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Abstract

Quantum materials often host emergent phases and excitations that arise from interac-
tions between electrons and other quasiparticles. Capturing the ultrafast dynamics of
these states requires experimental access to the electronic structure and its evolution
in energy, momentum, and time. Time-resolved momentum microscopy provides
this access by combining pump-probe photoemission with parallel multidimensional
detection, but its performance is fundamentally limited by the trade-off between tem-
poral and energy resolution. In this thesis, a femtosecond high-harmonic-generation-
based extreme-ultraviolet beamline is presented that operates in two modes optimized
either for energy or for temporal resolution. This dual-mode concept mitigates the
time-bandwidth trade-off and enables flexible optimization of spectral and tempo-
ral performance. Combined with a momentum microscope for multidimensional
detection, the instrument achieves an energy resolution better than 110 meV and
a temporal resolution below 50 fs in the respective modes. Using this setup, light-
driven dynamics in layered semiconductors and heterostructures are investigated. In
bulk WS,, carrier relaxation across separate valleys of the Brillouin zone is tracked.
In a WS,/WSe, heterobilayer, resonant excitation reveals signatures consistent with
the formation and decay of excitons. Finally, core-level spectroscopy combined
with theoretical modeling identifies chromium interstitials and bromine vacancies as
sources of intrinsic n-type doping in the van der Waals antiferromagnet CrSBr, while
sub-band-gap excitation reveals field-driven photoemission effects.

Kurzfassung

Quantenmaterialien weisen héufig Phasen und Anregungen auf, die aus den Wechsel-

wirkungen zwischen Elektronen und anderen Quasiteilchen entstehen. Das Erfassen
der ultraschnellen Dynamik dieser Zustande erfordert einen experimentellen Zu-
gang zur elektronischen Struktur sowie zu ihrer zeitlichen Entwicklung in Energie-
und Impulsraum. Die zeitaufgeldste Impulsmikroskopie ermoglicht diesen Zugang,
indem sie Pump-Probe Photoemission mit paralleler multidimensionaler Detektion
kombiniert, wird jedoch durch die wechselseitige Abhangigkeit von Energie- und
Zeitauflosung grundlegend limitiert. In dieser Arbeit wird eine auf Erzeugung hoher
Harmonischer basierende Strahlungsquelle mit extrem-ultravioletten Photonen im
Femtosekundenbereich vorgestellt, die in zwei Betriebsmodi arbeitet, welche jeweils
auf hohe Energie- bzw. Zeitauflésung optimiert sind. Dieses Dual-Mode Konzept mil-
dert die durch das Zeit-Bandbreite Produkt vorgegebene Beschrankung und erlaubt
eine flexible Optimierung der spektralen und zeitlichen Auflésung. In Kombination
mit einem Impulsmikroskop zur multidimensionalen Datenerfassung erreicht das In-
strument eine Energieauflosung unter 110 meV und eine Zeitauflosung unter 50 fs in
den jeweiligen Betriebsmodi. Mit diesem Aufbau werden lichtinduzierte Dynamiken
in geschichteten Halbleitern und Heterostrukturen untersucht. In Volumenkristall
WS, wird die Relaxation angeregter Ladungstrager zwischen verschiedenen Télern
der Brillouin-Zone verfolgt. In einer WS,/WSe,-Doppelschicht zeigt resonante Anre-
gung Signaturen, die auf die Bildung und den Zerfall von Exzitonen hinweisen. Ab-
schlieBend werden intrinsische Punktdefekte im van-der-Waals-Antiferromagneten
CrSBr untersucht: Die Kombination aus Kernlevel-Spektroskopie und theoretischer
Modellierung identifiziert Chrom-Zwischengitterplatze und Brom-Fehlstellen als
Quellen der intrinsischen n-Dotierung, wiahrend Anregung unterhalb der Bandliicke
feldinduzierte Photoemissionseffekte offenbart.
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Introduction

A central focus in condensed-matter physics is the study of quantum materials,
whose macroscopic properties are governed by emergent quantum phenomena such
as topology, strong electronic correlations, and collective order [1, 2]. Prominent
examples include topological insulators [3, 4], high-temperature superconductors [5],
and charge density wave systems [6, 7]. In many of these materials, key observables
are controlled by the electronic degrees of freedom, such as spin or orbital order, and
by interactions with quasi-particles such as phonons [8]. Experimentally exploring
these interaction pathways requires momentum- and energy-resolved access to the
electronic excitations, because coupling strengths and relaxation dynamics depend
sensitively on the electron momentum and energy, and an unambiguous identification
of valley-, band-, or defect-specific processes relies on this resolution.

Among the available experimental techniques, angle-resolved photoemission spec-
troscopy (ARPES) is a well-established technique that measures the photoemission
intensity as a function of energy and momentum, providing access to the occupied
electronic structure and many-body renormalizations through the single-particle
spectral function. The method is based on the photoelectric effect (discovered by
Hertz 1887 [9] and explained by Einstein 1905 [10]), where photons with energy
exceeding the work function liberate electrons from a solid. Extending ARPES
to a pump-probe geometry in so-called time- and angle-resolved photoemission
spectroscopy (trARPES) enables tracking the transient evolution of the electronic
structure after ultrafast excitation [11, 12]. Importantly, trARPES accesses states
above the Fermi energy as they become transiently occupied. In this way, trARPES
can quantify nonequilibrium dynamics such as relaxation times, transient band
shifts, linewidth changes, and gap renormalization [8]. Interactions such as electron-
electron and electron-phonon scattering can often be distinguished by their charac-
teristic timescale [13, 14] and by their momentum dependence within the Brillouin
zone (BZ) [15].

A trARPES experiment combines three essential elements: (i) a light source providing
photons above the work function (and, for pump—-probe operation, well-defined pulse
structure), (ii) a well-prepared sample under controlled environment, and (iii) electron
optics and detection that resolve the kinetic energy and emission direction (and
optionally spin) of the photoelectrons. Over the past decades, progress has been
driven by both advances in light sources [11] and by the development of multichannel
electron spectrometers [12].

Modern multichannel detection aims at rapid, parallel acquisition of photoelectron
kinetic energy and transverse momentum with high resolution. Momentum mi-
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croscopes (MMs), which are closely related to photoemission electron microscopy
(PEEM) instruments, use a cathode-lens-based electron-optical column to collect
electrons over a wide angular range and to image either the real-space distribution
(PEEM mode) or the momentum-space distribution (ARPES mode) onto a detector [16,
17]. Energy selection can be realized, for example, by a hemispherical deflection
analyzer (HDA) stage or by time of flight (TOF) detection in a drift region, where
the flight time encodes kinetic energy and enables parallel acquisition over a broad
energy window [18]. Apertures placed in an intermediate image plane can restrict
the field of view to a selected real-space region of the sample, while apertures in a
back-focal (angular) plane can select a region in momentum space, enabling dark-field
imaging, for example [19].
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Figure 1.1: Overview of continuous wave (CW) and ultrafast light sources
for ARPES. Adapted with permission from Ref. [1], © American Physical
Society.

Different light sources suitable for ARPES are summarized in Figure 1.1. Static exper-
iments employ continuous wave (CW) or quasi-CW sources such as gas-discharge
lamps or synchrotron radiation. Time-resolved experiments require pulsed sources,
ranging from frequency-converted tabletop lasers (ultraviolet (UV) regime) to facility-
based free-electron lasers (extreme ultraviolet (XUV) to soft X-rays regime) [1]. Syn-
chrotrons and free-electron lasers provide broad tunability and high flux, but their
facility-based nature limits accessibility. In addition, high instantaneous photon
density can lead to space-charge effects that degrade effective energy and momen-
tum resolution. Tabletop sources offer high accessibility and can be optimized for
high repetition rates to reduce electrons per pulse and mitigate space charge, but
frequency conversion in nonlinear crystals typically limits photon energies to the
UV range, which restricts the accessible photoelectron kinetic energy and therefore
the reachable momentum range within the BZ [8]. High harmonic generation (HHG)
in noble gases extends tabletop sources into the XUV regime, enabling access to
larger regions of momentum space [20]. Continued progress in HHG-based beam-
lines relies on high-average-power ultrafast lasers and on efficient HHG operation



at repetition rates that mitigate space charge while maintaining high temporal and
energy resolution [11, 21].

Advances in photon energy and multichannel acquisition have enabled trARPES
studies across a wide range of quantum materials. Among these, van der Waals (vdW)
crystals are particularly attractive: their crystal structure consists of atomically thin
layers that are weakly coupled by vdW forces, allowing mechanical exfoliation down
to the monolayer limit [22, 23]. Their intrinsically surface-dominated nature matches
the high surface sensitivity of ARPES, which arises from the finite inelastic mean
free path of photoelectrons. Moreover, weak interlayer coupling enables the modular
assembly of artificial heterostructures [24]. In such 2D platforms, external control
parameters including electrostatic gating, strain, twist-induced moiré potentials,
optical excitation, and proximity coupling provide practical routes to tune electronic
and, where present, magnetic properties (Fig. 1.2) [25-28].

Light
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Figure 1.2: Schematic overview of control knobs and emergent phenomena in

two-dimensional vdW materials and heterostructures. Electrostatic gating,
strain, moiré superlattices (twist), optical excitation, and interlayer proximity
coupling provide routes to tune electronic and magnetic behavior. The
Ising/XY/Heisenberg labels indicate different magnetic anisotropy regimes.
Reproduced from Ref. [25], with permission from Springer Nature.

In semiconducting vdW materials, reduced dielectric screening enhances Coulomb
interactions, often leading to exciton binding energies in the range of hundreds of
meV [29]. A prototypical material family is the class of transition metal dichalco-
genides (TMDs), many of which are semiconductors and exhibit an indirect-to-direct
band-gap transition when thinning from multilayers to a monolayer [30]. Their
optical response is frequently dominated by excitonic resonances, and the presence
of inequivalent valleys in the band structure enables valley-selective excitation and
relaxation pathways. Strong spin-orbit coupling and broken inversion symmetry in
monolayers can couple spin and valley degrees of freedom [31]. In multilayer and
heterobilayer TMD systems, interlayer hybridization and charge transfer can give rise
to additional excitonic species [32, 33], including moiré excitons in lattice- or twist-
mismatched bilayers where an emergent periodic potential modifies electronic and
excitonic states [34, 35]. In time-resolved momentum microscopy (trMM)/trARPES,
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exciton-related physics is typically accessed indirectly through the nonequilibrium
carrier populations and interaction-induced renormalizations of the single-particle
spectral function, with momentum resolution providing insights on the underlying
scattering and transfer processes [36].

Long-range magnetic order was demonstrated in atomically thin vdW crystals in
2017 [37, 38], sparking intense interest in two-dimensional magnetism and spintronic
perspectives [39, 40]. Early material platforms often suffered from low transition
temperatures and limited stability in ambient conditions. A promising semicon-
ducting antiferromagnet in this context is CrSBr, whose bulk form is comparatively
resilient against oxidation [41, 42]. Beyond its magnetic properties, CrSBr exhibits
strong anisotropy and pronounced quasiparticle renormalization, consistent with
quasi-one-dimensional transport along its crystallographic axes [43]. This anisotropy
manifests in direction-dependent effective masses and strongly polarized optical reso-
nances [44], distinguishing CrSBr from other semiconducting vdW antiferromagnets
such as transition-metal thiophosphates (MPS3) [45].

These examples highlight both the scientific opportunities and the experimental chal-
lenges of studying ultrafast dynamics in two-dimensional vdW quantum materials.
Valley-dependent carrier relaxation, exciton formation, anisotropic band structure,
and defect-related spectral signatures all require momentum-resolved access to tran-
sient electronic states over a large region of the BZ. Realizing such measurements
in practice further demands XUV probe pulses with sufficient photon energy, high
repetition rates to mitigate space-charge effects, and optimized temporal and spectral
resolution. Addressing this combination of requirements is a central objective of the
present thesis.

The main scope of this thesis is the realization of a modern fs-XUV beamline with
tunable trade-offs between temporal and energy resolution, its integration into a
trMM platform, and its application to ultrafast carrier relaxation and interaction
effects in 2D vdW quantum materials. The thesis is structured as follows:

Chapter 2 introduces the concepts and methods required for the remainder of the
thesis. Fundamental aspects of ultrafast and nonlinear optics relevant for trMM and
beamline design are discussed in Sec. 2.1. The principles of ARPES and MMs are
then summarized in Sec. 2.2, with emphasis on transient signatures and observables
(Sec. 2.3). Finally, the instrumentation used for the experiments is introduced in
Sec. 2.4.

Chapter 3 details commissioning of an HHG-based beamline for fs-XUV probe pulse
generation (Sec. 3.1) and its coupling to a MM with a HDA for trMM measurements
(Sec. 3.3). Since temporal and energy resolution are linked by Fourier constraints,
two operating modes are implemented to prioritize one resolution over the other.
A photon energy > 20 eV combined with a high repetition rate enables efficient
multichannel acquisition over large regions of the BZ for many quantum materials.
Pump-frequency modulation for tunable excitation is discussed in Sec. 3.2, including
modifications to accommodate an optical parametric amplifier (OPA) in the pump
line (Sec. 3.4).



Chapter 4 introduces the investigated materials. The Au(111) surface state and
highly oriented pyrolytic graphite (HOPG) are presented as benchmark systems to
characterize beamline performance (Sec. 4.1 and 4.3). The materials CrSBr and WS,
are then introduced in more detail to motivate their ARPES and trARPES signatures
(Sec. 4.5 and 4.4). Sample preparation is summarized with emphasis on fabrication of
a WS, monolayer (Sec. 4.2).

Chapter 5 presents trMM studies on WS, and CrSBr. Bulk WS, is excited above
the band gap and valley-resolved relaxation in the conduction band is analyzed
as a function of electron energy (Sec. 5.1). The response is compared to a WS,
monolayer on Au(111), where the transient signature indicates additional decay
channels. A WS,/WSe, bilayer is then excited resonantly with the WSe, exciton
(Sec. 5.2). While signatures consistent with exciton formation in WSe, are observed,
no clear evidence for subsequent interlayer exciton formation is found under the
investigated conditions. Finally, defect-related phenomena in CrSBr are investigated
(Sec. 5.3), including intrinsic n-type doping. Core-level spectroscopy combined with
theoretical modeling identifies Cr interstitials as a likely doping source in addition to
Br vacancies. Under below-band gap excitation, the trMM response is dominated by
field effects that can mask intrinsic material dynamics.

The main results are summarized in Chapter 6, followed by a brief outlook.






Concepts and Methods

This chapter establishes the concepts and methods underpinning the experimental
work presented in the subsequent chapters. Section 2.1 reviews ultrafast Gaussian
beam optics and nonlinear frequency conversion, culminating in high harmonic
generation (HHG) as a tabletop route to femtosecond extreme ultraviolet (XUV)
pulses for photoemission. Section 2.2 introduces the photoemission process and
summarizes the employed spectroscopic techniques, ranging from conventional X-
ray photoelectron spectroscopy (XPS) to momentum microscopy and time-resolved
photoemission, with particular emphasis on space-charge limitations. Because time-
and angle-resolved photoemission spectroscopy (trARPES) can exhibit both genuine
transient signatures and systematic artifacts, selected examples are discussed in
Section 2.3, including excitonic fingerprints, laser-assisted photoemission, surface
photovoltage, and pump-induced space charge. Finally, Section 2.4 provides an
overview of the experimental instrumentation, while the pulsed photon beamline
coupled to the KREIOS momentum microscope is described in detail later (Ch. 3).

2.1 Nonlinear Optics for Ultrafast Photoemission

Tabletop sources delivering efficient HHG with photon energies above 20 eV have
become increasingly practical with the advent of high-power, high-repetition-rate
femtosecond laser systems [11]. Describing such sources requires both spatial and
temporal pulse control, which are governed by Gaussian-beam optics and dispersion,
respectively. Accordingly, this section first introduces the basics of ultrafast optics
(Sec. 2.1.1), then reviews nonlinear frequency conversion (Sec. 2.1.2), and finally
focuses on HHG in gas targets at high intensities (Sec. 2.1.3).

2.1.1 Ultrafast Gaussian Optics

The photoemission experiments presented in this thesis utilize ultrashort light pulses
on femtosecond and picosecond timescales. Such pulses are commonly described
within the slowly varying envelope approximation, in which a rapidly oscillating
electric field is modulated by an envelope function that varies only slowly in time.
For propagation along z, the electric field can be written as

E(z,t) =Re {EO% (z,t) Uy (r) exp [ikz — ia)t]} , (2.1)
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where r = (x, y, z)T is the position vector, E, is the field amplitude vector, & is the
envelope function, k is the wave number along the propagation direction, w is the
angular frequency, and u,, , is the transverse mode, which is discussed in more detail
below [46, 47]. Propagation through a medium generally leads to temporal spreading
due to dispersion, which is captured by the frequency dependence of k [46]:

dk 1 d%k 2 5
k(w)= k + — - - — - - 2.2
@ = k@, + G|, @=a)+5 75| @-a)’+0(@-a))  @2)
—_———— ———— ———
Ea)/vph Evg_l,l =GVD

Here, w, denotes the central pulse frequency. The first and second terms define the
phase and group velocities, v, and vy, respectively. The third term is the group
velocity dispersion (GVD), which renders the group delay frequency dependent:
different spectral components propagate with different group velocities, leading to
temporal broadening for finite-bandwidth pulses. A related quantity is the group
delay dispersion (GDD), i.e. the GVD accumulated over a path length L. After experi-
encing GVD, an optical pulse develops a frequency sweep across its temporal profile,
referred to as chirp [47, 48]. For positive GVD, as found in most materials, higher
frequencies exhibit a lower group velocity, which imparts positive chirp. Chirped
pulses broaden in time and therefore exhibit reduced peak intensity. The characteris-
tic length Lysp, after which the peak intensity has decreased by a factor V2, scales
with the squared initial pulse duration, Lg;s, © 72/ |GVD)| [48], highlighting that
GVD becomes increasingly important for short pulse durations.

Time and frequency descriptions of a light pulse are connected via the Fourier
transform. For a given pulse shape, this connection implies a lower bound on the
product of spectral bandwidth Av and pulse duration Ar, defined here as intensity
full width at half maximum (FWHM) values,

Av AT > K (2.3)

with constant K [46, 48]. The exact value of K depends on the pulse shape and is
2In(2)/m = 0.441 for Gaussian pulses, for example. This lower bound is commonly
referred to as the transform limit and is reached only for pulses with flat spectral
phase.

Ultrashort optical pulse durations are difficult to characterize using electronic mea-
surement procedures [49]. In this thesis, pulse durations are therefore characterized
via second-harmonic intensity autocorrelation measurements. In this approach, a
laser beam is split in an interferometer-like geometry with adjustable delay between
the two pulse replicas. At the output, both beams overlap and generate the second
harmonic (SH) (Sec. 2.1.2) with an intensity proportional to the convolution of their
intensities. Pulse durations can thus be obtained by recording the SH intensity as a
function of delay and applying a pulse-shape-dependent deconvolution factor. How-
ever, this form of autocorrelation does not provide access to the spectral phase and
therefore cannot retrieve chirp information. A more elaborate method is frequency-
resolved optical gating (FROG), in which the SH signal is recorded with spectral
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resolution. This yields a two-dimensional frequency-delay spectrogram and enables
retrieval of the complex electric field via algorithmic reconstruction [50].

Real laser beams have finite spatial extent in the transverse direction and are therefore
not well described by plane waves. Instead, the spatial mode u,, , perpendicular to
the propagation direction is commonly expressed as an expansion in Hermite-Gauss
modes with indices (m, n) for the x and y directions, respectively, also referred to as
transverse electromagnetic mode (TEM). Most important for this thesis is the TEM, o
mode with Gaussian beam profile

4y x4 y?
—ik
w?(2) 2R(z)

g (x) = %p - +ip(2) (2.4)

with beam radius w(z) (defined at the 1/e? intensity level), waist radius w, at
z = 0, wavefront radius of curvature R(z) = (2% + z}%)/z, and Gouy phase ¢ =
arctan(z/zg) [47, 51]. The Rayleigh length zz = mwZn/M?2 specifies the position
where w(z) = V2w, and includes the central vacuum wavelength A and refractive
index n. A parameter M? > 1 quantifies the deviation of a real beam from the ideal
TEM;y mode (M? = 1 for an ideal mode). In practice, M? is determined by fitting
the measured w(z) with

w? (z — zp) = e |1+(Z_ZO>2] (2.5)

2R

and computing M? using the definition of zg above [52]. Accordingly, the minimum
achievable spot diameter at the focus of a lens is limited by diffraction and can be
expressed as
Zéli

md
for a lens with focal length f and beam diameter d at the lens [51].

2wy = M (2.6)

2.1.2 Nonlinear Optics

The response of a medium to a sufficiently weak electric field E is well approximated
by the linear polarization P = ¢ X(I)E, with vacuum permittivity ¢ and linear
susceptibility X(l). However, the general response includes nonlinear components of
the form [47]

P =g [YVE+ yPE + yOF + 0(EY)], (2.7)

which is written here in one-dimensional scalar form for illustrative purposes!. In
general, the susceptibilities are tensors of rank n, as indicated by the above expres-
sion [48]. An order-of-magnitude estimate for their scaling is

_ 0
LD é_ Ey = e/ (47gpal) = 5.14 x 101 Y (2.8)
m

at

!Scalar susceptibilities denote effective values derived from the actual tensor.
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with elementary charge e and Bohr radius g of the hydrogen atom [53]. This estimate
illustrates why nonlinear responses become apparent only at high field strengths.

Nonlinear processes relevant for this thesis are of second and third order. Importantly,
second-order effects vanish in media with an inversion center ( X(z) = 0) [53]. For
non-centrosymmetric media, second-order processes can be illustrated by considering
an input field with two frequency components,

E(t) = Eje ! 4 Eye7i@! L cc, (2.9)
which yields [53]

P(z)(t) =g X(z)[Efe_Zi“”t + EZe it

+ 2E, Eye @t 4 o Ere @@t L cc]+C,

Here, C denotes a DC term that does not depend on t and describes optical rectification.
This relation demonstrates frequency mixing with several components. The first two
terms describe the conversion of two photons with frequency w, to 2w,, commonly
referred to as second harmonic generation (SHG). The third term corresponds to
generation of a component at w; + w,, referred to as sum-frequency generation
(SFG). Finally, the last term at frequency w; — w, is termed difference-frequency
generation.

Difference-frequency generation describes a frequency-mixing process in which
two input waves at w; and w, generate a third frequency at w3 = |w; — w,|. An
alternative viewpoint is optical parametric amplification, in which a very intense
pump beam at w, = w; amplifies a weak seed beam at w; into a stronger signal beam

at wg = w, [54]. The additionally created beam at w; = wp— s is referred to as the idler

beam. Both processes rely on the same X(Z) nonlinear interaction. Seed generation
typically involves white-light continuum generation, i.e. strong spectral broadening
by nonlinear processes such as self-phase modulation (see below) [47]. Optical
parametric amplifiers (OPAs) employ either collinear input of the interacting beams,
which provides high conversion efficiency and simplified alignment, or non-collinear
input, which supports higher bandwidth (from phase-matching considerations) and
is advantageous for ultrashort pulses [55]. In addition, high-power optical parametric
chirped-pulse amplifications (OPCPAs) may temporally stretch the seed pulse prior to
amplification and apply compression after the amplification stage, thereby reducing
peak power during amplification [55, 56].

In general, the nonlinear effects described above can be understood by deriving a
wave equation from Maxwell’s equations in a non-magnetic and dispersive medium
without free charges. For each Fourier component w,, one obtains

e(wy) ' O’E, ! aZPnNL
c? a2 g ot

V2E, — (2.10)
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for the nonlinear component of the polarization PNV (P = PN 4 PNLy with speed of
light ¢ and linear dielectric tensor £(w,) [48, 53]. Here, the polarization and electric
field are expressed in terms of their Fourier components as

P(t) = Z P (r)e ™“nf y cc. and E() = Z E,(r)e ™l + c.c. (2.11)

Equation (2.10) can thus be interpreted as a wave equation driven by the nonlinear
polarization on the right-hand side, demonstrating that the nonlinear polarization
acts as a source term for waves at new frequency components.

A practical limitation of nonlinear pro-

cesses is the phase-matching condition,
which follows from momentum conser- sr —
vation and generally reads P sk /
K ,
. < [ ——— Type
— out _ n 25 | |
Ak = Zi:ki Zj:kj . (212) 5 '; — Typell
1 1 1 1

1000 2000 3000 4000

Energy transfer between frequency A (um)
1

components is drastically reduced for
Ak # 0 [48, 53]. However, dispersion Figure 2.1: Phase-matching angle 6 be-
causes k(w) to differ among interact- tween k, and the crystal optical axis for

ing waves. There are several mitigation g11G in a BBO crystal. Computed with re-

strategies, and within this thesis, bire- ., tive indices specified in Ref. [57].
fringent uniaxial § barium borate (BBO)

crystals are used.

These crystals exhibit an angle-dependent effective refractive index for the extraordi-
nary axis. Phase matching is achieved by tuning the propagation angle 0 relative to
the optical axis such that the required effective index is met [47]. Fig. 2.1 displays
the phase-matching angle as a function of input frequency for SHG. Depending on
the ordinary/extraordinary polarization geometry of the interacting waves relative
to the crystal axes, phase matching is categorized as type I, with identical polariza-
tions for w; and w,, or type II, with orthogonal polarizations. BBO crystals support
second-order nonlinear processes from the infrared (IR) to the ultraviolet (UV) owing
to their large transparency window and high X(z) in this spectral range.

Under perfect phase matching (Ak = 0), the maximum second-harmonic intensity I
scales with the square of the propagation length L through the nonlinear medium,
I o L2. For finite mismatch, however, this scaling only holds for L < 7/|Ak],
because the generated wave can walk out of phase during propagation, resulting
in oscillatory conversion [53]. For short pulses, the output efficiency and pulse
duration depend strongly on the pulse parameters [47]. Comparatively long pulses
with narrow bandwidth generate a SH temporal profile that is shorter than that of the
driving fundamental due to the nonlinear intensity scaling L, (t) o I2(t). Ultrashort
pulses, in contrast, have high bandwidth, and the spectral wings might not satisfy
the phase-matching condition. In addition, group-velocity mismatch can cause non-
negligible temporal walk-off, and birefringent crystals also feature spatial walk-off.
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Consequently, the BBO crystal thickness for ultrashort pulses must be chosen as a
compromise between conversion efficiency and preservation of pulse duration.

Within this thesis, third-order nonlinear processes are relevant primarily through
the degenerate Kerr response, which is an intensity-dependent refractive index given

by
1

ngeC

)((3)1 =ng +nyl (2.13)

n=ny+a

with a prefactor a that depends on tensor and polarization conventions, driving-field
intensity I, and linear refractive index n, [48]. This intensity-dependent modification
of the refractive index has two important implications (for additional consequences,
see, e.g., Ref. [53]). First, a Gaussian beam profile yields an increase of n that is largest
on the optical axis (for n, > 0) and decreases toward the periphery. This profile acts
as a lens, effectively focusing the beam inside the medium [53]. Such self-focusing
can readily increase the beam intensity beyond the material’s damage threshold,
rendering the focusing process potentially catastrophic.

@)A1 : ()41
pulse E pul.se initial
front i tail
| t
(b)4 @inst | blueshift
E ¢ after SPM
: Ll
redshift ! @

>

Figure 2.2: Calculated self-phase modulation (SPM) for n, > 0. (a) Intensity
profile of a sech? pulse. (b) Self-phase modulation (SPM)-induced instanta-
neous frequency shift. (c) Resulting spectral broadening (schematic).

A second implication of an intensity-modulated refractive index is self-phase modu-
lation (SPM), which arises from a modulation of the instantaneous frequency wjpst,

given by
dg(t) d d Wy @
Winst(®) = ¥ - (wot — kz) = o (wot — Mz - ?OnzI(t) z) (2.14)
=Wy — @znziI(t) (2.15)
c dt

with the temporal intensity profile defined in Equation (2.1) [47, 53]. The resulting
modulation is displayed in Figure 2.2 and causes a spectral redshift on the leading
edge of the pulse and a blueshift on the trailing edge (for n, > 0), thereby increasing
the pulse bandwidth.
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2.1.3 High Harmonic Generation

This section mainly builds on the review by Protopapas et al. [58] and on Refs. [48, 53],
which are not cited repeatedly in the following. The nonlinear response of a medium
upon optical illumination is introduced in the previous section, but this description
no longer holds for very high optical intensities that enable electron ionization. At
high intensities, N photons can excite an electron into a continuum (free-electron)
state, which is referred to as multiphoton ionization (see Fig. 2.3a). If the electron
absorbs more photons than required to overcome the ionization potential I,, the
process is called above-threshold ionization. Multiphoton ionization can be described
within the perturbative regime, and its transition rate R scales with light intensity I
according to R o< on I with generalized cross-section oy, even though saturation
and depletion effects can break down this power law. For above-threshold ionization,
this power-law relation breaks down with increasing field strength. Above-threshold
ionization produces an ionized-electron spectrum with peaks separated by hw.

For even higher optical intensities, the light’s electric field distorts the atomic poten-
tial enough to enable tunneling of bound electrons into continuum states, which is
commonly referred to as tunneling ionization (Fig. 2.3b). A key approximation for
this description is that tunneling occurs rapidly within a fraction of the optical cycle,
which allows a quasi-stationary treatment of the light’s electric field. Moreover, the
ionization probability is largest near electric-field maxima, with the drift momentum
tied to the vector potential at the ionization time. The dominant ionization mecha-
nism is approximately indicated by the conceptual Keldysh parameter y, given by
Y= w\[Zm—eIp /(eE) with light frequency w, electric field E, electron charge e, and
electron mass me. Tunneling dynamics dominate for y < 1 (large E or small ),
whereas multiphoton dynamics dominate for y > 1 (smaller E or larger ).

c
multiphoton or tunneling ) N perturbative
above threshold ionization region
ionization + recollision
¥ ghw \1}%
| 7 plateau region
‘TI cutoff
¢ region
fuu’l_\;i:"/ 7’\ L N
10 20 30 7
Figure 2.3: Schematic representation of electron ionization mechanisms and

high harmonic generation. (a) Multiphoton ionization. (b) Tunneling ioniza-
tion with recollision model, resulting in harmonic emission. (c) Schematic
high-harmonic spectrum S as a function of harmonic order g at energy ghw.

Within the oscillating electric field of the light, ionized electrons can undergo a quiver
motion and recollide with their parent ion (see Fig. 2.3). This process is formulated
for a single atom in the so-called recollision or three-step model, and its main features
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can be understood from semiclassical theory [59, 60]. The three steps are (i) electron
ionization described above, (ii) propagation within the light’s electric field, and (iii)
recombination at the ion. Upon recombination, the electron emits coherent dipole
radiation with a maximum cutoff energy

hoetott = Ip +3.17 - U, (2.16)

with the classical maximum recollision kinetic energy 3.17-Uj, (first found experimen-
tally by Krause et al. [61]). Here, U, = e?E? /(4m w?) is the ponderomotive potential,
which can be understood as the electron energy associated with quiver motion in
an oscillating electric field E2. For classification, the ponderomotive potential is
Up (eV) =9.33 x 107141 (W/cm?)A? (um).

After tunneling ionization, the electron motion is often described classically with
only the light field as the driving force, neglecting the ion Coulomb potential in
the so-called strong field approximation. As ionization predominantly occurs at an
electric-field maximum, the electron is first accelerated away from the parent ion.
Upon reversal of the field direction, the electron is then accelerated back towards the
ion and therefore possesses additional kinetic energy upon recollision. Importantly,
light polarization with nonzero ellipticity results in electron trajectories that are more
likely to miss the ion and thus strongly reduces radiation emission for elliptically
polarized light and essentially suppresses it for circular polarization in the single-color
case.

A typical radiation spectrum is shown in Figure 2.3¢ and features distinct harmonic
peaks at multiples of the driving photon energy ghw with integer order g, motivating
the term high harmonic generation. The spectrum can be roughly separated into the
perturbative regime with characteristic power-law scaling 19, a non-perturbative
plateau region in which conversion efficiency declines much more slowly, and a
cutoff region at Aiwcytoff. For centrosymmetric media, the spectrum exhibits only odd
harmonics due to parity considerations (antisymmetric dipole and driving electric
field E(t + T/2) = —E(t) with T = 27 /w). Since harmonic emission occurs every
half cycle, a harmonic spacing of 2Aw is also plausible from Fourier considerations.
In media lacking an inversion center, or for multicolor light fields, even-harmonic
emission is possible. Similar to the wave equation (2.10), it can be shown that, under
the assumption of a continuous plane wave E and a homogeneous medium without
pump depletion, the harmonic pulse duration is 7y = 71/,/q and the divergence
angle is Hq = 0,/./q. However, these relations serve only as an instructive baseline,
since harmonic distributions in the plateau region can be considerably wider and
structured due to propagation in the ionizing medium and phase-matching conditions,
for example.

Within this thesis, HHG was employed in a noble-gas jet, which leads to plasma
formation under the intense driving field and therefore requires consideration of
additional effects such as gas density ng,,, active-medium length, and the focal

2Assuming E(t) = E, cos(wt), the equation of motion is md?x = —eE(t) with dx = x4 —
eE, sin(ot)/(m,o), giving Uy = m, (0x)%) /2 = €E3/(4m,@?) when dxysq = 0
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geometry of the laser [59]. The phase-matching condition for harmonic order g
is given by Aky = kq — gko and has several contributions in general (see Ref. [62]).
Within this thesis, phase matching for a given harmonic order and a fixed focusing
geometry involves tuning the gas density via the backing pressure and the relative
position of the light focus and gas jet along the propagation direction. For a focused
Gaussian beam in a collinear geometry, phase matching can typically be achieved
after the optical focus [62]. Since the light intensity governs plasma formation and
thus plasma dispersion, phase matching also sets an upper limit on the employed
intensities, reflecting the maximum dispersion compensation achievable by pressure
tuning [62]. For nonzero phase mismatch, constructive interference occurs only over
a limited coherence length L., = 7/|Akg| (similar to Sec. 2.1.2).

The semiclassical model presented in this section offers an illustrative explanation
of HHG and its main features, but it suffers from several oversimplifications and
neglected effects. For example, quantum effects such as ground-state depletion, inter-
ference, and wave-packet spreading during propagation are not considered. A fully
quantum-mechanical description is provided by Lewenstein et al. [63], who showed
that the relation (2.16) for the cutoff energy is only an approximation, for example. In
addition to HHG in gases, liquid and solid-state materials are also investigated [64].
Especially in solid-state materials, the strong-field approximation, which is funda-
mental to the three-step model, no longer holds. Finally, the experiments presented
in this thesis mainly use HHG as a tool for coherent frequency conversion, but HHG
can also be used to generate attosecond light pulses through appropriate pulse-gating
techniques and dispersion correction [64].
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2.2 Photoemission Electron Spectroscopy

This section introduces photoelectron spectroscopy (PES) as a versatile experimental
tool for probing the electronic structure of solid surfaces. The electronic structure can
be broadly divided into tightly bound core levels, which are investigated using X-ray
photoelectron spectroscopy (XPS) (Sec. 2.2.2), and valence-electron states, which
are investigated using angle-resolved photoemission spectroscopy (ARPES) and mo-
mentum microscopy (Sec. 2.2.3). Section 2.2.1 introduces a theoretical description of
the photoemission process, which is extended in Section 2.2.4 to transient regimes
with time- and angle-resolved photoemission spectroscopy (trARPES). Finally, the
space-charge effect is discussed (Sec. 2.2.5), as it can induce spectral broadening and
spectral shifts.

2.2.1 Three-Step Model

This section introduces the photoemission process and explains the meaning of the
experimentally acquired intensity in a typical photoemission experiment. These
fundamental aspects are covered in a broad range of literature, for example in Refs. [1,
65-67], which provide further reading beyond the brief description given in this
thesis. The following discussion adopts the notation introduced by Sobota et al. [1]
and Damascelli et al. [66], which are not cited repeatedly in the following.

Photoemission is one possible optical process that describes electron emission from
a solid upon photon absorption, provided that the photon energy Aw exceeds the ma-
terial’s work function ©. Emitted electrons are analyzed with respect to their kinetic
energy Eij, and momentum AK in vacuum. Energy and momentum conservation
yield

Exin = how — © — Eg (2.17)
hK) = \2me Eyip sin (9), (2.18)

with the electron binding energy Ep prior to emission, the electron mass m,, and the
angle § between the surface normal and the photoemitted electron trajectory. Since
the surface is translationally invariant, the electron’s parallel crystal momentum is
conserved upon photoemission (modulo Gy), which enables angle-resolved mapping
of the material’s electronic structure.

A microscopic description of the photoemission process is provided by the quantum-
mechanical one-step model. However, a more phenomenological description is often
given by the three-step model, which captures the most important aspects while
remaining more intuitive. The three steps are depicted in Fig. 2.4 and comprise

1. Photoexcitation of the electron within the solid, P (k, E, Aw).
2. Propagation of the electron to the surface, T (Ey;,, hw).

3. Emission of the electron into the vacuum, D (Ej;;,).
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Figure 2.4: Schematic of the three-step model describing the photoemis-
sion process. The electron is excited above the vacuum energy in step 1,
propagates to the surface in step 2, and leaves the surface barrier in step 3.
Reproduced from Ref. [65], with permission from Springer Nature.

The total photoemission intensity .¥ is given by the product of these three terms,
which are discussed in more detail below.

Step 1: Photoexcitation

The first step can be described by a transition probability Pg; from initial state i to
final state f using Fermi’s golden rule, which in general reads

Pgi = 27” [ | e [ )|2 5 (EN - EN - ho), (2.19)

with N-electron initial (final) state lI’N (‘I’%V ), their energies EN (E}V ), and the pertur-
bative Hamiltonian Hye;. Here, Hpe, describes the electron—photon interaction and
is typically approximated by neglecting two-photon processes (~ A2), assuming the
dipole approximation ([A, p] ~ 0), and applying Weyl gauge (® = 0):

2

2
Her:L(p+9A) —ed— 2 (2.20)
P
2m, c 2me
~— (A-p+p-A) = —A-p. (2.21)
2mec e

Here, A is the vector potential, p is the electron momentum, and ® is an electric
potential. The photoemission process is further described within the sudden approxi-
mation, which assumes that the electron is removed instantaneously and does not
interact with the remaining N — 1 electrons during emission. This approximation
allows one to factorize |\I’ ¢) in Equation 2.19 into the photoelectron wavefunction

|(pl f) with wave vector k 1n51de the solid and final-state energy ¢, and the remaining

| ) |‘I’ 0 = | 1) |qaf‘f) Neglecting photon momentum, the crystal momentum
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is approximately conserved up to a reciprocal lattice vector, k¢ = k; (mod G). In this
regime, the transition probability reads

Py = [ME[* SN N 5 (e + BN BN —ho).  (222)
m

Here, we introduced the one-electron dipole matrix element

e

(2.21)
M = (@F | HperloF) = (oFIA - ploK), (2.23)

meC
which demonstrates that photoemission spectra can vary strongly with emission
angle and also depend on the photon energy hw. According to Moser [68], the
photoemission matrix element (PME) of a Bloch band is associated with the Fourier
transform of its Wannier orbital, multiplied by a polarization-dependent prefactor.

Since the N — 1 electron system generally undergoes many-body interactions, sudden
removal of the photoelectron leaves the N — 1 wavefunction in a set of excited states
m with eigenfunctions |‘I’g_1) and energies Eﬁ_l. Without the matrix element M%,(i’
Equation (2.22) is commonly written in terms of the single-electron removal spectral

function )
A"(KE) = ) (N o ¥ D[ -6 (E-Ex '+ EY), (2.24)
m

which describes the transition probability of the N — 1 electron system at energy E
after photoelectron removal with wave vector k. Here, E is measured relative to the
chemical potential p. The full spectral function A is related to the single-electron re-
moval function through the Fermi-Dirac distribution f(E): A™(k, E) = A(k, E) f(E).
Since the full spectral function is related to the retarded Green’s function, interac-
tions are often formulated via the complex self-energy 3(k, E) = ¥'(k, E) + i2”(k, E),
which gives

Ak E) = 1 > (k. E) .

7 [E g~ 2k B)]” + [27(k B)I*

Here, ¥’ shifts the single-electron band energy ¢, while " induces spectral broaden-

(2.25)

ing. Importantly, non-interacting systems with ¥ = 0 exhibit A = § (E — ¢), which
corresponds to a sharp peak that follows the electronic band dispersion. In contrast,
strongly correlated materials can exhibit many-body effects such as satellite peaks in
addition to spectral broadening.

Step 2: Propagation

After excitation, photoelectrons propagate to the surface in the second step, poten-
tially undergoing elastic and inelastic scattering. Thus, T (Ey;,, hw) scales with the
probability of reaching the surface without inelastic scattering, which is approxi-
mately a(hw)Ayp(Eyin) With photon absorption coefficient a and electron inelastic
mean free path Ay, [67]. The former scales with photon energy, whereas the latter
is typically dominated by electron-electron and electron-phonon coupling [65]. The
inelastic mean free path exhibits a roughly universal energy dependence across solids,
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Figure 2.5: Electron inelastic mean free path of elemental solids. The solid

line with empirical relation Ay,, = AEl;i + B,/ Eyp, illustrates the general
trend. Fit parameters A and B are not universal and depend on material class
and dataset. Adapted from Ref. [69]. © 1979 Heyden & Son Ltd. Reproduced
with permission of John Wiley & Sons Limited through PLSclear.

as shown in Figure 2.5. With a minimum of about 4 A at 10 eV to 80 eV, this step
highlights the surface sensitivity of PES. In addition, inelastic scattering introduces
a background signal toward lower kinetic energies in the photoemission spectrum,
which is typically referred to as secondaries (see Fig. 2.4).

Step 3: Emission

In the final step of photoemission, the electron crosses the surface barrier and tran-
sitions into a vacuum final state (((p}‘[ — <(P%<|) Common approximations model
the boundary as a sharp transition, thereby neglecting the finite width of a real
surface [65], and treat the vacuum state as a free wave. The transmission probability
is then given by [67]

D (Exin) = %(1 - L) (2.26)

and depends on the photoelectron kinetic energy as well as the empirical inner-
potential parameter V;. During transmission into vacuum, the electron momentum
perpendicular to the surface changes to account for the potential discontinuity
according to

hK | oolid = \/2me [Ekjn cos2(9) + Vo]- (2.27)

Since the photoelectron kinetic energy depends on hw (see Eq. 2.17), photon-energy-
dependent measurements allow retrieval of k, .

The combination of all three steps motivates the total photocurrent

F ~ Io(k, ho, A)A(K, E) f(E) - a(ho) Amp(Ficn) % (1 -, f ﬁ) (2.28)

\ J . J \ J

P (k.Ehw)=}; ¢ Py T (Eyinh) D (Eiin)
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showing that the photoemission signal is proportional to the spectral function and
modulated by the PME, among other factors. In the first part of Equation (2.28), I,
accounts for intensity modulations by the photoemission matrix element, and the
Fermi-Dirac function f ensures that only occupied states are probed. Since the
measured Ey;, depends on photon energy, experimentally acquired spectra are com-
monly converted to Eg (relative to Eg or Eygyy), whereas Equation 2.28 is formulated
in terms of E with respect to p. In addition to the spectral function, PES can also
determine the work function by comparing the photon energy and total spectrum
width (compare Fig. 2.4).

2.2.2 X-ray Photoemission Spectroscopy

As mentioned in the introduction to this section, electronic band structures can be
roughly divided into tightly bound core levels and outer valence-electron levels.
The former feature binding energies up to several keV [65], requiring X-ray photon
sources for sufficient excitation energy in XPS measurements. Since core-level
binding energies and photoionization cross sections are element- and shell-specific,
XPS is, under many conditions, a non-destructive tool for determining the atomic
composition of a material. Owing to the higher photoelectron kinetic energy, XPS is
more bulk-sensitive than PES with UV photons (see Fig. 2.5).

In addition to compound identification, XPS spectra are strongly affected by many-
body interactions. Upon photoexcitation of a core electron, a core hole is created,
and this hole presents an attractive Coulomb potential for the valence levels. As
a result, core-level binding energies depend on the chemical environment through
both initial-state effects and final-state screening. In many systems, higher oxidation
states correlate with higher binding energy, although screening can modify or even
partially counteract the shift [67, ch. 2.6]. Many-body excitations accompanying core
photoemission can produce intrinsic satellites and loss features, such as shake-up
peaks and plasmon losses [70, ch. 12], while inelastic scattering on the way to the
surface contributes an extrinsic background of secondary electrons [65]. One promi-
nent example is an asymmetric line shape often observed in metallic compounds,
featuring a tail toward higher binding energies (equivalent to lower kinetic ener-
gies). This behavior arises because the sudden creation of a core hole in a metal
triggers low-energy electron-hole pair excitations near Eg, which screen the attrac-
tive Coulomb potential [65, 71]. Core holes may also decay via Auger processes,
producing additional electron lines that are characteristic of the element and appear
at approximately fixed kinetic energy, independent of the photon energy used.

For core levels with orbital angular momentum [ # 0, the core spin s = +1/2 couples
to [ and gives rise to a characteristic doublet. The relative peak intensities depend
on the degeneracy of each total angular momentum j = [ + s. For example, the
p level (I = 1) splits into j = 3/2 with m; = {£1/2,+3/2} (4 states) and j = 1/2 with
m; = {+1/2} (2 states), yielding a ratio of 2:1. Accordingly, d orbitals have a ratio of
ds/2:d3 /5 = 3:2, and f orbitals have a ratio of f7/,:f5/, = 4:3 [72]. Since the coupling
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strength depends on the nuclear atomic number Z, the energetic separation between
the doublet components increases for heavier elements.

For solids with partially filled valence orbitals, coupling between the core hole and
unpaired valence electrons via spin and orbital angular momentum gives rise to a
series of final states in the XPS spectrum. This so-called multiplet splitting depends
on a variety of factors, including the number and configuration of unpaired valence
electrons, their angular-momentum coupling to the core hole, and local crystal fields.
Experimentally, multiplet splitting arises predominantly in first-row transition-metal
compounds and in 4 f elements [73], and it has often been mistaken for the presence
of multiple oxidation states [73, 74]. While theoretical models can predict the atomic
multiplet structure [75-77], a quantitative description requires accounting for charge
transfer and hybridization between valence states and ligands, which is typically not
included in these models [78].

Experimental XPS peaks comprise natural linewidth broadening of the core levels
as well as instrument-related broadening arising from the photon linewidth and
detector-resolution limits. This peak shape is captured by a Voigt function, defined
as the convolution of a Lorentzian (natural linewidth) and a Gaussian (instrument
broadening). In practice, a linear combination of Lorentzian and Gaussian is often
applied, with a mixing parameter determining the relative weights (pseudo-Voigt) [79].
Asymmetric line shapes in metallic compounds can be captured by replacing the
Lorentzian with a function that includes an asymmetry parameter a, such as a
Doniach-Sunji¢ or Mahan profile, for example [65]. This thesis adopts a pseudo-Voigt
function reported by Schmid et al. [80] that includes peak asymmetry by replacing
the constant FWHM with an energy-dependent term. Another important aspect is
the correct identification of the background signal from inelastic scattering. The
background must match the data and is typically described using one of three choices:
(i) linear background, (ii) Shirley background, or (iii) Tougaard background [79, 81,
82]. This thesis adopts the Shirley background, an empirical background proportional
to the integrated signal above the background [81, 83]. It is determined iteratively
during the fitting process and describes inelastic scattering well over a small energy
range.

2.2.3 Momentum Microscopy

In contrast to tightly bound core levels, valence-electron states are generally much
more delocalized. An experiment therefore has to map the photoemission intensity
J (K, Exin) as a function of electron momentum (k| = K mod Gy in the following)
in addition to electron kinetic energy. In practice, angle-resolved photoemission
spectroscopy (ARPES) experiments employing a single acquisition channel need to
map the photoemission intensity as a function of emission angle by rotating the
sample, which is subsequently converted into momentum. However, this technique
suffers from long acquisition times and possible modifications of the photoemission
matrix element upon sample rotation. Consequently, ARPES motivates multichannel
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acquisition techniques, in which multiple observables (kj, Exiy) can be acquired
simultaneously. While energy-filtering techniques are described in more detail
in Section 2.4, the following discussion focuses on parallel acquisition in k). A
key component is the development of multichannel detectors, which often employ
a multichannel plate to amplify the signal while preserving the spatial position
of electrons in the final image plane at the detector [1]. The amplified electron

distribution is then imaged onto a phosphor screen and recorded using a camera.

Using multichannel detectors, efforts to-
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Figure 2.6: Schematic of a prototypical
PEEM column. Reprinted from Ref. [84],

lect electrons over nearly +90° emission
angles [17, 85]. PEEM is a PES tech-
nique that images the emitted photoelec-
tron distribution as a function of sam-
ple position in real space. Spatial resolu-
tion is achieved by a lens column com-
prising electron optics and apertures up-
stream of the energy-filtering detector,
as shown in Figure 2.6. An objective lens
collects electrons and forms an image,
which is corrected with deflectors and
stigmators before being imaged onto the

with permission from Elsevier. detector by projection lenses. This imag-

ing creates a back focal plane, where a
so-called contrast aperture (CA) selects a range of emission angles. A second, so-
called field aperture (FA), placed at an intermediate image plane selects a region of
interest (ROI) on the sample and thereby defines the field of view.

The lens system enables two modes of operation, classical PEEM and ARPES. Both
benefit from the apertures in the lens column. In PEEM mode, momentum selection
via the CA enables dark-field imaging [19]. In ARPES mode, which is achieved
by projecting the back focal plane onto the detector, setting a FA enables spatial
resolution. This constitutes an additional advantage over conventional ARPES, which
requires light-spot sizes on the order of ©(10 pm) for spatially resolved measurements
(also referred to as u-ARPES).



2.2 Photoemission Electron Spectroscopy 23

In ARPES mode, electrons entering the cathode lens at a post-acceleration angle «
have a distance r from the optical axis of

h
\/Zme (eUp + Ekin),

with acceleration voltage U, [67, 86]. Acceleration voltages are typically several
keV up to 30keV [67, ch. 11]. For eUp > Eyjp, one has (eUs + Eyj,) ~ €U, and
the electron position on the detector is directly proportional to kj. This propor-
tionality arises because the immersion field ideally accelerates electrons only along

(2.29)

rocsin(a) = |k"|

the surface normal and thus preserves k". Momentum conservation, formulated in
Equation (2.18), yields a maximum photoelectron momentum of

k" = % [2mEin  (for & = 90°), (2.30)

which depends on the kinetic energy. This so-called photoemission horizon follows
the dispersion of a free-electron wave in vacuum and gives the three-dimensional
(kj, Exin) data volume a parabolic shape.

2.2.4 Time-Resolved Photoemission

Conventional ARPES probes the occupied region of the electronic band structure, as
indicated by the Fermi function in Eq. 2.28. The photoemission process leaves the
N — 1 electron system in an excited state, contributing many-body effects to the one-
electron spectral function (see Eq. (2.25)). An extension to the time-resolved regime is
therefore often understood as providing access to transiently occupied states above the
Fermi energy, rather than simply “access to excited states” Time- and angle-resolved
photoemission spectroscopy (trARPES) enables the study of electronic-structure
dynamics and photoinduced phenomena. This is not limited to population dynamics,
but also includes collective excitations such as phonons or charge-density waves [87],
as well as the emergence of new phases without an equilibrium counterpart, such as
Floquet-Bloch states (see Sec. 2.3.2) [11, 36, 88].

Practically, trARPES is employed in a two-color pump-probe configuration, where an
intense pump pulse with photon energy hwpump excites the solid and a high-energy
probe pulse images the nonequilibrium state via photoemission (see Fig. 2.7). The
pump energy is often chosen below the work function ® to avoid pump-initiated
photoemission and thus reduce background. By controlling the temporal delay
between pump and probe, the resulting stroboscopic snapshots can be stitched
together to obtain the full four-dimensional (k”, E, t) data stack. The combined
resolution in energy, momentum, and time constitutes a major advantage over all-
optical spectroscopy for effects outside the light cone [36, 89]. In addition, transient
dynamics that overlap in energy can be readily resolved and assigned to specific
points of the Brillouin zone (BZ).
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Figure 2.7: Schematic illustration of conduction-band excitation in a semicon-

ductor, observed in trARPES. (a) Above-bandgap excitation with pump pulse
h@pymp produces a hot-electron distribution in the conduction band. (b) The
probe pulse follows the pump after time fejay and induces photoemission
with photon energy fiwprobe from both the valence band and the transient
conduction-band population.

Within the framework of the three-step model of photoemission, transient effects
are often incorporated into the excitation (first) step [2, 90], yielding

P (k", E, hwprobe, t) = Io(k", ha)pump, hwprobe’ A, t)A(k", E, t)f(k", E, t) (2.31)
with time t [2].

This description constitutes only an approximation, since pump-induced photoexcita-
tion can also affect the second and third steps. Examples of such additional influences
include vacuum-propagation effects, such as pump-induced space charge (Sec. 2.3.4),
and modifications of the surface barrier, such as surface photovoltage (Sec. 2.3.3).
Nevertheless, Eq. (2.31) already illustrates that trARPES spectra are generally not
straightforward to interpret and that several parameters can influence the transient
signal. The first factor, I, encodes time-dependent modifications of the photoemis-
sion matrix element, as demonstrated experimentally by Boschini et al. [91]. The
second factor, A, includes modifications of the spectral weight at selected states in
the BZ. The third factor, f, has an arbitrary form for a nonequilibrium distribution
with potentially strong k|| dependence, but it often relaxes toward a Fermi function
f(E,t) with elevated effective temperature. Freericks et al. [92] also extended the
fully quantum-mechanical one-step model to the transient regime and developed a
formalism to describe the signal observed in a pump-probe experiment. Although
relaxation processes are generally difficult to disentangle, trARPES can determine
relaxation rates when (i) a single scattering process dominates the response or (ii)
competing scattering processes occur on different timescales [2, 92].

One prominent application of trARPES is the mapping of hot-electron relaxation
in the conduction band of semiconductors and the determination of the electronic
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Figure 2.8: Hot-electron relaxation in bulk MoS, after above-bandgap ex-
citation, captured with trARPES. Adapted with permission from Ref. [93].
© American Physical Society.

band gap of the material [93, 94]. Figure 2.8 illustrates possible relaxation dynamics
observed in bulk 2H-MoS,, an indirect semiconductor with a 1.29 eV band gap. MoS,
is a member of the transition metal dichalcogenide (TMD) family introduced in
Sec. 4.4. Electrons are excited into the conduction band within the pump pulse
duration and scatter via electron—electron scattering on the ©(100fs) timescale
to a local conduction-band minimum, where they either recombine with holes in
the valence band or undergo trapping in surface or defect states on the O(1 ps)
timescale. Since the conduction band exhibits multiple local minima, electrons may
also undergo intervalley scattering on the ©(500fs) timescale. These timescales
represent the experimental trARPES findings reported by Hein et al. [93]. Time-
resolved photoemission enables identification of different scattering processes both
through their characteristic timescales and through their location in energy and
momentum.

Time-resolved photoemission requires pulsed light sources, whose bandwidth is
typically much broader than that of continuous wave (CW) and quasi-CW sources
due to the Fourier limit (see Sec. 2.1.1). Accounting for this contribution, the overall
energy resolution AE;; is generally given by

AEg =Y (AE)* = \/ (AEiigt)” + (AEgetector)’s (2.32)

with the bandwidth of the light source AEj;gn and the resolution of the analyzer
AEgetector [1, 67]. While this relation assumes independent Gaussian broadening and

is most relevant for light sources that prioritize temporal resolution, it is generally
applicable and can include additional sources of broadening (AE;) neglected here,
such as thermal broadening or space charge (discussed in Sec. 2.2.5).
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2.2.5 Space Charge

In general, experimental photoemission setups aim to combine high energy and
angular resolution with high fluence for rapid data acquisition. In terms of photon
fluence, the so-called space charge effect constitutes a fundamental limitation in this
pursuit [17, 95]. When an optical pulse emits more than one photoelectron, these
electrons interact via Coulomb forces during their propagation to the detector, which
can significantly modify their properties for sufficiently large electron numbers per
pulse. Space charge therefore primarily affects pulsed light sources because of the
high number of photons per optical pulse. As shown in Figure 2.4, photoelectrons
undergo inelastic scattering on their transport to the surface, which, after surface
ejection, gives rise to a large background of secondary electrons that can outnumber
primary electrons by orders of magnitude [96], depending on the experimental
parameters. These secondary electrons can make a major contribution to space
charge in standard ARPES.

Space charge is often modeled by dis-
(a) No SC tinguishing between primary and sec-
ondary electrons due to their distinct
properties. For femtosecond optical
pulses and sufficiently high initial ki-
netic energies, primary electrons exhibit
negligible longitudinal spread along the
propagation direction compared to their

transverse spread, motivating their de-

0 ki scription as an expanding disc of elec-

trons. In contrast, secondary electrons

Figure 2.9: Schematic illustration of space- typically have very low kinetic energies,
charge (SC) effects on an arbitrary band lower momenta, and comparatively little
structure. Deterministic SC produces transverse expansion [17]. These charac-
Lorentzian-shaped energy warping, and teristics influence the resulting Coulomb

stochastic SC induces energy broadening. interactions, which can be separated into
a deterministic contribution, correspond-

ing to the mean force of the secondary-
electron cloud on the primary electrons, and a stochastic contribution, which can
be viewed as random scattering events. The former results in an energy shift of the
photoelectron spectrum, whereas the latter induces energetic and angular broadening
(see Fig. 2.9).

Both the space-charge-related energy shift and the broadening depend non-trivially
on a wide range of experimental parameters [95]. The most important factors include
pulse duration 7, spot diameter d, mean photoelectron kinetic energy E;-*", and the
number of photoexcited electrons per pulse N.. While ARPES experiments using
synchrotron-based light sources with ©(10 ps) pulse durations typically display linear
dependencies of broadening and shift on N, /d [97], laser-based experiments with
femtosecond resolution have found a \/ﬁe dependence of the space-charge energy
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shift under typical conditions [98]. These relations apply only within a limited
parameter window, since decreasing spot diameters in nano-ARPES experiments, for
example, lead to different characteristics [99].

Both deterministic and stochastic space-charge contributions have been modeled
in previous reports (see, e.g., [17, 95]), and electron densities of N,/d = 3000 mm
were reported to yield energy broadening below 5 meV in conventional hemispherical
analyzers [95]. In MM, the photoelectron distribution is accelerated by the cathode
lens and focused within the lens column, increasing Coulomb interaction and yielding
dramatically lower space-charge limits [85]. Deterministic space charge was found
to induce an energy shift following a two-dimensional Lorentzian profile in k; that
is highest at zero momentum [17], enabling correction in post-processing via fits to
iso-energy surfaces and energy renormalization. Within this thesis, space charge
was mitigated in MM experiments by adjusting the photon fluence while tracking a
small (k”, E) volume close to the Fermi energy.
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2.3 Selected Transient Signatures and Artifacts

A central excitation probed by trARPES in semiconductors is the promotion of elec-
trons from the valence band into the conduction band, i.e., the creation of a transient
electron-hole population. Beyond this single-particle picture, many-body interac-
tions can substantially reshape the electronic response and leave clear fingerprints
in the measured photoemission intensity. A prominent example is exciton formation
and decay, discussed in Section 2.3.1.

[able 2.1: Overview of all discussed signatures in trARPES experiments.

Sec. Effect Physical origin Photoemission hallmark

2.3.1 Excitonic Bound electron-hole Additional discrete feature(s),
signature correlation binding-energy shifted

2.3.2 LAPE / Volkov Final-state dressing of the Replica peaks spaced by
sidebands photoelectron h@pump

2.3.2 Floquet Initial state dressing Replica bands, possible
sidebands (periodic drive) avoided crossings

2.3.4 Dynamic Coulomb interaction of = Transient energy shift and
space charge  emitted electrons broadening

2.3.3 Surface Transient surface Predominantly rigid spectral

photovoltage  potential / band bending  shift

In pump-probe photoemission, the detected signal is governed not only by dynamics
inside the solid, but also by interactions of the outgoing photoelectrons with transient
electromagnetic fields and electrostatic potentials near the surface and in the vacuum.
These couplings can serve either as a deliberate handle to manipulate the surface elec-
tronic structure or as unwanted artifacts that mask intrinsic processes. A prominent
example of the former is Floquet engineering, where a time-periodic Hamiltonian,
e.g. imposed by a tailored oscillatory field, modifies the band structure and can
generate Floquet-Bloch replica bands (see Sec. 2.3.2). Another is surface photovolt-
age, i.e., transient changes in the near-surface electrostatic potential (band bending)
that rigidly shift spectral features and are particularly relevant for semiconductor
heterostructures and photovoltaic materials (see Sec. 2.3.3).

In the present work (Ch. 5), most experimentally observed pump-induced spectral
distortions are parasitic in nature and predominantly affect the photoelectron af-
ter emission. A key example is laser-assisted photoemission (LAPE) (Sec. 2.3.2),
where the near-surface pump field dresses the continuum final state and generates
Volkov-type sidebands. In addition, multiphoton emission driven by a strong pump
pulse can produce a dense electron cloud that gives rise to dynamic space-charge
effects, manifesting as transient energy shifts and spectral broadening (Sec. 2.3.4).
All signatures discussed in this section are summarized in Table 2.1.
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2.3.1 Exciton Fingerprint

Excitons are fundamental excitations in semiconductors that are commonly created by
light-matter interaction [100]. They consist of an electron and a hole (an unoccupied
state) bound by Coulomb interaction and form a Rydberg-like series of discrete states
that converge to the electron-hole continuum [101]. Excitons can carry energy and
momentum, but no net charge. Their coherent optical excitation is well described by
the semiconductor Bloch equations, which are explained in detail in Refs. [101-103].
Assuming a two-level system with ground state |0) and excited state |1) as a model
system, the electric field E of an optical pulse drives the system into a coherent
superposition
[(©)) = co(£)10) + 1 (D) [1)

with time-dependent complex coefficients ¢;(t). Within the dipole approximation, the
interaction Hamiltonian is Hj; = —-d-E (t). The macroscopic polarization P of the
material is given by the expectation value of the electric dipole moment operator d,
summed over all N dipole-allowed interband transitions,

P(t) = N (y|dly) = Ndy; (ciic, +cicp)

where dy; = (Ola 1) is the transition dipole matrix element. The quantity py; = cjc¢;
is the off-diagonal element of the density matrix and represents interband coherence.
It evolves with time as o exp (—iwyt — t/T,) with the exciton resonance frequency
and coherence time T,. This term describes an oscillating electric dipole density
in the material and can be understood as bright excitons acting as dipoles with a
well-defined phase relation inherited from the optical driving field [101].

Within the effective-mass approximation and for small center-of-mass momenta,
the exciton energy in state A can be approximated by a parabolic center-of-mass
dispersion,
thZ

2M
with quasiparticle band-gap energy Ej, exciton binding energy E?, combined electron

Eyg=E,—E} + (2.33)

and hole mass M = mg + my, and center-of-mass momentum Q [104]. Optically, only
coherent excitons without center-of-mass momentum can be excited (Q = 0) when
phonon-assisted excitation is neglected. After the driving optical pulse, the coherent
polarization in TMDs dephases within ~ 100 fs into an incoherent exciton popula-
tion [105, 106]. This dephasing is driven by exciton—phonon scattering, which enables
the formation of excitons with finite center-of-mass momentum Q # 0 [107].

As the exciton arises from many-body interactions and cannot be described within a
single-particle band-structure picture, its fingerprint in trARPES spectra is not trivial.
Upon photoemission, the electron is detached from the bound state and detected as a
single particle, while the hole remains in the valence band. Several theoretical studies
found that the exciton appears at the exciton binding energy below the conduction
band [104, 107-109], with a kinetic energy of

7202

Ee=ho—®+Eg—E} + — Ehole (2.34)

2M
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where @ is the work function and E}, is the hole energy in the valence band [104].
Experimentally, exciton energies at different momenta within the BZ can therefore be
compared by referencing them to the corresponding hole energy in the valence band.
Figure 2.10 displays exciton formation upon optical excitation with a pump pulse ac-
cording to Equation (2.33), and the exciton final state upon photoemission according
to Equation (2.34). The predicted exciton fingerprint has been confirmed experi-
mentally in various semiconductor systems, such as Si(100) [110], Cu,O [111], bulk
WSe, [109], monolayer WSe, [33, 112, 113], and heterobilayer WSe,/MoS, [33].

Under suitable experimental conditions, e.g. in the low-excitation regime and with a
weak probe pulse, the in-plane momentum of the exciton’s electron is conserved, and
the probed population directly images the modulus squared of the excitonic envelope
function in reciprocal space [104, 107, 112]. Hence, the electron distribution relative
to the hole, i.e. the real-space exciton wave function, and the exciton Bohr radius can
be obtained via Fourier transformation. This concept has already been demonstrated
experimentally in Refs. [109, 112].

a) b) Final state E,
@
/ N,
. ’ \
Exciton energy E; 5 /./ \
'Pf’robe
: -
Pump 1 \ “U
Il { 1
\ 1 ! 1
y :l:llil:l"ﬂ';: 1
lylll‘il:l‘l‘ | : I|
h
Exciton forms after photoexcitation Photoemission of exciton
Figure 2.10: Exciton fingerprint in photoemission, adapted from Ref. [112]

(Man et al.), licensed under CC BY-NC 4.0. (a) Exciton formation upon optical
excitation. (b) Valence-band-like dispersion signature of the photoemitted
electron.

As the exciton can be described as a linear combination of electron-hole pairs [104],
the photoemitted electron can have a range of momenta. According to Equation (2.34),
the resulting ARPES feature resembles the valence-band dispersion of the hole rather
than that of the conduction band where the electron resided. However, Rustagi
et al. predicted a slightly different fingerprint for an exciton distribution with a
broad distribution of center-of-mass momenta Q in both direct- and indirect-gap
semiconductors, which again follows a trace similar to the conduction band while
retaining some remnant of valence-band-like dispersion [104]. Christiansen et al.
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further predicted that the exciton signal exhibits only weak shadows of the valence
band for coherent excitons and no trace of valence-band-like dispersion for incoherent
excitons [107].

In agreement with the above discussion, trARPES is not limited to discriminating
bright and dark excitons at different positions of the BZ. A theoretical study by
Meneghini et al. predicted a double-peak signature for hybrid excitons in bilayer
TMDs, where the electron and/or hole is hybridized between layers [114]. This
prediction has since been confirmed experimentally [32]. Finally, interlayer excitons
with the electron and hole located in separate layers of a TMD heterobilayer were
found to exhibit distinct momentum fingerprints arising from the twist angle [34].

2.3.2 Laser-Assisted Photoemission

In the presence of an intense IR or visible pump pulse, the outgoing photoelectron can
exchange energy with the pump field after photoemission by absorbing pump photons
or undergoing stimulated emission of pump photons. As a consequence, the detected
kinetic-energy spectrum exhibits replicas of the original photoemission feature,
shifted by integer multiples of the pump photon energy iwyump (see Fig. 2.11). These
replicas are commonly referred to as sidebands [115]. In the standard description,
the continuum final state is treated as a laser-dressed free-electron state (a Volkov
solution), i.e. a free particle whose phase is modulated by the oscillatory pump
field [116, 117]. In this sense, LAPE is a final-state (continuum) dressing effect rather
than a modification of the initial electronic band structure.

In the regime of high photoelectron kinetic energy (Ey;, > hwpump) and weak laser
field (Up < h@pump), the sideband intensities follow a Bessel law. The ratio of the
first sideband to the photopeak without pump is given by (see Refs. [21, 116])

I 2( e P 'Epump) e? EgumpEKin

=/ ~ . (2.35)
Iy hm, (‘)Iz)ump P [l Epump 2meh? wgump

Here, ], is the Bessel function of order 1, p is the photoelectron momentum, Ey;, =
p?/(2m,), and Epump and @pymp are the pump electric-field amplitude and angular
frequency, respectively. Higher sideband orders are governed by higher-order Bessel
functions J,,.

The scalar product p - Epyyp in Equation (2.35) implies a strong dependence on
geometry and polarization. The sideband intensity is maximized when the pump
field has a large component along the photoelectron emission direction, which in near-
normal-emission geometries translates to pump configurations with a substantial
field component normal to the surface. Since the first sideband intensity I; scales
with Ef,ump, i.e. linearly with pump intensity, the delay-dependent sideband yield
provides a convenient measure of temporal pump-probe overlap via the pump
intensity envelope imprinted on the photoemission signal. A recent time-resolved
XPS study by Wenthaus et al. reported that the observable sideband yield can be
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additionally modulated by material-dependent dielectric screening, consistent with a
modification of the effective near-surface pump field experienced by the outgoing
photoelectrons [118].

In addition to such Volkov-type final-state dress-

E free states ing, a sufficiently strong potential that is periodic
/“ in time can generate photon-dressed electronic states

V _\ S0y within the solid according to the Floquet theorem [2].
Such Floquet or Floquet-Bloch states can also pro-

=
L& h
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ho

probe

Evacf =-==---f----- duce replicas separated by hwpump and may coex-
Ep p-------p---e- ist with Volkov sidebands in trARPES. While both
mechanisms share similar energy-spacing signatures,

bound states K
[ Floquet-Bloch dressing can lead to hybridization ac-

o companied by characteristic gap openings in the elec-
Figure 2.11: Schematic illus-

tration of LAPE sidebands:
absorption and stimulated

tronic band structure [2]. Moreover, Volkov contri-
butions can be strongly reduced by choosing pump

o geometries that minimize the pump-field component
emission of pump photons

along the photoelectron emission direction [119]. Ex-
lead to replicas of the pho-

e perimental studies on topological insulators reported
;loemlssmn feature spaced by momentum-dependent fingerprints that are only re-
“pump- produced when including both Floquet-Bloch and

Volkov contributions in the modeling [119, 120].

2.3.3 Surface Photovoltage Effect

The surface photovoltage (SPV) effect is the photoinduced change of the near-surface
electrostatic potential in a semiconductor, i.e. a transient modification of the surface
band bending [121]. In a pedagogical nonequilibrium picture, one may imagine
that the surface and bulk would exhibit different Fermi-level positions if considered
separately. Upon electrostatic equilibration in the connected material, however, the
Fermi level is uniform throughout the sample and the mismatch is accommodated by
an electrostatic potential drop across a near-surface space-charge region, i.e. band
bending. SPV plays a major role, for example, in photovoltaic devices [122] and
Schottky junctions [123]. Several mechanisms can create or modify the built-in
surface potential, such as semiconductor-metal contact (work-function mismatch
and charge transfer) or adsorbate- and defect-induced surface doping [124]. In
addition, surface reconstructions and dangling bonds can introduce a high density of
surface states, which can fix the Fermi level (Fermi-level pinning), meaning that the
near-surface band alignment is determined by surface states rather than by the bulk
doping level [121].

As an example, consider an n-doped semiconductor whose bulk Fermi level lies close
to the conduction band minimum (CBM), while surface states pin the surface Fermi
level closer to mid-gap. Charge transfer between bulk and surface states establishes
equilibrium and forms a space-charge region whose width depends on doping and
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screening and can range from tens of nanometers to micrometers [125, 126]. The
resulting electric field shifts the local band edges as a function of the distance to the
surface z, producing band bending. As shown in Figure 2.12, this corresponds to
upward band bending of the electronic structure toward the surface.

E Exin 4 Photoelectron
Spectrum
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Vacuum level — S 0]
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CBM |__H Detection Work function
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Figure 2.12: Schematic surface photovoltage effect on the energy-band align-

ment. Dashed lines mark energy levels with flat bands and solid lines mark
upward band bending at the surface. Upon optical excitation, photocarriers
partially screen the space-charge field and induce dynamic band flattening,
which causes an apparent energy shift in the photoemission spectrum be-
cause the analyzer defines a fixed energy reference via Fermi-level alignment.
Reprinted from Ref. [127], with permission from Elsevier.

At first glance, one might incorrectly expect that band bending does not shift pho-
toemission spectra because the electrostatic potential shifts all electronic levels,
including the vacuum level. In a real photoemission experiment, however, the mea-
sured binding-energy scale is referenced to the analyzer Fermi level, which is aligned
with the sample Fermi level, while the analyzer work function is fixed [121]. Conse-
quently, an electrostatic potential in the emission region changes the kinetic energy
at the analyzer and leads to a measurable spectral shift. For upward band bending
(as in Fig. 2.12), the near-surface electronic states are shifted closer to Eg, which is
synonymous with a reduced binding energy Eg = Ep — E; compared to the bulk. If
the photoemission signal contains contributions from a depth range that spans a
significant potential gradient, the spectrum can additionally broaden due to depth
averaging across the space-charge region [128]. Increasing photon energy increases



34 2 Concepts and Methods

the effective probing depth and can therefore modify both the apparent shift and the
broadening when probing across the band-bending profile [128].

Surface photovoltage refers to the light-induced modification of an existing band-
bending profile [121]. For an n-doped semiconductor with upward band bending,
optically excited electron—hole pairs are separated by the space-charge field, which
reduces the net space charge and screens the built-in field. In a trARPES experiment,
this dynamic manifests as a transient shift of the entire spectrum. For upward
band bending, the reduction of bending shifts spectral features to higher binding
energy (lower kinetic energy) relative to the equilibrium spectrum. For p-doped
semiconductors with downward band bending, the sign is reversed, making trARPES
sensitive to the nature of the doping [125, 126].

In a naive picture, the observed kinetic-energy shift would directly equal the in-
ternal voltage change. In practice, photoelectrons continue to experience the time-
dependent electric field in front of the sample even after emission. This measurement
response is characterized by an escape time 7*, defined as the time required for the
photoelectrons to traverse 99 % of the field region, approximately given by

J R
r*::(13.4rls eV) 0

, (2.36)
mm

Exin

where R, denotes the pump radius and Ex;, depends on the XUV photon energy for a
fixed initial state [127] (a good approximation for Eg;, > 5eV). Importantly, * is pri-
marily set by pump geometry and probe photon energy, whereas the SPV amplitude
depends on excitation fluence, typically increasing until saturation [125]. For typical
spot sizes and kinetic energies, 7* is on the order of hundreds of picoseconds to a few
nanoseconds, which can produce characteristic energy shifts and distortions even
at negative pump-probe delays [129]. Photoelectrons emitted at negative delays
propagate away from the surface before the pump-induced field is established and
therefore acquire a delay-dependent momentum impulse when the field turns on [130,
131].

2.3.4 Pump-Induced Space Charge

In static ARPES, space-charge effects arise from Coulomb interactions within the
photoelectron cloud, leading to rigid energy shifts and spectral broadening. The effect
is most pronounced at high photoelectron densities and low kinetic energies (see
Sec. 2.2.5). In time-resolved experiments, an additional space-charge contribution
can be introduced when the pump pulse also emits electrons [89]. Although the
pump photon energy is typically below the work function, multiphoton photoemis-
sion can occur at sufficiently high pump fluence. In such cases, the lowest-order
process that exceeds the work function usually dominates [88], producing a pump-
induced electron distribution with characteristic kinetic energies on the order of
a few electronvolts. As discussed below, this additional electron cloud leads to a
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Figure 2.13: Pump-induced space charge. (a) Extracted energy shift of o-band
emission from highly oriented pyrolytic graphite (HOPG) as a function of
delay. Pump fluence strongly modifies both the timescale and the sign of the
shift. (b) Schematic interaction geometry between pump- and probe-emitted
photoelectrons before and after temporal overlap. The plots to the right
show the energy shift of the probe-emitted electrons as a function of distance
from the sample surface z. Adapted from Ref. [88], with the permission of
AIP Publishing.

characteristic transient, strongly asymmetric signal that depends sensitively on the
pump properties.

An example of pump-induced spectral shifts at different pump fluences is shown in
Figure 2.13a. Here, AE denotes the kinetic-energy shift of the probe photoelectrons,
AE > 0 therefore corresponds to a shift to lower binding energy in the spectrum.
Oloff et al. [88] reported transient energy shifts of the highly oriented pyrolytic
graphite (HOPG) o-band of several electronvolts, with a pronounced asymmetry
between negative and positive delays. The maximum shift occurs near temporal
overlap, and relaxation typically proceeds on the order of @ (100 ps) for fluences
around 1 mJ/cm? [88, 89, 132]. Increasing pump fluence not only changes the re-
laxation timescale, but can also reverse the sign of the spectral shift (see Fig. 2.13a).
Experimentally, the shift magnitude scales approximately as a power law in pump
fluence, with an exponent close to the relevant multiphoton order, as demonstrated,
for example, in Ref. [88].

The interaction between the pump-induced electron cloud and the XUV-probe photo-
electrons is schematically illustrated in Figure 2.13b, separating negative and positive
delays (see also Refs. [88, 132]). Because the emitted electron clouds typically extend
much further laterally than along the surface normal [132], they are often approx-
imated as thin discs, enabling a one-dimensional treatment. For negative delays,
i.e. when the probe arrives before the pump, the pump electron cloud is created
after probe photoemission. Its Coulomb field repels and thereby accelerates the
already emitted probe electrons, producing a shift toward higher kinetic energy
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(AE > 0). In this regime, the shift timescale is mainly set by the probe-electron
velocity and the pump spot size, whereas the pump fluence primarily controls the
shift magnitude [88].

For positive delays, the dynamics are more complex because the probe photoelectrons
typically have substantially higher kinetic energies than the multiphoton-emitted
pump electrons. The faster probe electrons can therefore overtake the pump electron
cloud during propagation to the detector. Immediately after emission, the probe
electrons experience a retarding field from the pump cloud, leading to a shift to lower
kinetic energy (AE < 0). After passing the pump cloud, the field direction reverses
and partially compensates the initial deceleration. In practice, this compensation
is often incomplete because overtaking occurs after the pump cloud has expanded
and its field has weakened, which can leave a residual negative shift at long positive
delays. Compared to the negative-delay case, the initial relaxation can become faster
at higher pump pulse energies, while increasing the pump spot size again slows the
relaxation [88]. Within the mean-field picture of Ref. [88], this behavior is consistent
with a higher electron density driving faster lateral expansion of the pump cloud and
thus more rapid dilution of its Coulomb field.

Many reported model calculations address this effectively one-dimensional problem
using mean-field approaches and often focus on the rigid energy shift [88, 132].
However, pump-induced space charge can also cause stochastic spectral broadening
in addition to the average shift. More advanced simulations, combined with careful
comparison to experiment, can help disentangle these contributions and enable
quantitative extraction of the underlying dynamics [133].
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2.4 Experimental Instrumentation

Two central components of a PES experiment are the photon source and the energy
analyzer. Both are introduced here for the three experimental setups used in this the-
sis, with one exception: the pulsed photon source of the KREIOS beamline (Sec. 2.4.2),
whose design and characterization are part of this work (details in Ch. 3). In addition
to outlining the instrumentation, this section highlights the different energy-analyzer
geometries, which were omitted in Section 2.2. In general, two analyzer concepts
were used: dispersive hemispherical deflection analyzers (HDAs) for both XPS and
(tr)ARPES, and a time of flight (TOF) analyzer for (tr)ARPES only.

2.4.1 XPS Setup

The near-ambient-pressure XPS setup employs a classical HDA that disperses elec-
trons by kinetic energy along one (energy-dispersive) axis of the detector, while the
non-dispersive (transverse) axis can encode one-dimensional angular information
over a limited acceptance angle. In general, a HDA consists of two concentric hemi-
spherical electrodes with radii R; and R, (R, > R;) held at different electrostatic
potentials. This configuration creates a radial electric field that deflects electrons
onto Kepler-type orbits with a central trajectory at R = (R; + Ry)/2 [1, 67]. The
electric field disperses the electron distribution and enables energy filtering using
entrance and exit slits with widths S, and S.y (see Fig. 2.14). Under ideal geometric
considerations, electrons with pass energy Ey g traverse the analyzer on the central
trajectory with an energy spread 6E given by

RiR;

Epass = €AV R (2.37)
Sen + S,
SE = Epass$, (2.38)

where AV = |V, — V| is the potential difference between the hemispheres [16, 67].
Notably, for a fixed detector geometry and fixed Sy, the energy resolution depends
on Ejs5 and Sep,. The PHOIBOS 150 hemispherical analyzer (Specs GmbH) used in
this setup has a maximum acceptance angle of +22°, a mean hemisphere radius of
150 mm, and eight entrance slits of variable size. In this thesis, only the 3 mmx25 mm

slit was used, with the first number corresponding to the energy-dispersive axis.

The XPS setup can operate at near-ambient pressures up to 1 mbar at the sample,
enabled by a modified HDA design. Lens stages placed upstream of the HDA, together
with an entrance nozzle, differential pumping, and an aperture, allow maintaining
O(1 x 108 mbar) at the hemisphere under these conditions (details in Ref. [134]).
However, this capability was not used for the measurements in this thesis?, and a
base pressure of 1 x 1071 mbar was maintained.

3Entrance nozzle and Al-coated silicon nitride window were removed
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Core-level electrons were photoemitted using emission from an X-ray source (XR-MF,
Specs GmbH), which is monochromatized (u-Focus 600 X-Ray tube, Specs GmbH)
and focused to provide Al K, radiation at 1486.6 eV [70, ch. 12]. The Al anode was
operated at a potential of 15kV and a current of 9.2 mA, corresponding to a power of
138 W. The incidence angle was 55° relative to the surface normal, and the spot size
on the sample was approximately 500 pm. All measurements were acquired at room
temperature and 0° electron emission angle (normal emission). Binding energies
were referenced to the Fermi level of Au(111). Survey scans were acquired at 50 eV
pass energy with a total energy resolution of approximately 700 meV. All other scans
were acquired at 20 eV pass energy, yielding (335 + 135) meV total energy resolution
(see Fermi edge fit in Sec. 4.2).

2.4.2 KREIOS Momentum Microscope

The KREIOS 150 MM (Specs GmbH),
shown in Figure 2.14, combines a hemi-
spherical deflection analyzer (HDA) for
energy selection with an MM lens col-
umn. In classical ARPES, a HDA typ-
ically acquires a 2D image represent-

Hemispherical
analyzer

Entrance
slit ing a narrow kinetic-energy interval
Field on one axis and the emission angle 0
aperture Detector on the other axis [65]. In momentum
Contrast : :
aperture Exit slit mfcroscopy, the analyzer. 1ns-‘.tea(-i trans-
Extractor S Lenses mits two-dimensional dlStI:lbuthl’lS in
lens DS (x, ) or (ky, ky) at an approximately con-

€ o stant selected kinetic energy [67, ch. 11].

Sample— @ This is possible because the imaging
HDA transfers the relevant angular in-

formation from entrance to exit (neglect-

ing the sign), enabling two-dimensional
imaging by encoding the respective co-

Figure 2.14: Schematic illustration of the
KREIOS 150 MM. Published in Ref. [135].

ordinate in the entrance angle at the
entrance-slit plane [16, 86]. The encoding is implemented by an electron-optical
lens before the HDA, which projects the reciprocal-space image (corresponding to
a Fourier transform) onto the entrance-slit plane, and a second lens after the HDA,
which applies the inverse Fourier transform in the exit-slit plane [16]. In momentum
mode, the resulting iso-energetic contour at the selected kinetic energy is referred
to as a momentum map in this thesis. Notably, this geometry enables simultaneous
acquisition of all accessible k| (see Eq. 2.30) and requires scanning only Ey;; to obtain
a complete three-dimensional data stack. The lens column further allows setting a
magnification M, which restricts the maximum observable k; at high kinetic energies.
In practice, the pass energy is kept constant, and energy selection is performed using a
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pre-retardation stage in front of the analyzer. This approach yields an approximately
constant analyzer contribution §E across the full spectrum [65, ch. 1].

Tusche et al. [16] showed that, up to second order, the dominant aberration contribu-
tion for imaging HDAs is nonisochromaticity, caused by non-vanishing aberrations
along the energy-dispersive axis. Nonisochromaticity manifests as a weak quadratic
variation of the pass energy across the field of view, rendering the image slightly
non-monochromatic along one axis. This result was obtained assuming a simple
1/R potential with symmetric entrance and exit at fixed radii. According to the
manufacturer, the KREIOS MM compensates this effect through an adapted lens and
hemisphere design.

The KREIOS 150 MM specifications were described in detail by Matsui et al. [136]
and Chuang et al. [137], including the field of view as a function of magnification for
both operation modes, as well as the available apertures and entrance slits. The mean
hemisphere radius of the KREIOS is 150 mm. The exit slit has size 0.2 mm x 3 mm,
with the first number corresponding to the radial axis. The working distance between
extractor lens and sample is approximately 4 mm and can be slightly tuned using
appropriate lens settings.

Within this thesis, the extractor (cathode) lens voltage was set to 10kV and Ej,;
was set to 50 eV, with magnification M = 2 for momentum mode (about +2.0 Al
field of view) and M = (1;2) for PEEM mode (~ 200 pm and ~ 100 pm field of view),
unless stated otherwise. Only the smallest entrance slits 3 to 5 were used, with sizes
1.0mm x 1.8 mm, 0.2 mm x 0.8 mm, and 0.5 mm X 1.0 mm, respectively, again with
the first number corresponding to the radial axis. These settings do not represent
the minimum achievable energy resolution due to the high pass energy. From
Equation (2.38), the slit-limited lower bound is approximately 13 meV (R = 150 mm,
Sen = Sex = 0.2mm). This estimate neglects additional broadening mechanisms,
including lens and retardation aberrations, photon bandwidth, space charge, power-
supply stability, and related effects. Existing literature [136, 137] reported an energy
resolution of about 23 meV at Ej,55s = 20 €V and 15KV extractor voltage, as well as
50 nm spatial resolution and 0.012 A™! momentum resolution. Minimum-resolution
settings substantially reduce the count rate, requiring a trade-off between energy
resolution and acquisition time.

The KREIOS resolution in momentum mode was characterized on the Au(111) surface
using 6 eV photons described in Ref. [138]%. Figure 2.15 shows the Au(111) surface
state at M = 4, Eppgs = 50eV, T = 6.5K, and S, = 0.2mm x 0.8 mm. Figure 2.15a
shows the momentum map at 10 meV below Eg, exhibiting two concentric rings for
the Rashba-split surface state (compare Sec. 4.1). A cut along the solid line is shown
in Figure 2.15b and demonstrates the parabolic dispersion of the spin-split band,
consistent with the report by Tusche et al. [86]. The line profile along the solid line in
Figure 2.15a was fitted with four pseudo-Voigt functions (see Fig. 2.15c), whose shared
Gaussian width corresponds to 0.005 A~! and defines the experimental momentum
resolution. The retrieved separation of inner and outer ring of 0.025 A~! agrees well

“Measurements conducted by Ass.-Prof. Dr. Giovanni Zamborlini and published in Ref. [135]
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Figure 2.15: KREIOS momentum mode characterization on the Au(111) sur-
face state. (a) Momentum map close to Fermi, showing two rings from
Rashba spin-orbit splitting. The solid line marks the cut in (b), showing the
surface state’s parabolic dispersion, and the line profile in (c). The line pro-
file was fitted with four pseudo-Voigt functions. (d) Angle-integrated Fermi
edge, yielding 49 meV Gaussian width from a fit according to Equation (3.2).
Published in Ref. [135].

with the report by Tusche et al. [86]. Finally, the total experimental energy resolution
was determined by fitting an angle-integrated Fermi edge using a convolution of a
Gaussian with a (fixed-temperature) Fermi function multiplied by a linear background
(see Eq. (3.2)), yielding 49 meV from the Gaussian FWHM. The two other slits used
in this thesis yield a total energy resolution of 92 meV (S., = 0.5 mm x 1.0 mm) and
184 meV (S, = 1.0 mm x 1.8 mm), determined at T = 80 K.

In addition to the KREIOS 150 MM, the analysis chamber comprises a sample stage
with six-axis motorization for three translations and three rotations (HESTIA, Specs
GmbH). An integrated cryostat allows cooling with liquid nitrogen and helium down
to about 6 K. Attached to the KREIOS vacuum chamber with a base pressure of
1 x 10~ % mbar is a preparation chamber with standard ultra-high vacuum (UHV)
preparation and sample characterization equipment, as well as a load lock for sample
transfer into vacuum.
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2.4.3 METIS Beamline

The METIS beamline combines a high-repetition-rate XUV photon beamline with a
MM featuring a time of flight (TOF) analyzer (METIS 1000, Specs GmbH). In contrast
to the HDA of the KREIOS MM, TOF analyzers do not disperse electrons by electro-
static deflection. Instead, they resolve the kinetic energy via the flight time through
a cylindrical drift tube. A delay-line detector records the electrons’ time of arrival
as well as their spatial position on the detector, enabling simultaneous acquisition
of the full (k, ky, Eyin) data stack over the accessible energy window. Similar to
the pre-retardation stage in the KREIOS, the TOF analyzer employs a drift energy
Eq, which sets the electron flight time and indirectly affects the achievable energy
resolution. The total flight time in a drift tube of length [ is given by 7 = I\/m,/2E4
and typically amounts to O(200ns) [67, ch. 11]. The relative energy resolution,

FoE )

with the kinetic energy E mapped from TOF, is approximated by two contributions.

The first is the total time resolution §7, which includes contributions from the light-
source pulse duration and the analyzer time-to-digital converter (TDC). The second
is the uncertainty in flight path dl, arising from the finite photoemission area on

the sample, field inhomogeneities, and angular spread or off-axis trajectories [67,
ch. 3].

The primary advantage of TOF analyzers is the parallel acquisition of all kinetic
energies and the lack of an entrance slit, enabling rapid data acquisition. However,
this architecture requires pulsed light sources with short pulse durations. In addition,
the secondary-electron background increases the total intensity on the detector and
can risk detector saturation at high flux unless additional measures are taken to
suppress low-energy electrons. The electron flight time also limits the maximum
repetition rate to O(1 MHz) [1], as energy separation forbids overlap of TOF spectra
from consecutive pulses: high-energy photoelectrons from a subsequent pulse would
overtake low-energy electrons from the previous pulse. The repetition-rate limit can
be increased by raising Ej or reducing the energy window. However, for a detector
with fixed temporal resolution, higher Eq degrades the energy resolution. Finally,
the kinetic-energy spread across the spectrum induces chromatic aberration in the
electron optics, such that magnification and other distortions vary with energy and
only a limited energy window exhibits weak distortions. Extensive post-processing
can correct resulting artifacts within certain limitations [35].

The METIS 1000 MM is attached to an analysis chamber featuring a sample stage
(HESTIA, Specs GmbH) with an integrated helium cryostat comparable to the KREIOS
setup, and a base pressure of 2 x 107! mbar. An additional preparation chamber
includes standard Ar*-ion sputtering and annealing stages, as well as a load lock for
sample insertion. Two light sources are coupled to the MM. The first is a CW UV
diode (Thorlabs GmbH) with 4.68 eV photon energy, used to illuminate a large area
for PEEM inspection in energy-integrated mode. The second is a pulsed light source
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Figure 2.16: Schematic layout of the METIS beamline. The layout shares many
similarities with the beamline presented in Chapter 3, but key differences
are the higher average-power laser system, gas-filled multi-pass cell (MPC),
beam separation of XUV and SHG light, and the TOF detector for the MM.

for time-resolved momentum microscopy (trMM) that shares many similarities with
the XUV beamline described in Chapter 3.

The pulsed light source (see Fig. 2.16, specifications from Ref. [139]) is driven by a
commercial chirped-pulse amplification laser system (Active Fiber Systems GmbH)
with an average power of up to 300 W (operated at 150 W), an adjustable repetition
rate up to 1 MHz (operated at 300 kHz), a photon energy of 1.2 eV, and a pulse du-
ration of 262 fs. The output is split into a pump beamline comprising an OPA with
one non-collinear amplification stage and a motor-controlled delay line, and a probe
beamline featuring pulse compression in a gas-filled multi-pass cell (MPC) and HHG
in an Ar gas jet driven by the frequency-doubled beam. XUV-pulse monochromati-
zation and beam steering are comparable to the setup described in Chapter 3: probe
monochromatization uses an Al filter to suppress <20 eV photons, and band-pass
mirrors transmit the 11th harmonic at 26.4 eV, followed by focusing to a spot size of
40 pm x 200 pm on the sample.

The main difference in the probe monochromatization is the filter geometry for the
driving visible light after HHG. Here, the beam is transformed into a hollow annular
beam before HHG, which allows filtering after HHG by steering the driving beam
into a beam dump using a donut-shaped mirror. Because the generated XUV beam
has a significantly smaller divergence angle, higher harmonics transmit through the
mirror hole. Pump and probe beams impinge on the sample approximately collinearly
at a grazing incidence angle of 80° relative to the surface normal, with an estimated
XUV photon flux of 5 x 108 photons/s. The ARPES field of view is +1.8 A~ under
standard operating conditions (M = 2, extractor voltage 10 kV). The system energy
resolution of 270 meV is determined from the Fermi edge of an Au(111) surface and
includes analyzer and space-charge contributions as well as the XUV bandwidth,
which is dominant in this case.
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Beamline

Time-resolved momentum microscopy (trMM) is a powerful tool to characterize non-
equilibrium electron dynamics on an ultrafast timescale. However, the MM’s ability to
map the entire first BZ without additional sample rotation or tilt implies a minimum
probe photon energy (Eq. 2.30), which is roughly 20 eV for many materials [12].
Laboratory-scale pulsed photon sources based on frequency conversion in nonlinear
optical crystals are typically limited to photon energies below 10 eV [8, 138, 140].
An alternative is HHG, which requires high pulse energies for efficient frequency
conversion.

input broadening + dispersion dispersion correction

A A
1

R g y -\

¥V~
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Figure 3.1: Nonlinear compression schematic. The narrowband input pulse
is spectrally broadened via SPM and undergoes additional dispersion that
stretches the pulse in time (second column). Dispersion correction temporally
aligns all frequency components, yielding a broadband output pulse with
shorter pulse duration and higher peak intensity (third column).

Early experiments achieved sufficient pulse energies for HHG at repetition rates on
the order of 10 kHz [141-144]. However, the number of emitted electrons per pulse
is limited by space charge (see Sec. 2.2.5), which motivates higher repetition rates
for rapid data acquisition, preferably in the multi-100 kHz to 1 MHz range. Passive
enhancement cavities have demonstrated photoemission above 10 MHz repetition
rate below the space-charge limit [21, 145, 146]. In this regime, however, providing
sufficient pump-photon flux in a trARPES experiment can pose an excessive thermal
load on the material and may cause optically induced damage [11]. In addition, the
significantly reduced temporal separation between pulses might prevent relaxation
to equilibrium in the sample, which is a fundamental assumption for interpreting
pump-probe experiments. An alternative route to passive enhancement cavities
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is the combination of high-average-power, high-repetition-rate lasers such as Yb
lasers [147] with nonlinear post-compression, which offers greater flexibility at
multi-100 kHz repetition rates.

The working principle of a nonlinear compression stage is schematically shown
in Figure 3.1 and comprises two stages [46, 47]. First, a nonlinear optical effect
such as SPM spectrally broadens the narrowband input pulse. Propagation in the
nonlinear medium also induces GVD, which stretches the pulse in time. Typical
nonlinear media are solids [148] or gases [149]. Second, a dispersion-correcting
geometry aligns spectral components in time, yielding shorter broadband pulses.
Dispersion correction can be realized in different forms employing gratings, prisms,
or specifically coated mirrors, for example [54].

Nonlinear Pulse Compression Sec. 3.2: Generation of pump pulses

P > 1.3 GW == Kreios .-
t, <50 fs Delay stage MM cham

— |

Gas nozzle Gr.azmg
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Al filter
Carbide Laser HHG Monochromator
Sec. 3.3: Beamline
Sec. 3.1: XUV photon generation integration
Figure 3.2: Schematic layout of the beamline, which is explained in detail in

the following chapters. A commercial laser with optional post-compression
is used to generate XUV photons, which emit electrons from a studied sample
that are collected by a MM. A second beam path is frequency-doubled and
utilized as pump for time-resolved experiments. Published in Ref. [135].

In this chapter, we report the design and implementation of a state-of-the-art trMM
setup with the following key requirements for the photon source, enabling maximum
versatility:

» Photon energy exceeding 20 eV to map the band structure across the entire
first BZ for many materials.

« High repetition rate in the multi-100 kHz regime for fast acquisition below the
space charge limit.

« Temporal resolution of a few tens of fs, ideally with minimal accompanying
degradation in energy resolution.

With these system requirements in mind, we built a trMM setup delivering 21.6 eV
photons at 600 kHz. Coupling the light source to the KREIOS 150 MM, we introduce
two modes of operation that prioritize either temporal or energy resolution. The
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beamline is shown in Fig. 3.2, and the following sections detail its individual com-
ponents. Section 3.1 describes coherent XUV-photon generation using an optional
temporal post-compression scheme based on a custom-built MPC. In a time-resolved
experiment, these pulses serve as the probe beam. Next, a separate layout for fre-
quency conversion of the optical laser pulses is presented (Sec. 3.2) and applied to
generate pump photons. Both optical paths are coupled to a commercial photoe-
mission end station, and the overall performance is presented (Sec. 3.3). Finally,
integration of an OPA in the pump path required beamline modifications described
in Section 3.4. The results presented in this chapter (except for OPA integration) are
published in Ref. [135]:

K. J. Schiller, L. Sternemann, M. Stupar, A. Omar, M. Hoffmann, J. E. Nitschke, V.
Mischke, D. M. Janas, S. Ponzoni, G. Zamborlini, C. J. Saraceno, and M. Cinchetti,
“Time-resolved momentum microscopy with fs-XUV photons at high repetition
rates with flexible energy and time resolution”, Scientific Reports 15, 3611 (2025)

3.1 Generation of Coherent XUV Photons

The XUV photons generated in the probe line drive the photoemission process. Here,
the time-bandwidth product sets a lower limit on the achievable energy and temporal
resolution (see Sec. 2.1.1). In addition, reaching this theoretical limit is experimen-
tally challenging, further motivating a compromise between the two resolutions.
Therefore, our beamline integrates two modes of operation: one for improved en-
ergy resolution and one for enhanced temporal resolution. The latter is achieved by
post-compressing the optical pulses before HHG.

The probe line of the trMM setup uses the near-infrared output of a commercial
high-power laser system to generate coherent XUV photons. In our setup, we use
the Carbide Laser (Light Conversion) with 50 W average power, 1036 nm central
wavelength, 242 fs pulse duration, and adjustable repetition rate from 100 kHz to
1000 kHz. As spectral broadening in the MPC scales with pulse energy, the repetition
rate is fixed to 600 kHz, corresponding to a pulse energy of 83 pJ.

Optical pulse compression is implemented using a hybrid bulk-air MPC setup, which
is displayed in Figure 3.3a. The pulse compression was designed and built by a
team from the group of Prof. Clara Saraceno!. It consists of two highly reflective
concave mirrors (Heriott-type layout) with an effective focal length (EFL) of 150 mm,
which reflect the optical beam for a total of 16 round trips. Mode-matching optics
before the MPC facilitate a uniform beam caustic between the two mirrors, where
an anti-reflection-coated fused silica plate of 6.35 mm thickness is positioned. Upon
transmission, the optical pulses undergo self-phase modulation, which causes spectral
broadening. Figure 3.3b displays the spectrum of the laser output before and after

!Alan Omar, Martin Hoffmann, and Clara Jody Saraceno, Photonics and Ultrafast Laser Science,
Ruhr University Bochum, Germany
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Figure 3.3: Experimental nonlinear pulse compression. (a) Optical layout of

the MPC and subsequent dispersion correction. (b) Output spectrum of the
laser and MPC, quantifying the bandwidth broadening inside the fused silica.
(c) Intensity autocorrelation after dispersion compensation with Lorentzian
fit. Published in Ref. [135].

the MPC. Their widths are determined at —20 dB, where the dB scale is calculated
via dB = 10 * log,, (S) from the spectral intensity S. After the MPC, the spectrum is
broadened from an initial 22.2 nm to 68.5 nm. The advantage of such Heriott-type
MPCs is the gradual SPM accumulation per round trip with minimal spatial beam
quality degradation and high transmission. Furthermore, the design and choice of
nonlinear medium are highly customizable to accommodate a wide range of pulse
energies [150-152].

In addition to spectral broadening, transmission through the fused silica plate accu-
mulates positive chirp. This is partially compensated by a coating of one MPC mirror
adding —200 fs* GDD, but transform-limited pulses require additional compensation.
We use a mirror pair with negative GDD coating of —200 fs?, which allows chirp
adjustment by the number of reflections on the mirrors. Optimal compensation is
achieved with 12 reflections on the mirror pair, equivalent to —2400 fs, giving a total
GDD of —5600 fs* when including the MPC mirror. We measured the pulse duration
by second-harmonic intensity autocorrelation, which is displayed in Figure 3.3c. As-
suming a Lorentzian pulse shape, fitting yields 41.7 fs FWHM pulse width. Notably,
this value should be regarded as a coarse classification, because additional effects
such as chirp details, pulse asymmetry, or spatio-temporal couplings are not resolved
and can also lead to the formation of ambiguous pedestals, for example [49].
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HHG requires strong-field intensities on the order of 1 x 1013 W/cm? in the gen-
eration medium [153], corresponding to a few-hundred pJ- to mJ-class ultrashort
pulses in typical focusing geometries. Next to high-average-power laser output, this
requirement necessitates a well-defined mode for tight focusing (compare Eq. (2.6)).
We measured the M? parameter before and after the MPC to assess possible mode
degradation. Figure 3.4 displays the beam waist along two perpendicular axes u
and v along a focus. Both axes are fitted with relation (2.5) and yield (1.11 x 1.21)
for the laser output and (1.17 x 1.23) after the MPC. While this minimal increase
demonstrates good mode preservation during pulse compression, the M? parameter
alone does not unambiguously characterize the mode. The final test is the efficiency
in HHG.
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Figure 3.4: M? measurement for (a) Carbide laser and (b) MPC output. The
acquired beam waist w is fitted according to Eq. 2.5 (solid line) along two
perpendicular axes u and v. Published in Ref. [135].

The achieved peak power after compression can be estimated from the pulse duration

and the pulse energy. We determine the transmission of MPC and dispersion cor-

rection to 86 %, which gives a pulse energy of 71.7 pJ. The peak power is calculated
P

by
Epulse
peak = —

: Ashape
TFWHM

with a form factor of the pulse shape Agpape. A Gaussian pulse with factor Jaln2/x
gives 1.61 GW peak power, and a Lorentzian pulse with factor 2/7 gives 1.09 GW.
The performance of the pulse compression was also simulated by the group of Clara
Saraceno, who solved the nonlinear Schrédinger equation in three dimensions (x, y, t)
and included linear and nonlinear optical effects in the model (compare Ref. [135]).
Here, a peak power of >1.3 GW was calculated, which lies between the Gaussian and
Lorentzian approximations [135].

After the optional compression stage, the second harmonic at 518 nm (or 2.4eV) is
generated in a 0.5 mm thick BBO crystal. For uncompressed pulses, the conversion
efficiency is 59.0 %, yielding 42.3 pJ pulse energy, while compressed pulses have 27.9 %
efficiency, giving 20 pJ pulse energy. A dichroic mirror filters the second harmonic
for HHG, while the non-converted 1036 nm pulses are recycled as pump pulses (see
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next section). As time-resolved measurements require several days of continuous
acquisition, we installed active beam stabilization (Aligna, TEM Messtechnik) before
the split into pump and probe arms. The stabilization stage includes two detectors for
pointing and angular instabilities, which feed back to two motorized mirrors. Servo
motors adjust for long-term drift, and piezo motors react to short-term fluctuations
with a refresh rate of several kHz. The resulting beam drift is drastically reduced and
yields only 30 % reduction of the initial count rate after 4 h.

For HHG, the p-polarized 518 nm pulses are tightly focused into a noble-gas jet
with a 200 mm lens. The gas jet is created by a nozzle with 200 pm diameter and
adjustable backing pressure up to 13.5bar. For the experiments in this thesis, we
used a backing pressure of about 1 bar and Argon gas, which is then captured by a
second exhaust nozzle at a distance of about 0.5 cm. Argon has a moderate ionization
potential I, of 15.76 eV and a large single-atom HHG yield in the 20 eV to 50 eV range,
as lower I, facilitates a higher yield at a given intensity [154]. This results in a good
compromise between efficiency and energy cutoff. Practically, Argon is relatively
cheap, chemically inert, and readily available at high purity. To avoid absorption
of generated XUV light, the gas jet and subsequent light filtering are placed inside
vacuum chambers. For the fixed experimental geometry, phase matching is tuned
via the gas backing pressure and the optical focus position with respect to the gas
jet (see Sec. 2.1.3). Therefore, the focus lens outside the vacuum is positioned with a
micrometer stage, and the gas nozzle is motorized along all three axes.

To monochromatize the generated XUV light, the beam is first filtered from the
driving 2.4 eV photons by grazing-incidence plates. The anti-reflection coating of
these mirrors requires p polarization of the 2.4 eV photons, fixing the otherwise
polarization-independent XUV generation to p polarization. Next, the beam transmits
through a 0.2 pm thin Aluminum film, which blocks both residual Argon gas and
low-energy harmonics. Al is chosen for its transparency window between 20 eV
and 73 eV, which is limited on the low-energy side by the bulk plasmon (plasma)
frequency of Al at about 15eV [155], and on the high-energy side by the onset of
core-level photoabsorption at the Aly, binding energy around 74 eV [72]. Finally, a
single harmonic is filtered via reflection on two band-pass-coated multilayer mirrors.
Within this thesis, two pairs of band-pass mirrors for the 9th and 11th harmonic have
been used with reflected energies at 21.6 eV and 26.4 eV, respectively. The second
band-pass mirror has a spherical shape with a radius of curvature (ROC) of 2m,
focusing the XUV photons onto the studied sample at an incidence angle of 22°.

During operation, the pressure is about 1 x 10~2 mbar inside the HHG chamber and
1 x 107 '% mbar inside the analysis chamber. This reduction happens stepwise across
the connected vacuum chambers following harmonic generation and is referred to as
differential pumping. The separation of the driving 2.4 eV photons and XUV occurs
in a chamber between the HHG chamber and the Al filter, which is connected to the
former only via a small tube and features additional pumping, reducing the pressure
to about 1 x 107> mbar. After the Al filter, the pressure in the monochromator is
better than 1 x 10~° mbar.
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For photoemission experiments, driving HHG with the second harmonic has two
main advantages compared to the fundamental wavelength. First, neighboring har-
monics have twice the energetic separation, namely 4.8 eV instead of 2.4eV. This
relaxes the coating design of the monochromator mirrors and improves the filtering
efficiency of neighboring harmonics. Especially for trARPES signals, which can be
two orders of magnitude lower [20, 143, 156] than the equilibrium spectrum, reduced
noise from duplicated spectra of neighboring harmonics lowers the required integra-
tion time for a given signal-to-noise ratio (SNR). Second, comparable XUV photon
energies require a lower harmonic order. For example, 21.6 eV is the 9th harmonic of
2.4 eV pulses, whereas 22.8 eV is the 19th harmonic of 1.2 eV. This increases HHG
efficiency, as a shorter driving wavelength requires lower ponderomotive energy for
a desired harmonic, reducing the required intensity and relaxing phase-matching
and ionization-induced dephasing constraints [63, 153] (see Sec. 2.1.3).

3.2 Frequency Conversion of Optical Pump Pulses

TrMM experiments require a pump pulse for excitation. Ideally, this pump pulse is
tunable in photon energy and polarization and matches the probe pulse duration for
the desired temporal resolution. Here, we utilize the non-converted IR pulse from
the probe-beam frequency-doubling stage in a 0.5 mm thick BBO crystal as the pump.
This layout allows both matching of the pump duration to the probe in the case of
prior pulse compression and high average power for further frequency conversion.
With a maximum conversion efficiency of 59 % for the probe frequency doubling, the
minimum pump average power is 17.6 W (pulse energy of 29.3 pJ).

As a first step, the pump polarization is set to p with a /2 waveplate and thin-film
plate polarizer. Rotation of the waveplate away from the optimal position increases
the filtered fraction at the polarizer, thus enabling power adjustment of the beam.
The pump then reflects from a motorized, computer-controlled delay stage, which
allows precise temporal control of the pump pulse with respect to the probe during
an experiment. When required, additional waveplates allow polarization change to
s or circular polarization. Finally, the pump beam couples into the monochroma-
tor vacuum chamber via an anti-reflection-coated window. Inside the chamber, a
broadband-coated, computer-controlled mirror guides the pump onto the sample.
This mirror is positioned close to the probe beam (compare Fig. 3.2), making both
beams impinge almost collinearly at 68° with respect to the surface normal of the
sample. Before incoupling, the pump is focused with a 2 m EFL lens, yielding a spot
size in the focal position of about 300 pm FWHM.

Nonlinear frequency conversion in BBO crystals allows generation of the second
and third harmonic of the IR pump beam. For excitation above the WS, band gap in
Section 5.1, the pump beam is frequency doubled in a 0.5 mm thick BBO crystal. As all
mirrors in the pump beam path use a broadband coating that includes both 1036 nm
and 518 nm, only transmissive optics such as waveplates and the focusing lens need
replacement. According to Gaussian optics and Equation (2.6), the frequency-doubled
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pump should have half the minimum spot size. However, we did not achieve a reduced
spot size experimentally. This could have several causes, such as a smaller beam
diameter at the lens d or a degraded beam shape with a higher M?.
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Figure 3.5: A compact setup for third harmonic generation of 1036 nm pho-
tons. (a) Schematic layout for the portable setup, where DM stands for
dichroic mirror. The generated output is characterized in the following plots:
(b) Beam profile, (c) spectrum, and (d) cross correlation signal of IR and SH.
The last is fitted with a Gaussian distribution and gives a pulse duration of
219 fs FWHM.

In addition to the laser fundamental and its second harmonic, we built a compact and
portable setup to generate the third harmonic at 3.6 eV (or 343 nm). Although not
used for the experiments within this thesis, a higher pump photon energy is useful
for molecular excitations due to large gaps between the highest occupied and lowest
unoccupied orbital [157, 158], for example.

Figure 3.5a displays the schematic layout of the third-harmonic generation setup.
The incoming IR beam is focused with a 500 mm lens into a BBO crystal to generate
the second harmonic (§ = 23.4°, d = 0.2 mm), which is then separated from the non-
converted part by a dichroic mirror. Both split paths are focused with f = 150 mm
lenses and directed into a second BBO crystal for SFG (6 = 62.8°, d = 1.5mm). In
addition, two mirrors on the IR beam path are mounted on a manual delay stage with
a fine-adjustment micrometer screw to align temporal overlap inside the SFG BBO.
The SFG is non-collinear to enable background-free third-harmonic signal by spatial
separation of the IR and second-harmonic beams.
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Using the post-compressed laser pulses with sub-50 fs pulse duration, we achieved a
conversion efficiency of 14.7 % to the third harmonic. The beam profile is displayed
in Figure 3.5b and shows a uniform, but slightly elongated mode. The output spectral
width measures 10.3 nm at —15 dB and is shown in Figure 3.5c. While our commercial
autocorrelator does not support these wavelengths, the pulse duration of the third
harmonic can be estimated from the cross-correlation signal of the IR and SH pulses.
Figure 3.5d shows the third-harmonic intensity as a function of delay between the
two pulses. A Gaussian fit gives a FWHM of about 219.4fs. This pulse duration is
much larger than that of the input pulses, which is likely caused by the BBO crystal
thickness inducing dispersion. While the presented setup optimizes conversion
efficiency at the cost of pulse duration, switching to different BBO crystals modifies
the output characteristics. These simple adaptations are particularly useful when
changing the input beam characteristics, either by using the uncompressed pulses of
this beamline or by using this portable setup in the METIS beamline presented in
Section 2.4.3, for example.

3.3 Beamline Integration

We coupled the beamline described
above to a KREIOS 150 MM (-Spe.cs 100F)Y —— Integrated data
GmbH, see Ch. 2.4.2) as depicted in Fig- L | —— Gauss fit

ure 3.2. In addition, we integrated a gas- .
discharge lamp (UVS 300, Specs GmbH)
with an attached grating monochroma-
tor (TMM 304, Specs GmbH). In this sec-
tion, the discharge lamp and XUV flux i
control are introduced, and the overall -50F
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The CW emission of the discharge lamp
enables photoemission below the space-
charge limit with a high photon flux Figure 3.6: PEEM image of XUV probe spot
of <2 x10'® s before monochromatiza- on HOPG. Integrated side profiles are fit-
tion [11, 159]. Together with the grating ted with Gaussian distributions yielding

monochromator, which transmits only 19.5 um x 31.7 pm. Published in Ref. [135].
He I or He II emission lines at 21.22 eV

and 40.81eV [1], focusing the light to

about 180 pm x 320 pm at the sample surface, and polarizing the light to p, this source
enables rapid acquisition of equilibrium photoemission spectra. In particular, when
focusing on a small energy window, the high flux allows acquisition rates that can
compete with a TOF detector. Even though TOF-MMs allow parallel acquisition over
multiple kinetic energies, they require pulsed light sources to define the photoelectron
kinetic energy, preventing the use of a gas-discharge lamp.
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Space charge becomes an issue with the XUV pulses of the beamline. To ensure
undistorted spectra, we first optimize the HHG process by adjusting the Ar backing
pressure and gas nozzle position in all three dimensions. We then acquire static
spectra at different photon fluxes by artificially reducing the count rate through
retracting the nozzle and lowering the backing pressure. As space charge modifies
the spectrum particularly around the Fermi level (see Sec. 2.2.1), we compare these
spectra and set the HHG parameters to the highest count rate below the space-charge
limit. While we do not have the capability to determine the XUV photon flux directly,
we can reach the space-charge limit with all tested sample systems (HOPG, Au (111),
WS,, and CrSBr). The space-charge limit also depends on the spot size on the sample.
Figure 3.6 displays the XUV beam on HOPG measured in PEEM mode, which is
assumed to scale with the optical mode of the beam. The side profiles integrate the
data along one dimension and are fitted with a Gaussian distribution plus linear
background. We thus determine the spot FWHM to 19.5 pm x 31.7 pm. Freckles in
the image are attributed to surface impurities.

As explained in Section 2.2.1, the total energy resolution depends on both the band-
width of the light source and the analyzer (see Eq. (2.32)). Here, we compare the
UVS 300 He I line to the pulsed beamline using a 0.2 mm x 0.8 mm entrance slit and
50 eV pass energy. Figures 3.7a and b display the angle-integrated Fermi edge of an
Au (111) bulk at 80K, and Figures 3.7c and d display the spin-split valence band of
WS, (compare Sec. 4.4). We fit the Au(111) spectra with a convolution of a fixed Fermi
edge f multiplied by a linear function / and a Gaussian distribution G accounting for
the total energy resolution,

I(B) = [ AEUEY - J(B)- (B~ ) (3.1)
L 1 | (E—E')2)

= | dE bE") - . —_ ). 3.2

Jar o exp(5E) +1 V2o e

The additional linear function approximates a non-constant density of states close to
the Fermi energy. For the He Ix line in Figure 3.7a, we extract a Gaussian FWHM
of (49 + 7) meV, which we attribute mainly to the analyzer settings. In contrast, the
energy resolution of the compressed XUV pulses in Figure 3.7b fits to an instrument
response function (IRF) of (233 + 20) meV. Here, the low energy resolution is at-
tributed to the large bandwidth of the XUV pulses. Unfortunately, we do not have
a comparable Fermi-edge measurement for the uncompressed XUV pulses. There-
fore, we compare the uncompressed pulses to He Io« measurements on the energy
distribution curve (EDC) of bulk WS, at the K point within a radius of 0.07 A lin
Figures 3.7c and d. Here, we fit the spectra with two Gaussian distributions and a
linear background. For the He I« in Figure 3.7c, we fit a bandwidth of (108 + 5) meV
for the upper band and (114 +5) meV for the lower band, respectively. In comparison,
we fit (107 + 2) meV and (113 + 4) meV for the uncompressed pulses in Figure 3.7d.
As the bandwidth is higher than the instrument resolution from Figure 3.7a, it has to
be the intrinsic linewidth of bulk WS,. Also, the uncompressed pulses must have a
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bandwidth smaller than 107 meV, demonstrating a large difference to the compressed
pulses as expected.

(a).l...l...|..-: T T T T T T (b)'l".'l"'l"':"I"'I"'
: X Au(111) ® ol X Au(111)
: :
z : g .
g ) = .
2 | ot
=1 1 =1 1
~ |Hela f ~ | Compressed XUV
AE = (49 £7) meV | AE = (233 + 20) meV |
T=80K 1 T=80K 1 oo
.l.--l-.-l---:-..l--.l.-- .l..-l...l---:-n.l..-l..nn
-06 -04 -02 00 02 04 -06 -04 -02 00 02 04
Eyin - Er (eV) Eyin - Ep (eV)
© [Helo ’ @) Uncompressed XUV
bulk WS, [} bulk WS,
= 2
g =
ot ot
g g
0900049
i 1 i i i 1 i i i 1 i i i 1 i i -..n..l..n..- i 1 i i i 1 i i i 1 i i
0.0 -0.4 -0.8 -1.2 0.0 -0.4 -0.8 -1.2
Exin - Evam (eV) Exin - Evam (€V)
Figure 3.7: Comparison of total energy resolution for He I, compressed

XUV, and uncompressed XUV photons. (a, b) Angle-integrated Fermi edge
of Au(111) for He I and compressed pulses, respectively. Fits according to
Eq. (3.2) show significant resolution broadening for the compressed light
pulses, as expected. (c, d) Angle-integrated EDC at the bulk WS, K-point
acquired with He Ie and uncompressed pulses, respectively. Within the
experimental settings, Gaussian fits with linear background yielded the same
band widths. Published in Ref [135].

After determining the energy resolution, we measured the temporal resolution of
the beamline. We use a p-polarized pump at 2.4eV for both compressed and un-
compressed pulses, and we track the non-equilibrium dynamics on HOPG at room
temperature. Figures 3.8a and b display the transient electron population at 265 meV
above the Fermi level. We fit the data points with a convolution of a Gaussian distri-
bution with standard deviation ¢ and a double-exponential decay multiplied with
the Heaviside function ©,

IgtOUble = IO + Iﬁt(t, A, 71,0, to) + Iﬁt(t, B, T2, 0, to) (3.3)
with
°° 1 (t—t’)z) ( t'—t0>
Lt A 1,0,) = A dr’ exp| — exp| — ot —t 3.4
i n=al — p( — ) exp(-—2) 0 -1) (.9
2 g to+02/t—t
-4 exp(a— - 0) erfc(%) . (3.5)
2 272 T V20
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Here, erfc denotes the complementary Gaussian error function and #;, denotes a
rigid shift in time. The FWHM of the Gaussian distribution resembles the cross
correlation of pump and probe, assuming instantaneous response by the material.
We determine a FWHM of (181 + 5)fs and (66 + 6)fs for the uncompressed and
compressed pulses, respectively. While the post-compression reduces the pulse
duration quite significantly, the extracted temporal resolution might be sufficiently
fast to be affected by electron cascading processes from higher energy levels described
in Section 4.3. Therefore, we cross-checked the fitted resolution on bulk WS, at
the K point. The transient electron distribution at 1.5eV above the valence band
maximum (VBM) is displayed in Figure 3.8c, and fitting yields a temporal resolution
of (48.8 + 1.7) fs. Details on ultrafast electron excitation and relaxation mechanisms
are given in Section 5.1.
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Figure 3.8: Temporal resolution for compressed and uncompressed XUV
pulses. (a, b) Transient response of HOPG for both pulses with fits according
to Eq. (3.3), yielding enhanced temporal resolution for the compressed pulses,
as expected. (c) Transient response of the bulk WS, K-point, with a fit
yielding the ultimate temporal resolution in the compressed configuration.
Published in Ref. [135].

Any pulsed light source has an intrinsic Fourier limit of 1825 meV fs for temporal and
energy resolution (see Sec. 2.1.1). In our setup, we measured a temporal resolution? of
48.8fs and an energy resolution of 233 meV, resulting in a time-bandwidth product

The temporal resolution written here is the pump—probe cross correlation and not the probe pulse
alone. The resulting time-bandwidth product is therefore only an approximate overall assessment of
the system’s performance.
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of 11370 meV fs. Several factors might cause the large time-bandwidth product in
the presented system. One possibility is that the XUV monochromator’s multilayer
mirror has a band-pass coating that is too broad, or that slight misalignment causes
geometric dispersion. Unlike grating monochromators, where the transmitted band-
width is adjustable by changing the slit size or grating density, multilayer mirrors
have fixed properties and can only be swapped for mirrors with different coatings.
Another contributing factor could be beam misalignment or spatial irregularities
in the beam profile, which can stretch the pulse duration. It is also likely that the
pump pulses are longer than the XUV probe pulses, which would reduce the overall
time resolution. Adding an extra compression stage to the pump could help bring its
duration closer to that of the XUV pulses.

While comparable trARPES beamlines are tuned either for optimized temporal or
energy resolution without switchability, systems employing HHG and a grating
monochromator have come closer to the Fourier limit. For example, Puppin et al.
achieved 40 fs pulses at 110 meV resolution, corresponding to a product of 4400 meV fs,
by carefully tuning an OPCPA system [20]. Also, Cucini et al. tuned their system to
22 meV and 105 fs, yielding a low 2310 meV fs time-bandwidth product [160].

3.4 Beamline Modification for OPA Integration

The pump pulses described in Section 3.2 offer three distinct frequencies for trMM
experiments. However, narrow excitation resonances require finer tuning of the
pump frequency, such as the WS, exciton resonances (see Sec. 4.4), for example. The
pump-line design allows integration of an OPA, but the short pulse duration of the
compressed pulses below 50 fs poses a challenge in terms of conversion efficiency and
damage threshold. We integrated an ORPHEUS-ONE-HP (Light Conversion), which
does not support compressed pulses with sub- 50 fs duration at the comparatively low
average power of 17.6 W that our setup can provide at 600 kHz (equivalent to 29.3 pJ
pulse energy). Therefore, we redesigned the beamline to split the laser output into
pump and probe paths before the post-compression, and we reduced the repetition
rate to 300 kHz. In the following, I will first describe the layout of the OPA and then
detail the setup modifications and resulting performance.

The schematic layout of the ORPHEUS-ONE-HP is displayed in Figure 3.9a. The
input pulse at 1036 nm is split into two arms. One arm with low average power
(on the order of 100 mW) generates white light, and one arm with high average
power generates the second harmonic to pump the parametric amplification. In
a first collinear stage, the signal output is generated that covers 660 nm to 860 nm
(or 1.44 eV to 1.88eV) and is named SIG1 in the following. The idler output of the
first stage is then amplified in a non-collinear stage and becomes the signal of this
second stage, covering 1350 nm to 2100 nm (or 0.59 eV to 0.91 eV), named SIG2. The
third output is the second-stage idler covering 2100 nm to 4300 nm (or 0.29 eV to
0.59 eV) with the name IDL. None of the outputs include post-compression and yield



56 3 Commissioning of a trMM Beamline

(a)

(b) 1.0} )
Pulse Width/ —— SIG1
166.9 fs e fit
WLG =08
ora1 [ SIGI 2
callines E 0.6
collinear o2 > SIG2 G
SHG . =
non-collinear | L T 0.4

=500 —250 0 250 500
7 (fs)

Figure 3.9: ORPHEUS-ONE-HP OPA. (a) Schematic OPA layout comprising
two amplification stages. (b) Intensity autocorrelation of SIG1 output with
Gaussian fit.

comparable pulse durations, such as the SIG1 output in Figure 3.9b, which is fitted
with a Gaussian to 166.9 fs pulse duration.
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Figure 3.10: Output characterization of the adapted MPC. (a) Spectrum
comparison of old and new MPC design. (b) Intensity autocorrelation after
dispersion compensation with Lorentzian fit.

Splitting the pump and probe paths directly at the laser output poses a challenge
for the post-compression scheme in terms of optical path length. The MPC mirrors
are separated by 54 cm, resulting in 14 m optical path length for the MPC alone,
which must be compensated in the pump line. Therefore, the research team from
the group of Prof. Clara Saraceno redesigned the post-compression to maintain
sub-50 fs pulses while reducing the optical path as much as possible. The new design
includes two different MPC mirrors with a ROC of 5m and 2 m, respectively. The
optical pulses take 23 round trips inside the MPC with a mirror distance of only 13 cm,
which reduces the optical path to 6 m. With a 1 mm thick fused silica plate close
to the mirror with 5m ROC, the spectrum broadens to 74 nm width at —20dB, as
displayed in Figure 3.10a. The pulses then reflect 18 times off mirrors with —200 fs?
GDD coating for a total of —3600 fs. Figure 3.10b shows the SH autocorrelation
signal, giving a pulse duration of 31 fs with a Lorentzian fit function. Compared to
the previous MPC design, the spectral width is smaller while the pulse duration is
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shorter. This seemingly contradictory result is likely affected by the simple pulse
deconvolution of the intensity autocorrelation signal, which exhibits non-uniform
contributions in the pedestal region for both cases. Thus, the simple Lorentzian fit
does not capture the entire pulse shape correctly and should be treated as a rough
estimate. The total compressor transmission is 92 %. As before, the compressed pulses
are frequency doubled in a 0.5 mm thick BBO crystal and focused with a 200 mm lens
into an Argon gas jet for HHG.
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Figure 3.11: Beamline performance after OPA integration. (a) Fermi edge

of Au(111) fitted with Eq. (3.2). (b) Transient response on HOPG with SIG1
as pump, fitted with a Gaussian function. (c) XUV spot size in PEEM with
Gaussian fits for integrated distributions.

Figure 3.11 displays the performance of the modified beamline. The energy resolution
of the compressed XUV pulses was determined from the Fermi edge of Au(111) at
room temperature. A fit according to Equation 3.2 is displayed in Figure 3.11a
and yields an energy resolution of (125 + 3)meV. The spot size on the sample
is (31.1 £ 0.2) pm x (13.0 + 0.1) pm, determined by Gaussian fits of the intensity
distribution in PEEM on Au (111) along the x and y axes, respectively (see Fig. 3.11c).
With the SIG1 output of the OPA, the cross correlation was measured on room-
temperature HOPG at 385 meV above Fermi, as shown in Figure 3.11b. At this
energy, the signal is Gaussian and is thus fitted to an FWHM of (181 + 28) fs. The
improvement in energy resolution relative to the previous 233 meV results from less
spectral broadening in the MPC and thus comes at the cost of longer pulse durations.
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However, the current setup does not include post-compression of the OPA output
pulses and is therefore the limiting factor for temporal resolution.



Materials and Preparation

This thesis focuses on selected transient phenomena in two-dimensional (2D) materi-
als, whose thickness is reduced to the atomic scale so that reduced dimensionality and
quantum confinement strongly modify their electronic and optical properties [161].
More specifically, the 2D materials discussed in this chapter are restricted to van
der Waals (vdW) systems, which exhibit a layered crystal structure in bulk form.
Within each layer, the atoms are bound covalently or ionically, whereas neighboring
layers interact only via weak vdW forces. This structure allows removal of individual
layers down to the few-layer limit using tools as simple as adhesive-tape exfoliation,
famously employed by Novoselov et al. in 2004 to isolate monolayer graphene from
bulk graphite [22].

Since its first isolation from bulk graphite, monolayer graphene has been studied
intensively. It features exceptionally high carrier mobility, and its low-energy quasi-
particles behave as massless Dirac fermions with linear dispersion near the K and
K’ points [162]. While bulk HOPG is presented in more detail in Section 4.3, its
main role in this thesis is to serve as a metallic reference sample for determining
the temporal overlap and cross-correlation of the pump and probe pulses. Here,
we exploit its strong photoemission signal and well-characterized hot-electron dy-
namics [163, 164]. An important family of 2D vdW materials are transition metal
dichalcogenides (TMDs), many of which exhibit semiconducting behavior and show
pronounced optical and electronic differences between monolayer and bulk crystals.
They are introduced in detail in Section 4.4 and studied in bulk and monolayer form
in Section 5.1. Both samples were prepared in substantially different ways, which are
described in detail in Section 4.2: bulk crystals were cleaved in situ to obtain fresh
surfaces, while monolayer WS, was grown in situ on an Au(111) surface. Section 4.1
briefly summarizes the main features of the Au(111) surface state, as its Fermi edge
is also used in Section 3.3 to characterize the energy resolution of the experimental
beamline.

Owing to the weak vdW forces between layers, functional structures can be assembled
in a Lego-like manner, because the weak interlayer interaction largely relaxes the
conventional lattice-matching constraints that apply in epitaxial growth [23, 24]. This
opportunity for material engineering is exploited in fields ranging from fundamental
research to applications [161], including electronics and optoelectronics [165]. One
focus is band-structure engineering in TMD bi- and multilayers through material
choice, stacking order, and twist angle [12, 36, 166]. Another is the incorporation of
magnetic materials into vdW structures since the discovery of long-range magnetism
in vdW monolayer crystals (see Sec. 4.5 for details). Section 4.5 introduces the
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semiconductor and antiferromagnet CrSBr, which combines a comparatively high
magnetic ordering temperature among vdW magnets with highly anisotropic (quasi-
1D) electron transport and excitonic resonances that couple strongly to the magnetic
order, for example [39, 167].

4.1 Gold (111) Surface State

Gold crystallizes in an fcc structure, and its (111)
surface is used in this thesis to determine the an-
. gular and energy resolution of the KREIOS detec-
0.1 tor (Sec. 2.4.2) and the trMM beamline (Sec. 3.3).
A clean Au(111) surface hosts a Shockley-type
surface state near the Fermi level. It resides in
the projected bulk band gap (L-gap) around the T
point, where no bulk states are available, and ex-
hibits a nearly free-electron-like dispersion [168].

Exin — Er (eV) ¢ k” (A—l)

The broken inversion symmetry at the surface,
together with the strong spin-orbit coupling in
Figure 4.1: Schematic of the sur- gold, gives rise to a Rashba-type spin splitting
face state in Au(111) with plot pa- described by
rameters taken from Ref. [86].

—0.50+

hzkﬁ
# Rashba = om* +ag (ez X k||) ' 0,
where m” is the effective mass of the surface state, k" is the in-plane momentum, ag
is the Rashba parameter, and o denotes the Pauli matrices [169, ch. 12]. This yields
two spin-split parabolic branches with opposite spin helicities and a band minimum
at T about 450 meV to 500 meV below the Fermi level (see Fig. 4.1) [86, 168, 170].

The Au(111) surface-state Fermi crossing provides a sharp, well-defined feature in
energy and momentum, governed by the intrinsic electronic structure of the sample
rather than by photon-energy- or detector-specific artifacts. It therefore serves
as an excellent reference for calibrating the instrumental energy and momentum
resolution [86].

4.2 Sample Preparation

Sample structures based on two-dimensional vdW crystals can be prepared either
in a top-down or a bottom-up manner. In a top-down approach, bulk crystals are
exfoliated to expose fresh surfaces and to obtain thin flakes. This method is discussed
first and was used here to prepare clean surfaces on bulk WS, and CrSBr crystals,
as well as few-layer CrSBr and a WS,/WSe, heterobilayer. In contrast, a bottom-up
approach directly grows the desired sample structure on a substrate, enabling in situ,
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reproducible, large-area sample fabrication with high surface quality. The second
part of this section describes the in situ growth of monolayer WS, on Au(111).

The layered structure of vdW crystals allows mechanical exfoliation with adhe-
sive tape, thereby simplifying the preparation of fresh surfaces for photoemission
experiments on bulk crystals. Commercial WS, and CrSBr crystals presented in
Sections 5.1 and 5.3, respectively, were attached to metallic sample plates using
conductive, UHV-compatible glue. Adhesive tape was then applied ex situ, and
exfoliation was performed in UHV in the preparation chamber or in a load lock
before measurement, so that no additional sputter—anneal cleaning was required.
However, this preparation routine can still lead to charging in poorly conducting
semiconductor substrates during photoemission experiments, especially at cryogenic
temperatures [171, 172].

Few-layer samples could, in principle, be obtained by repeated exfoliation directly on a
glued bulk crystal, but flakes with the desired thickness are typically micrometer-sized
and randomly distributed [22, 173]. This random distribution renders deterministic
fabrication of heterostructures impractical. Instead, the bulk crystal is first exfoliated
onto adhesive tape, and the remaining thin layers are stamped repeatedly onto
an intermediate substrate before the resulting flake distribution is examined by
optical microscopy. A selected flake is then transferred onto the target substrate
using a viscoelastic stamp that behaves like an elastic solid when peeled off quickly
and like a viscous material when peeled off slowly [174]. This approach allows
fabrication of designed structures in a LEGO-like manner with relatively low surface
contamination, suitable for ARPES experiments after mild annealing. For surfaces
sensitive to ambient conditions, the transfer can also be performed under inert-
gas conditions [175]. The WS,/WSe, heterobilayer investigated in Section 5.2 was
prepared using this method.

Exfoliation typically yields only a small number of monolayer flakes with limited
lateral size, but exfoliation onto a gold surface can mitigate both issues. Because the
Au surface can bind more strongly to the outermost vdW layer than adjacent layers
bind to each other, monolayer flakes with lateral sizes of several hundred pm can
be obtained [173]. However, the gold surface must be flat, with a root-mean-square
roughness <1 nm, and minimally contaminated [177]. Such surfaces can be prepared
in UHV [178], but so-called template-stripping allows suitable Au substrates to be
prepared rapidly and in bulk [179]. The process, sketched in Figure 4.2, starts with
gold evaporation onto a flat and clean surface such as a Si wafer with native SiO,.
Immediately before exfoliation, the wafer is separated from the glued sandwich struc-
ture, and the fresh Au surface inherits the flatness of the substrate material [179]. The
vdW crystal is then pressed against the gold, transferred into vacuum, and exfoliated
in situ. In addition, the gold-evaporated sandwich structures can be prepared in
bulk and protect the Au surface from atmospheric exposure [180]. We adapted this
preparation technique for the trARPES experiment on CrSBr samples in Section 5.3,
using flakes with thicknesses of several tens of nm, which has been reported to
substantially reduce charging in ARPES experiments at cryogenic temperatures [139,
176].
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Figure 4.2: Schematic Au-assisted exfoliation on template-stripped gold. (1)

Gold is evaporated on a smooth substrate. (2) The gold film is glued onto a
sample plate to form (3) a sandwich structure that protects the Au surface
from exposure to air. (4) Immediately before use, the substrate is peeled off
to expose a fresh Au surface, onto which (5) a bulk vdW crystal is pressed. (6)
In vacuum, the crystal is exfoliated, leaving a thin flake with a fresh surface
suitable for low-temperature ARPES. Reproduced from Ref. [176] under the
license CC BY-NC-ND 4.0, font style modified.

Apart from exfoliating bulk crystals, large-area monolayers can also be grown in
UHV. A WS, monolayer film on Au(111) was grown in the XPS setup described
in Section 2.4.1 by Dr. Michele Capra!, who optimized the growth procedure and
summarized the process in Ref. [181]. The growth consists of four steps: (i) the
Au(111) substrate is cleaned by cycles of Ar" sputtering and annealing at approxi-
mately 670 °C for 30 min. (ii) the substrate is exposed to dimethyl disulfide (DMDS)
gas using a nozzle in proximity to the sample surface at a temperature of ~ 650 °C.
(iii) while maintaining the DMDS atmosphere (3.5 x 10~ 7 mbar in the chamber) and
sample temperature, tungsten is evaporated from an e-beam evaporator, and (iv) the
sample is post-annealed in DMDS atmosphere (2.5 x 10~/ mbar in the chamber) at
~ 670 °C and subsequently in vacuum at ~ 500 °C to remove excess DMDS from the
surface.

The XPS spectra were analyzed with the XPST package for Igor Pro [80] and are shown
in Figure 4.3. The survey spectrum in Figure 4.3a shows only the expected core-level
contributions from Au, W, and S atoms. Core-level positions were checked against the
NIST XPS database [182]. The absence of detectable C 1s signal in Figure 4.3f indicates
a low level of adventitious carbon on both the clean and the WS,-covered surfaces.
All spectra are calibrated to the Fermi level of the gold substrate, obtained from a fit
of the Fermi edge in Figure 4.3b using a convolution of a Gaussian function and the
fixed Fermi distribution (see Eq. (3.2)). The Gaussian FWHM yields an instrumental
energy resolution of (335 + 135) meV under the conditions of this experiment.

'Dr. Michele Capra, Department of Physics, TU Dortmund University, Otto-Hahn Str. 4, Dortmund,
Germany
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Figure 4.3: XPS characterization of WS, growth on Au(111). Black (orange)
markers denote XPS data points after WS, growth (clean Au). (a) Survey
spectrum showing only expected contributions from Au, W, and S core
levels. (b) Fermi edge of clean Au(111). (c, d) W 4f and S 2p core levels
with fitted spin—orbit doublet, respectively. The solid black line indicates
the fit residual. (e) Au 4f level before and after growth, fitted with the same
doublet line shape. (f) C 1s region, confirming the absence of detectable

carbon contamination.
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The W 4 f and S 2p core levels in Figures 4.3c and d were fitted with spin—orbit doublet
line shapes using a pseudo-Voigt profile as implemented in XPST [80] and a standard
Shirley background (clean Au(111) spectra offset along the intensity axis for clarity).
The S 2p doublet is well described by a symmetric line shape, whereas the W 4 f peaks
require a modest asymmetry parameter of 0.28, visible as a tail on the high-binding-
energy side. Such an asymmetry is not expected for purely semiconducting WS, and
may indicate additional weak components, for example metallic states [183, 184]. In
contrast, W atoms in sulfur-deficient WS, _ . environments would be expected at
lower binding energies relative to stoichiometric WS, [185]. Within the SNR ratio of
our data, no distinct extra doublets attributable to higher or lower oxidation states
are resolved, indicating predominantly stoichiometric WS, in the probed area.

Finally, the WS, coverage is estimated from the attenuation of the Au 4f signal.
Figure 4.3e shows the Au 4f spectra for the clean substrate and after growth, both
fitted with the same pseudo-Voigt + Shirley model. Assuming that the photoelectron
signal from uncovered regions and regions covered by a single WS, layer adds linearly,
the Au 4f intensity after growth can be written as

d
fws, = Ina- |(1 —O)+Cexp (_Acos 0)] ’

where C is the fractional monolayer coverage (0 < C < 1), d is the layer thickness, A
is the effective attenuation length, and 0 is the electron takeoff angle [81]. For normal
emission and r = Kys, /Iy, this yields

1—r

€= 1—exp(—d/2) (4.1)

From the integrated peak areas in Figure 4.3e we obtain r = 0.805. Using d = 0.7 nm
and A = 2.38 nm, we obtain a coverage of C = 76.6 % for the WS, monolayer film?.
This value is comparable to the ~70 % coverage reported by Dendzik et al. for a
similar growth procedure [185].

4.3 Highly Oriented Pyrolytic Graphite

Graphene is a two-dimensional honeycomb lattice of carbon atoms, with each carbon
atom in approximately sp? hybridization forming strong in-plane o bonds [162].
The remaining p, orbital is oriented perpendicular to the plane and overlaps with
neighboring p, orbitals to form half-filled 7 bands in neutral graphene. These bands

’Here, A is approximated by the inelastic mean free path from the Tanuma-Powell-Penn (TPP-
2M) predictive formula via the NIST Standard Reference Database 71 [186], using an electron kinetic
energy of 1400 eV, a WS, density of 7.5 g/cm?, a band-gap energy of 2.0 eV, and 18 valence electrons
per formula unit (6 from W and 2 x 6 from S). d is the monolayer thickness, assumed here as half of
the unit-cell lattice parameter.
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govern the electronic structure near the Fermi energy [187], which is well described
in a tight-binding model by two bands

kya ke'3 kyag
Ep (k) = —E; (k) = Yo\/l + 4 cos? (YT()) + 4cos( x\/z_a()) cos (YT)’

with lattice constant a, and nearest-neighbor hopping parameter y, [187]. These two
bands are displayed in Figure 4.4a and cross at the K and K’ points in the Brillouin
zone. Due to the vanishing density of states at the crossing (Dirac) point, graphene
exhibits the properties of a zero-band-gap semiconductor (semimetal), because the
Fermi energy lies exactly at this point for an undoped crystal [162, 187]. Bulk crystals
of vdW-coupled graphene layers are called graphite, and highly oriented pyrolytic
graphite (HOPG) is a synthetic polycrystal of graphite crystallites whose ¢ axes
(stacking direction) are aligned within <1° [188].
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Figure 4.4: (a) HOPG Dirac cone at K/K’. (b) Three-temperature model for
hot-electron decay. (a) Adapted from Ref. [120] (Merboldt et al), licensed
under CC BY 4.0. (b) Adapted with permission from Ref. [14]. © American
Physical Society.

Upon optical excitation of undoped HOPG with pulses of energy Aw in the visible
and near-infrared range, electrons are excited from 7 to 7™ states across the Dirac
point (or across the Fermi level in the semimetallic band structure), which initially
creates a highly non-thermal population of electrons and holes, roughly centered
around energies +hw/2 from the Fermi level in the Dirac-cone approximation [164].
The subsequent decay dynamics are nearly symmetric for electrons and holes (for
weak doping and near the Dirac point) [189], and electron relaxation is typically
described within a three-temperature model (see Fig. 4.4b) [14]. First, electrons
undergo ultrafast intraband relaxation on the order of 10fs to 30fs [164, 190] and
form a thermal distribution with temperature T.. The electrons then relax via optical
phonon scattering with energy hwgp = 200 meV on the order of 150 fs to 250 fs [14,
163]. This relaxation increases the temperature of the optical-phonon bath Tgp,
which subsequently heats the acoustic-phonon bath T4 within several picoseconds
through anharmonic coupling. Exact relaxation times depend strongly on excitation
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fluence via the electron temperature and optical-phonon population. While this model
described trARPES data on HOPG well [14], a comparable experiment on graphene
found relaxation via supercollision to play a major role [163]. Supercollision links the
electron and acoustic-phonon baths via three-particle scattering at an impurity and
allows large-q acoustic-phonon emission that would normally be suppressed. This
deviation has been attributed to stronger disorder and substrate effects in monolayer
graphene [14], which enhance disorder-assisted (supercollision) cooling and often
lead to significant doping of the Dirac bands [163, 164].

4.4 Transition-Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) are layered compounds with formula MX,,
and many members can be exfoliated into 2D crystals. Each TMD comprises a plane
of transition-metal atoms M, which is covalently bonded to two planes of chalcogen
atoms (X) [191] (see Figure 4.5a). In this thesis, we focus on group-VI TMDs based on
tungsten (W) and the chalcogens sulfur (S) and selenium (Se). Weak vdW interactions
between neighboring layers permit several stacking configurations with varying
alignment, rotation, and translation [192]. As an example, Figure 4.5a shows 2H
hexagonal stacking. Here, adjacent layers are rotated by 180° with respect to each
other, which results in AB stacking with a primitive unit cell containing two MX,
formula units [191]. A monolayer lacks inversion symmetry (point group Dsh),
whereas bulk 2H stacking restores inversion symmetry (Dgh) [193].

Semiconducting TMDs are widely studied for their electronic structure in the mono-
layer limit, as they combine a direct band gap in the K/K’ valleys with strong spin-
orbit coupling [165], tightly bound excitons [29, 193], and a well-defined valley
degree of freedom [194, 195]. In the following, we explain these properties using
WS, as a representative example. Figure 4.5b shows the hexagonal BZ of WS, with
the high-symmetry points relevant for this thesis. In the bulk, WS, is an indirect
semiconductor with a band gap of 2.1 eV [29, 196], where the VBM is located at I and
the CBM in the valley along I'-K (here denoted Q; compare Fig. 4.5¢c). When reducing
the layer number to a single monolayer, the band gap becomes direct, with both VBM
and CBM located at the K/K’ valleys [197] (compare Fig. 4.5d). This indirect-to-direct
crossover originates from the orbital character of the relevant bands and their distinct
interlayer hybridization. The topmost valence band and lowest conduction band are
formed by a combination of metal d and chalcogen p orbitals. At the K point, the
valence band has predominantly in-plane orbital character arising from the metal
dy2_y2 and dyy, orbitals and the chalcogen py and py, orbitals [197], which confines
the electronic states within each layer and strongly suppresses interlayer hybridiza-
tion. In contrast, the states at I" are mainly composed of metal d3,2_,> and chalcogen
p, orbitals [197], whose out-of-plane character leads to substantial wave-function
overlap between adjacent layers. This results in pronounced thickness-dependent
splittings in few-layer and bulk crystals and strong hybridization in heterobilayer
structures [198].
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Figure 4.5: WS, crystal and electronic structure. (a) Schematic hexagonal

lattice of a bilayer with 2H stacking geometry in top and side view. Solid
black lines mark the unit cell and gray dotted lines visualize the vertical layer
alignment. (b) Bulk and hexagonal Brillouin zone of a hexagonal crystal with
high-symmetry points relevant for this thesis marked in blue. (c) and (d)
display ab initio band-structure calculations for bulk and monolayer crystals,
respectively. Both VBM and CBM positions change in the monolayer limit
to the K point, and the band gap, indicated by a red line, increases. (c) and
(d) adapted from Ref. [30], with the permission from AIP publishing.

The same orbital character, combined with the heavy transition-metal ion W, gives
rise to a large spin-orbit splitting of the upper valence band at K, on the order of
430 meV [199-201]. Due to the broken inversion symmetry in a monolayer, time-
reversal symmetry enforces opposite spin orientations at the nonequivalent K and
K’ valleys [193]. An electron that changes valley must either undergo a spin flip
or an energetically unfavorable transition, which locks spin orientation and valley
index [31]. However, the spin texture is not measured directly within this work.

Monolayer TMD semiconductors host strongly bound excitons with large oscillator
strengths that dominate the optical response (excitons were introduced in Sec. 2.3.1).
They are typically described as Wannier—Mott-like excitons, in which the exciton
wave function extends over several unit cells [109, 202, 203], in contrast to localized
Frenkel excitons [204]. For monolayer WS,, reported binding energies of the lowest
(1s) exciton are in the range of 350 meV to 400 meV [29, 205, 206]. Owing to the spin-
orbit splitting of the valence band, two prominent excitonic series occur at the A and
B transitions. Experimental studies have shown deviations from a simple Rydberg
scaling Eg < (n— 1/ 2)_2, particularly for higher-n states, as well as a pronounced
reduction of the binding energy with increasing layer number or dielectric screening
from substrates and encapsulation [29].
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Figure 4.6: Effect of dielectric screening. The schematic electric field lines
generated by the Coulomb interaction of the exciton’s electron and hole
are displayed in real space for a (a) bulk and (b) monolayer TMD. Reduced
screening in the monolayer increases both the band gap and the exciton
binding energy. Adapted with permission from Ref. [29]. © American
Physical Society.

The change of the exciton binding energy with layer number and environment arises
from modified screening of the Coulomb interaction. As illustrated in Figure 4.6,
the electric field lines between electron and hole extend well outside the mono-
layer into the surrounding medium, where the dielectric constant can differ strongly
from &, [29, 199]. Here, & is a simplified effective parameter, not a true bulk
dielectric constant. The deviations from pure Rydberg behavior and the sensitivity of
higher excitonic states to the environment are well captured by the Rytova-Keldysh
potential [207]. Screening also reduces the electronic band gap, explaining the intrin-
sically smaller band gaps of bulk crystals and the strong band-gap renormalization
induced by substrates.

Experimental reflectance measurements on monolayer WS, on SiO,, combined with
modeling of the excitonic Rydberg series, yielded an extracted quasiparticle band gap
of about 2.4 eV and a 1s exciton binding energy of ~350 meV [29, 205]. Moreover,
Waldecker et al. combined ARPES and reflectivity measurements on monolayer WS,
and found a rigid shift of the valence band and, together with optical spectroscopy,
inferred a nearly symmetric shift of the conduction band. This corresponds to a
band-gap renormalization of about 600 meV with increasing dielectric screening,
whereas the exciton 1s resonance shifted by only ~50 meV [199]. This subtle shift
reflects the small spatial extent of the 1s exciton and a partial compensation of the
reduced binding energy by the simultaneous band-gap renormalization.

The creation of a coherent optical polarization and the ultrafast relaxation into an
incoherent exciton population are discussed in Section 2.3.1. Because dielectric
screening strongly affects both conduction and valence bands, exciton relaxation
pathways depend on layer number, stacking order, and substrate material [100,
208]. The conduction band features multiple local minima (valleys, see Fig. 4.5),
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and intervalley scattering via exciton-phonon coupling can produce momentum-
indirect excitons [107]. In multilayers, hybrid excitons form when either the electron
or the hole is delocalized across layers [114]. Finally, heterobilayers with type-II
band alignment such as WS,/WSe, have the VBM and CBM in different layers. This
configuration enables the formation of interlayer excitons with an out-of-plane
electric dipole moment [208]. By rotating the layers with respect to each other,
a moiré pattern of the two lattices translates into an additional periodic potential
that can trap interlayer excitons (ILXs) and provides a highly tunable excitonic
landscape [209].

4.5 Chromium Sulfur Bromide

The Mermin-Wagner theorem forbids spontaneous long-range magnetic order at fi-
nite temperature in one- and two-dimensional systems with continuous spin-rotation
symmetry and short-ranged interactions in the thermodynamic limit [210]. This
restriction applies, for example, to the isotropic Heisenberg model. Long-range
order can nevertheless be stabilized down to the monolayer at finite temperatures by
introducing magnetic anisotropy, e.g. through spin-orbit interaction or lattice distor-
tions [25]. In addition, a finite sample size cuts off long-wavelength spin fluctuations:
Jenkins et al. showed that, for experimentally relevant lateral dimensions, exchange
interactions can produce an apparent ordering crossover at finite temperature even
in the absence of anisotropy [211]. Pushing this crossover below 1K would require
astronomically large lateral dimensions.

Since 2017, when intrinsic long-range ferromagnetism was demonstrated down to
the monolayer limit in Cr,Ge,Teg [37] and Crl; [38], magnetic vdW materials have
become a widely used platform for studying magnetism in the 2D limit [25, 212, 213]
and for tuning magnetic states through external stimuli such as strain, gating, or
light [25, 212, 213]. A practical limitation of many early vdW magnets is their low
ordering temperature and/or poor environmental stability [214]. For instance, Crl;3
has a Curie temperature of about 61 K and degrades rapidly under ambient exposure,
motivating encapsulation strategies in device geometries [215]. In this context,
CrSBr has attracted renewed interest as an air-stable layered magnetic semiconductor
with comparatively high magnetic ordering temperatures and pronounced in-plane
anisotropy.

Bulk CrSBr crystallizes in an orthorhombic layered structure. Each layer consists of
a buckled, covalently bonded Cr-S network sandwiched between two Br-terminated
surfaces (see Fig. 4.7a). Within the layer, Cr sites are connected along the crystal-
lographic a direction by both Cr-S-Cr and Cr-Br-Cr bridges with near-90° bond
angles, whereas along b the dominant linkage is a Cr-S-Cr bridge with a larger bond
angle of about 160° [216, 217]. Bromine atoms are bonded only to Cr and form chains
along the a direction. The lattice parameters at room temperature are a = 3.506 A,
b =4.767 A, and ¢ = 7.965 A [218]. The pronounced in-plane anisotropy between a
and b is already visible on the macroscopic level: exfoliated flakes typically cleave
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Figure 4.7: Bulk CrSBr crystal and electronic structure. (a) Schematic or-
thorhombic lattice of a bilayer shown in top and side view. The unit cell is
marked by solid black lines. (b) Crystal field splitting of the Cr 3d manifold
in CrSBr, yielding a high-spin configuration. The material-specific orbital
ordering follows Ref. [77]. (c) Bulk and surface BZ of a simple orthorhom-
bic crystal, with high-symmetry points relevant for this thesis marked in
blue. (d) Bulk band structure calculated using density functional theory
(DFT) with the meta-GGA SCAN functional, highlighting the anisotropic
conduction-band dispersion along I'-X and I'-Y.

into elongated rectangles whose long edge is parallel to the crystallographic a axis.
In bulk, the layers stack in an AA-type configuration without in-plane rotation or
shift, providing a well-defined cleavage plane.

The Cr ions are in a Cr*> configuration and are coordinated by six ligands (four
S and two Br) forming a distorted octahedron [44]. In an octahedral crystal field,
the d manifold splits into 5, and ey levels. For a high-spin d® configuration, this
corresponds to a half-filled #,, shell and empty e states (see Fig. 4.7b). The reduced
local symmetry further lifts the degeneracy within both manifolds, which becomes
relevant when discussing orbital character in the electronic structure below and for
selection rules in photoemission.

CrSBr is a semiconductor with a direct band gap at I' exceeding 1.5 eV. The precise
value remains under debate, as discussed in more detail in Section 5.3.1. Figure 4.7d
shows a calculated band structure in the ab plane (details in Sec. 5.3.1), while the
corresponding high-symmetry points are indicated schematically in Figure 4.7c. A
key feature is the extreme in-plane anisotropy of the conduction band. It is nearly
flat along the I'-X direction (corresponding to the a direction) but dispersive along
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I'-Y (the b direction). This results in a large electron effective-mass anisotropy of
mé( / rnz ~ 50, while the valence band is less anisotropic but still pronounced, with
m})f / m}{ ~ 6 [44]. In transport, this corresponds to a quasi-one-dimensional electronic
response within a structurally two-dimensional crystal [43].

This anisotropy can be traced to the orbital composition and bonding geometry. The
lower conduction band has dominant Cr 3d character (with primarily d,.-like weight)
hybridized with S 3p states, while the Br contribution is comparatively small. The
resulting wave function supports strong dispersion along b and weak interchain
coupling along a [44]. In contrast, states near the VBM carry substantial weight from
Cr 3d and Br 4p orbitals [39].

Magnetically, CrSBr is an A-type antiferromagnet: Spins have ferromagnetic (FM)
alignment within each layer, while adjacent layers have antiferromagnetic (AFM)
coupling along the stacking direction. Below the Néel temperature Ty = 132K, long-
range interlayer order sets in with an easy axis along b [219]. Above Ty, experiments
report pronounced short-range in-plane correlations that persist to substantially
higher temperatures, and additional crossover anomalies have been discussed up
to about 185K [220]. Interlayer coupling is 2 to 3 orders of magnitude weaker than
intralayer exchange, consistent with its super—superexchange path mediated by Br
atoms [39]. The combination of strong in-plane anisotropy and layered magnetic
order is reflected in a triaxial magnetic anisotropy with easy, intermediate, and hard
axes along b, a, and c, respectively [41, 221].

Optical spectroscopy reveals a prominent near-infrared excitonic resonance in the
range of roughly 1.25eV to 1.36 eV, whose spectral position and linewidth depend
on layer number and temperature [41, 44, 222]. The strong linear polarization of this
resonance along the b axis is commonly attributed to the quasi-1D character of the
electronic structure. While the exciton wave function has not been observed directly
yet, it is predicted to be elongated along b and compressed along a [44].

Switching the interlayer spin alignment from AFM to FM (e.g. by an external mag-
netic field) modifies interlayer hybridization and leads to an abrupt shift of the exciton
energy observed in photoluminescence (PL) [41, 223]. In pump—-probe experiments,
excitonic resonances in CrSBr have furthermore been shown to couple to magnon ex-
citations, enabling access to the magnetic configuration even without direct magnetic
sensitivity of the probe [224-226]. These interactions can be tuned, for example, by
strain and magnetic field [227, 228], providing multiple control knobs for the coupled
charge-spin dynamics in this material.

In summary, CrSBr combines (i) a sizable semiconducting gap, (ii) layered antifer-
romagnetism with a relatively high critical temperature among vdW magnets, (iii)
comparatively robust ambient stability [225], (iv) strong in-plane anisotropy leading
to a quasi-1D electronic response, and (v) magneto-correlated excitonic resonances.






Ultrafast Dynamics in 2D vdW
Semiconductors

This chapter presents static and time-resolved MM studies on WS, and CrSBr. First,
hot-electron relaxation following above-bandgap excitation is used to showcase the
commissioned beamline (Ch. 3) on bulk WS, (Sec. 5.1), and the relaxation dynamics
are then compared to those of a WS, monolayer on an Au(111) substrate. Second,
exciton formation after resonant excitation in a WS,/WSe, bilayer is traced (Sec. 5.2),
highlighting the ability to track many-body phenomena in energy, momentum, and
time. Finally, point-defect formation in bulk CrSBr is investigated, and its transient
response is explored. Here, the dynamics are dominated by field effects (Sec. 5.3). All
data presented in this chapter were analyzed using IGOR Pro 8 [229].

5.1 Conduction Band Electron Relaxation in WS,

WS, is a well-studied member of the TMD family that features semiconducting
properties, with an indirect-to-direct band gap transition at the monolayer limit and
optically dominant excitonic resonances (see Sec. 4.4). In this chapter, we focus on the
ultrafast relaxation of hot electrons upon optical above-bandgap excitation in bulk
WS, with 2H stacking. Previous studies on comparable systems have demonstrated
intra- and intervalley scattering in bulk TMDs of both hot carriers [93, 143, 194] and
excitons [107, 230] with characteristic timescales in the femtosecond to picosecond
regime. These relaxation mechanisms make bulk WS, an ideal model system to
showcase the capabilities of the trMM beamline presented in Chapter 3.

We first map the equilibrium band structure over the full BZ (Sec. 5.1.1), before
tracking hot-electron relaxation dynamics after above-bandgap excitation (Sec. 5.1.2).
Here, we analyze the electron dynamics in a valley-dependent manner and use a
rate-equation model to describe the relaxation pathways. Finally, we compare the
band structure and relaxation dynamics of the bulk system to those of a monolayer
on a metal substrate (Sec. 5.1.3). The following results take advantage of the two
measurement modes by acquiring the static spectra with enhanced energy resolution
and the time-resolved spectra with enhanced temporal resolution. The findings on
bulk WS, were also published in Ref. [135]:

K. J. Schiller, L. Sternemann, M. Stupar, A. Omar, M. Hoffmann, J. E. Nitschke, V.
Mischke, D. M. Janas, S. Ponzoni, G. Zamborlini, C. J. Saraceno, and M. Cinchetti,
“Time-resolved momentum microscopy with fs-XUV photons at high repetition
rates with flexible energy and time resolution”, Scientific Reports 15, 3611 (2025)
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5.1.1 Static Characterization

Bulk WS, samples are prepared by gluing a macroscopic crystal onto a sample plate
and cleaving it in situ with scotch-tape. Static spectra were then acquired with the
uncompressed XUV pulses for enhanced energy resolution, using 50 eV pass energy

and a 0.5 mm x 1.0 mm entrance slit at 300 K. The resulting 3D data stack is shown
in Figure 5.1.
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Figure 5.1: Bulk WS, band structure characterization. (a) Momentum map
with dashed surface BZ and path along high-symmetry points (red solid line),
which is used for the band structure cut in (c). (b) Symmetrized momentum
map for illustrative purposes, clearly showing triangular warping at the K
points. (d) Three-dimensional plot that illustrates an acquired data cube.
Published in Ref. [135].

Figure 5.1a shows the momentum map along the in-plane momenta (ky, ky) at —0.95 eV
binding energy relative to the VBM. Overlaid with a dashed line is the hexagonal
Brillouin zone of WS,, which allows assignment of the observed intensity to the T
point and to the K points. While the T point displays rather uniform intensity with a
circular shape, each K point comprises two triangular shapes, with one enclosing the
other. These two shapes result from the spin splitting of the valence band at the K
point. Their shape is distorted from a circular contour due to the orbital structure
of the valence bands and the underlying threefold crystal lattice symmetry, which
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give rise to non-isotropic terms in the system’s Hamiltonian [231, 232]. This effect is
commonly referred to as trigonal warping and affects, for example, the density of
states.

Notably, the KREIOS MM can acquire this momentum map without rotating or
moving the sample. The data in Figure 5.1a was integrated for 72 s and contains
about 6.6 x 10° counts, yielding an effective rate of 9200s™! at this energy. Due
to the incidence direction of the XUV photons, the momentum map displays an
intensity gradient from left to right. This effect can be removed by averaging the
image with rotated and inverted copies in accordance with the underlying crystal
symmetry. For 2H-WS,, this includes rotations of 120° and 240°, and three mirror
planes which are rotated by 60° with respect to each other. The resulting symmetrized
momentum image is displayed in Figure 5.1b. For a full 3D stack (Ey;y, ky, ky) shown
in Figure 5.1d, iso-energetic momentum maps are acquired for a range of kinetic
energies. Importantly, this symmetrization may introduce artifacts and should be
considered illustrative only. A vertical cut through the non-symmetrized data cube
that connects the high-symmetry points T, M, and K (red solid line in Fig. 5.1a) is
presented in Figure 5.1c.
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Figure 5.2: (a) Influence of the PME on the photoemission intensity close
to the VBM at the T point. (b) Dispersion of the K point. Markers denote
the momentum-dependent band position extracted from Gaussian fitting.
Consecutive fitting with a parabolic function yields the effective masses for
the spin-split valence band. Partly published in Ref. [135].

The acquired band structure of bulk WS, in Figure 5.1c is displayed as a function
of binding energy referenced to the VBM. However, the spectrum does not show
intensity at I close to the VBM. The energetic position of the VBM at either T or
K is a key difference between monolayer and multilayer samples (see Sec. 4.4). We
believe this lack of intensity to be an effect of the PME. Given the significance of this
feature, we verify the PME hypothesis by acquiring the spectrum with XUV photons
from He Ila emission at 40.81 eV. Figure 5.2a compares the band structure at T at the
different photon energies (21.2 eV vs. 40.8 eV). The spectrum acquired with He Il
clearly demonstrates the expected intensity dispersion.
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Around the K point, the acquired band structure readily resolves the spin splitting of
the valence band. The dispersion of the spin-split bands can be traced individually
by determining the energy position as a function of in-plane momentum. Figure 5.2b
displays a zoom-in on the K point, with black dots marking the center position of
fitted Gaussian distributions. A parabolic fit, shown as a solid line, then extracts the
effective masses of (—0.39 + 0.01) m, and (—0.43 + 0.05) m, for the upper and lower
valence band, respectively. These values agree well with a previous study by Tanabe
et al. [200], who reported (—0.35 + 0.02) m, and (—0.43 + 0.07) m,. In addition, a
line profile at the K point was fitted with two Gaussian distributions, yielding a spin
splitting of (442 + 2) meV, which also aligns closely with (425 + 18) meV found by
Latzke et al. [232].

5.1.2 Transient Behavior of Bulk WS,

After static characterization, we employ pump-probe spectroscopy to trace the
ultrafast electron relaxation in bulk WS,. Here, we switch to the compressed XUV
pulses with enhanced temporal resolution. As pump, we utilize 2.4 eV pulses with p-
polarization and a fluence of 472 pJ/cm? for above-bandgap excitation. The analyzer
pass energy is again 50 eV, but we use a larger entrance slit of 1.0 mm x 1.8 mm.
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Figure 5.3: Bulk WS, momentum map above the VBM for three delays. The
dashed line marks the first surface BZ and the solid line marks the position
of the band-structure cut shown in Fig. 5.4a. Published in Ref. [135].

Figure 5.3 shows a momentum map above the VBM for three selected time steps, all
three taken after temporal pump-probe overlap #,. Due to the low signal strength
of transient phenomena in general, we recorded one additional map at negative
delays and subtracted this equilibrium intensity from the displayed data. Within our
experimental geometry, this step especially removes duplicate signal of occupied
states that are photoexcited by neighboring, higher-energy XUV harmonics, as the
multilayer monochromator has a finite suppression factor. After subtraction, the map
at 1.5eV and 147 fs holds about 3.8 x 10° counts with 500 s acquisition time, giving
an effective detection rate of 760s~!. All three maps display a pronounced intensity
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gradient from left to right, which we attribute to the incidence direction of the XUV
beams combined with stronger forward emission.

Shortly after photoexcitation, distinct electron distributions can be observed in a
hexagonal pattern. When comparing the observed intensity to the dashed BZ, we
can classify the observed occupation as belonging to either the K or Q valleys. With
increasing delay, the intensity in both valley types decays as electrons relax to the
respective valley minimum and recombine with holes in the valence band. However,
the time scales appear to differ: the K-valley intensity has already vanished at the
latest time step of 1648 fs (Fig. 5.3c), in contrast to the Q valleys.

It is insightful to map the transient carrier distribution in an energy-resolved manner
and to compare its momentum position to the equilibrium band structure. A band-
structure cut along the T'-K direction (solid line in Fig. 5.3) is shown in Figure 5.4a,
with the corresponding static spectrum from the previous section shown below. The
observed band gap is approximately 1.2 eV, which is below previously reported values
of 1.35 eV from photocurrent measurements [233] and (1.4 + 0.1) eV from transport
measurements [234]. We attribute this deviation to the high density of photoexcited
free carriers at the comparatively high pump fluence. The additional carriers screen
the Coulomb interaction and likely renormalize the band structure, which transiently
shrinks the observed band gap (see Sec. 4.4).

For a more quantitative assessment of carrier relaxation, we describe the hot-electron
relaxation with a two-valley rate-equation model whose pathways are indicated in
Figure 5.4a with dashed lines. We assume optical excitation at the K point, from
where electrons either recombine to the valence band or scatter into the Q valley. In
turn, electrons at the Q valley can recombine indirectly with holes at the K point or
at T after hole scattering. The rate equations read

dNg (t
KO:—( 1 +i>-NK (5.1)
dt TK—»Q K
dNp (t
i( )__1 Np (&) + Nk (5.2)
TQ TK_,Q

with the population Ni (Np) at K (Q), the initial population N 4 at K, and the three
relaxation rates i, 79 and TK—Q- Taking the total temporal resolution into account,
we convoluted a Gaussian distribution with the respective relaxation function times
a Heaviside function ©. The resulting valley-dependent fit functions read

N L N2
I () = J 2’“’2 X exp (-%) X exp (— t—t) (i + TKl Q)) (5.3)

xO(t—t)dt
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Figure 5.4: Hot electron relaxation in bulk WS,. (a) Band structure along
T-K with the static spectrum at the bottom and the transient spectrum at
147 fs at the top. The dashed lines illustrate the relaxation pathways of the
rate-equation model. (b) Exemplary transient intensities at Q and K for
1.5eV with the model fit plotted as a solid line. (c, d) Energy-dependent
scattering rates for K, Q, and intervalley scattering. Published in Ref. [135].

with the Gaussian standard deviation o marking the temporal resolution of the
experiment. To fit the experimental data, we integrate the photoemission intensity
at the high-symmetry points within a circular ROI of 0.5 A~! diameter each. As an
example, the integrated valley-selective data at 1.5 eV is displayed in Figure 5.4b. By
fitting the above model curves (solid lines in Fig. 5.4b), we obtain 7z = (690 + 60) fs,
7o = (1300+80) fs, and 7, = (94+9) fs. Notably, the K-valley curve is also used in
Sec. 3.3 to infer the total temporal resolution from the Gaussian distribution FWHM,
which yields (48.8 + 1.7) fs.

By fitting the model curves (5.3) and (5.4) for every measured kinetic energy, we
extract the energy-dependent relaxation times shown in Figures 5.4c and d. Both
intravalley relaxation times 7x and 7 increase monotonically towards the valley
minimum (compare Fig. 5.4c) at roughly 1.2eV. This behavior is in line with the
picture of fast scattering to the bottom of the respective valley via electron—electron
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and electron—phonon scattering before recombining with the hole population (see
Sec. 2.2.4). In addition, the relaxation time at Q is consistently greater than at K, which
agrees well with our model of indirect recombination. In contrast, the intervalley
scattering time 7g_,q in Figure 5.4d has a maximum at around 1.5eV. We assume
a model breakdown for high energies and for energies close to the CBM. At high
kinetic energies, rapid intravalley relaxation is expected to dominate. As the CBM
resides at Q in bulk WS,, the fitted TK—Q at 1.2eV might not describe intervalley
scattering at all, because the K valley minimum lies above. These assumptions are
substantiated by retrieved 7x_,¢ values below the temporal resolution.

Even though the rate-equation model reflects the main dynamic trends observed, it
neglects certain effects and relaxation pathways, for example

« Carrier diffusion outside the probed area induces a natural intensity decline
with time.

Possible transient band-position and band-gap renormalization with decreasing
carrier density is neglected.

Hole relaxation from K to T is neglected.

Back-scattering 7, is neglected.
« Capture of carriers by defects or surface states is neglected.

Importantly, these different mechanisms are difficult to disentangle in trARPES if
their characteristic timescale coincides with another process [93, 235].
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Figure 5.5: Dispersion of the transiently occupied conduction band at K.
Markers show the momentum-dependent band position retrieved from Gaus-
sian fitting, but the SNR does not allow unambiguous extraction of the
effective mass. The solid line uses 0.36 m, from Ref. [236].

While the 2.4 eV photon energy of the pump is in principle resonant with the WS,
B-exciton [237], we do not observe additional transient signatures beyond conduction
band hot electrons. The absence of excitons is likely caused by the high pump fluence,
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which excites approximately 8.6x10'® cm ™2 free carriers per pulse!. This value falls in

the range of the Mott transition threshold at around 1x 108 em 2 to 1x10% em ™2 [238,
239]. The Mott transition occurs when the density of photo-generated electron-hole
pairs is large enough to screen the interaction between carriers [240]. This screening
leads to a transition from an insulating excitonic regime to a metallic-like conducting
state and to the dissociation of excitons into a free electron-hole plasma [238].

Similar to the dispersion of the valence band in the previous section, we can esti-
mate the effective mass in the unoccupied energy levels at K. Figure 5.5 displays a
band-structure cut at the K point along with black dots that mark the fitted Gaussian
center of the line profile. Due to the low SNR in combination with degraded energy
resolution from the compressed pulses, the dispersion cannot be traced unambigu-
ously. Thus, the solid line in Figure 5.5 does not represent a fit, but rather a calculated
parabola that uses an effective mass of 0.36 m, reported by Oliva et al. [236]. The
calculated parabola matches the acquired spectrum well, confirming the observed
intensities as conduction band electrons.

5.1.3 Comparison to WS, Monolayer on Gold

As a comparison to the bulk WS, in the previous section, we have also tracked
hot-carrier relaxation on monolayer WS, on a metallic substrate. Here, the band
structure significantly changes, with the most prominent difference being that the
band gap is now direct and located at the K point (see Sec. 4.4). The sample was
grown in situ on an Au(111) surface, which is described in detail in Section 4.2.
Before measurement, the sample was cleaned by annealing at approximately 350 °C
for 90 min. All photoemission experiments were conducted at 80 K with the setup
described in Sec. 3.4.
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Figure 5.6: (a) Band structure of monolayer WS, on Au(111). In contrast to
the bulk WS, spectra, the VBM now lies at K and the sp-band of the substrate
is prominent. (b) Zoom-in at the WS, K point with two fits using Eq. 5.5,
which are overlaid as contour lines.

! Assuming one emitted electron per absorbed photon, the free carrier density is approximately
n = AN,, = AF/(ho) with absorbance A ~ 7 % and fluence F = 471.6 ]/ cm?.
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The static ARPES spectrum of WS,/Au(111) was acquired with He I« radiation and
clearly exhibits the VBM shift from T in bulk to K (see Fig. 5.6). Owing to the small
thickness of the monolayer, spectral features of the Au(111) substrate are also visible
and are most prominent in the sp bands. The dispersion of the spin-split valence
band of WS, at K is fitted with a two-dimensional function of the form

(E—(a-(k—kp)* +E))’
- ,

I(k,E)=A-exp| — (5.5)

20

which describes a Gaussian distribution along the energy axis whose center position
shifts parabolically with k. The fit is overlaid to the experimental data in Figure 5.6b
as contour lines and yields (0.40 + 0.01) m, and (0.58 + 0.02) m, for the upper and
lower valence band, respectively, which matches a previous report by Dendzik et
al. of (0.40 + 0.02) m, and (0.57 + 0.09) m, [185]. The spin splitting is (417 + 3) meV,
also matching the previously reported (419 + 11) meV. In addition to the XPS results
of Section 4.2, the high-resolution ARPES spectra confirm successful growth of a
high-quality WS, monolayer.

As time-resolved measurements were performed after the OPA integration into the
setup (see Sec. 3.4), the total energy resolution using compressed XUV pulses was
125 meV. However, the OPA was bypassed for the measurements in this section, and
the IR pump pulses were frequency-doubled in a 0.5 mm thick BBO crystal for direct
comparison to the bulk experiments. The pump pulse duration (determined by SH
autocorrelation) measures 177 fs FWHM, the pump polarization is p, and the pump
fluence is 545 J /cm?. All spectra were taken at 80 K sample temperature with 50 eV
pass energy and 0.5 mm X 1.0 mm entrance slit.

Figure 5.7 displays the electron occupation at temporal overlap. Similar to bulk
WS,, the electrons are excited into the K valleys. However, the momentum map
in Figure 5.7a does not display an occupation of the Q valleys. A cut along the
dashed line yields the band structure of Figure 5.7c, which is again aligned with the
static spectrum for comparison. The VBM lies 1.28 eV below Fermi and the CBM
lies 0.6 eV above Fermi, giving a band gap of 1.88 eV. Here, the reduced band gap
(compared to 2.2eV on hexagonal boron nitride (h-BN) [199]) might result from
screening and charge transfer by the metallic substrate, in addition to the optically
excited carrier distribution. The dispersion of the transient signal at K is also fitted
with the model function (5.5) and yields an effective mass of (0.177 + 0.009) m,
(compare Fig. 5.7b), which is much smaller than reported values for bulk WS, of
(0.36) m, [236]. This stark difference is surprising, because valence and conduction
band at K have primarily in-plane character and are thus expected to experience only
minor shifts. However, Graham et al. also found an unexpectedly small effective
mass of (0.15 + 0.02) m, [241] on a WS,/WSe, bilayer, which they attributed to
moiré-induced band-structure renormalization. It is therefore possible that substrate
interaction or proximity effects also cause renormalization that in turn affects the
CBM effective mass.
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Figure 5.7: Transient WS,/Au(111) signal at temporal overlap. (a) Integrated
momentum map from —0.6 eV to —0.7 eV, only exhibiting intensity at the
K points. A dashed line marks the first surface BZ. (b) Dispersion of the
signal at K, which is fitted according to Eq. (5.5). (c) Band structure cut along
K-T-K, with the static band structure as reference.

The transient behavior of hot electrons is displayed in Figure 5.8 and shows a qual-
itatively different behavior than the electron relaxation in bulk WS,. Intuitively,
interaction with the substrate is expected to heavily modify the transient response
of WS,, as previous reports on metallic substrates [235, 242] and Graphene [243]
demonstrate extensive interaction. The angle-integrated signal in Figure 5.8a was
integrated over the whole BZ since there is no contribution from the Q points. How-
ever, the dynamics at the K points do not suggest increasing relaxation times towards
the local valley minimum, but rather decay within the temporal resolution of the
experiment. Figure 5.8b displays the binding energies —0.6 eV to —1.0 eV, which are
all fitted with a single Gaussian that yields a FWHM consistent with the pump-probe
cross-correlation of approximately 135fs. The temporal resolution is mainly lim-
ited by the pump pulse, as the additional post-compression only affects the probe
pulses.

Unexpectedly, the energies between the CBM and the Fermi level also display a
transient signature, which is shown in Figure 5.8d. Fitted with a convolution of a
Gaussian and exponential decay plus a linear background (see Eq. (3.5)), they visually
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Figure 5.8: Hot electron relaxation in WS,/Au(111). (a) Angle-integrated
delay map. The single traces above —0.6 eV are plotted in (b) with single
Gaussian fits and the traces below —0.6 eV are plotted in (d) with fits accord-
ing to (3.5). (c) Gaussian widths for the high energy window and exponential
decay rates for the low energy window. The latter is fitted with a Fermi-
liquid fit function.

reveal longer relaxation times closer to Fermi. The linear background becomes
paramount at —0.1 eV, where the signal is likely influenced by slight pump-induced
space charge. The resulting decay times are displayed in Figure 5.8c and indeed show
a nonlinear increase towards Fermi, except for the lowest analyzed energy, which is
strongly influenced by space charge.

The lack of Q-valley electron occupation might be rooted in the different conduction
band alignment compared to the bulk crystal. In the monolayer, the K valley is the
CBM [30, 197], making scattering into other valleys energetically unfavorable. In
addition, the hot-electron relaxation time is even faster than the experimental reso-
lution, further hindering valley scattering and explaining the observed momentum
map. The rapid relaxation likely stems from substrate interaction, which could at
the same time explain the transient signal between CBM and Fermi energy. Indeed,
previous findings on Au(111) [242] and Ag(111) [235] observed similar behavior with
MoS, and proposed an Auger-type electron—electron decay channel involving the
TMD and metal substrate. Figure 5.9 schematically displays this interaction channel.
Electrons in the conduction band can recombine with unoccupied states in the Au
bulk continuum states while exciting an electron-hole pair in the metal for energy
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conservation. A similar mechanism also enables ultrafast hole relaxation from the
TMD VBM to the metallic substrate. Other prominent relaxation mechanisms were
excluded by Grubisi¢ Cabo et al. as their characteristic timescales are longer than
the observed relaxation times.

With the additional Auger decay channel and

- non-uniform WS, coverage (compare Sec. 4.2),
continuum CB .
M hot electrons form in the Au(111) substrate. As
,@ E; P validation, we fitted the extracted decay times
% T o« with a Fermi-liquid fit function of the form
&p °
5 [
A
£ ()= —— +19 (5.6)
a ‘ (E — Ep)
/N
} that features the typical inverse quadratic energy
® electron K

dependence of the inelastic electron-electron
scattering lifetime [244]. The fit is displayed in
Figure 5.8c and matches the decay times well.
Only the lowest energy point is excluded, but the

®hole  Momentum

Figure 5.9: Schematic Auger-like
scattering channel for TMDs on

metallic substrates. Reprinted strong influence of pump-induced space charge

with permission from Ref. [242]. might have distorted the extracted exponential
© 2015 American Chemical Soci- decay rate. The parameter A combines several
ety. prefactors determining energy-dependent scat-
tering strength, and the parameter 7, = (67 +
40) fs describes the intrinsic minimum
(asymptotic) lifetime for electrons near or at Ep and reflects rapid interfacial charge

transfer to substrate states on Au(111) [36].

Overall, the presented trMM experiments on bulk WS, and monolayer WS,/Au(111)
demonstrate the potential of the commissioned setup to resolve ultrafast processes
in energy, momentum, and time. In particular, the switchable operation between an
energy- and temporal-resolution-optimized configuration provides an additional de-
gree of freedom to enhance setup performance, for example for static characterization
followed by transient mapping.
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5.2 Exciton Formation in Bilayer WS,/WSe,

Excitons dominate the optical response of TMD materials [193, 245, 246]. Their
properties depend on the momentum and spin configuration of the bound electron-
hole pair, for example, on whether the electron and hole reside in the same valley
(momentum-direct) or in different valleys (momentum-indirect). In heterostructures
formed from different TMD monolayers, a type-II band alignment can furthermore
enable additional exciton species, including interlayer and hybrid excitons [247-
249].

In this section, we first compare the electronic band structure of monolayer WS, with
that of the overlap region in a WS,/WSe, heterobilayer. We then perform trMM mea-
surements on the heterobilayer, using the microscope’s spatial selectivity to restrict
photoemission acquisition to a defined ROI. By resonantly exciting WSe, excitons
and monitoring the transient photoemission response at selected points in the BZ, we
track the ultrafast build-up and decay of the corresponding nonequilibrium spectral
signatures. The observed dynamics are consistent with the formation of hybrid
excitons, whereas no signatures are observed that we attribute to ILX formation.

The studied sample was prepared by Tatyana Ivanova, Dr. Mauro Brotons-Gisbert,
and Prof. Brian Gerardot?. Monolayer WS, and WSe, flakes were mechanically
exfoliated and stacked by all-dry transfer in air onto a p-doped Si wafer with native
Si0,, yielding a WS,/WSe,/SiO, structure. Prior to the photoemission experiments,
the sample was annealed in UHV at 400 °C for 140 min to reduce surface adsorbates.
All measurements were performed at the METIS beamline described in Chapter 2.4.3,
at a sample temperature of 80 K, magnification 2, and a nominal pass energy of 30 eV.
The probe was p-polarized, with a photon energy of 26.4eV and a repetition rate
of 300 kHz. The conversion from photoelectron flight time to kinetic energy was
calibrated using EDCs acquired at different drift voltages in the TOF tube. Because
the software parameter denoted “TOF voltage” also slightly affected additional lens
potentials, which was unknown at the time of the experiment, the absolute energy
calibration may carry a small systematic uncertainty.

5.2.1 Equilibrium Spectrum

A microscope image of the heterobilayer flake is shown in Figure 5.10a. Red and
black outlines indicate the WS, and WSe, monolayer regions, respectively. In the
optical image, the monolayer areas exhibit only weak contrast on the Si substrate,
whereas adjacent thicker flakes appear with different gray levels. A marker etched
into the substrate (bottom left in Fig. 5.10a) facilitates locating the flake in the MM,
whose field of view is limited.

Tatyana Ivanova, Dr. Mauro Brotons-Gisbert, Prof. Brian Gerardot, Institute of Photonics and
Quantum Sciences, SUPA, Heriot-Watt University, Edinburgh EH14 4AS, United Kingdom
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Figure 5.10: Identification of the WS,/WSe, flake. (a) Optical microscope
image with red and black outlines marking the WS, and WSe, monolayer
regions, respectively. (b) Energy-integrated PEEM image of the same region,
resolving bubbles and fissures in the transferred layers. The circles indicate
the field-aperture positions used for ARPES on the heterobilayer overlap
region and on monolayer WS,.

Using a UV LED at 4.8 eV, we first locate the flake and record the energy-integrated
PEEM image shown in Figure 5.10b. The pronounced contrast between the SiO,
surface and the TMD layers is consistent with differences in the photoemission work-
function threshold [34, 237] and additionally reveals small fissures and bubbles in
the transferred stack.

Experimental Observations

After switching to the focused XUV probe, the MM enables acquisition of ARPES
spectra from user-defined ROIs. Here, the field aperture was positioned either on
the heterobilayer overlap region or on a monolayer WS, region, yielding the spectra
shown in Figures 5.11a and b. The corresponding ROIs are indicated in the PEEM
image.

The monolayer WS, spectrum in Figure 5.11a differs from the bulk band structure
in Figure 5.1, most notably by the location of the VBM, which is now at the K point
rather than at . The relative spectral weight of the upper valence band around T is
pronounced in the present geometry. This should primarily be attributed to PMEs and
the experimental configuration (photon energy, incidence angle, and polarization),
rather than to a change in intrinsic band renormalization. The expected spin splitting
of the top valence band at K (on the order of a few hundred meV) is not clearly
resolved here. This indicates substantial broadening, for example from limited energy
resolution, photon bandwidth, and/or sample-related disorder or contamination.

To compare the monolayer and heterobilayer spectra more directly, Figure 5.12
shows the corresponding EDCs at K and I. At K (Fig. 5.12a), the two EDCs are
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Figure 5.11: ARPES spectra of (a) the WS, monolayer region and (b) the
WS,/WSe, heterobilayer overlap region.

offset in energy, and Gaussian fits to the dominant features yield a separation of
approximately 0.5eV. This value should be regarded as an order-of-magnitude
estimate because systematic uncertainties of the absolute energy scale likely exceed
the statistical fit errors. At T (Fig. 5.12b), the comparison is particularly relevant for
assessing interlayer coupling. The monolayer WS, EDC is described by a peak at
(1.403 + 0.003) eV, whereas the heterobilayer requires two peaks at (0.63 + 0.01) eV
and (1.24 + 0.01) eV.

All EDCs in Figure 5.12 exhibit a “picket-fence” modulation superimposed on the
spectral intensity. A plausible origin are resampling artifacts in the TOF digitization
chain: the detector time-to-digital converter (TDC) records arrival times on a fixed
hardware time grid, which is then rebinned to the user-defined binning [251]. If the
grids are not commensurate, periodic variations in counts per output bin can occur.
While mitigation strategies, such as jittering time stamps prior to rebinning, have
been proposed [251], the commercial METIS 1000 software does not provide user
access to such low-level processing.
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Figure 5.12: EDC comparison of monolayer WS, and the WS,/WSe, heter-
obilayer at (a) K and (b) . Peak fits in (a) yield an estimated valence-band
offset of order 0.5 eV, consistent with a type-II band alignment. At T in (b),
the higher-binding-energy feature in the heterobilayer is shifted by approxi-
mately 160 meV with respect to the corresponding monolayer WS, feature.
Such a fingerprint is consistent with screening-induced energy renormaliza-
tion but is not, by itself, a unique signature of strong hybridization [250].

Interpretation

The heterobilayer spectrum in Figure 5.11b differs clearly from that of monolayer
WS,. In the following, we assess (i) the valence-band alignment, (ii) whether the data
contain signatures consistent with interlayer coupling, and (iii) whether the relative
crystallographic orientation can be constrained.

AtK, the dominant valence-band feature in the heterobilayer appears at lower binding
energy than in monolayer WS,. This is consistent with the bilayer signal at K
being dominated by WSe,, which naturally explains the observed 0.5 eV offset in
terms of the expected valence-band alignment. In that picture, the WS, VBM lies
at larger binding energy than the WSe, VBM, with a reported offset on the order
of 0.5eV [252], in agreement with our estimate (see Fig. 5.13). Stansbury et al.
likewise reported a type-II alignment for WS,/WSe, from comparison with monolayer
reference calculations [250]. The absence of a clearly resolved second set of bands
attributable to WS, in our bilayer spectrum can be explained by the high surface
sensitivity of ARPES, which strongly suppresses the photoemission intensity from
the covered layer. In addition, even the monolayer WS, spectrum exhibits only weak
spectral weight at K in the present geometry.

Hybridization effects are expected to be most pronounced at T in strongly coupled,
near-aligned heterobilayers because the relevant states have stronger out-of-plane
orbital character, whereas the K valence states are predominantly in-plane and
therefore typically less sensitive to layer number (see Sec. 4.4). This behavior is
consistent with prior studies on MoSe,/WSe, by Wilson et al. and on WS,/WSe, by
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Figure 5.13: Expected energy level alignment of a WS,/WSe, heterobilayer.

Level positions taken from Refs. [199, 252, 253].

Stansbury et al. [250, 254]. In misaligned samples, both works found spectra that
largely resembled a superposition of monolayer contributions, while Stansbury et al.
additionally reported modest rigid shifts attributed to dielectric screening [250, 254].
By contrast, near-aligned samples (< 1°) exhibited more pronounced changes near T,
including additional spectral features in MoSe,/WSe, and band flattening together
with a larger binding-energy offset in WS,/WSe, [250, 254].

In our data, the heterobilayer spectrum at T exhibits two distinct valence-band
features, indicating contributions from both layers and/or modified dispersion in
the overlap region. During the analysis, no clearly separated second hexagonal
Brillouin-zone pattern was resolved in momentum space. This is compatible with
a near-aligned configuration, for example around 0° or 60°, but it could also result
from suppression of the weaker layer contribution by matrix elements, attenuation,
or disorder broadening. The twist angle therefore cannot be determined uniquely
from the present data alone. Optical identification is likewise limited by the low
contrast of the individual monolayers on the substrate (Fig. 5.10a). Comparing the
EDCs at T, we assign the higher-binding-energy feature to the WS,-derived state
and obtain a shift of (160 + 20) meV in the bilayer. However, such a shift is not by
itself evidence for strong hybridization, because comparable shifts can also arise from
modified dielectric screening by the adjacent layer [199, 235].

Overall, our equilibrium data do not show the clear hallmarks reported for strongly
coupled, near-zero-twist bilayers, such as pronounced band flattening or additional
hybridization-induced features beyond a largely superposition-like picture. In addi-
tion, spatially resolved PL measurements performed by the Gerardot group did not
reveal a pronounced modification of the bilayer emission relative to the monolayer
regions. While this does not rule out interlayer coupling, it suggests that interlayer
charge transfer and/or radiative ILX emission is weak under the measured condi-
tions [255]. In our sample, interlayer coupling may have been reduced by residual
contamination and bubbles introduced during fabrication.
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5.2.2 Transient Behavior of WS, / WSe,

In the previous section, we characterized the static electronic structure of the bilayer.
The equilibrium spectra do not provide unambiguous evidence for strong interlayer
hybridization, and the twist angle cannot be uniquely constrained from the available
momentum-space contrast. Time-resolved measurements can nonetheless provide
additional sensitivity, because the valley-resolved transient response differs markedly
between monolayers and heterobilayers and can be strongly affected by interlayer
charge transfer and excitonic scattering pathways [34, 109, 113, 237].

Experimental Conditions and Overview

We probe the transient response of the WS,/WSe, bilayer using an OPA pump
tuned close to the WSe, A-exciton resonance at 1.7 eV. The pump photon energy
of (1.70 + 0.05) eV lies well below the lowest WS, A-exciton transition energies
reported for comparable dielectric environments [29, 230, 237], so that the excitation
is expected to be predominantly WSe,-derived (compare Fig. 5.13). The measured
pump spectrum (see Fig. 5.14a) has a bandwidth of 119 meV (FWHM). The pump
is p-polarized and the applied average power is 100 mW, corresponding to a pulse
fluence of 93 pJ/cm? at the sample (using the measured pump spot size). Interlayer
excitons are generally less optically accessible than intralayer excitons because of
the reduced electron-hole wavefunction overlap. In a twisted heterostructure, direct
radiative transitions are further suppressed by momentum mismatch, often requiring
phonon- or moiré-assisted processes [208].

Figure 5.14 summarizes the transient photoemission intensity near temporal over-
lap. The angle-integrated data in Figure 5.14b reveal a broad distribution shortly
after excitation, which is still present after about 4 ps. The momentum map (see
Fig. 5.14c) exhibits a hexagonal symmetry with maxima consistent with excitation
near the K points and the conduction-band satellite valley along T-K (here labeled Q).
The displayed intensity is a difference spectrum before and after optical excitation
to enhance transient contrast. A cut through a K valley along K—K is shown in
Figure 5.14d.

The intensity distribution in Figure 5.14d is fitted with a Gaussian in energy, and
the resulting center positions are displayed as a solid line. Within the experimental
energy resolution (270 meV), the extracted peak position shows only weak dispersion
and does not exhibit a clearly resolvable free-carrier parabola (compare Fig. 5.5). This
behavior is compatible with an excitonic signal, but the present resolution does not
permit a definitive curvature-based discrimination between bound-state signatures
and a strongly broadened continuum response.
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Figure 5.14: ARPES signal on WS,/WSe, at temporal overlap. (a) Pump
spectrum with a Gaussian fit, yielding a bandwidth of 119 meV (FWHM)
centered at 1.70 eV. (b) Angle-integrated signal at temporal overlap and at
3.5 ps. (c) Momentum map at temporal overlap with high-symmetry points
and the dotted BZ. (d) Band-structure cut along the solid line in (c), revealing
the dispersion at K. Gaussian center positions as a function of momentum
are shown as a solid line.

Time-resolved Dynamics and Artifact Separation

The transient evolution of the excited population is shown in Figure 5.15. Figures 5.15a
and b show the integrated signal of all six K and Q points of the first BZ, respectively.
At K, we observe a strong, prompt feature in the range 1.45eV to 1.70 eV (limited
by the experimental time resolution of ~ 100 fs), as well as a long-lived tail that
does not fully decay within the measurement window (—0.5 ps to 4 ps). A weaker
feature around temporal overlap is also visible at 2.0 eV to 2.5eV. At Q, a long-lived
population is likewise observed at 1.45eV to 1.70 eV, together with a short-lived low-
energy feature at 0.1eV to 1.0 eV near temporal overlap. In the following, we first
separate artifacts from intrinsic features and then interpret the remaining long-lived
K and Q signals.

The main transient features in Figure 5.15 appear in the energy window 1.45eV
to 1.70 eV at both valleys. We attribute the additional, short-lived signals around
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Figure 5.15: Transient ARPES signal. (a) and (b) show the transient response
at K and Q, respectively. Both exhibit a long-lived signal in the range 1.45 eV
to 1.70 eV, together with short-lived features near temporal overlap. (c) In-
tegrated intensity at the two high-symmetry points, fitted with Eq. (5.7).
The 0.25eV to 0.60 eV LAPE signal at Q is fitted with a Gaussian plus linear
background.
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temporal overlap to experimental artifacts. At Q, the low-energy artifact is consistent
with LAPE, since both pump and probe are p-polarized and have an electric-field
component parallel to the photoelectron flight direction (see Sec. 2.3.2). The signal
integrated over 0.25 eV to 0.60 eV (Fig. 5.15¢) is well described by a Gaussian distri-
bution, yielding (103 + 7) fs (FWHM). This width is largely set by the pump—probe
cross correlation and therefore provides the overall experimental time resolution. At
K, an ultrafast feature appears near 2.0eV to 2.4eV. It is shifted by (=158 + 25)fs
relative to the main feature and by (—82 + 16) fs relative to the LAPE signal, strongly
suggesting a parasitic origin. Moreover, the momentum maps do not show a distinct
pattern at the corresponding delay and energy, as would be expected, for example, for
dispersive conduction-band electrons. One possible microscopic origin is excitation
from mid-gap defect states [256], such as sulfur vacancies [257].

The angle-integrated intensity in the excitonic energy window 1.45eV to 1.70eV is
shown in Figure 5.15c. Both traces are fitted with a bi-exponential decay multiplied
by a Heaviside step function and convolved with a Gaussian time-resolution function.
The fit model reads

00 2
1= [ (Ae—Ct/m 4 g e—C-t)/m) L (_(t"”) )d 57
® L (Ase (e /) e Jar (5)

with decay constants 7; and 7,, amplitudes A; and A,, temporal overlap f,, and
Gaussian standard deviation o. For K, we obtain (36 + 12) fs and (4.7 + 0.8) ps. For
Q, the corresponding decay constants are (230 + 129) fs and (3.54 + 1.39) ps.

Interpretation of the K and Q dynamics

From the static spectrum in Section 5.2.1, it is not entirely clear whether the two
layers are strongly coupled. If the layers are effectively decoupled, the transient
signal could, in principle, arise from conduction-band occupation in either layer
or from intralayer exciton formation. If the layers are coupled, the type-II band
alignment can additionally enable interlayer charge transfer. Beyond pure intralayer
excitons, hybrid excitons can form in which either the exciton-bound electron or hole
is delocalized over both layers [33]. Despite being hosted by a multilayer structure,
hybrid excitons can retain a purely in-plane dipole moment [247]. In the fully charge-
separated limit, electron and hole reside in different layers, yielding an out-of-plane
dipole moment characteristic of interlayer excitons (ILXs). Schmitt et al. [34] directly
tracked the formation of such ILXs with a MM in MoS,/WSe,, where a stacking angle
of 9.8° produces a mini-BZ and a distinct momentum-space footprint for the ILX.

A dominant population of unbound conduction-band carriers created by above-gap
absorption is not expected here for two reasons. First, the pump photon energy lies
below the electronic band gaps of both WSe, and WS,. Although the gap is reduced
by dielectric screening compared with a freestanding monolayer, reported values
of 1.95eV for WSe, on bilayer graphene [253] and ~2.2 eV for WS, on h-BN [199]
should be comparable to our bilayer flake geometry. Second, the observed signal
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at K (Fig. 5.14d) is offset in energy from the VBM by roughly 1.7 eV, as expected
for an excitonic sideband. The apparent dispersion is flat within the experimental
energy resolution of 270 meV, which precludes definitive assignment of the band
curvature. This flatness is consistent with (a) an exciton satellite that follows the
valence-band dispersion with negative effective mass (see Sec. 2.3.1) as well as with
(b) a continuum conduction-band response broadened beyond recognition. Based on
the pump and the K feature energy, we nevertheless favor an excitonic interpretation.
Direct optical excitation of WS, excitons is unlikely because the lowest K exciton
in WS, has reported transition energies of 1.93 eV on h-BN [237] and 2.04eV on
p-doped Si [230].

4 E(eV) WSe, WS,
K

Q

hQ

Figure 5.16: Possible exciton species in heterobilayer WS,/WSe, after exci-
tation of the K exciton in WSe,. In WSe,, the heterobilayer lowers the Q
valley relative to K, thus shifting the CBM to Q. In addition, energetically
favorable hybrid excitons with hybridized electron or hole wave function
could form with a plethora of conduction- and valence-band valley combina-
tions (here, electron hybridization at Q is shown). Finally, electron transfer
allows formation of ILX.

We interpret the data as direct, resonant formation of bright WSe, K excitons at K.
Subsequently, electrons scatter into the Q conduction-band valley while remaining
bound to holes at K, resulting in momentum-indirect excitons (compare Fig. 5.16).
In the following, we refer to these as Q excitons. This cascaded formation has been
reported previously [33, 113, 230] and is supported here by a delayed onset of the
Q-valley signal by (76 +41) fs, estimated from the peak positions in Figure 5.15c. The
delay is consistent with intervalley scattering times of a few tens of femtoseconds [33,
230]. The fast decay component of the K-valley trace reflects ultrafast scattering to-
wards Q as well as the dephasing of a coherent optical polarization into an incoherent
K-exciton population [33, 230]. The coherent polarization (see Sec. 2.3.1) forms under
optical excitation as a quantum superposition of the ground and excitonic state. It has
a well-defined phase and vanishing center-of-mass momentum Q = 0 [103, ch. 18].
Within ~ 100 fs, this polarization dephases via Coulomb and phonon scattering into
an incoherent exciton population with Q # 0 [105, 106].
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The interpretation of the slow K-exciton decay component depends on the degree of
interlayer coupling. If the layers are coupled, the picosecond component can arise
from twist-angle-dependent interlayer charge transfer and from intervalley scattering
between K and Q [258, 259]. These channels compete with (and can outpace) radiative
recombination, which also contributes to the decay of the trARPES signal [33, 260,
261]. The observed picosecond decay is qualitatively consistent with trARPES studies
on monolayer WSe,, which report K-exciton lifetimes of ~ 1ps to 2 ps reflecting
intervalley thermalization and recombination [33, 113]. Given the sensitivity of these
dynamics to twist angle and temperature [262] and our limited measurement window
of 4 ps, we do not attempt a quantitative comparison of the extracted decay constants
to literature values.

Excitons at Q in the heterobilayer can likewise be described by a bi-exponential decay.
The signal could originate either from purely intralayer Q excitons or from hybrid hQ
excitons, where the electron wave function at Q is delocalized over both layers [33].
To constrain the exciton species in our experiment, it is instructive to compare with
the recent trARPES study by Bange et al. on monolayer WSe, and a WSe,/MoS, heter-
obilayer, which quantitatively analyzes thermalization, phonon-mediated scattering,
and recombination of bright, dark, hybrid, and interlayer excitons [33]. For both
K and Q, they report markedly different dynamics in the mono- and heterobilayer.
In the monolayer, the bright K exciton shows, in addition to slow recombination,
a clearly resolved fast depletion with a time constant of (70 + 10)fs, attributed to
exciton-phonon scattering into momentum-dark Q excitons. The corresponding
monolayer signal at Q is well described by a single-exponential decay associated
with Q-exciton relaxation. In the heterobilayer, by contrast, the bright K-exciton
population is rapidly depleted to about 10 % of its initial value within the first 200 fs,
reflecting efficient transfer into lower-lying dark and interlayer states. This behav-
ior is explained by a modified conduction-band landscape: hybridization with the
MoS, layer stabilizes the momentum-dark hybrid hQ excitons relative to the bright
K excitons, rendering back-scattering from Q to K energetically unfavorable [33].
Consistently, the hQ excitons in the heterobilayer exhibit a bi-exponential decay,
with a short decay time of (110 + 40) fs attributed to exciton-phonon scattering into
the ILX manifold and a slower component reflecting their intrinsic relaxation. In
addition, the hQ excitons are found to be red-shifted by (0.13 + 0.20) eV relative to
the corresponding intralayer dark exciton, consistent with microscopic theory pre-
dicting an energy lowering and characteristic ARPES signatures of hybrid excitons
in strongly tunnel-coupled van der Waals systems [33, 114].

Because our data do not include a monolayer WSe, reference region, we cannot de-
termine the Q-exciton species from an energetic comparison (also given a potentially
small absolute energy-calibration offset). Nevertheless, the transient behavior of our
WS,/WSe, sample resembles the hybrid-exciton scenario reported by Bange et al. [33].
The K-exciton population decreases rapidly to about 35 % within the first 200 fs, rather
than showing only a weak early-time depletion. Moreover, the Q-valley dynamics are
not well captured by a single-exponential decay, which has been reported to describe
monolayer Q-exciton recombination [113, 143, 230]. For a WS,/WSe, bilayer, the
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conduction-band minimum is also reported to lie at Q [262]. With WSe, as the top
layer, Sebait et al. observed a downshift of the WSe, Q valley (relative to the mono-
layer) of about 60 meV using scanning tunneling spectroscopy [263], which is of the
same order as the difference between K and Q excitons of (200 + 100) meV reported
for WSe,/MoS, by Bange et al. [33]. Taken together, the bi-exponential kinetics
are consistent with the formation of hybrid excitons, which requires non-negligible
tunneling/hybridization. We emphasize, however, that bi-exponential traces are not
unique fingerprints: alternative multichannel relaxation pathways could, in principle,
produce similar dynamics. A schematic comparison of the different exciton-species
energies is presented in Figure 5.16. No relaxation or quantitative energy-level align-
ment scheme is provided, as these relaxation processes strongly depend on multiple
factors, including the interlayer twist angle (see below).

[able 5.1: Bi-exponential decay times of K excitons in the WS, /WSe, bilayer
as a function of binding energy. Within the uncertainties, no systematic
trend of the fast or slow component with binding energy is observed.

K exciton
Exin — EvBM 151 ()
1.83eV (43.1 +£53.8)fs (4.80 + 2.41)ps
1.71eV (39.4 + 16.1)fs (5.12 + 1.74)ps
1.58eV (38.7 £ 16.3)fs (3.50 +£0.91) ps

145eV  (73.0+20.8)fs  (6.89 + 3.46) ps
1.32eV  (71.2+225)fs (12.47 + 10.40) ps

When integrating the trARPES intensity of the K ex-
citon over all in-plane momenta, the resulting EDC

K exciton ) ) )
[0.9,3.9] ps is often reported to have an approximately Gaussian

line shape [33, 230, 237]. For delays > 0.9 ps, however,
the EDC displayed in Figure 5.17 is clearly asymmet-
ric. We attribute this to two effects. First, theory
predicts that excitonic photoemission line shapes can
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Figure 5.17: Angle-integrated perature [265]), leading to simultaneous excitation
ARPES signal of the K exciton 4 resonant 1s excitons and higher Rydberg states.
for 0.9 ps to 3.9 ps. While exciton formation and cascade relaxation oc-

cur on sub-100 fs timescales [105], the initially broad
excitation creates a hot exciton population with excess kinetic energy. The subsequent
thermalization proceeds on picosecond timescales [106, 266], so that the momen-
tum distribution may not yet be fully equilibrated to a thermal (Boltzmann-like)
distribution in Figure 5.17. In contrast to the conduction-band relaxation discussed
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in Chapter 5.1.2, the K exciton does not show a systematic change with binding
energy (compare Table 5.1 and temporal resolution of = 100 fs from LAPE), further
supporting an excitonic origin of the observed signal.

Absence of an Observable ILX Signature

In contrast to many TMD heterostructures with type-II band alignment, we do not ob-
serve an additional feature that would indicate interlayer exciton formation. In related
TMD heterostructures, ILXs have been observed to form on sub-ps timescales [259,
267], often fed by intralayer or hybrid excitons [33, 249, 268] (compare Fig. 5.16).
Similar pathways have been suggested by optical studies in WS,/WSe, [268], where
the ILX is reported at an optical transition energy of 1.3 eV to 1.5eV for a range of
twist angles and sample conditions [262, 269, 270]. With the ARPES spectra refer-
enced to the WSe, VBM, ILX signatures would therefore also be expected at 1.3 eV
to 1.5eV (compare Sec. 2.3.1). However, we neither observe a transient signal in that
window nor a corresponding fingerprint in the momentum maps. Several factors
may account for the absence of an observable ILX signal:

+ Because the WS, CBM lies below the WSe, CBM, ILX formation requires
electron charge transfer from WSe, to WS,. In our sample configuration, WS,
is buried below the vacuum-exposed WSe,, so the ILX signal may be strongly
suppressed by the surface sensitivity of ARPES. Consistently, the static spectra
do not show discernible WS, valence-band intensity at K (compare Fig. 5.11),
whereas reports that image the ILX have been able to detect signatures of
the buried layer [34, 35]. In contrast, the hybrid hQ exciton is not limited to
emission from the buried layer because it has contributions from the vacuum-
exposed WSe,.

« In WS,/WSe,, the ILX ground state can be a momentum-indirect K-Q exciton
with the electron at Qws, and the hole at Kyyse,, depending on the twist an-
gle [262, 269]. For such momentum-indirect excitons, the trARPES signal is
expected to be weaker and broader than for coherent K excitons [107, 113]: the
electron can occupy any of the six equivalent Q valleys, partitioning the pho-
toemission signal, while the thermal center-of-mass momentum distribution
further broadens the spectral feature. Photoemission intensity scales with the
squared modulus of the exciton wave function in reciprocal space, |¢(k)|? [104].
While this dilution reduces visibility, it does not by itself explain a complete
absence of the ILX feature, especially when integrating the signal over all Q
points of the first BZ.

« In trARPES, the exciton photocurrent depends on the overlap of the exciton
wave function and the photoemission final state (i.e. the photoemission matrix
element), which is sensitive to layer localization, orbital character, spatial
extent, and the probe photon energy and polarization [32, 68, 114]. The XUV
probe may therefore have a much smaller effective matrix element for the ILX
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than for intralayer or hybrid excitons, which would strongly suppress its signal
in our experiment.

« Under our specific excitation conditions (pump fluence) and sample conditions
(doping, twist-angle disorder), the ILX population may be small, and its spectral
weight may remain below our detection limit. For example, defect-mediated
trapping can occur on picosecond timescales [271], comparable to typical ILX
formation times. Such trapping, combined with disorder- or substrate-induced
loss channels [272, 273], may quench the ILX population before it becomes
observable.

« If the interface is contaminated or twisted such that interlayer coupling is
strongly reduced, ILX formation may be suppressed. In that scenario, the
observed hQ feature could arise from residual band-alignment effects with-
out true interlayer hybridization, and K-K ILX pathways would be strongly
quenched.

In summary, we interpret the transient dynamics at K and Q as the formation of bright
K excitons upon resonant photoexcitation, followed by intervalley scattering into
Q and a transient response consistent with hybrid hQ exciton formation. No clear
signature of an interlayer exciton is observed, which may reflect weak population,
unfavorable matrix elements, and/or suppression due to the sample geometry and
interface cleanliness.



5.3 Defect-Driven Phenomena in CrSBr 99

5.3 Defect-Driven Phenomena in CrSBr

This section addresses how native defects and related electrostatic effects shape
the electronic response of CrSBr in static and time-resolved photoemission. In the
first part, we identify the microscopic origin of unintentional n-type doping in bulk
CrSBr. In collaboration with T. Biktagirov and W. G. Schmidt®, we investigated
unintentional n-type doping in CrSBr caused by intrinsic defects. Combining ARPES
with DFT-based defect calculations, we identify chromium interstitials, bromine-on-
sulfur antisites, and bromine vacancies as the most likely intrinsic donor defects. The
corresponding study is published in Ref. [274]:

T. Biktagirov, W. G. Schmidt, K. J. Schiller, M. Capra, J. E. Nitschke, L. Sternemann,
M. S. Arndt, G. Zamborlini, A. Isaeva, and M. Cinchetti, “Intrinsic defects as a
source of n-type conductivity in CrSBr”, npj 2D Materials and Applications 9, 106
(2025)

In the second part, we demonstrate how such near-surface electrostatics can domi-
nate trARPES observables under sub-bandgap excitation and obscure exciton-related
signatures. Motivated by the excitonic response of CrSBr, we performed trARPES
on thin bulk crystals below the Néel temperature. Rather than revealing a clear
exciton fingerprint, the transient spectra are dominated by electrostatic field effects,
which may be facilitated by doping-induced band bending and/or defect-related
surface states. The measurements therefore serve as a practical example of parasitic,
field-driven phenomena in trARPES on semiconductors. In particular, the data show
a substantial transient response already at negative pump-probe delays, highlighting
that the detected photoelectron energies and intensities can be modified by transient
electric fields in the interaction region and are not solely determined at the instant
of emission from the surface.

5.3.1 Doping Through Intrinsic Defects

In pristine semiconductors, intrinsic defects are typically the prime source of elec-
trons and holes that contribute to electrical conductivity. Previous studies on CrSBr
reported intrinsic defects in studied crystals, where bromine vacancies are observed
to be most frequent [275, 276] and likely responsible for observed n-type doping in as-
grown crystals [277]. Torres et al. [225] observed a pronounced stability difference be-
tween monolayer and multilayer (> 2 layer) samples and suggested hydrolysis—with
water displacing bromine—as a possible mechanism. However, scanning tunneling mi-
croscopy (STM) [275] and scanning transmission electron microscopy (STEM) [276]
measurements found additional defect types at the surface, but the STM study did not
provide a microscopic assignment, and the STEM measurements were not sensitive
to sulfur-related defects.

*Dr. Timur Biktagirov, Prof. Dr. Wolf Gero Schmidt, Department of Physics, Paderborn University,
Warburger Str. 100, Paderborn, Germany.
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Apart from conductivity, Klein et al. [275] found optically active defects that probe the
local magnetic environment. In addition, Telford et al. [277] proposed strong coupling
between charge transport and magnetic defects. They also observed a magnetic
anomaly in magnetotransport data at 40 K, well below the Néel temperature, which
they suggest may arise from FM polarization of magnetic defects.

Our study of intrinsic defects in bulk CrSBr was motivated by the observation of
spectral weight above the VBM in the ARPES band structure of pristine bulk crys-
tals at room temperature, which is presented first. These observations are then
complemented by microscopic density functional theory (DFT) modeling focusing
on intrinsic point defects and their doping behavior. Finally, our interpretation is
substantiated by additional XPS measurements.

ARPES Findings

Commercial bulk CrSBr crystals (HQ Graphene) were glued with silver epoxy (EPO-
TEK H21D) onto copper sample plates to ensure electrical grounding and cleaved
in situ in the load lock of the UHV system at a pressure < 3x10~/ mbar. Photoemission
data were acquired with the KREIOS analyzer and He I radiation from the UV-
discharge lamp. We used the 0.5 mm x 1.0 mm entrance slit and 50 eV pass energy,
giving an IRF of 92 meV (see Sec. 2.4.2).
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Figure 5.18: Experimental band structure of bulk CrSBr at room temperature.
(a) ARPES band structure along high symmetry points of the surface BZ.
Data above —0.85 eV have x25 acquisition time and x10 contrast increase.
The EDC on the right highlights spectral intensity above the VBM, which in
turn is determined by linear extrapolation (dotted gray line). (b) Momentum
map of the integrated energy range —1.6eV to —1.3 eV, exhibiting highly
localized intensity patterns along T-X. Overlaid are high symmetry points,
the 1st BZ boundary (dotted line), and the path of the band-structure cut
(solid line). Published in Ref. [274].

The acquired band structure of bulk CrSBr is shown in Figure 5.18a along the high-
symmetry points of the first and neighboring surface BZs. Next to the band-structure
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plot, the angle-integrated EDC was fitted with a linear function to determine the VBM
energy. Even though the bulk crystals were cleaved in situ, the EDC exhibits a small
intensity peak above the valence band at binding energy (—1.48+0.09) eV (determined
by Gaussian fitting). This unexpected feature is comparatively weak, which is why
the band-structure data above —0.85eV were acquired with x25 acquisition time
in addition to a contrast increase. Throughout this section, energies are reported
relative to the VBM using

Ep = Eyam — Exins (5.8)

so that Eg < 0 corresponds to higher kinetic energies, i.e. to states “above the VBM”
in Figure 5.18.

The additional spectral weight above the valence band exhibits non-uniform disper-
sion across the BZ. Figure 5.18b shows the momentum map of this feature obtained
by integrating the photoemission signal from —1.6eV to —1.3 eV. Comparing the
spectral intensity to the BZ outline drawn on top, we find a highly anisotropic inten-
sity distribution centered at X. However, neighboring BZs also display intensity at T,
resulting in a more stripe-like pattern. Missing intensity for the top valence band
was also observed on WS, in Section 5.1 and on CrSBr by Bianchi et al. [172], who
attributed this effect to PME variations.

We attribute the additional spectral weight to the conduction band of CrSBr. An
alternative interpretation would be photoemission from defect-related mid-gap states
at the surface, which would be consistent with the range of possible surface defects
reported by Weile et al. [276], with bromine defects (Vg;) being the most abun-
dant [275]. However, Weile et al. calculated a rather uniform and flat dispersion for
these defect states, which is in stark contrast to the momentum map observed here.
The conduction-band dispersion was mapped in ARPES before by Bianchi et al. [278]
using substrate-induced charge transfer in exfoliated thin flakes and shows excellent
qualitative agreement with our measurements in Figure 5.18. While the band gap is
commonly assumed to be direct, Bianchi et al. reported an indirect band gap with
the CBM located at X. The same observation was made by Smolenski et al. [279]
following potassium dosing of bulk CrSBr. We therefore compared the intensity
onset at different visible I' and X points and did not find consistent evidence for an
indirect band gap in our data.

Accurate assessment of the band-gap magnitude in 2D vdW systems is inherently diffi-
cult due to sample-to-sample variations in screening and renormalization effects [167]
(compare Sec. 4.4), which helps explain why the band gap of CrSBr remains a topic of
debate. These variations are likely influenced by varying defect concentrations from
material synthesis, contributing to variations in doping and experimental charging
and therefore the experimentally determined band gap [167]. Scanning tunneling
spectroscopy and micro-reflectance microscopy reported a gap of approximately
1.5eV, whereas earlier ARPES studies suggested larger values. A lower boundary
can be set by the separation between the VBM and the Fermi level position on
metallic substrates, as the latter is pinned to the detector (compare Sec. 2.3.3). Here,
reported VBM positions are 1.6 eV-1.8 eV [176], 1.5eV [172], and 1.84 eV [279] below
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the Fermi level. Doped crystals may also be subject to band bending at the surface
(see Sec. 2.3.3), further contributing to variations in reported VBM positions and to
the appearance of conduction-band signal in ARPES spectra.

In contrast to previous ARPES studies that observed the conduction band via charge
transfer from alkali dosing or a metallic substrate, our crystals support an intrinsic
origin of conduction band filling: we employed millimeter-thick crystals, ruling out
substrate effects. This motivates a microscopic study of the defect landscape and
doping pathways in CrSBr.

DFT Modeling of Native Point Defects

The theoretical modeling of native point defects in bulk CrSBr within the framework
of DFT was performed by T. Biktagirov and W. G. Schmidt and is summarized here
in abbreviated form (see Ref. [274] for details). First, the thermodynamic stability
region of CrSBr is determined. Next, selected points within that region are used to
calculate defect formation energies. Finally, the charge transition levels of intrinsic
point defects are evaluated to identify shallow donor defects that likely contribute to
n-type doping. We only included point defects expected to be the most important:

« Three vacancies (V¢y, Vs, and Vy,): Vacant lattice sites that are occupied in
perfect crystals.

« Three interstitials (Cr;, S;, and Br;): Occupied sites in the crystal structure that
are vacant in perfect crystals.

« Two antisites (Sg; and Brg): Occupation of lattice sites with a different atomic
species compared to perfect crystals.

Formation of defects is related to the atomic chemical potentials of Cr, S, and Br
(Hcrs ps, and g, ), which determine the formation energy of CrSBr. The region of
stable CrSBr formation is confined by competing phases, which are Cr,S3, Cr3Sy,
and CrBr; in this case. These boundaries are displayed in Figure 5.19a and allow the
assignment of three set points marking the synthesis boundary. Point A denotes
Cr-rich conditions, point B denotes S-rich conditions, and point C denotes S- and
Br-rich conditions. At these points and at the midpoint M, defect formation energies
were calculated in a 4 x 3 x 2 supercell representing two CrSBr layers (see Fig. 5.19b).
The neutral defect-formation energies were obtained from the total-energy differ-
ence between defective and pristine supercells, corrected for atoms added/removed
via their chemical potentials. For charged defects, the full expression additionally
contains a Fermi-level-dependent term (and finite-size/alignment corrections), which
we include below when discussing charge transition levels.

Among all four synthesis points, chromium interstitials Cr; have favorable formation
energies, especially under Cr-rich conditions. In addition, bromine vacancies Vg,
have the lowest formation energy in S-rich synthesis, and bromine-on-sulfur antisites
Brg are the most favorable defect type under S-rich and Br-rich conditions. These
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Figure 5.19: DFT-calculated formation of native point defects in CrSBr.
(a) Thermodynamic stability region of bulk CrSBr (shaded region) as a func-
tion of the individual elements’ chemical potentials. (b) Individual point-
defect formation energies at different points of the stability region. (c) Atomic
structure of the three most favorable point defects. Published in Ref. [274].

findings are consistent with previous experimental reports of high Vg, concentra-
tions [225, 275]. A schematic representation of these three point defects is shown in
Figure 5.19c.

Having identified the most probable defect species, we now investigate their contri-
bution to n-type doping of bulk CrSBr. As the previously used PBE + U functional
underestimates the band gap to 0.62 eV, further calculations adopted the meta-GGA
SCAN functional. This choice is corroborated by comparison of experimentally
retrieved and calculated band structure; the latter is shown in Fig. 4.7 of Sec. 4.5.
The calculated band structure is overlaid on the experimental data in Figure 5.20a,
showing good qualitative agreement. To mitigate intensity gradients from the in-
cidence direction and angle of the XUV photons, the experimental band structure
was symmetrized. This symmetrization involves averaging the I(k,, ky, E) data stack
with inverted and rotated copies. For CrSBr with Dy}, symmetry, this includes a 180°
rotation and mirror reflections across the ky and ky plane. An exemplary momentum
map at 2.35eV in Figure 5.20b and ¢ demonstrates removal of a horizontal intensity
gradient and a general SNR improvement without introducing major artifacts.

Within the adopted DFT functional, the defect formation energies of all investigated
point defects were calculated as a function of Fermi energy. This includes calculation
of the charge transition level, which is the Fermi energy at which two charged
states of the same defect have the same formation energy. Favorable n-type dopants
exhibit (a) stable positive charge states across major parts of the band gap and (b) low
formation energies at Fermi levels close to the CBM. Calculations were performed at
the midpoint (M) and under Cr-poor conditions (point C) and highlighted Cr; as a
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(b)

0
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Figure 5.20: Comparison of calculated and experimental band structure of
CrSBr. (a) ARPES band structure, symmetrized to negate intensity gradi-
ents from the probe incidence direction. Above —0.9 eV, acquisition time is
increased x25 and contrast is increased x15. The dotted line indicates Eg.
Overlaid is the calculated band structure from DFT within the meta-GGA
SCAN functional. The calculation visually agrees with experimental data,
including the conduction band dispersion. (b, c) Momentum map at 2.35eV
before and after symmetrization. Published in Ref. [274].

potent shallow donor next to Brg. Vg, was identified as a deep donor, making Cr;
and Brg the most likely candidates for unintentional n-type doping.

XPS Characterization

To corroborate the results from DFT modeling, we characterized bulk CrSBr using
XPS in normal-emission mode, which decreases surface sensitivity compared to
grazing incidence. The XPS spectra were acquired with the setup described in
Section 2.4.1. Analogous to the ARPES measurements, bulk CrSBr was cleaved in the
load lock at < 5x 10~® mbar, and measurements were performed at room temperature.
The resulting spectra were analyzed using the XPST package for Igor Pro [80], which
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uses a Gauss—Lorentzian sum function to approximate a Voigt profile. Inelastic
scattering was corrected using a standard Shirley background.
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Figure 5.21: XPS characterization of bulk CrSBr. (a) Survey spectrum showing
only expected contributions from Cr, S, and Br core levels. (b, c) Br 3d and
S 2p core levels with fitted spin—orbit doublet, respectively. The solid black
line indicates the fit residual. (d) Cr 2p3/, core level, exhibiting multiplet
splitting and an additional component for the Cr;. Published in Ref. [274].
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Figure 5.21 shows the acquired spectra and fitting. The survey spectrum (Fig. 5.21a)
only exhibits expected features from Cr, S, and Br ions, without additional spec-
tral weight from common contaminants such as carbon or oxygen. The Br and S
resonances also do not exhibit additional features attributable to defect states (see
Figs. 5.21b and c), which is confirmed by standard doublet fitting of the Br 3d and S 2p
resonances that reflects the expected spin—orbit splitting (see Sec. 2.2.2). Detailed
best-fit parameters are listed in Appendix A.

The Cr contribution is analyzed using the Cr 2p3 /, peak shown in Figure 5.21d. Here,
the spectrum exhibits a multiplet structure that arises from exchange coupling of
the open 3d-shell electrons with the remaining 2p core electron after photoemission
(compare Sec. 2.2.2). Previous studies on CrSBr either lacked energy resolution [280,
281] or neglected this effect [282], potentially leading to misassignment of the Cr
binding energy [73, 78]. Other XPS studies including the multiplet structure reported
a splitting into 5 observable peaks [73, 74], which we also employ for the regular Cr>*
component. To account for possible Cr; interstitials, we further include an additional
pseudo-Voigt component in the fit. Detailed best-fit parameters are summarized in
Appendix A and yield a spectral weight of 90.1 % Cr** and 9.9 % Cr; by comparing the
fitted peak area. The binding energy of Cr** is determined by an area-weighted mean
of the individual multiplet components, yielding (575.97 +0.04) eV. With the Cr; peak
centered at (574.90 + 0.04) eV, both components are separated by (1.07 + 0.08) eV.

T. Biktagirov and W. G. Schmidt computed the binding energy of the Cr 2p; /, core
level for both pristine and defect-containing supercells using DFT. Their calculation
yields 577.1 eV binding energy for the Cr*>* in bulk CrSBr and 576.1 eV for the Cr;
in the +1 charge state, giving an energy separation of about 1eV. Other relevant
interstitial charge states Cr;** and Cr;** have calculated binding energies of 576.31 eV
and 576.32 eV, respectively, giving an energy shift of about 0.8 eV to the bulk value.
Other energetically favorable defects (Vg and Brg”) yield an energy shift of the
nearest-neighbor Cr resonance of 0.2 eV to 0.3 eV.

The calculated Cr 2p; /, resonances differ slightly from experimental findings in ab-
solute value. However, the experimentally found energy separation of approximately
1 eV matches the theoretical prediction of Cr!* interstitials well, which suggests the
existence of Cr interstitials in as-grown CrSBr crystals. Given the complex multi-
plet structure of the Cr 2p; /, resonance, XPS cannot unambiguously determine the
defect species by itself, and careful interpretation requires theoretical modeling or
complementary experimental characterization.

5.3.2 Field Effects at Sub-Bandgap Excitation

This section presents trARPES measurements on bulk CrSBr, optimized for resonant
excitation of the 1s exciton at ~ 1.36 eV [44]. In practice, the transient response was
dominated by field-driven effects that mask any exciton-related feature, as discussed
below. Owing to the selected energy and time window for acquisition, the physical
origin of the field effect cannot be identified unambiguously.
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Measurement Configuration

Resonant excitation of the A exciton requires fine-tuning of the pump photon energy.
For this reason, we used the SIG2 output of the integrated OPA described in Section 3.4.
Unfortunately, the OPA does not support the required 1.36 eV, which corresponds
to 912nm. We therefore focused the SIG2 0.68 eV output into an additional BBO
crystal (1mm thick, § = 20.2°) to generate the second harmonic. The resulting
spectrum is shown in Figure 5.22a and has a spectral width of 80.3 meV at —15dB.
The pulse duration was determined from a second-harmonic autocorrelation (see
Fig. 5.22b) by Gaussian fitting and deconvolution, yielding 154 fs FWHM. This is
the dominant limitation of the temporal resolution, as the probe pulse duration is
< 50fs. Multiple nonlinear conversion stages in the OPA, followed by successive
frequency doubling, amplify existing spatial inhomogeneities in the beam profile
and can readily produce diffraction patterns in the far field. Consequently, the mode
profile (shown in Fig. 5.22c) exhibits a distorted shape and diffraction artifacts next
to the main intensity maximum. Two orthogonal projections yield a spot size of
957 pm X 437 pm.

Bulk CrSBr was exfoliated onto a template-stripped gold
surface (process described in Section 4.2). The gold film 1,11 5.2: Pump power
(270 nm thick) was evaporated onto a Si wafer with native 3nd fluence.

SiO,. A commercial CrSBr crystal (HQ Graphene) was
pressed onto the gold surface in a nitrogen glovebox,and  p (mwW) F (1 /cm?)
the sample was cleaved in the load lock of the KREIOS

beamline at 3x10~% mbar. An optical image acquired after 160 81.2

. . . 110 55.8
the photoemission experiments (see Fig. 5.22d) shows . 355
multiple regions of different thickness, visible via distinct 06 13'2

color shading. Thin films exhibit interference effects,

giving a color that is qualitatively indicative of the layer

thickness [176, 283]. With increasing thickness, the appearance gradually approaches
the metallic look of the bulk crystal, which is also visible in the top left corner of
Figure 5.22d. The probed region in photoemission is shown in the PEEM image in
Figure 5.22e, where the work-function contrast between gold and CrSBr enables
unambiguous identification of the flake. For the subsequent ARPES measurements, a
field aperture (black circle in the PEEM image) was used to isolate the flake signal.
Atomic force microscopy across the flake edge indicates a thickness of approximately
30 nm.

Exfoliation on template-stripped gold yielded a flake thickness that allows cooling
with minimal sample charging. All experiments were performed at 80 K using liquid-
nitrogen cooling. By comparing room-temperature and cryogenic static spectra, we
observed a shift of approximately 100 meV, which is corrected by adapting the VBM
reference position. Data acquisition below the Néel temperature of 132K [220] yields
a sharper exciton resonance [41] and an intrinsically sharper band structure [176]
compared to room temperature. We used p-polarized XUV pulses at 300 kHz repeti-
tion rate, with a 0.5 mm x 1.0 mm entrance slit and a pass energy of 50 eV. The pump
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Figure 5.22: Characterization of the optical pump pulse and the exfoliated
sample. (a) Spectrum of the pump pulse tuned to the CrSBr exciton resonance
at 1.3eV to 1.4eV. (b) Pump autocorrelation with Gaussian fitting, yielding
a pulse duration of 154 fs. (c) Optical beam profile. (d) Optical image of the
exfoliated bulk CrSBr on gold. Different-sized flakes appear as different color
shadings. (e) PEEM image of the studied flake area, with a circle marking
the field aperture.

pulses were p-polarized and aligned parallel to the crystallographic a-axis of CrSBr.
Four different average pump powers correspond to the fluences listed in Table 5.2,
calculated assuming an elliptical beam profile. Related trARPES studies targeting
excitonic resonances report comparable fluences up to 100 pJ/ cm? [19, 230, 284].

Experimental Observations

A static spectrum was acquired using the monochromatic He I radiation of the
helium lamp and exhibits a comparable spectral quality to the data in Section 5.3.1
(compare Fig. 5.23a). Three colored lines mark the energies at which the angle-
integrated transient traces in Figure 5.23b are evaluated.

The temporal traces show an unexpected behavior. First, the transient intensity
modulation is largest at the lowest extracted energy, Eg = —0.5eV. Second, the
signal extends to negative delay times over an unusually long interval: at the highest
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Figure 5.23: Transient ARPES signal on bulk CrSBr. (a) Static band structure
with colored lines highlighting the energy positions of the traces in (b),
which display a strong asymmetric signal over tens of ps. (c) Binding energy
versus delay map around temporal overlap. The white dotted line is drawn
by hand and serves as guide to the eye. (d) Transient intensity as a function
of pump fluence, with the dotted line drawn by hand.

fluence, the traces deviate from their far-delay baseline already up to ~ 100 ps before
temporal overlap, rather than showing a sharp onset only near #,. Third, at the
highest fluence, the signal displays a pronounced minimum around 50 ps, followed
by a slow recovery towards larger positive delays.

An angle-integrated close-up around temporal overlap is shown in Figure 5.23c as
a binding-energy—-delay map (logarithmic color scale), covering states up to 2.4 eV
above the VBM. In this window, only the exponential tail of the valence band is visible,
without additional features that would show the sharp rise time and subsequent decay
expected for a resonantly driven excitonic signature (compare, e.g., Sec. 5.2.2). Instead,
the exponential tail appears to shift as a function of delay time (dashed line as guide
to the eye). Importantly, this “moving tail” interpretation is qualitative: within the
present dataset, a rigid energy shift cannot be cleanly separated from changes in
broadening and/or lineshape intensity, because we neither track a sharp dispersive
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band edge nor the work-function cutoff. The fixed-energy traces in Figure 5.23b are
therefore treated as being consistent with a delay-dependent spectral displacement,
but they do not constitute standalone proof of a rigid shift.

The dynamic response scales strongly with pump fluence, as shown in Figure 5.23d,
and vanishes at an optical pump power of 26 mW. Unlike the data in the preceding
chapters, the traces shown here are not presented as difference spectra relative to an
equilibrium reference at negative delays.

Discussion

The experiment was tuned for resonant exciton excitation in CrSBr. However, the
data do not show a transient feature with a characteristic excitonic fingerprint, and
neither do the momentum maps reveal a clear emergence of new population features
at or after temporal overlap. Dedicated measurements at 13.2 pJ/cm? fluence did not
exhibit an observable SPV effect or pump-induced space charge (not shown), but
they also did not reveal a resolvable exciton resonance. Compared to other studies
on two-dimensional systems [19, 230, 284], this fluence is low and may not yield a
detectable response within our integration time. In addition, the static ARPES data
in Section 5.3.1 indicate a faint occupation of the conduction band at the surface,
which could also inhibit exciton formation by screening.

Because the KREIOS MM scans every kinetic energy sequentially, the transient
acquisition was limited to Eg = —0.5eV. This restriction reduces the available
observables: a quantitative energy-shift determination would ideally track a well-
defined band position and/or the work-function cutoff. Since neither is accessible
here, the discussion remains qualitative and focuses on mechanisms compatible with
(a) the strong fluence dependence, (b) the apparent displacement/redistribution of
the near-gap tail, and (c) the pronounced negative-delay response.

For optical pulse durations on the order of 100 fs, only a few processes can produce
a substantial signal at negative delays. One possibility is the creation of long-lived
states whose lifetime exceeds the temporal separation between two pump pulses.
Such a scenario would more likely appear as a quasi-static offset [285] (or slowly
varying background), rather than the distinct rise towards ¢, observed between —50 ps
and 0 ps in Figure 5.23. A second, and generally more relevant, explanation is the
dominance of field-driven effects [89]. Section 2.3 introduced two such mechanisms:
surface photovoltage and pump-induced space charge. The former describes a change
in the electrostatic surface potential upon photoexcitation, while the latter arises
from Coulomb interaction between probe-emitted photoelectrons and an electron
cloud created by pump-induced photoemission.

We first discuss the data under the assumption that a relevant SPV contribution is
present. As outlined in Section 5.3.1, CrSBr is prone to n-type doping and defect-
related surface states, making a transient modification of band bending plausible
(see Sec. 2.3.3). In our data, a SPV-like, shift-type response is qualitatively consis-
tent with the delay—energy map near temporal overlap (see Fig. 5.23c), where the
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contour of the near-gap tail is displaced along the energy axis (dashed guide). The
particularly strong modulation in the fixed-energy traces at Eg = —0.5 eV (Fig. 5.23b)
then follows naturally if the dominant effect is a spectral displacement, because this
window samples the steep exponential tail. Even a modest transient displacement
can therefore translate into a large apparent intensity change at a fixed Ep.

The temporal evolution can be interpreted as a superposition of (a) the strongest
perturbation near temporal overlap and (b) a slower relaxation towards the equi-
librium potential at later delays. In particular, the pronounced minimum around
~ 50 ps followed by a gradual intensity increase (compare Fig. 5.23d) is compatible
with partial relaxation back towards the equilibrium band bending. Non-monotonic
dynamics can arise from trapping and (de-)charging of defect and surface states that
transiently reshape the near-surface potential [121]. Bromine-related defects repre-
sent one plausible microscopic source of such states [225], but they are mentioned
here only illustratively and are not identified in the present experiment.

An inversion of the effective SPV sign is plausible if charging of defect and surface
states dominates the response. Surface states can contribute to SPV even under
sub-bandgap excitation, as they can be depopulated into the conduction band or
populated from the valence band [121]. However, the present dataset does not allow
an unambiguous determination of the SPV sign, nor can a sign inversion be excluded
based on the late-time relaxation alone.

Finally, the pronounced negative-delay response (extending to ~ 100 ps at high
fluence) is difficult to reconcile with a purely SPV-driven picture. A SPV persisting
between pump pulses could generate an offset, but it does not naturally explain the
strong rise towards £, on the negative-delay side. Thus, even if a SPV contribution is
present, an additional mechanism is likely involved under the present conditions.

Apart from SPV, the spectrum may be affected by pump-induced space charge. As
explained in Section 2.3.4, an electron cloud from pump-induced multiphoton pho-
toemission can interact via Coulomb forces with the XUV photoemitted electrons.
Multiphoton emission most likely occurs on the surrounding gold substrate and
possibly from defect states. This mechanism naturally produces (a) a strong fluence
dependence and (b) a pronounced negative-delay response, because probe-emitted
photoelectrons can still interact with the pump-emitted cloud even when the pump
arrives after the probe. The observed asymmetric temporal behavior is therefore com-
patible with a space-charge contribution. In our geometry, photoemission from the
surrounding metallic area can further enhance the pump-induced electron cloud.

Similar to SPV, pump-induced space charge can yield an apparently rigid spectral
displacement, and it often introduces spectral broadening. In the present dataset,
however, no sharp feature is tracked whose width could be reliably compared between
equilibrium and overlap. A broadening-based discrimination is therefore not possible
here.

In trARPES, SPV and pump-induced space charge can, in principle, be distinguished
using several diagnostics:
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+ Fluence scaling: Both effects increase with pump fluence, but SPV often shows

sublinear, saturating behavior (close to logarithmic) [125, 129], whereas pump-
induced space charge commonly exhibits a stronger-than-linear scaling over
the relevant fluence range [88]. Quantifying the exponent requires systematic
fluence sweeps with sufficient SNR.

Spectral broadening: SPV predominantly induces a shift-like response while
largely preserving intrinsic spectral widths [126], whereas space charge tends
to introduce additional broadening because photoelectrons experience a distri-
bution of Coulomb interactions [88].

Momentum dependence: A SPV-induced shift affects the electronic structure
largely uniformly across the BZ, whereas space-charge-induced shifts can
depend on momentum and often decrease with increasing distance from the
BZ center [17]. Tracking a dispersive band at different momenta can therefore
be diagnostic.

These criteria cannot be applied decisively here, because the dataset does not provide
reliable tracking of energy position and width for a sharp spectral feature.

Overall, this trARPES experiment on CrSBr illustrates how field effects can dominate
the transient response and obscure expected exciton-related signatures. In particular,

pump fluence and pump illumination geometry (e.g., excitation of metallic surround-

ings) must be carefully controlled to mitigate these artifacts before acquiring resonant
exciton dynamics.



Summary and Outlook

In Chapter 3, we characterized a beamline generating fs-XUV pulses for pump-
probe experiments and coupled it to a commercial MM. Using optional nonlinear
post-compression, we established two modes of operation: one prioritizing energy
resolution (better than (107 + 2) meV) and one prioritizing temporal resolution ((49 +
2)fs). Rapid and efficient data acquisition is facilitated by multi-100 kHz repetition
rates and photon energies above 20 eV.

The two operating modes allow prioritizing

either temporal or energy resolution. The

= 10° 40
theoretical transform limit of 1800 meVfs & o
governs many design choices and trade-offs \g/ , 30 &
in experimental beamlines and is, in practice, _“3 10 E
difficult to achieve, as the survey in Figure 6.1 % 20 é
demonstrates. As an example, the com- g 10! -
pressed pulses of the setup presented here & | ™ Ytterbium 1035
provide resolutions of 49 fs and 230 meV, cor- 8 10° < Ti:Sapphire
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responding to a system figure of merit of
11300 meV fs. This deviation likely results
from a combination of effects. First, the
band-pass multilayer mirrors in the XUV

Time resolution (fs)

Figure 6.1: Survey of the time-
bandwidth product in experimental

monochromator have a fixed bandwidth and probe sources. The solid line marks

are optimized for overall harmonic trans-
mission rather than minimal bandwidth (in
part because the XUV spectrum cannot be

the transform limit, and the dotted line
marks ten times the transform limit.
Reprinted from Ref. [11], Copyright

monitored directly). In contrast, grating 2026, with permission from Elsevier.
monochromators allow tuning via the exit-

slit size and the grating groove density [144, 286]. Second, spatial inhomogeneities can
effectively increase the pulse duration. Finally, pump and probe pulse durations likely
do not perfectly match, such that one bandwidth dominates the cross-correlation in

a time-resolved experiment.

Overall, trMM setups increasingly aim for rapid acquisition and improved energy
resolution [11]. Because space-charge effects limit the achievable energy and mo-
mentum resolution, rapid acquisition often translates into higher repetition rates,
and ultrafast high-average-power lasers push towards the MHz regime. In the setup
presented in Chapter 3, the achieved repetition rates of 600 kHz (Sec. 3.3) and 300 kHz
(Sec. 3.4) could be further increased with integration of a higher average-power laser
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and slight modifications to the pulse compression and OPA. Another possible exten-
sion of trMM in general is the integration of a spin filter after the MM lens column,
enabling spin-resolved mapping of the photoemission intensity [12].

Two-dimensional vdW materials provide an ideal platform to showcase the beamline’s
capabilities. In Chapter 5, we mapped the ultrafast relaxation of hot conduction-
band carrier populations with energy and valley sensitivity, investigated exciton
formation under resonant excitation, and observed field effects as artifacts that can
mask excitonic response.

The material systems studied in Chapter 5 represent only a small subset of the
vast landscape of two-dimensional solids. In general, ARPES spectra are highly
sensitive to impurities, local strain, and surface contamination, and reproducible
sample preparation for experiments in UHV remains challenging. Exfoliation of
artificial heterostructure flakes enables fabrication of suitable samples, but such
structures are prone to imperfections such as bubbles, trapped residues, and local
strain [36]. Where possible, in-situ synthesis of established material systems may
pave the way towards improved reproducibility and surface quality. As an example,
the presented WS,/Au(111) could serve as a substrate for subsequent molecular
evaporation to design TMD-molecule interfaces [181].

While the comparatively straightforward assembly of vdW heterostructures is a
major advantage of these materials, many studies to date still focus on exploration
and characterization of monolayers, whereas trMM on heterostructures remains a
young field. A prominent manifestation of interlayer coupling in TMD heterobilayers
is the formation of hybridized exciton states and, under suitable band alignment,
interlayer excitons (ILXs). The model system WS,/WSe, investigated in Section 5.2
exhibited spectral signatures that are compatible with hybrid exciton formation after
resonant excitation of intralayer excitons. Section 5.2.2 further discusses plausible
relaxation pathways and experimental conditions that govern whether a distinct ILX
contribution becomes observable.

As a member of the magnetic two-dimensional material family, CrSBr stands out
through its high anisotropy and pronounced quasiparticle coupling. Optical studies
have proposed a highly anisotropic exciton wave function, which is inherited by
the quasi-one-dimensional conduction band. However, the trMM study presented in
Section 5.3 exhibited dominant field effects that mask possible excitonic response. In
combination with DFT, we assigned Cr interstitials as a source of intrinsic n-type
doping, which is likely a major contributing factor to the field effects observed.



Appendix

This appendix lists the XPS fit parameters obtained for bulk CrSBr and for monolayer
WS,/Au(111) in detail. All spectra were fitted with the XPST package [80] in IGOR
Pro 8 [229], using a Shirley background and pseudo-Voigt functions with an additional
asymmetry parameter (as implemented in XPST).

XPS Fitting results of WS,/Au(111)

For Table A.1, Lorentz—Gaussian mixing parameter was fixed to 0.3. Spin-orbit split
core levels were modeled by two components with fixed intensity ratios (compare
Sec. 2.2.2). The asymmetry parameter was set to zero for S 2p and fitted for the
remaining core levels. For W 4f, the fitted asymmetry of 0.28 is consistent with
additional metallic screening contributions (compare Sec. 4.2). For Au 4f, the fitted
asymmetry increases from 0.06 on clean Au to 0.14 after WS, growth.

Table A.1: Extracted fit parameters from pseudo-Voigt fits on the individual
components of monolayer WS,/Au(111). Compare Figure 4.3 for the acquired
spectra and fit curves.

Peak  Position (V) Normalized Area (%) FWHM (eV) Description

W 4f; 32.89 57.1 0.62 Doublet

W 4fs ), 35.03 42.9 0.62 Doublet
S2ps/» 162.64 66.7 0.63 Doublet
S2p1/2 163.81 333 0.63 Doublet

Au 4f; 84.11 57.1 0.74 Clean Au(111)

Au 4f; ) 87.79 42.9 0.74 Clean Au(111)

Audfy 84.11 57.1 0.72 WS,/Au(111)

Au4fs/; 87.79 42.9 0.72 WS,/Au(111)
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XPS Fitting results of bulk CrSBr

For Table A.2, the Lorentz—Gaussian mixing parameter was fixed to 0.27 and sym-
metric peak shapes were used for all components.

Table A.2: Extracted fit parameters from pseudo-Voigt fits on the individual
components of bulk CrSBr. Compare Figure 5.21 for the acquired spectra
and fit curves.

Peak Position (eV) Normalized Area (%) FWHM (eV)  Description

Br 3ds 68.76 60.0 0.67 Doublet

Br 3ds 69.78 40.0 0.67 Doublet

S 2ps; 161.87 66.7 0.61 Doublet

S2py/; 163.06 33.3 0.61 Doublet
Cr2ps)/; 1 575.09 30.4 0.71 Cr3* Multiplet
Cr2ps/z 2 576.01 33.1 0.71 Cr3* Multiplet
Cr2ps/z 3 576.69 19.6 0.71 Cr3* Multiplet
Cr 2ps/; 4 577.35 4.4 0.71 Cr** Multiplet
Cr2ps/, 5 577.99 2.5 0.71 Cr** Multiplet

Cr2ps/; 6 574.90 9.9 0.44 crlt
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