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O 26: Focus Session Ultrafast Electron Microscopy at the Space-Time Limit 11l

Shaping functionalities on the nanoscale is one of the most essential challenges in modern condensed
matter research. It requires a comprehensive understanding of the complex interplay of the electronic,
spin, and lattice degrees of freedom in materials and requires tailoring energy transfer and dissipation
pathways on the smallest length and fastest timescales. Recent instrumentation breakthroughs in differ-
ent varieties of pump-probe ultrafast electron microscopy have opened the way for accessing electronic
and structural dynamics at surfaces, interfaces, and nanostructures with down-to-attosecond resolution
in time. While ultrafast photoemission electron microscopy techniques provide supreme sensitivity to
spin and electron dynamics in real momentum space, bright ultrashort electron pulses in the ultrafast
implementation of more traditional electron microscopes can probe optical states, local magnetization,
and lattice dynamics with a nanometer spatial resolution.

This focus session highlights recent advances in ultrafast high-resolution electron probing. These include
new instrumentation and techniques, excitations from the THz to X-ray regime, and studying novel
phenomena and materials systems. At the same time, it will bring together researchers from the different
areas of ultrafast condensed matter physics to foster discussions and new collaborations to explore

emergent scientific questions in this field.

Organized by

Armin Feist (MPI Géttingen) and Benjamin Stadtmiiller (University Augsburg).

Time: Tuesday 10:30-13:00

Invited Talk O 26.1 Tue 10:30 H2
Attosecond Electron Microscopy — e¢PETER BAuM — Universitat
Konstanz, Germany

All processes in materials, nanostructures and devices are on a fun-
damental level defined by electronic and atomic motion from initial
to final conformations. Our approach for a direct, real-space visual-
ization is pump-probe electron diffraction and microscopy with single-
electron wavepackets under the control of laser light. The resulting
few-femtosecond and attosecond time resolution allows to see almost
any light-matter interaction or structural dynamics on fundamental
scales in space and time. We report selected results on strongly corre-
lated materials, rotational phonons, electronic circuitry, free-electron
quantum phenomena and attosecond dynamics in nanomaterials.

0O 26.2 Tue 11:00 H2
Steady-State and Time-Resolved Cathodoluminescence of
III-Nitride Semiconductors — eKaciso LoeETo, AibAN FLyNN
CAMPBELL, DOMENIK SPALLELK, and JONAS LAHNEMANN — Paul-
Drude-Institut fiir Festkorperelektronik, Berlin, Deutschland

Cathodoluminescence (CL), in steady-state and time-resolved modes,
has advanced the study of semiconductor optical properties, crucial for
microelectronics and III-nitride optoelectronics. A new state-of-the-
art time-resolved CL (TRCL) microscope at the Paul-Drude-Institut
features a high-performance SEM with a stable electron source and ad-
vanced light collection system, enabling optimized imaging and high
spatial resolution at acceleration voltages as low as 0.35 kV. The sys-
tem features a UV-optimized CCD camera for studying UV-emitting
materials like III-nitrides. Time-resolved operation is enabled by an
ultrafast beam blanker paired with detectors achieving temporal reso-
lutions of tens of picoseconds, offering new insights into the dynamic
optical properties of advanced semiconductors. It will be employed in
three focus areas, highlighting its distinct capabilities. First, very-low
acceleration voltage operation will enable high-resolution mapping of
individual point defects in AlGaN quantum well structures, revealing
their impact on AlGaN-based UV LEDs. Second, ultraviolet-optimized
photon detectors will study temperature-stable excitonic bands in AIN
with high spectral resolution, providing insights into their origins.
Lastly, the instrument’s time-resolved capabilities combined with spa-
tial mapping will explore the interplay between carrier dynamics and
localization in InGaN pseudosubstrates.

O 26.3 Tue 11:15 H2
Spin Resonance Spectroscopy meets Transmission Electron
Microscopy — ePuiLipp HASLINGER — Atominstitut, USTEM,
Technische Universitat Wien, Austria

Coherent spin resonance methods such as nuclear magnetic resonance
and electron spin resonance spectroscopy have led to spectrally highly
sensitive, non-invasive quantum imaging techniques. Here, we will
present a spin resonance spectroscopy approach developed for trans-

Location: H2

mission electron microscopy [1,2] and will explain different techniques
to sense with electrons for microwave manipulated spin states of the
sample. This could enable state-selective observation of spin dynamics
on the nanoscale and indirect measurement of the environment of the
spin systems, providing information on, for example, atomic structure,
local chemical composition and neighbouring spins.

[1] P. Haslinger, S. Nimmrichter, and D. Rétzel, Spin Resonance
Spectroscopy with an Electron Microscope, Quantum Sci. Technol. 9,
035051 (2024). [2] A. Jaros, J. Toyfl, A. Pupié¢, B. Czasch, G. Boero,
I. C. Bicket, and P. Haslinger, Electron Spin Resonance Spectroscopy
in a Transmission Electron Microscope, arXiv:2408.16492 (2024).

0O 26.4 Tue 11:30 H2
Observation of Kapitza-Dirac effect with fast electrons —
oKamiLA MoriovAl, PETR KouTENskY!, MAaRius CONSTANTIN
CHIRITA MIHAILAY, ZBYNEK SOBANZ, ANDREAS SCHERTEL3, JAROMIR
KopPecEk?, and MarTIN KozAk! — lFaculty of Mathematics and
Physics, Charles University, Prague, Czech Republic — 2Institute of
Physics, Czech Academy of Sciences, Prague, Czech Republic — 3Carl

Zeiss AG, Oberkochen, Germany

Advancing ultrafast electron microscopy relies on coherent control of
free electron wavefunctions. While most research focuses on elec-
tron interactions with optical near-fields, an all-optical approach using
ponderomotive forces offers a promising alternative for manipulating
pulsed electron beams. The Kapitza-Dirac effect [1], where free elec-
trons diffract coherently from a standing light wave, enables momen-
tum transfer via stimulated Compton scattering. However, its appli-
cation has been limited to low-energy electrons due to challenges in
resolving small deflection angles of electron beams caused by photon
absorption and emission.

We report the observation of the Kapitza-Dirac effect in a scanning
electron microscope using high-energy (20 keV) electrons. Photon side-
bands in the electron transverse momentum spectrum are detected in
a convergent beam diffraction geometry using spatial filtering. This
effect can serve as a coherent electron beam splitter or phase plate in
various types of electron microscopes and paves the way for exploring
fundamental electron-light interactions.

[1] Freimund, D. L. et al. Nature 413, 142 (2001)

O 26.5 Tue 11:45 H2
Recent results of the ultrafast scanning electron micro-
scope in Erlangen — eSTErANIE KrAUS!, ToMas CHLouBal, Roy
SuiLon!, LEoN BRUCKNER!, JuLiaNn LiTzeL!, ZHEXIN ZHAO!, VI-
AcHESLAV KoroLev!, MANUEL KoNRAD!, TarsuNori SHiBuyal:3,
and PrTER HomMELHOFF1'2 — 1Department Physik, Friedrich-
Alexander-Universitdt Erlangen-Niirnberg (FAU), 91058 Erlangen
— 2Department Physik, Ludwig-Maximilians-Universitit Miinchen
(LMU), 80799 Miinchen — 3AIST, Tsukuba, Japan

Ultrafast electron microscopy is revolutionizing the capabilities of elec-
tron microscopes, allowing for unprecedented spatial and temporal
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resolution. Closely related is the coupling of electrons and optical
nearfields, which is based on the excellent electron pulse properties
an ultrafast scanning electron microscope (USEM) can provide. We
have leveraged the interaction of electrons with the near field of a peri-
odic structure to achieve sub-femtosecond electron pulse compression
as well as laser acceleration of electrons. This advancement enhances
temporal resolution and facilitates large beam energy variations, en-
abling detailed investigations of ultrafast dynamics. In this talk, we
will provide an overview of our recent progress, including electron en-
ergy modulation in larger structures illuminated with 10 micrometer
light as to enhance the current throughput, electron bunch compres-
sion, and the latest experimental results.

0 26.6 Tue 12:00 H2
FEL-based core-cum-conduction momentum microscopy of

ultrafast charge-density-wave dynamics — eN. Winph2:3,
2

M. Heser!3, D. Kurnvaknov!, L. WEeNTHAUs!, J. DILLINGZ,
L. BruckMEIER?, S. CurerNov!, O. Tkacu?, A. Mguta®, J.
KoraLEk®, G. Dakovski®, J.A. Sosota®, P.E. Majcarzax®, D.
PunteLS, D. LivS, G. Scuonuense?, H.J. ELmers?, Z.X. SueNS,
M. Schuorz!, and K. RossNaceL!'2 — 1Deutsches Elektronen Syn-
chrotron DESY, 22607 Hamburg, Germany — 2Christian-Albrechts-
Universitéit zu Kiel IEAP, 24098 Kiel, Germany — 3 Universitit Ham-
burg, IExP, 22761 Hamburg, Germany — %Johannes Gutenberg-
Universitit, Institut fiir Physik, 55128 Mainz, Germany — °SLAC
National Accelerator Laboratory, Menlo Park, CA 94205, USA —
6Stanford University, Institute for Materials and Energy Science, CA
94305, USA

Transition-metal dichalcogenides (TMDCs) offer a rich platform for
studying novel forms of quantum and nanoelectronics in layered struc-
tures approaching the 2D limit. Among them, 1-T TaSs has been ex-
tensively studied due to its various charge-density-wave (CDW) phases.
Here, we provide novel insights into the CDW melting in 1-T TaSs,
using time- and angle-resolved photoemission spectroscopy with a mo-
mentum microscope at the free-electron laser FLASH in Hamburg.
Our near-infrared pump—FEL probe experiment uncovers momentum-
dependent conduction-band dynamics and core-level responses, ad-
vancing our understanding of ultrafast coupled electronic and struc-
tural dynamics.

O 26.7 Tue 12:15 H2
Developing a versatile fiber-based cathodoluminescence de-
tection system for an ultrafast scanning electron microscope
— oPaur H. Birrorr!, FiLip MassTorovic!, and Naump TaLesi!:?
— lInstitute for Experimental and Applied Physics IEAP, Kiel Uni-
versity, 24118 Kiel, Germany — 2Kiel Nano, Surface and Interface
Science KiNSIS, Kiel University, 24118 Kiel, Germany

Cathodoluminescence (CL) is emitted when a high-energy electron
beam interacts with materials like minerals, semiconductors and plas-
monic nanoparticles. Depending on the underlying interaction mech-
anisms of electrons with the sample this radiation can be coherent or
incoherent, where both spectral and temporal statistics can be unrav-
eled for material characterization. Thanks to the high spatial resolu-
tion and large spectral excitation bandwidth of the electron beams, we
could resolve the spatial far-field distribution of locally probed pho-
tonic modes by CL microscopy. Moreover, we combined a commercial
scanning electron microscope (SEM) with an ultrafast laser system to
obtain a pulsed electron beam via the photoemission process. In ad-
dition to the excitation by the pulsed electron beam, a time-delayed

laser pulse is focused onto the sample to induce an optical near-field
and achieve a time-resolved pump-probe measurement. The interac-
tion properties of electrons with nanostructured matter are analyzed
through the emitted CL. Here, we report on technical aspects and the
implementation of a multimode fiber-based CL detection system in-
side an ultrafast SEM and highlight its functionality by performing
CL spectroscopy and time correlated single-photon counting.

0 26.8 Tue 12:30 H2
Ultrafast Electron Diffraction and Microscopy of Structural
Phase Transitions at Megahertz Rates — oTiLL DoMROsE!2
and Craus Ropers!? — 'Max Planck Institute for Multidisciplinary
Sciences, Gottingen, Germany — 24th Physical Institute, University
of Gottingen, Germany

Control over laser-induced structural phase transformations promises
tuning of macroscopic materials properties on femtosecond timescales.
Ultrafast electron diffraction (UED) elucidates the spatially averaged
evolution of lattice symmetries and phonon populations during the
transitions. However, resolving nanoscale structural heterogeneity in
these measurements remains challenging due to the reduced brightness
of pulsed electron beams. Here, we overcome fundamental limitations
in the stroboscopic investigation of structural dynamics in thin mate-
rial films by UED and ultrafast electron microscopy. A high-coherence
electron source offers enhanced momentum resolution in collimated
electron nanobeams, while thermally-optimized sample supports en-
able reversible driving of structural transitions at high duty cycles [1].
Utilizing the associated gain in coherent electron current, we conduct
nano-UED investigations of charge-density wave dynamics in layered
materials, tomographically reconstructing three-dimensional phase for-
mation kinetics in 1T-TaSs [2], and revealing a femtosecond structural
quench in 177-TaTey cycled at a repetition rate of 2 MHz [3].

[1] T. Domrdse, et al., arXiv:2410.02310 (2024)

[2] T. Domrose, et al., Nature Materials 22(11) (2023)

[3] T. Domrése, C. Ropers, Physical Review B 110(8) (2024)

0 26.9 Tue 12:45 H2
From Electron-Photon Ghost Imaging Towards Entangle-
ment Certification — ®ALEXANDER PREIMESBERGERD'Z, SERGEI
Boapanov!:2, PuiLa ReEmBOLD!, SANTIAGO BELTRAN-ROMEROLZ,
Dowminik Hornor!2| IsoBeL C Bicker!2, Nicorar Frus!, Eriz-
ABETH AcupteLo!, DENNis RATzeL3, and PuiLipp HasLINGERDZ —
1VCQ, Atominstitut, TU Wien, Vienna, Austria — 2USTEM, TU
Wien, Vienna, Austria — 3ZARM, University of Bremen, Bremen,
Germany

Time-resolved detection of single electrons and their associated
cathodoluminescence (CL) photons enables the identification of co-
incident electron-photon pairs. We recently employed this technique
to study the tight momentum correlations generated by coherent CL
within a transmission electron microscope [1]. In this contribution, we
demonstrate ghost imaging using electron-photon pairs in both near-
field and far-field configurations. In photonic quantum optics, the
ability to produce such images is used to investigate quantum entan-
glement in photon pairs [2]. We discuss how to translate this concept
to electron-photon states and introduce a robust method to certify and
quantify their entanglement using measurements in mutually unbiased
bases.

[1] A. Preimesberger et al., arXiv:2409.12216 (2024). [2] R. S. Ben-
nink et al., Phys. Rev. Lett. 92 (2004).



