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Ultrafast momentum microscopy of exciton dynamics at ZnO

surfaces — eHAsHIMA MARUKARA, PAauL WERNER, JAN PHILIPP
Bance, G S MarTHIJs JANSEN, WIEBKE BENNECKE, JUNDE Liu,
and STEFAN Marnias — Georg-August-Universitat Gottingen, I.

Physikalisches Institut, Germany

ZnO is a prototypical wide-band-gap material with long-lived exci-
tons, making it a central platform for modern optoelectronic and cat-
alytic technologies, especially for investigating exciton-related phenom-
ena [1]. Excitons*bound electron*hole pairs that can exist in various
forms near the surface, significantly shape the material*s optical and
electronic response and play an essential role in interfacial energy-
conversion processes [2]. However, studies that directly characterize
these excitons, particularly if they are defect-mediated, localized or
mobile, or predominantly Frenkel- or Wannier-type, remain limited.

Here we address these questions using time-resolved momentum mi-
croscopy to map the fingerprints of excitons in energy, momentum
and time [3]. We present first experimental momentum-space maps of
the ZnO(10-10) surface exciton states and track their real-time evo-
lution following photoexcitation. We observe clear signatures of sur-
face exciton formation, including their emergence in the unoccupied
band structure and their subsequent relaxation dynamics on ultrafast
timescales.

[1] Gierster et al., Nat Commun 12, 978 (2021) [2] Deinert et al.,
Phys. Rev. Lett. 113 057602 (2014) [3| Bennecke et al., Nature Phys.
(2025), https://doi.org/10.1038 /s41567-025-03075-5
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Investigating the light-induced metallization of ZnO through
time-resolved photoemission spectroscopy — GiaNn MAaRrco

PieranTozzi', FEDERICO MorTi!, MAaATTEO GATTI?, ®MONIKA

ScuiED!, ALicE CrRosaTO3, THOMAS SARTORI®, Riccarpo CuUcINI?,
Grorcio Rossi'#, Fausto SiroTTI?, and GIaNcARLO PaNaccrone!
— ICNR - Istituto Officina dei Materiali (IOM), Trieste, Italy
— 2Ecole polytechnique, Paris, France — 3Universita Ca’ Foscari

Venezia, Italy — 4Universita degli Studi di Milano, Italy

With a direct bandgap of ~3.4 €V and a high exciton binding energy
(~60 meV), ZnO is ideal for optoelectronics and excitonic studies. Un-
der optical excitation, the system shows ultrafast metallization with
several relaxation timescales [1,2]. The relevance of defects in stabiliz-
ing the photoinduced metallic state is known, but many aspects of the
processes remain unclear. Here we investigate the ultrafast dynamics of
the optically populated conduction band and the Zn 3d core level with
time- and angle-resolved photoemission spectroscopy after resonantly
pumping, in order to disentangle the excitations of defect levels. Our
experiments cover the whole metallization process in ZnO. We observe
a fast rise in the conduction band population within 100 fs, a slower
temperature-dependent rise, probably due to carrier transport and re-
distribution, a decay on the ns timescale and a long-lasting metastable
state. All these dynamics occur also pumping below resonance, albeit
to a lower extent, highlighting the role of the defect levels.

[1] L. Gierster et al. Nat. Comm. 12:978 (2021);

[2] L. Gierster et al., Far. Disc. 237, 58 (2022)
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Ultrafast electron dynamics in charge-transfer insulators
LaFeO3(001) and BiFeO3(001) — eFRIEDERIKE W UHRL, ANTONIA
RiecHE, ANNE OELSCHLAGER, KATHRIN DORR, and WoLF WIDDRA
— MLU Halle-Wittenberg

The electron dynamics in strongly correlated systems, where electron-
electron correlation leads to band gap opening, are highly unexplored.
One example is the prototypical charge transfer insulator NiO, which
shows a remarkable short lifetime of <10 fs at the conduction band
minimum, relaxing in a many-body in-gap state, which couples to
the antiferromagnetic spin system [1]. Here we are extending our
time-resolved studies to the unoccupied states of epitaxial antiferro-
magnetic LaFeO3(001) and ferroelectric BiFeO3(001) thin films grown
on SrRuO3/DyScO3(001) substrates. We use two-photon photoemis-
sion in a UV-UV pump-probe experiment, exciting electrons across the
band gap, which opens between strongly hybridized oxygen 2p/Fe 3d
and Fe minority states for both perovskites. We find in both sytems a
broad state at ~ 1.3 eV above Ep with a short lifetime of 20 fs, whereas
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the conduction band minimum shows a multiexponential decay with
timescales in the femtosecond to picosecond range. The different decay
channels show an energy dependent increase of lifetimes towards the
Fermi level. Comparing BiFeO3 and LaFeOs, the decay channels differ
solely in their amplitudes, with a higher probability for the fast decay
channel in LaFeOs.

[1] Gillmeister et al. Nat. Commun. 11, 4095 (2020).
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Ultrafast Formation and Annihilation of Strongly Bound
Anisotropic Excitons in CrSBr — eLawson T. Lroyp!, Towm-
mMaso PinceLLi'2, MonaMmeEp A. WanapA!, ALEssanDRo DE
Vital2, FErpINAND MENzEL3, Kseniia Mosina%, Tvorio H. L.
G. CasTro!, ALEXANDER NEEF!'2, ANDREAS V. STIER3, NATHAN
P. WiLson®, ZDENEK Sorer?, JoNaTHAN J. FINLEY3, MARTIN
WoLr!, Laurenz RerTiG!, and RaLpu ERNSTORFER!2 — lFritz-
Haber-Institut der Max-Planck-Gesellschaft, Berlin, Germany —
2Technische Universitit Berlin, Berlin, Germany — 3Technische Uni-
versitdt Miinchen, Garching, Germany — *University of Chemistry
and Technology Prague, Prague, Czech Republic

Excitons dominate the optical response and determine the functional-
ity of atomically thin semiconductors. In the van der Waals magnetic
semiconductor CrSBr, strongly bound, anisotropic excitons couple to
the underlying spin order, which could be leveraged in next-generation
opto-spintronics. However, mechanisms of exciton formation, disso-
ciation, and interaction with free carriers remain largely unexplored.
Employing time- and angle-resolved photoemission spectroscopy, we
probe the nature of the exciton in CrSBr by directly imaging the
nonequilibrium electronic states, extracting fundamental properties of
the excitonic wavefunction and revealing the driving mechanisms of
exciton relaxation on ultrafast timescales. Notably, we observe an
excitation-density-dependent interconversion between bound excitons
and quasi-free carriers, indicating that many-body effects govern the
excited state dynamics during the initial stages of relaxation.
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Large relative delays for photoemission final states less than 1
eV apart — eTILLMANN SCHABBEHARD, ANDREAS GEBAUER, WAL-
TER ENNs, Luis MascHMANN, and WALTER PFEIFFER — Universitat
Bielefeld, Universitatsstr. 25, 33615 Bielefeld

The reconstruction of attosecond beating by interference of two-photon
transitions (RABBITT) allows probing photoemission dynamics in
atoms, molecules and solids. However, the interpretation of retrieved
relative delays between different emission channels in particular for
emission from solids is controversial. Here we employ spin-orbit de-
lays in GaSe by RABBITT, i.e., relative delays for emission from the
different initial states of the spin-orbit doublet, to investigate the rela-
tive photoelectron kinetics in emission channels, which differ less than
1 €V in their final state energy (Egpna1). Despite the small spin-orbit
splitting for both Ga3d and Se3d the extraction of relative delays for
the two spin-orbit doublets yields 180+53 as and 94445 as. These un-
expectedly large delays can neither be attributed to intraatomic delay
mechanisms nor to kinetic propagation effects in the final state contin-
uum. This challenges common concepts about photoelectron emission
dynamics, which predict much smaller delays for Egp,) differences be-
low 1 eV. Notably, the Se3d spin-orbit delay in GaSe agrees well with
those observed in BizSez and WSes indicating a general high variabil-
ity of emission dynamics as function of the Eg,,. Predictions based
on the one step model, which take into account transport via prop-
agating and evanescent states match observations much better, while
modelling based on propagation effects in the final state alone fail.

0 38.6 Tue 11:45 TRE/MATH
Lightwave-driven flat bands in a van der Waals crystal

— oCHANGHUA Bao!, VINCENT EcGERs!, MANUEL MEIERHOFER!,

Jakos HeLMmL!, Lasse MONSTER!, Sucuru ITo?, LEON MAacHTL!,
SARAH ZAJjuscH2, Giacomo INzant!, Lubpwic WITTMANNY, MAR-
LENE LieBicu!, RoBErRT WALLAUER?, ULricH HorerD2, and Ru-
PERT HUBER! — !Department of Physics, University of Regensburg,
Regensburg, Germany — 2Department of Physics, Philipps-University

of Marburg, Marburg, Germany
Flat bands lead to an extremely high density of states and suppressed
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kinetic energy, thereby increasing electronic correlations and leading
to intriguing light-matter interaction. Here, we reveal the band struc-
ture of the van der Waals crystal NbOCIly using photoelectron mo-
mentum microscopy. We directly map out an electronic band that is
flat throughout the entire Brillouin zone and well isolated from both
the conduction and remote valence bands. By utilizing subcycle pho-
toemission spectroscopy [1,2], the dynamics of the flat band under
atomically strong mid-infrared light fields are explored. Intriguingly,
the carrier field of light induces long-lived collective modes, which are
resolved with subcycle precision. These collective modes not only ac-
celerate the electrons but also renormalize the energy of the flat band.
We investigate the microscopic mechanisms of these dynamics, high-
lighting novel possibilities of flat bands in strong-field physics.

[1] Reimann et al., Nature 562, 396 (2018); [2] Ito et al., Nature
616, 696 (2023)
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Spin-orbit entangled exciton formation in a 2D correlated
semiconductor — eTaNiA MUKHERJEE!'2, LawsoNn T. Lroypl,
ALessaNDRO DE Vital2, MarTiIN WoLr!, Laurenz REetTIG!,
RaLPH ERNSTORFER!2, and Tommaso PiNnceLLit»2 — 1Fritz-Haber-
Institut der Max-Planck-Gesellschaft, Berlin, Germany — 2Technische

Universitat Berlin, Berlin, Germany

Excitons govern the magneto-optical properties in spin-ordered 2D
materials. NiPS3, a layered antiferromagnetic semiconductor, has re-
cently gained significant attention because of its unconventional exci-
tonic behaviour. Previous literature suggests that excitons are com-
posed of bound electron and holes pairs in a highly spin and orbitally
entangled Zhang-Rice-singlet state, resulting in strong coupling with
the underlying magnetic ordering.However, the microscopic mecha-
nism that governs the exciton formation remains elusive and unex-

plored. Using time- and angle-resolved photoemission spectroscopy, we
map the electronic structure and the excited state dynamics of NiPS3
across the magnetic phase transition and, for the first time, observe
directly the long-lived exciton footprint below the Néel temperature.
This paves the way for exploring similarly complex excitonic behavior
in other layered correlated materials.
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Understanding resonantly enhanced light-induced super-
conductivity in K3C60 — eMicuaeL A. SenTEF-2, Juan I
Aranzapi!', Paur FapLer!, and Josepu Tinparn® — lInstitute for
Theoretical Physics, University of Bremen — 2Max Planck Institute
for the Structure and Dynamics of Matter, Hamburg — 3Center for
Computational Quantum Physics, The Flatiron Institute, New York

Light-induced superconducting-like responses have been observed in
K3C60 when driving with mid-infrared laser pulses [1], with a pro-
nounced 10 THz resonance reported more recently [2]. Here we address
the microscopic origin of this resonance. Using numerical calculations
on finite clusters for a realistic multi-orbital model of K3C60 we simu-
late the effect of a periodic drive on the strongly correlated system. We
find a sharp enhancement of pairing correlations when the drive fre-
quency is tuned close to 10 THz, in agreement with experiment. The
microscopic origin of this enhancement and its potential implications
for a light-induced hidden phase [3] will be discussed. Our results
thus provide a microscopic explanation for the resonantly enhanced
light-induced superconducting-like state in K3C60 and strengthen its
interpretation as being closely connected to superconducting pairing
rather than to purely optical or nonthermal population effects.

[1] Mitrano et al., Nature 530, 461-464 (2016). [2] Rowe et al., Na-
ture Physics 19, 1821-1826 (2023). [3] Budden et al., Nature Physics
17, 611-618 (2021).



