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Abstract

Magnetic order in low-dimensional materials offers exciting opportunities for spintronic, quantum, and
next-generation information storage applications. Among layered magnetic crystals, the transition-metal
thiophosphates (MPS3, with M = Mn, Fe, Co, Ni) stand out for their air stability, chemical versatility,
and diverse magnetic ground states, making them an ideal platform for studying the interplay between
spin, charge, and lattice degrees of freedom. This thesis combines different photoemission spectroscopy
techniques, including X-ray photoelectron spectroscopy (XPS), angle-resolved photoelectron spectroscopy
(ARPES), and time-resolved ARPES (trARPES), with first-principles calculations to investigate the
electronic structure, quasiparticle dynamics, and tunability of four representative MPS3 compounds. In
the first part, XPS and ARPES establish the intrinsic electronic properties, revealing complex valence-
band structures with dispersive and flat bands, material-dependent orbital hybridisation, and momentum-
dependent intensity variations. Using trARPES on FePSs, we identify and characterise two distinct d-d
transitions, determine their lifetimes and momentum fingerprints, and demonstrate the method’s ability
to follow local multiplet excitations in momentum space. In the second part, we explore tunability via
molecular adsorption and alkali-metal intercalation. Photoemission orbital tomography on pentacene
monolayers on FePS3; and NiPS3 reveals well-ordered, physisorbed layers, providing a baseline for studies
with stronger donor-acceptor systems. Lithium and caesium intercalation show element-specific doping
behaviour, oxidation-state changes, and orbital-selective band modifications, highlighting the potential
for controlled band-structure engineering. Overall, this work presents a detailed study of the electronic
ground state of four representative MPS3 compounds, extends trARPES to multiplet excitations by
investigating electron dynamics in FePS3, and provides first insights into targeted modification through
molecular adsorption and alkali-metal intercalation, demonstrating the versatility and potential of this
material class.

Kurzfassung

Magnetische Ordnung in niedrigdimensionalen Materialien ertffnet vielversprechende Moglichkeiten fiir
spintronische, Quanten- und neuartige Informationsspeicheranwendungen. Unter den geschichteten mag-
netischen Kristallen zeichnen sich die Ubergangsmetall-Thiophosphate (MPS3, mit M = Mn, Fe, Co, Ni)
durch ihre Luftstabilitdt, chemische Vielseitigkeit und vielfaltigen magnetischen Grundzustidnde aus und
bieten damit eine ideale Plattform zur Untersuchung des Zusammenspiels von Spin-, Ladungs- und Git-
terfreiheitsgraden. Diese Arbeit kombiniert verschiedene Photoemissionsspektroskopie-Techniken, ein-
schliefllich Réntgenphotoemissionsspektroskopie (XPS), winkelaufgeloster Photoemissionsspektroskopie
(ARPES) und zeitaufgeloster ARPES (trARPES), mit ab-initio-Rechnungen, um die elektronische Struk-
tur, Quasiteilchendynamik und Modifizierbarkeit von vier reprasentativen MPS3-Verbindungen zu un-
tersuchen. Im ersten Teil zeigen XPS- und ARPES-Messungen die intrinsischen elektronischen Eigen-
schaften, darunter komplexe Valenzbandstrukturen mit dispersiven und flachen Bandern, materialspezi-
fische Orbitalhybridisierung und Impuls-abhéngigen Intensitéatsvariationen. Mit trARPES an FePSs3 iden-
tifizieren und charakterisieren wir zwei verschiedene d-d-Uberginge, bestimmen deren Lebensdauern und
Impulsraumcharakter und demonstrieren die Fahigkeit der Methode, lokale Multiplett-Anregungen im
Impulsraum zu verfolgen. Im zweiten Teil untersuchen wir die Modifizierbarkeit der elektronischen Eigen-
schaften durch Molekiiladsorption und Alkali-Metall-Interkalation. Photoemissions-Orbitaltomographie
an Pentacen-Monolagen auf FePS3 und NiPS3 zeigt gut geordnete, physisorbierte Molekiillagen und liefert
eine Grundlage fiir Studien mit stirkeren Donor-Akzeptor-Systemen. Lithium- und Césium-Interkalation
zeigen elementspezifisches Dotierungsverhalten, Anderungen des Oxidationszustands und orbitalselektive
Bandmodifikationen, was das Potenzial fiir gezieltes Bandstruktur-Engineering unterstreicht. Zusammen-
fassend préasentiert diese Arbeit eine detaillierte Untersuchung des elektronischen Grundzustands von vier
reprasentativen MPSs-Verbindungen, erweitert die Anwendung von trARPES auf Multiplett-Anregungen
durch die Untersuchung der Elektronendynamik in FePS3 und liefert erste Einblicke in die gezielte Mod-
ifikation der elektronischen Eigenschaften durch Molekiiladsorption und Alkali-Metall-Interkalation, was
die Vielseitigkeit und das Potenzial dieser Materialklasse verdeutlicht.
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Introduction

Magnetic order, and in particular the control of the electron’s spin degree of freedom, forms the
foundation of modern information storage technologies. Conventional electronics rely solely on
charge transport, whereas spintronics exploits both charge and spin, enabling non-volatile mem-
ory elements, faster switching speeds, and reduced power consumption [1]. Magnetic materials
are already integrated in various in devices ranging from hard-disk drives to magnetic random-
access memory and racetrack memories, and are also considered promising platforms for novel
information technologies [2-4]. However, most of these devices depend on three-dimensional bulk
crystals or thin films, which face intrinsic limits in scalability, miniaturisation, and integration
with low-dimensional material platforms [5].

The isolation of graphene in 2004 [6] marked the beginning of the two-dimensional (2D) mate-
rials era, revealing a vast landscape of layered van der Waals (vdW) crystals with exceptional
physical properties [7, 8]. Atomically thin materials intrinsically offer extreme scaling poten-
tial, mechanical flexibility, and tuneable behaviour through external control parameters such
as strain, doping, gating, stacking, and light-matter interaction [9-11]. Moreover, 2D semi-
conductors circumvent the surface-charge-scattering limitations faced by ultra-thin conventional
semiconductors, as their surfaces are intrinsically passivated in the third dimension, preserving
high carrier mobility even at atomic thickness [5]. Despite these advantages, most well-studied
2D materials, such as graphene, molybdenum disulphide, and hexagonal boron nitride, are
intrinsically non-magnetic, restricting their direct applicability in spin-based technologies [12,
13].

The discovery of intrinsic magnetic order in truly two-dimensional crystals, such as Crls [14] and
CraGeaTeg [15], demonstrated that long-range magnetism can persist down to the monolayer
limit. This breakthrough overcame the restrictions imposed by the Mermin-Wagner theorem
through the presence of magnetic anisotropy [16] and has opened up new prospects for 2D
spintronic devices, where magnetic order can be tuned via electric fields, pressure, or interlayer
engineering [17-20]. Despite this progress, many of the known 2D magnets suffer from prac-
tical limitations such as low magnetic ordering temperatures and limited air stability, posing
significant challenges to their device integration [10, 21].

Among the various families of layered magnetic crystals, transition metal thiophosphates (MPS3)
stand out as particularly promising 2D magnets [22, 23]. Because of their antiferromagnetic or-
dering, they have zero net magnetic moment but are still internally magnetic [24]. This promises
multiple advantages over ferromagnetic materials such as a higher robustness against external
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fields, less dissipation and spin dynamics in the THz range [25, 26]. Furthermore, their van
der Waals structure enables mechanical exfoliation down to the monolayer limit, while their
chemical versatility allows systematic tuning of the magnetic ground state through the choice of
transition metal (M = Mn, Fe, Co, Ni). This compositional flexibility gives rise to a wide range
of magnetic behaviours, from Ising- to Heisenberg-type ordering, providing an ideal platform
for studying the interplay between spin, charge, and lattice degrees of freedom [27]. Unlike
many halide-based 2D magnets [28, 29], members of the MPS3 family exhibit good air stability,
simplifying device fabrication and enabling detailed investigations with surface-sensitive probes
such as X-ray photoelectron spectroscopy (XPS) and angle-resolved photoelectron spectroscopy
(ARPES). These attributes make MPS3 compounds an exemplary model system for exploring
how magnetism in 2D materials can be engineered and harnessed for next-generation technolo-
gies [30, 31].

The goal of this thesis is to investigate the intrinsic electronic properties and tunability of four
representative members of the MPS3 material class: MnPS3, FePS3, CoPS3, and NiPS3;. While
these compounds have been studied for decades, with early work focusing on their electronic and
optical properties [32-38], the observation of long-range magnetic order in FePS3 in 2016 [39]
reignited interest in this material class, triggering a wave of recent optical studies and highlight-
ing their potential for spintronic applications [31, 40]. Therefore, we will employ different state-
of-the-art ARPES-based techniques, to explore both their intrinsic electronic properties and
their tunability via different external modifications. Here, we will focus on room-temperature
measurements, as the different compounds of the MPS3 family are prone to charging effects
when using PES based techniques at low temperature due to their wide-gap semiconducting
character [41, 42].

Understanding the electronic structure and excitations in MPS3 requires experimental tech-
niques capable of probing the chemical environment, resolving the momentum-dependent band
structure, and tracking transient states on ultrafast timescales. XPS provides element- and
orbital-specific sensitivity, allowing precise determination of oxidation states, bonding configura-
tions, and d-orbital occupations [43-45]. ARPES complements this by mapping the momentum-
resolved valence band structure and identifying orbital contributions through direct comparison
with density functional theory [46, 47]. The advent of high-energy (> 20eV) and ultrafast
(< 100fs) light pulses has enabled time-resolved ARPES (trARPES), which extends these ca-
pabilities to the time domain, allowing direct observation of quasiparticle dynamics, coupling
to phonons or magnons, and transient band-structure renormalisations inaccessible to static
methods [48-51]. By integrating these three complementary approaches, this thesis aims to es-
tablish a comprehensive understanding of the ground-state properties, ultrafast dynamics, and
tunability of MPSs compounds under controlled external perturbations.

To set the stage, the first two chapters introduce the theoretical and experimental foundations
of this work. In chapter 1, the relevant physical properties of the MPS3 family are described
in detail, along with an introduction to relevant optical excitations in semiconductors and a
summary of hybridisation processes at interfaces with organic molecules. Following, chapter 2
describes the principles and implementation of the employed PES-based techniques, emphasis-
ing their capability to probe different aspects of the electronic structure and highlighting the
advanced detector concepts used in this study.



The presentation of experimental results in this thesis is divided into two main parts.

In Part I, we want to establish a comprehensive understanding of the pristine MPS3 com-
pounds using photoelectron spectroscopy and computational modelling. First, we will present
experimental data on the equilibrium properties of the MPS3 material class, including informa-
tion about the core level states as well as the electronic structure of the valence band region,
necessary as a basis for assessing the tunability in later chapters. Second, we will investigate
the electron dynamics observed in FePSs, crucial as they dictate the behaviour in response to
external stimuli like light, heat, or electric fields, and influence non-equilibrium properties and
functionalities.

To start, chapter 3 will present XPS and momentum microscopy (MM) measurements. XPS,
using photons in the kiloelectronvolt range, probes the core-level s states, allowing assessment of
sample quality and determination of oxidation states. Using advanced fitting routines based on
theoretical analyses provides insights into the bonding environment and d-orbital occupation.
Complementarily, momentum microscopy maps the valence-band structure across the first and
neighbouring Brillouin zones. Combined with density functional theory (DFT), this enables an
orbital-level assignment of spectral features and serves as a benchmark for computational models
of the MPS3 compounds, laying the foundation for later investigations of electron dynamics and
tunability.

Afterwards, chapter 4 presents experimental insights into the electron dynamics of FePSs,
building on the knowledge extracted from the static measurements in the preceding chapter.
Here, the study is extended into the time domain using trARPES to understand how the
electronic structure is perturbed by external stimulation via light. However, interpreting and
analysing the time-resolved ARPES data is challenging, as multiple effects often overlap, includ-
ing processes not intrinsic to the crystal. Therefore, the chapter first introduces three common
artefacts that can influence the observed dynamics. These are illustrated with experimental data
obtained from a single crystal of Au(111), providing detailed insights into the time-dependent
characteristics of space-charge effects and laser-assisted photoelectron emission.

Afterwards, we will investigate a specific type of photonic excitation using trARPES, d-d transi-
tions, which have not yet been observed with momentum resolved techniques before. Although
d-d transitions are normally dipole-forbidden, they can become allowed through symmetry break-
ing or vibronic coupling, but remain weak in absorption spectra. However, in FePS3 d-d tran-
sitions are particularly promising for future applications [52]. The lowest-lying d-d transition
indirectly excites coherent lattice vibrations that couple to a magnonic resonance and can induce
spin waves [53], an important mechanism for implementation in spintronic devices. Additionally,
the resonance lies below the optical band-gap absorption threshold, thereby reducing thermal
load under excitation. Using a pump—probe scheme with excitation both below and above the
band gap, we investigate the different responses and aim to identify the characteristic momen-
tum fingerprint of d-d transitions, opening a pathway towards a deeper understanding of their
interplay with other quasiparticles.

In Part II, the focus shifts to the electronic tunability of the MPSs family. The ability to
precisely tune magnetic material properties, such as magnetization, coercivity, Curie tempera-
ture, and magnetic anisotropy, is essential for optimising material performance in specific ap-
plications [54]. One of the most effective strategies for achieving such control is atomic-scale



4 INTRODUCTION

engineering, which encompasses stacking different materials, alloying, intercalation, and func-
tionalisation with molecules or heteroatoms [9].

Targeted tuning of material properties through stacking into vdW heterostructures has gained
particular interest with the discovery of magnetic 2D materials. Owing to their atomically
sharp interfaces, often realised by exfoliation and restacking of individual layers, it is possible
to combine distinct functionalities of different components and introduce additional properties
via proximity effects across interfaces. This approach offers a promising pathway for integration
into memory devices, spin transistors, and other spintronic architectures [55]. Nevertheless, the
reliance on exfoliation inherently limits large-scale production, as it constrains the achievable
lateral size, throughput, and yield of high-quality thin films [56].

In contrast, alloying involves the incorporation of foreign elements into a host lattice, thereby
altering the electronic structure and magnetic exchange interactions. For example, substituting
non-magnetic atoms into ferromagnetic matrices can dilute magnetic order or tune magnetic
anisotropy [57, 58], whereas introducing magnetic dopants into non-magnetic hosts can induce
ferromagnetic or antiferromagnetic order [59, 60]. Similarly, intercalation refers to the insertion
of atoms or molecules between the layers of 2D materials, such as transition metal dichalco-
genides or graphene, offering a versatile means to manipulate interlayer coupling and magnetic
ordering [61, 62]. Intercalated species can act as electron donors or acceptors, impose strain on
the host lattice, or mediate indirect exchange interactions [63].

Finally, the functionalisation with molecules enables the design of hybrid materials whose mag-
netic properties can be tuned via the chemical nature, dipole moment, or spin state of the
molecular species [64, 65]. Such systems hold promise for magnetoelectronics and quantum
devices, owing to their potential for spin-dependent charge transport and long spin-coherence
times [66, 67]. These approaches not only modify intrinsic magnetic parameters [68], but also
provide control over emergent properties such as magnetoresistance [69], exchange bias [70], or
spin textures [71, 72].

Recent studies on the MPS;3 family have demonstrated their high potential for targeted tun-
ing using the techniques discussed above [73, 74]. For example, alloying through substitution of
transition-metal cations can substantially modify exchange interactions [75]. Such modifications
can induce changes in the magnetic ground state, including transitions between Néel, zigzag,
ferrimagnetic, or even spin-glass configurations [76]. Furthermore, intercalation with molecular
species or electrochemically inserted cations can shift the balance between direct and superex-
change interactions, thereby driving phase transitions from antiferromagnetic to ferromagnetic
or ferrimagnetic states [77]. In this context, the next two chapters will introduce two distinct
pathways for tuning the properties of the MPS3 family.

As a first method, chapter 5 will address the modification of the electronic structure via
adsorption of organic molecules. To track the changes occurring at the interface between the
substrate and an ordered molecular overlayer, we employ photoemission orbital tomography
(POT) [78]. This technique enables direct identification of molecular orbitals based on their
unique momentum-space fingerprints, thereby allowing for the deconvolution of the energy-level
alignment. As a prototypical molecular adsorbate, we use pentacene (5A), a well-studied, planar,
conjugated molecule with an extended m-electron system, known for forming ordered layers and
enabling strong yet tuneable interactions with surfaces in organic electronics. Employing POT



measurements, we will classify the interaction strength of NiPSs and FePS3 with a monolayer of
5A, providing essential information about the self-assembly and energy level alignment, shining
light on their potential for future device applications.

In chapter 6, we employ intercalation as a second method for targeted modification, using
MM and XPS in combination with theoretical modelling to investigate the behaviour of the
MPS3 family under electron doping, with particular emphasis on how electron donation affects
d-shell filling. The interplay between alkali metals and the MPS3 family is already regarded
as a promising pathway for future device implementation. Most existing works, however, have
focused predominantly on magnetic properties, reporting phenomena such as reversible transi-
tions between ferromagnetic and antiferromagnetic states [79, 80], a reduction of the magnetic
ordering temperature in FePSs [81], and the emergence of ferrimagnetism in NiPSs [82]. In
contrast, a comprehensive investigation of the electronic structure modifications and their po-
tential for targeted control remains scarce. To address this knowledge gap, we employ XPS to
determine how the additional electrons introduced by the alkali metal affect the orbitals of the
different atomic species, including changes in oxidation state and electron localisation. Based
on these results, we then use MM in combination with computational methods to investigate
the modifications in the valence-band region and to assess the potential for controlled tuning
of the electronic properties. As a model system for these studies, we use lithium atoms as elec-
tron donors and examine their influence on the electronic properties of four MPSs compounds:
MnPSs, FePS3, CoPS3, and NiPSs.

Overall, this thesis integrates advanced spectroscopic methods with theoretical modelling to pro-
vide a detailed understanding of the electronic structure, quasiparticle dynamics, and tunability
of MPS3 compounds. This approach not only advances the fundamental knowledge of the 2D
magnetic MPS3 material class but also establishes a versatile platform for future investigations
into their physical properties and potential device implementations.






1 Theoretical Background

As a preparation for the experimental investigation, this chapter establishes the theoretical
framework necessary to interpret the results presented later. The theoretical background is
divided into three main components: a brief introduction to the most relevant optical excitations,
an overview of the general properties of the MPS3 material class, and a short description of the
physical effects that occur at a hybridised interface with molecules.

1.1 Photonic Excitations in Semiconductors

The electronic band structure of a semiconductor can be well understood by starting with the
periodic potential of a crystal lattice. When atoms are brought close to each other, their atomic
orbitals hybridise and form bonding and antibonding states, separated by an energy gap due to
the Pauli exclusion principle. As more atoms are arranged in a periodic crystal, these discrete
molecular orbitals broaden into continuous bands. These bands define the dispersion relation
E(E) of electrons in the solid, describing how their energy depends on the crystal momentum k
in the presence of the periodic potential formed by the nuclei.

1.1.1 Unoccupied and Transient States

In semiconductors, the highest occupied band at "= 0K is defined as the valence band (VB),
while the lowest unoccupied band is referred to as the conduction band (CB). The energetic
difference between these two bands is known as the band gap energy E,, with typical values up
to 3eV in semiconducting materials. The nature of the band gap is determined by the relative
positions of the CB minimum and the VB maximum in E—space. In direct band gap materials,
both extrema occur at the same E—point (typically the I'-point), allowing optical transitions to
occur vertically in momentum space due to the negligible momentum of photons. In contrast,
indirect band gap materials exhibit these extrema at different lg—points, requiring additional
momentum transfer via phonons for interband transitions. As a result of the negligible photon
momentum, optical excitations are typically vertical in E—Space and thus predominantly probe
the smallest energy difference between the valence and conduction bands [83-85].

For many optical properties in semiconductors, the concept of excitons is of fundamental im-
portance. Excitons are quasiparticles formed by optically excited electrons and holes, which are
bound by their mutual Coulomb interaction, akin to a hydrogen-like system in semiconducting
media. They play a central role in optoelectronic properties and typically manifest in absorp-
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tion spectra as sharp peaks below the conduction band minimum, since the Coulomb attraction
lowers the excitation energy.

In two-dimensional (2D) materials, excitonic effects are particularly pronounced due to two
key reasons: (1) the enhanced Coulomb interaction resulting from weak dielectric screening in
the out-of-plane direction, and (2) the strong spatial confinement of charge carriers [86]. As a
consequence, 2D excitons exhibit binding energies on the order of several hundred meV, which
is an order of magnitude larger than in their bulk counterparts, and in some cases remain stable
even at room temperature [87-89).

This strong interaction regime also enables the formation of more complex bound states beyond
neutral excitons. A single exciton may bind with an additional electron to form a trion, or with
another exciton to form a biexciton [90]. Under suitable conditions, even more exotic composite
quasiparticles such as quintons, bound states comprising a trion and an exciton, can emerge.
These many-body excitonic complexes constitute a rich quasiparticle zoo that can be probed
using high-resolution optical spectroscopy or time-resolved techniques [86].

1.1.2 Coherent Lattice Vibrations

Besides excitons, another type of quasiparticle that is crucial for understanding the electronic
properties of semiconductors are phonons, quantized lattice vibrations resulting from the collec-
tive motion of atoms around their equilibrium positions. These quasiparticles come in two main
types: acoustic phonons, which involve in-phase motion of atoms, and optical phonons, which
arise from out-of-phase motion within the unit cell. Optical phonons and their interaction with
electrons often play a central role in determining many material properties like thermal con-
ductivity, charge carrier scattering, and optical response, and are mostly active in the infrared
region [91].

Phonons can be investigated through a variety of optical methods, including infrared absorption,
Raman spectroscopy, and ultrafast pump-probe techniques. These approaches enable the study
of both coherent and incoherent phonon dynamics, anharmonic effects, and phonon coupling
to electronic degrees of freedom [92, 93]. In two-dimensional (2D) materials, such as transi-
tion metal dichalcogenides (TMDs) or transition metal phosphorus trichalcogenides (MPS3),
phonons acquire particular significance. The reduced dimensionality in these systems leads to
modified phonon dispersion relations and often results in enhanced electron-phonon coupling [94]
or activates additional Raman modes [95], significantly influencing light-matter interaction in
2D materials [96]. This allows for direct optical access to coupled phenomena such as phonon-
magnon and phonon-exciton interactions [53, 97].

1.1.3 Local Transitions Between d-Orbitals

The last optically active excitation introduced here are the so-called d-d transitions, which will
play a fundamental role in chapter 4. As the name suggests, these transitions refer to elec-
tron excitations between the partially filled d-orbitals of transition metal ions. The theoretical
description is based on crystal field theory (CFT), which explains the energetic splitting of
d-orbitals due to the crystal field generated by surrounding ligands. According to CFT, this
splitting can be deduced purely from geometric considerations: orbitals that point directly to-
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ward ligand electron clouds experience increased repulsion and are raised in energy relative to
those oriented between the ligands. The resulting energy difference is known as the crystal field
splitting energy. For instance, in an octahedral coordination environment, the d-orbitals split
into two groups: the ty, orbitals (dyy, dg., and d,;), which experience less repulsion, and the
eq orbitals (d,2 and d,2_,2), which are more strongly repelled due to their orientation along the
ligand axes.

In addition to crystal field effects, the full multiplet structure of transition metal ions also
depends on interelectronic Coulomb interactions between the d-electrons, governed by Hund’s
rules and parameterized by Racah parameters. These interactions lead to a fine structure of
the d-manifold, resulting in a series of spin- and orbital-multiplet states, which are crucial for
understanding the observed optical transitions and their selection rules.

According to Laporte’s selection rule, electronic transitions that do not involve a change in parity
are forbidden in centrosymmetric environments (i.e., systems with an inversion centre) [98].
Consequently, d-d transitions are nominally dipole-forbidden. However, they may still appear
as weak absorption features due to vibronic coupling or symmetry breaking, such as lattice
distortions or ligand field asymmetry [52]. Despite their low oscillator strength, d-d transitions
are essential for understanding localized electronic correlations, multiplet structure, and energy
relaxation processes in transition-metal compounds. In FePSs, for example, these transitions
are crucial for achieving ultrafast optical control of magnetic properties [99]. Furthermore, they
can be used to selectively generate magnons when excited below the band gap [53], thereby
reducing the thermal load on the sample.

While many other phenomena contribute to the electronic and optical characteristics of crys-
talline materials, the dynamics associated with excitons, phonons, and d-d transitions are par-
ticularly relevant in the context of our investigation of FePSs using time- and angle-resolved
photoelectron spectroscopy (trARPES). In subsection 2.2.3, we will examine how the first two
of these excitations can be detected using trARPES, before ultimately aiming to capture the
momentum-resolved fingerprint of d-d transitions in chapter 4.

1.2 Transition Metal Phosphorus Trisulfides

1.2.1 Structural Properties

Transition metal phosphorus trisulfides (MPS3, where M represents a transition metal such
as Mn, Fe, Co, or Ni) are layered van der Waals materials composed of transition metal ions
arranged in a honeycomb lattice, with PS¢ clusters situated inside the hexagonal voids (Fig-
ure 1.1a). These P2Sg clusters consist of P-P pairs, where each P atom is tetrahedrally coordi-
nated to three S atoms, forming a triangular sublattice (Figure 1.1b). Additionally, each S atom
coordinates with two metal atoms, creating an octahedral environment around the transition
metal ion that plays a crucial role in determining its electronic properties [23, 100].

As shown in Figure 1.1c, the bulk crystals consist of multiple layers stacked in an ABC-type
sequence with a tilt along the c-axis (commonly referred to as the c*-axis). This arrangement
results in a monoclinic crystal structure with C'2/m space group symmetry, where the individual
layers are held together by van der Waals forces. The stacking introduces a small trigonal distor-
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Figure 1.1: Structural, magnetic, and electronic properties of MPS3 compounds. (a) Crystal
structure of MPSs, illustrating the metal ions arranged in a honeycomb structure with the P2Sg
clusters situated in the centre. (b) Shifted stacking of the individual layers parallel to the cleavage
plane (left). (c) P2Sg cluster and the octahedral coordination of the transition-metal (M) ions by
surrounding S atoms. Adapted from Ref [101].
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tion in the crystal field of the sulphur atoms, which can vary depending on the transition metal
ion, thereby leading to deviations from the intrinsic monolayer properties. The lattice constants
of the MPS3 compounds, as well as the monoclinic stacking angle 8, and vdW-gap d are sum-
marized in Table 1.1, showing only minor variations between the different metal cations.

Another notable property of MPS3 is their high structural stability and ease of exfoliation.
Calculated values for the cleavage energy, which quantify the feasibility of mechanical exfolia-
tion, range between 0.1 and 0.3 Jm ™2 which is lower than that of graphite (0.38Jm™2) [102].
Furthermore, investigations of the phonon modes in MnPS3 reveal no imaginary frequencies,
which is interpreted as strong evidence for its dynamical stability and the potential to isolate
free-standing monolayers [103]. This property is likely transferable to the other members of the
MPS3 material family.

Table 1.1: Lattice parameters for the investigated MPS3 compounds

a(d) bA) c(Ad) p() d@A
MnPS; || 6.077 10524 6.796 107.35 3.21
FePS; || 5.947 10.300 6.722 107.16 3.19
CoPS; || 5.901 10.222 6.658 107.17 3.19
NiPS; || 5.812 10.070 6.632 106.98 3.21

1.2.2 Electronic Properties

Due to the various types of bonding present in MPS3 materials, the key characteristics of their
electronic structure were difficult to predict correctly for a long time. While band structure
calculations based on the single-particle picture often suggested metallic behaviour [104], UV
reflectivity and XAS measurements indicated semiconducting properties instead. To fully un-
derstand the nature of the electronic structure of this material class, it is essential to consider
the contribution of different atomic orbitals. The observed semiconducting behaviour arises
from strong Coulomb correlations among the 3d electrons. These interactions cause electron
localization at the M?* ions, thereby reducing their mobility. As a consequence, electrical con-
ductivity is suppressed, and a band gap opens around the Fermi level [105]. The width of this
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Figure 1.2: (a) Real space distribution of electron density for the 5 d-orbitals. (b) Energy splitting
of the d-orbitals in an octahedral environment according to crystal field theory.

gap is governed by interionic excitations, specifically the energy required to transfer a 3d elec-
tron from one transition metal ion to another. A similar mechanism is well-known in transition
metal oxides, which also exhibit insulating behaviour and have been studied extensively in this
context [106, 107]. The following discussion is therefore based on this well-established behaviour
and analogously applied to MPSs.

The interaction between the transition metal atoms and the P2Sg clusters is predominantly
ionic, with only weak covalent contributions. As a result, the metal atoms are present in a +2
oxidation state, with their 4s electrons transferred to the ligands, which are consequently in a
—2 oxidation state. As noted previously, the transition metal ions reside in an octahedral (Op,)
environment, which lifts the degeneracy of the 3d orbitals according to their magnetic quantum
number m;. This splitting can be understood within the one-electron approximation, where the
surrounding ligands are treated as point charges interacting electrostatically with the 3d orbitals
(illustrated in Figure 1.2a). Placing the ligands along the coordinate axes as point charges leads
to different Coulomb interactions depending on the spatial orientation of the orbitals: the e,
orbitals (e.g. d.» and d,2,,2), which point directly at the ligands, experience stronger repulsion
and therefore increase in energy, while the to, orbitals (e.g. dyy, dyz, dy.) point between the
ligands and experience less repulsion, thus lowering in energy. The resulting energy difference
between these levels is the crystal field splitting Act (see Figure 1.2b).

Table 1.2: Electronic structure of Mn-, Fe-, Co-, and NiPSs.

Egyqp d-electrons spin configuration
MnPSs || 3.0 5 eg T tag (T11)

FePS; || 1.4 6 eg M tag (1I11)
CoPSs3 1.6 7 eg T t2g (1)
NiPS; || 1.4 8 eg T tog (TLTI1))

Table 1.2 shows the band gap energies, number of d-electrons, and their corresponding spin
configurations. All four compounds exhibit a high-spin configuration, with the energetically
higher-lying e, orbitals always occupied by two spin-up electrons, while the t2, occupation ranges
from single occupancy of each orbital (MnPS3) to full double occupancy (FePSs) [23].

All MPS3 compounds investigated in this thesis are semiconducting, with band gaps ranging be-
tween 1.2 and 3.5 eV, originating from interionic excitations, which also determine the magnitude
of the gap. Generally, the different MPS3 materials can be classified in terms of their semicon-
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Figure 1.3: Energy diagram for the charge-transfer (CT) and Mott-Hubbard (MH) insulators. E4
and E, mark the central energies for the metal ions d and the ligands p-bands. Adapted from Ref
[110].

ducting behaviour using the Zaanen-Sawatzky-Allen (ZSA) formalism [108], which describes the
dependence of the conductivity gap on the relative size of the on-site Coulomb interaction U
and the charge-transfer energy A (see Figure 1.3). Figure 1.3 illustrates the typical relationship
between these two parameters for Mott-Hubbard (MH) and charge-transfer (CT) insulators. In
a Mott-Hubbard insulator, the energetic separation U between the 3d states is smaller than the
charge-transfer energy A between the metal d-states and the ligand p-states. This classification
applies to MnPS3 and FePS;. In contrast, CT insulators exhibit ligand p-states close to the
Fermi level, resulting in electron transfer between metal and ligand orbitals; NiPS3 falls into
this category. CoPSs displays a mixed character where U ~ A [109].

1.2.3 Magnetic Properties

One of the most intriguing aspects of the different MPSs compounds is their inherent magnetic
ordering. All MPS3 compounds discussed above exhibit antiferromagnetic ordering at T =
0K. As the temperature increases, thermal fluctuations progressively disrupt the long-range
magnetic order. At the Néel temperature Ty, these fluctuations become sufficiently strong
to destabilize the ordered ground state, leading to a transition into a paramagnetic phase.
The magnetic moments, like the 3d electrons, are localized at the transition metal (TM?")
ions. They originate from the interplay between crystal-field splitting and exchange interactions
among individual spin moments. Due to the spatial confinement of the TM?* ions between
the (P2Sg)*~ complexes, hybridization of the transition metal orbitals is weak. As a result, the
exchange interactions are primarily mediated indirectly through the surrounding sulphur and
phosphorus atoms [104].

Depending on the specific transition metal ion, different types of magnetic ordering and proper-
ties emerge within this class of materials. The strength and orientation of the spin structure are
influenced by several parameters that contribute to the inter- and intralayer exchange interac-
tions, such as dipole-dipole interactions between magnetic moments, crystal field splitting, and
spin-orbit coupling. For example, due to the orientation of all spins being perpendicular to the
ab plane, FePS3 is classified as an Ising-type antiferromagnet [39]. Additionally, the spins form
a zigzag-type structure with antiferromagnetic coupling between the layers (see Figure 1.4). In
contrast, MnPSs exhibits a Néel-type spin structure with ferromagnetic coupling between the
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Figure 1.4: Different magnetic arrangement for hexagonally conformed materials for (a) ferromag-
netic, (b) zigzag antiferromagnetic, (¢) Néel-type antiferromagnetic, and (d) stripe like antiferro-
magnetic materials.

individual layers and spins canted with respect to the surface, as shown by neutron diffrac-
tion [111]. Lastly, both NiPSs and CoPSjs also exhibit ferromagnetic interlayer coupling, but
with in-plane spin orientation in a zigzag-type order. This diversity is one reason for the strong
interest in these materials, as their varying spin arrangements allow a detailed study of different
spin textures within a single material class [110].

Besides these differences in spin structure, the magnetic properties of MPSs compounds also
exhibit intriguing variations. For instance, the Néel temperature spans a wide range: MnPS3
shows the lowest value at only 78 K, while NiPS3 has the highest at 155 K. FePS3 and CoPS3
lie in between with 118 K and 120 K, respectively. Moreover, while FePS3, CoPS3, and MnPS3
retain their antiferromagnetic order down to the monolayer regime, with either no (FePS3) or
only minor variations (CoPS3 and MnPS3) in T, NiPS3 appears not to preserve its magnetic
order at the monolayer limit, exhibiting strong thickness-dependent variations of Ty [112, 113].
The observed stability of Ty in FePSg is generally attributed to the dominance of intralayer
spin exchange interactions over the much weaker interlayer coupling, as well as the influence of
spin-orbit coupling (SOC) [39, 113].

1.2.4 Optical Properties

As introduced in the previous chapter, all four MPS3 materials exhibit optical band gaps in
the near-infrared to visible range, governed by charge-transfer transitions involving phosphorus
and sulphur states. Beyond the fundamental band-edge absorption, these compounds feature
numerous sub-gap d-d transitions and excitonic resonances, often manifesting as sharp photo-
luminescence peaks or optical absorption features associated with localized ligand-field exci-
tations. For instance, NiPSs displays exceptionally narrow photoluminescence peaks at 1.475
and 1.494 eV, attributed to spin-tangled and charge-transfer excitons with pronounced spectral
anisotropy [114], closely linked to its zigzag antiferromagnetic order. FePSs, on the other hand,
exhibits giant optical linear dichroism associated with its zigzag spin texture, enabling optical
detection of magnetic domains down to the monolayer limit [115]. Moreover, it hosts multiple d-d
transitions, two of which lie below the onset of the band gap and can be used to excite magnons
via strong magnon-phonon coupling [53]. Similarly, d-d transitions in CoPS3 have been shown
to effectively alter the orbital angular momentum of the M?* ions, thereby launching coherent
lattice vibrations in the THz regime [116]. The key optical resonances observed in the different
MPS3 compounds up to a maximum energy of 4eV are summarized in Table 1.3.
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Table 1.3: Lowest excitonic and d-d transition resonances in MPS3 compounds up to 4eV.

Compound H Eg_4 Eeoxciton Additional Notes ‘ Source ‘
MnPS3 1.91eV - Three d-d transitions below gap [22, 36, 37]
FePS3 1.09eV - Giant LD, magneto-optical coupling | [22, 37, 52, 115]

CoPS3 0.94eV - Crystal-field d-d absorption feature [22, 34, 37]
NiPS3 1.05eV | 1.475eV Strong electron-phonon coupling [33, 114, 117-119]

1.3 Hybridisation at Molecular Interfaces

One of the techniques that we will employ later to explore the targeted modification of the elec-
tronic or magnetic properties of our samples is the functionalisation with molecular adsorption.
Before experimentally investigating the interaction between a two-dimensional antiferromagnetic
surface and a prototypical organic molecule, namely pentacene, it is essential to understand the
physical processes that may occur at the interface and how they influence the electronic prop-
erties of both the substrate and the molecule.

1.3.1 Electronic Structure of Organic Molecules

The electronic structure of organic molecules is fundamentally determined by the arrangement
and hybridization of atomic orbitals, particularly those of carbon, which typically adopts sp® or
sp® hybridization states. Organic molecules consist of two major bonding frameworks: o-bonds
and 7-bonds.

o-bonds arise from head-on overlap of hybridized orbitals (e.g., sp>~sp?, sp3—sp?), forming the
molecular skeleton. These bonds are localized, strong, and constitute the primary framework
of the molecule. 7-bonds, on the other hand, result from the lateral overlap of unhybridized p
orbitals [120]. In conjugated systems, such as alkenes, aromatic rings, and polyenes, these 7-
orbitals can delocalize across multiple adjacent atoms. This delocalization gives rise to molecular
orbitals (MOs) that extend over the entire conjugated segment. An illustrative example is shown
in Figure 1.5, based on ethene (CoHy).

In linear conjugated systems (e.g., polyacetylene), alternating single and double bonds enable
m-electron delocalization, which lowers the overall electronic energy and gives rise to semicon-
ducting behaviour. In aromatic systems such as benzene, cyclic delocalization further stabilizes
the molecule, fulfilling Hiickel’s 4n + 2 m-electron rule. This is also the case for pentacene, an
organic molecule consisting of five aromatic rings of carbon atoms, where the sp?-hybridized car-
bon atoms form strong covalent o-bonds in the molecular plane, while the remaining p, orbitals
lead to the formation of w-bonds.

The two most critical molecular orbitals in terms of chemical and electronic properties are
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO). The HOMO defines the topmost filled orbital, primarily determining the donor be-
haviour and ionization potential, while the LUMO corresponds to the lowest empty orbital,
relevant for acceptor characteristics and electron affinity. The energy difference between HOMO
and LUMO constitutes the fundamental electronic gap of the molecule. In conjugated organic
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Figure 1.5: (a) The ethene molecule contains five o-bonds. Four of them are due to the overlap
of the C atoms sp? orbital with the hydrogen s orbital and one is between the two sp? orbitals in
the centre. The side-by-side overlap of the two unhybridized orbitals then leads to the formation of
two 7-bonds below and above the plane of the o-bonds. Adapted from [123].

molecules, this gap typically lies in the range of 1.5eV to 3.5eV, allowing photoexcitation and
charge transport when integrated into optoelectronic devices [121].

In a simple conjugated system such as butadiene, the m-system forms bonding and antibonding
molecular orbitals. The number of MOs equals the number of contributing p orbitals. For n
conjugated atoms, there are n m-MOs arranged in increasing energy: the lower MOs are bonding
(delocalized with constructive interference), while the higher MOs are antibonding (containing
nodes and exhibiting destructive interference) [122].

Electronic excitations typically involve transitions from the HOMO to LUMO (or higher unoc-
cupied orbitals), absorbing a photon whose energy matches the gap (Egap = Erumo — Enomo)-
This defines the optical absorption edge. In organic semiconductors, both the orbital shapes
and the degree of delocalization influence charge mobility and exciton binding energies.

1.3.2 Interaction Regimes: Physisorption to Chemisorption

As described in the previous chapter, the electronic structure of organic molecules consists of dis-
crete molecular levels with well-defined energies. However, when these molecules are deposited
on metallic or semiconducting surfaces, their electronic structure can undergo substantial mod-
ifications, ranging from simple energetic shifts to the formation of hybridized interface states
that may split in energy. One key physical quantity used to characterize these regimes is the
adsorption energy AFE, defined as the energy required to remove an adsorbed molecule from the
surface [124].

The interaction strength between molecular adsorbates and the substrate surface is commonly
categorized into two regimes: physisorption and chemisorption. Chemisorption itself is often
further divided into weak and strong chemisorption. Physisorption typically involves weak cou-
pling at the interface, such as on surfaces without dangling bonds (e.g., many two-dimensional
materials or inert/passivated surfaces), and is primarily governed by van der Waals forces, per-
manent molecular dipoles, and the Pauli exclusion principle. The latter interaction scales with
the spatial overlap between substrate and molecule and therefore decays exponentially with dis-
tance. This weak interaction generally yields adsorption energies in the range of 0.1 to 1eV
and largely preserves the electronic structure of the molecule. The adsorbed species often retain
their gas-phase character, exhibiting only minor modifications such as a reduced energy sepa-
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ration between the LUMO and HOMO. Nevertheless, charge transfer may still occur through
tunnelling processes [125].

On more reactive substrates, where chemical bonds and partial charge transfer occur at the
interface, the interaction is described by the chemisorption regime, which can significantly modify
the molecule’s electronic structure. This includes the emergence of new hybridized states with
mixed metal-molecule character, as well as shifts in energy levels. A widely used theoretical
framework to rationalize these effects is the Newns-Anderson model [126, 127]. In this model,
we need to consider another physical quantity in addition to the adsorption energy AFE, namely
the bandwidth W of the interacting substrate band. The ratio W/AFE is commonly used to
distinguish between weak and strong chemisorption.

In the weak chemisorption limit (W/AE > 1), the molecule typically interacts with broad
substrate bands, such as s and p bands, which have typical widths around W =~ 10eV [66].
Here, the hybridization results in a finite lifetime 7 for molecular states, leading to Lorentzian
broadening of sharp molecular orbitals, described by I' = h/7. Additionally, partial charge
transfer between the substrate and molecule can occur, resulting in energy shifts and even
partial occupation of previously unoccupied orbitals (e.g., LUMO+n) [128, 129].

In contrast, the strong chemisorption regime (W/AFE < 1) arises when the molecule interacts
with narrow bands such as d or f bands, typically with W ~ 1eV. In this regime, hybridization
is so strong that the original molecular states may split into bonding and antibonding reso-
nances, analogous to the formation of molecular orbitals from atomic orbitals. Depending on
the energetic position of these hybrid states relative to the Fermi level, they can undergo elec-
tron backdonation (if the newly formed states fall below the Fermi level) or electron donation
(if the initial molecular states lie above it), resulting in partial filling or depletion of molecular
orbitals [66].

1.3.3 Electronic Structure Effects at the ORG/SC Interface

The nature of molecule-substrate interaction has profound implications for the interface elec-
tronic structure, influencing device-relevant parameters such as carrier mobility, charge separa-
tion, and optical response. These modifications can often be understood in terms of the energy
level alignment at the surface, hereafter abbreviated as ELA, which refers to the relative position
of the energy levels on both sides of the interface. The ELA determines the tunnelling properties
across the interface, including the direction of charge transport [130], which is critical for many
applications such as solar cells.

Figure 1.6 displays different types of alignment that can occur at the molecule-substrate inter-
face. As key physical quantities relevant for the ELA, we consider the energetic positions of the
valence band maximum (VBM) and conduction band minimum (CBM) of the semiconducting
(SC) substrate, as well as the HOMO and LUMO of the adsorbed molecule. In the case of type I
alignment (shown in Figure 1.6a), the material with the smaller band gap aligns entirely within
the band gap of the other material, making it particularly suitable for energy transfer, as both
holes and electrons will relax into the same material.

In contrast, type II interfaces exhibit staggered alignment of the CBM (LUMO) and VBM
(HOMO), which provides an efficient pathway for electron-hole separation, as required in photo-
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Figure 1.6: Different band structure alignments between the SC surface and the organic molecules
(ORG). The roles of both components are reversible. The different types are characterized mainly
by the relative positions of the VB and HOMO (orange) of component 1 with respect to the CB or
LUMO (blue) of component 2. Type Ila and IIb are separated based on the barrier between the
unoccupied and occupied levels. Adapted from [131].

voltaics and photodiodes. Depending on the relative energy spacing between the CBM (LUMO)
and VBM (HOMO) of both materials, this class can be further divided into type Ila and type
ITb. The last type of interface, type III, features the CBM (LUMO) of one material positioned
below the VBM (HOMO) of the other. However, such a configuration is often unstable and can
evolve into a type IIb ELA due to interface effects such as band bending, charge transfer, and,
in some cases, chemical bond formation. The latter is itself influenced by the initial ELA, as, in
a simplified picture, bond formation is driven by the hybridization of electronic states at similar
energy levels [131].

In the situation depicted for a type III alignment in Figure 1.6, the contact between both
materials leads to an electron transfer from the VBM of the semiconducting substrate into the
LUMO of the adsorbed organic molecules. This local positive charge induces a rearrangement
of the energy levels, resulting in a transformation of the ELA into a type II alignment. This
effect enables targeted tuning of the ELA, leveraging the versatility of organic molecules, where
factors such as molecular orientation, substitutional groups, and chain length all influence the
molecule’s electronic properties. For example, Greiner et al. [132] have shown that changes
in the work function of transition metal oxides upon adsorption of organic molecules follow a
universal trend, primarily governed by the ionization energy of the molecule and the initial work
function of the substrate [120, 133-136].

A slightly different situation arises in the case of n-doped semiconducting substrates, where
the LUMO of the adsorbed molecule lies below the Fermi energy of the substrate due to the
molecule’s electron affinity exceeding the substrate’s work function [137, 138]. In this case,
electrons are transferred from the substrate to the molecule, building up an interface dipole mo-
ment Acp, which shifts the partially occupied LUMO to higher energies until it aligns with the
Fermi energy. This interface dipole is generally divided into two contributions: one stemming
from band bending (App), and one from a surface dipole contribution (Agp). The magni-
tude of each contribution can vary, with band bending often limited by defect states near the
surface [138].

While many additional concepts are relevant for organic/metal interfaces, such as momentum-



18 CHAPTER 1. THEORETICAL BACKGROUND

selective orbital hybridization [139] or the IDIS model [140], these are primarily applicable to
metallic substrates and are thus not central to the investigations presented in this thesis. Nev-
ertheless, the effects discussed above already highlight that the ELA at organic/semiconducting
interfaces provides essential insights into interface phenomena and is key to the targeted mod-
ification of a substrate’s electronic structure. While conventional photoelectron spectroscopy
already offers valuable information about the energetic alignment of molecular orbitals, we will
see later in section 5.2 that a more advanced method, photoemission orbital tomography (POT),
based on angle-resolved photoelectron spectroscopy, enables the direct identification of individ-
ual orbitals. This provides a more detailed picture of the ELA at the interface. Moreover, the
development of time-resolved ARPES techniques offers further insight into the ultrafast electron
dynamics at such interfaces. It enables the investigation of complex phenomena such as exciton
formation, where a precise understanding of the ELA allows for disentangling contributions from
different molecular and substrate orbitals [130, 141].
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2 Experimental Methods

This chapter provides an overview of all experimental methods employed in the research pre-
sented in this thesis. The first part introduces the theoretical principles of momentum mi-
croscopy, beginning with the fundamentals of angle-resolved photoelectron spectroscopy (ARPES)
and a description of the two types of detectors used. In the second part, the focus extends to in-
clude the time domain. This section introduces the concept of time-resolved ARPES (trARPES),
highlighting the central physical principles as well as the key quantum phenomena that can be
investigated with this technique in semiconducting materials. The final two sections conclude
the chapter by presenting the experimental setups in detail, along with a description of the
sample preparation procedures.

2.1 Photoelectron Spectroscopy

The available literature on the fundamentals of the photoemission process is extensive. There-
fore, this thesis will refrain from providing a comprehensive review of the various stages involved
in photoemission or the distinctions between different theoretical models. Instead, we begin at
a more application-oriented level by introducing the key experimental techniques used through-
out this work - Momentum Microscopy (MM) and X-ray Photoelectron Spectroscopy (XPS).
Following a brief overview of the general concept of angle-resolved photoemission, which forms
the foundation of momentum microscopy, we will focus on the two types of detectors employed
for the investigation of the MPS3 material family. While both systems are based on the same
physical principles, they differ significantly in terms of data acquisition and the subsequent data
processing. This section concludes with an introduction to X-ray Photoelectron Spectroscopy,
a technique that provides access to the atomic core levels and thus yields crucial information
about chemical moieties, oxidation states, and the electronic configuration of specific orbitals.
The presented explanations are based on the books by Stefan Hiifner [105] and Shigesama Suga
et al. [142] as well as reviews by Sobota et al. [46], Boschini et al. [48], and Na et al. [49].

2.1.1 Angle-Resolved Photoelectron Spectroscopy

The basic principle of photoelectron spectroscopy (PES) is based on the photoelectric effect, in
which electrons are emitted from the surface of a material upon irradiation with monochromatic
light. By capturing these emitted electrons and measuring parameters such as their kinetic
energy Fii, and emission angles (¢, ), it is possible to extract detailed information about the
electronic structure of the material. Depending on the photon energy used, different aspects
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Figure 2.1: Schematic representation of the connection between the electron emission angles 6 and
¢ and the parallel momentum components in k-space k, and k,. The black arrow stands for the
incoming photon, subsequently leading to the emission of the electron (blue arrow). The underlying
image is the momentum-dependent photoemission intensity at constant binding energy.

of the electronic structure can be probed. Photon energies in the range of a few hundred
electronvolts are typically employed to investigate the valence band structure, whereas higher
photon energies, in the range of several kiloelectronvolts, are used to access the core levels of
specific elements.

In angle-resolved photoelectron spectroscopy (ARPES), measurements are typically performed
using photon energies hAr in the range of a few tens of electronvolts. Based on energy and
momentum conservation of the photoemitted electrons, it is possible to extract both the binding
energy Ep and the parallel momentum component k)| using the following relations:

Eyin = hv — ® — Ej (2.1)

V2me

(kH,x? k||,y)T = n V/ Ekin cos (9) : (Sin (¢)7 Cco8 (¢)T (2'2)

Here, ® denotes the work function of the investigated material, and m. is the electron mass.
Together, these parameters allow for a detailed characterization of the electronic structure by
mapping the emission intensity I as a function of Fpg, k;, and k,. The resulting spectra can
either be integrated over momentum, yielding the intensity solely as a function of binding energy
(also referred to as energy distribution curves, or EDCs), or analysed in a momentum-resolved
manner. In the latter case, two-dimensional cuts along specific directions in momentum space
are typically used, often connecting high-symmetry points of the surface Brillouin zone.

Besides the maximum accessible momentum space, the ARPES intensity also depends strongly
on the experimental geometry and the photon energy used. In a standard photoemission exper-
iment, the ARPES intensity is described by
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I(k,w) x |M}€7Z~\2A(k:,w)f(w), (2.3)

where M JIZ’Z is the photoemission matrix element, A(k,w) denotes the one-electron removal spec-
tral function, and f(w) is the occupation function at a given temperature T (typically the
Fermi-Dirac distribution in our case). The photoemission matrix element plays a critical role in
the measured intensity and reflects the symmetry and polarization dependence of the photoemis-
sion process. It accounts for the polarization of the incoming photons as well as the symmetries
of the initial and final states. As a result, it can significantly modulate the ARPES signal,
occasionally even suppressing the contributions from specific orbitals entirely. For instance,
the use of linearly polarized light can selectively enhance or suppress emission from particular
d-orbitals: s-polarized light (polarized perpendicular to the plane of incidence) predominantly
reveals contributions from the d, . orbital, whereas p-polarized light (polarized within the plane
of incidence) primarily probes the d, orbital [143]. However, spin-orbit coupling (SOC) can lead
to a mixing of orbital contributions in the ARPES spectra, even when using linearly polarized
light.

Equally important, the one-electron removal spectral function A(k,w) encodes the intrinsic
electronic structure and many-body interactions of the system. It is formally defined via the
imaginary part of the retarded Green’s function [46, 49]

Ak, w) = ——ImG(k,w) = ——Im| ] (2.4)

= — . - . (2.5)
T [hw — e — 5 (W) 2 4 [E (w)[?

Here, ¢ represents the bare-band dispersion describing the electronic structure in the non-
interacting case, while ¥X;(w) denotes the electron self-energy, introduced to account for per-
turbations based on the interacting system. As the formula indicates Z;ﬁ(w) leads to an offset
of the electron band energy e, and ¥, (w) broadens the spectral peak [46]. This connection to
the electron self-energy positions ARPES as a unique technique for understanding the electronic
properties of solids [144].

2.1.2 Momentum Microscopy

Conventional electron energy analysers typically operate in a two-dimensional plane, allowing
the simultaneous acquisition of photoelectrons only within a limited angular range, typically
around 30° in one direction. As a result, mapping the full band dispersion across a broader
range of parallel momenta requires mechanical rotation of either the sample or the detector to
scan through different emission angles ¢ and . In recent years, a new technique has emerged that
combines ARPES with imaging electron optics — momentum microscopy (MM). This method
allows for the simultaneous capture of the full momentum space in a single-shot experiment.
The key innovation is the use of a cathode immersion lens, also referred to as an extractor
lens. A strong accelerating electric field is applied between the sample and the entrance lens,
typically in the range of 5kV to 30kV. This field bends the trajectories of photoelectrons, even
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those emitted at high angles, such that they all enter the lens system and are subsequently
imaged. Since the accelerating field is oriented perpendicular to the sample surface and exhibits
cylindrical symmetry, the parallel momentum component k| is conserved. However, the emission
angle is reduced to a smaller effective angle #’ under which the electrons enter the lens. This
reduced angle remains related to the parallel momentum through:

! V2me(eUa + Fin)

sin (6') (2.6)

An exemplary schematic of the cathode lens system, along with the trajectories of the elec-
trons after emission from the surface, is shown in Figure 2.2a. When the acceleration voltage
U, is large compared to the kinetic energy of the emitted electrons, the resulting momentum
distribution in the back focal plane (also referred to as the Fourier plane, in analogy to conven-
tional optics) is linearly proportional to the parallel momentum k). Assuming that the cathode
lens collects electrons emitted within an angular range of +90°, the maximum accessible par-
allel momentum depends solely on the kinetic energy Eyi, of the emitted electron and is given
by:

max __ V 2meEkin
= — (2.7)

I n

As an example, illuminating an Au(111) surface (with a work function of & = 5.31eV) using

photons with an energy of hv = 21.22eV (corresponding to the He I « line of a helium discharge

lamp) results in a maximum accessible parallel momentum of k:ﬁ“ax = 2.043 A™'. This value is

sufficient to cover the entire first Brillouin zone (BZ). This relationship also explains why high-
harmonic generation (HHG) sources are used in later experiments. For instance, a conventional

laser pulse with hv = 6eV would only yield an accessible kﬁlax ~0.725 A" for a sample with a
typical work function of & = 4eV.

Besides imaging the electrons in momentum space (where each pixel on the detector collects
electrons leaving the sample surface under identical emission angles 6 and ¢), momentum micro-
scopes also enable imaging in real space. In this mode, each detector pixel corresponds to a fixed
lateral position on the sample surface, effectively forming a spatially resolved image. Switching
between momentum and real-space imaging is achieved in the third stage of the lens column. By
employing additional electron lenses, one can choose whether to project the momentum space
(Fourier plane) or the real space (image plane) onto the CCD detector. This functionality al-
lows for direct imaging of the sample surface, often performed using secondary electrons. Since
the Fermi level is aligned to the detector through electrical grounding, the energetic position of
the secondary onset of the emitted electrons varies depending on the material’s work function
(see Figure 2.2b, Materials 1 and 2). By selecting a kinetic energy where only electrons from a
specific material contribute, high-contrast imaging of the sample is possible. While this is often
done at low kinetic energies, higher energies can also be used, provided that the density of states
(DOS) at the chosen energy differs significantly between materials, ensuring sufficient contrast
(also illustrated in Figure 2.2b).
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Figure 2.2: (a) General design of the immersion lens, projecting a virtual sample by bending the
trajectories of electrons leaving the surface under high emission angles into the detector. The plane,
where all electrons emitted under the same angle overlap is the Fourier plane (or momentum image
plane). Adapted from [142]. (b) Obtainable PEEM real space image when measuring at different
kinetic energies. Measuring close to the secondary onset of the material with the lower work function
results in the image with highest contrast (A). Measuring at other energetic positions can lead to
usable images depending on the difference in DOS, resulting in very bad contrasts at energies with
a similar DOS (B) and detectable contrast for energies with stronger deviations (C).

Another important feature of the lens column includes the so-called field aperture and contrast
aperture. As discussed, specific positions in the lens column contain either the real-space or
momentum-space image. By inserting plates with variable hole diameters at these planes, the
passage of electrons can be selectively restricted. The field aperture is placed at a real-space
image plane, allowing selection of electrons originating from a defined region of interest (ROI)
on the sample. This is particularly useful for studying small or fractured regions where only
a limited area is suitable for measurement, or for avoiding contributions from the surrounding
substrate. Similarly, the contrast aperture is positioned at a momentum-space plane and restricts
electrons to a defined region in k-space. This allows targeting of specific parallel momentum
values, for instance, by selecting electrons from a particular high-symmetry point in the Brillouin
zone.

Momentum microscopes come in two primary configurations, differentiated by how they resolve
the kinetic energy of photoemitted electrons: hemispherical analyzer-based systems and time-
of-flight (ToF) based systems. Both types share the foundational lens system for momentum
imaging introduced above, but differ significantly in their energy-dispersive mechanisms and
data acquisition strategies. The specific implementations used in this work are described in
detail in subsection 2.3.2 and subsection 2.3.3.

2.1.3 X-Ray Photoelectron Spectroscopy

While the momentum microscopy introduced in the previous section is primarily employed to
investigate the valence band structure of different materials, it is also essential to examine the
core levels, particularly in the context of alkali metal-induced changes discussed in section 6.2.
This can be achieved using X-ray photoelectron spectroscopy (XPS). In contrast to valence band
studies, XPS typically employs much higher photon energies to excite core-level electrons, most
commonly around 1.5keV (e.g., Al Ka: 1486.6eV, Mg Ka: 1253.6eV). Since each element
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Figure 2.3: Schematic visualisation of the different features appearing in XPS spectra, depicting
a XPS spectrum containing (a) a single core level spectrum, (b) spin-orbit coupling (SOC) split
main peaks, (c¢) SOC split peaks including multiplet effects, and (d) all effects mentioned before
plus additionally satellite features.

exhibits a unique set of core-level binding energies, XPS enables precise elemental identification
as well as the detection of chemical shifts, which reveal changes in the local chemical environ-
ment and oxidation states. Despite the higher photon energies, XPS remains a surface-sensitive
technique, with tunable information depth that can be adjusted by varying the angle between
the analyzer and the sample surface.

For the analysis of XPS peaks, it is crucial to consider the various physical effects that influence
the observed core-level line shapes [44]. These effects often lead to complex spectral features,
where core-level signals do not appear as simple single peaks [43, 45]. The most important of
these effects are discussed in the following and are graphically visualized in Figure 2.3.

One of the most prominent effects in XPS spectra is the presence of spin-orbit coupling (SOC)
and the characteristic splitting it induces in core-level peaks. Due to SOC, the kinetic energy of a
detected photoelectron depends on whether its spin vector is parallel (j = [+1/2) or antiparallel
(j =1—1/2) to the orbital angular momentum vector. This results in the appearance of spin-
split core-level doublets: p3/o-—pi/2, ds/2-dse, and fr7/2-f5/2 (see Figure 2.3b). The intensity
ratio of these doublets is determined by the degeneracy of the corresponding levels (25 + 1),
leading to a 2 : 1 area ratio between the p3/; and p; o peaks, which are the peaks analysed in
section 6.2.

Another important phenomenon affects the detailed shape of the core-level peaks. While in
many cases the spectral features can be adequately described using a pseudo-Voigt profile (i.e.,
a convolution of Gaussian and Lorentzian components), the core levels of transition metals (TMs)
often exhibit more complex structures composed of multiple contributions (see Figure 2.3c) [145].
These arise in open-shell systems where the exchange interaction between valence electrons and
the unpaired electron left behind in the core level after photoemission gives rise to a set of final
states with slightly different energies [146-150]. For example, the emission of a 3s electron from
Mn?* (352 3p5 3d°) results in a Mn3" final state (3s' 3p%3d®), where the hole in the 3s level can
couple either parallel or antiparallel to the spins in the 3d® shell. This results in two multiplet
components within the Mn 3s spectrum.

Besides the effects due to SOC and the multiplet structure, which primarily affect the main peaks,
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several additional phenomena give rise to secondary features in XPS spectra, often referred to
as satellites. These additional peaks can originate from different mechanisms, with the two
most common being shake-up (or shake-off) satellites and Auger-related features [151]. Shake-up
satellites typically appear a few eV higher in binding energy than the main peak (see Figure 2.3d).
They are caused by inelastic interactions between the photoexcited core electron and valence
electrons, where the latter are excited to higher energy levels, resulting in an energy loss of the
emitted photoelectron [152-154]. Auger-related features, which are sometimes observed in XPS
spectra, arise from Auger processes. In such events, the core hole left behind after photoemission
is filled by an electron from a higher-energy valence orbital [155]. The energy released during
this process can be dissipated either via X-ray fluorescence or by emission of an Auger electron.
Since XPS only detects electrons, the latter mechanism contributes to the measured spectrum.
These transitions involve three electronic levels, commonly denoted by spectroscopic notations
such as K, L, or M. For instance, a KLL transition describes a process where the initial hole is
created in the K shell, which is then refilled by an electron from the L shell, with the released
energy used to eject another electron from a second L shell [43, 45].

The kinetic energy FEyi, of the Auger electron is given by:

Ekin,Auger ~ Ebin,K - Ebin,Ll - Eb'm,Lg (28)

As one can easily see, the kinetic energy of the Auger electron is independent of the photon
energy. Consequently, its apparent binding energy position in the spectrum shifts depending on
the photon source used. This shift can lead to an overlap with specific core-level peaks, as will
be discussed later for the Co 2p peak in section 6.2.

2.2 Time-Resolved ARPES

While ARPES and XPS already allow detailed investigations of many interactions in solid-
state materials, various specialized adaptations of ARPES have emerged over the past years.
These include enhancements in spatial resolution (micro-ARPES, nano-ARPES), the detection of
spin-resolved signals (spin-ARPES), and, crucially, the extension into the time domain through
time-resolved ARPES (trARPES). Time-resolved ARPES enables the study of non-equilibrium
electronic dynamics with energy and momentum resolution. This method provides access to
transient phenomena such as carrier relaxation, ultrafast phase transitions, or quasiparticle
lifetimes. It is particularly powerful for disentangling intertwined interactions in the time domain
by tracking their evolution in energy-momentum space. As trARPES forms the methodological
backbone of the investigations in section 4.6, this section introduces its fundamental operating
principles, key technological developments in modern table top laser systems, and the types of
electronic excitations that can be studied using this technique.

2.2.1 Fundamental Principle

The basic principle of trARPES relies on a spectroscopic pump-probe technique, widely employed
in other spectroscopic methods, including photoemission-based approaches such as two-photon
photoemission. This technique utilizes two temporally separated laser pulses: the first pulse
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Figure 2.4: Experimental design behind time-resolved ARPES measurements. (a) Typical exper-
imental setup for pump-probe photoemission experiments, consisting of two different pulses with
variable delay with respect to each other, and an ARPES detector to detect the photoemitted elec-
trons. (b) Schematic visualisation how a typical transient photoemission intensity curve corresponds
to different ”snapshots” of the induced dynamics.

(pump) excites the sample and triggers dynamical changes in the electronic structure, while the
second pulse (probe) induces photoemission from the transiently excited state with controllable
time delay (see Figure 2.4a). The photoemitted electrons are then detected and analysed, en-
abling access to the evolving out-of-equilibrium band structure. As illustrated in Figure 2.4b,
by systematically varying the time delay between the pump and probe pulses and recording the
corresponding photoemission intensity, one can reconstruct a time-resolved sequence of band
structures. This effectively generates a movie of the electronic dynamics following optical exci-
tation, providing deep insights into relaxation processes and transient phenomena.

Based on the complex fingerprint of electron dynamics typically investigated with trARPES, the
laser pulses used must fulfil very specific requirements. First, to map a sufficiently large portion
of the momentum space, high photon energies are usually required. While in some cases only
dynamics near the I" point are studied, for example in topological insulators such as BiyTes [156],
and photon energies around 6 eV are sufficient, many experimental scenarios require full access
to the entire first Brillouin zone. As discussed in subsection 2.1.2, this typically necessitates
photon energies of approximately 20eV for most materials. The second key aspect is the time
resolution. Many ultrafast processes, such as exciton generation, exciton recombination, or
the formation of Floquet-Bloch states, occur on timescales of only a few picoseconds or even
less. Therefore, resolving these non-equilibrium dynamics requires ultrashort optical pulses with
durations of just tens or a few hundreds of femtoseconds.

2.2.2 High-Harmonic Generation

To meet the challenging requirements for the photon source, trARPES experiments are often
based on pulses generated by high-harmonic generation (HHG). This technique is based on a
nonlinear optical process, where high-energy photons are generated from a strong laser field
interacting with a nonlinear medium, typically noble gases such as argon or neon. This process
produces odd-numbered harmonics of the fundamental laser frequency and can therefore be used
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Figure 2.5: Visual depiction of the different steps in generation high harmonics. In the first step
(a), the strong field of the laser pulses tilts the potential of the atomic nuclei, allowing the electron
to escape. In the second step (b), the electron is accelerated away from the nucleus, before finally (c)
recombining with the nucleus after field reversion under emission of a high energy photon. Adapted
from [158].

to generate laser pulses with sufficient energy to map the full Brillouin zone of a material.

The process of generating these higher harmonics can be well understood within a semiclassical
three-step model, visualized in Figure 2.5, and typically occurs when a high-intensity laser beam,
around 1 x 10" W cm™2, interacts strongly with the medium into which it is focused. In the
first step, the electric field of the laser modifies the Coulomb potential of the atomic nucleus,
effectively tilting the potential barrier. This leads to a finite tunnelling probability for bound
electrons to escape from the atom (Figure 2.5a). In the second step, also known as propagation,
the tunnelled electron is accelerated away from the ion by the oscillating field of the laser pulse.
When the electric field reverses its sign, the electron is driven back toward the parent ion
(Figure 2.5b), and in the final step, recombination of the electron with the atomic nucleus leads
to the emission of Bremsstrahlung-like radiation (Figure 2.5c¢).

The spectrum of the emitted photons typically exhibits a plateau-like structure with several
harmonics, terminating at a specific energy known as the cut-off energy. This maximum photon
energy generated by HHG is given by:

Epp, < 1, + 3.170,, (2.9)

which includes the ionization potential I, of the used medium and the ponderomotive energy U,
of the laser field [157]. As discussed previously, the emitted spectrum consists of multiple har-
monics, which are generated at different times due to the frequency dependence on the ionization
potential and the kinetic energy. For this reason, high-harmonic generation is typically followed
by a dedicated filtering sequence that removes both the fundamental driving laser and undesired
harmonic components. In conclusion, this method represents a table-top technique capable of
producing pulses with narrow spectral linewidth and femtosecond time resolution.

However, there are also challenges in identifying an optimal set of parameters, as the pulse char-
acteristics in high-harmonic generation are closely interdependent and typically involve trade-offs
between photon energy, flux, and time resolution. Already at the level of the pump laser prop-
erties, a higher photon energy (corresponding to a shorter wavelength) results in lower HHG
photon energies, but with significantly increased conversion efficiency [159]. Another important
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requirement is the limitation of photon flux, as a high density of photoelectrons would lead
to pronounced space charge effects arising from electrostatic repulsion. These effects strongly
impact the energy resolution and cause broadening in the ARPES spectra, as well as blurring
of the momentum maps (as will be shown in section 4.1). Furthermore, temporal and energy
resolutions are inherently linked through the time-bandwidth uncertainty principle. This prin-
ciple states that, in order to achieve a short temporal pulse duration, the pulse must span a
broad energy range. This constraint leads to the so-called Fourier limit, which states that the
product of the temporal and spectral width of a pulse cannot fall below 1800 meV fs [160]. In
summary, HHG is a table-top technique capable of delivering narrow-bandwidth, femtosecond
pulses, where a careful selection of experimental parameters is required based on the dynamical
processes under investigation.

2.2.3 Measuring Photonic Excitations with trARPES

Many optical excitations that are typically observed with trARPES can also be detected using
optical techniques such as photoluminescence measurements. However, due to the ability to re-
solve the momentum space and directly track the momentum of photoexcited electrons, a wide
range of dynamical processes can be studied in greater detail. Moreover, trARPES allows access
to specific dynamics that are not detectable using purely optical methods, as those are limited
to vertical transitions and do not capture momentum-dependent processes (as illustrated in Fig-
ure 2.6). In the case of two-dimensional materials, for instance, enhanced Coulomb interactions
can result in strong renormalization of the band gap and the single-particle band structure,
pronounced many-body correlation effects, or an increased role of excitons during photoexcita-
tion [48]. This section will therefore briefly outline the momentum-space signatures of different
photoinduced excitations observed in trARPES, and highlight examples where these signatures
have extended the range of accessible information beyond what standard optical techniques can
provide.

------------------------------------- Xy
............. eIectronlc scattering TTtte-.. spm flip
photoexcited elecMom \_/i/
scatterlng
spin-flip
bright exciton x A indirect excitations
excitons
Kvalley Q valley K' valley

Figure 2.6: Schematic representation of different processes observable with time-resolved ARPES
techniques, mostly hidden from standard optical techniques. While bright excitons are also optically
accessible (green lettering), the other phenomena like indirect K-Q or K-K’ excitons, mixing in
different valleys or spin-flip excitons are hidden (red lettering) and can only be investigated in
detail with trARPES techniques. Adapted from Ref [50].
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Conduction band observation

One of the most fundamental applications of trARPES is the investigation of band gap dynam-
ics in semiconductors. This often includes mapping of the unoccupied conduction bands [51],
sometimes using varying pump energies to study intra- and intervalley scattering processes. For
instance, the investigation of optical transitions in InSb with different pump energies enables the
targeted excitation of specific transitions from selected bands, achieved by careful tuning of the
pump wavelength. Additionally, by tracking the temporal evolution of photoemission intensity
at distinct points in momentum space, it is possible to observe how electrons, initially excited in
the I'-valley with energies above the minimum of the L-valley, undergo intervalley scattering on
timescales of only tens of fs before relaxing back into the I'-valley [161]. Similarly, trARPES has
provided critical insights into dynamical processes in two-dimensional materials such as MoSs,.
In centrosymmetric transition metal dichalcogenides (TMDs), the bulk crystals typically exhibit
an indirect bandgap between the I'-point in the valence band and the K-point in the conduction
band. However, in the monolayer limit, this shifts into a direct bandgap located at the K-point.
By employing different pump photon energies, this change in the band gap character can be
observed directly in momentum space. In this way, the direct bandgap of monolayer MoSy was
measured to be £ = 1.95eV, a value that deviates significantly from those obtained using static
ARPES methods, such as alkali metal doping [162].

Beyond static mapping of the conduction band, trARPES also allows the observation of tran-
sient modifications in the band gap energy and electronic relaxation processes. These include
phenomena such as renormalization of the band gap, variation induced by the choice of sub-
strate for exfoliation, or doping with foreign atoms [163]. For example, a monolayer of MoSs on
graphene experiences a band gap renormalization of up to 400 meV [164], induced by the tran-
sient redistribution of photoexcited charge carriers that alters the screening potential [165]. The
importance of substrate selection was further demonstrated by Majchrzak et al., who character-
ized the quasiparticle band gaps of mono- and bilayer MoSs and WSy on graphene, Au(111),
and Ag(111). Their results showed that the band gap of the 2D materials, as well as their
relaxation dynamics, are strongly modulated by the choice of substrate [166, 167]. Extending
these studies to 2D heterobilayers, trARPES has also provided access to intrinsic dynamics that
reveal complex interlayer phenomena. These include not only band gap renormalization and
charge carrier relaxation but also properties emerging from the relative twist angle between the
layers, such as wavefunction localization within moiré patterns [159].

In addition to the mapping of conduction band structure and band gap modifications, trARPES
has recently been used to study interactions of quasiparticles such as excitons and photons.

Excitonic excitations

Excitons, which are electron-hole pairs bound by Coulomb attraction, play a central role in
defining the optical and transport properties of many semiconductors and insulators, partic-
ularly in low-dimensional and strongly correlated materials. In systems such as lead-halide
perovskites, excitonic effects dominate the near-band-edge absorption and govern light emission
even at room temperature. This behaviour results from their large binding energies and strong
light-matter coupling [168]. In two-dimensional semiconductors such as monolayer transition-
metal dichalcogenides, the reduced dielectric screening and quantum confinement lead to tightly



32 CHAPTER 2. EXPERIMENTAL METHODS

bound excitons with binding energies of several hundreds of meV, which determine nearly all
optoelectronic behaviour [169].

As schematically visualised in Figure 2.6, many exciton dynamics are not accessible using stan-
dard optical techniques. In this context, trARPES substantially extends the range of experi-
mentally observable phenomena. These include momentum-indirect excitons (also referred to
as “dark excitons”), excitonic scattering processes, and spin-flip transitions. Following early
theoretical work that sought to predict the photoemission fingerprint of excitonic states in
ARPES [169, 170], the first direct observation of an excitonic signal using trARPES was re-
ported by Madéo et al., who studied a monolayer of WSes exfoliated onto hexagonal boron
nitride (hBN) [171]. By pumping the system well below its electronic band gap, excitonic fea-
tures were revealed at the K-point of the surface Brillouin zone. More significantly, trARPES
enabled the detection of a momentum-indirect dark exciton at the (J-valley. This state appeared
with a delay of a few hundreds of fs and could not be detected using purely optical methods. The
ability of trARPES to resolve photoemission signals in momentum space enabled the authors to
independently analyse the relaxation dynamics at both valleys, including extraction of the scat-
tering timescale between them. Building on these foundational results, the study of excitonic
signatures using trARPES has advanced in several directions. These include the observation of
excitonic resonances in moiré superlattices and the reconstruction of real-space wavefunctions
associated with bound excitonic states [172, 173]. Most recently, trARPES has been applied to
molecular layers, providing access to their complex orbital structure. In these systems, excitonic
states originate from the coupling of electrons and holes located in different molecular energy
levels, and their dynamics can now be studied in momentum space [130].

Light-driven phonons

The last class of quasi-particles relevant for the following discussions are phonons, which are
collective vibrations of atoms around their equilibrium positions (see section 1.1). Phonons
are often visible in trARPES experiments as oscillations either in the transient photoemission
intensity of unoccupied states or in the binding energy of specific bands. In this way, trARPES
allows one to investigate how phonons couple to the electronic bath, or more specifically, how
they interact with other excitations such as excitons [48]. This interaction can typically be
accessed through two different excitation schemes: resonant phonon pumping [174] and non-
resonant excitation. The latter often involves displacive excitation mechanisms [53, 175] or
Raman processes [176].

The detection of coherent oscillations in momentum space offers a more detailed understand-
ing of the underlying dynamics. For instance, it enables the separation of surface and bulk
responses [177] or the identification of mode-specific distortions, such as those found in BiyTes
and BisSes [178]. However, the detection of such oscillations requires probe pulses with both
narrow bandwidth and high temporal resolution. This constraint limits the accessible phonon
modes to those with lower frequencies, typically below 3-4 THz [48]. To overcome these limita-
tions, a modified approach known as frequency-domain ARPES has recently been introduced.
This method is based on applying a Fourier transformation to time-domain trARPES data and
enables the direct extraction of off-diagonal electron-phonon matrix elements [179]. Frequency-
domain ARPES allows for the identification of specific phonon modes and their influence on
distinct electronic bands by analysing the FT bandstructure at selected oscillation frequen-
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cies [180]. This provides access to otherwise hidden interactions and extends the information
that can be obtained from time-resolved ARPES significantly.

In addition to the phonon-related phenomena discussed above, trARPES has been successfully
applied to explore other ultrafast quantum phenomena such as Floquet-Bloch states [181-183]
and charge density wave dynamics [184]. These examples already highlight the power and
importance of this method, which in the last decade has yielded insights into processes that were
previously either inaccessible or only partially understood with conventional optical techniques.
Later in this thesis, we aim to extend the range of phenomena accessible with trARPES by
analysing the momentum-resolved signature of d-d transition-related multiplet excitations in
FeP83.

2.3 Experimental setups

During the investigations presented in this thesis, different experimental setups were employed,
each offering specific capabilities and advantages. For the analysis of core-level states, particu-
larly the detection of alkali-metal-induced changes discussed in section 6.2, an X-ray photoelec-
tron spectroscope (XPS) was utilized, as introduced in the first part of this section. To study
modifications in the valence band electronic structure, two types of momentum microscopes were
employed, each exploiting different detection principles. A hemispherical momentum microscope
(MM) was used for the majority of the data acquisition, while a ToF-based MM was primarily
used for the investigation of space-charge effects, as discussed in section 4.1.

2.3.1 XPS

XPS measurements were performed using a SPECS Phoibos 150 hemispherical analyzer (SPECS
GmbH), in combination with a monochromatized Al Ko source operating at a photon energy
of 1486.8eV. The incident X-ray beam was focused to a spot size of approximately 2 mm on
the sample surface. All spectra were recorded under consistent operating conditions, with an
acceleration voltage of 12.1kV and a fixed power setting of 111 W.

The analyzer consists of two concentric hemispheres between which a uniform electric field is
applied, as depicted in Figure 2.7. As electrons pass through this field, they follow curved
trajectories, with the radius of curvature depending on their kinetic energy. Only electrons
with a specific kinetic energy, referred to as the pass energy, can exit the analyzer through the
slit. This pass energy is experimentally adjustable to control the measurement resolution: lower
values increase energy resolution, while higher values reduce it.

Since the kinetic energies of photoemitted electrons typically exceed the selected pass energy
(commonly set to 20eV or 50eV), a retarding voltage is applied to decelerate the electrons
before entering the analyzer. By tuning this retarding field, the instrument selectively transmits
electrons of a chosen kinetic energy. After energy filtering, the transmitted electrons strike
a phosphor screen, generating visible light that is subsequently detected by a CMOS camera,
enabling image acquisition of the energy-resolved signal.

As the investigated materials are semiconducting and lack a well-defined Fermi edge, binding en-
ergy calibration was performed using the Fermi level of an Au(111) single crystal measured under
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Detector

Figure 2.7: Schematic representation of the electron trajectories through the hemispherical ana-
lyzer used for energy discrimination. The retarding field changes the kinetic energy of the electrons,
determining which electrons can pass through the exit slit of the analyzer. The different colours
represent different energies of the electrons.

identical conditions. The acquired spectra were analysed using the XPS Tools (XPST) package
for Igor Pro [185]. Spectral fitting was carried out using a pseudo-Voigt profile, constructed as
a linear combination of Gaussian and Lorentzian components with a fixed mixing ratio of 0.3.
A Shirley-type background was applied to account for inelastic scattering contributions.

2.3.2 KREIOS 150 MM

The experimental setup incorporating the KREIOS detector (SPECS GmbH) consists of two
main components: the photon sources, comprising a helium discharge lamp connected to a
monochromator and a high-harmonic generation (HHG) source producing light pulses with pho-
ton energies > 20 eV and a temporal resolution < 100 fs, and the detection system, which includes
the KREIOS 150 momentum microscope and a preparation chamber for molecular and alkali
metal deposition. As the entire setup is described in detail in the work by Schiller et al. [186],
the following section will emphasize only the most relevant aspects. A schematic overview of
the full setup is shown in Figure 2.8.

The HHG generation system is custom-built and seeded by a carbide laser from Light Conver-
sion with a variable repetition rate from 100 kHz to 1 MHz, generating infrared pulses at 1.2eV
with a pulse duration of 242fs. These pulses are directed into a custom-built nonlinear pulse
compression setup, initially guided through a combination of mode-matching optics. Subse-
quently, the pulses are reflected 32 times inside a Herriott-type multipass cell (MPC) [187], each
time passing through a nonlinear medium (fused silica), resulting in spectral broadening. This
broadened spectrum is then compressed by 12 reflections on dispersive mirrors with a negative
group dispersion delay (GDD) of —200fs?, reducing the pulse duration to 41.7fs. The setup
also includes a flip mirror that allows switching between the compressed pulses and the un-
compressed pulses, providing flexibility depending on whether higher time resolution or higher
energy resolution is desired.

The compressed infrared pulses are then directed into a 0.5 mm thick beta-barium borate (BBO)
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Figure 2.8: Experimental setup used for trARPES measurements with the KREIOS 150 MM
detector. The setup consists of a primary light source, a beam separation into the pump and
probe pulse beam path, with the latter employing high harmonic generation and a subsequent
monochromator for creating pulses with energies above 20eV. The pump pulse is guided through a

delay line before both pulses impinge on the sample. The emitted electrons are then detected with
the hemispherical MM. Image by Brad Baxley (Part to Whole).

crystal to generate the second harmonic at 2.4 eV, which increases the efficiency of the subsequent
HHG. The fundamental wavelength is separated using a dichroic mirror, allowing the creation
of separate pump and probe lines derived from the same laser pulse. For the HHG, the second
harmonic pulses are focused into an argon gas jet within the XUV generation chamber, a vacuum-
compatible module commercially provided by Active Fiber Systems GmbH.

Following generation, a set of grazing incidence plates separates the XUV pulses from the residual
second harmonic, directing the latter into a beam dump. The XUV beam is filtered by a 0.2 pm
thick aluminum foil, which removes harmonics below 20eV. Subsequently, a monochromator
selects the desired harmonic, typically 21.6eV, 26.4eV, or 31.3eV. To maintain the UHV
conditions required for photoemission measurements, the pressure in the generation chamber
and monochromator is gradually reduced via multiple pumping stages, reaching a base pressure
of 1 x 10719 mbar.

After the first BBO crystal, the remaining fundamental laser pulse at 1.2eV is directed into
a separate optical path, where it is used as a pump pulse. An additional BBO crystal can be
inserted into this path to generate the second harmonic, thereby allowing the experimenter to
employ either 1.2eV or 2.4eV as the pump photon energy, as utilized for the investigation of
electron dynamics in FePS3 (see chapter 4). The pump pulse then propagates through a series of
optical components including a delay stage (Newport DL125), which provides a maximum path
difference of 250 mm. This enables the scanning of temporal delays between pump and probe
pulses up to a maximum of 833.3 ps. After exiting the delay stage, the pump pulse is focused
using a lens and redirected into the final chamber of the monochromator, where a motorized
mirror permits precise alignment of the spatial overlap between the pump and probe pulses on
the sample surface.

A second photon source, directly connected to the analyzer chamber, is a helium discharge lamp
from SPECS GmbH, equipped with a monochromator to isolate specific emission lines. The
helium lamp emits several spectral lines from the He I and He II series, the most commonly
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Figure 2.9: Beam trajectories are drawn according to Ref. [188]. The different colours represent
different origins in real space, while the difference in style marks the different emission angles of the
electrons. Therefore, planes where all beams with the same colour are focused on the same point
correspond to the real space, while planes where all beams with same line style unite correspond to
the momentum space. All beams depicted represent electrons with equal kinetic energy and do not
display the energy dispersion introduced by the hemisphere. The work principle of the hemisphere
is depicted in Figure 2.7.

used being the He I « line at 21.22eV. A differential pumping stage follows the light source
to maintain ultra-high vacuum conditions within the analysis chamber. The monochromatized
light is then directed through a micro-focusing capillary, producing a beam spot size smaller
than 1 mm on the sample surface.

A schematic representation of the electron trajectories through the KREIOS 150 momentum
microscope is illustrated in Figure 2.9. In this section, we will concentrate on the components
specific to a hemispherical momentum microscope, as the general aspects of such systems (in-
cluding the extractor lens and the various apertures) were already introduced in subsection 2.1.2.
In hemispherical analyzer-based momentum microscopes, electrons are energy-filtered by a hemi-
spherical analyzer that disperses them according to their kinetic energy. The analyzer consists
of two curved hemispherical electrodes, between which an electric field is applied. This field
forces electrons with different kinetic energies to follow distinct trajectories. Only electrons
with the correct kinetic energy, defined by the retarding voltage and the pass energy, follow the
designated arc and reach the detector plane.

A fundamental aspect of the energy separation process is the usage of the Fourier-transformed
image corresponding to the plane that will later be projected onto the detector. For instance,
in momentum imaging mode, the real space image is first projected onto the entrance slit.
While the electrons traverse the hemispherical analyzer, the image is distorted along the axis
defined by the entrance and exit slit, due to the energy dispersion of the analyzer. However,
assuming that the entrance angles of the electrons « are preserved throughout the analyzer,
the Fourier lens placed after the exit slit reconstructs the correct momentum image on the
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CMOS detector [189, 190]. This detector typically consists of a two-dimensional arrangement,
including a multi-channel plate (MCP), a phosphorus screen, and a CCD camera, capturing
the momentum-resolved electron distribution. The size of the exit slit determines the energy
range that is projected onto the CCD. By sequentially scanning the retarding voltage, and hence
adjusting the energy acceptance window, a series of 2D momentum images at different energies
can be recorded. These images are then combined into a three-dimensional dataset: energy vs.
(kz,ky). As discussed by Tonner [189], the resulting image is still susceptible to a?-dependent
aberration effects. These can be further minimized in advanced detector designs, for example
by incorporating a second hemispherical analyzer [191] or an additional drift tube following the
exit slit [192].

Two additional components that play a crucial role in determining the energy and momentum
resolution of the detector are the entrance and exit apertures. In contrast to conventional hemi-
spherical analysers, these apertures are not simple slits but rather circular holes. This distinction
arises from the nature of the propagating electrons, which form a two-dimensional image with
either (z,y) or (kg ky) as axes, instead of a one-dimensional Ej, versus k| projection. In a
standard hemispherical analyzer, the energy resolution is typically adjusted by inserting rectan-
gular slits of variable width along the direction of energy dispersion. In contrast, the entrance
apertures in a momentum microscope are circular and available in different diameters. The two-
dimensional image projected onto the entrance aperture is a Fourier-transformed representation
of the image that will ultimately be projected onto the CCD camera. Reducing the diameter
of the circular aperture limits the angular spread of the electrons that enter the analyzer. This
restriction reduces spherical and chromatic aberrations, which results in improved energy reso-
lution. However, this improvement comes with a significant trade-off. As the aperture becomes
smaller, the number of electrons transmitted through the analyzer decreases substantially, lead-
ing to a reduced count rate. This intrinsic limitation of hemispherical analysers represents a
central challenge when balancing energy resolution and acquisition time.

2.3.3 METIS 1000

The experimental setup used for the ToF-based analyzer is largely similar to the one introduced
previously for the KREIOS 150 momentum microscope. However, as will be discussed later,
energy discrimination in this type of analyzer relies on pulsed light sources. Therefore, this
setup does not include a helium discharge lamp and is exclusively operated in conjunction with
a high-harmonic generation (HHG) source.

A simplified schematic of the XUV setup employed together with the ToF detector is shown in
Figure 2.10a. The setup, commercially obtained from Active Fiber Systems GmbH, is based on
a Compressed Parametric Amplification laser that serves as the seed for the XUV generation.
This laser incorporates a Ti:Sapphire light source with an output energy of 1.2eV and a pulse
duration ¢, ~ 262 fs. The generated pulses are seeded into five Ytterbium-doped fiber resonators,
which are combined through a collinear interferometric summation using two motorized mirrors,
resulting in an initial output power of approximately 160 W. Subsequently, the laser beam is
split into two paths. The transmitted portion is reserved for the generation of pump pulses,
while the reflected portion is directed into an Argon-filled MPC. This cell functions similarly to
the system introduced for the KREIOS setup, with one key difference. Whereas the KREIOS
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Figure 2.10: (a) Schematic drawing of the laser setup used for high harmonic generation coupled
to the ToF-type MM. The output from the CPA laser passes through a MPC and 8 mirrors with
negative GDD to compress the pulse down 50 fs. Passing through beam splitter, the reflected part of
the pulse is guided into a BBO and the subsequent HHG chamber containing a gas jet based gener-
ation. Afterwards the desired harmonic is filtered out by an aluminum filter and a monochromator.
The transmitted part of the beam after the previously mentioned beam splitter is guided through a
delay line and an optional BBO and is used as a pump pulse for time-resolved experiments. Alter-
natively, the setup also contains an OPA, which was not employed for the measurements presented
in this thesis. (b) Work principle of separating the Fundamental from the HHG using two holey
mirrors. The first holey mirror reflects only the outer ring, generating a donut shaped intensity
profile. Subsequently, the beam is focused into the Argon gas jet, generating the higher harmonics
which are emitted along the optical axis. As the beam diverges again after the gas nozzle, a second
holey mirror is placed to reflect the donut shaped intensity profile from the fundamental into a beam
dump, while the HHG pulse is transmitted and guided into the monochromator.

system utilized a fused silica medium for nonlinear spectral broadening by self-phase modulation,
the MPC in this setup employs Argon gas as the medium for spectral broadening. Following this
step, the beam passes through a set of eight dispersive mirrors, each designed with a negative
GDD of —200 fs?. This compression process reduces the pulse duration to below 40 fs.

After the compression, the beam is separated into two distinct optical paths by a polarized beam
splitter (BS). As the transmission and reflection coefficients depend on the polarization of the
incoming light, the ratio of intensity directed into each path can be adjusted using a motorized
A/2-plate. While both beams can subsequently be guided into the HHG chamber, one of them
is first focused into a BBO crystal, where the second harmonic is generated. This procedure
allows the selection of the excitation energy used for the HHG process.

Although the generation scheme based on argon gas is conceptually similar to the system de-
scribed earlier, the separation of the generated XUV pulses from the residual seed light follows
a different approach, avoiding the use of a dichroic mirror. Instead, the fundamental beam is
directed onto a mirror with a central aperture, which produces a donut-shaped intensity profile.
Inside the generation chamber, the beam is focused into an argon gas jet, where the XUV pulses
are generated near the beam axis. After generation, the pulses diverge and strike a second
mirror with a central hole. The XUV radiation, emitted along the beam axis and exhibiting less
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Figure 2.11: Schematic drawings of the main components of a ToF-type momentum microscope.
(a) Configuration of the DLD mesh implemented as a detector in the ToF-MM, consisting of two
delay line mashes rotated by 90° with respect to each other and a MCP stack on top. Reproduced
from [193]. (b) General design of the detector showing the different lenses and apertures inside the
microscope. Reproduced from [194] and [195].

divergence, passes through this hole, while the fundamental infrared pulses are reflected off-axis
into a beam dump. A schematic visualization of this geometric separation scheme is shown in
Figure 2.10b. Following the generation chamber, the XUV pulses pass through a 0.2 pm thick
aluminum filter and a series of reflective optics housed inside a monochromator. This system
isolates the specific harmonic that is selected for the photoemission experiments presented in
this work.

As described earlier, one part of the laser beam is extracted before entering the MPC and is
directed along a separate optical path. This pulse can be injected into an optical parametric
amplifier (OPA), which is capable of generating tunable pulses over a broad energy range. How-
ever, the OPA was not used in the experiments presented in this thesis. Instead, the separated
beam before the HHG chamber was employed directly as the pump pulse. Consequently, the
working principles of the OPA will not be discussed further.

After discussing the functionality of XUV generation in this setup, we now turn to the im-
plemented detection scheme. In this case, the momentum microscope is based on a ToF-type
analyzer (METIS 1000 by SPECS GmbH), where energy discrimination is realized in a funda-
mentally different way compared to the hemispherical scheme used in the KREIOS 150 MM.
Here, the kinetic energy of the electrons is not characterized by altering their trajectories, but
instead by measuring the time required for them to traverse a field-free cylindrical drift tube,
hence the term time-of-flight. The core element of this detection system is a delay line detector
(DLD), which simultaneously captures the two-dimensional distribution of photoelectrons and
the corresponding flight times. This functionality is achieved using two separate delay line layers,
in combination with a multi-channel plate (MCP) in Chevron configuration, as schematically
illustrated in Figure 2.11. Incoming electrons generate charge pulses upon striking the MCP,
which are then recorded via capacitive coupling by the delay line layers. The timing and spatial
information extracted from these signals allow for precise reconstruction of the electron’s kinetic
energy and momentum.

To determine the position of an event on the two-dimensional detector plane, a Time-to-Digital
Converter (TDC) measures the signal propagation time across both ends of the delay line meshes.
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For each spatial direction (X and Y'), the DLD registers the arrival times ¢; and ¢2, from
which the position information is extracted by computing the time difference for each axis:
X x (t:cl — tIQ) and ¥ (tyl — tyz).

In addition to spatial resolution, the DLD also enables measurement of the electron time-of-flight.
This is achieved by referencing the signal to an external trigger, which marks the moment of
photon incidence (pump or probe pulse). Unlike the position, which is determined via time
differences, the flight time is derived from the time sum of either pair (t;1,tz2) or (ty1,ty2),
which both yield equivalent results. The relationship is given by:

tsum = tz1 + a2 = Loffset + 2. (thit - treference) (210)

Here, tofset is a device-dependent constant that accounts for delays introduced by cable lengths,
electronics, and signal propagation. The term (tpit — treference) COrresponds to the actual time-
of-flight of the detected electron. This detection principle constitutes a major advantage of
time-of-flight analysers over hemispherical analysers. Since the flight time and thus the kinetic
energy can be determined for each individual electron, the complete energy spectrum is acquired
in parallel. In contrast, hemispherical analysers rely on stepwise acquisition by scanning over
the energy range.

In contrast to the previously discussed hemispherical analyzer, the ToF detection scheme op-
erates without an entrance slit, which eliminates transmission losses typically associated with
slit-based analysers. This constitutes another major advantage of the ToF configuration. In
this scheme, the energy resolution is governed by the drift energy Ep applied to the cylindri-
cal drift tube and is directly linked to the time resolution of the detector. Lowering the drift
energy increases the flight time of electrons, thereby enlarging the time difference between elec-
trons of different kinetic energies and improving the energy resolution AFE. In practice, the
achievable energy resolution is limited by the detector’s intrinsic time resolution Ar. For in-
stance, assuming a time resolution of A7 = 200ps, a drift energy of Ep = 5eV results in a
ToF of approximately 800ns and an energy resolution of AE = 20meV. In contrast, increas-
ing the drift energy to Ep = 100eV shortens the ToF to 110ns, but reduces the resolution to
AE = 800meV [142].

Despite these advantages, the ToF detection method also presents several limitations. First, it
requires a pulsed light source, rendering continuous illumination schemes incompatible. Given
the additional need for photon energies high enough to access a large portion of momentum space,
high-harmonic generation becomes the preferred excitation method. However, such systems are
technologically more demanding than most conventional continuous-wave sources. A second
drawback concerns aberrations introduced during the propagation of electrons with different
energies through the detector’s lens system. Since the electron optics are optimized for a specific
kinetic energy, the resulting band structure images exhibit a finite energy window over which
aberration-free mapping is possible. To mitigate this limitation, a field aperture is often placed
along the electron trajectory. This aperture restricts the acceptance angle relative to the optical
axis, thereby reducing off-axis aberrations and improving the spectral quality over a broader
energy range. Nevertheless, this also limits the total electron count reaching the detector, which
increases the required acquisition time to obtain adequate signal-to-noise ratios.
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2.4 Sample Preparation

The MPS3 crystals used in this thesis were grown via chemical vapour transport and commer-
cially obtained from HQ Graphene. Between measurement periods, the crystals were stored in a
desiccator under nitrogen atmosphere to prevent degradation. Representative images of CoPS3
and MnPS3, along with a schematic of the sample geometry used for the XPS and ARPES
experiments, are shown in Figure 2.12. The as-grown crystals vary in lateral size from 2 x 2 to
7 x 7mm, with a typical thickness of approximately 0.5 mm. At this size, the crystal surface is
often uneven and exhibits multiple terraces. To reduce material loss during the cleaving process
and to facilitate mounting, the crystals were trimmed into smaller flakes of typically 2 x 2 mm
when necessary. The flakes were then mounted on top of copper dummy plates using EPO-TEK
21D silver epoxy adhesive, ensuring both mechanical stability and reliable electrical contact with
the sample stage of the detector system. An exemplary image of a mounted NiPS3 crystal is
shown in Figure 2.12c.
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Figure 2.12: (a) and (b) present photos of CoPS3 and MnPSs, respectively. The lateral size as well
as the thickness are not always homogeneous, as visible especially for MnPS3, where the crystals
show a clear gradient of transparency. The samples are cut in smaller pieces and subsequently glued
onto our sample holder, as shown in (c). The silver glue sticking out under the sample will then be
removed carefully with the tip of a knife to prevent any charging effects during the measurements.

Before utilization in our experiments, the crystals were cleaved multiple times using the stan-
dard scotch tape method, in which a strip of tape is applied to the surface and subsequently
removed. By carefully repeating this procedure, we ensure the creation of a smooth, single-
terrace surface suitable for our ARPES experiments. This preparation step is essential, as the
laser spot size of up to 0.3 x 0.7mm requires a sufficiently large and even surface to avoid
photoemission contributions from sample edges. Additionally, our setup applies a high voltage
of 10kV between the sample and the detector, which may result in electrical discharge if the
surface contains protruding structures acting as antennas. Once a smooth surface is achieved,
a fresh adhesive strip is applied to the crystal with a small copper hook attached. The sample
is then transferred into the UHV system, where the final cleaving is performed under base pres-
sures of approximately 1 x 10~ mbar for ARPES and 1 x 10~7 mbar for XPS. As confirmed by
our XPS spectra presented in section 3.1, this procedure reliably produces clean surfaces that
remain stable and free of significant contamination for several days inside the UHV environment.
The preparation steps for the investigation of adsorbed organic molecules and alkali metals are
described in section 5.1 and section 6.1, respectively.
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3 Static Characterisation

Although antiferromagnetic MPS3s compounds have attracted increasing attention due to their
low-dimensional magnetism and van der Waals layered structure, combined theoretical and
experimental studies of their electronic band structure remain limited in both number and scope.
However, a comprehensive understanding of their electronic structure is essential for elucidating
the microscopic mechanisms underlying their physical properties, including charge transport,
magnetic ordering, and excitonic effects. Moreover, such insights are critical for evaluating the
potential of MPSs materials in future applications ranging from spintronics and optoelectronics
to energy storage and quantum information technologies.

In this first chapter, this knowledge gap is addressed through a detailed investigation of the
ground-state electronic structure of MPS3 compounds, with particular emphasis on FePS3 in se-
lected sections. A combination of X-ray photoelectron spectroscopy (XPS) and p-angle-resolved
photoelectron spectroscopy (p-ARPES), together with theoretical modelling based on Hubbard-
corrected density functional theory (DFT+U), is employed to probe both the core-level config-
uration and valence band structure of these materials. The p-ARPES technique enables direct
mapping of the valence band with high momentum and spatial resolution, granting access to fine
features within the surface Brillouin zone. Our measurements reveal a rich and complex band
structure, characterized by three principal energy regions populated by multiple overlapping
bands. To interpret these features, we perform DFT+U calculations that yield a phenomeno-
logical value for the Hubbard U, consistent with previous theoretical estimates. Furthermore,
the orbital-resolved electronic structure obtained from these calculations supports earlier inter-
pretations of angle-integrated ultraviolet photoelectron spectroscopy (UPS) data reported in the
literature [32, 109], confirming the dominant orbital character of the valence band features.

The results discussed in this chapter have been published previously in the following publica-
tions:

Jonah Elias Nitschke et al. “Valence band electronic structure of the van der Waals antiferro-
magnet FePS3”. In: Materials Today Electronics 6 (2023), p. 100061.
DOI: 10.1016/j.mtelec.2023.100061

Jonah Elias Nitschke et al. “Electronic structure reorganization in MPS3 via d-shell-selective
alkali metal doping”. In: arXiv, under Review in Advanced Science (2025).
DOI: 10.48550/arxiv.2506.01527. eprint: 2506.01527
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3.1 Core Level Spectroscopy

Figure 3.1a displays the survey scan for all four MPS3 compounds investigated in this study,
where contributions from the transition metal (M), phosphorus (P), and sulphur (S) atoms
can be clearly identified. In contrast to the valence band spectra presented later, all XPS
spectra are shown in binding energy, which was calibrated using a single crystal of Au(111)
as a reference. This approach is necessary, as the MPSs compounds are semiconducting and
therefore do not exhibit a Fermi edge, and as the contamination free composition of the sample
surfaces does not allow a calibration of binding energy based on the carbon 1s peaks, which is
another often used method. It is important to note that referencing against an external standard
introduces certain uncertainties, particularly since semiconducting materials are susceptible to
surface charging effects. However, throughout all measurements, no shifts in the kinetic energy
of the photoemission peaks were observed. This allows us to assume that any charging effects
are negligible. Consequently, referencing the binding energy scale to the Fermi edge of gold
is considered justified. Returning to the survey scans, the peaks associated with the P and
S atoms are located in the binding energy range of 100 - 250eV, with no significant shifts
observed across the different transition metal species. In contrast, the peaks corresponding to
the transition metals appear in the regions between 0 - 100eV and above 600eV, the latter
corresponding to the 2p core levels (exemplarily labelled for NiPS3). Furthermore, the spectra
confirm that cleaving the crystals under UHV conditions (10 x 10~7 mbar) does not lead to
surface contamination, as evidenced by the absence of detectable carbon or oxygen signals (with
the carbon region highlighted as a reference).
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Figure 3.1: Survey spectra of the different MPS3 compounds after cleaving the surface in 10 x
10" mbar. The peaks corresponding to the different atoms are marked accordingly. Additionally,
the black dashed lines mark the position of the C 1s and O 1s core levels that are important to
evaluate the contamination of the surface.

To extract information about the electronic configuration of the transition metal ion in the
various MPS3 compounds, we acquired the signals corresponding to the M 2p and 3p peaks.
Figure 3.2 shows the M 2p spectra for the different MPS3 compounds, including fitted compo-
nents, which will be discussed in more detail later. Here, we first focus on the general features
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Figure 3.2: XPS spectrum of the (a) Ni 2p, (b) Co 2p, (¢) Fe 2p, and Mn 2p peaks. The fits
consist of the 2p3/5 and 2p;/, peaks including their multiplet structure (green curves, based on
the Literature by Gupta et al. [146, 147]) and up to two satellites (violet curves). Additionally,
the spectrum for CoPS3 shows an additional shoulder at lower binding energies stemming from the
LaMa3Mys Auger transition (red curves). The extracted values (position and FWHM) for each peak
are given in section A.l.

of the measured spectra. Beginning with the NiPSs 2p signal, two sharp peaks are observed,
corresponding to the 2p3 /5 and 2p; o spin-orbit components. Each of these is accompanied by
prominent and clearly distinguishable satellite peaks, which exhibit comparable energetic sepa-
rations relative to their respective main lines. Owing to the overall sharpness and energy position
of these features, we attribute them to shake-up satellites arising from interactions between the
outgoing photoelectrons and valence electrons. In this process, valence electrons are excited to
higher energy states, thereby reducing the kinetic energy of the photoelectrons and resulting in
satellite features at lower binding energies relative to the main peaks [197, 198]. Further insights
into the ground-state electronic structure of NiPS3 can be obtained by comparing the observed
satellite structure with XPS data on NiGasS4. While NiPSj3 is typically described as a charge-
transfer insulator, XAS and XPS measurements suggest the presence of a so-called self-doped
negative charge-transfer (NCT) insulating state”, in which electrons from ligand p orbitals are
transferred to the transition metal d levels. This results in hole states on the ligands even in the
absence of extrinsic doping [110, 199].

In contrast, the M 2p spectrum of CoPS3 exhibits a more complex structure, as the features
following the sharp 2p lines at 795.2 and 797.6 eV do not appear as well-defined pseudo-Voigt-
shaped peaks. A fitting procedure guided by theoretical calculations from Gupta et al. [146, 147]
suggests the presence of two satellite features, separated by approximately 4.6 eV. Additionally,
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Figure 3.3: M 3p peaks, including fits for (a) Mn-, (b) Fe-, (¢) Co-, and (d) NiPS3. The spectra
contain the split 3ps/, and 3p;/; peaks (green curves) and one or two satellite features (violet
curves). The residual from the fit is displayed at the top of each graph. The extracted values
(position and FWHM) for each peak are given in section A.1.

the spectrum displays a broad shoulder at lower binding energies relative to the 2p3/5 peak,
which can be attributed to the LoMosMys Auger transition. This feature appears near the
Co 2p3/, peak when using an Al K« excitation source at 1486.8 eV [200].

In contrast to the previously discussed materials, FePS3 and MnPS3 each exhibit only a single
satellite feature, and their 2p3/5 and 2p; /; peaks deviate from the shape of single pseudo-Voigt
components. In general, interpretation of the M 2p main peaks for these compounds remains
ambiguous and is frequently linked in the literature to the presence of different oxidation states
(e.g., due to metal vacancies) or to multiplet splitting phenomena [146, 147, 201-203]. Since
all samples were synthesized under identical laboratory conditions, and since the CoPSs and
NiPS3 spectra do not indicate the presence of mixed oxidation states, we attribute the observed
spectral features in FePS3 and MnPS3 to multiplet splitting. While such multiplet splitting
is also present in CoPS3 and NiPS3 (as shown in Figure 3.2a and b), it becomes significantly
more pronounced in MnPS3 and FePSs (Figure 3.2c and d). This trend correlates with the
increasing number of unpaired electrons in the d-orbitals from Ni?* (3d%) to Mn%* (3d°), as
multiplet splitting primarily arises from the Coulomb and exchange interactions between un-
paired valence electrons [202, 204]. Consequently, the energetic separation between multiplet
components increases across the series.

To identify the binding energies of the distinct spectral features, we reference the multiplet
splitting values reported by Gupta et al. [146, 147]. Overall, the extracted binding energies of
the main peaks and corresponding satellites (see Table 3.1) are in good agreement with existing
data on comparable M?T ions [110, 201, 205-209).
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Table 3.1: Binding energies (F) and satellite shifts (AE) for the 2p and 3p core levels of MPSg
compounds given in eV.

2p3/9 | Satl ‘ Sat2 | 2py/e | Satl ‘ Sat2 ‘ 3p3/e | Satl Sat2 3p1/9

E AFE E AFE E AFE E
MnPS;3 || 639.9 | +5.0 - 651.7 | +5.8 - 48.52 | +2.74 - 49.22
FePS3 708.5 | +5.3 - 721.7 | +6.6 - 54.24 | +4.49 - 56.23

CoPS3 || 779.6 | +3.8 | + 6.9 | 795.2 | +5.0 | +9.0 || 60.07 | +3.97 | +7.59 | 61.48
NiPS; 854.2 | +5.1 | +9.9 | 871.5 | +4.6 | +10.1 || 67.92 | +5.14 | + 11.78 | 69.71

a b C d
®
) 2 _ = . ~ — o
2p3 2p3p; ; 2p3p :
>
‘@
c
2o
£
...... 'I'lll;.;lllill:' |||||I-;-||Ikllll
164 162 160 166 164 162 160 166 164 162 160 166 164 162 160
e
(2]
) I—.\, AN g ,..-—s.‘l
s |__..—_——V\__._.__..| i,\v\,/\d\/\/_,-m_l IV‘VNW
2p3); N 2P32 2pap; 2p3,2

2
‘@
c
2o
£

T I |-|-.|-.I l 1 I 1 T | i'l ;.;-I 1 I’ b § |_T_ ----- T I T l--l- I T l ] I 1

134 132 130 134 132 130 134 132 130 134 132 130

binding energy (eV) binding energy (eV) binding energy (eV) binding energy (eV)

Figure 3.4: Fits of the experimentally obtained spectra for the S2p (top row) and P2p (bottom
row) spectra, containing from left to right the intensity obtained for Mn-, Fe-, Co-, and NiPS3. All
spectra are fitted using a doublet structure accounting for the SOC split 2ps,, and 2p; /o peaks,
with an area ratio of 2:1. For all fits, the residuum is displayed on top of each graph. The existence
of only one doublet for all spectra indicates that all four MPS3 compounds have only one oxidation
state for the P5Sg cluster, in agreement with the fits performed on the M2p peaks in Figure 3.2.
The extracted values (position and FWHM) for each peak are given in section A.2

Figure 3.3 presents the XPS spectra measured at the M 3p core levels. In contrast to the M 2p
spectra, it is more challenging to energetically resolve the spin-orbit split 3ps/5 and 3p; /5 com-
ponents, as well as the associated satellite features. Nevertheless, analogous to the 2p spectra,
fitting procedures allow for the identification of the two spin-orbit split 3p peaks, accompanied
by one satellite feature in the case of MnPSs and FePSs, and two satellite features for CoPSs
and NiPSs. These findings are consistent with both the observations made for the M 2p spectra
and with previous reports in the literature [33, 203]. Table 3.1 summarizes the binding energies
of the identified peaks in the M 2p and 3p spectra. For the main peaks, we report the binding
energy of the most intense multiplet component rather than listing all values extracted from the
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fits. The complete set of fitted parameters is provided in section A.1. The extracted energetic
separations between the satellite features and their corresponding main peaks are consistent
across both core-level regions and are in reasonable agreement with values reported in the NIST
XPS database.

In addition to the transition metal core levels, Figure 3.4 shows the XPS signals originating from
the S 2p and P 2p levels, respectively. Both appear as doublet features, resulting from spin-orbit
splitting into the 2p3/5 and 2p;/, components. For all four compounds, only a single doublet
is observed for each element, and the spectra can be accurately fitted using two pseudo-Voigt
peaks with an area ratio of 2:1 (see section A.2). This indicates the presence of a single oxidation
state for the [P2Sg]?~ clusters.

3.2 Revealing the Valence Band Structure

Following the investigation of the core-level states, we now turn to the valence band (VB)
structure of the MPS3 compounds. Figure 3.5 presents the energy distribution curves (EDCs)
for the different materials, obtained by integrating over the entire accessible parallel momentum
range. All measurements were performed using a high-harmonic generation (HHG) photon
source with a photon energy of 21.7eV. The energy axis is referenced to the Fermi level of a
gold sample.

Overall, the EDCs exhibit strong similarities across all four compounds. The VB structure of
each material reveals a pronounced segmentation, which can be approximately divided into three
regions: a top section (from 0eV to 2eV below the valence band maximum (VBM)), a middle
section (2eV to 5.8eV), and a bottom section (5.8eV to 8eV). While the spectral features below
2eV display a nearly identical structure among all materials, the most significant differences
appear in the topmost region near the VBM. MnPS3 and NiPS3 exhibit the narrowest upper VB
features, with widths of approximately 1.3eV and 1.6 eV, respectively. In contrast, FePS3 shows
a broader structure in this region, wider by nearly 700 meV. Despite this variation in width,
the overall shape of the upper VB remains similar for these three compounds. NiPSg, however,
deviates more noticeably: instead of a distinct local minimum separating the top and middle
sections, a step-like structure is observed, with features at 0.7eV and 1.6eV. Additionally, the
middle region in NiPS3 presents a pronounced shoulder at 2.4€eV.

As will be discussed in more detail in section 3.3, these differences in the upper VB are most
likely related to varying contributions from the transition metal d states, whereas the middle and
lower regions are dominated by sulphur and phosphorus states. This distinction likely accounts
for the strong similarities observed in the lower parts of the VB across all four materials. Overall,
the experimentally determined VB structures are in good agreement with prior studies [32, 33,
35, 210].

In addition to insights into the VB structure, ultraviolet photoelectron spectroscopy (UPS) also
allows for the determination of the work function ® of the investigated materials. This quantity
can be extracted from the secondary electron cutoff of the spectra, which defines the total energy
width Eit of the photoemission signal. For metallic systems, the work function is related to the
photon energy hvyy via



3.2. REVEALING THE VALENCE BAND STRUCTURE o1

a b E 4

7

EVac

Intensity

Er-E (eV)

Figure 3.5: Electronic structure of the semiconducting MPS3 class. (a) displays the full angle-
integrated VB structure of all four MPS3 materials, including the energy down to 9eV below the
VBM as well as the secondary onset at low kinetic energies. (b) displays a schematic representation
of key physical quantities involved in the description of the electronic structure of a semiconducting
material. Adapted from [211]

Etot = hl/ph —o. (31)

This relation assumes that the Fermi level Er lies within the conduction band and is thus
detectable in the UPS spectrum. However, for semiconducting materials, Er resides within the
band gap and is not directly observable. As a result, Ei,; overestimates the work function
by the energy difference between the VBM and Er. Instead, more relevant quantities for
semiconductors are the ionization energy Fj.,, the energy difference between the vacuum level
and the VBM, and the electron affinity F,, which is defined as the energy difference between
the vacuum level and the conduction band minimum (CBM). Both quantities characterize the
position of the electronic bands relative to vacuum. Despite these limitations, the concept
of Fermi level pinning upon contact with a metallic detector enables the use of a reference
material to estimate the work function. In our measurements (Figure 3.5), a gold reference was
used to align the Fermi level. Therefore, the energy difference between the secondary electron
cutoff and the Fermi level allows an estimation of the effective work function of the MPS3
samples [212].

Table 3.2: Extracted energy values from the MPS3 EDC curves denoting the total spectral width
FEot, the energetic position of the secondary electron cutoff Eg.. and the work function ®.

| Material || Eyot (eV) | Esec (eV) | @ (eV) |

MnPS3 15.05 16.25 5.45
FePS3 15.65 16.1 5.6
CoPS3 15.25 16 9.7
NiPS; 15.4 16.35 5.25
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The extracted total spectral width E}q:, the energy of the secondary electron cutoff Fgec, and the
corresponding work function ® for the different MPS3 compounds are summarized in Table 3.2.
For MnPSs, the obtained work function ®y;, = 5.45eV is in very good agreement with values
reported in the literature [213]. In contrast, the extracted value for FePSs is significantly higher
than that reported by Ramos et al. [214]. This discrepancy may stem from surface doping,
which can shift the Fermi level within the band gap and thereby affect the measured work
function. Nonetheless, the total spectral width remains comparable to previously published
results [22]. For NiPS3 and CoPSs, no experimental work function values have been reported
to date. However, for CoPSs, the electron affinity has been experimentally determined to be
approximately 4.84eV [215]. Since the electron affinity is referenced to the conduction band
minimum, the ionization energy F;,, should equal the sum of the band gap and electron affinity.
Using a reported band gap of Eg,p, = 1.4€V [41], the combined value Egap, + E, = 6.24 €V agrees
well with our extracted ionization energy of Eion cors; = 6.35eV. Among all compounds, NiPS3
exhibits the lowest work function, with ®y; = 5.25€eV.

Due to the unavailability of the Au(111) Fermi-level reference in some measurements and the
possible influence of charging effects on the spectral position, we will henceforth refer the energy
scale to the VBM, using the convention £ = Eypm — Fxin. Having analysed the angle-integrated
spectra, we now turn to momentum-resolved photoemission measurements. Figure 3.6 shows the
momentum-resolved intensity map of FePSs recorded at a binding energy of F = 5.15eV below
the VBM. The distribution reveals a hexagonally arranged pattern of high-intensity features
corresponding to the M points of the central and neighbouring surface-projected Brillouin zones
(BZs). The outline of the first BZ is marked in red, while the high-symmetry points T', K,
and M of the central BZ are indicated in green. This hexagonal symmetry is preserved across
multiple binding energies, indicating the robustness of the observed features. At higher parallel
momenta k|, additional features associated with the I' points of adjacent BZs emerge. The
contrast between the central and neighbouring BZs likely arises from the k,-dispersion of states
near the I' point, an effect also observed in layered materials such as ReSes and ReSs [216], as
well as from matrix element effects in the photoemission process [217, 218].

Utilizing the previously established Brillouin zone structure, the electronic band dispersion
along selected high-symmetry directions was extracted from the three-dimensional photoemis-
sion dataset I(k,,ky, E). The momentum path It =M —Ty— M —TY, indicated by the black
dashed line in Figure 3.6a, was selected for detailed analysis. Here, Ty denotes the centre of the
first surface-projected BZ, while I'y and I'y’ refer to the centre of a neighbouring BZ. The corre-
sponding energy-momentum cut is shown in Figure 3.6b. The measured band structure exhibits
three main energy regions, each characterized by multiple overlapping bands. These regions are
separated by two narrow energy gaps, located approximately between 1.6eV - 1.8eV and 5.2€V -
5.4 eV below the VBM. This subdivision of the VB is consistent with our earlier angle-integrated
measurements. Notably, the angle-resolved data provide additional insights into the dispersion
of individual bands: states near the VBM show flat, localized features, while bands at higher
binding energies (from 1.8eV to 8eV) exhibit more pronounced dispersion.

Before comparing the VB structure of FePS3 to those of the other MPS3 compounds, we apply
a symmetrisation procedure to the experimental data. This step, performed solely for visu-
alization purposes, facilitates comparison with the calculated DFT4+U band structures. The
symmetrisation partially compensates for intensity modulations arising from photon polariza-
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Figure 3.6: Experimental data directly after acquisition and after applying a symmetrising proce-
dure. (a) displays the isoenergetic map extracted from the experimental data stack at 5.6 eV below
the VBM for FePS3. The first BZ can be identified based on the hexagonal symmetry of the pattern
and is indicated with red hexagon (together with the border of the neighbouring BZs). Cutting
along the indicated path in momentum space leads to the extracted band structure displayed in
(b). (c) and (d) displays the same images as before after the symmetrisation procedure used to
eliminate effects due to the polarization factor, enabling a better comparison between theory and
experimental data.

tion and experimental geometry, which affect the momentum-dependent signal due to matrix
element effects. It is based on the hexagonal symmetry of the BZ and involves rotating and mir-
roring the individual momentum maps at each energy before averaging them. The symmetrized
momentum map at the same binding energy as before is shown in Figure 3.6b. The corre-
sponding symmetrized energy-momentum cut along the same high-symmetry path is presented
in Figure 3.6d.

Figure 3.7a, b, e, and f show the measured VB structures of MnPS3, FePS3, CoPS3, and NiPSs,
respectively, along the high-symmetry path K —T — M. As in FePSs, all compounds exhibit a
multi-region band structure separated by characteristic energy gaps. Notably, the 1.6eV - 1.8eV
gap is absent in NiPS3, which instead displays an additional feature around I'y in that range.
While the overall band dispersions remain comparable across directions, differences emerge near
5eV below the VBM: the extrema of two dispersive bands lie at M in MnPSs, but shift toward
K in the other materials. To support the experimental observations, we performed density
functional theory (DFT) calculations in collaboration with Preeti Bhumla and Prof. Silvana
Botti (Ruhr University Bochum). Full computational details are provided in Nitschke et al. [101].
The DET+U calculations employed the Vienna Ab initio Simulation Package (VASP) [219, 220]
using the PBE exchange-correlation functional [221] within the GGA framework. Structural
relaxations were performed with the PBE4U approach [222], and the Hubbard U parameter
was adjusted for each compound to match experimental spectra. The empirical U values used
were 1.9 [196] (Fe), 5.0eV [223] (Mn), and 4.5 and 4.6 for Ni and Co, respectively.

The calculated band structures are shown adjacent to their experimental counterparts in Fig-
ure 3.7, with the zero energy aligned to the VBM. While an exact one-to-one band correspon-
dence is limited due to spectral overlap, the calculations reproduce the key features: separated
energy regions, nearly flat bands near the VBM, and dispersive bands around 5 — 6 eV below it.
Interestingly, a parabolic band centered at I within this energy range appears in the DFT+U
results but is not clearly visible in the primary experimental zone. However, closer inspection
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Figure 3.7: Comparison between the experimental and computational band structure. (a), (c),
(e), and (g) show the experimental band structure extracted along the high symmetry points shown
in Figure 3.6 for Mn-, Fe-, Co-, and NiPSs, respectively. The panels (b), (d), (f), and (h) show the
computational band structure extracted along the same high symmetry directions.

of neighbouring BZs reveals weak spectral features consistent with this predicted band.

As discussed previously, the high photon energy of 21.7eV used in these measurements enables
the investigation of photoemission from neighbouring BZs. Figure 3.8 presents a cut through
the full momentum range accessible in our photoemission experiment, allowing a direct com-
parison of the band structure observed in the central BZg (M — Iy — M’) with that obtained
from the neighbouring BZg (W -y - W) The cut in intensity visible in all central panels
originates from the photoemission horizon, as introduced in subsection 2.1.1. At lower kinetic
energies of the photoemitted electrons, the available parallel momentum becomes increasingly
restricted, which limits the observable k-space at higher binding energies. Despite this limi-
tation, significant differences between the various regions of the band structure are observed.
First, the bands near the VBM do not exhibit an intensity maximum at I'y’ but instead show
stronger intensity at the BZ edges, in contrast to the intensity distribution seen in the central
BZy. Second, in the intermediate binding energy range, most bands show substantially weaker
photoemission intensity, while one additional parabolic band between 4 and 5eV binding en-
ergy emerges. This band is also present in the DFT+U calculations, further confirming the
excellent agreement between experiment and theory. Finally, in the deeper energy region, a
pronounced enhancement of intensity appears near the centre of the BZ, although the overall
band dispersion remains largely unchanged. All these differences are attributed to variations in
the photoemission matrix element, which affects the visibility of individual bands depending on
their orbital character and the experimental geometry. Since the calculated electronic structure
does not account for such matrix element effects, including light polarization, photon energy,
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Figure 3.8: Comparison of the photoemission intensity obtained in the 1st and neighbouring BZ
with computational data. (a), (b), (c), and (d) display the differences in photoemission intensity
when measuring bands in the 1st or neighbouring BZ, marked as BZy and BZ;, respectively. A
comparison with the computational band structure on the right side of each subfigure shows that
a consideration of both BZ allows for a better comparison, as some bands are visible in only one
of the two BZ due to differences in the matrix elements. This can be seen most prominent on the
parabola shaped band around the I'-point for both BZ, energetically situated between 4 and 6eV
below the VBM.

and detection angle, accessing photoemission intensity from multiple BZs proves to be highly
valuable for benchmarking theoretical predictions against experimental data.

In the case of FePSs, the good agreement between DFT+U calculations and the experimen-
tally observed band structure served as a foundation for computing the Fermi arcs, which can
be directly compared to the measured momentum maps. These calculations were performed
by Dorye L. Esteras and José Baldovi from the University of Valencia using the Wannier90
software and the WannierTools package [224, 225]. Full computational details are provided in
the Reference [196]. Figure 3.9 displays both the experimentally obtained momentum maps
and the corresponding calculated Fermi arcs at various binding energies below the VBM. In
contrast to earlier figures, the momentum maps shown here are not symmetrized, as significant
deviations from the expected symmetry are observed. While the experimental and theoretical
patterns generally agree in terms of overall structure, notable discrepancies in symmetry remain.
Figure 3.9a reveals a hexagonal symmetry that aligns with the symmetry assumptions used to
process and symmetrize the raw data in previous band structure visualizations. However, in
Figure 3.9b, the experimental map exhibits a rather tetragonal symmetry that is not reflected
in the DFT+U-derived Fermi arcs. A similar observation holds for the uppermost part of the
VB structure, where the experimental photoemission intensity reveals a pronounced twofold
symmetry. This variability in symmetry is a general feature found across all investigated MPS3
compounds and has also been reported in theoretical studies of related materials. For instance,
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Figure 3.9: Comparison of experimental and computational momentum maps. (a), (c¢), and (e)
display isoenergetic fermi-arcs extracted from the computational data at different energies below
the VBM. The 1st BZ is marked by a red, dashed hexagon. The corresponding momentum maps
extracted from the experimental ARPES measurements are shown in (b), (d), and (f). The displayed
maps are not symmetrised and visualise the different symmetries observed in the experimental,
reproduces also in the corresponding computational maps.

in the case of CoPS3, Voloshina et al. propose a connection between the observed threefold sym-
metry and strong electron-electron correlations, in combination with fluctuations of the Co?*
magnetic moments [41]. Given the comparable electronic structures among the Mn-, Fe-, Co-,
and NiPS3 compounds, it is plausible that similar correlation effects and magnetic fluctuations
are responsible for the symmetry variations observed in the experimental data.

To validate the results obtained from the WannierTools simulations, a detailed analysis of the
surface states was carried out using a slab model consisting of eight atomic layers within the
DFT+U framework. The electronic structure of this slab was subsequently computed using
an extended Wannier basis set, incorporating the same orbital types as used in the original
DFT calculations, namely, the Fe d orbitals along with the s and p orbitals of sulphur and
phosphorus. This methodology enables a layer-resolved investigation of the electronic structure
in the vicinity of the I' point. The calculated band structure reveals distinct groupings of
bands, each predominantly associated with specific atomic layers. In particular, surface states
are clearly distinguished from bulk-like states by their confinement to the outermost layers,
while the bands originating from the inner layers form an energy envelope around them. This
stratified electronic arrangement underscores the significant role played by interlayer van der
Waals interactions in shaping the electronic properties of the MPS3 compounds. These findings
suggest that the electronic band structure of this class of two-dimensional magnetic materials can
be selectively modified through the intercalation of ions or molecules. This approach provides
a tunable pathway to engineer the material’s electronic structure and lays the groundwork for
the targeted modifications explored in section 4.6 of this thesis.

3.3 Investigation of the Orbital Character

Based on the previous investigation of the electronic structure and the band structure reproduced
by DFT+U, which shows overall strong agreement with the experimental data, we can now derive
further insights into the orbital contributions to the observed spectra. To this end, the projected
density of states (PDOS) was calculated for all four materials, focusing primarily on the M 3d
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Figure 3.10: PDOS for different MPS3 materials. Projected density of states on the M 3d, S 3p
and P 3p orbitals for (a) Mn-, (b) Fe-, (¢) Co-, and (d) NiPS3.

orbitals as well as the P and S 2p orbitals. Figure 3.10 presents the results for MnPS3, FePSs3,
COPSg, and NiPSg.

For MnPS3, the PDOS closely resembles the spectral structure observed in the experimental
energy distribution curves (EDCs). The region closest to the VBM is dominated by Mn 3d
orbital contributions, exhibiting three distinct peaks between 0.7eV and 1.3 eV below the VBM.
At higher binding energies, the Mn contribution gradually decreases. In contrast, the S 2p
orbitals contribute across the full energy range, with maximum intensity observed between 2 eV
and 4 eV below the VBM. A noticeable increase in Sr contribution is also observed in the lowest
part of the spectrum. P orbitals contribute only marginally, except in the deeper VB region
between approximately 5.5eV and 7.5eV. Overall, the projected DOS for MnPS3 exhibits strong
agreement with previous theoretical results reported by Strasdas et al. [213], further validating
the reliability of our calculations.

Moving on to FePSs, a qualitatively similar distribution of orbital weights is observed, with
the Fe?T 3d states again dominating the region closest to the VBM. In the literature, this
feature is commonly associated with the 6Alg ground state of the high-spin d® configuration
in approximately cubic ligand field symmetry [226]. In contrast to MnPSs, however, the Fe**
contribution does not exhibit a monotonic decrease but shows an additional small peak around
3eV. The contributions from the P and S atoms closely resemble those seen in MnPS3, with S 2p
states spanning the entire VB and P 2p states contributing predominantly at binding energies
between 5.5eV and 7.5¢eV.

While the near-VBM spectral features have also been confirmed experimentally by Koitzsch et
al. [226] and Pestka et al. [227], other DFT+U studies report additional Fe 3d°® contributions
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Figure 3.11: Relative contributions to the DOS for the different atmos. The three panels present
the DOS projected onto the Fe 3d, S 2p, and P 2p orbitals, respectively. While the top region up to
2 eV seems to be dominated mostly by contributions from the Fe atoms, the rest of the bandstructure
shows strong signatures from the S 2p orbitals with bands originating from the P 2p orbitals being
present nearly only at regions more than 6eV below the VBM.

in the range of 4.5eV to 6eV, reinforcing the classification of FePS3 as a Mott insulator [228].
These states, strongly influenced by on-site Coulomb repulsion Ugg, show pronounced changes
across the magnetic transition and shift in energy relative to the VBM upon entering the an-
tiferromagnetic phase. The observed discrepancies in the reported PDOS between different
publications may stem from variations in the orbital-projection schemes used in the calcula-
tions. For example, some studies project the Fe 3d states onto specific orbitals (dyy, dgz, dy-,
d,2, dy2_,2), which highlight significant contributions from d,» and d,2_,. In our paramagnetic
ground state model, however, we distributed the five d electrons across the dgy, d;., and d,.
orbitals, which may explain the reduced weight at higher binding energies.

For CoPS3 and NiPSs, shown in Figure 3.10c and d, the PDOS reveals a qualitative change
compared to MnPS3 and FePSs. In both cases, the M2t 3d states do not dominate the region
directly below the VBM; instead, their contributions are comparable to those from the S 2p
orbitals. Notably, the maxima of the Co and Ni 3d PDOS are shifted to higher binding energies:
around 1.5eV for CoPS3 and between 2eV and 4eV for NiPS3. These trends are consistent with
theoretical findings reported in Refs. [207, 208, 229], and they support the classification of NiPS3
as a charge-transfer insulator with Ugg > A, and CoPS3 as an intermediate case where Ugg ~ A.
Here, Ugq denotes the Coulomb interaction strength within the 3d orbitals, while A represents
the charge-transfer energy between the metal d states and the ligand p states [110].

In the case of FePS3, we further extended the DFT+U and PDOS analysis by projecting the or-
bital contributions directly onto the calculated band structure. Figure 3.11 presents the orbital-
resolved band dispersion along the K — I' — M — K high-symmetry path. Focusing first on the
Fe 3d contributions, we find that the largest weight is concentrated near the VBM, particularly
around the T' point, where the corresponding bands appear in brown. This agrees well with the
previously discussed PDOS and reflects the dominant role of Fe 3d orbitals in shaping the top
of the VB.
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Turning to the S 2p contributions, we observe only minor weight in the uppermost VBs, while
significantly stronger contributions are found in deeper bands, like the parabolic band centered
at I around 1.5eV, and the cluster of states between 3eV and 4eV. These bands exhibit a
pronounced S 2p character and correlate with features seen in the experimental photoemission
data. In particular, the same bands display the most prominent differences in spectral weight
when comparing the central and neighbouring Brillouin zones in Figure 3.8. This variation
may arise from the distinct orbital symmetries (p,, py, pz) of the S 2p states, which, due to
photoemission matrix elements, couple differently to the light polarization and experimental
geometry [217]. Consequently, some p-like states may be more visible in the central Brillouin
zone, while others are preferentially detected in the second zone. Lastly, consistent with the
PDOS analysis, the phosphorus 2p orbitals contribute only weakly to the overall VB structure.
Their influence is almost exclusively limited to the lowest-energy bands in the valence manifold,
suggesting minimal hybridization with the Fe 3d and S 2p states and reinforcing the localized
nature of the P states in FePSs.

3.4 Conclusion

In this chapter, we presented a comprehensive investigation of the electronic structure of four
different MPS3 compounds, combining XPS and detailed band structure studies using ARPES.
Regarding the core-level analysis, we extended existing literature by implementing a rigid fitting
procedure based on the known multiplet structure. This allowed us to extract precise information
about the oxidation states and spin-orbit coupling-induced splitting in the 2p main peaks. The
absence of oxygen and carbon contamination peaks, along with sharp sulphur and phosphorus
features, confirms high sample quality with negligible surface degradation or defect states.

Our ARPES measurements revealed a rich and complex electronic band structure for all four
compounds, characterized by a mixture of dispersive and flat bands as well as extensive overlap
in energy and momentum. By analysing all materials in parallel, we identified three distinct
energy regions within the valence band. Notably, the region within approximately 2eV below
the valence band maximum (VBM) showed the strongest material-dependent differences, while
deeper energy regions were more consistent across all compounds.

In combination with DFT+4U calculations, we found that the deeper energy levels (more than
2eV below the VBM) are dominated by p-orbital contributions from sulphur and phosphorus.
In contrast, the upper valence region is mainly formed by metal 3d states in FePSs and MnPSs,
while in CoPS3 and NiPS3, this region appears more hybridized with significant contributions
from sulphur 2p orbitals. The comparison of central and neighbouring BZs revealed notable vari-
ations in photoemission intensity. While the central BZ shows a dominant intensity near Iy, the
neighbouring BZ features stronger contributions along the edges, and even reveals an additional
parabolic band between 4eV and 5eV. This feature is well reproduced by DFT+U calculations,
further corroborating the validity of our theoretical model. Furthermore, a momentum-resolved
comparison between experimental data and theoretical Fermi arcs for FePS3 confirmed the gen-
eral agreement between simulation and measurement. However, distinct symmetry differences
were observed in the experimental maps that were not captured by the calculations. Most no-
tably, a tetragonal distortion in certain energy regions and a twofold symmetry near the top of
the valence band. These deviations, also reported for other members of the MPS3 family, may
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be linked to strong electron correlations and local magnetic moment fluctuations [41].

As noted earlier, all experiments were performed in the paramagnetic phase, due to sample
charging issues at low temperatures that restrict photoemission measurements in the antifer-
romagnetic regime [41, 226, 230, 231]. Although various experimental designs were attempted
to circumvent this problem, including the exfoliation of gold-supported samples by our group
reported in [232], we could not detect clear spectral differences across the Néel temperature. Re-
cent literature, however, has reported signatures of magnetic ordering in FePS3 [227], NiPS3 [233,
234], and especially MnPS3 [213], suggesting that further refinement of the low-temperature sam-
ple environment remains a crucial step toward exploring magnetic order-induced changes in the
electronic structure.

However, the presented combined experimental and theoretical approach already significantly
enhances our understanding of the electronic structure in the MPS3 family and sets a firm foun-
dation for subsequent chapters, including the study of electron dynamics in FePSs (chapter 4)
and the targeted tuning of electronic properties through external modification (chapter 5 and
chapter 6).
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4 Electron Dynamics in FePS3

After characterising the static electronic properties of the MPSs family in the previous chap-
ter, we now turn our attention to the electron dynamics, which are crucial for assessing their
suitability for device applications. A powerful, yet relatively recent technique to investigate
such dynamics is time- and angle-resolved photoelectron spectroscopy (trARPES), previously
introduced in section 2.2. This method employs a pump-probe scheme to detect electrons from
non-equilibrium distributions, enabling time-resolved imaging of the transient electronic struc-
ture. Over the past decade, trARPES has not only been used to observe ultrafast dynamics
associated with conduction band occupations but has also proven instrumental in uncovering
more complex many-body phenomena, such as exciton formation [171, 235], molecular orbital
excitations [236], and the emergence of Floquet-Bloch states [181-183]. These achievements
have positioned trARPES as a key method for studying non-equilibrium phenomena in energy
and momentum space.

However, interpreting trARPES spectra is inherently complex due to the multitude of overlap-
ping dynamical processes, some of which are unrelated to electronic properties intrinsic to the
materials. Therefore, the first part of this chapter introduces three prototypical features com-
monly observed in trARPES data that do not carry information about the sample’s intrinsic
dynamics. These signatures typically emerge under high pump and/or probe fluence, commonly
employed as the relevant transitions exhibit low cross sections and require enhanced excita-
tion strength for visibility. Understanding these extrinsic photoemission effects is essential for
disentangling them from genuine sample-related phenomena.

The second part of this chapter focuses on the electron dynamics in FePS3, specifically on local
d-d transitions within the Fe?* ions. These involve excitations into higher multiplet states and
have recently garnered attention due to their role in photo-induced magnon generation. Notably,
resonant excitation below the charge-transfer gap has been shown to induce spin dynamics while
avoiding the thermal load typically associated with above band-gap pumping. Our trARPES
measurements extend the current understanding of such processes, revealing the spectroscopic
fingerprint of local d-d excitations. These manifest as a replication of momentum dependent
intensity profiles related to the transition metal d-states at elevated binding energies. Resonant
excitation of the 5T2g — 5Eg transition at 1.2eV results in a fast response characterised by a
single exponential decay, whereas above band-gap excitation preferentially addresses the 5T2g —
3T1g transition, producing a more complex temporal response. Both transitions exhibit distinct
rise and decay times, with a clear temporal offset indicating a sequential excitation process.
Complementary first-principles calculations corroborate our interpretation and enable unam-
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biguous assignment of the observed dynamics to specific multiplet transitions. These results are
partially published in the following publications:

Jonah Elias Nitschke et al. “Tracing the ultrafast buildup and decay of d-d transitions in
FePS3”. In: Newton (2025), p. 100019.
DOI: 10.1016/j .newton.2025. 100019

4.1 Unwanted (artificial) Dynamics in trARPES

While our primary interest in time-resolved photoemission lies in probing the intrinsic elec-
tron dynamics of materials, several phenomena observed in trARPES arise from extrinsic,
sample-independent effects. These artefacts can significantly alter the measured spectra and
must therefore be thoroughly understood and accounted for during data interpretation. In
the following sections, we introduce three major non-intrinsic effects commonly encountered in
trARPES experiments: static space charge (SC), pump-induced SC, and laser-assisted photoe-
mission (LAPE), the latter also referred to as Volkov states.

4.1.1 Static Space Charge Effects

Space charge effects originate from the mutual Coulomb repulsion between photoemitted elec-
trons when high-fluence laser pulses are used. These interactions can occur either directly at
the sample surface or during electron transport through the spectrometer column, especially at
focus points where electron density is locally high. The resulting effects manifest primarily in
two ways, both governed by electrostatic repulsion: (i) an energy shift of the measured electrons
due to electrostatic repulsion and (ii) a distortion of momentum distributions caused by changes
in angular dispersion [238, 239]. While SC effects are also present in standard hemispherical
analysers, they are significantly enhanced in momentum microscopy due to the electron lenses
focussing the electrons in small confined spaces within the microscope [239], necessitating a
proper understanding of their influence on the measured spectra.

Static SC refers specifically to effects induced by the probe pulse alone. Here, electrons excited
by an intense, ultrashort probe pulse form a dense electron cloud in front of the sample surface.
This cloud modifies the trajectories and energies of subsequently emitted electrons, resulting in
distortions in both the energy and momentum distributions. Consequently, the experimental
resolution, both in energy and angle, is severely affected. The main contribution to these
probe-induced SC effects originates from secondary electrons, which are also a major factor in
pump-induced SC (discussed later). Figure 4.1 presents exemplary data acquired on a Au(111)
single crystal. Panel Figure 4.1a shows energy distribution curves (EDCs) around the Fermi level
for three different probe fluences (Eprope = 26.4€V), characterized by the count rates recorded
on the delay line detector (DLD). When increasing the detector count rate from 50000 counts
per second (in the following written as 50 keps) to 175 keps, no significant changes are observed
in the spectral shape. However, a further increase to 320 kcps results in two pronounced effects.
First, the electron counts in the energy plateau between 0 eV and 1.5eV binding energy increase
relative to the Fermi edge. Second, additional spectral weight appears above the Fermi level.
These signatures are characteristic of static SC: the electron cloud formed near the surface
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Figure 4.1: Influence of probe-induced SC on the electronic structure of Au(111). (a) EDC
close to the Fermi edge for different probe fluences. The grey rectangle marks the energies used for
integration in (e). (b), (c), (d) Cut along the K—T —K direction for different fluences. (e) Integrated
counts in dependence of k| for three different count rates integrated over the energies marked by
the grey area in (a), presenting a bell shaped intensity distribution for the highest fluence.

accelerates outgoing photoelectrons, shifting them to higher kinetic energies and artificially
altering the spectral profile.

With the use of a momentum microscope, we are able to investigate not only energy-resolved,
but also momentum-resolved consequences of static SC on the measured band structure. Fig-
ure 4.1b—d show energy-momentum cuts along the K — I' — K path of the first BZ for the three
different probe fluences presented previously in Figure 4.1a. All images were recorded using the
same acquisition time and primarily reveal the bulk sp-band manifold up to the Fermi level,
with the Au(111) surface state faintly visible at the I' point. As the count rate increases from
50 keps to 175 keps, the quality of the spectrum improves significantly. In particular, the surface
state near I becomes more distinct, reflecting enhanced signal-to-noise ratios due to increased
photoelectron yield. However, a further increase to 320 keps introduces strong distortions. These
include a marked rise in background intensity as well as the appearance of spectral weight above
the Fermi level, both clear indicators of SC effects. To analyse the spatial distribution of this
additional intensity in more detail, we extract the momentum distribution curve (MDC) along
the same high-symmetry path for different fluences(Figure 4.1e). The MDC is extracted by
integrating the photoemission intensity over a binding energy range from —1eV to —0.2eV. At
lower probe fluences, no significant signal is detected in this region. However, at 320 kcps, a
bell-shaped distribution centered around the I' point becomes visible, indicating a momentum-
dependent redistribution of photoelectrons in energy.

These findings are consistent with previous reports by Schonhense et al. [240], who demonstrated
that SC distortions exhibit pronounced momentum dependence, with the strongest effects occur-
ring around the T point. Our data confirm this trend and highlight the importance of carefully
managing probe fluence during ARPES measurements to avoid artefacts in both energy and
momentum space.
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4.1.2 Pump-induced Space Charge Effects

Pump-induced SC effects arise from the same fundamental mechanism as static SC, namely, the
Coulomb interaction between dense clouds of photoemitted electrons, but with a different origin.
In this case, the electron cloud near the sample surface is generated by electrons excited by the
pump pulse rather than the probe. These electrons are typically created through multi-photon
absorption processes, as the pump photon energy is often below the material’s work function.
As a consequence, the associated spectral distortions exhibit a pronounced time dependence.
Depending on the relative timing between the pump and probe pulses, the photoelectrons can
experience either an acceleration or deceleration, resulting in apparent energy shifts toward
higher or lower kinetic energies. This is a significant distinction from static SC, where the
effects are time-independent and solely governed by probe fluence. To accurately determine the
temporal overlap of pump and probe pulses, often denoted as ty, we utilize a well-established
reference signal based on LAPE. This effect introduces a sharp, Gaussian-shaped feature centered
at tg, which serves as a reliable temporal marker for aligning the two pulses. The detailed physical
origin and signature of the LAPE effect will be discussed in a subsequent section. The present
discussion focuses exclusively on the pump-induced SC dynamics. Understanding these artefacts
is essential for the correct interpretation of trARPES spectra, especially near the pump-probe
overlap region, where the strongest SC distortions occur.

Figure 4.2a displays a typical delay map used to investigate time-dependent ARPES signals.
It shows the angle-integrated photoemission intensity as a function of the pump-probe delay
(x-axis) and binding energy (y-axis). For a better understanding of the occurring distortions,
the angle-integrated spectra extracted from the delay map at selected time delays (marked by
white dashed lines) are shown in Figure 4.2b. At —250ps, the spectrum still closely resem-
bles the equilibrium distribution, with intense feature between 3eV and 4eV in binding energy
corresponding to the Au d-bands. Upon approaching temporal overlap, the spectrum under-
goes significant broadening and a shift to higher energies by nearly 3eV, reaching a maximum
deviation around —20ps. This shift results from the probe pulse arriving prior to the pump:
the probe photoelectrons are already in flight when the pump pulse generates a secondary elec-
tron cloud at the sample surface. Due to Coulomb repulsion, this pump-induced electron cloud
accelerates the probe photoelectrons, increasing their kinetic energy [241]. Subsequently, the
signal shifts towards lower kinetic energies, induced by the pump pulse arriving before the probe
pulse, leading to a repulsive interaction due to the electron cloud already existing at the surface.
This effect reaches a maximum influence at approximately 16 ps, followed by a relaxation of the
electron distribution to its equilibrium configuration.

This dynamic behaviour is further highlighted in Figure 4.2c¢, which plots the time-dependent
photoemission intensity integrated near the Fermi edge. The signal exhibits a peak before and a
dip after tg, corresponding to energy shifts toward higher and lower kinetic energies, respectively.
The dynamics begin around —200 ps, with a gradual increase in kinetic energy followed by a
sharp decay just after t5. The subsequent slower relaxation of the spectrum toward lower
kinetic energy persists until the end of the observable delay window. These time-dependent
spectral distortions, induced by pump-related SC effects, must be carefully accounted for when
interpreting ultrafast electronic dynamics in trARPES measurements.

At tg, however, the spectrum exhibits no apparent shift in binding energy; the corresponding
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Figure 4.2: trARPES measurements on the band structure of Au(111) modulated by time-
dependent SC. (a) Delay Map containing the photoemission intensity in dependence of binding
energy for a total time-interval of 50 ps with a pump fluence of 1mJecm™2. The white dashed lines
mark different delays at which the EDC was extracted, presented in (b). (¢) Momentum-integrated
photoemission intensity around the Fermi edge exhibiting a peak before temporal overlap, followed
by a steep decay and depletion before reaching equilibrium. (d) Band structure cut along M—T —M
for an Au(111) single crystal in equilibrium.

EDC resembles the equilibrium one, albeit with a noticeable broadening of the main spectral
features. In this configuration, the photoelectrons excited by both pump and probe pulses are
emitted simultaneously and travel through the electron optics column together. As a result, their
mutual Coulomb interactions are balanced and do not significantly shift the electrons in energy.
After temporal overlap, the situation reverses: the pump pulse excites electrons first, generating
a low-energy electron cloud at the sample surface. When the subsequent probe pulse arrives,
its photoelectrons encounter this existing cloud. Initially, they are decelerated due to Coulomb
repulsion. However, because probe-induced photoelectrons typically possess significantly higher
kinetic energies, they eventually overtake the slower electrons from the pump and experience a
slight acceleration as they exit the SC region. This leads to an overall weaker shift to lower kinetic
energies (only around 1eV compared to the larger shifts observed before ¢y [242]). At longer
time delays, the spatial and temporal separation between the two photoelectron populations
increases, diminishing their interaction. Consequently, the ARPES spectrum returns to its
equilibrium shape, with the EDC again reflecting the unperturbed electronic structure of the
sample.

Similar to the analysis of static SC effects, the experimental setup also allows for an investigation
of how pump-induced space charge influences the electronic band structure of the Au(111) single
crystal at various pump - probe delays. Figure 4.2d shows the measured band structure of
Au(111), covering a binding energy range up to 9eV, along the M — I' — M path. Two distinct
energetic regions are clearly visible: the dispersive sp-bands and surface state in the range from
0eV to 2eV, and the less dispersive bands originating from Au d-orbitals at higher binding
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Figure 4.3: Distortion of the Au(111) band structure when pumping with 1mJecm=2.(a), (b), (c),
and (d) display the band structure of Au(111) along the M—T —M at —250, —20, 16, and 250 ps with
respect to temporal overlap, respectively. The white dashed line marks the Fermi level. Starting at
equilibrium distribution in (a), the electrons are shifted first to higher kinetic energies (b) and then
decelerated to lower kinetic energies (c), before shifting back in equilibrium position (d).

energies. The latter serve as a visual reference for monitoring distortions during time-resolved
measurements. Figure 4.3a - d present the same band structure at different pump-probe delays.
In contrast to Figure 4.2d, a broader k| integration range and stronger binning along k|| have
been applied, reducing the clarity of individual features in the band structure. A white dashed
line marks the Fermi level. At the delay of —20ps, corresponding to the maximum shift to
higher kinetic energies, we observe a characteristic momentum-dependent bending of the band
structure. The energy shift is strongest near I and weakens toward larger k| values, mirroring
the behaviour observed for static SC effects. Similarly, at a delay of 16 ps after temporal overlap,
the band structure bends downward, again showing the strongest shift at . At a longer delay of
250 ps, the interaction between photoelectrons from pump and probe pulses has fully dissipated,
and the band structure returns to its equilibrium shape.

To better understand the origin of the pump-induced SC, we performed additional measurements
using different pump polarizations and reduced fluences. Figure 4.4a presents the same time-
dependent photoemission trace as shown in Figure 4.2b, this time comparing s- and p-polarized
excitation. While the overall dynamics remain qualitatively similar, a markedly stronger shift
is observed for s-polarized pumping, indicating a higher degree of SC effects. This enhancement
can be attributed to an increased number of secondary electrons generated during the interaction
of the s-polarized field with the sample surface. To gain insight into this effect, we conducted
PEEM (photoemission electron microscopy) measurements on the Au(111) surface using only
the pump pulses. Figure 4.4b and 4.4c show the resulting photoemission maps for p- and
s-polarized light, respectively, over an area of approximately 800 x 800 pm?. While the p-
polarized pump produces a relatively homogeneous emission profile, the s-polarized pulse gives
rise to more localized features with significantly higher intensity. These observations point to
localized hot spot emission from surface impurities or inhomogeneities as the primary origin of
the enhanced SC [243]. The stronger response under s-polarized excitation can be explained
by the orientation of the electric field vector, which is parallel to the sample surface in this
configuration. This alignment facilitates a stronger interaction with surface states and enhances
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Figure 4.4: Fluence and Polarisation dependence of pump-induced SC. (a) Delay-dependent pho-
toemission intensity for the same fluence as before with s and p-polarisation. (b), and (c) present
PEEM measurements at low kinetic energies for p- and s-polarisation, respectively. (d), (e) Delay
Maps as presented in Figure 4.2a for 0.52mJcm~2 and 0.26 mJcem~2. (f) Corresponding photoe-
mission intensity around the Fermi energy for different fluences in p-polarisation. (g) Distortion of
the EDC at different delays under pumping with 0.52mJcm™2.

the local electric field at defect sites, thereby promoting multi-photon absorption and efficient
secondary electron generation. This interpretation is consistent with earlier studies reporting
enhanced multiphoton photoemission in nanostructured or impurity-rich regions under parallel-
field excitation [244].

Additionally, we investigated the induced effects at different pump fluences. Figure 4.4d and
e present delay maps analogous to those shown for the p-polarized pump with a fluence of
1mJcm~2 in Figure 4.2a, but now at half and one quarter of the original fluence, respectively.
A prominent observation is the markedly reduced energy shift of the spectral features associated
with the d-bands of the Au(111) surface. While Figure 4.4d still exhibits some residual band
structure shifting near tg, the lowest fluence case shows no apparent influence of the pump pulse
within the investigated timescale (although later we will observe dynamics above the Fermi
level). Figure 4.4f shows the extracted EDCs of the Au(111) surface at various delays. At
4250 ps, the spectra resemble the equilibrium signal for all fluences. Compared to the highest
fluence, the EDC at —4 ps, corresponding to the delay with the maximal energy shift for the
reduced fluence, reveals a substantially diminished shift, while preserving the overall shape of
the EDC. Both the Fermi edge and the d-band features remain well resolved. Similarly, the
EDC extracted at 33 ps confirms the reduced influence of SC induced by pump-photoexcited
secondary electrons, as the observed energy shift is negligible.

Upon further reduction of the pump fluence to one quarter of the original value, the delay
maps no longer show any visible pump-induced SC effects, with the EDC remaining effectively
unchanged over the entire 250 ps delay window. Figure 4.4g presents the extracted time traces
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for the same energy region across all three pump fluences used during the experiments. While
the intermediate fluence trace still shows the characteristic peak and the less pronounced dip
afterwards, the temporal evolution differs slightly from the higher fluence case. Both the peak
and the maximum dip shift closer to ty, and the Fermi edge relaxes back to equilibrium on shorter
timescales. Thus, reducing the pump fluence not only decreases the maximum SC-induced energy
shift from secondary electrons but also shortens the total timescale of the induced dynamics.
For the lowest fluence, no visible time-dependent shift of the Fermi edge can be observed (note
that the corresponding trace in Figure 4.4g is multiplied by a factor of 10). In conclusion,
the reduction in SC intensity is not proportional to the reduction in pump fluence, reaffirming
secondary electrons as the main source of this effect. Since photoexcitation by the pump pulse
occurs via a multiphoton process (the pump photon energy of 1.2eV is far below the work
function of the Au(111) surface, 5, ~ 4.8eV [245]), the nonlinear scaling of photoexcited
electron yield with fluence leads to a strong reduction in secondary electron emission even upon
halving the pump fluence.

4.1.3 Laser Assisted Photoelectron Emission

Another modulation of the electronic spectrum introduced by the development of high-intensity
ultrashort laser pulses is laser-assisted photoelectron emission (commonly abbreviated as LAPE,
and also referred to as Volkov states). In this process, the pump pulse modifies the emitted XUV
photoelectron spectrum, producing sidebands adjacent to the main photoemission line. However,
in contrast to Floquet-Bloch states, which correspond to a coherent modification of the electronic
band structure [181, 183], the modifications introduced by LAPE affect only the final states of
the photoelectrons and do not enable engineering of the material’s intrinsic properties [246-248].
Consequently, LAPE is generally regarded as an undesired effect in trARPES experiments, as
it can obscure the correct identification of other dynamical processes. Nonetheless, LAPE can
be exploited to characterize the temporal resolution of a trARPES setup, since the measured
time-dependent intensity reflects the cross-correlation of the pump and probe pulses.

In this thesis, LAPE was employed as a diagnostic tool to determine the temporal resolution
of the TOF-based momentum microscopy setup. We selected the same Au(111) single crystal
surface as in the preceding section, owing to its well-characterized behaviour in the LAPE regime.
Measurements were performed using the same pulse parameters as for the SC investigations
(Epump = 1.2eV, Epohe = 26.4€V), with a pump fluence of 0.52mJ cm~? chosen to balance
the detection of LAPE with pump-induced SC effects. Generally, the expected LAPE intensity
strongly depends on the polarization of the pump pulse, with a more pronounced contribution
for p-polarized light. For s-polarization, the LAPE intensity is completely suppressed if the
in-plane electric field component E,, at the sample surface is screened (i.e., E;, = 0), which
is typically the case for metallic samples. In cases where E,, # 0, the LAPE contribution
remains very weak, with only minor effects observed particularly at high parallel momentum kj,
[247].

Figure 4.5a displays the signal in a way comparable to previous chapters. However, here the
displayed intensity is not the absolute value I(Ep,t) but the difference to the intensity in an
averaged region before temporal overlap I(Ep)i<y,. Additionally, to visually enhance the signal
above the Fermi energy, the difference is also divided by I(Ep)i<t,:
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Figure 4.5: trARPES fingerprint of LAPE on Au(111). (a) Differential delay map for pumping
with 1.2eV, normed on the region more than 400 fs before temporal overlap. The red colour refers
to additional intensity, while the blue colour refers to reduced photoemission intensity. The black
line marks the Fermi level. (b) Time-dependent photoemission intensity integrated from —0.8 to
—1eV. (c) Momentum map extracted below the Fermi energy at temporal overlap. (d) Differential
momentum map extracted between —0.9 and —1.2eV, obtained by subtracting the signal before
temporal overlap. The dashed hexagons mark the surface BZ of Au(111).

I(Ep,t) — I(EB)i<t, (4.1)

Al 1) = I(EB)i<to

This differential angle-integrated non-equilibrium transient signal will be abbreviated in the
following as the differential delay map, with a colour scale that displays increased and reduced
intensity relative to the reference region as red and blue, respectively. In Figure 4.5a, two distinct
dynamics can be visually identified. First, a prominent red feature appears around temporal
overlap near the centre of the image, spanning from the Fermi edge up to approximately 1.2eV
above Fr. This signal originates from the previously introduced LAPE effect and will later be
used to estimate the temporal resolution of the experimental setup. Second, a blue feature is
particularly visible after temporal overlap around the Fermi energy. This feature is attributed
to residual SC effects induced by the pump laser. As discussed in subsection 4.1.2; time-resolved
SC leads to shifts of the spectrum as well as distortions in the EDCs. These distortions gradually
relax over time and cause subtle differences in the shape of the Fermi edge, evolving linearly
between —0.5ps and 0.5 ps. As noted previously, the pump laser fluence is typically adjusted
to avoid any influence from SC effects. However, the pump power here was chosen to match
the fluence reported by Keunecke et al. [247], which is necessary to achieve a sufficient LAPE
contribution. Nevertheless, this dynamic around the Fermi edge does not reflect any intrinsic
dynamics of the electronic structure of the Au(111) surface.

Instead, we focus on the dynamics observed at the centre of the presented differential delay
map. Integrating over an energy range from —0.8eV to —1.0eV yields the time trace shown in
Figure 4.5b. As established, this curve corresponds to the cross-correlation of pump and probe
pulses and is therefore expected to be symmetric around temporal overlap. Indeed, fitting the
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observed signal with a Gaussian function reveals a symmetric shape with a full width at half
maximum (FWHM) of (116 £ 9) fs, which is in agreement with the auto-correlation measured
using an auto-correlator. To further confirm LAPE as the origin of this temporal evolution,
we investigate the momentum-dependent intensity. As described previously, LAPE results in
the dressing of the photoelectron after excitation, producing sidebands separated by the pump
photon energy. Consequently, replicas of the band structure are expected to appear at energy
intervals of 1.2eV above and below the original band structure, which we will denote as the
feature nyg.

For clarity, we focus our analysis on the energy range around Ep, where the first positive
sideband n; (located at E = Epr + 1.2eV) appears at kinetic energies where no intensity is
present before excitation. Figure 4.5¢ shows the momentum map extracted at temporal overlap
in the energy range from 0 to 0.3eV binding energy. It exhibits the characteristic star-like
pattern of the Au(111) Fermi surface, including the surface state centred around I'. The uneven
intensity distribution arises from residual SC effects, which introduce momentum-dependent
distortions. We therefore expect similar distortions in the replicas induced by the LAPE effect.
Figure 4.5d presents the signal extracted from —1.2eV to —0.9 eV binding energy, exactly 1.2eV
above the range in Figure 4.5c. In contrast to the momentum map from the occupied states,
this map shows the intensity difference between temporal overlap I;, and a pre-overlap region
I, (similar to the differential delay map but without normalization):

ALk, ky) = Iy (kos ky) — Trcty (Ko, k) (4.2)

First, the dominant red colour confirms that the detected signal is indeed restricted to the
temporal overlap of pump and probe pulses. Second, we observe the exact same (distorted)
pattern as extracted from the occupied states, indicating that the intensity observed around
temporal overlap originates from the dressing of the electronic states by the pump pulse. As
a final verification to confirm LAPE as the source of this signal, we repeated the measurement
under identical experimental conditions but using s-polarized pump light. In this case, no
additional intensity was observed above the Fermi energy, unequivocally confirming that the
previously described features arise solely from the LAPE effect.

In conclusion, LAPE is an important effects at high pump fluences that produces a replica of
the occupied bandstructure. As the signal from this effect can mix with other phenomena (for
example with bandstructure replication induced by Floquet-Bloch states [181]), special caution
has to be taken when working with high pump fluences. As we will see in the next chapters, to
exclude LAPE as the origin of observed modifications to the electronic band structure, it is im-
portant to bare in mind that the signal from LAPE contributions (i) does present as a symmetric,
Gaussian-shaped feature around ¢y and (ii) is strongly suppressed in s-polarisation.
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4.2 Introduction to Electron Dynamics in FePS;

As previously mentioned, time- and angle-resolved photoelectron spectroscopy is a powerful
method that enables direct observation of ultrafast electron dynamics and their manifestation
in momentum space for crystalline solids. This makes trARPES an ideal tool for exploring the
complex excitations present in the MPS3 material family. Recent studies, for instance, have
shown that in the XY-type antiferromagnet NiPSs, optically driven d-d transitions can lead to
the formation of electron-phonon bound states [249] and selectively excite low-energy magnon
modes in the sub-THz regime [250]. In FePSs, the excitation of a d-d transition within the
Fe?* multiplet has been demonstrated to launch coherent THz lattice vibrations and coupled
phonon-magnon excitations [53], consistent with the strong interaction between antiferromag-
netic magnons and optical phonons reported in other two-dimensional antiferromagnets [251—
253].

Despite the significance of these findings, the ultrafast dynamics and lifetimes of d-d excita-
tions in these materials remain insufficiently characterized. A detailed understanding of these
processes is essential for leveraging d-d transitions as a means to manipulate the electronic,
magnetic, and optical properties of 2D quantum materials. Early studies using optical absorp-
tion spectroscopy [37, 254] and X-ray photoelectron spectroscopy [32] have already revealed
sub-band-gap spectral features in various TMPS3 compounds (including NiPSs3, FePS3, ZnPSs,
and MnPS3), attributing these to intra-atomic d-d transitions within the transition-metal ions
under octahedral coordination. These investigations enabled the extraction of key crystal-field
parameters such as the splitting energy D, and the Racah inter-electronic repulsion parameter
B, classifying the TMPS3 materials as ionic insulators with strongly localized d-states.

In the subsequent chapters, we will focus specifically on FePS3 to determine whether d-d tran-
sitions exhibit momentum-resolved signatures in time-resolved ARPES; and to extract relevant
information on their ultrafast electron dynamics. As outlined previously, the Fe?T ions ex-
perience an octahedral ligand field due to the surrounding S atoms, leading to a crystal field
splitting of the d-orbitals into two manifolds: the lower-energy to, orbitals (dyy, du-, dy.), and
the higher-energy e, orbitals (d,2, d,2_,2). Within this field, the ground state "Ta, (tég e?)
and the first excited multiplet state 5Eq (tgg eg) both arise from the high-spin 5D term of the
d% configuration. The optical transition from STy to 5Eg, hereafter referred to as transition
I, corresponds to the only spin-allowed d-d excitation in the Fe?™ multiplet, involving charge
redistribution from t5, to e4 orbitals.

In contrast, other d-d excitations within the same multiplet, such as the lower-energy 5T2g —
3T1g transition (denoted transition II), are spin-forbidden and thus have remained less explored
due to their inherently weak oscillator strength. Depending on their energy, these d-d transitions
can appear in optical absorption spectra either as faint and broad absorption bands centered
around approximately 1.1eV, or be masked by the onset of strong interband absorption near the
optical band gap at approximately 1.4eV [37]. To investigate both of these transitions in FePSs,
we first employ near-resonant excitation at Epymp = 1.2eV to selectively probe transition I. We
then proceed to investigate transition II by pumping the sample well above the band gap using
photons with Epyyp = 2.4eV.
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4.3 Resonant Excitation of the 5T2g — 5Eg Transition

In the first part of our time-resolved ARPES study on FePSs, we focus on the low-energy
transition between the multiplet states 5T2g and 5Eg. The sample is excited using pump pulses
with a photon energy of 1.2 eV, which is close to the resonance of this spin-allowed d-d transition
and lies below the material’s band gap of approximately 1.5eV.

In contrast to the measurements presented in the previous chapter, regarding space charge
effects and LAPE, the following data were acquired using the KREIOS 150MM momentum
microscope. Due to the work principle of the hemispherical analyser, this instrument requires
a sequential acquisition of photoelectrons at different kinetic energies, rather than recording a
full energy window in a single exposure. As a consequence, the accessible energy range in these
measurements is typically narrower, and the energy resolution may be somewhat reduced.
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Figure 4.6: trARPES measurements on FePSs with Epy.,, = 1.2¢V. (a) Differential delay map
showing intensity variation in dependence of pump-probe delay, processes by bilinear interpolation
to enhance the visualisation. The red signal displays additional intensity, revealing a strong signal
up to 1.2eV above the VBM. (b) Transient photoemission intensity extracted between 600 and
900 meV above the VBM.

The differential delay map corresponding to excitation with 1.2eV pump photons is shown in
Figure 4.6a. For consistency, the energy of the photoelectrons is referenced to the valence band
maximum (VBM), as determined from static measurements, since FePS3 is a semiconductor
and does not possess a Fermi edge. The map reveals a pronounced resonance extending up
to approximately —0.9eV above the VBM. This feature exhibits consistent time-dependent
characteristics across the entire energy window and decays within a few hundred femtoseconds.
To improve the signal-to-noise ratio of the extracted time trace, we integrate the intensity in the
energy range from —0.6eV to —0.9eV, as shown in Figure 4.6b. The resulting transient is fitted
using a model function consisting of a Gaussian convoluted with an exponential decay, allowing
the extraction of the decay time constant. This analysis yields a value of 771 = (83 +10) fs.

With the transient dynamics characterized, we now turn to the momentum-resolved ARPES
pattern obtained at temporal overlap. Since the signal above the VBM is generally weak, and
momentum-resolved measurements require high statistics, the momentum map was acquired for
only three delay values. It is important to note that, despite the high harmonics being guided
through a monochromator, there remains a non-negligible contribution from the next higher
harmonic (on the order of 1%). This higher harmonic is typically not visible in the occupied
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Figure 4.7: Momentum resolved transient intensity. (a) Schematic visualisation of the extracted
transient with two vertical dashed lines marking the delays at which the momentum maps in (b)
and (c) were extracted. (b) and (c) show momentum maps extracted 300 meV above the VBM at
maximum transient intensity and before tg, respectively. (d) Momentum maps extracted from static
measurements, displaying the intensity distribution around 4.5eV below the VBM.

states, but it introduces a substantial background when investigating the weak signals in the
unoccupied states. To isolate the pump-induced dynamics, we subtract the momentum map
acquired before temporal overlap. This removes the background contribution and results in
a clean representation of the additional intensity stemming from the pump-induced electronic
excitation.

This procedure for isolating the signal arising from pump-induced electron dynamics is illustrated
in Figure 4.7. Panel (a) displays the raw momentum-resolved signal acquired at 300 meV above
the VBM, featuring a structured pattern centered around I'y and extending into neighbouring
Brillouin zones (BZs). However, as becomes evident when comparing this to the momentum map
extracted before temporal overlap (shown in Figure 4.7b), a significant portion of the observed
intensity originates from the leakage of higher harmonics, which is delay-independent. To verify
the origin of this background signal, we compare it with static measurements taken at 4.5eV
below the VBM. Despite slight discrepancies due to differing probe photon energies (the leakage
signal before ty would originate in the next higher harmonic with 4.8 eV higher photon energy),
the resemblance in the momentum distribution confirms the higher harmonic contribution. To
extract the pure pump-induced dynamics, we subtract the momentum map acquired before tg
from the one recorded at temporal overlap; the resulting difference map is shown in Figure 4.8a.
The dashed black hexagon outlines the central and adjacent BZs.

The resulting pattern exhibits a complex momentum-space fingerprint with pronounced intensity
at the central I'y point and the M points at the BZ boundaries. Interestingly, the pattern
lacks a clear sixfold symmetry and instead displays a twofold anisotropy, consistent with static
measurements at energies associated with Fe d-orbitals. This anisotropy arises from the stacking
order of the individual FePS3 layers (see chapter 3 for further details). Interpretation of the
precise pattern is challenging due to the nature of d-d transitions, which cannot be captured
within a simple single-particle band structure framework, as they involve the full multiplet
manifold. Nevertheless, a striking observation is the strong resemblance between this non-
equilibrium momentum map and the ground-state band structure. Figure 4.8b shows a static
momentum map at 0.8 eV below the VBM, which closely resembles the observed non-equilibrium
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Figure 4.8: Transient momentum maps extracted at two different energies. (a) Differential mo-
mentum map at 300 meV above the VBM after background subtraction with red and blue indicating
increased and reduced intensity, respectively. (b) MM extracted from static measurements around
800 meV below the VBM. (c) Same as (a) for Eypy—E = —600meV. (d) Same as (b) for Eyvpy—F
= 500meV.

signal. Given that this energy range in the occupied states is dominated by Fe d-orbital character,
and that the energy difference between both features is approximately 1.1eV, matching the
lowest d-d transition, we identify this fingerprint as indicative of the °To, — °E, transition.

A second non-equilibrium momentum map, taken at 600 meV above the VBM and shown in
Figure 4.8f, displays similar features. This again resembles the static momentum map taken
at 500 meV below the VBM (see Figure 4.8g), with both maps being separated by exactly
1.1eV in energy. Since this energy separation is close to the pump photon energy of 1.2eV, we
additionally performed control measurements using s-polarized pump pulses, in order to exclude
contributions from LAPE effects (see subsection 4.1.3), which can also produce replicas of the
band structure. These measurements showed identical temporal behaviour, but importantly,
the dynamics lacked the symmetric temporal profile characteristic of LAPE. The asymmetry
observed in the transient signal provides further evidence against a LAPE origin. Therefore,
we attribute the observed momentum-resolved fingerprint to the 5T2g — 5Eg transition, an
assignment that will be further corroborated by theoretical modelling of the spectral function
modifications across the multiplet manifold in section 4.5.

4.4 Indirect Transitions by Above Band Gap Excitation

After having investigated the excitation dynamics of the energetically lowest d-d transition using
a pump photon energy below the band gap of FePS3, we now turn to the electron dynamics
induced by excitation with a photon energy of 2.4 eV, well above the band gap. The correspond-
ing differential delay map is presented in Figure 4.9a and reveals a significantly more intricate
structure compared to the previous experiment.

The left panel of Figure 4.9a shows the differential delay map, where red regions indicate ad-
ditional photoemission intensity following excitation with the pump pulse. The map spans an
energy range up to 2.3eV above the valence band maximum (VBM), ensuring that all pump-
induced dynamics within the accessible spectral window are captured by the detector. As a
reference, we also mark the expected energy position of the conduction band minimum (CBM),
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Figure 4.9: trARPES measurements under excitation with a 2.4eV pump pulse. (a) Interpolated
differential delay map displaying varying temporal behaviour in different energy regions above the
VBM, marked by individual colours. The right panel displays the EDC in the previously unoccu-
pied states at different delays, colour coded accordingly to the vertical dashed lines in the delay
map. (b) Transient photoemission intensity extracted at the different energy ranges marked by the
corresponding colours. (c) Comparison of the extracted transient signal around —1.1eV for the
uncompressed (long) and compressed (short) pulses, displaying a similar, double-exponential decay.

estimated to lie around 1.45eV above the VBM based on optical measurements [52]. The map
reveals a rich variety of transient features below the CBM, which are colour-coded to aid in-
terpretation. Starting at the top of the energy window, in the region highlighted in yellow, we
observe a rapidly decaying signal that can be well described by a single-exponential decay (see
yellow curve in Figure 4.9b), yielding a decay constant of 7cpy = (115 £ 100) fs. This ultra-
fast component is consistently observed throughout the energy range above the marked CBM,
extending down to approximately 1.4eV above the VBM. Just below the CBM, we identify a
broad energy window of approximately 600 meV width, centred around 1.1eV above the VBM
(indicated by the red bracket), in which the transient response follows a double-exponential
decay. This region contains the only long-lived component of the photoexcited signal, as seen in
the right panel of Figure 4.9a. The three curves shown correspond to energy distribution curves
(EDCs) extracted at distinct pump-probe delays, colour-coded consistently with the delay map.
Notably, in the light green EDC taken at 500 fs after temporal overlap, a Gaussian-shaped com-
ponent remains at 1.1eV, clearly separated from the dynamics occurring near the VBM. This
low-energy contribution will be discussed in more detail below.

To further investigate the origin of the long-lived, double-exponential decay observed in the
previous measurement, we performed additional experiments with a threefold smaller temporal
step size. The resulting transient (red line), plotted together with the other curves in Figure 4.9b,
was fitted using the same model as before, consisting of a convolution of a Gaussian with a bi-
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Figure 4.10: ARPES fingerprint of the ®Ta, — 3Ty, d-d transition. (a) Differential MM extracted
around —1.1eV above the VBM, displaying strong similarities to the momentum-resolved intensity
distribution in static measurements obtained 0.6 eV below the VBM. (c¢) Comparison of the EDC
before (blue) and around temporal overlap (red), revealing subtle variations in the difference signal
(yellow).

exponential decay function. The fit reveals a fast decay constant of 7, = (46 4+ 34)fs and a
long-lived component of 7, = (1273 4 268) fs. It is important to note that the shorter decay
constant is close to the experimentally determined cross-correlation of the pump and probe
pulses, which characterizes the time resolution of the setup and is approximately 40fs [186].
To confirm the robustness of this observation, the same experiment was repeated in a different
configuration, omitting the MPC. This setup yields a broader cross-correlation due to the longer
pulse duration, thereby reducing temporal resolution. The corresponding transient is shown
in Figure 4.9c. Despite the differing temporal resolutions, we again observe a clear double-
exponential decay. In this configuration, the long-lived component is consistent with the previous
result, yielding 7 1, ong puise = (1310 = 490) fs. The fast decay component is also again limited
by the temporal resolution of the setup, with 7/ . 1ong puise = (110 & 49) fs, which closely matches
the known cross-correlation of approximately 120fs. These observations confirm the presence
of a genuine long-lived relaxation process, while also indicating that the short decay constant is
resolution-limited in both experimental configurations. As 7y, in the MPC-based setup matches
the temporal resolution, we cannot conclusively determine whether this component reflects an
intrinsic physical timescale or is constrained by the instrument response.

To gain deeper insight into the nature of the states involved in the observed dynamics around
—1.1eV, we again investigate the momentum-resolved photoemission pattern. Due to the rela-
tively weak signal and long-lived nature of this feature, extended acquisition times over several
days were necessary to obtain a sufficient signal-to-noise ratio. The resulting differential momen-
tum map, extracted at the peak of the red transient approximately 50 fs after temporal overlap,
is shown in Figure 4.10a. The map reveals a distinct momentum-dependent intensity distribu-
tion, with prominent features located at the borders of the central BZ. As observed previously
in section 4.3, this pattern closely resembles the momentum maps extracted from static mea-
surements in the ground state. Figure 4.10b displays such a static map acquired at an energy
of 0.6 eV below the VBM, corresponding to an energetic offset of 1.7eV relative to the transient
signal. While the overall resemblance is evident, there are notable differences, particularly at
the T point of the central BZ and the K points located to the left and right. As will be discussed
in more detail later, these differences in photoemission intensity are consistent with theoretical
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Figure 4.11: (a) Transient photoemission intensity around the VBM (violet) and at —0.55 €V (blue)
including the fitted curves. (b) Comparison of the rising edge for the two extracted d-d transitions
and reference measurement on a WSy sample for the population of the conduction band, assumed
to be instantaneous. (c¢) Temporal dynamics around —1.1eV measured for s- and p-polarisation of
the pump-pulse to identify possible contributions from LAPE effects.

expectations when comparing the calculated spectral functions of the two involved multiplet
states in the next-higher d-d transition, namely 5Ta, and 3T1,. Given that the energy of this
transition is approximately 1.78 eV, closely matching the observed energetic separation between
the static and transient momentum maps, we assign the observed photoemission pattern to be
a fingerprint of the spin-forbidden 5T2g — 3T1g transition.

Before turning to the energy region marked by the blue bracket, we first examine the elec-
tron dynamics observed near the valence band maximum (VBM). By integrating a 200 meV
broad energy window just above the VBM, we obtain the purple transient shown in Figure 4.9b.
This signal is well described by a single exponential decay with a fitted decay constant of
TveMm = (973 £ 66) fs. We attribute the corresponding photoemission intensity to weak pump-
induced thermal broadening, as previously discussed in the context of high-absorption under
above-band-gap excitation conditions [255]. Figure 4.10c displays the energy distribution curves
(EDCs) of the occupied states, extracted approximately 130 fs before and after temporal over-
lap. The differential spectrum (yellow curve) reveals an increase in intensity around the VBM as
well as in the spectral range from 1.5 to 2.5eV, along with a pronounced depletion near 1.1eV
below the VBM. These observations yield two important insights. First, the energetic separa-
tion between the emerging peaks in the differential signal and the pre-pump spectrum does not
match the photon energy of the pump pulse. This provides strong evidence against any signifi-
cant contribution from laser-assisted photoemission (LAPE), which would lead to replica bands
appearing exactly 2.4eV above the original valence band peaks [246]. Second, we performed
Gaussian fits to the valence band structure at both time delays. A comparison of the full width
at half maximum (FWHM) reveals a consistent post-excitation broadening, which supports our
assignment of the observed dynamics to transient thermal effects. A similar analysis conducted
for the below-band-gap excitation shows no significant broadening of the valence band, con-
sistent with the absence of any persistent transient signal near the VBM in Figure 4.6a. This
further confirms the interpretation that the observed broadening arises primarily from thermally
induced effects, consistent with the stronger absorption in the case of above-band-gap excitation
compared to sub-band-gap pumping [52].

After discussing the dynamics around the VBM, we now turn to the energy region indicated
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by the blue bracket. This spectral window is of particular interest, as photoluminescence mea-
surements suggest that excitation above the band gap can also trigger the lower-energy d-d
transition [114]. Based on previous experiments, the energy range from approximately —0.5 to
—0.7eV (blue brackets) was selected as the region where one would expect the signal associated
with the 5T9, — °E, transition. The corresponding transient signal is shown in Figure 4.11a
(blue curve) and exhibits a bi-exponential decay. Fitting the data reveals a long-lived component
that mirrors the VBM dynamics (purple curve), which is also shown in Figure 4.11a scaled by a
factor of 0.3 to improve visual comparison. The short-lived component, with a decay constant
of 71 2.46v = (66 £ 128) fs, closely matches the decay constant observed for the 1.2eV excitation,
where we previously extracted 71 1.2¢v = (83+10) fs. We thus conclude that excitation above the
band gap indeed leads to the activation of both transitions I and II, and that both are clearly
observable in ARPES.

Beyond the shape of the observed transient signals, we can also compare their respective peak
positions in time. Figure 4.11b presents the transient signals corresponding to both transitions
observed under excitation with 2.4eV, alongside a reference signal from the conduction band
population in a WSy sample. The latter is assumed to occur quasi-instantaneously and was
used by Schiller et al. [186] to determine the temporal resolution of the experimental setup. It
therefore serves as a benchmark for evaluating the build-up times of the two observed transitions.
This comparison reveals a distinct separation in the peak positions of the two transitions. Based
on the extracted o parameter from the previously introduced fitting procedure, we calculate the
build-up time 7, as the time difference between the signal reaching 10 % and 90 % of its maximum
on the rising edge:

T = tog — t10 = \/—2021In (0.9) — \/—2021n (0.1) ~ 1.68¢ (4.3)

Using this relation, we extract build-up times of 7, ; = (47 £ 15)fs and 7, ;7 = (79 + 18) fs for
transitions I and II, respectively. For comparison, the reference signal from the WSy sample
yields 7y ot = (34413) fs. Consequently, the build-up time of transition I is consistent with an in-
stantaneous process within experimental resolution, whereas transition II exhibits a measurable
delay, indicating significantly slower population dynamics.

Similar to the below band-gap pumping, we again performed the measurements for s- and
p-polarisation to exclude LAPE contributions, even though the energetic separation of 1.7eV
already discerns LAPE as origin of the replication, as this would necessitate a separation in order
of the pump energy at 2.4 eV (see section 4.1). The two measurements with s- and p-polarisation
under same conditions are presented in Figure 4.11c. Due to experimental limitations, these
measurements were performed with the uncompressed pulse. However, it is directly apparent
that both measurement show the same response under excitation with a double exponential
decay. A fitting procedure of both signals results in the same decay constants, confirming again
the reliability of our observation as well as the absence of LAPE induced dynamics.

4.5 Theoretical Description

For the investigation from a theoretical point of view, we refer to a simplified description for
strongly correlated materials[256]. As the focus on this thesis is on the experimental investiga-
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tion, we will introduce the theoretical framework only in a brief manner. The full theoretical
background can be found in the supplementary information of our publication [237] that this
chapter is based on. The calculations presented were performed by Prof. Dr. Frithjof Anders
from the technical university of Dortmund.

We describe the Fe(II) 3d shell by a five-orbital model, where the Hamiltonian comprises
the single-particle orbital terms and the spin-rotational invariant general Coulomb interac-
tion, parameterized by the Hubbard energy U and the Hund’s rule exchange interaction J.
The single-orbital energies include the crystal electric field splitting (CEF) between the ta,
and ey orbitals determined by the spectroscopic exchange energy of the lowest d-d transition
(AE = 1.076 eV)[37], adjusted so that the ground state contains six electrons. The local Mott
excitation, Uepp = U —3J = 2.2€V, is taken from a recent LDA+U study[256] on FePS3. To re-
produce the experimentally observed 5T2g — 3T1g transition at AE = 1.796 eV, the two Racah
parameters are set to U = 4.15e¢V and J = 0.65eV. Additionally, we use the total spin and
total charge as conserved quantum numbers to construct the block-diagonal many-body Hamil-
tonian, and determine its spectrum and eigenstates through exact diagonalization of each block.
Based on these results, we can now calculate the spectrum of the lesser Green’s function, which
describes the removal of an electron from a ?3, or e, orbital of the 3d shell. In the following, we
will use these spectra to explore, if the different d-d transitions can lead to the experimentally
observed duplication of the band structure and if the varying similarity for both transitions is
explainable in the simplified localized picture.
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Figure 4.12: Lesser Green’s function calculations in ground and excited state for transitions I and
II. (a) The equilibrium spectra of the orbital-resolved lesser Green’s function for the to, (blue) and
ey (red) orbitals. The corresponding non-equilibrium (NEQ) spectra after transition I is indicated
by dashed lines of the same colours, shifted by the excitation energy AE = 1.0786¢eV. (b) The
corresponding equilibrium and NEQ lesser Green’s function spectra for this excitation (shifted by
AE = 1.74eV) exhibit a slight shift in the orbital-resolved peaks. Notably, the lowest excitation
peak is entirely absent in the NEQ spectrum, consistent with the spin-forbidden nature of the
transition.

To interpret the experimental findings introduced in the chapters before, we start again with
the lowest d-d transition at 1.1 eV that involves at spin allowed transition from the 5T2g into the
5Eg multiplet structure. After photoemission from the excited 5Eg spin multiplet, the system
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Figure 4.13: Schematic illustration of the multiplet structure of the Fe?* ion in both the ground
and excited states. In contrast to transition I, the second-lowest d-d excitation involves a spin-flip
process: an electron from the spin-up to, orbital is excited into the spin-down ¢, orbital. This
excitation may either propagate to a neighbouring site via virtual hopping (ITa) or relax through
spin-orbit coupling (SOC), involving a spin-flip transition (IIb).

is left in a 3d® configuration. The calculated spectra of both, the 5T2g ground state and the
excited 5Eg state are plotted in Figure 4.12a with different colours. Important to mention here
is that the spectrum for the excited multiplet state is shifted to lower energies by exactly the
excitation energy of the investigated d-d transition. This allows us to compare both spectra and
see if the duplicated band structure we observed in the experiments are a result of the change
in multiplet state. Indeed, we see that the energetic position of the different peaks overlap, with
slight changes in the spectra width. Since the atomic Green’s functions serve as the foundation
for the lattice spectral functions [257], and the hybridization between orbitals is not significantly
affected by the laser pulse to leading order, this result obtained in the localized Fe 3d framework
can readily explain the notable similarities between the non-equilibrium momentum maps in
Figure 4.7d and the equilibrium maps in Figure 4.7e.

This approach also enables us to interpret the data obtained under above-band-gap excita-
tion. As previously noted, the non-equilibrium momentum maps measured at —1.1eV exhibit
a marked resemblance to the momentum maps of occupied states at 0.6eV. Since this feature
lies too low in energy to result from a population of the conduction band minimum (CBM), we
attribute the transient state observed at —1.1¢eV to the spin-forbidden 5T2g — 3T1g transition of
the Fe?T multiplet. This transition is characterized by an energy difference of 1.7 eV, matching
the separation between the corresponding occupied and unoccupied momentum maps. Fig-
ure 4.12b presents a comparative analysis between the relevant equilibrium and non-equilibrium
atomic spectra, again offset by the excitation energy of AE = 1.79e¢V. While both spectra
share common features, the differences are more pronounced than in the previous case, consis-
tent with the observation that the momentum maps in Figure 4.10a and b do not fully mirror
each other.

Upon excitation of FePS3 with 2.4 eV photons, our analysis revealed an initial population of the
conduction band, followed by depopulation with a time constant of Topym = (1154100) fs. This is
followed by the nearly instantaneous excitation of the °Tay — °E, transition (1, ; = (47+15) fs),
and then by a delayed excitation of the spin-forbidden 5T2g — 3T1g transition, occurring within
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T,11 = (79+18) fs. The latter exhibits a biexponential decay, indicating two independent relax-
ation channels back to the ground state, with decay constants of 11, = (46 & 34) fs (effectively
instantaneous within our resolution) and 7y, = (1273 £ 268) fs. We associate these decay paths
with virtual hopping between neighbouring sites (an exchange-driven mechanism) and spin-
orbit-coupling (SOC)-mediated spin-flip processes, respectively. Figure 4.12 provides a visual
representation of the excitation corresponding to the 5T2g — 3T1g transition and its subsequent
relaxation to the ground state.

To further understand the SOC-mediated spin-flip timescale, we performed first-principles cal-
culations including relativistic effects. Based on the electronic band structure of FePSs [196],
we determined the SOC constant for Fe?t to be Asoc = —113.24cm ™! (14.04 meV), primarily
arising from the Fe? 3d orbitals. The negative sign of Asoc reflects the more-than-half-filled
shell of Fe?T. Converting this SOC strength to a timescale (7soc = h/E =~ 300fs), we find
reasonable agreement with the experimentally measured spin-flip time 7yeq2 = (1273 4 268) fs.
Additionally, in NiPS3, an SOC value of —280cm™! (34.7meV) was found sufficient to mix the
LE, and 3Ty, excited states [37], enabling the spin-forbidden 34y, — 'E, transition. Given
that the energy separation between SOC-mixed states in NiPSg is 7900 cm ™! (0.98 eV), a similar
SOC-driven mixing between the 5Eg and 3T1g states in FePS3 appears plausible, especially since
the energy difference in FePS3 (0.72meV) is even smaller than in NiPSs.

4.6 Conclusion

In summary, we have successfully identified the momentum signature of two distinct d-d transi-
tions in the antiferromagnetic van der Waals semiconductor FePS3. By employing both resonant
and non-resonant excitation of the 5Eg and 3T1g states, we were able to extract their respective
lifetimes and characterize the associated relaxation processes. Furthermore, we assigned spe-
cific momentum-dependent characteristics to both intra-ionic multiplet excitations, manifesting
primarily in replication of the Fe?* momentum fingerprint including a shift to higher kinetic
energies. To test the reliability of our assignment as well as the observed features in momentum
space, we performed calculations of the lesser Green function in ground state and after excitation
as these spectra are the basis for further band structure calculations. Here, we obtained the
same modifications of the spectral function, confirming our previous assignment, and suggested
a first explanation for the two different decay channel observed when pumping above the band

gap.

These findings demonstrate that time- and angle-resolved photoelectron spectroscopy, when
combined with momentum microscopy, is capable of resolving the momentum-space signatures
of d-d transitions. This work broadens the well-established scope of trARPES, already proficient
in identifying quasiparticles such as excitons in molecular systems [236, 258] and light-induced
quantum phenomena in two-dimensional materials [171, 235, 259], by introducing its applica-
bility to the study of d-d transition dynamics. In this context, a systematic investigation of
temperature-dependent changes in FePSs below the Néel temperature would be of considerable
interest. Such a study could enable the observation of variations in relaxation rates associated
with the onset of magnetic order, as well as interactions with phonons described by Mertens et
al. [53] and Rao et al. [260], which only exhibit significant amplitude below the critical temper-
ature.
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Furthermore, other members of the MPS3 family as well as completely new materials could be
investigated to confirm the momentum dependent fingerprint of d-d transitions and to under-
stand how these dynamics can vary between different materials. For example, it was shown
recently that the combination of NiPS3 and WS; significantly enhances d-d emission due to
charge transfer in the formed type I heterostructure [118]. Here, trARPES would provide the
perfect platform to follow the electron excitation and relaxation into the excited multiplet state.
Additionally, as introduced in the beginning of this thesis, trARPES is also perfectly suited
to investigate exciton formation. NiPS3 would provide the perfect platform to study the in-
teraction between excitons and d-d transitions, as it exhibits a rich plethora of both optical
excitations [117].

In conclusion, this study of d-d transitions in FePS; showcases the potential of trARPES to
provide fruitful insights into the diverse landscape of optical excitations in the family of MPS3
materials, allowing for a better understanding of their fundamental electronic properties, but
also opening up a promising way to follow how modifications can tune the electron dynamics in
momentum space.



85



86



Part II - Tunability

87




88



89

5 Adsorption of Organic Molecules

In the previous section, we have seen that the family of MPSs materials exhibits a rich and
complex electronic character, with strong similarities in the overall band structure but also
key differences in the atomic contributions to different parts of the density of states (DOS).
While many of these properties already position these materials as promising candidates for
various applications, targeted modification will be a crucial step to enhance their performance
and adaptability. One of the most promising pathways to modify the electronic properties
of a crystal surface is the adsorption of organic molecules. This approach is already widely
employed in applications such as spin valves [261], magnetic tunnel junctions [262], and devices
with negative magnetoresistance [263], and it holds great promise for further improving 2D
materials, for example by increasing their susceptibility to external stimuli [264].

In this chapter, we investigate how an adsorbed layer of pentacene (5A) interacts with NiPSs
and FePS3, two MPS3 materials that exhibit representative differences in the DOS contributions
from the transition-metal ion near the valence-band maximum, and whether the molecules can be
used to strategically tune their electronic and magnetic characteristics. 5A is chosen as a model
system because it is a well-studied, planar conjugated molecule with a large m-electron system,
known for forming ordered layers and enabling strong yet tunable interactions with surfaces in
organic electronics. As described in section 1.3, understanding the energy-level alignment at
the interface is essential to assess its potential for various applications. Therefore, we employ
photoemission orbital tomography (POT) [78], a technique that enables direct identification of
molecular orbitals based on their experimental fingerprints in ARPES. The basic principles of
this relatively new method are briefly introduced in the first part of this chapter. For 5A ad-
sorption on NiPSs and FePSs, POT allows us to identify multiple molecular orbitals, confirming
the formation of a self-assembled molecular layer with three different domains. Using POT, we
unambiguously identify signals from multiple molecular orbitals, some well separated and others
exhibiting significant overlap. The fact that all detected signatures originate from previously
occupied orbitals (HOMO+n) confirms the absence of substantial charge transfer across the
interface. Nevertheless, the observed formation of an ordered molecular layer in the physisorbed
regime, combined with the preservation of pronounced free-molecule characteristics, establishes
this interface as a promising platform for future studies.
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5.1 Sample Preparation

The pristine NiPS3 and FePS3 crystals were prepared using the scotch tape exfoliation method,
as described in section 2.4. The deposition of 5A thin films was carried out in the preparation
chamber of the KREIOS-based photoemission setup, utilizing a Knudsen-cell-type evaporator
loaded with pentacene powder of 99.99 % purity. To calibrate the optimal deposition rate and
duration for achieving a 5 A monolayer, the molecules were initially deposited on a Cu(100)
surface in intervals of 3 minutes. By monitoring the evolution of the LEED pattern after each
step and assessing the sharpness of the molecular diffraction spots, the optimal growth conditions
were identified as a deposition time of 8 min at a temperature of 185°C. Subsequently, the
molecular thin films were grown on both MPS3 substrates by positioning the crystal surfaces at
an identical distance from the evaporator and applying the same deposition parameters.

5.2 Photoemission Orbital Tomography

While section 2.1 mainly discusses how photoelectron spectroscopy can be used to investigate
crystalline solids, this section introduces how the technique can also provide substantial infor-
mation about the adsorption of organic thin films on crystalline surfaces. Traditional analysis
of the angle-integrated spectrum to identify molecular orbitals often suffers from complications
arising from orbital broadening and the potential overlap of different orbitals. Here, the appli-
cation of ARPES, referred to as photoemission orbital tomography (POT) [78] when applied
to molecular layers, has proven to be a more insightful technique. It allows the identification
of different molecular orbitals based on their momentum-dependent intensity distribution and
thereby enables a detailed characterisation of the electronic structure of organic molecules ad-
sorbed on a surface. Before applying this technique to the interface formed by 5A adsorbed
on FePS3 and NiPSs, this chapter introduces the fundamental background of the method and
explains how the momentum maps for the corresponding orbitals can be calculated.

a b

Figure 5.1: Different steps in calculating the photoemission signature of a molecular orbital. (a)
presents the chemical structure of the 5A molecule, consisting of five aromatic rings connected on the
long side. The corresponding electron density for the highest occupied orbital (HOMO) is depicted
in (b), based on which the (c) Fourier Transformation for later extraction of the PE pattern at a
specific kinetic energy can be calculated.

To calculate the characteristic fingerprint of a molecular orbital in photoemission, we start by
considering the photoexcitation as a single coherent process from a molecular orbital to the final
state. The intensity is then given by Fermi’s golden rule as
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Similar to the introduction in section 2.1, the photocurrent [ is given by a sum over all transitions
from occupied initial states to final states (described by ¥; and W ¢, respectively). The ¢ function
in the second part ensures energy conservation, including the sample work function ®. Another
important term is the transition matrix element, consisting of the momentum operator p and
the vector potential A of the electromagnetic wave, which strongly influences the intensity
distribution (and is often neglected, as we will see later). By approximating the final state as a
plane wave, the above formula simplifies and leads to the photocurrent I being proportional to

the Fourier transform (FT) U;(k) of the initial-state wave function:

300 o Y

(5.2)
Initially, this technique was widely believed to be unsuitable for the investigation and interpre-
tation of ARPES data from oriented films of large polyatomic molecules. However, Puschnig et
al. [78] demonstrated that, under specific conditions, the plane-wave (PW) approximation for
the interpretation of ARPES data is indeed valid. These conditions are: (i) the emission should
originate from m-orbitals of large planar molecules, (ii) the experimental geometry should in-
volve a relatively small angle between the polarization vector A and the direction of the emitted
electron k, and (iii) the molecules should contain only light atoms such as hydrogen, carbon,
nitrogen, or oxygen.

One of the first molecules for which this was demonstrated is pentacene, an organic molecule
consisting of five linearly edge-fused phenyl rings (shown in Figure 5.1a), where the authors
found exceptional agreement between the experimentally observed orbitals and computational
predictions. Starting from the real-space orbital shown in Figure 5.1b, in this case the HOMO,
one calculates the corresponding three-dimensional Fourier transform. As the experimental
maps are evaluated at a constant binding energy, the corresponding computational momentum
map is obtained by intersecting the 3D Fourier transform with a hemisphere of radius k =

\/(2m/h?) By, (Figure 5.1¢), yielding the momentum map for that energy.

A series of these computational maps, extracted at different kinetic energies in steps of 5eV, is
shown in Figure 5.2a—d. The kinetic energy of the electron originating from the molecular orbital
under investigation (here the 5A HOMO) leads to slight differences in the observed signature.
Therefore, it is important to match the computational maps closely with the experimentally
observed patterns and to take the kinetic energy into account, as some patterns may exhibit the
same features with only slightly different positions in momentum space (as, for example, the
HOMO and HOMO-1 of 5A). During experimental investigations, this typically results in an
iterative process in which a first identification of potential features is performed before matching
them to the possible computational maps.

This technique has enabled a wide range of valuable experimental insights. By resolving more
than 30 different molecular orbitals across an energy range exceeding 10eV, Haags et al. [267]
provided a detailed benchmark and validation for DFT calculations of molecular orbital energies.
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Figure 5.2: Isoenergetic patterns for different kinetic energies of the previously introduced 5A
HOMO. The kinetic energy only slightly affects the position of the intensity maxima in k). Data
taken from Ref [265] and [266].

Furthermore, recent findings by Janas et al. [268] have demonstrated that POT can be effectively
employed to detect structural distortions of adsorbed molecules, even extending beyond the first
molecular layer. In an approach inverse to the original computational derivation, Bennecke et
al. [269] succeeded in reconstructing the full three-dimensional FT and thereby directly accessed
the real-space electron density distribution by acquiring momentum maps at varying kinetic
energies. Moreover, although originally developed for the study of m-orbitals, POT has also
been successfully extended to probe o-orbitals, opening new avenues for the investigation of
surface chemical reactions, such as bond formation and dissociation processes [270].

Beyond these more static applications, the technique has also undergone significant advance-
ments for the study of dynamic processes. For instance, POT can be employed to trace molec-
ular orbitals on ultrafast timescales by imaging the unoccupied molecular orbitals of a PTCDA
monolayer on Cu(001)-20 [236]. Similarly, the method has been adapted to interpret excitonic
signatures in organic molecules, enabling the disentanglement of the individual orbital contri-
butions to excitons formed in buckminsterfullerene [130].

These diverse applications collectively demonstrate that POT is now firmly established as a
reliable technique for investigating the electronic structure of organic molecules on a variety of
surfaces. In the following chapters, we will apply this method to explore whether the deposition
of a 5A monolayer can be actively utilized to tailor the interfacial properties of MPS3 crystals
and to examine the energetic alignment of the associated molecular orbitals.

5.3 Pentacene Adsorption on NiPS;

Figure 5.3 presents the energy distribution curves (EDCs) for both pristine NiPS3 and the
5A-covered surfaces, obtained by integrating over the entire accessible momentum space. The
dark-blue curve represents the pristine surface, which has already been introduced and discussed
in detail in section 3.2. Upon deposition of the first 5A monolayer (1L), significant modifications
are observed in the angle-integrated photoemission signal.

Focusing first on the energy region near the top of the valence band, a small Gaussian-shaped
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Figure 5.3: (a) and (b) Angle-integrated photoemission intensity for pristine NiPS3 and 5A-covered
samples. (c) Close-up of the valence-band maximum (VBM) region for the pristine surface, showing
a Gaussian fit to the feature emerging after 5A adsorption. (d) Secondary cutoff (SEC) for all three
spectra, revealing a 1 eV shift and a shoulder feature indicative of non-uniform molecular adsorption.

feature emerges around the valence-band maximum (VBM) of the pristine surface. This is ac-
companied by a shift of the substrate-related spectral structures toward higher binding energies.
These changes are examined in more detail in section 3.2b, where all three spectra are nor-
malized to the intensity of peaks located around Eypy — F = 1.6eV. The observed 300 meV
shift of the NiPSs-related features is most plausibly attributed to the formation of an interface
dipole [271], which can arise from Pauli push-back effects in physisorbed 7-systems. Other pos-
sible contributions include changes in the local screening potential or band bending [138], the
latter typically requiring interfacial charge transfer, which subsequent data suggests is negligi-
ble here. Less likely, though not entirely excluded, is that the adsorbed molecules modify the
charging properties of NiPS3, thereby enhancing photon-fluence-dependent effects. A conclusive
determination of the dominant mechanism would require complementary investigations, such as
density functional theory calculations.

To characterise the observed molecular feature, we apply a Gaussian fit to the obtained signal,
resulting in a central energy of —0.068 eV and a full width at half maximum (FWHM) of 0.367 eV.
The central energy will be important later to compute the theoretical photoemission pattern of
the orbital at the corresponding kinetic energy. At binding energies further below the VBM, a
general increase in spectral intensity is observed, along with the emergence of distinct peak-like
structures around 6.2eV, 8.3eV, and 9eV. However, due to the inherently feature-rich EDC
of the NiPS3 substrate, an unambiguous identification of all molecular contributions remains
challenging.

To gain a clearer understanding of the origin of the observed spectral features, the 5A cover-
age was further increased by depositing an additional 24 min on top of the existing monolayer,
resulting in a total thickness of approximately four molecular layers. The corresponding EDCs
are again shown in section 3.2a and b, exhibiting a further increase in intensity, particularly
at energies more than 3eV below the VBM. Additionally, the feature at the top of the valence
band gains further intensity. The peaks attributed to molecular states are indicated by ver-
tical dashed lines. However, apart from these changes, no further modifications of the EDC
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Figure 5.4: (a) Experimental momentum map at the central energy from the Gaussian fit in Fig-
ure 5.3, showing a star-shaped pattern with threefold symmetry. (b-d) Computational momentum
maps for 5A’s HOMO, HOMO-1, and LUMO, respectively. The close match between (a) and the
HOMO map in (b) confirms the orbital assignment and supports the conclusion that the 5A layer
remains electronically decoupled from the NiPS3 substrate.

are observed when going from the mono- to the multilayer (ML) coverage. Returning to the
original goal of this study, namely to examine whether the molecular layer can tune the surface
properties, this observation indicates that no charge transfer occurs at the interface. If charge
transfer were present, a shift of the molecular features toward either higher or lower binding en-
ergies would be expected, as everything beyond the first layer should have negligible interaction
with the substrate and therefore resemble the gas-phase electronic structure of the molecular
orbitals.

As a final part of the angle-integrated signal analysis, we investigate how the additional molecular
layers influence the work function ® of the surface. section 3.2d shows the secondary cutoff (SEC)
at different molecular coverages. By quantifying the additional signal above the pristine VBM as
well as below the pristine SEC, we estimate the total change in ® associated with the interaction
between molecules and surface. Including the additional signal from the HOMO, this amounts
to a total work-function reduction of ®4;¢ = —1.88eV. However, this value may change under
further coverage, as the general shape of the SEC indicates a non-uniform molecular coverage,
evidenced by its shoulder-like feature that increases from mono- to multilayer.

While the reduction of the work function can be caused by multiple effects, the absence of
considerable charge transfer between the molecular layer and substrate suggests two dominant
mechanisms in this system. First, the observed HOMO lies above the VBM, which has been
shown to cause a work-function reduction in similar systems where a 5A layer is deposited on
TMDs [271]. Second, the so-called push-back effect describes the influence of the molecular
electron-density distribution on the substrate. The interaction between both leads to a redis-
tribution of electrons at the interface, creating an interfacial dipole layer that reduces the local
electrostatic potential and subsequently lowers the work function by decreasing the vacuum
level [271-273].

After investigating the angle-integrated signal, we now utilize the capabilities of our advanced
detector to examine the momentum-resolved pattern in more detail. This analysis provides
additional information about the general adsorption behaviour of the molecules, such as the
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presence of different domains or whether 5A forms a self-assembled layer. We begin with the
previously described feature around the VBM of the pristine surface. Figure 5.4a shows the
raw signal acquired at this energy. It reveals a star-shaped pattern with high-intensity features
arranged in a hexagonal symmetry. Each feature has a triangular shape with its tip pointing
towards the centre (one feature is highlighted as an example). As shown in Figure 5.2, com-
putational momentum maps of 5A typically display a twofold symmetry, reflecting the general
shape of the molecule. Therefore, the observed threefold symmetry already indicates that the
surface hosts multiple different azimuthal orientations of the 5A molecules. To match the ex-
perimentally deduced pattern with the corresponding molecular orbital, we apply a threefold
rotational symmetry to the computational maps and compare different molecular orbitals. The
best agreement is found with the HOMO, depicted in Figure 5.4b, which shows the same tri-
angular high-intensity features at high momenta, located roughly 1 A" from the centre. For
completeness, Figure 5.4c and Figure 5.4d present the HOMO—1 and LUMO, respectively. Both
show clear differences compared to the HOMO, allowing an unambiguous assignment of the ob-
served feature around the pristine VBM to the HOMO. Based on this assignment, and given
the negligible changes observed upon deposition of additional 5A layers, we conclude that there
is a complete absence of charge transfer between the 5A molecules and the NiPS3 surface. Con-
tinuing the analysis of the angle-resolved intensities, we also conducted a momentum-resolved
investigation of the molecular peaks at higher binding energies below the VBM (between 6eV
and 10eV). However, even after extended integration times, none of these energies displayed
a clear momentum-resolved pattern that could be associated with any of the computational
momentum maps, down to the HOMO—10.

Having established the absence of significant interfacial charge transfer in the 5A /NiPS3 system,
we now turn to FePS3 to examine whether its distinct electronic structure leads to a different
adsorption behaviour and interfacial interaction.

5.4 Pentacene Adsorption on FePS;

Similar to the previous chapter, Figure 5.5a and b present the EDCs for both pristine FePS3
and the 5A-covered surfaces. The dark-blue curve represents the pristine surface, which has
already been introduced and discussed previously. Upon deposition of the first 5A monolayer,
we observe behaviour similar to that found for the 5A/FePSs interface. First, a small but
noticeable peak appears around the VBM of the pristine surface, increasing in intensity upon
deposition of the second layer. Second, the peak structure related to the MPS3 substrate shifts
towards lower kinetic energies by 600 meV for the first molecular layer and by an additional
200 meV for the second layer. This shift presents more significant in contrast to NiPSs, where
the first layer induced a shift of only 300 meV without further changes under the second layer.
While we expect the same mechanism for both interfaces, the presented data does not allow to
identify the specific reason and necessitate further investigation via density functional theory.
Figure 5.5¢ display a gaussian fit of the new feature around the VBM, centered at 150 meV
below the pristine VBM and a FWHM of 270 meV, similar to the same feature present for the
5A /NiPS3 interface. Additionally, we see again a shift of the secondary onset by 1.2eV upon
deposition of the first layer, this time with a shoulder less structure. In contrast, deposition of
the second layer leads to the emergence of the shoulder like structure also observed for deposition
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Figure 5.5: (a) and (b) Angle-integrated EDCs for pristine FePS3 and two 5A coverages, with
dashed lines marking peaks attributed to the molecular layer. (c) Gaussian fit of the peak nearest to
the pristine VBM, later assigned to the HOMO. The greater number of molecular peaks compared to
NiPS3 indicates a broader set of detectable orbitals in the FePS3 interface, enabling more complete
mapping of the molecular electronic structure. (d) Similar to NiPS3 the SEC for all three spectra,
reveals a substantial shift and a shoulder feature indicative of non-uniform molecular adsorption.

on NiPSs. This indicates that the initial doses of 5A on the Ni compounds eventually already
accumulated to more than a single layer. This would explain the additional changes we observe
for the 5A /FePS3 interface, while NiPS3 did not present any substantial additional changes with
the higher 5A doses.

As presented for the 5A /NiPS3 interface presented in the previous chapter, we proceed by ob-
taining angle-resolved momentum maps for each peak in the EDC that appears after molecular
adsorption. The corresponding momentum maps are shown in Figure 5.6, sorted by their ener-
getic position in the EDC. In contrast to the 5A /NiPS3 system, we observe several symmetric
features spanning an energy range up to 4eV below the VBM of the pristine surface. Unlike
the maps presented in the previous chapter, the images shown here are symmetrized according
to the underlying symmetry of the molecular layer, which exhibits the same structural config-
uration with three different domains, each rotated by 120° with respect to one another. This
symmetrisation allows for easier comparison between experimental and computational photoe-
mission intensity patterns, as it removes inhomogeneities introduced by the polarization factor,
which has a strong influence, particularly at higher binding energies below the VBM.

The first two peaks can be assigned unambiguously to the HOMO and HOMO-—1 of 5A, both
displaying a star-shaped pattern. The pattern presented in Figure 5.6¢c cannot be mapped to a
single molecular orbital, but instead resembles a mixture of the HOMO—2 and HOMO-3, with
an intensity ratio of 2:1. While the next peak in Figure 5.6d can again be assigned to the isolated
HOMO-3, the last image presented shows the most complex composition, containing contribu-
tions from the HOMO—4, HOMO—-5, and HOMO—6 with relative contributions of 2:5:10. The
isolated momentum maps for each molecular orbital are provided in section A.3.

To precisely determine the energetic positions of the different orbitals and their relative contri-
butions to the individual peaks observed in the EDC, a full deconvolution of the experimental
data with computational molecular momentum maps would be required. However, this is not
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Figure 5.6: Top row: Experimental momentum maps at energies corresponding to peaks in
the EDC that appear after 5A adsorption. Bottom row: Computational momentum maps show-
ing the best match to the experimental data. (f), (g), and (i) correspond to isolated HOMO,
HOMO-1, and HOMO-3 orbitals, while (h) and (j) are combinations of HOMO—-2/HOMO-3 and
HOMO-4/HOMO-5/HOMO—6, respectively. The need for mixed-orbital assignments reflects the
close energetic spacing of higher-lying molecular orbitals, while the good agreement between ex-

perimental and computational patterns supports the interpretation of a physisorbed, electronically
decoupled molecular layer.

feasible for the present data set, as the quality of the molecular film would necessitate a total
integration time exceeding the lifetime of the sample surface, which degrades under irradiation
with the high-energy XUV pulses used during the experiment. Nevertheless, as the observed
orbitals indicate a decoupled molecular layer with negligible interaction between the molecules

and the sample surface, we can compare the observed peaks with gas-phase calculations for
5A.

Table 5.1 presents the computed energetic differences of the HOMO—n orbitals with respect to
the HOMO, together with the energetic differences observed for the various peaks in the EDC,
referenced to the isolated HOMO close to the VBM of the pristine surface. While the momentum
maps have already shown that the peaks cannot always be assigned to specific orbitals in an
isolated manner, the energies listed are sorted according to their appearance in the EDC for the
two-layer sample. We observe a striking similarity for the first five orbitals following the HOMO.
Together with the negligible shift of the HOMO after deposition of a second molecular layer and
the strong agreement with the gas-phase momentum maps used for orbital identification, this

indicates that there is no strong interaction between the FePSs substrate and the adsorbed
molecular layer.

In comparison to the 5A/NiPS3 system, where only the HOMO could be clearly identified, the
richer set of assignable orbitals in the 5A /FePS3 interface further highlights the weaker substrate
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Table 5.1: Comparison of the gas-phase energies of various 5A molecular orbitals with respect to
the HOMO and the observed molecular peaks in the EDC up to a maximum energy of 4eV.

| Orbital [ HOMO-1 [ HOMO-2 | HOMO-3 | HOMO-4 | HOMO-5 |
ApTheo (V) || 1.297 1.822 2.419 2.917 3.269
Ap gap (€V) 1.3 1.7 2.2 2.9 3.3

influence and the predominantly gas-phase-like character of the molecular electronic structure
in both systems.

5.5 Conclusion

In this chapter, we investigated the adsorption of organic molecules, namely pentacene, on two
different MPS3 compounds. The original aim was to achieve hybridisation at the interface in
order to create a system suitable for electronic modulation via light pulses, solely by creating
excitations at the interface. Additionally, we sought to gain insights into possible modifications
of the substrate’s electronic structure induced by the presence of organic molecules.

Using photoemission orbital tomography, we successfully isolated the momentum-dependent
photoemission intensity of various orbitals after adsorption on the surface. First, this confirms
that on both surfaces, pentacene forms a well-defined, self-assembled monolayer with three
different domains, rotated by 120° with respect to each other. Second, the occupation of pen-
tacene’s highest occupied orbital for both substrates, together with the absence of energetic
shifts when moving from monolayer to multilayer coverage, suggests that no significant charge
transfer occurs at the interface. In the case of FePSs, this is further confirmed by comparison
of the observed molecular peaks with the energetic differences between the molecular orbitals
of gas-phase pentacene, which show striking agreement. While this confirms the absence of
considerable hybridisation at the interface, the assembly of a well ordered 5A layer in the ph-
ysisorption regime establishes this interface as a promising platform for further investigation,
possibly introducing modifications of electronic properties such as exciton formation and charge-
carrier density. For example, in the case of small aromatic molecules adsorbed on TMDs [274],
it has been shown that the molecular layer can tune the charge-carrier concentration at the
interface even in the physisorbed regime, thereby affecting exciton dynamics and, consequently,
key electronic properties of the substrate.

In general, to achieve significant hybridisation between any of the discussed MPS3; materials and
a molecular layer, it may be necessary to employ organic molecules that are stronger donors or
acceptors compared to pentacene. Promising candidates include highly polar molecules such as
hydrazine, benzene, and TCNQ, which have been previously employed for chemical doping on
TMDs [274]. The latter has also been used together with Cgg in initial experiments on FePSs,
although no visible ordering was observed after deposition, rendering them unsuitable for the
application of POT. However, as will be discussed in chapter 6, it could be promising to repeat
the experiments on another member of the MPSs family. Intercalation with alkali metals has
shown that CoPSj3 exhibits the most prominent modifications under electron doping, nearly
an order of magnitude stronger than those observed for FePSs;. Since TCNQ is also a strong
electron donor, the results obtained from alkali-metal intercalation suggest that its deposition
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on CoPS3 could result in stronger interactions, including charge transfer at the interface.

Overall, our results demonstrate that pentacene adsorption on both NiPSg and FePS3 leads to
well-ordered, physisorbed molecular layers without significant charge transfer or hybridisation
at the interface, preserving the free-molecule character. While this limits the potential for
direct electronic modulation via interfacial coupling, it provides an attractive basis for further
investigations.
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6 Targeted electron doping

While the previous chapter focused on modifying the electronic structure of MPS3 through the
adsorption of organic molecules, this chapter introduces another well-established approach, alkali
metal doping. Alkali metal doping is a widely used strategy for introducing additional electrons
via the deposition of caesium, potassium, or lithium. Such doping can induce a variety of effects,
including the emergence of superconductivity [275], the occupation of additional electronic states
and corresponding shifts of the entire band structure [276, 277], as well as the population of
higher-lying orbitals when combined with organic molecules [278].

In the following sections, we investigate the changes induced by lithium and caesium deposition
on the surfaces of various MPS3 materials. To date, scientific publications addressing the influ-
ence of alkali metal doping on the electronic structure of MPS3 remain scarce, with most studies
concentrating on magnetic properties. Nevertheless, these works already highlight the consider-
able potential of alkali metal intercalation in MPS3, reporting phenomena such as a reversible
transition between ferromagnetic (FM) and antiferromagnetic (AFM) states [79, 80], a reduction
of the magnetic ordering temperature [81] in FePSs, and the emergence of ferrimagnetism in
NiPS; [82].

A key aspect of tuning the electronic and magnetic behaviour through alkali metal intercala-
tion lies in controlling the d-shell filling. Whether by charge donation or local substitution of
transition-metal ions, modifications to the d-orbital occupation strongly influence magnetic or-
dering. Despite notable progress, a comprehensive understanding of how d-shell filling governs
the competition between exchange interactions, and thus the emergence of novel magnetic and
electronic phases, remains elusive, yet is essential for enabling future device applications.

Therefore, the following chapter will place a particular focus on the changes induced in the
d-shell occupation, presenting a detailed investigation of MPS3 surfaces under electron doping
by two different experimental approaches. First, Section 6.2 will present XPS measurements of
the four different compounds, providing information on the oxidation state of the constituent
atoms as well as the distribution of the additional electrons introduced by lithium and caesium
deposition. This analysis reveals fundamental differences in the doping mechanism: for FePSs,
CoPSs, and NiPS3, a change in the oxidation state of the transition-metal ion is observed,
whereas in MnPS3 the additional electrons predominantly occupy ligand states. Furthermore,
a comparison of the splitting between the M 2p3 /5 and 2p, /5 core-level peaks indicates that the
additional electrons also modify the occupation of the metal ions’ d-orbitals.

Subsequently, Section 6.3 will focus on ARPES and MM measurements to reveal changes in the
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work function and valence band structure. Here, two materials stand out in particular: MnPSg
exhibits negligible changes in response to the additional charge, while CoPS3 shows a pronounced
modulation of the states closest to the VBM, previously assigned to transition-metal-derived
states (see chapter 3), with the rest of the bandstructure being unperturbed. Additionally,
new dispersive states appear above the pristine VBM of CoPS3, indicating a reorganisation
of the electronic structure. Complementary DFT calculations corroborate the experimentally
observed differences between the compounds and provide a more detailed view of the charge
redistribution, ultimately suggesting an increased conductivity in CoPSs.

In conclusion, these results demonstrate that alkali metal doping offers a powerful and control-
lable approach for modulating the electronic structure of two-dimensional antiferromagnets. The
capability to tune the band structure and charge distribution in compounds with a less energet-
ically stable d-shell opens new opportunities for engineering the spin and electronic properties
of ionically bonded 2D materials, paving the way for their integration into future spintronic and
quantum technologies [5, 30].

The data presented in this chapter were previously published in the following publication:

Jonah Elias Nitschke et al. “Electronic structure reorganization in MPS3 via d-shell-selective
alkali metal doping”. In: arXiv, under Review in Advanced Science (2025).
DOI: 10.48550/arxiv.2506.01527. eprint: 2506.01527

6.1 Sample Preparation

The bare crystals used in the experiments were prepared as described in section 2.4. Alkali
metal deposition was carried out either in a dedicated chamber or in the load lock after bakeout,
with the base pressure stabilised at approximately 1 x 107° mbar. For the deposition process,
we employed alkali metal dispensers (AMD) from SAES GETTER [REF], which enable con-
sistent and reproducible alkali metal release with low gas emission and precise control over the
deposition rate.

A schematic of the alkali metal dispenser and the deposition process is shown in Figure 6.1. The
dispenser (Figure 6.1a) consists of a central container holding the alkali metal (AM) bound in a
salt of chromic acid (AM2CrO4, AM = Li, Cs), together with a reducing agent composed of an
alloy containing 84 % zirconium (Zr) and 16 % aluminium (Al). The container has a trapezoidal
cross section with a slit on the wider side through which the alkali metal vapour exits. This slit
is partially obstructed by a thin wire, preventing the undesired loss of particles.

The release of alkali metals from the container is facilitated by heating the dispenser to a
specific temperature at which a reduction reaction between the chromate and the reducing
agent is initiated, thereby releasing the AM vapour. To ensure homogeneous heating of the
entire container, the AMD is equipped with two side terminals for the application of an electric
current, which enables precise control of the deposition rate. In addition, the ZrAl alloy acts
as a getter by adsorbing all gaseous by-products generated during the reaction, thus preventing
contamination of the sample surface.

The AMD is mounted on a feedthrough using copper wire to ensure electrical conductivity and
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Figure 6.1: (a) Schematic of the alkali metal dispense by SAES Getters [279]. The central bridge
contains the bound alkali metals that are released upon thermal heating. (b) Sample configuration
during deposition of the alkali metals.

is subsequently baked together with the chamber at 150 °C for up to three days to achieve the
required UHV conditions for clean deposition. Before the actual deposition, the dispenser was
degassed by gradually increasing the applied current in steps until reaching the value used in
the experiment. Whenever possible, the deposition rate was monitored using a quartz crystal
microbalance to determine the exact rate for each current setting. During alkali metal deposition,
the chamber pressure was maintained below 5 x 108 mbar at a current of 7.5 A.

Figure 6.1b illustrates the geometry of the sample and dispenser during deposition. The sample
was positioned approximately 15cm from the AMD and oriented away from the dispenser both
before and after deposition. For the XPS experiments, alkali metal deposition was performed
at a low rate in 10 min steps to track the evolution of changes induced by electron doping (as
discussed in the next section). For ARPES measurements, a single 30 min deposition was used
for each sample to achieve a comparable doping level.

6.2 Accessing the d-Orbital Occupation via XPS

A powerful technique to investigate how alkali metal adsorption influences the electronic struc-
ture of MPS3 is X-ray photoelectron spectroscopy. As introduced previously, XPS provides
direct access to the core levels of a material and thus enables the determination of how the ad-
ditional electrons introduced by lithium and caesium doping modify the electronic configuration
of specific orbitals. This approach not only yields information about the oxidation state of the
different atomic species, but also reveals which orbitals are occupied by the additional electrons
and how these changes affect electronic transitions within the band structure.

As a starting point, Figure 6.2 presents the XPS survey spectra for each material after lithium
deposition. While the spectra shown here correspond to the final lithium coverage, measurements
were also acquired after each deposition step to monitor the step-by-step evolution of the various
peaks, as will be discussed later for the M 2p peaks as an example. Focusing on FePSs in the
top panel of Figure 6.2a, the characteristic core-level peaks are labelled accordingly. In addition,
the binding energies corresponding to the chromium (Cr) 3d peaks are marked. As discussed
in the previous section, the alkali metal dispensers contain the alkali metals in the form of a
chromate salt, which releases lithium upon heating above a specific temperature threshold. XPS
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Figure 6.2: XPS survey scans for Mn-, Fe-, (a) Co-, and NiPS3 (b) before (dark green) and after
lithium deposition (bright green). The most important core level peaks are marked according to
their origin. The generally mostly negligible intensity of the C 1s and O 1s peaks confirm that a
clean deposition of lithium was achieved.

measurements, however, reveal a slight chromium contamination of the surface, which increases
with the operational lifetime of the AMD. In the case of FePSg3, this contamination is particularly
pronounced and may influence the intrinsic electronic structure of the MPS3 crystal. Therefore,
in the following analysis we focus only on those samples where no significant Cr contamination
is detected. Besides the chromium peaks, the positions of the C 1s and O 1s orbitals are
also indicated. No oxygen-related signal is observed, whereas FePSs and NiPS3 exhibit weak
signatures of additional carbon. However, the carbon intensity is negligible compared to the
dominant MPS3 core levels. Overall, the XPS survey spectra confirm that the alkali metal
deposition was performed under largely clean, contamination-free conditions, ensuring that the
observed spectral changes indeed reflect the intrinsic interaction of the MPS3 substrates with
the additional electrons introduced by the deposited alkali metal atoms.

Moving forward, we first investigate the changes to the M 3p peaks. The detected energy range
was chosen to also include the Li 1s peak, allowing us to monitor the amount of deposited lithium
atoms. Starting with MnPSs in Figure 6.3a, the dotted line represents the Mn 3p spectrum of
the pristine surface. After lithium deposition, a new peak emerges at a binding energy of 56 eV,
while the remainder of the spectrum remains largely unchanged except for a slight broadening
of the main peak at 47 eV. Since the changes induced by the additional electron can be complex,
potentially affecting both the main peaks (e.g., new chemical environments of the metal atoms)
and the satellite structure (due to changes in orbital occupation), we refrain here from an
exact fitting of the post-deposition spectrum. Instead, we take a phenomenological approach to
confirm the successful deposition of lithium. A more detailed analysis of the induced changes in
the electronic structure will be carried out later based on the M 2p spectra.

For Li-doped FePS3, the additional Li 1s signal is less pronounced, as the peak is now situated on
the shoulder of the main features. Nevertheless, a new peak is clearly visible at the same binding
energy as for MnPSs, accompanied by a slight broadening of the rising edge around 52eV. In
contrast, CoPS3 exhibits a much stronger response to lithium adsorption (Figure 6.3c). The Li 1s
peak is well resolved, and substantial modifications in the satellite structure are observed: the
original peak at 56.9eV disappears entirely, and the main peak exhibits significant broadening
with a shoulder-like feature shifted toward lower binding energies relative to the 3pz/, peak.
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Figure 6.3: M 3p peaks for the different MPS3 compounds. A comparison of the spectra before
(dark green) and after lithium deposition (bright green) reveals the additional peaks due to the
Li 1s orbital (black dashed line) as well an additional shoulder at lower binding energy visible most
prominent in the spectrum of CoPSs.

This behaviour provides a first indication that the oxidation state of the Co?* ion may be
reduced, as such a change is typically accompanied by the appearance of new peaks at lower
binding energies [280]. The modification of the satellite structure further suggests changes in
the valence band, since these satellites were previously assigned to shake-up features originating
from interactions between the photoemitted electron and valence-band states. As will be shown
later in section 6.3, this pronounced response of CoPSs to lithium adsorption is also clearly
reflected in our ARPES measurements.

Lastly, NiPS3 represents an intermediate case. Here, the main 3p features exhibit clear broad-
ening, while the satellite peaks display a more moderate response: their intensity is reduced,
but they remain discernible.

To gain a more detailed understanding of the modifications to the electronic structure, we also
measured the M 2p core-level spectra. Figure 6.4 presents the effect of lithium adsorption on the
M 2p states for the different MPS3 compounds, as well as the step-by-step evolution for NiPS3
and MnPS3 as representative cases. Overall, the changes observed in the M 2p spectra can be
grouped into two distinct categories: (i) MnPSs, and (ii) FePS3, CoPSs, and NiPSs.

For MnPS3 (Figure 6.4a), the adsorption of lithium has only a minimal effect on the M 2p
states. The 2p3/, and 2p; /o peaks show no measurable shift in binding energy and only exhibit
slight broadening. The satellite peaks at higher binding energies are reduced in intensity but
remain clearly visible. In contrast, FePS3, CoPSj3, and NiPS3 exhibit a markedly different
response (Figure 6.4b—d). Lithium deposition results in the emergence of additional peaks at
lower binding energies for both the 2ps/5 and 2p;/, components. This behaviour indicates a
change in the oxidation state of the transition-metal ions, as the new features correspond to the
appearance of distinct species rather than a simple chemical shift of the existing peaks. This
interpretation is further supported by the gradual spectral evolution with increasing lithium
coverage, as shown exemplarily for NiPS3 in Figure 6.4f.

The measured binding-energy shifts for the various 2p peaks are summarised in Table 6.1. A
particularly informative quantity here is the energy separation between the 2p3 /5 and 2p; /; peaks,
which decreases for all three compounds after lithium adsorption. Since spin—orbit splitting is
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Figure 6.4: M 2p spectra after alkali metal deposition. (a) - (d) display the differences in the
M 2p spectra after lithium deposition. While MnPSs (a) exhibits now changes besides a slight
broadening, the other three materials undergo significant modification such as the appearance of a
new feature at lower binding energy, a reduction in splitting between the 2p3 /5 and 2p; /5 peaks and
partial vanishing of the satellite features. The M 2p spectra in (e) and (f) for MnPS5 and NiPS3
elucidate the step by step evolution of these modifications.

generally expected to decrease with a lower number of unpaired electrons [148, 206, 281], this
separation provides an indirect probe of the orbital population changes induced by alkali-metal
doping. For example, Co?t in CoPS3 adopts a high-spin [Ar] 3d” configuration with three
unpaired electrons, consistent with the 2p splitting of 16eV observed for the pristine surface
and in agreement with the value reported by Frost et al. [282] for other high-spin 3d” systems.
After lithium deposition, the splitting is reduced to 15eV, a decrease of 1eV. Frost et al.
reported similar reduced splitting for low-spin 3d” configurations with a total spin S = 1/2.
Given the known instability of the Co?T oxidation state, we interpret this as a reduction to
metallic Co® with a [Ar] 3d” configuration, which also yields S = 1/2 (analogous to the low-spin
3d” case) [148] . A comparable trend, though less pronounced, is also observed for NiPS3 and
FePSs, both showing a measurable but smaller reduction in spin—orbit splitting after lithium
adsorption.

Table 6.1: Extracted binding energies of the 2p3 /5 and 2p; /» peaks and their shift relative to the
pristine surface, as well as the extracted differences for the pristine Apare and doped surfaces Aqoped-
All values are given in eV.

’ H 2p3/2 ‘ Shift ‘ 2p1 2 ‘ Shift H Adoped ‘ Abau"e ‘
FePSs || 707.2 | -1.7 | 720.2 | -2.1 13 13.4

CoPS3 || 7784 | -1.3 | 7934 | -2.3 15 16
NiPS; || 853.2 | -1.1 | 870.3 | -1.3 17.1 17.3
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Figure 6.5: (a) and (b) display the P and S 2p spectra, showing the doublet split peak into the
2p3/o and 2p;/, peaks. (c) presents a fit of the S 2p spectrum using a doublet, confirming the
existence of a singular oxidation state before lithium deposition. Fitting the spectrum after lithium
deposition (d) results in a second doublet shifted by 2.1eV to lower binding energies.

In addition to the reduced oxidation state, we observe a pronounced modification of the satellite
structure across all three materials. For example, while NiPS3 exhibits two distinct satellites
for both spin-orbit split 2p peaks, the satellites located approximately 10eV above the main
peaks (labelled Satl and Sat2 in Table 3.1) disappear entirely upon lithium doping. Satellite
features are often attributed to ligand-to-metal charge-transfer processes [197], involving either
spin-flip interactions within the 3d orbitals of the transition-metal ion [283] or interactions with
excited states. The observed changes in satellite structure may therefore reflect modifications
in the final states of the transition-metal ions. The remaining satellites exhibit energy shifts
corresponding to the spin-orbit splitting of the main peaks.

Investigation of the XPS signal originating from the phosphorus and sulphur atoms, specifically
the P 2p and S 2p peaks, reveals no significant changes for FePS3, CoPSs, and NiPS3 (see
section A.4). The same holds true for the P 2p peak of MnPS3 (Figure 6.5a and b). However,
in the case of MnPS3, the S 2p spectrum undergoes a notable transformation upon lithium
adsorption. As shown in Figure 6.5c, the S 2p peak for the bare surface exhibits the typical
2p3/9 and 2p; /5 components, which are not fully separated due to the limited energy resolution
of the chosen measurement settings. After Li deposition, the overall peak intensity decreases,
and an additional shoulder appears at lower binding energies. Figure 6.5g and h present the
S 2p spectra for the bare and Li-doped MnPSj3 surface, respectively. While the bare surface
shows a clear double-peak structure corresponding to the 2ps/5 and 2p; s, contributions, fitting
the spectrum of the Li-doped surface reveals the presence of two distinct sulphur moieties. One
doublet remains at the same energetic position as in the pristine sample, whereas the other is
shifted to lower binding energies. This observation indicates that, in the case of MnPSs, the
additional electrons predominantly dope the ligand (sulphur) atoms rather than the transition-
metal ion.

6.3 Modifications of the Valence Band Structure

After employing XPS to identify key differences under alkali metal adsorption and to classify
the four materials into two groups, we now turn to ARPES to examine how lithium influences
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the valence band structure. Interestingly, the classification based on XPS does not necessarily
hold here, as Fe-, Co-, and NiPSg display marked differences from each other.

Figure 6.6 shows the energy distribution curves (EDCs) before (dark green) and after lithium
adsorption (bright green) for all four MPS3 compounds. For MnPSs, only negligible changes
are observed apart from a general broadening of the main features and the disappearance of
the small gap at 1.5eV below the VBM. The relative intensities of the peaks at 3 and 6.5eV
below the VBM remain unchanged, indicating a clean deposition process without noticeable
contamination. In contrast, for FePSs, lithium adsorption modifies the intensity between 2
and 4eV below the VBM and, more importantly, introduces additional spectral weight above
the pristine VBM, extending up to —1eV with a small plateau followed by an exponential
decay. As the VBM is dominated by Fe d states, this suggests a modification of the 3d-orbital
occupation, consistent with the XPS results in section 6.2. This behaviour differs from that
typically reported for similar systems, where electron doping populates higher-lying bands and
shifts the entire spectrum toward higher binding energies (due to the Fermi level being fixed
to the detector) [276]. Notably, such a rigid shift is absent in all four samples investigated
here.
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Figure 6.6: Energy distribution curves (EDCs) before (dark green) and after Li doping (bright
green) of (a) MnPSj, (b) FePSs, (¢) CoPSs, and (d) NiPS;. MnPS3 shows no significant modifica-
tions apart from slight broadening, whereas the other three materials display additional intensity
above the pristine VBM. CoPS3 exhibits the most pronounced changes, with a new peak-like fea-
ture extending well above the pristine VBM and a shift of the valence band maximum relative to
deeper-lying states.

The strongest and most structured response is observed in the valence band of CoPS3. Similar
to MnPSs, this sample shows no change in the relative intensity of the two lowest-energy main
features, indicating a clean and well-controlled deposition of the lithium atoms. However, in
contrast to FePSs, the modifications near the VBM are more pronounced. Again, additional
intensity appears above the pristine VBM, structured with a distinct peak at —0.6 eV. Moreover,
the lithium-induced electrons also modify the upper part of the valence band: the previously
well-separated feature with a peak around 1eV shifts to higher energies and transforms into a
more shoulder-like structure. As will be shown later in the angle-resolved measurements, these
changes are indeed related to modifications of the bands near the VBM, induced by the altered
occupation of the Co 3d orbitals.

Finally, the EDC of Li-doped NiPS3, shown in Figure 6.6d, also exhibits significant additional
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Table 6.2: Changes in the work function ® after Li deposition for all four MPS3 compounds.

| | MnPS; | FePS; | CoPS3 | NiPS; |
DPpare (6V) || 5.45 5.6 5.7 5.25
P (eV) 5.05 4.77 | 4.49 3.81

intensity extending up to 1eV above the pristine VBM. However, the overall spectral shape
appears more washed out after lithium deposition and does not display distinct features in
this energy range. The resulting spectrum resembles that reported by Cao et al. [233] for
potassium-doped NiPSs, where the extra intensity was assigned to alkali defect states and the
occupied conduction band. Nevertheless, as will be shown in the ARPES data presented later,
the momentum-resolved spectra reveal no discernible bands or momentum-dependent features
in this energy range, in contrast to FePSs and CoPSs.

Based on the total energy width of the spectra for the different bare and doped compounds,
we can also evaluate the change in work function induced by electron doping. The energetic
differences vary strongly between the different transition-metal ions, ranging from the smallest
variation for MnPS3 to the largest for NiPS3. The extracted work function values before (®Ppare)
and after lithium doping (®r;) are listed in Table 6.2. This change in work-function is mediated
by the positively charge alkali metal ion and the induced mirror charge on the surface, forming
a dipole that subsequently lowers the work function [284].

The observations described above are corroborated by PDOS calculations performed using the
parameters from the benchmark on the clean surfaces presented in section 3.3. The DFT cal-
culations are again performed in collaboration with the Ruhr University of Bochum by Preeti
Bhumla and Prof. Silvana Botti. Figure 6.7a-d show the PDOS for the bare (top) and lithium-
doped (bottom) samples. Consistent with the experimental results, lithium intercalation in
MnPS3 leads to no major changes apart from a general broadening. Additionally, the absence
of energetic shifts in the spectrum suggests that the oxidation state of Mn remains unchanged,
in agreement with the XPS results. This stability can be attributed to the half-filled 3d® con-
figuration, which is particularly stable due to its electronic symmetry. In FePS3, CoPS3, and
NiPS3, the PDOS retains its general shape but exhibits an overall energy shift after lithium
adsorption, confirming the oxidation state changes detected by XPS. Furthermore, CoPS3 un-
dergoes a pronounced modifications in its PDOS upon Li doping. As shown in Figure 6.7d, new
states appear near the VBM, originating predominantly from Co d and S p hybridized orbitals,
which shift slightly to lower energies due to Coulomb interactions with the extra electrons do-
nated by Li. These features are not localized impurity states from Li itself but rather reflect a
reorganization of the CoPS3 electronic structure induced by doping. This suggests that Li alters
the covalent Co-S interaction, potentially influencing both electronic dispersion and magnetic
exchange interactions.

Additionally, the signal near the VBM, which has strong contributions from the Co 3d states,
undergoes a pronounced shift to higher binding energy, with the main Co 3d contributions now
located approximately 1.8eV deeper in binding energy. This shift indicates a change in the
oxidation state of the Co atoms, consistent with the modifications observed in the Co 2p core-
level spectra. A similar shift is observed experimentally, though to a lesser extent. We attribute



110 CHAPTER 6. TARGETED ELECTRON DOPING

—— P [[] total DOS
bare bare

é
b
£

doped MnPS, doped FePS,
I LI | LI I LI I LI l LI I LI I LI I LI I LI I LI |
8 6 4 2 0 -2 8 6 4 2 0 -2
o d
bare

2 AN I
a N N K
electron accumulation
doped CoPS, | electron depletion
I LI I LENLEL I LENLEL I LI I 7T I T I LI I LI I T I T I
8 6 4 2 0 -2 8 6 4 2 0 -2
Evew - E (€V) Evew - E (eV)

Figure 6.7: Computational results for Li-doped systems. (a)-(d) Comparison of the calculated
EDC:s for the bare and Li-doped Mn-, Fe-, Co-, and NiPS3 surfaces, respectively. In agreement with
the experimental observations, MnPS3 shows no significant changes after Li deposition. In contrast,
the other three compounds display a shift of the entire band structure, consistent with the previously
discussed changes in oxidation state. CoPS3 additionally exhibits a redistribution of the metal-ion
contributions and the emergence of new in-gap states near the pristine VBM. (e) Charge density
difference for Li-doped CoPSs, with yellow and cyan regions indicating electron accumulation and
depletion after doping, respectively.

this discrepancy to the theoretical assumption of a full electron donation per unit cell, whereas
in the experiment the actual number of donated electrons per unit cell is unknown but likely
less than one. To test this hypothesis, we performed a similar experiment using caesium atoms
instead of lithium, where the expected electron donation per unit cell should be smaller due
to the larger atomic size of caesium. This experiment will be discussed later together with the
angle-resolved measurements.

To gain insights into the charge transfer upon doping, we plotted the charge density difference
of the Li-doped system in Figure 6.7e, calculated as:

Ap = pLi/CoPS; — PCoPSs — PLi (6.1)

where pr;/cops,, PCoPSs, and pr; are the charge densities of the Li-doped CoPS3 system, pristine
CoPS3, and isolated Li atom, respectively. In the plot, yellow and cyan regions represent electron
accumulation and depletion, respectively. The Li atom donates its charge to the CoPSs lattice,
and the resulting electron density is redistributed, particularly toward Co and S atoms. This
confirms charge transfer and the interaction between Li and the host lattice. To quantify the
charge transferred from the Li atom, we performed a Bader charge analysis. The results show
that Li donates approximately 0.89 e™, which is gained by the CoPSs lattice. Most of this
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Figure 6.8: Extracted band structures from ARPES measurements of bare and Li-doped (a)
MnPS3 and (b) NiPS3 along the M - T’ - M path. MnPS3 shows no significant modification of the
band structure, apart from minor broadening and a closing of the gap around 1.5eV. In contrast,
NiPS3 exhibits additional photoemission intensity above the pristine VBM, extending up to —1eV
after doping.

charge is delocalized over the neighbouring Co and S atoms, indicating a strong interaction and
redistribution of electron density within the lattice.

After identifying the alkali-metal-induced changes in the angle-integrated spectra, supported
by PDOS calculations, momentum microscopy provides further insight into the band structure
along specific high-symmetry directions. Figure 6.8 presents two cuts along the M - I’ - M path
for the bare and Li-covered surfaces of MnPS3 and NiPSs in an energy range up to 2eV below
the VBM.

For MnPS3 (Figure 6.8a), no substantial modifications to the band structure are observed, aside
from a general broadening that closes the gap around 1.4eV. The overall band dispersion in the
examined energy range remains unchanged. In contrast, the comparison for NiPSs3 (Figure 6.8b)
reveals pronounced differences. Consistent with earlier observations, a strong increase in inten-
sity is detected up to 1eV above the pristine surface’s VBM. However, this additional signal
lacks any discernible structure in either the EDCs or the momentum-resolved band dispersion.
The NiPS3 bands themselves do not exhibit measurable shifts or structural changes, but rather
appear more diffuse. Furthermore, momentum-resolved maps at various energies above the VBM
show no clear patterns.

While a previous study on potassium-doped NiPS3 [233] attributed similar features to alkali-
related defect states and the occupied conduction band, our data do not allow us to draw the
same conclusion. This discrepancy may be related to the higher purity of our AMD source. As
will be shown in the following section for CoPS3 and FePS3, momentum-dependent features can
indeed be observed under comparable conditions. The exact origin of the additional intensity
in Li-doped NiPS3 therefore remains inconclusive.

A different situation occurs for FePS3 and CoPSs, presented in Figure 6.9 in the same format
as for the other two compounds, together with momentum maps extracted at selected energies.
Figure 6.9a reveals two notable modifications for Li-doped CoPSj3. First, the feature located
near I between 0.2 and 1.2eV for the pristine surface (highlighted in pink) appears to shift to
higher binding energy by approximately 400 meV. Interestingly, this shift is not observed for
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Figure 6.9: Lithium-induced modifications to the valence band structure of CoPS3 and FePSs. (a)
Extracted band structure of Li-doped CoPSs along the M - T’ - M path, compared to the pristine
surface. Pink markers indicate the shift of the feature near I'. (b) and (c) display momentum maps
for Li-doped CoPSs, extracted below and above the pristine VBM, respectively. (d), (e), and (f)
show the corresponding band structure comparison and momentum maps for Li-doped FePSs.

the parabolic band between 1.8 and 3eV (marked with a blue dashed line). Based on the EDC
and PDOS results, this shift is most likely related to modifications of bands originating from
the Co 3d states.

In addition to changes in the pre-existing states, lithium deposition also induces new states
above the pristine VBM, where a weak yet discernible momentum dependence is observed,
with intensity concentrated near the I' point. Taking advantage of the momentum-resolved
capabilities of our analyzer, we can directly investigate whether this additional signal exhibits
dispersion. The momentum map extracted at 0.5eV above the pristine VBM for Li-doped
CoPS3 (Figure 6.9b) indeed reveals clear dispersive features. A comparison with the pristine
Fermi surface indicates certain similarities, but also shows that the observed intensity is not
simply a replica of existing states. A similar behaviour is found for Li-doped FePSs, where
the doped surface displays additional intensity above the pristine VBM (Figure 6.9d), though
of significantly lower strength. Again, the momentum maps reveal dispersive features distinct
from the bands near the Fermi level (Figure 6.9¢ and f).

To gain further insights into the observed modifications, particularly for FePS3 and CoPSs, we
calculated the band structures for all four materials in their bare and lithium-doped states. The
results, shown in Figure 6.10, confirm most of our experimental observations. First, MnPS;
displays only a negligible shift in the valence band, with little to no modification upon lithium
deposition. In contrast, FePS3 and NiPSj3 exhibit a pronounced shift accompanied by a reduction
in the band gap energy. When compared with the calculations on potassium-doped NiPS3
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Figure 6.10: Comparison of the computational bandstructure for the bare and Li doped surface
of (a) MnPS3, (b) FePSs, (¢) CoPSj3, and (d) NiPS;

presented by Cao et al. [233], our results differ from their findings for the highest potassium
doping level reported. However, their work also shows that the modifications to the band
structure depend strongly on the doping level, which could explain the deviations observed in
our calculations. Additionally, for lithium-doped FePS3, we observe a reduction of the band gap
by 250 meV, suggesting that the dispersive states observed in the ARPES measurements could
originate from occupation of the conduction band. Nevertheless, we do not observe metallic
behaviour in the sample, in contrast to the predictions by Wu et al., who reported a fully
metallic state after lithium doping [80]. This discrepancy is most likely related to the different
systems studied, as they focused exclusively on single-layer FePSs.

The most pronounced modifications are again observed for CoPSj3. Pristine CoPS3 exhibits
semiconducting behaviour characterized by a finite band gap. Upon lithium doping, the Fermi
level shifts upward, indicative of n-type doping. This shift closes the band gap and leads to
the emergence of bands crossing the Fermi level, suggesting a transition from semiconducting
to metallic behaviour. In line with experimental observations, the bands near the Fermi level
display a pronounced dispersive character, pointing to enhanced electronic conductivity upon
doping. This was further investigated experimentally by cooling the lithium-doped sample. As
discussed at the beginning of this thesis, MPS3 compounds are subject to strong charging effects
when cooled, due to their semiconducting nature and low conductivity, which hinders measure-
ments in the antiferromagnetic phase using photoelectron-based techniques. In contrast to the
bare surface, the lithium-doped surfaces of FePS3 allowed measurements at 80 K, where the
bare surface already exhibited severe energy shifts that completely prevented spectral acquisi-
tion. However, no changes in the experimental band structure were observed, even though 80 K
lies well below the Néel temperature of both materials. This could be related either to changes
in the magnetic properties (as suggested in the literature, where electron doping can modify the
Néel temperature [81]) or to the minor deviations expected for FePS3 when crossing into the
antiferromagnetic phase [227], which may be difficult to detect given the reduced sample quality
after lithium deposition.

As mentioned earlier, the shift of the Co 3d-derived bands observed in the ARPES experiments
and PDOS calculations showed a significant difference in intensity. We previously attributed
this to a lower degree of electron doping in our experiments. To verify this, we repeated the
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Figure 6.11: ARPES measurements on caesium doped CoPS3. (a) and (b) show a comparison of
the bare and lithium doped EDCs and extracted band structure, respectively. (c) and (d) present
momentum maps extracted below and above the pristine VBM, showing a similar pattern as observed
for the lithium doped system shown in (e) and (f).

experiment using caesium atoms, which are expected to introduce a smaller electron doping
due to their larger atomic radius. Figure 6.11a displays the EDCs obtained for both surfaces,
revealing a similar response to that observed under lithium doping: a slight shift of the peak
closest to the VBM towards higher binding energies, accompanied by additional intensity above
the pristine VBM. A comparable trend is also visible in the band structure cuts along the M - T'
- M path shown in Figure 6.11b, where the central feature around T is shifted by approximately
200 meV, while the features associated with S and P states (at the bottom of the image) remain
at the same energy.

6.4 Conclusion

In this chapter, we presented a combined experimental and theoretical investigation of alkali
metal doping effects, specifically via lithium and caesium, on various members of the MPSg
compound family. Using XPS as a central analytical tool, we identified distinct doping be-
haviours across the different transition metal compositions. The M 2p spectra revealed that
doping Fe-, Co-, and NiPS3 results in a reduced spin-orbit splitting and the emergence of new
lower-binding-energy components, indicating a change in oxidation state with the additional
electrons localises in their 3d-orbitals. Changes in satellite features, particularly their suppres-
sion in NiPS3, further point to modifications in the final states and valence-band screening. In
contrast, MnPS3 shows no such transition-metal core-level shifts but exhibits a distinct change
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in its S 2p spectrum, signalling preferential doping of the P2Sg ligands. This behaviour can be
attributed to the stability conferred by the half-filled d° configuration of Mn?*, highlighting the
critical influence of the transition metal’s electronic configuration on the doping process.

Further insights were obtained through ARPES measurements, where pronounced modifications
to the valence band structure were observed upon doping for FePS3, CoPSs and NiPS3. Notably,
the common rigid-band shift expected for alkali-metal doping in layered semiconductors was ab-
sent in all four compounds. Instead, CoPS3g and FePS3 developed momentum-dependent states
above the pristine VBM, while NiPS3 displayed only diffuse, non-dispersive additional intensity.
Additionally, CoPS3 experiences a modification of its states close to the VBM, with PDOS cal-
culations indicating that this is caused by a reorganisation of the electronic states and a possible
modification of magnetic exchange pathways In contrast, p-derived bands remained at the same
binding energy, evidencing orbital-specific doping effects. The smaller shift of theses states ob-
served by the deposition of caesium confirms the role of reduced electron donation due to the
larger ionic size and could potentially explain the large shift observed in the computational band
structure due to lower experimental doping level compared to the one-electron-per-cell model
used in calculations. Additionally, these results indicate these modifications can be systemati-
cally tuned by adjusting the doping concentration.

In contrast, ARPES measurements on lithium doped MnPSs did not show strong changes besides
a broadening of the observed peaks including a closing of the small gap around 1.5eV below the
VBM, which is also confirmed by computational band structure calculations.

To further elucidate the implications of these doping-induced modifications, particularly with
respect to magnetic ordering, future studies employing element-specific magnetic probes such as
XMCD will be essential. Additionally, time-resolved ARPES could provide valuable insight into
the dynamics of excited states, with FePSg [237] serving as a representative case for exploring
applications in ultrafast spintronic devices.

Overall, our findings demonstrate that alkali metal doping constitutes an effective and relatively
non-invasive means of tuning the electronic structure of MPSs compounds. Without inducing
substantial perturbations to the lattice or the baseline electronic states, this approach offers
a versatile platform for engineering magnetic and electronic functionalities relevant to next-
generation spintronic technologies [5, 30, 285].
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7 Summary and Outlook

In this work, we have undertaken a comprehensive investigation of the electronic structure,
excitation dynamics, and tunability of layered antiferromagnetic semiconductors in the MPS3
family, employing a combination of advanced photoelectron spectroscopy techniques and first-
principles calculations. By systematically exploring these materials under different conditions,
we have studied both their intrinsic electronic properties in the static and non-equilibrium
regimes and the degree to which these properties can be externally modified

In Figure 2.4, X-ray photoelectron spectroscopy (XPS) and angle-resolved photoelectron spec-
troscopy (ARPES) revealed high-quality surfaces with minimal contamination and a complex
valence band structure comprising both dispersive and flat bands in all four compounds. We
identified three distinct energetic regions within the valence band (VB), with the upper ~ 2eV
below the VB maximum showing the strongest material-dependent differences. Density function
theory (DFT) calculations confirmed the orbital character of these regions, highlighting the dom-
inant role of metal 3d states in FePSs and MnPS3, and stronger hybridisation with S 2p states in
CoPS3 and NiPS3. Momentum-resolved measurements further revealed intensity variations be-
tween central and neighbouring Brillouin zones, including additional features well reproduced by
theory, as well as symmetry deviations likely linked to electronic correlations and local magnetic
fluctuations. Shifting our focus to the intrinsic electron dynamics, we used time-resolved ARPES
(trARPES) with momentum microscopy to identify and characterise two distinct d-d transitions
in FePS3, extracting their lifetimes and momentum-dependent fingerprints. The combination
of experiment and nonequilibrium Green’s function calculations confirmed the assignment of
these excitations and revealed two different decay channels, an exchange-driven virtual hopping
between neighbouring sites and spin-orbit-coupling (SOC)-mediated spin-flip process. These re-
sults extend the applicability of trARPES beyond exciton dynamics, demonstrating its capability
to follow local multiplet excitations in momentum space.

In Figure 2.4, we studied the tunability with two different methods. First, the study of or-
ganic molecular adsorption by depositing pentacene on FePSs and NiPSs demonstrated the
formation of well-ordered, physisorbed monolayers. Using photoemission orbital tomography,
we identified multiple molecular orbitals. The good agreement between the observed patterns
and energy separation with gas-phase calculations indicates the absence of significant charge
transfer or hybridisation at the interface. While this limits direct interfacial electronic modula-
tion for these systems, it establishes an essential baseline for future studies employing stronger
donor or acceptor molecules. Using the deposition of alkali metals, we demonstrated that elec-
tron donation from lithium and caesium leads to distinct doping behaviours, depending on the



118 CHAPTER 7. SUMMARY AND OUTLOOK

transition-metal ion. Using XPS, we observed oxidation-state changes in FePSs, CoPSs, and
NiPS3, with electrons localising in 3d orbitals, while MnPS3 showed preferential ligand dop-
ing. Furthermore, ARPES and DFT calculations revealed doping-induced changes ranging from
momentum-dependent in-gap states in CoPSs and FePSs to diffuse non-dispersive intensity in
NiPS3, while MnPSs remained largely unaffected. Notably, the commonly expected rigid-band
shift was absent in all cases, with orbital- and momentum-specific effects dominating the re-
sponse. Additional experiments involving caesium deposition confirmed the role of reduced elec-
tron donation, indicating the possibility for targeted tuning of the band structure by controlling
the alkali metal dose.

Taken together, these results highlight the delicate interplay between the transition-metal elec-
tronic configuration, orbital hybridisation, and external perturbations in governing the electronic
properties of MPS3 compounds. They demonstrate that targeted modifications, whether through
ultrafast optical excitation, molecular adsorption, or alkali-metal intercalation, can selectively
influence orbital and momentum sectors of the band structure without necessarily disrupting the
host lattice. This establishes MPSg3 as a versatile platform for exploring correlated-electron phe-
nomena, interfacial coupling, and spin-dependent transport in two-dimensional magnets.

Building on these results, several promising research directions emerge. One possible avenue
would be the investigation of influences from alkali-metal doping on the electron dynamics of
d-d transitions in FePS3. Since doping modifies the occupancy of the d-orbitals, such changes
should also manifest in the trARPES signal. Furthermore, extending this approach to other sys-
tems could provide complementary insights into the role of transition-metal-specific electronic
structures. For example, CoPSs exhibits comparable below-gap transitions but undergoes a
more pronounced modification under electron doping. Complementary studies would further
focus on the interplay between d-d transitions and other quasiparticles. In FePSs, the investi-
gated excitation is expected to couple to a phonon mode at low temperatures [53], which can
also be detected with momentum microscopy. This study will become feasible with further im-
provements in sample preparation that allow the cooling of exfoliated MPS3 samples without
charging effects (see Ref [232]). Similarly, NiPS3 offers an ideal opportunity to explore the con-
nection between d-d transitions and exciton generation, as it exhibits two excitonic resonances
energetically close to the absorption peak from a below-gap d-d transition [117]. Lastly, connect-
ing the results under alkali metal deposition with the observation under molecular adsorption
suggest CoPS3 as a promising substrate for further studies involving strong donor molecules,
highlighting the potential of combining chemical and molecular doping strategies for enhanced
control over the electronic structure. Moving towards different experimental techniques, employ-
ing magnetic-sensitive probes such as XMCD in combination with time-resolved spectroscopies
will be essential to unravel the coupling between doping, excitations, and magnetic order. Such
approaches would not only deepen our understanding of the fundamental interactions in these
materials, but advance their potential integration into functional architectures.

In conclusion, this work has presented a detailed study of the electronic ground state of four rep-
resentative MPS3s compounds, extended the application of trARPES to multiplet excitations by
investigating electron dynamics in FePSs, and provided first insights into targeted modification
through molecular adsorption and alkali-metal intercalation. The results demonstrate the ver-
satility of this material class, opening numerous avenues for future investigations and bringing
the implementation of MPS3 compounds in next-generation devices closer to reality.
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A Appendix

A.1 XPS Fits of MPS3; M 2p and M 3p spectra

Table A.1: Fit results for the MnPS3 Mn 2p spectra.

Peak Area | Binding Energy (eV) | FWHM (eV) Origin
Peak 1 || 12739 639.96 1.236 2p3 /o Multiplet
Peak 2 9243 640.96 1.236 2p3 )2 Multiplet
Peak 3 || 4016 641.72 0.975 2p3 /2 Multiplet
Peak 4 || 3702 642.52 1.236 2p3 /o Multiplet
Peak 5 || 18840 644.98 3.851 Satellite
Peak 6 || 5290 651.76 1.643 2p1 /2 Multiplet
Peak 7 || 3898 653.02 1.643 2p1 /2 Multiplet
Peak 8 || 8026 657.53 4.958 Satellite

Table A.2: Fit results for the MnPS3 Mn 3p spectra.

Peak || Area | Binding Energy (eV) | FWHM (eV) | Origin
Peak 1 || 7691 48.421 1.306 2p3/2
Peak 2 || 3845 49.217 1.411 2p1 /2
Peak 3 || 9045 51.257 4.682 Satellite
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Table A.3: Fit results for the FePS3 Fe 2p spectra.

Peak Area | Binding Energy (eV) | FWHM (eV) Origin
Peak 1 || 30750 708.51 1.828 2ps5 Multiplet
Peak 2 || 20586 709.84 1.828 2p3 /2 Multiplet
Peak 3 || 5051 710.97 1.827 2p3 /o Multiplet
Peak 4 || 63589 713.85 6.489 Satellite
Peak 5 | 1769 717.4 1.828 2ps > Multiplet
Peak 6 || 15388 721.77 2.019 2py /5 Multiplet
Peak 7 || 10688 723.1 2.018 2p1 /2 Multiplet
Peak 8 || 1854 724.24 2.021 2p; j, Multiplet
Peak 9 || 49886 729.33 7.841 Satellite

Table A.4: Fit results for the FePS3 Fe 3p spectra.

Peak Area | Binding Energy (eV) | FWHM (eV) | Origin

Peak 1 || 26961 54.243 2.29 2p3)2
Peak 2 || 13480 56.232 2.626 2p1/2
Peak 3 || 11310 58.726 4.109 Satellite

Table A.5: Fit results for the CoPSs Co 2p spectra.

Peak Area | Binding Energy (eV) | FWHM (eV) Origin
Peak 1 || 14359 771.02 4.437 Auger
Peak 2 || 19271 775.8 5.005 Auger
Peak 3 || 52785 779.63 1.985 2p3/5 Multiplet
Peak 4 || 19373 781.26 1.985 2p3/2 Multiplet
Peak 5 || 35622 783.26 3.779 Satellite
Peak 6 || 52490 787.19 5.593 Satellite
Peak 7 3631 793.02 2.341 2p1 /2 Multiplet
Peak 8 || 26392 795.22 2.341 2p1 /2 Multiplet
Peak 9 9691 796.91 2.341 2p1/2 Multiplet
Peak 10 || 28951 800.21 5.005 Satellite
Peak 11 || 26910 804.24 4.213 Satellite
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XPS FITS OF MPSs M 2p AND M 3p SPECTRA

Table A.6: Fit results for the CoPSs Co 3p spectra.

Peak || Area | Binding Energy (eV) | FWHM (eV) | Origin
Peak 1 || 6802 60.072 2.068 2p3/2
Peak 2 || 3395 61.482 2.471 2p1/2
Peak 3 || 6392 64.038 3.542 Satellite
Peak 4 || 1469 67.656 3.048 Satellite

Table A.7: Fit results for the NiPS3 Ni 2p spectra.

Peak Area | Binding Energy (eV) | FWHM (eV) Origin
Peak 1 || 29836 854.28 1.609 2p3/2 Multiplet
Peak 2 7280 855.61 1.609 2p3/2 Multiplet
Peak 3 2385 857.04 1.609 2p3/2 Multiplet
Peak 4 || 16414 859.39 2.83 Satellite
Peak 5 || 11170 864.19 4.003 Satellite
Peak 6 1107 868.22 1.92 2p1 /2 Multiplet
Peak 7 || 12512 871.55 1.941 2p1 /2 Multiplet
Peak 8 3817 872.88 1.941 2p1 /2 Multiplet
Peak 9 || 17696 876.11 4.003 Satellite
Peak 10 || 11887 881.84 3.617 Satellite

Table A.8: Fit results for the NiPS3 Ni 3p spectra.

Peak || Area | Binding Energy (eV) | FWHM (eV) | Origin
Peak 1 || 5256 67.917 2.011 2p3/2
Peak 2 || 2628 69.714 2.351 2p1 /2
Peak 3 || 2684 73.064 3.456 Satellite
Peak 4 || 1629 79.698 5.422 Satellite
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A.2 XPS Fits of MPS3 S and P 2p spectra

APPENDIX

Table A.9: Fit results for the different MPS3 P 2p and S 2p spectra. The area relation between

both peaks was set to 2:1 regarding the 2p3/, and 2p; /o contribution, respectively.

Material Peak | Binding Energy (eV) | FWHM (eV)
MnPS; || P 2p3o 132.1 0.72
P 2py /s 132.9 0.72
S 23, 162.4 0.81
S 2py /2 163.6 0.81
FePS3 P 2p3/9 132.0 0.53
P 2py s 132.8 0.53
S 2p3 /2 162.5 0.81
S 2p1/2 163.7 0.81
CoPS;z || P 2ps3)9 131.9 0.59
P 2py /o 132.7 0.59
S 2p39 162.3 0.74
S 2py /o 163.5 0.74
NiPS; | P 2ps 132.1 0.62
P 2py /9 133.0 0.62
S 2p3)9 162.7 0.69
S 2py /o 163.9 0.69
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A.3 Momentum Maps of Pentacene
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Figure A.1l: Isoenergetic patterns for different molecular orbitals of pentacene. The top row

visualises the photoemission intensity pattern for the isolated molecule. The bottom row visualises
the pattern after applying a 3-fold symmetry, as used in chapter 5. The data for visualisation of
the orbitals is taken from Ref [266].
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A.4 XPS spectra of Li/MPS3 S and P 2p peaks
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Figure A.2: XPS spectra before (dark green) and after (bright green) Li deposition for the S and
P 2p peaks of all four MPS3 compounds.
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