilat, Marjan
Shojaei, Brian Sinquin, Xuechen Wang, Bingxin Xu
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Dynamics of Condensed Phase
Molecular Systems

This project aims at a real-time observation of ultrafast molecular processes in the

condensed phase, addressing the dynamics of elementary excitations, photoin-

duced chemical reactions and ultrafast changes of the electronic and/or chemical

structure of molecular systems.

The project makes use of a broad range of
experimental techniques including all-op-
tical pump-probe spectroscopy in a range
from the soft-X-ray to far-infrared, infrared
photon-echo and multidimensional vibra-
tional spectroscopies, and photoelectron
spectroscopy using ultrashort VUV, XUV,
and soft-X-ray pulses. To pursue the aims
of the project both dedicated experimental
setups at the MBI are developed and used
and experiments at large scale facilities
are pursued (beamtimes at synchrotrons,
and free electron lasers).

Dynamics and interactions in hydrated
biomimetic and biomolecular systems
(ERC-2018-ADG-BIOVIB, ERC-2018-
STG-NONABVD)

The novel method of terahertz (THz) Stark
spectroscopy gives insight in excited-state
electric dipole moments and polarizabili-
ties of molecular chromophores in liquids
and proteins. The prototypical retinal in
bacteriorhodopsin (BR), mutants of BR,
and neorhodopsin, as well as the most
abundant carotenoid }-carotene in a non-
polar liquid environment were studied for
an in-depth characterization of their tran-
sient electronic properties. Picosecond
THz electric fields of up to 5.1 MV/cm in-
duce a transient change of the electronic
absorption spectra, which is mapped by
100 fs probe pulses. For BR and its mu-
tants, a moderate electric dipole change of
SHR5 Debye for the excited relative to the
ground state is observed, while a small-
er SHR2.8 Debye arises in neorhodopsin.
In BR, SH is governed by the mixed S1/S2
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charge-transfer character of the retinal ex-
cited state together with the early femto-
second evolution along the trans-cis isom-
erization coordinate. In neorhodopsin, the
excited state has a mixed charge-transfer/
covalent character, resulting in a small-
er dipole change relative to the covalent
ground state and the absence of isomer-
ization. While changes of electric polariz-
ability are negligible for retinal, they govern
the THz Stark spectra of }-carotene. Very
recent work reveals a polarizability differ-
ence between ground and excited state of
450 A®, which depends on the spectral
position within the absorption band, in line
with a theoretical analysis of electronic
structure [ZSE24].

Water-mediated proton transport dy-
namics between acids and bases (DFG
NI 492/13-2; ERC-2017-ADG-XRayPro-
ton)

In previous years we have studied
low-barrier superstrong hydrogen bonds
in hydrated proton complexes and in pro-
tonated imidazole dimer using oxygen and
nitrogen K-edge spectroscopy, where the
spectral signatures of the so-called Zundel
motif of shared protons have been eluci-
dated. Following up on this, we have now
studied of photoacid-imidazole bimolecu-
lar neutralization dynamics using ultrafast
nitrogen K-edge spectroscopy with femto-
second time resolution. The experiments
at the BESSYIlI synchrotron facility in
2021-2022 have been crucial in preparing
for successful beamtimes in June 2025 at
the EUXFEL (Schenefeld, Hamburg, Ger-

many) and LCLS (Stanford, California,
USA) free electron laser facilities.

Moreover, we have studied the role of
reaction pairs and ion pairing in solution,
for imidazole and the azide anion with dif-
ferent alkali and earth alkali counterions,
using a combined experimental and theo-
retical approach. A first report on ion pair-
ing using the asymmetric stretching mode
of azide anion has been published with
the Sebastiani group. These experiments
are the right preparation for investigation
of the role of ion pairing during ultrafast
proton and electron transfer chemical re-
action dynamics.

Electron transport dynamics in do-
nor-acceptor molecular systems (ERC-
2017-ADG-XRayProton, SMART-X)

This is a joint effort with Project 2.2, prog-
ress has been achieved on solution phase
femtosecond UV-pump soft-X-ray probe
spectroscopy on the ultrafast charge
transfer dynamics in the prototypical met-
al-ligand complex Fe'(bpy),> in aqueous
solution. For details see the highlight “UI-
trafast photoinduced reaction dynamics
using the nitrogen K-edge as a probe”.

Electronic excited state dynamics in
molecular model systems (MSCA Doc-
toral Network “LUMIERE”)

XUV photoelectron spectroscopy (XPS)
is a powerful method for investigating the
electronic structures of molecules. How-
ever, the correct interpretation of results

Wavelength [nm]

g 15 : 650 600 550 500 a
E o} 8
3 §
<] b 2
£ o 2
5 _f <
g °F
&-10F ® 4=0fs
2 I —0—t,=500 fs
8-15 :. | S T U VS R S R -
£ 450 500 550 600 650
Frequency [THz]
1.0 f(b) 0.0
£
gos5 105
5 0.0 ¥ L) ¥ 528THz 4-1.0
050005 1.0 -0500 05 1.0
Delay time [ps]
20.0
17.5
s 15.0
=4 125
o>
g 5. 10.0
2 7.5
= 55
T 5.0
6.0 05
100 200 300 0.0

Delay [fs]

in the condensed phase requires theoretical
models that account for solvation. Building upon
static aqueous-phase XPS of organic biomimet-
ic molecular switches, NAIP and p-HDIOP, we
performed time-resolved investigation of one of
them — NHIP (a protonated version of NAPI). The
results demonstrate ballistic relaxation of the ex-
cited state towards the conical intersection with
the rate of electronic energy change of 1 eV/100
fs. We further carry out tandem investigation by
trXPS of the molecules from the nitroanilin family
in water to investigate electronic relaxation in de-
pendence of the conformer. The work performed
in collaboration with the Complutense Universi-
ty of Madrid. Further work on novel biomimetic
switches is carried out within the LUMIERE doc-
toral network.

SHORT OUTLOOK

Electronic and vibrational structural dynamics
using a combined approach of ultrafast IR and
soft-X-ray spectroscopy

Binding energy [eV]

Fig. 1: THz Stark spectroscopy of bacteriorhodopsin. (a) Transient THz
Stark spectra (symbols) for two different delay times, demonstrating a
broadening of the steady-state absorption spectrum of retinal (blue line).
The absorption changes SA were induced by a THz electric field transient
with a local peak field of 5.1 MV/cm. (b, c) Time resolved absorption
changes at fixed frequency positions (arrows in panel (a)), following the
intensity envelope of the THz pulse (red lines).
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HIGHLIGHTS

» Excited-State Dipole Moments of microbial
rhodopsins from terahertz Stark spectroscopy

* Azide Anion Interactions with Imidazole and
1-Methylimidazole in Dimethyl Sulfoxide

+ Time-resolved photoelectron spectroscopy of
the biomimetic photoswitch molecule NHIP

Erik T. J. Nibbering, Oleg Kornilov, Filippo Aria,
Thomas Elsaesser, Igor Gorelov, Peng Han,
Sanchayeeta Jana, Alina Khodko, Arkadi Kundik,
Maté Kurucz, Tifaine de Laubier, Debkumar Rana,
Poonam Singh, Arnaud Rouzée, Arnab Sen,
Gonca Under, Marc-Oliver Winghart, Jia Zhang,
Igor Zhuravlev
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and third, we explore ultrafast electron
dynamics via all-attosecond spectrosco-
py. Leveraging our close collaboration
with Project 3.3 “Structural Dynamics and
Emergent Texture,” we further examine the
structure-function relationships of these
materials using diffraction, scattering, and
coherent-imaging techniques.

Magnetism and transient electronic
structure

A central question in ultrafast magnetism
is whether magnetisation can be manipu-

Fig. 1: PhD student Pierre Gautier
setting up a new beamline for
ultrafast XUV reflectometry.
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citation via hot electrons generated in an
aluminium capping layer (cf. Fig. 2a,c), we
found identical fingerprint behaviour in both
cases: a delayed onset of Ni demagnetisa-
tion and increased asymmetry for photon
energies below the Ni edge (cf. Fig. 2b,d).
This strongly suggests that our results, and
those previously reported, are attributable
to secondary processes following electron-
ic excitation, with no need to invoke direct
light-spin interaction [KJZ24]. These find-
ings will inform future experiments, which
will also benefit from our progress towards
achieving a time resolution of less than

Theory of dynamics in quantum mate-
rials

A cornerstone of femtomagnetism is that
intense laser pulses drive ultrafast demag-
netization in magnetic materials. Using
tight-binding and time-dependent density
functional theory, we have identified the
opposite effect: a large, ultrafast laser-in-
duced enhancement of magnetic moment.
We demonstrate this in the two-dimen-
sional magnet chromium(lll) iodide (Crl,),
where spin moment increases of up to
2 uB are achievable. The mechanism is
rooted in spin-orbit-induced valence band
spin texture, which enables optical spin-
flip transitions involving both intra- and in-
ter-band excitations under intense pulsed
illumination.

High-Harmonic Spectroscopy of tran-
sient electronic structure

This research topic aims to investigate
transient changes in electronic struc-
ture and symmetry under strong-field,
non-equilibrium conditions. To achieve this,
we exploit the sub-cycle sensitivity inher-
ent in high-harmonic generation (HHG)

in solids. Using extreme ultraviolet (XUV)
high-harmonic interferometry driven by
few-cycle laser pulses, we have detected
phase shifts induced by optical excitation in
harmonic emission. These phase-resolved
measurements correlate directly with tran-
sient bandgap renormalization, thus estab-
lishing XUV HHG interferometry as a sen-
sitive probe of ultrafast electronic dynamics
in solids [KJE2025].

SHORT OUTLOOK

Looking ahead, we will focus on the follow-
ing key research directions: (i) Building on
our established expertise in ultrafast mag-
netic circular and linear dichroism spec-
troscopy, we will investigate the phenom-
enon of ultrafast spin reorientation in both
ferromagnetic and antiferromagnetic mate-
rials, exploring its implications for magne-
tisation switching. (ii) Using time-resolved
high-harmonic spectroscopy and interfer-
ometry, we will study photoinduced phase
transitions and identify phase-resolved
fingerprints of distinct high-harmonic gen-
eration mechanisms in solids. (iii) Com-
plementing these efforts, we will use our
unique all-attosecond transient reflectivity

spectroscopy setup to investigate electron
thermalisation processes in solids on atto-
second to femtosecond timescales.

HIGHLIGHTS

» Fundamental spatial limits of all-optical
magnetization switching [SAY24]

« Ultrafast Plasmon-Enhanced Magnetic
Bit Switching at the Nanoscale [SSN25]

» Depth-profiling of magnetization: push-
ing boundaries in ultrafast magnetiza-
tion switching [HSS25]

® 0000000000000 00000000000000000000000

Controlling magnetism with polarized
light: giant helicity dependent effects in
the XUV spectral range [HKY24]
Watching bandgaps in motion - attosec-
ond interferometry of solids [KJE2025]
Correlating High-Harmonic Generation
and Laser-Induced Excitation in Solids
[JRM2024]

Generation and control of collective vi-
brations in a liquid [RWE25], [MRW25]
Optical control of phase and group ve-
locities in everyday liquids [RWB25]

Clemens von Korff Schmising, Sangeeta Sharma,
Kurt Busch, Weidong Chen, Peter Elliott,

Lauren Drescher, Pierre Gautier, Deepika Gill,

Martin Hennecke, Jasmin Jarecki, Sanchayeeta Jana,
Peter Jirgens-Goltermann, Maximilian Mattern,
Niklas Mutz, Tino Noll, Bastian Pfau, Johanna Richter,
Daniel Schick, Bernd Schiitte, Samuel Shallcross,
Puloma Singh, Nele Stetzuhn, Wenhua Zhao
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Structural Dynamics and
Emergent Texture

Project 3.3 investigates structure-function relationships in complex, often hetero-

geneous materials, with a focus on ultrafast dynamics under non-equilibrium con-

ditions. Central to the project is the study of spatially and temporally evolving order

and structure that arise from competing interactions, nanopatterning, and collective

degrees of freedom.

The research builds on time- and space-re-
solved X-ray and XUV techniques, includ-
ing diffraction, imaging, and absorption
spectroscopy, which are complemented
by electron diffraction and microscopy. To-
gether, these methods provide access to
atomic, electronic, and magnetic dynam-
ics with high temporal and spatial resolu-
tion. Scientific topics range from magnetic
nanostructures and topological textures to
optically induced phase transitions and col-
lective excitations such as lattice vibrations
and spin waves. A further key activity is the
development of advanced instrumentation,

sources, and methods, enabling experi-
ments both in laboratory environments and
at large-scale research facilities.

The soft-X-ray laboratory is operated by the
junior research group led by Daniel Schick
and is built around a laser-driven plasma
source that provides intense, pulsed soft-
X-ray radiation for time-resolved scattering
and spectroscopy experiments, optimized
for resonant magnetic and structural stud-
ies. This instrumentation complements
experiments at large-scale facilities by of-
fering high flexibility in experimental design

and rapid iteration. In 2024 and 2025, an
advanced prototype hybrid-pixel detector
from the Paul Scherrer Institute was inte-
grated, enabling enhanced detection sen-
sitivity through single-photon counting. In
parallel, a femtosecond Ti:sapphire pump
laser was installed and electronically syn-
chronized to the plasma source driver, of-
fering increased opportunities for photoex-
citation into highly non-equilibrium regimes.
Building on these upgrades, resonant soft-
X-ray diffuse scattering from nanoscale
magnetic domains in a ferrimagnetic Fe/
Gd multilayer was demonstrated, revealing

Fig. 1: Laboratory assistant Josefin

Fuchs overseeing the installation of

MBI’s mobile soft-X-ray instrument
MAXI at the MAX IV synchrotron-
radiation facility in Lund, Sweden.
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a complex reorganization of the domain pattern
on picosecond to nanosecond timescales (Fig.
2) [LBS25]. The results showcase, that real-time
dynamics of emergent magnetic textures can
now be probed directly in the laboratory.

Coherent X-ray imaging and scattering ex-
periments at large-scale photon sources form
a central pillar of project 3.3. A key feature of
these activities is that MBI operates its own in-
strumentation at these facilities, including the
mobile holography instrument MAXI (Fig. 1), a
permanent end station at PETRA lll, and a pi-
cosecond laser system integrated at the X-ray
microscope MAXYMUS at BESSY II. In 2024, a
major methodological advance was achieved in
coherent imaging, where the combination of ho-
lography and numerical phase retrieval enabled
a record spatial resolution of 5 nm in soft-X-ray
imaging of magnetic patterns [BMS24]. Scientifi-
cally, experiments focus on nanoscale emergent
magnetic and electronic textures. The controlled
formation of skyrmion bags was demonstrated
[KKD25] (see highlight in this report). Further
studies addressed the internal structure of mag-
netic domain walls [MLW25] and their nanoscale
dynamics [BPL25], revealing how competing
interactions govern transient and metastable
magnetic states. Ptychography is increasing-
ly employed in the soft-X-ray regime [HHG25],
supported by dedicated instruments [BFH25]
and recent advances in high-performance de-
tectors [BBB25].

The ultrafast dynamics of materials is investi-
gated at X-ray free-electron lasers such as the
European XFEL and FERMI. Time-resolved
scattering experiments targeted fundamental
collective excitations in solids, including surface
acoustic waves [CMB25], charge-density waves
[LBG25], and spin waves [MBD24]. These stud-
ies provide direct access to ultrafast excitation
dynamics in reciprocal space and establish
XFELs as powerful tools for exploring non-equi-
librium processes in quantum materials.

Intensity [cts]
10° 10 102

Soft-X-ray single-photon detector

SHORT OUTLOOK

Research on ultrafast lattice and charge dynam-
ics in polar and ionic materials using femtosec-
ond X-ray diffraction has been completed and
will be phased out after a series of pioneering
contributions [GKF25]. Related questions on
non-equilibrium structural dynamics will be pur-
sued in the junior research group led by Kasra
Amini, supported by an ERC grant and focusing
on ultrafast electron diffraction. In 2025, sub-
stantial third-party funding was acquired for fu-
ture projects on a new ptychography instrument,
machine-learning methods for coherent diffrac-
tion, and spin-wave dynamics.

HIGHLIGHTS

» Detection of a magnetic diffuse resonant soft-
X-ray scattering signal with a lab source

» Laser-induced control over the formation of
magnetic skyrmion bags

» New record for spatial resolution in X-ray mi-
croscopy of magnetic domains

® 0000000000000 00000000000000000000000000000

10°

Fig. 2: Demonstration of
diffuse scattering from
maze-like domains in

a thin magnetic film,
obtained at a laboratory
soft-X-ray source. Left:
scattering pattern before
photoexcitation of the
sample; right: signal after
excitation.
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