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ABSTRACT

Light is a preeminent spectroscopic tool for investigating the electronic structure of surfaces. Time-resolved
photoelectron spectroscopy has mainly been developed in the last 30 years. It is therefore not surprising that the
topic was hardly mentioned in the issue on “The first thirty years” of surface science. In the second thirty years,
however, we have seen tremendous progress in the development of time-resolved photoelectron spectroscopy
on surfaces. Femtosecond light pulses and advanced photoelectron detection schemes are increasingly being
used to study the electronic structure and dynamics of occupied and unoccupied electronic states and dynamic
processes such as the energy and momentum relaxation of electrons, charge transfer at interfaces and collective
processes such as plasmonic excitation and optical field screening. Using spin- and time-resolved photoelectron
spectroscopy, we were able to study ultrafast spin dynamics, electron-magnon scattering and spin structures
in magnetic and topological materials. Light also provides photon energy as well as electric and magnetic
fields that can influence molecular surface processes to steer surface photochemistry and hot-electron-driven
catalysis. In addition, we can consider light as a chemical reagent that can alter the properties of matter by
creating non-equilibrium states and ultrafast phase transitions in correlated materials through the coupling
of electrons, phonons and spins. Electric fields have also been used to temporarily change the electronic
structure. This opened up new methods and areas such as high harmonic generation, light wave electronics and
attosecond physics. This overview certainly cannot cover all these interesting topics. But also as a testimony
to the cohesion and constructive exchange in our ultrafast community, a number of colleagues have come
together to share their expertise and views on the very vital field of dynamics at surfaces. Following the
introduction, the interested reader will find a list of contributions and a brief summary in Section 1.3.
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Fig. 1. Energy diagram of time-resolved photoemission.

1. Introduction

Angle-resolved photoemission allows to measure the dispersion of
the occupied band structure (valence bands and core levels) at sur-
faces. Time-resolved photoemission probes the electronic structure as
a function of the time after the excitation of the surface by a pump
pulse. The pump pulse excites electrons from previously occupied
states into unoccupied states (conduction bands). The probe pulse of
the time-resolved photoemission experiment may sample the reduced
population in the valence bands or the temporary population in the
conduction bands. The latter signal detects electrons in an energy
window without signal in the absence of the pump pulse. In contrast
can the valence-band population only be reduced by a small proportion
without destroying the sample which makes this effect more difficult to
detect. However, changes of the valence-band structure following for
example an optical-induced phase transition may be resolved.

1.1. Modes of time-resolved photoemission

Two different modes can be distinguished in time-resolved photoe-
mission (Fig. 1):

+ In time-resolved photoelectron spectroscopy (tr-PES) the probe
photon energy exceeds the work function @ = E;, — E. This leads
to a large signal from the occupied valence bands. The electrons
pumped to the conduction bands appear in the spectra at higher
energy, but for metals on top of the tail of the Fermi distribution
of thermally and optically excited electrons. The higher kinetic
energies of the emitted electrons, however, allow to sample the
whole surface Brillouin zone in an angle-resolved photoemission
experiment.

Two-photon photoemission (2PPE) requires photons from pump
and probe pulse to emit electrons from the sample, i. e. both
photon energies are smaller than the work function of the sam-
ple. This mode provides spectra with low background limited to
a rather narrow range of electron energies and of the surface
Brillouin zone.

In both modes energy spectra at fixed pump-probe delay or time scans
at a selected energy may be recorded.

The pump pulse is usually provided by a pulsed laser source. The
photoemission probe also has to be pulsed and synchronized to the
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pump pulse with an adjustable time delay. The most convenient way
is the generation of the probe pulse from the same laser source as
the pump pulse. This may be achieved by frequency doubling, tripling
or quadrupling of the laser pulse in nonlinear crystals. Higher photon
energies can be generated as higher harmonics in gas cells. In a free-
electron laser the photocathode may be triggered by the laser source.
More elaborate is the exploitation of pulsed synchrotron radiation
which requires considerable effort to synchronize the laser source with
the electron bunches circulating in the storage ring. Any electron
spectrometer may be used for electron detection. The pulsed nature of
the laser source offers the possibility of time-of-flight spectroscopy for
repetition rates <1 MHz. In this detection mode all the electrons emitted
by a laser pulse can be registered regardless of their kinetic energy.

1.2. Development of time-resolved photoemission

The advances of time-resolved photoemission are closely related to
the availability of pulsed laser sources. The first time-resolved photo-
electron spectroscopy was reported from ZnTe in 1982 and employed
5 ps pulses at a repetition rate of 1 Hz [1]. Experimental progress
was made towards angle-resolved tr-PES by using higher photon ener-
gies and time-of-flight detection on the InP(110) surface [2]. Excited
electrons relax on metal surfaces on much shorter time scales than
on semiconductors. In 1988 the first 2PPE experiment using 55 fs
laser pulses at a repetition rate of 8 kHz from image-potential states
on Ag(100) was reported [3]. The surface space-charge dynamics and
surface recombination on Si(111) surfaces was the first study using
combined laser and synchrotron radiation with 20 ns pulses at a
repetition rate of 6 kHz [4]. The further development of laser sources
has led to a steady advancement of the experimental possibilities which
are in part reviewed in other contributions of this chapter. Today laser
pulses achieve attosecond precision [5] with complete control of the
electric field [6] (see also Chs.9 and 10). Developments in effective
electron detection will be described in Chs. 6 and 11.

1.3. List of contributions

This article reviews important aspects of electron dynamics at sur-
faces and their analysis by time-resolved photoelectron spectroscopy.
The individual chapters listed below have been contributed by authors
working in the field. We do not claim to cover the field but still hope
to give a reasonable overview.

1. Introduction

2. Image-potential states
Thomas Fauster
Image-potential states on metal surfaces have lifetimes in the
femtosecond range and serve as an ideal testbed for investigating
various aspects of 2PPE in considerable detail. The knowledge
acquired from these studies can be transferred to adsorbate or
adlayer systems relevant in many areas of surface science.

3. Carrier relaxation in graphene and graphite
Michael Bauer
Over the past two decades, the relaxation and thermalization dy-
namics of photoexcited charge carriers in graphite and graphene
have been thoroughly investigated using various types of ultra-
fast techniques. This chapter reviews our current understanding
of the microscopic interactions and the relevant time scales
involved in this process, focusing on the contributions of time-
and angle-resolved photoemission to this topic.

4. Femtosecond solvation dynamics of Cs* ions at solid inter-
faces
Uwe Bovensiepen and Karina Morgenstern
Alkali ions coadsorbed with a solvent on metal surfaces represent
a model system for metal-electrolyte interfaces. Their prepara-
tion under ultrahigh vacuum conditions allows to exploit the
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quantitative insights available from well-established surface sci-
ence methodology. Here, microscopic information on the atomic
structural and femtosecond electron transfer driven dynamics is
presented.

. Ultrafast dynamics of photostationary states in time-

resolved photoemission

Julia Stdhler and Lukas Gierster

Excited states with lifetimes exceeding the inverse repetition rate
of commonly used light sources in time-resolved photoemission
studies can play a crucial role in data analysis and interpretation,
but are easily overlooked despite their abundance. The resulting
photostationary states may have very different physical and
chemical properties than the ground state and, moreover, serve
as the precursor for photoinduced phase transitions.

. Time-resolved momentum microscopy of 2D materials

Jan Philipp Bange, Marcel Reutzel, and Stefan Mathias

The optoelectronic properties of two-dimensional van der Waals
semiconductors and their heterostructures are dominated by
tightly bound electron-hole pairs called excitons. The energy
landscape of excitons is complex and not fully accessible with all-
optical spectroscopies, because most excitons in two-dimensional
materials are optically dark, including, e.g., dark intralayer,
hybrid, and interlayer excitons. Time-resolved momentum mi-
croscopy turned out to be a powerful tool to firstly identify such
dark exciton states in momentum space and to secondly follow
their ultrafast formation and thermalization dynamics.

. Time-resolved photoemission electron microscopy

Martin Aeschlimann and Benjamin Stadtmiiller

Time-resolved photoemission electron microscopy, or tr-PEEM,
is one of the most widely used methods to study ultrafast charge
and spin carrier dynamics on the nano- and mesoscopic scale.
In this chapter, we will first summarize the main features of
modern tr-PEEM experiments. Then, we will give an insight into
pioneering work in the field of tr-PEEM, focusing on exemplary
cases from the fields of plasmonics as well as semiconductor
surfaces and interfaces.

. Ultrafast Spin Dynamics probed by tr-ARPES

Martin Weinelt

I give a brief introduction to the field of ultrafast magneti-
zation dynamics and highlight some of the contributions that
time-resolved photoelectron spectroscopy has made to the mi-
croscopic understanding of femtosecond spin dynamics.

. The transition from perturbative to nonperturbative multi-

photon photoemission

Hrvoje Petek, Andi Li, Zehua Wang, Marcel Reutzel, Xintong Li,
Shijing Tan, and Bing Wang

The transition region, where light interaction shifts from pertur-
bative one driving of multiphoton excitation to nonperturbative
one driving of electron currents at PHz frequencies, is particu-
larly rich for the discovery of novel light-matter phenomena.
Here we present research on novel coherent phenomena for
the well-known surface states of Cu(111) and Ag(111) oriented
single crystals, and perform coherent spectroscopy with sub-
optical cycle resolution to explore how these similar materials
respond differently to intense optical fields. Our intent is to build
on well-established topics in surface science to open new areas
of research in surface and solid-state ultrafast quantum physics.
Subcycle Photoemission

Ulrich Hofer and Rupert Huber

Elementary processes underlying strong-field light-matter inter-
action, high-harmonic generation, and all-optical band-structure
engineering are now becoming accessible in direct band-
structure videography. Exemplifying the scope of these new pos-
sibilities, this chapter will illustrate subcycle photoemission of
lightwave-driven Dirac currents and the birth of Floquet-Bloch
bands in the surface of a topological insulator.
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11. Progress in momentum imaging
Gerd Schonhense and Hans-Joachim Elmers
The key element of photoelectron emission microscopes and
momentum microscopes is the cathode lens, with the sample
being an integral part of the lens. A large electrostatic field
between sample and first electrode, although prohibitive for
non-flat samples, was considered mandatory to achieve high
lateral resolution. A novel front lens configuration enables the
reduction of the electrostatic field at the sample surface to zero
and even to negative values. Experimental results confirm the
functionality of this approach.

12. Time-resolved FEL photoelectron spectroscopy
Markus Scholz and Kai Rossnagel
Advances in high-repetition-rate free-electron lasers (FELs) are
opening new possibilities for time-resolved photoelectron spec-
troscopy, enabling the dynamical investigation of quantum ma-
terials, soft matter systems, and interfacial reactions. The com-
bination of valence- and core-electron spectroscopy allows the
detailed tracking of coupled electronic dynamics and atomic mo-
tion on the femtosecond timescale with high momentum resolu-
tion and atomic site specificity. The ongoing development of FEL
and photoelectron spectrometer technology promises unprece-
dented sensitivity and multimodality to dissect and correlate the
electronic and structural response to optical or lower energy
excitation, providing novel valuable insights into the many-body
response of excited systems.

2. Image-potential states

Thomas Fauster

Image-potential states are loosely bound electronic states in front
of metal surfaces (Fig. 2) [7]. They arise from the long-range image
potential of an electron screened by the charge density in the metal.
The image-potential states form a series of unoccupied states labeled
by the quantum number » with energies E, = —0.85 eV /(n+a)? relative
to the vacuum level E,, and a free-electron-like dispersion parallel to
the surface. The quantum defect a accounts for the relative position
of the image-potential states in the projected bulk band gap [8]. The
states have lifetimes in the femtosecond range [3] and served as an
ideal testbed for investigating various aspects of 2PPE in considerable
detail. Fig. 3(a) shows a series of spectra for image-potential states on
Cu(001) for different time delays approximately normalized to the same
maximum peak height. The relative intensities change with time delay
indicating a lifetime increase with quantum number n. The maximum
of the probability density of the wave functions of the more loosely
bound image-potential states with higher quantum numbers is further
away from the surface reducing the overlap with bulk states which is
the dominating factor for decay. The decrease of the linewidth with
time delay visible for the n = 1 image-potential state in Fig. 3(a)
can be explained by modeling the 2PPE process using optical Bloch
equations [9].

Fig. 3(b) presents time-resolved scans at the energies of the first
three image-potential states on a semilogarithmic scale. From the linear
slope the lifetime is readily obtained and increases with quantum
number #. In the scan for the n = 3 state oscillations are visible which
originate from quantum beats by the coherent excitation of the n = 3
and 4 states [10]. The beating frequency allows a precise determination
of the energy difference between the two states. For higher quantum
numbers several states are coherently excited and wave packets develop
representing the transition to the classical picture of a particle bouncing
back and forth between the bulk and vacuum barrier [10].

The high dynamic range in time-resolved 2PPE spectra allows to
study scattering effects of electrons in image-potential states. The trace
for the n = 1 image-potential state in Fig. 3(b) changes slope for
delay times larger than 400 fs to a slope similar to the one for the
n = 2 state. The explanation is scattering of electrons from the n =
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and inelastic (I,,) scattering processes between image-potential states and bulk bands
(subscript b).
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Fig. 3. Energy- and time-resolved 2PPE from image-potential states on Cu(001).
(a) Series of spectra for various pump-probe delays. The spectra are approximately
normalized to the same maximum peak height by the factors given at the right. (b)
Traces as a function of pump-probe delay at the energies of the n = 1,2,3 image-
potential states on a semilogarithmic scale. The linear slope indicates an exponential
decay with lifetimes increasing with quantum number n.

2 state with its longer lifetime to the n = 1 state at times when
the initial population of the n = 1 state with a shorter lifetime has
already decayed. Such interband scattering processes can be inelastic or
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elastic. Detailed studies showed that inelastic processes are attributed
to electron—electron scattering [11] while the elastic processes occur in
scattering by defects [12] or steps [13].

Image-potential states can be resolved on metal surfaces without
band gaps in the projected bulk band structure [14] or on semiconduc-
tor surfaces [15]. The knowledge acquired from studies on clean metal
surfaces can be transferred to adsorbate or adlayer systems relevant in
many areas of surface science.

3. Hot carrier relaxation and thermalization in graphene and
graphite studied with time- and angle-resolved photoemission

Michael Bauer
3.1. Introduction

Due to its layered structure and simple band structure, graphite can
be considered as model system for the study of hot carrier relaxation
in interaction with a two-dimensional electronic environment. With the
first unambiguous production of graphene [16], which in simple terms
can be described as a single, one-atom-thick layer of graphite, this topic
became even more interesting: a thorough microscopic understanding
of the dissipative electronic processes in graphene and its parent com-
pound can provide important insights into the unique electronic and
optical properties of this fascinating material. In particular, one is inter-
ested in the ultrafast carrier dynamics near the Fermi energy Ep at the
K -points (H -points) of the Brillouin zone, where low-energy excitations
in graphene (graphite) resemble relativistic Dirac fermions [17,18].
In this context, all-optical time-resolved spectroscopies have in recent
years provided valuable insights into the involved mechanisms and
their relevance [19-22]. However, these techniques are indirect as they
often mix initial and final state contributions and, in particular, do not
provide momentum resolution.

In contrast, the capabilities of time-resolved photoemission enable
one to probe in an exceptionally direct way the ultrafast dynamics of
electronic excitations with energy and momentum resolution. These
techniques have ‘the potential to directly provide the out-of equilib-
rium single-particle spectral function, the statistical distribution of the
carriers, and its time evolution’ [23]. It is therefore not surprising
that time-resolved 2PPE was used to investigate the decay dynamics
of photoexcited charge carrier in graphite already shortly after it had
become an established technique in surface science [24,25]. However,
the low photon energies available in these two pioneering studies
limited the accessible momentum range to values close to the I'-point:
The time-resolved 2PPE signal only provided indirect access to the
relevant electronic states near K most likely via quasi-elastic scattering
into the accessible momentum range.

The development of high harmonic generation (HHG) sources,
which deliver short photon pulses in the extreme ultraviolet spec-
tral range [27,28], and their combination with state-of-the-art angle-
resolved photoemission (ARPES) [29,30] considerably extended the
photoelectron kinetic energy range available for time-resolved photoe-
mission experiments. This finally made it possible to access electronic
states at the boundary of a typical Brillouin zone or even beyond [31-
34]. The first time-resolved ARPES (tr-ARPES) studies on graphene
and graphite were published in 2013 [23,35,36] and numerous other
tr-ARPES results on the dynamics of hot charge carriers in these
materials have subsequently been published. In the following, the main
experimental and theoretical findings on the different processes and
mechanisms involved in the relaxation of hot charge carriers and their
characteristic time scales are comprehensively summarized. The focus
is on how this general picture has been formed or confirmed from the
results of the various tr-ARPES studies.
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Fig. 4. Photoexcitation and carrier relaxation dynamics in graphene and graphite. (a) Illustration of the sequential steps: Optical excitation of the carrier system generates an
anisotropic non-equilibrium distribution. Carrier—carrier and carrier-phonon interactions drive the electron system towards an FD-distributed electron system (internal thermalization).
The cooling of the electron gas is due to thermalization with the phonon bath. (b) Illustration of the photoexcitation process within the Dirac cone with linearly polarized light.
The red arrow indicates the direction of polarization. The absorption of the polarized laser pulse leads to an non-equilibrium energy distribution and to an anisotropic moment
distribution due to pseudospin selection rules. (c) Carrier relaxation within the Dirac cone of graphene as probed using tr-ARPES. (a) adapted from [26], copyright IOP Publishing.
Reproduced with permission. All rights reserved, (b) courtesy of H. Beyer, (c) reprinted figure with permission from [23]. Copyright (2013) by the American Physical Society.

3.2. Results

Fig. 4(a) schematically illustrates the sequential steps of excited
carrier relaxation within the Dirac cone of graphene (and graphite)
after the absorption of a linearly polarized ultrashort light pulse in the
near-infrared to visible spectral region. The optical excitation initially
generates a non-equilibrium carrier distribution characterized by a dis-
tinct deviation from the Fermi-Dirac (FD) distribution and an angular
population anisotropy in momentum space [see Fig. 4(b)]. The latter
is due to sub-lattice pseudospin selection rules for vertical interband
transitions within the Dirac cone and can, therefore, be associated with
an (optically induced) pseudospin polarization [37]. The recovery of a
complete thermal equilibrium state within the graphene layer involves
in a first step the (internal) thermalization of the photoexcited carrier
distribution and in a further step its cooling by interaction with the
lattice until finally electronic and lattice subsystems have reached the
same temperature. Over the last two decades various experimental and
theoretical studies could provide a comprehensive and quantitatively
consistent picture on the details of the individual steps, the relevant
interactions, and the characteristic time scales. The tr-ARPES data of
graphene shown in Fig. 4(c) give an idea of how this technique could
contribute to answering these questions: It is capable of directly map-
ping the changes in the distribution of hot carriers and their relaxation
pathways within the Dirac cone in energy-momentum space.

3.2.1. Internal thermalization

Energy relaxation. The internal thermalization of the nascent carrier
distribution restores both a FD distribution and an isotropic momentum
distribution. Interestingly, the two processes are driven by distinctly
different interactions and therefore take place on experimentally distin-
guishable time scales [40,41]. The formation of the FD distribution is
governed by carrier—carrier interactions via (nearly) collinear scattering
processes along the Dirac cone, which hardly affect the momentum
distribution of the hot carriers. This process is extremely efficient,
so that non-thermal contributions in the energy distribution of the
excited carriers disappear on exceptionally short time scales. Detailed
investigations of this process therefore rely on experimental setups that
offer a time resolution in the range of 10 fs or even below. Fig. 5(a)
shows energy distribution curves as a function of time delay evalu-
ated from tr-ARPES data of graphite recorded with a 10 fs-tr-ARPES
setup [38]. The data clearly reveal the non-equilibrium character of
the hot charge carrier distribution right at time zero and its complete
disappearance within 50 fs after photo excitation. In another study (of
graphene) conducted with a very similar experimental setup, further

details of the involved interaction processes could be uncovered [42].
By comparing the temporal evolution of the number of conduction band
electrons and their average kinetic energy, the authors were able to
show that the initial internal energy redistribution among the excited
charge carriers is dominated by impact ionization processes rather than
Auger heating, in qualitative agreement with results of an high-time
resolution all-optical study [21].

Momentum relaxation. The isotropization of the nascent momentum
distribution relies on interactions that redistribute the charge carriers
over the Dirac cone, i.e. it relies on non-collinear interactions that
are associated with a finite momentum transfer. The most important
mechanism here is the scattering of the hot charge carriers with optical
phonons at I" and K yielding characteristic time scales for the decay of
the momentum anisotropy (and the associated pseudospin polarization)
of several 10fs [41]. This view has been experimentally confirmed
e.g. by polarization-dependent all-optical pump-probe studies [22].
However, the momentum resolution of tr-ARPES is required to directly
map the momentum anisotropy within the Dirac cone and its decay:
Fig. 5(b), taken from Ref. [39], shows two-dimensional momentum
maps of the carrier population in the Dirac cone of graphene at the
energy of the nascent carrier population in the conduction band at
different time delays. Near time zero (—25 and +60fs), a momentum
anisotropy in the charge carrier distribution is clearly visible. It is
caused by the excitation with a laser pulse that is linearly polarized
along the x-direction. 175fs after the excitation this anisotropy is not
seen any more (the lack of photoemission intensity in and near the
—ky-direction does not reflect the momentum anisotropy, but is due
to photoemission matrix element effects and is also referred to as ‘dark
corridor’ [43]). Tracking the decay of the momentum anisotropy with
sufficient time resolution, a characteristic momentum isotropization
time (pseudospin decay time) of about 40fs has been reported [44].
It should be noted, however, that also (non-collinear) carrier—carrier
scattering can to some extent contribute to the loss of pseudospin polar-
ization [26]: Experimentally, this has just recently been demonstrated
in a fluence-dependent tr-ARPES study, which showed that the decay of
the momentum anisotropy slows down, when the laser-pump excitation
fluence is reduced [45].

Interestingly, the partial decoupling of energy and momentum relax-
ation on ultrashort time scales also results in a momentum anisotropy
in the electron temperatures (as deduced from fits of FD functions to
the charge carrier distributions at different momenta within the Dirac
cone) [39,44]. This effect is quite pronounced and can lead to transient
differences in the electron temperature within the Dirac cone of up to
several 100 K.
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Fig. 5. Non-equilibrium distribution and momentum anisotropy in the Dirac cone, investigated with tr-ARPES. (a) Energy distribution curves at different delays near time zero.
The dashed lines show the results of fitting a FD function to the experimental data before time zero and 50 fs after time zero. (b) Carrier momentum distribution at the energy
of the nascent carrier distribution near time zero. The polarization of the excitation laser pulse is aligned along the k, axis. The residual signal anisotropy at +175fs is due to
photoemission matrix elements. (a) Reprinted figure with permission from [38]. Copyright (2018) by the American Physical Society, (b) Reprinted figure with permission from [39].
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Direct signatures of the interaction of the photoexcited carriers with
the relevant optical phonons in graphite could be detected with a tr-
ARPES setup designed with specific emphasis on energy resolution
and using a high repetition cavity-based HHG source [46]. In the
study, well-separated spectral side peaks accompanying the nascent
non-thermal peak in the electron distribution were observed. The for-
mer appear at an energy of about 165 meV below the nascent electron
peak. This value corresponds exceptionally well to the energy of the
optical phonon mode at K relevant for the decay of the momentum
anisotropy. The side peaks are therefore indicative for intervalley scat-
tering processes from K to K’. In a combined tr-ARPES/time-resolved
Raman scattering study, it was furthermore shown that the hot charge
carriers indeed couple predominantly to the optical phonons at K. The
optical phonon branches at I" are mainly populated indirectly (delayed
by about 65 fs) via phonon—-phonon coupling [47].

3.2.2. Electron-lattice thermalization

Even though momentum isotropization involves electron-phonon
interactions, yet, the electronic and lattice systems are still out of
equilibrium. The further energy and momentum exchange between
these two subsystems can in principle occur via direct coupling of
carriers to the optical phonon bath and direct coupling to the acoustic
phonon bath. Pioneering THz time-domain spectroscopy experiments
on graphite implied very early that coupling to selected optical phonons
is particularly strong as long as the hot carrier temperature exceeds
the temperature of the optical phonons [19]. This was later sup-
ported by the findings on the decay of the pseudospin polarization
discussed above. It is this process that is expected to dominate the heat
exchange between carrier and lattice system after excitation with near-
infrared or visible wavelength: The coupling to the acoustic phonon
bath is in the first instance considerably suppressed due to momen-
tum mismatch [48]. However, as first proposed in a theory work by
Song et al. [49] and confirmed experimentally in transport measure-
ments [50] and an all-optical pump-probe study of graphene [51],
the situation can be more complex in the presence of defects: Defect
centers can act as an additional source of momentum, weakening the
constraints of momentum conservation for direct heating of the acoustic
phonon bath through interaction with the excited charge carriers. At
sufficient high defect densities, this channel can even equally contribute
to the electron-lattice heat exchange speeding up the rate at which both
subsystems equilibrate. We are therefore faced with two limiting cases
describing electron-lattice thermalization in graphite and graphene,
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Fig. 6. Cooling of the electron gas: thermalization with the lattice. (a) Schematic
representation of possible electron—phonon coupling channels for the cooling of hot
charge carriers. Supercollision (SC) scattering processes (left) allow overcoming the
intrinsic momentum imbalance ¢, in the direct coupling between hot carriers and
acoustic phonons (AP), where g, is the acoustic phonon momentum. In the hot-phonon
(HP) scenario (right), coupling to the lattice involves optical phonons (OP) that decay
into low-energy APs through anharmonic coupling (green arrows) (b) Experimental
electron temperature transients for different fluences compared to fits to the data based
on a three-temperature model (dashed line: SC model; solid line: HP model).

Source: (a) and (b) reprinted figures from [35] with permission.

© 2015 by the American Physical Society.

which are schematically illustrated in Fig. 6(a): For low-defect samples
carrier-lattice interaction is almost exclusively mediated by carrier-
optical phonon interaction. The heating of the acoustic phonon bath
is finally achieved by anharmonic coupling to the optical phonon
bath. This scenario is also referred to as hot phonon assisted (HP)
process. For high defect densities the carriers couple via both channels
efficiently to the lattice. This scenario is referred to as supercollision
(SC) model to account for the promotion of heat exchange by the
defects. Through targeted manipulation of the defect density it is indeed
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possible to gradually tune between these two limiting cases [51]. Both,
HP- and SC-type behavior could also be observed in tr-ARPES studies.
In a study of hydrogen-intercalated quasi-free-standing graphene a fit
of a three-temperature model to electron temperature transients [52]
evaluated from tr-ARPES data clearly showed that the carrier-lattice
thermalization occurs in a SC-mediated process [23]. In a study of
graphite (highly ordered pyrolitic graphite), a corresponding analysis
of the data showed that the heating of the lattice can only be described
consistently with an HP process [see Fig. 6(b)] [53].

3.3. Summary and outlook

Thanks to comprehensive theoretical and experimental efforts, we
have now achieved a detailed and quantitative understanding of the
microscopic processes involved in the relaxation of the nascent carrier
distribution in graphene and graphite initially generated by ultra-
fast optical excitation. As probably the most direct probe to study
electronic excitations in energy-momentum space, tr-ARPES has con-
tributed substantially to this impressive achievement. However, this in
no way means that this material class has lost its appeal as a fertile
playground for ultrafast spectroscopies. On the contrary, the many
fascinating properties of graphene in combination with flexible tuning
capabilities, e.g. in stacking 2D quantum materials on demand [54],
open up a wide range of possibilities for addressing fundamental ques-
tions in the context of light-driven and non-equilibrium processes in
low-dimensional systems. Recent examples clearly show that tr-ARPES
could and will be an indispensable tool and a key player in this concert.
These include phenomena such as the renormalization of quasiparti-
cle self-energies under nonequilibrium conditions [55,56], electronic
structure manipulation via Floquet engineering [57-59], carrier and
charge transfer dynamics in 2D homo- and heterostructures [60-62],
and light-field-driven Landau-Zehner-Stiickelberg interferences [63].

4. Femtosecond solvation dynamics of Cs* ions at solid interfaces

Uwe Bovensiepen and Karina Morgenstern
4.1. Electron transfer and solvation dynamics at interfaces

The interface of a solid electrode with a liquid electrolyte is a
fundamental problem in physical chemistry. It is characterized by the
formation of two layers of opposite polarity leading to an electrical
double layer addressed early on in the 19th century by Helmholtz [64]
by an electrostatic model of a dielectric interface. Nowadays, the com-
plexity of the problem, including microscopic interactions of the solvent
molecules, the ions, and electrode interface, is well established. In the
liquid electrolyte, diffusion of the ions is very important in addition. It
forms the foundation of various energy conversion applications which
are widely used in daily life. For an overview see Refs. [65,66].

Dedicated developments like photoelectron emission spectroscopy
operating under near ambient conditions made remarkable contribu-
tions towards a comprehensive understanding of the electrical double
layer [67]. Complementary efforts following a bottom up approach
using well established surface science techniques under ultrahigh vac-
uum conditions analyze the microscopic interactions at such interfaces
in a rather selective manner. Recent results of studies based on low
temperature scanning tunneling microscopy and non-linear photoelec-
tron emission spectroscopy with femtosecond time resolution gave very
detailed insight into the cooperation and/or competition of the local
interactions. The interfaces investigated are essentially solid structures
formed from ions and solvent molecules adsorbed at sufficiently low
temperature on single crystal metal surfaces to form stable structures.
Thereby, the surface represents the electrode and the ion-solvent ad-
sorbates the electrolyte. The adsorbed structures that exemplify the
electrolyte consist of ions and the solvent. In this contribution, we focus
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Fig. 7. (a) At the left, the solvated alkali cation on the metal surface is illustrated
with Ry_ being the distance of the ion core to the metal surface and ¢ the solvation

coordinate. Optical excitation by hv,,,, induces electron transfer from the metal to the

unoccupied valence resonance of the cation. At the right, this surface is sketched as part
of a tunnel junction with an applied bias voltage in a scanning tunneling microscope.
(b) Total energy of the neutral alkali C (alkali cation C*) adsorbed on a surface of a
metal M (M~ for an ionized alkali upon adsorption of a neutral alkali). The diagram
depicts the projection of a schematic two-dimensional potential energy surface along
two coordinates Ry;_c and g, see (a), representing the ion substrate distance Ry;_ and

a solvation coordinate ¢. Femtosecond laser pulses hv,,,, and hv,, combined with

photoelectron spectroscopy allow us the analysis of the population evolution on the
multidimensional potential energy surface and of the time-dependent interaction with
the electrode surface.

on Cs* cations on Cu(111) single crystal metal surfaces coadsorbed with
Xe and D, 0 as examples for non-polar and polar solvents, respectively.

Alkali ions on metal surfaces are widely investigated in surface
science. Already in early investigations by Taylor and Langmuir the
pronounced lowering of the work function of a tungsten substrate upon
adsorption of Cs has been attributed to the transfer of the alkali valence
electron to the metal substrate leaving a cation on the surface [68].
This understanding prevails for sufficiently low coverage of adsorbed
alkalis at which the mutual interaction between the alkali on the metal
surface is absent [69-73]. Upon adsorption of neutral Cs the 6s valence
electron is transferred to the metal substrate inducing the bonding of
the remaining Cs* cation to the metal surface. In detail, the charge
transfer is considered to be slightly smaller than 1 e~ due to back-
donation effects. In the experiments, the preparation of alkali cations
proceeds by evaporating neutral atoms from commercial getter sources
onto the metal surface on which the ionization forms spontaneously.

The charge transfer induces an unoccupied resonance in the elec-
tronic structure at the interface whose ultrashort lifetime has gener-
ated widespread interest in ultrafast surface dynamics. It appears in
two-photon photoemission spectroscopy (2PPE) as a very pronounced
spectral feature [71,74,75].

Fig. 7(a) depicts the adsorbed cation on the metal surface with
the distance of the ion core to the metal Ry_c. Optical excitation
by a photon energy hvy,,, in resonance with the Fermi energy Eg
of the metal as an initial state and the unoccupied valence electron
resonance as an intermediate state in 2PPE induces electron transfer
across the interface: M~ + Ct* — M + C. An electron can also be
transferred to the ion in a tunnel junction which is part of scanning
tunneling microscope as depicted at the right. The corresponding elec-
tronic excitation transiently neutralizes the ion within the lifetime of
the resonance 7. Importantly, it also weakens the ion-metal bonding,
inducing nuclear wave packet dynamics along Ry;_c since the final
state is an antibonding potential energy surface [76], as illustrated in
Fig. 7(b) at the left along the nuclear coordinate Ry;_c.
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In a next step, we consider a solvent coadsorbed with the alkali ions
on the surface to be similar to an electrolyte. The solvent polarizes the
environment of the alkali cation on the surface which can be described
by a rotation of the solvent dipole by an angle ¢ in polar solvents
like water or ammonia. In non-polar solvents the solvation coordinate
q describes the local charge redistribution in the solvent. The charge
transfer excitation in the solvated case (M~ + C*), — (M + C), launches
a dynamics also along g. The dynamics evolves therefore along two
coordinates R and ¢. It is important to realize that the excitation
starts from the stable ground state solvent coordinate ¢, representing
an energy minimum of the potential energy surface (M~ + C*),. It
reaches the potential energy surface (M + C), at an unfavored solvation
coordinate in a vertical transition, leading to an energy gain with the
evolution to g; in this excited state potential. The dynamic response
along the solvation coordinate prevails, while the electron transfer (M~
+ C*), » (M + C), weakens the solvation since an electron is attached
to the cation, neutralizing it.

To probe the dynamics in the time domain, a second femtosecond
laser pulse is spatially and temporally overlapped with the first one. The
relative time delay of both pulses is varied to analyze the evolution as
a function of time. Such a time-dependent 2PPE experiment employs
the pump-probe concept with the advantage of a weak background
in the 2PPE signal due to its non-linear character [77]. The probe
pulse photon energy hvp,q, is chosen (i) to be below the surface work
function @ to avoid linear photoelectron emission contributions and
(ii) to obtain a favorable photoemission matrix element at such final
states only few eV above the vacuum level E, .. The experimental data
reported in this contribution was obtained by a non-collinear 2PPE
autocorrelation measurement with Avyyn, = Avpyy, = 3.1€V which is
provided by the second harmonic of a Ti:sapphire amplifier.

From a surface science point of view, it is — more or less — obvious
that the atomic/molecular structure of surfaces is linked to the dy-
namics. It is therefore essential to provide a comprehensive analysis of
the surface structure [78]. Following earlier work [79-81], the authors
continued their collaboration on the topic of ion solvation at surfaces
presented here.

Here, we report on results obtained for one non-polar and one
polar solvent coadsorbed with Cs on Cu(111) to focus on the effect of
two qualitatively different solvents. Although non-polar solvents like
benzene and alkanes are well established, we decided to study xenon
as a non-polar solvent [82] because of its large atomic polarizability
and the expected pronounced effects. As a polar solvent, we studied
water as the most abundant one.

The experiments were performed in two different laboratories ded-
icated to low temperature scanning tunneling microscopy (STM) at
the Ruhr University of Bochum and time-resolved photoelectron spec-
troscopy at the University of Duisburg-Essen. The sample preparation
routines were coordinated between the two teams and the surfaces
prepared in the two laboratories are comparable to each other. The
Cu(111) surfaces were prepared by sputter-anneal cycles. The Cs atoms
were deposited at T = 200K from commercial Cs dispensers (SAES
getters). STM images were recorded at 8 K; 2PPE spectra were taken
at 25K and/or 80K. The alkali coverage was determined by counting
the ions on the Cu(111) surface using STM and an analysis of the work
function in 2PPE [69,70]. For further details on the sample preparation,
we refer to the corresponding original publications [83-85].

4.2. Cst/Cu(111) coadsorbed with Xe as a non-polar solvent

Xenon interacts with metal surfaces by van der Waals interaction.
The first monolayer (ML) desorbs from Cu(111) at 82K [83]. Adsorp-
tion of Xe at a coverage Ox,; < IML on a Cu(111) surface with
pre-adsorbed Cs* ions results in a carpet-like growth of Xe wetting
Cst/Cu(111) and forming a regular hexagonal structure. As concluded
from protrusions observed by STM within and at the perimeter of Xe

aggregates on Cs*/Cu(111), see Fig. 8(a), the xenon aggregates provide
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Fig. 8. STM images (a) of a Xe-Cs aggregate adsorbed on Cu(111) using a false-
color scale, tunneling current 7 = 10pA and voltage V = —-25mV. The inset shows
an aggregate border at 1 ML Xe/Cu(111), I =44pA and ¥V =7mV. (b) Original (top)
and Laplace filtered STM image (bottom) of 1 ML Xe on top of 0.16 ML Cs*/Cu(111),
I = 89pA and voltage V' =250mV.

Source: Original figure published in Ref. [86].
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Fig. 9. (a) 2PPE intensity of 1 ML Xe/0.16 ML Cs* / Cu(111) at T = 30K in a false color
representation as a function of E — E and time delay. The time-dependent energy of
the Cs 6s feature is indicated by red circles. (b) Time-dependent change of intermediate
state energy AE plotted for Xe/Cs*/Cu(111) from panel (a) and for bare Cs*/Cu(111)
using data from Ref. [87]. The respective distances Ry, and the excited state potential
energy surface U(Ry,c) are determined with (red) and without (black) coadsorbed Xe.
Source: Original figure published in Ref. [86].

favorable, localized sites for the alkali ions which are as individual
ions mobile on the bare Cu(111) surface. As recognized from the center
protrusion in Fig. 8(a), a Xe heptamer is formed when the Xe aggregate
covers an adsorbed Cs*. By adsorbing a full ML of Xe on a larger
Cs* coverage Op, = 0.16ML, a higher density of such heptamers
were generated forming a regular homogeneous superstructure which
is depicted in Fig. 8(b).

Such surfaces were analyzed by femtosecond time-resolved 2PPE
experiments. Fig. 9(a) shows the intensity of a 2PPE intensity autocor-
relation measurement using a photon energy hvyumy, = AVyope = 3.1€V
in a false color representation. The 2PPE spectrum is characterized by
a pronounced resonance which originates from the above-mentioned
electron transfer to the Cs 6s resonance on Cu(111) occurring 2.5eV
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above the Fermi energy Ep of the Cu(111) surface. From these mea-
surements two observables are extracted. First, the relaxation time of
the electron transfer resonance accounts for the electron transfer back
to Cu(111) [71]. To determine these relaxation times, we integrate the
spectrum within 200 to 150 meV. As a function of time, these integrated
intensities are characterized by a single exponential decay [68], yield-
ing relaxation times of (13 + 3)fs and (80 + 10) fs for Cs*/Cu(111) and
for 1 ML Xe/Cs*/Cu(111), respectively. See Ref. [86] for details. Xe
adsorption increases the relaxation time six-fold which implies that Xe
reduces the interaction strength of the Cs 65 resonance with Cu(111)
strongly. The second observable is the time-dependent energy of the
electron transfer resonance, which is depicted by open red circles in
Fig. 9(a). For bare Cs* on Cu(111), a very similar time-dependent
energy was reported earlier [87] which is replotted in Fig. 9(b) by open
black circles. This effect was explained by an energy transfer to the
nuclear motion of Cs* along the normal coordinate Ry, [76,87] as
depicted in Fig. 7. Following Ref. [87], the time-dependent energy was
used as an input to quantify Ry, to infer the excited state potential
U(Ry,c), and how it is changed by the adsorption of Xe, see Fig. 9(c)
and (d), respectively. Upon Xe adsorption, the potential minimum shifts
(4.0 + 1.5) pm closer to the Cu(111) surface.

These experimental findings establish that upon Xe coadsorption the
electronic interaction of the wavefunction ¥y, of the electron transfer
resonance with Cu(111) is reduced while the ionic interaction of the
Cs* ion core with Cu(111) is increased. These effects are explained
as follows. The Xe layer has a repelling effect to ¥, away from the
metal surface, a phenomenon known from lifetime studies of image
potential states [88-90]. The presence of Xe between two Cs* ion cores
on Cu(111) induces an effective attraction of the two ions, see Ref. [86]
for details. Similarly, it is concluded that Xe mediates an attraction
between the Cs* ion core and the Cu(111) surface. Essentially, this
study showcases the importance of the Coulomb interaction in the
context of Xe coadsorption where the electron cloud of the Xe atoms has
an attractive interaction with the positive ion core of the cation while it
repels the electronic wavefunction of its excited state. It is important to
emphasize that this behavior is specific for the metallic surface. In the
gas phase, the Cs*-Cs* repulsion is much larger than the energy gain
induced by the presence of Xe. On the metallic surface, the Cs*-Cs*
repulsion is reduced an order of magnitude and, then, the attractive
interaction mediated by Xe becomes dominant [86].

4.3. Cs*/Cu(111) coadsorbed with D,0 as a polar solvent

As an example for a polar molecular solvent, we analyzed water
D,0 coadsorbed with Cs* on Cu(111). Water is very important in
life in general. Metal-water interfaces are key in electrochemistry and
a challenging model system for liquid-solid interfaces, as introduced
above in the context of the electrical double layer. The key questions we
target in this work is how water modifies the interactions at the alkali—
metal interface. We follow the same scientific approach presented in
Section 4.2. To analyze the structure on a molecular and atomic level,
we use low temperature STM; to study the dynamics of electronic
phenomena, we use femtosecond time-resolved 2PPE. Here, we show
that it is very important to have access to such complementary insights
in order to develop a comprehensive understanding.

Fig. 10 shows in panels (a) and (b) STM images for lower and
higher numbers of water molecules per Cs* on Cu(111). Panel (a) is
characteristic for the initial hydration of the surface exhibiting inho-
mogeneous structures. At the left side unperturbed, regularly ordered
Cs* ions are found as for bare Cst/Cu(111), shown in the inset. In other
parts, considerably larger protrusions are present as indicated, e.g., by
the black circle. Increasing the water coverage to approximately 10
water molecules per Cs* ion, see panel (b), the surface appears more
homogeneous although the lateral particle size varies considerably. We
assign it to a variation of the number water molecules attached to
an ion. Upon increasing the temperature to 50K the particles become
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Fig. 10. Scanning tunneling microscopy of Cs* ions coadsorbed on Cu(111) with
D,0. (a) Initial hydration; circle surrounds some of the larger clusters. Inset: bare
Cs*/Cu(111). (b) STM image of hydration at approximately ten D,0 molecules per Cs*
ion. (¢) Ten D,0 molecules per Cs* ion annealed at 50 K for 15 min. (d) STM image of
a coverage similar to (c), Laplace filtered on a false-color scale. Tunneling parameters:
(a) V =-250mV, I = 10pA; (b) 53 mV, 7.5 pA; (c) 40 mV, 7.5 pA; (d) 100 mV, 10
PA.

Source: Original figure published in Ref. [84].

more mobile and forms larger clusters, see Fig. 10(c). Panel (d) depicts
similar data on a false color scale and spatially enhanced. Based on cal-
culations of the interaction energies among different water molecules,
between the ion and water, and the metal and the ion, we conclude that
hydrogen bonds between water and water—ion interaction compete on
the metal surface for the rather large Cs* ion. As a result, typical bulk
solvation structures, in which the solvent molecules arrange around the
solute, differ on the Cu(111) surface. Since the water-water interaction
is dominant, the ion cores are surrounding the water constituents, a
situation which we term “inside-out” solvation of Cs* on Cu(111) [84].

In order to analyze the electron dynamics at these interfaces, we
prepared such surfaces at 7 = 80K and investigate the static, unoccu-
pied electronic states as a function of the number of water molecules
per Cs* which we term p. The water coverage was determined by
thermally programmed desorption experiments and the alkali coverage
was concluded from the change in work function. The ratio of these
two quantities determines p, see Ref. [84]. Since these two meth-
ods provide spatially averaged information, p is a spatially averaged
quantity as well. In 2PPE spectroscopy, we distinguish two spectral
signatures which coexist for 2 < p < 4. The one signature at higher
energy, i.e., further from the Fermi energy of Cu(111) E, is attributed
to bare Cst/Cu(111) sites, c.f., Fig. 10(a). The second signature is
300 meV lower in energy and originates from sites with D, O attached to
Cst/Cu(111); see Ref. [84] for details. These spectral features represent
an electron transfer across the interface to the Cs 6s resonance in a
different environment. Following the methodology presented for the Xe
coadsorbed to Cs*/Cu(111), see above, time-resolved 2PPE was used to
determine the electronic relaxation time and the energy transfer rate.
For D,0 coadsorption, time-resolved 2PPE experiments were performed
as a function of p.

Fig. 11 depicts in panel (a) the 2PPE intensity autocorrelation
integrated within 1 eV energy width in order to include the electronic
states at all energies which are transiently populated in the electron
transfer process. See Ref. [85] for details. The autocorrelation traces
for different p group into three different coverage regimes. The fastest
relaxation is observed for p = 0; 0 < p < 2 exhibit identical dynamics
with slower relaxation, and the data for 3 < p < 7 show the same
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Fig. 11. The energy-integrated and time-dependent intensity of the 2PPE autocorrela-
tion for different coverage ratio p is indicated by different symbols. p = 0 is a reference
measurement for bare Cs*/Cu(111) without coadsorbed water. Lines are the results
of modeling the single-exponential decay with relaxation time r convoluted with a
Gaussian to describe the autocorrelation of the UV laser pulses. The gray line describes
the data for p = 1.0, and the black line for p = 3.5. The color of further lines indicates
p according to the legend. (b) Time-dependent energy transfer from the electronic to
the nuclear degree of freedom determined from the energy shift of Cs 6s resonance in
the time-resolved 2PPE spectra for different coverage ratios p. Data for negative and
positive 7 are averaged. The vertical error bars indicated for p = 3.6 are representative
for all p. (c) Filled black circles represent the relaxation times (left axis) as a function
of p determined by the single-exponential decay fit to the data in (a). The value at p =0
is a reference value representing the chosen data analysis by exponential decay times.
Open symbols in red depict the energy transfer (right axis) of the Cs 6s resonance to
nuclear motion taken from the data shown in (b) at a time delay of 210fs .

Source: Original figure published in Ref. [85].

decay which is the slowest among the three intervals. All these autocor-
relation traces indicate single exponential relaxation dynamics which
broadens the autocorrelation traces at normalized intensities below 0.6.
The corresponding exponential relaxation times were determined by
fitting the autocorrelation traces using a Gaussian as the laser pulse
autocorrelation function convoluted with a single exponential decay.
The 2PPE autocorrelation traces indicate that the relaxation times
characterizing the electron transfer process from the ion on top of the
surface back to the metal substrate group into three different relaxation
regimes with characteristic times z for the three different intervals of
p: 7 ~60fs for 3 < p<7; v ~40fs for 0 < p <3, and 7 < 24fs for p = 0.
The exact values are given in Fig. 11.
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This observation indicates that the dynamics of energy transfer
depends on the number of solvent molecules such that a larger p results
in a weaker and slower energy transfer. Considering that we observe
for 0 < p < 3 a larger and faster energy transfer to the solvent
than for 3 < p < 7, we conclude that the larger p, which implies
more water-water interaction known already to be decisive for the
static solvatomer structure, hampers the dynamic energy transfer to the
solvent. The hydrogen bonding water-water interaction has been found
in calculations of the actual solvatomer structures on Cu(111) to set in
at p = 4, see Ref. [85] for details. Therefore, we explain the delayed
and reduced energy transfer to the solvent observed in Fig. 11(c) for
3 < p <7 by hydrogen bonding among the water molecules. It limits the
molecular rearrangement along the solvation coordinate ¢ and delays
the solvent response to charge transfer, c.f., Fig. 7.

Clearly, the three coverage regimes in the energy transfer dynamics
occur in both dynamic observables, the relaxation time and the en-
ergy transfer, as shown on both ordinates in Fig. 11(c). This finding
raises the question of the microscopic origin of the identified step-
like coverage dependence between p = 2 and 4. A detailed analysis
of the probability that clusters of a particular size are formed was
done in a STM experiment under Cs* excess. The most abundant
clusters, occurring with 89% probability, are assigned to one water
molecule attached to Cs*. The second most abundant species, 11% of
the clusters, consist out of three water molecules per Cs*. Clusters with
two water molecules were not identified [85]. The step in the dynamics
as a function of coverage ratio is therefore originating microscopically
from the fast response assigned to clusters which consist of one water
molecule attached to a Cs*. The slower response is associated with
clusters containing three water molecules attached to one Cs*.

This overview has presented recent results of the correlation of
structure and dynamics in the solvation dynamics of Cs* coadsorbed
on Cu(111) with polar and non-polar solvents. In the following, we
discuss concepts to generalize these studies to further ions and solvents,
including metal-liquid interfaces.

4.4. Perspective

These studies showcase the close correlation of microscopic struc-
ture and ultrafast dynamics that is characteristic for such ion-solvent
structures on surfaces. For a more comprehensive study, an analysis
of the solvation dynamics of anions adsorbed on metallic surfaces in
the presence of a solvent is desired. Such adsorbed anions are formed
by the adsorption of halogen atoms on metal surfaces, conceptually
very similar to the work reported in this contribution. However, the
corresponding charge transfer resonances represent hole transfer and
occur, therefore, several eV below the Fermi energy of the metal
surface [91]. For the STM studies the analysis of hole transfer is straight
forward by a change of the sign in the bias voltage, see Fig. 7. For
the time-resolved photoelectron emission spectroscopy the analysis of
hole transfer is, on the contrary, a fundamental challenge. The hole
excitation has to be distinguished from the large number of photo-
electrons emitted in linear photoemission stemming from the metallic
substrate which is an experimental challenge. Recent developments,
which exploit high harmonic generation in noble gases in time-resolved
photoemission experiments [30], might facilitate such experiments in
combination with sophisticated spectrometers that detect small pump-
induced changes on a large background [92]. A further expansion of the
experimental approach to molecular ions, differing from the elemental
ions in their symmetry, charge state, and charge distribution might aid
the fundamental understanding of a broader range of electrolytes.

In our study, we established that solvation and electron transfer
dynamics of polar and non-polar solvents occur on very similar time
and energy scales. The example of Xe as a non-polar solvent was chosen
specifically due to its large atomic polarizability as a heavy noble gas
atom with Z = 54. It is therefore a fundamentally interesting question
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whether more typical non-polar solvents like benzene with Z = 42
exhibit similar electron transfer and solvation dynamics.

Under ambient conditions, which are highly relevant for energy
conversion applications, the investigated structures are thermodynam-
ically instable. Nevertheless, we expect that similar structural [72]
motifs occur in electrolytes as thermal fluctuations on time scales which
are orders of magnitude slower than the ultrafast electron transfer
times. In this context, our fundamental investigations demonstrate that
under ambient conditions no single and well-defined electron transfer
time is existent that no single and well-defined electron transfer time
exists under ambient conditions. Rather a manifold of transfer times
which are determined by the transient fluctuating structural motifs at
metal-electrolyte interfaces are to be expected.
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5. Ultrafast dynamics of photostationary states in time-resolved
photoemission

Julia Stdhler and Lukas Gierster
5.1. Motivation: Steady state = ground state?

A great advantage of time-resolved photoelectron spectroscopy
(PES) compared to optical techniques is the measurement of absolute
binding energies and sensitivity to excited state populations that are not
connected to optically allowed transitions from the ground state, as e.g.
triplet states. PES is also surface sensitive, which is not the case for lin-
ear optical probes. In both spectroscopic techniques, large backgrounds
resulting from stationary responses often complicate the detection of
photoinduced spectral changes or modulations. To circumvent these
issues, optical spectroscopists commonly measure differential time-
resolved signals [93-95], e.g. using lock-in amplifiers. In the case of
time-resolved PES, the photoelectron yield at a given energy (and
momentum) is detected for a certain time delay. If the time-dependent
modulation of the signal is too low compared to the steady state
background to be recognized in a reasonable data representation, a
common approach is to subtract the “negative delay spectrum” from
the whole data set [96-100]. This procedure is based on the assumption
that the signal at negative delays shows no correlation between pump
and probe laser pulses’, i.e. reflects the ground state response of
the sample. For typical laser repetition rates in time-resolved PES in
the kHz to MHz ranges, this translates to the assumption of excited
state lifetimes significantly shorter than ps or ns. As, historically,
time-resolved PES was initially primarily applied to metal surfaces
or to alkali/metal or rare gas/metal systems [77,96,101-106], this
assumption was absolutely justified. In the last decades, however, the
investigated systems became more complex: molecular adlayers [98,
107-109], semiconductors [110-119], topological insulators and many
more system types (see [120] and references therein) were investigated,
demanding to revisit the assumption of excited state lifetimes shorter

1 In the case of 2PPE, depending on the system and photon energies applied,
the so-called “probe” pulse may also serve as a pump and induce dynamics
towards negative delays. In this case, the negative-delay spectrum used for
subtraction is usually originating from large negative delays.
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than ns or ps if the “negative delay spectrum” is supposed to be
subtracted as a background.

In this contribution, we show that — to our experience — the presence
of long-lived states with lifetimes exceeding the inverse repetition rate
of our 200 kHz laser system (i.e. 5 ps) is rather the rule than the excep-
tion. Among other phenomena, we observed trapped electrons [121-
124], defect [125-127] and charge transfer excitons [128] as well as
polarons in previous studies. The long lifetimes of these quasiparticles
range from ps to several minutes and lead to photostationary signals
in the steady state spectra. In other words, the time-dependent signal
observed is actually often related to dynamics created by photoexci-
tation of an excited rather than the ground state, which needs to be
considered when interpreting correlated signals on ultrafast timescales.
We demonstrate simple tests for long-lived states and encourage critical
examination of past and future works, as a startlingly large number of
80 % of the samples investigated in our group in the past 15 years
exhibited photostationary states.

The following collection of very different examples for long-lived
excited states is picked, on the one hand, to illustrate the breadth of
material systems exhibiting such feature and, on the other hand, to
highlight the scientific relevance of stationary states that do not equal
the ground state of the system: photostationary states of matter have
significant impact on various physical and chemical properties, rang-
ing from the reactivity of water clusters to photoinduced insulator-to
metal-transitions.

5.2. Frozen hot electrons

The first observation of, at the time, “extraordinarily” long-lived
states using time-resolved 2PPE spectroscopy is part of the PhD work of
Cornelius Gahl, who investigated the transfer and solvation dynamics
at D,0/metal interfaces [129] under the guidance of Uwe Boven-
siepen in the group of Martin Wolf. They initially found that after
electron injection into the conduction band of amorphous ice, electrons
localize dynamically in the aqueous environment and are stabilized
by polarization of the surrounding molecular environment [130]. Be-
ing localized right in front of a metal surface, the non-equilibrium
electron population decays on sub-ps timescales with decay constants
initially dominated by the electronic structure of the metal substrate
and later strongly influenced by the screening of the amorphous ice
environment [131]. The dynamics, however, change dramatically upon
crystallization of the amorphous ice: while electron injection still occurs
via a delocalized state in the molecular adlayer, electrons are trapped
at pre-existing orientational defect sites accompanied with an abrupt
energy loss of more than 1 eV and a lifetime on minute timescales
(cf. scheme in Fig. 12a). While, retrospectively, understanding of the
2PPE spectra may be straightforward now, the observation of a very
dominant spectral signature (e;) that vanished when the probe pulses
hit the sample (cf. Ref. [129]) was very puzzling at the time. Gahl
verified the astoundingly long lifetime of the excited state e by laser
pulse duration-dependent measurements and developed the pump-wait-
probe scheme (details below) to quantify the decay on macroscopic
timescales. Among other findings, he discovered that the energetic
stabilization of the trapped electron signal has not yet reached equi-
librium, even minutes after the initial excitation (cf. Fig. 12b) and can
be accelerated at higher temperatures (cf. Fig. 12c).

In later years, it turned out that, what appeared to be a peculiarity
of crystalline ice, is a general phenomenon for frozen layers of com-
mon polar solvents: also thick amorphous ice layers [122], as well as
ammonia (NH;) [121,132] and dimethyl sulfoxide (DMSO) [123,124]
adsorbed on Cu(111) show not only electron solvation dynamics on
ultrafast timescales, but also electron trapping. The trapped electron
state e; shows, for all these systems, lifetimes on the order of several
seconds up to minutes. In all cases, it was determined using the pump-
wait-probe scheme depicted in Fig. 13: initially, a train of laser pulses
(pump) creates a photostationary population of the trapped electron
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Fig. 12. Electron trapping in polar solvents on metal surfaces. (a) Illustration of the
elementary steps: photoexcitation leads to charge injection into the adsorbate layer,
followed by ultrafast electron trapping at pre-existing potential minima. As electron
back transfer is suppressed, the trapped electrons e, can undergo further stabilization
on macroscopic timescales. (b) Stabilization dynamics and population decay on minute
timescales of trapped electrons in D,0/Cu(111), adapted and modified from [129]. (c)
Temperature-dependent stabilization of trapped electrons in D,0 and NH; crystallites.
Source: Adapted and modified from [121].

state that results from the population and depopulation probabilities of
the pump photons. Subsequently, the sample is left in darkness (wait)
for the desired, macroscopic time delay, and, finally, another laser pulse
train with a different photon energy (probe) samples the remainder of
the e; population.

While some features of the trapped electrons differ for the three
solvents, as for instance the exact lifetime (few to hundreds of seconds)
or exact intermediate state energy above the Fermi level, the electron
traps are localized at the solvent molecule-vacuum interface in all
cases, and the long lifetime is rationalized by a strong suppression of its
wave function overlap with the (unoccupied) states in the metal sub-
strate by molecular screening and solvation that lead to a polaron-like
state. The long lifetime and localization at solvent crystallite surfaces
make these trapped electrons ideal precursors for catalytic reactions
that drive processes like dissociative electron attachment [132], the di-
electron hydrogen evolution reaction [122], or the oxygen reduction
reaction [124].

5.3. Metastability, photodoping, and hidden phases

Beyond electron capture at pre-existing trapping sites, also other
quasiparticles exhibit lifetimes of ps or longer. The reasons for the long
lifetime can be manifold: for instance, electron-hole recombination
may be spin- or optically forbidden and energy or momentum release
may be hindered due to a lack of appropriate scattering partners
and suppressed coupling. Exciton lifetimes, for example, are signifi-
cantly enhanced when they relax to the triplet state or localize due
to defects or dopants [133]. In the case of ZnO, defect excitons (DX)
result from the photoexcitation of deep donor levels, likely oxygen
vacancies, just above the valence band maximum (cf. Fig. 14a) [126].
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Fig. 13. Pump-wait-probe scheme for the detection of dynamics on macroscopic
timescales. Pump: a train of pump laser pulses (blue) builds up a photostationary state.
Wait: The sample remains in darkness and the electron population (red, top panel)
decays. Probe: a train of probe laser pulses (orange) emits the remaining electron
population. Center and bottom panel adapted from [121].

Electrons populate a bound exciton state in the Coulomb potential of
the localized photohole and, as expected from previous 2PPE work on
semiconductors [111], exhibit the flat dispersion of their initial state
(cf. Fig. 14b). In this particular case of n-type ZnO, the DX binding
energy is sufficiently large to shift this non-equilibrium electron state
below the Fermi level. As a consequence, the electrons do not have any
relaxation channel except for recombination, as all adjacent electronic
levels are occupied. The result is a ps lifetime that is reflected in a
DX intensity that varies as a function of laser repetition rate R as
shown in Fig. 14c. Note that, as shown in the inset, ca. 50 % of
the photostationary DX population is affected by the repetition rate
variation and, thus, the remaining 50 % exhibit an even longer lifetime.

Photostationary spectral signatures like the DX are easily missed in
time-resolved PES, as they appear at energies below the Fermi energy
and can be mistaken with states that are occupied in equilibrium. For
the particular case presented above, the peak could for example be
interpreted as an occupied shallow donor-type defect level that can
be ignored when interpreting the ultrafast dynamics at higher energies
above Ep. However, depending on their density, photostationary states
can have significant impact on the sample’s properties, both, (i) in
the metastable state long after photoexcitation and (ii) on ultrafast
timescales as discussed in the following.

Per definition, photostationary states only occur out of equilibrium.
If they alter the material properties as, e.g the sample conductivity,
their density can, in addition, become the relevant state quantity for a
phase transition. Any phase transition driven by photostationary states,
thus creates a phase that has no equivalent in the equilibrium phase
diagram or, in trendy terms, is a “hidden phase” or a “new state of
matter”.

For the particular case of ZnO, we could show that the photoin-
duced enhancement of the DX density can lead to the transition to a
metallic phase, both in the (i) metastable, photostationary state and
on (ii) ultrafast timescales [125,126]. Due to the similarity of DX
and shallow donors, enhancement of their density leads to the forma-
tion of a metallic state by the same mechanism originally introduced
by Mott [134] for chemical doping and illustrated in Fig. 14e: at
sufficient (photo—)doping density, the electron wave functions start
overlapping, and a delocalized, metallic “impurity” band is formed.
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Fig. 14. Long-lived defect excitons (DX) drive an insulator-to-metal Mott transition. (a) Energy level alignment at the ZnO surface. (b) Angle-resolved PES of localized DX shows
a flat dispersion. (c) The DX intensity depends on laser repetition rate due to population dynamics on ps timescales, which is also reflected in work function variations (inset). (d)
Photoexcitation leads to the ultrafast generation of a surface metal that shows (f) a nearly free electron dispersion. The mechanism is the photoinduced analogue of the chemical
Mott transition illustrated in (e). Panel (c), (e) adapted and modified from [126]. (b), (d), (f) adapted and modified from [125].

The ultrafast Mott transition in ZnO (cf. Fig. 14d and f) occurs for
excitation densities above a remarkably low critical fluence of F
13.6 pJ ecm~2 [125] compared to photoinduced phase transitions in
correlated materials [135-138] and decays on a 100 ps timescale to a
semiconducting phase of ZnO with a photostationary DX density below
threshold.

This example highlights the severe impact of long-lived states on
not only studies using time-resolved photoelectron spectroscopy, but
ultrafast techniques using highly repetitive light sources in general:
as soon as densities of photostationary electronic states become suf-
ficiently large, their localization will collapse and has the potential to
change the electronic structure near Ey significantly.

5.4. Predictions and surprises

As mentioned above, various sources for long-lived excited states
are imaginable and, beyond trapped electrons in polaron-like states
(cf. Section 5.2) and DX in intrinsically defect-rich metal oxides (cf.
Section 5.3) discussed above, it is straight-forward to predict long
lifetimes for exciton triplet states in organic compounds. Their decay
dynamics are naturally difficult to observe, as the direct transition to
the ground state is optically forbidden and phosphorescence photon
counts low [139]. Time-resolved photoelectron spectroscopy of triplet
states is possible [100], however if the triplet lifetime exceeds the
inverse repetition rate of the laser system, its determination requires
procedures beyond ordinary pump-probe experiments as described
above.

In the case of the spirobifluorence derivative SP6 (2,7-bis(biphenyl-
4-yl)-2¢,7‘-ditertbutyl-9,9‘-spirobifluorene, inset in Fig. 15a), the elec-
tronic level of the triplet state is not directly probed in 2PPE [140].
Instead, a spectral signature A is observed that does not show any
spectral shift as a function of photon energy, but exhibits dynamics on
ps-timescales as a function of repetition rate (cf. Fig. 15b). We could
demonstrate that these peculiar properties originate from autoioniza-
tion in the SP6 film that is driven by triplet-triplet annihilation (TTA)
as illustrated by the scheme in Fig. 15a: after photoexcitation, the
SP6 molecules undergo intersystem crossing (ISC) to the triplet with
a time constant of 240 ps [141]. The remarkably long intrinsic triplet
lifetime of 100 ms allows for energy transfer between triplets within
a Dexter radius of 1.3 nm. As the excited state energy of the triplet is
larger than its binding energy, this Dexter energy transfer results in
electron emission, which is independent of the photon energy used.
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Fig. 15. Autoionization of organic SP6 molecules by TTA. a) Background subtraction
procedure and SP6 molecule. Inset: TTA scheme. b) Repetition rate-dependent spectra
unveil dynamics on ps timescales related to TTA.

Source: All panels adapted and modified from [140].

The quantum yield of this process shows a clear excitation density
dependence that cannot be rationalized by traditional pump-probe
photoelectron emission [140].

It is important to note that the spectral signature A could have,
due to the absence of dynamics on ultrafast timescales, easily been
accidentally erased from the data set by subtraction of the negative
delay spectrum. Even if it had been identified as an excited state of
the system, the lack of ultrafast dynamics and absent photon energy
dependence could have led to an assignment to a final state as well.
Lastly, this example shows that the ps decay dynamics observed in



M. Aeschlimann et al.

repetition rate-dependent experiments do not have to reflect the actual
excited state lifetime (here 100 ms).

All examples of long-lived excited states given above show dy-
namics on timescales clearly exceeding the ultrafast regime. Their
lifetime was, if sufficiently long, either determined by pump-wait-
probe experiments [121-124,129] or by examination of the repetition
rate dependence of the photostationary state intensity [126,140] in
combination with fluence dependent experiments and modeling. The
underlying assumption is that the probabilities of photoinduced excited
state population and depopulations by photoemission and population
decay determine a stationary, average population of the excited state
(for a detailed discussion see, e.g. Refs. [122,129]).

It is quite tempting to assume that a photostationary signal, which
shows a superposition of the ps- to minute-dynamics probed by up
to millions of laser pulses does not show any dependence on the
pump-probe time delay. In this case, subtraction of the negative delay
spectrum unveils, as in the absence of long-lived excited states, the cor-
related signal of a pump-probe laser pulse pair on ultrafast timescales,
which may [123] or may not [140] show the formation dynamics of the
long-lived species. However, recently, we could demonstrate that the
assumption of a pump-probe delay-independent photostationary state
is not always valid [128]. If the probe laser pulse has a sufficiently
large impact on the limiting value of the photostationary, excited state
population as illustrated by the inset of Fig. 16, the photostationary
state of each particular, ultrafast pump—probe time delay may differ.
The surprising and counter-intuitive result is the observation of ultra-
fast dynamics of photostationary signals as is the case for the 100 ps
formation of ps-lifetime hybrid excitons at the organic/inorganic hybrid
interface of p-quinquephenyl-pyridine (5P-Py) molecules on ZnO(10-
10) (cf. Fig. 16, [128]). In this particular case, the long-lived excited
state is populated via a precursor state with a hybrid exciton formation
time of 100 ps. When the probe laser pulse interacts with the sample
during this lifetime of the precursor state (gray, Fig. 16), it reduces
the population that can eventually transfer into the hybrid exciton
state. This creates a ps-delay-dependence of the photostationary state
intensity.

The above described observations show that not all time delay-
dependent spectral changes have to result from pump-induced dynam-
ics monitored by the succeeding laser probe pulse. It is, therefore, very
important to examine ultrafast dynamics observed in time-resolved
photoemission studies carefully: ultrafast dynamics that are monitored
traditionally using pump-probe laser pulse pairs separated by an ultra-
short time delay must be disentangled from delay-dependent changes
of a photostationary state. The latter always are a product of a sequence
of events occurring on multiple timescales that needs to be understood
before interpretation. This is even more relevant for time-resolved
experiments in the few-eV photon energy range, as it is here a priori
not clear, which photons (pump or probe) are responsible for the
photoemission step [128].

5.5. Discussion and conclusions

The above collection of time-resolved PES experiments illustrates
that various different types of excited states may exhibit lifetimes
exceeding the inverse of typical light source repetition rates. Depend-
ing on the type of long-lived quasiparticle, their presence can cause
very different properties of the photostationary state in terms of, for
instance, reactivity, conductivity, and spectral properties. Actually, in
some cases it is only the long lifetime and build-up of a photostation-
ary population that enables the investigation of minority species that
could not be studied otherwise. Their impact on the properties of the
investigated system can still be major as is the case for electron-driven
chemistry [122,132], highly efficient carrier production in TTA [140],
and photoinduced transitions to so-called hidden phases [125,126].

Unfortunately, such long-lived excited states are easily missed or
misinterpreted when examining time-resolved PES data as discussed
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Fig. 16. Ultrafast dynamics of photostationary states: the steady state population n®
of a photostationary state can depend on the pump-probe time delay (inset), as is the
case for the ps-build-up of hybrid excitons at the 5P-Py/ZnO interface (main).

above. As far as our experience goes, however, they are quite abun-
dant, and easily identified by the enquiring eye. Although the sample
selection of our group clearly is not statistically relevant, we emphasize
that more than 80 % of the investigated systems in the group showed
some form of photostationary signal. This astounding abundance makes
it advisable to always test for long-lived states with lifetimes exceeding
the inverse repetition rate of the laser system, in particular in time-
resolved PES experiments performed at high kHz to MHz repetition
rates.

The first and easiest test for photostationary states is the compar-
ison of the “negative delay spectrum” to a probe-only spectrum. If
a long-lived state is created, the pump beam will modify the probe-
only spectrum at negative pump-probe delays, i.e. when the pump
arrives after the probe beam in the repetitive laser excitation. Beyond
the photostationary population itself, accompanying, unusual dynamics
near the secondary cut-off that are resulting from the change of surface
dipole due to charged or dipolar long-lived states near the surface
may be observed [126]. More sophisticated analyses as repetition rate
dependencies (for states with lifetime on the order of the inverse
laser repetition rate), pump-wait-probe experiments (for very long-lived
states), but also fluence- and photon energy dependencies can follow
in order to understand the stationary state that sets the stage for the
ultrafast spectroscopy.

In conclusion, long-lived excited states may occur in very different
settings: in the absence of decay and/or energy loss channels, the pres-
ence of defect or dopant sites as well as strong polaronic responses that
stabilize excited states. Due to their lifetime, the stationary state during
time-resolved experiments does not equal the ground state. This may
have grave consequences for the non-equilibrium dynamics occurring
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on ultrafast timescales and should be considered when interpreting
time-resolved experiments.
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6. Time-resolved momentum microscopy of 2D materials: Ultra-
fast dynamics of bright and dark excitons

Jan Philipp Bange, Marcel Reutzel, and Stefan Mathias
6.1. Introduction

An exciton is a charge neutral compound-particle made out of a
Coulomb-bound pair of a negatively charged electron and a positively
charged hole. Excitons are characterized by their quantum number,
binding energy and Bohr radius, they are observed in semiconductors,
and can, in the simplest case, be described in a two-band model
without momentum offset: Here, the single-particle electron- and hole-
components are positioned in the conduction band minimum and the
valence band maximum, respectively [Fig. 17(a)], building up the two-
particle exciton wavefunction. Such excitons are termed to be optically
bright because of their high oscillator strength, making them directly
accessible in photoluminescence experiments, as has been shown in
groundbreaking experiments on exfoliated monolayer transition metal
dichalcogenides (TMDs) [142-146]. However, the single-particle elec-
tronic structure of two-dimensional (2d) TMDs is much more compli-
cated than can be captured in a simple two-band model, and exhibits
various high symmetry points with band maxima and minima in the
hexagonal Brillouin zone, as illustrated in Fig. 17(b). These band ex-
trema in the electronic structure of the TMDs lead to a more complex
exciton landscape beyond the picture of momentum-direct transitions
in a two-band model. For example, in monolayer WSe,, an electron in
the conduction band at the Q (also called X) valley and an electron
in the valence band at the K valley can form a momentum-indirect
exciton [147-153]. A direct excitation with light as well as a direct
electron-hole recombination with emission of a photon is then, due to
the momentum off-set of electron and hole, prohibited. Hence, such a
state is called a dark exciton state.

For a complete understanding of the semiconductor’s optoelectronic
properties, it is thus crucial to capture the formation and thermalization
dynamics of not only the bright, but also the dark exciton states.
In the following, we will summarize how time-resolved momentum
microscopy [154,155] — a new variant of time- and angle-resolved
photoelectron spectroscopy [30,103,120,156] - has evolved into a key
experimental tool that is capable of providing such information, using
mono- and heterobilayer TMDs as an example.

6.2. Femtosecond momentum microscopy from exfoliated van-der-Waals
materials

Time-resolved momentum microscopy experiments can be per
formed at free-electron-lasers [157] and in table-top laboratory ex-
periments [55,92,158-164]. Here, we will focus on the latter setup,
which combines a multidimensional photoelectron detector with a
laser-driven high-harmonic-generation (HHG) beamline operating at
repetition rates larger than 100 kHz. The HHG beamline routinely
provides photons with energies between 20 eV and 70 eV, which is
sufficient to probe the K-points in 2d van-der-Waals materials [30,34,
165,166].
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Fig. 17. Exciton landscape in TMDs. (a) Two-band model of excitons with electron in
conduction band and hole in valence band. (b) Bright and dark exciton landscape in
TMDs.

Source: Figure adapted from [152].
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Fig. 18. Excitons in time-resolved momentum microscopy. (a) Photoelectron spectrum
of monolayer WSe,. Image reprinted from [160] with permission from AAAS. (b)
Momentum-momentum cut of the exciton landscape of monolayer WS,.

Source: Image reprinted with permission from [162].
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The working principle of the momentum microscope is detailed
in Refs. [167,168] and also in the present collection in the article
by Elmers and Schonhense. Here, we emphasize that, because of its
microscope-type working principle, it allows to perform photoemis-
sion experiments on exfoliated 2d materials in a region-of-interest of
<100 pm? [160,162,169]. Moreover, it is possible to perform time-
resolved photoemission spectroscopy experiments with simultaneous
sub-micron-scale spatial resolution by combining the experimental
scheme with dark-field imaging techniques [170].

6.3. Photoemission fingerprints of excitons

Fig. 18(a) depicts a cut through a 3d data set [I(E, kx,ky)] along
the high-symmetry direction I'-Q-K for a monolayer of WSe,. This data
was measured in a seminal work by Madéo et al. at a pump-probe
delay of 0.5 ps [160], and nicely illustrates the appearance of excitonic
signals in the photoemission spectrum. By plotting the photoemission
intensity in colorscale, the occupied valence bandstructure is visualized
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for energies of E — Eypy; < 0 eV. Very noticeable is a single band with
high spectral weight at the I'-point, and, with much lower spectral
weight, the higher-lying valence band maxima at the K-points, being
indicative for the presence of a monolayer WSe, [171]. The splitting of
the band at the K-points due to spin—orbit coupling is also visible and
is highlighted by the dashed theory lines. To study excitons, a pump
pulse of hv = 1.72 eV has been applied, which is resonant to the bright
Als exciton located at the K-point in the WSe, monolayer. During the
photoemission process, excitons break up and the electron part of the
exciton is detected above the valence band maximum inside the single-
particle band gap (dashed theory lines) [111,155,172-174]. Therefore,
the photoemission spectral weight at the K-point stems from the break-
up of optically bright Als excitons and the detection of the respective
electrons in the photoelectron analyzer. We note that such bright Als
excitons can straightforwardly be detected in all-optical spectroscopy,
too. However, the full potential of the momentum microscopy scheme
becomes clear when monitoring the spectral weight at the Q (also called
X) valley. This photoemission signal originates from the break-up of
momentum-indirect Q excitons.

To further illustrate this, we select a work by Wallauer et al., now
for a monolayer of WS, [Fig. 18(b)], that shows the appearance of
excitonic signals at the respective energy in a k,-k, cut through the
I(E, ky, ky) momentum microscopy data set [162]. In the left panel, the
data is shown for —7 fs pump-probe delay, i.e. during the excitation
with the sub-50-fs pump pulse, where spectral weight is only visible
at the K-points. By changing pump-probe-delay to 60 fs, i.e. after the
direct optical excitation, it becomes apparent that spectral weight is
transferred to all three Q- and Q’-points. In the following, we will
have a closer look at these formation and thermalization processes of
excitons and review the recent efforts on exciton dynamics in mono-
and heterobilayer TMDs.

6.4. Ultrafast exciton formation dynamics in monolayer TMDs

Having identified bright and dark excitons in momentum space us-
ing photoelectron momentum microscopy, in this section, the ultrafast
dynamics of bright and dark excitons of monolayer TMDs are discussed.
We note that the exciton band-alignment for monolayer WSe, and
monolayer WS, is similar, so that the same bright and dark exciton
species is excited via optical excitation and scattering, however, with
slightly different femtosecond dynamics.

As mentioned above, after resonant excitation, spectral weight re-
sulting from the Als exciton appears in the K valley of the momentum
microscopy data set. This is illustrated again in Fig. 19(a) for the mono-
layer WSe,, but now the energy distribution curves at the K-point are
plotted as function of pump-probe time delay [160]. The energy scale
is referred to the energy of the valence band maximum Eyp,, at the K-
point and corresponds to the exciton energy E.,. [111,155,172-174]. In
monolayer WSe,, E,.,. determined with photoelectron spectroscopy was
measured to be 1.73+0.03 eV [160] and 1.67+0.05 eV [175], consistent
with previous photoluminescence experiments [176,177].

From this time-resolved data plot, one clearly sees that the intensity
of the signal at the K-points decreases for larger delay times [top panel
of Fig. 19(a)] and concomitantly signal of the dark intralayer excitons
at the Q-points appears (bottom panel). Note that Tungsten-based TMDs
are expected to host also momentum-indirect excitons with electron
and holes components separated in K and K’ valleys [151,178,179].
In photoemission spectroscopy it cannot be straightforwardly distin-
guished between signal from these excitons and the bright Als excitons
at the K valley [163,164], thus both are referred to as K excitons here.

By integrating the intensity of the excitons in the corresponding
regions in energy and momentum space, which we illustrate with the
work by Bange et al. in Fig. 19(b) [175], it is possible to monitor the
dynamics of the individual exciton species in detail. The integration
areas are shown as black circles in the momentum maps at the bottom
of Fig. 19(b). In the top panel of Fig. 19(b), the orange data points
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(a) Monolayer WSe,, Madéo et al.
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Fig. 19. Bright and dark exciton dynamics: (a) Energy versus time plot for monolayer
WSe,. Reprinted from [160] with permission from AAAS. (b) Dynamics of the signal at
the K and the X-point in monolayer WSe,. Image reproduced from [175] under Creative
Commons Attribution License 4.0 (CC BY). (c) Same experiment on a monolayer of WS,.
Reprinted with permission from [162].

© 2021 American Chemical Society.



M. Aeschlimann et al.

correspond to the extracted time-evolution of the photoemission signal
at the K-point, i.e. K-excitons including Als excitons, and the gray data
points correspond to the signal at the >-point, i.e. the dark intralayer
X excitons (the Q-point is called X-point in this work). Clearly, when
approaching pump-probe overlap at 0 fs, the signal at the K-point
shows a steep increase due to direct excitation with the optical pulse.
To be more accurate, initially, the pump light creates a coherent polar-
ization, which, after scattering, develops to an incoherent population
of excitons [151,180,181]. The photoemission signal hence contains
contributions from both the incoherent and coherent excitons [162].
We note that it has been shown that the rising behavior of the signal can
be dependent on the chosen pump photon energy. Slightly off-resonant
pumping can shift the maximum to earlier delay times [162].

Furthermore, it can be seen in Fig. 19(b) that the intensity of the
dark X intralayer excitons [gray data points in Fig. 19(b)], in compar-
ison to the Als excitons at K, rises at later delay times. This provides
direct evidence that the exciton population at X is not created by the
optical excitation, but via scattering of the corresponding electron from
the K to the X-point. This bright-to-dark exciton formation process is
understood by exciton-phonon scattering, an interpretation that is fully
supported by microscopic modeling [151,162,175,182]. For the data
shown in Fig. 19(b) a K-X transfer time of 5 = 36 + 3 fs in WSe, was
extracted at room temperature [175].

Fig. 19(c) shows in comparison the bright and dark exciton dynam-
ics in monolayer WS, from the work of Wallauer et al. [162]. Also here,
a fast rise of the signal at the K-point after resonant excitation of the Als
excitons (hvpump =2.03 eV, blue data points) is followed by the distinct
and delayed rise of the signal at the >-point (yellow data points). While
one sees for qualitatively identical exciton landscapes the same exciton
species and scattering processes, the exciton energies and transfer times
are slightly different, with E_ (Als)x 2 eV, and a K-X transfer time of
Tanster = 10 £ 5 fs in WS, at room temperature.

Finally, on the longer timescale, one finds for both WSe, and WS,
that the rise of the X exciton occupation occurs until a steady state
situation between K excitons and X excitons is reached. This quasi-
equilibrium is a result of backward and forward scattering between K
and X states that are close in energy. In the decay of the K signal in
Fig. 19(b,c) two characteristic decay times are present. The first and
faster decay corresponds to the build-up of the steady state between
K and X excitons. The second and longer decay time, which can
better be seen in Fig. 19(b) for WSe,, can be attributed to exciton
recombination (note that this process is not included in theory, straight
lines). Intriguingly, the latter decay time is similar for both K and X
states and measured in WSe, to be 1-2 ps at room temperature [175].
This experimental results hint that both the exciton population at
K and at X decay by recombination of bright excitons at the K-
point, which is in agreement with reports from time-resolved all-optical
spectroscopies [151,183-188].

6.5. Formation of interlayer excitons in a type II band-aligned heterostruc-
ture

In addition to momentum microscopy experiments on monolayer
TMDs, the technique has also been used to study ultrafast charge-
transfer dynamics in atomically-thin TMD heterostructures [169,172,
175,189]. Here, we now focus on our works on ultrafast exciton for-
mation and thermalization dynamics in a type II band-aligned TMD
heterobilayer, namely, a ~10° twisted WSe,/MoS, structure [169,170,
172,175].

With van-der-Waals materials, it is also possible to stack different
types of monolayers on top of each other to create new artificial
crystals [c.f. illustration in Fig. 20(a)]. As a result, emergent prop-
erties of the heterostructure can be realized and controlled by using
different monolayers, twist angles, and dielectric environments. One
example for tuneability in heterostructures is the moiré potential,
which is introduced by the twist angle or lattice mismatch between
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Fig. 20. Energy alignment in a WSe,/MoS, heterostructure. (a) Light pulses exciting
intralayer excitons in the WSe, layer (orange pulse) or MoS, (red pulse) lead to
formation of interlayer excitons. (b) Resonant excitation of Als excitons in WSe,
induces electron-transfer process. (c) Hole-transfer is initiated by resonant excitation
of Als excitons in MoS,.

Source: Panel (a), (b) and (c) are adapted from [172] under Creative Commons
Attribution License 4.0 (CC BY).

the layers. Exciton properties can be influenced by this additional
periodic potential leading to confinement and trapping of so-called
moiré excitons [189-193].

In type II band-aligned heterostructures, the valence band maxima
and conduction band minima form a staggered arrangement [Fig. 20(b)].
In this case, after excitation of an intralayer exciton, the electron
component of the exciton can transfer across the interface to form
an interlayer exciton (ILX). This electron transfer process is illus-
trated in Fig. 20(a, b). Remarkably, for the interlayer excitons, the
hole component is located in one layer while the electron compo-
nent is located in the other layer. While spectral evidence for the
existence of such interlayer excitons has been obtained using optical
spectroscopy [177,194], the exact formation mechanism has been the
subject of debate [194-200].

6.5.1. Ultrafast electron-transfer mediated by dark X excitons

Time-resolved momentum microscopy serves here as the perfect tool
to study the ILX formation mechanism, because the technique allows
to identify the full exciton landscape in momentum space. Fig. 21(a)
depicts momentum-integrated energy distribution curves as function of
pump-probe delay upon resonant excitation of the Als exciton in a
WSe, layer of an ~ 10° twisted WSe,/MoS, heterostructure. Initially,
high photoemission intensity is found at about 1.7 eV above the va-
lence band maximum (orange dotted line), which shows that intralayer
Als-excitons are resonantly excited. As pump-probe delay proceeds,
spectral weight shifts to a signal with lower energy (red dotted line).
This is the photoemission signal of ILXs that can clearly be identified in
energy when comparing it to the single WSe, monolayer. In addition,
the ILX was shown to exhibit a unique momentum fingerprint that is
related to the moiré superlattice (not shown here, see [155,169,170]).
Note that, for the case of a single monolayer, no shift of spectral weight
to lower energies is observed, because no interlayer excitons are formed
[see Fig. 21(b)].

By filtering spectral features in energy—-momentum space of the
multidimensional data set, dynamics of the individual exciton species
in this heterobilayer can be extracted: Intralayer Als-excitons of WSe,,
hybridized excitons at the X-point, and interlayer excitons. The cor-
responding exciton formation and thermalization dynamics for all ex-
citons is shown in Fig. 21(c) with orange, gray and red data points,
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Fig. 21. Formation of interlayer excitons in a type II heterostructure WSe,/MoS,: (a)
Energy distribution curves as a function of delay show the formation of ILX after
resonant excitation of Als excitons in the WSe, layer. (b) Energy distribution curves
for the same excitation in single monolayer WSe,. Only intralayer excitons are present.
(b) Ultrafast formation dynamics of intralayer Als excitons, hybrid X, and interlayer
excitons (orange, gray and red data points, respectively). Solid lines are microscopic
theory. (Copyright by Springer Nature).

Source: (a), (b) and (c) are reprinted from [169].

respectively. It is immediately noticeable that the contributions of
intralayer, ¥, and interlayer excitons rise with certain delayed onsets.
In addition, both the Als-exciton signal as well as the X exciton signal
show a fast decay after the initial rise. In contrast, the interlayer exciton
signal decays comparably slower with a decay time of = = 33.2 +
4.7 ps [169]. The delayed onsets can be interpreted as a sequential
electron transfer mechanism in which the hybridized X exciton is
transiently involved.

Solid lines in Fig. 21(c) show an exciton dynamics simulation based
on the microscopic calculation of the hybrid exciton landscape in the
heterobilayer [169,175,201]. In the model, the formation pathway
of interlayer excitons is verified as a cascade through exciton states.
Exciton-phonon interaction leads to scattering from the K-point to the
X-point. At the X-point, the electron contribution of the exciton is
hybridized, which enables efficient tunneling of electrons between the
layers. An additional scattering event with a phonon then transfers the
electron from the hybridized X-point to the K-point of the MoS, layer,
i.e. the ILXs are formed.

6.5.2. Hole-transfer dynamics

Looking at the energy alignment of the bands in Fig. 20(c) shows
that in addition to the electron-transfer process to form the ILX, also a
hole-transfer process is possible (see Fig. 20(a)). After resonant excita-
tion of Als excitons in the MoS, layer, the hole can transfer from the
MoS, valence band maximum into the energetically favorable valence
band maximum of the WSe, layer, and again, the ILX is formed.

The initial condition for such a hole transfer process in the exciton
landscape, starting from the Als exciton in MoS, (exciton energy of
1.9 eV), is, both in energy and momentum, very different to the electron
transfer process that starts from the Als exciton in the WSe, [exciton
energy of 1.7 eV, see Fig. 22(a)]. Thus, different formation dynamics
can be expected. Indeed, looking at the theory, the microscopic model
predicts a comparably much longer transfer time for the hole transfer
process, which is on the order of a few picoseconds (Fig. 22(b), black
line). The reason for this behavior is a different formation pathway,
which is not mediated by the electron going through the X-point, but
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Fig. 22. Electron-and hole-transfer dynamics: (a) Calculated exciton landscape of
intralayer, hybrid and interlayer excitons. Electron- and hole transfer are induced by
pumping resonantly with 1.7 eV or 1.9 eV light, respectively. (b) Exciton dynamics
simulation as predicted by microscopic theory. Formation of ILX due to electron-only
(green line) and electron- and hole-transfer mechanism (black line). The hole transfer
process takes an order of magnitude longer than the electron transfer process. (c) The
momentum-filtered regions of interest are marked with black circles around the «-
points. (d) Evolution of photoemission intensity of ILXs due to electron-only (green
points) and electron- and hole-transfer processes (black points). Hole-transfer occurs
for delays longer than 1 ps.

Source: Panels (a), (b), (¢) and (d) are adapted from [172] under Creative Commons
Attribution License 4.0 (CC BY).

mediated by the hole that, according to theory, goes through the I'-
point. For this hole-mediated formation pathway, however, the phase
space for exciton-phonon scattering is comparably reduced [151,178,
201-203]. In addition, more excess energy needs to be relaxed via
additional intraband scattering processes to form the ILX, because the
structure is now excited with 1.9 eV in the MoS, layer instead of the
lower 1.7 eV in the WSe, [197,201]. The simulated dynamics are shown
in Fig. 22(b), where the green line shows the very fast electron transfer
discussed above, and where the black line illustrates the combined
electron and hole transfer showing, accordingly, both the fast electron
transfer and the comparably slower hole transfer components in the ILX
formation process. We note that both transfer processes were taken into
account, because resonant pumping of the Als exciton in MoS, also
leads to off-resonant pumping of the Als exciton in the WSe, layer.
The unambiguous signature of the hole transfer is, hence, the slower
and persistent increase in ILX exciton population for time delays on
the order of several picoseconds.

Experimental realization of the hole transfer is done by tuning
the pump pulse energy to be resonant to the Als exciton in MoS,,
ie. hvpmp = 19 eV. The measured formation dynamics of the ILX
is shown in Fig. 22(b). Black data points correspond to the resulting
combined electron- and hole-transfer process. For comparison, green
data points show the electron-only transfer from before, where only the

Als exciton in WSe, was excited (thump = 1.7 eV). It is directly evident
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that the hole-transfer process leads to a slow rise of the ILX signal
beyond 1 ps. Hence, the experiment directly reproduces the predicted
slower formation time for the hole-transfer process. For a quantitative
analysis, the dotted lines show best fit results from a rate equation
analysis. The rise time for the electron transfer is extracted to 40+ 10 fs,
while the rise time for the hole-transfer process is on the order of
2.2 + 1 ps. Note that the experimental data also shows a decay due to
recombination of bright excitons and decay over defect channels, which
is not included in the microscopic modeling.

6.6. Outlook

This article summarizes the strength of time-resolved momentum
microscopy for the study of ultrafast formation and thermalization
dynamics of bright and dark excitons in 2d van-der-Waals heterostruc-
tures.

In particular, because of its momentum sensitivity and access to
micrometer-sized samples, time-resolved momentum microscopy
promises to be a key experimental technique to gain unprecedented
insights into the correlated and out-of-equilibrium physics of quantum
materials in the time domain. The method clearly enables further stud-
ies in major future research fields: e.g., charge-transfer and hybridiza-
tion dynamics at organic 2d semiconductor interfaces [204], advanced
light-matter engineering as control of Floquet-Bloch states in two-
dimensional materials [58,59,205-207], and the formation of (novel)
correlated electronic quantum phases in van-der-Waals devices [208,
209].

Acknowledgments

We would like to thank all colleagues that contributed to the re-
search reviewed in the present article. First, we would like to thank the
members of the Gottingen photoemission laboratory (in alphabetical
order): Wiebke Bennecke, Marten Diivel, G. S. Matthijs Jansen, Marius
Keunecke, Mattis Langendorf, Marco Merboldt, Christina Moller, David
Schmitt, Daniel Steil, Sabine Steil, Hannah Strauch, Paul Werner and
Bent van Wingerden. Second, we would like to thank Ermin Malic
(University of Marburg) and his team members Samuel Brem and
Giuseppe Meneghini for the fruitful experiment-theory collaborations.
And third, we would like to thank Stephan Hofmann (University of
Cambridge) and his team members AbdulAziz AlMutairi and Irina
Chirca and Thomas Weitz (University of Gottingen) and his team mem-
bers Jonas F. Pohls and Anna Seiler for the fruitful collaboration on
sample fabrication and characterization. This work was funded by the
Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)
- 432680300/SFB 1456, project B01, 217133147/SFB 1073, projects
B07 and B10, and the Priority Program SPP 2244 “2DMP” (Project No.
535247173).

7. Time-resolved photoemission electron microscopy

Martin Aeschlimann and Benjamin Stadtmiiller
7.1. Introduction

Since the pioneering experimental observation of the thermaliza-
tion dynamics of photoexcited non-equilibrium carriers in gold [210],
time-resolved photoemission spectroscopy has emerged as a powerful
tool for studying the ultrafast response of materials. This experiment
relies on a dedicated pump-probe scheme, in which an ultrashort —
femtosecond - light pulse excites carriers from the valence band into
the excited states while a second time-delayed pulse (not necessary
with the same photon energy) photoexcites the system thus probing
the carrier population dynamics at a well-defined instance in time.
The photoemission distribution is then typically recorded by a hemi-
spherical electron spectrometer or a time-of-flight detector system. This
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procedure provides crucial insights into the quasi-particle lifetimes of
optically excited charge and spin carriers and thus into the fundamental
energy and (angular-) momentum dissipation processes in materials.
Larger optical excitation strength can also reveal non-equilibrium band
structure renormalizations, melting of charge, and spin-ordered phases
of condensed matter.

Despite numerous groundbreaking studies over the past two decades,
time-resolved photoemission experiments typically suffer from a lack of
high spatial resolution. Using spatially averaging detector systems, such
as hemispherical electron spectrometers or time-of-flight analyzers, the
spatial resolution is determined by the spot size of the probe beam,
which can only be focused up to the diffraction limit. This has long
limited the application of time-resolved photoemission to spatially
extended model systems with largely homogeneous non-equilibrium
dynamics.

This severe limitation of time-resolved photoemission can be over-
come by replacing the conventional spatially averaging photoemission
detector systems with a photoemission electron microscope. This com-
bination, known as time-resolved photoemission electron microscopy
(tr-PEEM), is nowadays a highly complementary tool for time-resolved
photoemission with high spatial resolution down to a few tens of
nanometers, as highlighted by in the second part of this article.

The rise of PEEM started in the mid-20th century when PEEM
was predominantly used as a surface science technique to provide
detailed surface maps of electronic and chemical properties [211]. The
first efforts towards bringing PEEM to the time domain started with
the availability of high-speed devices for image recording similar to
modern streaking cameras, which allowed the investigation of fast, non-
reversible processes on surfaces [212]. Modern tr-PEEM experiments
based on pump-probe schemes and femtosecond lasers started around
the year 2002 with the first attempts to resolve the electron dynamics
in the femtosecond time range [213-215]. However, the lack of avail-
ability of energy analyzers at that time severely hampered obtaining a
full picture of the ultrafast electron dynamics on the nanoscale. Nowa-
days, modern state-of-the-art tr-PEEM experiments with highly efficient
energy analyzers and sub-50 nm spatial resolutions have opened the
door for novel investigations of ultrafast electron dynamics on the
nanoscale and has thus become a working horse method for fields such
as plasmonics and nano-optics. In addition, such experiments allow the
investigation of complex heterostructures that can typically only be
fabricated with sufficient quality on the (sub) micrometer scale.

In the following, we will introduce the instrumentation and oper-
ation procedures of modern tr-PEEM experiments and highlight the
corresponding capabilities of tr-PEEM with selected examples.

7.2. The instrumentation of Tr-PEEM

The basic outline of a time-resolved PEEM experiment is illustrated
in Fig. 23. The two major parts are the optical setup for pump—probe
spectroscopy and the photoemission electron microscopy detector. The
pump and probe laser pulses are delivered by femtosecond laser os-
cillator or amplifier light sources with pulse durations smaller than
30fs, see Fig. 23(a). These pulses are often frequency-converted to
trigger a selected ultrafast response of the material (pump beam) or
to employ specific resonant or off-resonant transition for the detection
of the ultrafast dynamics (probe beam). Thereby, the photon energies
of the ultrashort pulses are no longer limited to the visible spec-
tral range generated by conventional non-linear frequency conversion
schemes in non-centrosymmetric crystals (second, third, and fourth
harmonics generation, sum and difference frequency generation). In
particular, the realization of high flux fs-XUV light sources driven by
high harmonics generation has pushed the available spectral range for
tr-PEEM experiments towards the extreme ultraviolet (EUV) and soft X-
ray range [216]. A Mach-Zehnder interferometer allows adjusting the
difference in the optical pathway between the pump and probe pulse
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Fig. 23. Schematic representation of the two key components of the tr-PEEM exper-
iment: the optical setup for the pump probe spectroscopy (a) and the PEEM detector
system (b). (c) The two different excitation geometries of the PEEM system with a
linear arrangement of the electron optics [218].

with an accuracy of better than 100 nm corresponding to a timing accu-
racy of <0.3fs. This precise control of the timing between the photon
densities of the pump and probe pulses is the basis for imaging the
ultrafast (incoherent) response of the sample with fs time resolution.
In addition, active stabilized interferometers can be used for true in-
terferometric studies of the ultrafast material response using pump and
probe pulses with a fixed relative phase relationship [217]. Scanning
the time delay between these waves in steps of about 100 as can provide
unprecedented insights into coherent electron excitations at surfaces,
such as coherent energy transfer processes between nanostructures in
a resonator or the propagation of surface plasmon polaritons on metal
surfaces. Finally, the (nearly) collinear pump and probe beams are fo-
cused and guided onto the sample surface. The emitted photoelectrons
are then detected by the PEEM system with the two key components
that are shown in Fig. 23(b).

First, the electron optics allows to image the distribution of the emit-
ted photoelectrons onto the detector system. It starts with the objective
lens that collects the photoemitted electrons from the sample surface.
This lens is crucial for focusing the electrons and determining the initial
magnification and resolution of the image. This image can either be
a real space image of the sample surface, or a momentum image of
the emitted electrons that is created in the back focal plane of the
objective lens, in analogy to the focus plane of optical lenses. Second,
the energy analyzer determines the kinetic energy of the photo-emitted
electrons. This capability allows the differentiation of electrons origi-
nating from different electronic states or chemical environments within
the sample. The two main concepts for energy analyzers are pass filters
such as dispersive (double) hemispherical electron spectrometers [219]
or time-of-flight analyzers combined with spatially dense delay line
detectors [220]. In particular, time-of-flight (ToF) analysis systems are
highly advantageous for time-resolved PEEM experiments because they
count all electrons in the energy analysis process, in contrast to pass
filter techniques that essentially discriminate a significant number of
electrons in the detection process. In this regard, the combination
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of high repetition rate laser light sources and ToF energy analyzer
allows for a superior signal-to-noise ratio in tr-PEEM experiments (with
moderate data acquisition time).

This basic design of PEEMs can be complemented by other compo-
nents. The most important examples are electron mirrors, which reduce
the spherical and chromatic aberrations of the electron optics [221]
and thus improve the spatial resolution of the system [222,223]. In
addition, imaging spin filters can be used to provide spin contrast in
the PEEM images for a spin component parallel to the surfaces [224].
A key parameter for tr-PEEM is the spatial resolution. In the simplest
case, the PEEM exhibits electrostatic lenses for imaging the emitted
electrons which allows for a rather simple operation of the detector
system as well as long-term stability of the imaging conditions. The
spatial resolution of such PEEM systems is typically better than 50 nm,
which is substantially below the diffraction limit of optical microscopy
in the visible range. The spatial resolution of PEEM systems can be
pushed to even smaller values below 10 nm when using electromagnetic
lenses in combination with electron mirrors. However, maintaining this
ultimate spatial resolution in tr-PEEM experiments with acquisition
times of several hours is often challenging as even small fluctuations in
the operation conditions can have a substantial impact on the imaging
conditions and thus the resolution of the experiments.

The different types of electron optics (electrostatic vs. electromag-
netic lenses) also have an important impact on the experimental geom-
etry, in particular on the available angles of incidence in a tr-PEEM
experiment. In particular, the normal incidence geometry is highly
desirable for the tr-PEEM investigations in the field of plasmonics due
to the interfaces of the plasmonic fields with the electric field of the
light pulses [225]. PEEMs with electrostatic lens systems and linear,
concentric geometry typically exhibit a gracing angle of incidence (of
65°-68° from the sample surface normal). Normal incidence can only
be achieved by inserting a small optical mirror into the electrostatic
optics column near the electron propagation axis, see Fig. 23(c). In
contrast, both gracing and normal incidence can be easily achieved
in PEEM systems using electromagnetic lens systems. These devices
feature a nonlinear array of electromagnets with magnetic prisms in
front of the sample surface, allowing direct access to the sample surface
for both gracing and normal incidence of the light pulses without
interfering with the lens system arrangement or the electron beam.

In the following, we will present selected examples that highly the
unique impact of tr-PEEM for the field of ultrafast surface science.

7.3. Pioneering and ongoing work in the application of Tr-PEEM and
Itr-PEEM

As mentioned above, tr-PEEM allows for the direct observation of
the energy relaxation and spatial diffusion of photoexcited hot elec-
trons, providing fundamental insights into the mechanisms governing
their behavior. The development of time-resolved PEEM dates back to
2002, when O. Schmidt et al. [213] first demonstrated time-resolved
imaging of hexagonal Ag patches during optical excitation by the fs
pump pulse (see Fig. 24) few years later, A. Kubo et al. [214] first
introduced the interferometric time-resolved-(itr-) PEEM technique by
imaging the in-phase oscillations of four localized surface plasmon
modes on a silver surface during optical excitation by the fs pump
pulse (see Fig. 25). Since then, numerous tr-PEEM studies have been
conducted across various research fields. Below, we highlight two
primary research areas within tr-PEEM, though this overview is by no
means exhaustive.

7.3.1. Tr-PEEM for surface plasmon dynamics

One of the most studied topics in ultrafast imaging with PEEM is
the excitation of surface plasmons, which are collective oscillations
of electrons at the interface between a metal and a dielectric. These
excitations are confined to the surface or nanoparticles and can be ex-
cited by light, resulting in unique optical properties that are critical for
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Fig. 24. Tr-2PPE microscopy of silver on gallium arsenide, taken from Ref. [213]. (a)
PEEM image of the microstructured Ag layer (partly visible hexagonal patches) taken
with 400 nm laser radiation. (b) FWHM image extracted from a pump-probe PEEM scan
of the same area. The brightness value of each pixel corresponds to the FWHM of the
respective autocorrelation trace. (c) Left: PEEM image taken at 60 fs delay (areas having
shorter hot-electron lifetimes appear darker in the image); right: PEEM image taken at
200fs delay.
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Fig. 25. Interferometric time-resolved photoelectron emission microscopy images
(itr-PEEM) of the four different localized plasmons (A,B,C,D) on a silver grating.
Source: Image taken from Ref. [214].

technological applications such as sensors, photovoltaics, and nanopho-
tonics. Understanding the dynamics of surface plasmons is essential for
optimizing these applications. For a review of all published tr-PEEM
work in this area, see M. Dabrowski et al. [226]. The applications of
tr-PEEM span several domains, including:

Localized surface plasmon (LSP) on noble metal nanoparticle and arrays.
LSPs, also known as Mie plasmons, are the oscillations of free electrons
in metallic nanoparticles relative to their positive lattice. The resonant
frequencies of these oscillations are influenced by various factors,
including free electron density, dielectric properties, nanoparticle size
and shape, particle-particle interactions, coupling with other plas-
monic or single-particle modes, and the surrounding dielectric environ-
ment. Time-resolved two-photon photoemission electron microscopy
(tr-2PPE-PEEM) has been extensively used to investigate the dynamic
properties of LSPs, see Fig. 26(a),(b) [227]. This technique is well-
suited for studies on femtosecond or even attosecond timescales, and
it is highly effective for examining coupling effects between nanoparti-
cles, see Fig. 26(c) [228].

Surface plasmon polaritons (SPP). SPP waves are generated by the
coupling of the electromagnetic field of a light pulse to the oscillations
of free electrons at the metal’s surface. These waves can be excited
by various means, such as a grating or a simple slit. In tr-PEEM
the generated signal is primarily influenced by the cross-interference
between the pump-excited SPP and the probe light pulse, resulting
in snapshots of the propagating SPP on a metal surface at different
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Fig. 26. PEEM images of a silver nanodot (diameter: 200 nm) array (a) the PEEM image
is taken with the mercury vapor lamp (4.9eV); (b) corresponding lifetime map (2PPE
cross-correlation trace) [227]; (c¢) Temporal control of the photoemission peaks at the
outer corners of the left nanoprisim within an optical circle using two cross-polarized
laser pulses [228].
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Fig. 27. (a) PEEM snapshots of a propagating SPP on a gold surface at different delay
times [229];(b) Delay-path diagram of SPP propagating at the gold-vacuum interface
deduced from a counter-propagating itr-PEEM measurement [230]. This illustration
shows that the superposition signal contains two distinct contributions (see blue
arrows), a dominating leading beating 