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Abstract

Electronic coupling and correlated electron phenomena are increasingly important for the
design of next-generation electronic and optoelectronic devices, as they critically influence
a system’s band structure and subsequently its electronic properties, and overall device
performance. -Conjugated organic molecules on surfaces provide a versatile platform for
investigating these e [edts due to their chemically tunable properties. In such systems, var-
ious types of electronic coupling can arise simultaneously. First, intramolecular dispersion
results from -electron delocalization within individual molecules. Second, intermolecular
dispersion emerges from -orbital overlap between adjacent molecules in multilayer films.
Third, hybridization at molecule—substrate interfaces arises from wave function overlap be-
tween adsorbate and substrate, potentially altering the electronic structure significantly.
Moreover, strong Coulomb interactions and reduced dielectric screening in these materials
give rise to correlated electron phenomena upon optical excitation, such as the formation of
bound electron—hole pairs, so-called excitons.

To contribute to the fundamental understanding of band structure design in -conjugated
molecular systems on surfaces this work investigates the coupling of electronic wave func-
tions and correlated electronic eledts in these systems. The focus is on how molecular
interactions, adsorption geometry, and interfacial coupling influence energy level alignment,
band dispersion, and excitonic structure. A combination of angle-resolved photoelectron
spectroscopy (ARPES) in the form of momentum microscopy and photoemission orbital to-
mography (POT) is used to probe the momentum- and real-space distribution of electronic
states. Three prototypical systems are examined, including cesium-doped PTCDA monolay-
ers on Ag(111), monolayer Cgp on Cu(111), and Cgp multilayer films on Cu(111).

In the first system, cesium doping of weakly chemisorped PTCDA induces a stoichiometry-
dependent reorientation of the molecular layer. The results show that energy level align-
ment is predominantly governed by intermolecular interactions determined by molecular
orientation. For monolayer Cgo on Cu(111), a strongly chemisorbed system, significant hy-
bridization between molecular and substrate states leads to pronounced modifications of the
band structure. Varying adsorption configurations result in dilerent degrees of hybridiza-
tion, with the most reconstructed surfaces exhibiting the strongest coupling. In the Cgo
multilayer films, the first three excitonic states were investigated, revealing clear dispersion
features attributed to intramolecular interactions. A complementary variant of the exciton
photoemission orbital tomography (exPOT) technique was conceptually explored, employing
ultraviolet probe photon energies at tens of MHz repetition rates. This approach is limited
to probing within the first surface Brillouin zone of the Cgo films. However, it enables the
acquisition of high-statistics photoemission angular distributions (PADs), thereby increas-
ing sensitivity to delocalization e [edts and intermolecular interactions. Although a definitive
momentum-space distinction between Frenkel and charge-transfer excitons was not observed,
the method o Lerk valuable insight into the excitonic momentum space signatures. To address
complications arising from dispersive, scattered final states that obscure PADs, approximate
correction and validation strategies are proposed.






Zusammenfassung

Elektronische Kopplung und korrelierte Elektronenphdnomene sind fur die Entwicklung elek-
tronischer und optoelektronischer Bauelemente der nachsten Generation von zunehmender
Bedeutung, da sie die Bandstruktur eines Systems und damit seine elektronischen Eigen-
schaften und die Gesamtleistung des Bauelements entscheidend beeinflussen. -Konjugierte
organische Molekule auf Oberflachen bieten aufgrund ihrer chemisch abstimmbaren Eigen-
schaften eine vielseitige Plattform zur Untersuchung dieser E [elte. In solchen Systemen
kénnen verschiedene Arten von elektronischer Kopplung gleichzeitig auftreten. Erstens re-
sultiert die intramolekulare Dispersion aus der Delokalisierung von -Elektronen in einzel-
nen Molekiilen. Zweitens ergibt sich die intermolekulare Dispersion aus dem Uberlapp von
-Orbitalen zwischen benachbarten Molekulen in Multilagenfilmen. Drittens entsteht die
Hybridisierung an den Molekiil-Substrat-Grenzflachen durch die Uberlappung der Wellen-
funktionen von Adsorbat und Substrat, wodurch sich die elektronische Struktur erheblich
verandern kann. Darlber hinaus fiihren starke Coulomb-Wechselwirkungen und reduzierte
dielektrische Abschirmung in diesen Materialien bei optischer Anregung zu korrelierten Elek-
tronenphdnomenen, wie der Bildung von gebundenen Elektron-Loch-Paaren, so genannten
Exzitonen.
Als Beitrag zum grundlegenden Verstandnis der Bandstrukturgestaltung in -konjugierten
molekularen Systemen auf Oberflachen wird in dieser Arbeit die Kopplung von elektronis-
chen Wellenfunktionen und korrelierten elektronischen E [eKten in diesen Systemen unter-
sucht. Der Schwerpunkt liegt darauf, wie molekulare Wechselwirkungen, Adsorptionsgeome-
trie und Grenzflachenkopplung die Lage der Energieniveaus, Banddispersion und exzitonis-
che Struktur beeinflussen. Eine Kombination aus winkelaufgeloster Photoelektronenspek-
troskopie (ARPES) in Form von Impulsmikroskopie und Photoemissionsorbitalmographie
(POT) wird verwendet, um die Impuls- und Realraumverteilung der elektronischen Zustande
zu untersuchen. Es werden drei prototypische Systeme untersucht, darunter Casium-dotierte
PTCDA-Monolagen auf Ag(111), Ceo-Monolagen auf Cu(111) und Cgo-Multilagenfilme auf
Cu(111).
Im ersten System fihrt die Césiumdotierung von schwach chemisorbiertem PTCDA zu
einer von der Stochiometrie abhdngigen Neuausrichtung der Molekulschicht. Die Ergebnisse
zeigen, dass die Lage der Energieniveaus tUberwiegend durch intermolekulare Wechselwirkun-
gen bestimmt wird, die durch die molekulare Orientierung bedingt sind. Bei der Monolage
Ceso auf Cu(111), einem stark chemisorbierten System, fiihrt eine signifikante Hybridisierung
zwischen Molekul- und Substratzustdnden zu ausgepragten Veranderungen der Bandstruk-
tur. Unterschiedliche Adsorptionskonfigurationen flihren zu verschiedenen Graden der Hybri-
disierung, wobei die am starksten rekonstruierte Oberflache die starkste Kopplung aufweist.
In den Cgo-Multilagenfilmen wurden die ersten drei exzitonischen Zustédnde untersucht,
wobei sich deutliche Dispersionsmerkmale zeigten, die auf intramolekulare Wechselwirkungen
zurtckzufiuhren sind. Eine ergdnzende Variante der Exzitonen-Photoemissionsorbitaltomo-
graphie (exPOT) wurde konzeptionell erforscht, bei der Abfragepulse mit ultravioletten Pho-
tonenenergien und Repititionsraten von einigen zehn MHz verwendet werden. Dieser Ansatz
ist auf die Untersuchung innerhalb der ersten Brillouin-Zone der Cgo-Filme beschrankt. Er
ermdglicht jedoch die Erfassung von Photoemissionswinkelverteilungen (PADs) mit hoher

Vii



Statistik und erhéht damit die Empfindlichkeit gegentiber Delokalisierungse [eKten und in-
termolekularen Wechselwirkungen. Obwohl eine definitive Impulsraum-Unterscheidung zwis-
chen Frenkel- und Ladungstransferexzitonen nicht beobachtet werden konnte, bietet die
Methode wertvolle Einblicke in die Impulsraumsignaturen der Exzitonen. Um Komplikatio-
nen zu begegnen, die sich aus dispersiven, gestreuten Endzustanden ergeben, die die PADs
Uberlagern, werden Korrektur- und Validierungsstrategien vorgeschlagen.
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1 Introduction

Designing the next generation of electronic and optoelectronic devices requires precise con-
trol over the electronic structure of materials. As device architectures continue to shrink
and low-dimensional or molecular materials become more prevalent, a deeper understand-
ing of the fundamental interactions governing electronic behavior becomes essential. E ects
such as geometric structure variations, many-body interactions, and orbital hybridization
are playing an increasingly signi cant role in shaping the electronic properties of materials.
Electronic coupling and correlated electron phenomena are central to these developments.
These phenomena are key aspects of current surface and material science research and are
also growing in technological importance [1 4]. These interactions signi cantly in uence
the behavior of materials at the electronic level, yet many aspects remain unexplored [5 7].
Therefore, gaining a clearer understanding of these phenomena at a fundamental level is
critical for continued progress in the eld.

The band structure is a fundamental property that governs the behavior and interactions of

a material's electronic system and directly manifests electronic coupling and correlated phe-
nomena. It encodes the energy and symmetry of electronic states, as well as their degree of
delocalization, dispersion, and many-body character. Changes in these properties di erently
a ect and shape the band structure. In crystalline solids, coupling between the wave func-
tions of neighboring electrons leads to extended Bloch states. These delocalized states result
in well-de ned, dispersive energy bands, in which the electron energy varies with momentum.
This dispersion re ects the coherent overlap of wave functions across the lattice. Conversely,
when electrons are more localized due to structural con nement, disorder, or weak inter-site
coupling, their wave functions overlap less. Depending on the degree of localization, this
can lead to atter, less dispersive bands or even discrete energy levels. Narrow bandwidths
are a typical signature of localization and are often accompanied by enhanced sensitivity to
electron-electron interactions.

The balance between localization and delocalization directly impacts Coulomb interactions.
In delocalized systems, electron-electron repulsion is reduced by the spatial spread of elec-
tronic wave functions and e cient dielectric screening. In systems with strong localization,
such as molecular crystals or organic semiconductors, screening is poor and Coulomb in-
teractions become signi cant. These strong many-body interactions can reshape the band
structure itself, leading to a breakdown of conventional band theory, as evidenced by phe-
nomena such as band renormalization. In the excited-state regime, reduced screening and
strong Coulomb attraction between electrons and holes result in the formation of excitons
rather than single electronic excitations. Excitons are collective electronic excitations in
which an excited electron leaves behind a positively charged vacancy, called a hole, that
cannot be completely screened. The hole then interacts with the excited electron, forming
a bound electron-hole pair called an exciton. In inorganic semiconductors, which exhibit
stronger electronic screening and larger dispersion for electrons and holes, excitons have
weak binding energies compared to the total electronic interactions [8, 9]. However, in 2D
materials (e.g., transition metal dichalcogenides) and especially in organic molecular crys-
tals, screening is reduced and localization is enhanced, resulting in strongly bound excitons
with complex internal structure [10 13].
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The formation of a molecule from single atoms serves as a precursor example for the for-
mation of band-like states. The properties of (de-)localization, Coulomb interactions, and
electronic coupling can be manipulated through material design in these systems. In two-
dimensional conjugated molecular systems, the -orbital system is delocalized above and
below the molecular plane. When these molecules are assembled into ordered multilayer
Ims or molecular crystals, their electronic structure evolves through intermolecular cou-
pling. The -orbitals of adjacent molecules overlap, creating dispersive electronic bands
[14 16]. This process, referred to as intermolecular dispersion, gives rise to band formation
in otherwise discrete systems, thus enhancing charge transport. It is directionally dependent
and primarily occurs along the stacking direction, which is perpendicular to the molecular
plane, where -orbital overlap is signi cant. In contrast, along the plane of the molecule,
i.e., perpendicular to the -orbitals, there is minimal wave function overlap, and thus no
signi cant dispersion occurs in that direction. This anisotropic behavior underscores the
signi cance of molecular orientation in de ning the dimensionality and character of band
formation in molecular materials.

The delocalized -electron system of conjugated molecules can exhibit intramolecular disper-
sion, a variation of orbital energies with momentum [15]. This dispersion is discrete because
the molecules are of nite size. In nitely extended molecules would exhibit smooth band
dispersion. Thus, conjugated molecules are well suited to study electron coupling e ects in
a con ned system due to their limited size.

The bands in molecular crystals can resemble those in atomic solids in specic cases [17].
However, the bandwidths are typically much smaller, resulting in mostly at bands that are
generally sensitive to molecular orientation and packing density. Nonetheless, highly disper-
sive valence states have been observed in 3D molecular systems such as rubrene [18 20] and
Ceo [21 23], but the band oscillation is con ned to an energy region in the order o600 meV.

In addition to intramolecular and intermolecular interactions, the molecule-substrate inter-
face of molecular thin Ims on surfaces adds another layer of complexity due to possible
coupling of molecular and substrate electron wave functions [24 26]. This can even lead to
the formation of new hybridized states as a result of electron wave function overlap [27, 28].
Such interface e ects can reshape the entire band structure of the system. The adsorption
geometry, depending on factors such as molecular orientation, bond distance, and registry
with the substrate lattice, is a dominant factor that a ects the strength and character of the
interface [29 31].

An investigative approach to intra- and intermolecular interactions, hybridization and exci-
tonic states is possible with angle-resolved photoelectron spectroscopy (ARPES) from the
experimental side and photoemission orbital tomography (POT) from the theoretical side
[15, 27, 32 35]. The techniques provide direct insight into the electronic structure of molec-
ular systems from di erent directions. ARPES allows a mapping of the electronic band
structure including all hybridization signatures and correlated electronic e ects. POT facil-
itates the theoretical calculation of orbital-resolved angular distributions of photoelectrons,
enabling a direct assignment of molecular orbitals and energy levels to signatures in the
ARPES experiments. Furthermore, since POT is based on density functional theory (DFT)
calculations, it provides information about the expansion of the electronic wave functions
in real space. The combination of both techniques provides a unique access to momentum
and real space distribution of the electron wave functions and allows a comprehensive anal-
ysis of electronic structure, interactions and wave function distributions of molecular systems.

The goal of this work is to contribute to the understanding of the coupling of electronic
wave functions and correlated electronic e ects in organic molecular systems on surfaces.
Therefore, the above mentioned combination of ARPES and POT will be used in the study
of -conjugated organic molecules, accessing the band structure and real space distributions
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of the electronic wave functions. Of particular interest is the in uence of the substrate
and the adsorption geometry on the dispersion and energy level alignment of the molecular
layers. The study of the excitonic states in organic multilayer Ims focuses on excitonic
dispersion and aims to determine the excitonic character based on signatures observed in
the band structure. Furthermore, the use of ultraviolet photon energies within the (exciton)
photoemission orbital tomography framework is conceptually tested.

This thesis is divided into three main parts. After an introduction to the fundamental
physics of the experimental techniques employed, the rst main part in Chapter 3 presents
a study of cesium-doped 3,4,9,10-Perylenetetracarboxilic Dianhydride (PTCDA) monolayers
on Ag(111). The interaction of PTCDA with the Ag(111) surface is rather weak, resulting
in weak chemisorptive bonding and negligible hybridization. The cesium doping induces a
stoichiometry-dependent reorientation of the molecules. The aim of this chapter is to quan-
tify the structural geometric changes and investigate the in uence of the di erent molecular
orientations and the resulting di erent intermolecular and molecule-substrate interactions
on the energy level alignment.

The next main part in Chapter 4 discusses the sample system of @so monolayer on the
Cu(111) surface. In contrast to the weakly hybridized PTCDA/Ag(111), Cgo/Cu(111) shows
considerable hybridization. The formation of an interface state as a result of this strong hy-
bridization is discussed. This chapter also focuses on di erent adsorption geometries of the
Ceso molecules accompanied by di erent changes in the band structure and aims at a quali-
tative understanding of considerably hybridized molecule-metal interfaces.

The last main part in Chapter 5 is an investigation of the excitonic landscape inCgg mul-
tilayer Ims. The aim of this chapter is to observe a dispersion of the excitonic states and
to determine the excitonic character (Frenkel versus charge transfer) based on momentum
space signatures. In addition, the use of ultraviolet photon energies, which provide an easy
access with good statistics to the rst surface Brillouin zone, is tested conceptually in the
framework of (exciton) photoemission orbital tomography.






2 Theoretical Background and Experimental
Technigues

In the course of this work, the structural and electronic properties of organic semiconduc-
tor Ims on metal surfaces were investigated. This chapter delineates the experimental
techniques and theoretical frameworks that were employed, o ering a comprehensive intro-
duction to the fundamental physics underpinning the research. The most salient aspects
necessary for comprehending the measurement principle, the obtained data, or the theoret-
ical approach will be elucidated. Supplemental explanations of the theoretical background
will be provided subsequently, when appropriate. For any additional information, the rele-
vant specialized literature is referenced.

2.1. Low Energy Electron Di raction

Low energy electron di raction (LEED) is a prevalent experimental technique employed to
investigate the crystallographic structure and quality of surfaces. In this process, an electron
beam with a typical kinetic energy of 20 to500 eV s directed onto a sample close to normal
incidence and elastically backscattered at the periodic lattice of the surface. The scattered
electrons are subsequently visualized on a uorescence screen forming di raction spots [36].
A schematic drawing of a LEED setup is shown in Figure 2.1.

Figure (2.1) Schematic drawing of a LEED setup. A low-energy electron beam is emitted from
an electron gun towards the sample. The electrons are elastically backscattered from the lattice
potential of the sample surface, and the resulting di raction pattern is imaged on a uorescence

screen. The retarding grids function as electrostatic lenses for an improved imaging of the di raction

pattern. Modi ed with permission from Lu Lyu [37].
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The origin of the spot formation is the interference of elastically scattered electron waves.
The LEED pattern is de ned by this interference, representing the reciprocal lattice and
providing information on the periodicity of the structure in real space.

Therefore, a vice versa determination of the lattice structure based on a LEED image is
possible. Considering a perfect two-dimensional (2D) lattice the condition for constructive
interference and the formation of a di raction spot is given by the Laue equation. Its 2D
analog is given by the following equation

—_ 0 _ .
Kj=kj kj=Gj: (2.1)

In the equation, K j; is referred to as the "scattering vector component parallel to the surface”
and it is expressed as the di erence between the parallel moment of the incident electron
(kj) and scattered electron kh?). The 2D Laue equation posits that the scattering vector
must be equal to a reciprocal lattice vectorG;; of the 2D surface lattice [36].

Figure (2.2) Ewald constructions in LEED. (a) Scattering on a perfect two-dimensional surface
lattice. (b) Scattering on a quasi-two-dimensional surface lattice. Broader regions of the reciprocal
rods represent higher intensity originating from the Laue condition perpendicular to the surface
which cannot be neglected anymore. Taken with permission from [36]. Copyrigh© 2015 Springer-
Verlag Berlin Heidelberg.

The construction of the di raction pattern for a two-dimensional layer is analogous to that in
three dimensions, with an Ewald sphere as depicted in Figure 2.2 (a). In the two-dimensional
case, the reciprocal lattice spots in the direction perpendicular to the surface are extended
into rods, thereby relaxing the third Laue condition in this direction [36]. To obtain all
possible momentum vectors of the scattered electron beank{), the wave vector of the
incident beam (k) is placed at the (0,0) order of the reciprocal lattice. A sphere with
radius jKj = jk® kj around this center is then constructed, called an Ewald sphere. Each
intersection of the Ewald sphere with a reciprocal lattice rod ful lls the 2D Laue condition in
Equation 2.1 and determines the position of a di raction spot. It is imperative to note that
the validity of this procedure is contingent upon the assumption of a purely two-dimensional
periodic lattice. In the case of thicker Ims, the electrons penetrate a few layers deep
into the solid, a phenomenon determined by their mean free path [38]. Consequently, the
Laue condition perpendicular to the surface becomes imperative, resulting in an oscillating
intensity along the reciprocal lattice rods, as illustrated in Figure 2.2 (b). Varying the kinetic
energy of the incident electrons, and thus changing the magnitude df, causes the Ewald
sphere to change size accordingly. Consequently, the Ewald sphere traverses through distinct
intensity regions of the reciprocal lattice rod, thereby inducing a variation in the intensity
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of a selected di raction spot. In the limit of the bulk crystal, the region of higher intensity
condenses onto the di raction spots of the three-dimensional (3D) lattice.

The surface sensitivity of LEED is derived from the mean free path of the electrons in
the speci ed energy interval, which is approximately equal to a few Angstroems [38]. For
the majority of materials, only electrons scattered on the initial layers can contribute to
the signal. Consequently, LEED is regarded as an optimal technique for examining the
crystallographic structure, purity, and ordering of surfaces and adsorbate layers [39].

In the course of this work, a multi-channel plate (MCP) LEED by Scienta Omicron was
utilized, which has a planar uorescence screen compared to the hemispherical one depicted
in the schematic drawing in Figure 2.1. This results in a distortion of the di raction pattern

in the acquired images. This distortion was corrected for the determination of adsorption
geometries in Chapter 3.

The LEED system was connected to an ultra-high vacuum chamber with a pressure lower
than 2 10 ®mbar. This ensured a su cient mean free path of the electrons to reach the
screen and prevented the sample surfaces from contamination.

2.2. Introduction to Photoelectron Spectroscopy

Photoelectron spectroscopy is a powerful technique for investigating the electronic structure
of solid surfaces and interfaces. It is the primary experimental technique employed in this
work. This section rst discusses the physical foundations of photoemission spectroscopy
(PES) and then describes the technical implementations used.

The fundamental process of PES is based on the photoelectric e ect, which was discovered
by Hertz [40] and Hallwachs [41] and describe by Einstein [42]. The process states that the
absorption of a photon by a solid can result in the emission of an electron, provided that the
photon possesses su cient energy. Since its initial discovery and subsequent theoretical elu-
cidation, PES has emerged as a standard technique for investigating the electronic structures
of solids. The subsequent discussion will commence with a thorough exposition of the fun-
damental principle underlying PES, namely the photoemission process itself. Subsequently,
the correlation between the emission angle of the photoelectron and its momentum will be
elucidated, thereby giving rise to the technique of angle-resolved photoelectron spectroscopy
(ARPES), which enables the measurement of band structures of solids. The technical imple-
mentation of an ARPES experiment as momentum microscopy will be explained. Ultimately,
the theoretical framework of photoemission orbital tomography (POT) that enables an in-
terpretation of ARPES data will be presented.

2.2.1. The Photoemission Process

In the photoemission process, an electron is excited from an initial state (j) to a nal state

( ¢) upon the absorption of a photon of energyh . This process is treated as instantaneous,
with the remaining N-1-electron system not interacting with the outgoing photoelectron.
This assumption is called the sudden approximation [43]. The photoemission process can be
described by Fermi's golden rule, with! representing the transition probability between the
initial and nal states and the operator " in the transition matrix element describing the
coupling of the photon to be absorbed with the electron system under the assumption of a
small perturbation.

2 . AL
L/ =jh ¢j"] §ij? (Er Ei h) (2.2)

The function is instrumental in ensuring the conservation of energy.

It is imperative to acknowledge that both ; and  represent states of a\ -electron system,
thereby signifying that the nal state includes the remaining electron system, in addition to
the outgoing photoelectron.
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The operator * encompasses the electron momentum and the vector potential A. Within

the dipole approximation [44], spatial variations in the vector potential A are disregarded.
This approximation is applicable under the condition that the wavelength of the absorbed
photon is considerably larger than the electron's orbital radius, a requirement that is met
in all experiments within this body of work. Employing the Coulomb gauge and further ne-
glecting transitions involving the simultaneous absorption of multiple photons, the operator

N
can be expressed as
AN

e
= m—CAp (2.3)

In order to perform a more extensive evaluation of the transition matrix element, it is
necessary to undertake a more thorough examination of the electron wave functions. In a
simpli ed representation, the wave functions of the N -electron system can be considered as
the result of the product of the wave function of the photoexcited electron and the wave

function of the remaining N 1 electron system [44].

i=C ik f(N 1) (2.4)

t=C e F(N 1) (2.5)

It can thus be concluded ;x and fx are the initial and nal state wave functions of
the photoexcited electron with quantum number k and !‘(N 1) and 'f‘(N 1) are the
corresponding wave functions of the remainindN 1 electrons. The operatorC ensures the
correct antisymmetry of the wave function. The transition matrix element in Equation 2.2
can be expressed using the above wave function products of initial and nal states and the
expression for the” operator in Equation 2.3 as follows:

h tJAPj ii = h g jApj ixih KN 1) (N 1) (2.6)

The matrix element of the N -electron system simpli es to a matrix element with only one
electron multiplied by an overlap integral of the initial and nal states of the remaining N 1
electron system.

In the frozen orbital approximation it is assumed that the orbitals of the electrons not
involved in the photoelectron transition are unperturbed, i.e. (N 1)= (N 1)and
only the one-electron matrix element prevails in Equation 2.6. This leads to the simpli ed
expression for the transition probability:

2 .
L/ =—jh 1 jApj ixij® (Er Ei h) (2.7)

The frozen orbital approximation is a rather crude approximation because theN 1 electron
system will attempt to screen the photohole, leading to a relaxation to a more energetically
favourable state. The organic materials used in this work are highly polarisable and can
therefore su ciently screen the hole generated in the photoemission process. A discrepancy
between experiment and employed theory within the frozen orbital approximation may then
lie in the energetic positions and broadening of the molecular orbitals [45, 46].

After simplifying the transition matrix element and the wave functions, the conservation of
energy should be revisited to ascertain how the expression inside thefunction in Equation
2.2 is simpli ed, given the steps taken above. Applying the separation of wave functions into
the wave function of the electron undergoing the phototransition and the wave function of the
remaining electron system, a similar apportionment can be made regarding the energy. The
energy of the nal state, E¢, is thus separated into the kinetic energy of the photoelectron
outside of the solid, Ein -0, and the energy of the abidingN 1 electron system,Es (N  1).
Subsequent rearrangement of the equation for the kinetic energy using the frozen orbital
approximation (E;(N 1) = Ef(N 1) since (N 1) = (N 1)) results in the
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Figure (2.3) Schematic drawing of the energy (left) and momentum relations (right) during the
photoemission process. Left image modi ed with permission from [47]. Right image adopted with
small changes from [48], original from [44]. Copyright© 2003 Springer-Verlag Berlin Heidelberg.

following expression:
Ekno=h (Es(N 1) Ei(N)=h (E(N 1) E(N)=h Es (2.8)

As illustrated in Figure 2.3 (a), the energetic relations of the aforementioned expression are
represented. The excited photoelectron can leave the solid if the photon enerdypn = h
exceeds the sum of the electron binding energig (the energetic distance between the
electron’s inital energy level and the Fermi energyEg) and the material's work function

The excess energy is transferred to the photoelectron in the form of kinetic energ¥(in:o).
Consequently, the energy level alignment of a system can be determined by analysing the
kinetic energy of photoelectrons emitted from it.

During the photoemission process, electrons can inelastically scatter, thereby losing some of
their kinetic energy, yet still manage to leave the solid. Consequently, the electrons cease
to contribute to the primary photoemission signal, instead forming a broad and continuous
background, designated as the secondary electron background.

The de ning properties of the electronic states of a material are not only their energetic
positions, but also the relation between energy and momentum, i.e. the band structure,
E(k), of the system. This can be determined through a photoemission experiment, as will
be elucidated in the following section.

2.2.2. Angel-Resolved Photelectron Spectroscopy

The measurement of the band structure of a material system is pivotal in determining its
complete set of electronic properties. In order to achieve this with a photoemission experi-
ment, it is necessary to record the emission angles of the outgoing photoelectrons, as these
are connected to the electronic momentum parallel to the surface. The corresponding ex-
perimental technique is then termed angle-resolved photoelectron spectroscopy (ARPES). It
is important to note that a straightforward measurement of the electronic momentum per-
pendicular to the surface inside the sample is challenging, as this changes when the electron
traverses the surface [44]. This phenomenon will be further delineated in the ensuing section.
To elaborate further on the momentum relations of the photoemission process, the reader
is directed to Figure 2.3 (b), in which the electron momentum inside the solid is designated
as K and outside ask. In the process of photoexcitation, electrons travel from the bulk to
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the surface, where they are distributed along a cone (see the grey cone segment in Figure
2.3 (b)). The Schrddinger equation is utilised to describe their propagation in a periodic
potential, yielding the solution

__2j K 12
2m

Et = Ewin;i | Eol = j Eoj; (2.9)
where Es is the energy of the nal state, Ey denotes the energetic start of the potential
Coulomb wells of the nuclei, i.e. the start of the free electron parabola, anan is the

e ective electron mass. All energies are determined with respect to the Fermi level. In
the case of large photon energies, electrons are excited at a considerable distance from the
periodic Coulomb potentials of the nuclei. Outside the solid, the potential changes to zero,
thereby resulting in the energy relation of a free electron:

~%jkj?,
2me

Ekin:o = (2.10)
The alteration in potential between the interior and exterior of the solid results in disparate
kinetic energies. A direct comparison of Equations 2.9 and 2.10 reveals that the change in
energy is directly associated with a change in momentum. Consequently, the potential step
at the surface induces a change in the momentum of the photoelectron perpendicular to the
surface, analogous to Snell's law of refraction [44].

From an alternative perspective, the Noether theorem can be contested on the grounds that
the momentum parallel to the surface must be conserved up to multiples of the reciprocal
surface lattice vector, G, as a consequence of the discrete translation symmetry of the
crystal surface [49].

Subsequently, due to the symmetry breaking in the direction perpendicular to the surface,
the momentum of the photoelectron must change along that direction. This can also be seen
in Figure 2.3 (b), whereKj; = kj;, but K» > k- . Itis possible to derive a key relationship
that is fundamental to the ARPES technique between the escape angle of the photoelectron
and its parallel momentum,

r

2m .
Kj=kj= =5 Eknosin(): (2.12)

Splitting the photoelectron momentum in Equation 2.9 in a component parallel and a com-
ponent perpendicular to the surface and utilizing the expression of the nal state energy
Et = Ekino t+

2
Er +JEoj = Ekno* + JEoj= 5 —[Kf+ KF] (2.13)

an expression for the momentum component in the solid perpendicular to the surface can be
obatined:

r
2m L
Ko = 7(Ekin;o+ + JEqj) ijz)
r (2.14)

2m 2m _

The term Vo = + jEgj, denoted as the inner potential, is a measure of the positive attraction
exerted by the nuclei on the valence electrons. As the inner potential is a material property
that is not easily accessible, measuring the full band structuree (K) of a sample system
is challenging. Consequently, one usually only measures(k;). It is possible to make an
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experimental determination of K, (and thus Vp) by continuously changing the wavelengths
of the incident photons [50].
From Equation 2.14 it is feasible to deduce an escape condition

r
2m
K2 :min = TVO (2.15)

signifying that the photoelectron must possess a minimum of perpendicular momentum to
the surface,K > .min, in order to escape the solid. This expression for the minimal momentum
perpendicular to the surface helps to connect the perpendicular momenta insid&k¢ ) and
outside of the solid k- ).

r
2m
kK» = Ko Komin = Ko —Vo (2.16)

Equation 2.16 demonstrates that the inner potentialVy is responsible for the reduction of the
momentum perpendicular to the surface when the photoelectron leaves the solid. Addition-
ally, the disparity between the perpendicular momentum insideK , and outside k, of the
solid result in di erent curvatures of the photoemission horizon (compare circular segments
in Figure 2.3 (b)).

Before concluding the fundamental momentum relations in an ARPES experiment and pro-
viding an outline of the used experimental setup, three points must be noted: Firstly, due
to the change in the perpendicular momentum component the photoelectrons inside and
outside of the solid are distributed on sphere segments with di erent radii (compare Figure
2.3 (b)). In detail, the sphere segment inside of the solid has a larger radius because of the
issue of the inner potential. This is a crucial consideration in any theoretical simulation of
the photoemission angular distribution (PAD).

Secondly, the scheme employed in the aforementioned outline of the momentum relations
is the three-step model of photoemission [44]. In this model, the photoemission process is
divided into three stages: optical excitation of the electron, transport towards the surface,
and transmission of the electron into the vacuum. The third stage of the process involves
the refraction of electrons passing through the surface into the vacuum.

The three-step model is highly illustrative, yet lacks physically accuracy [44]. A physically
accurate description is provided by the one-step model, in which the entire photoemission
process is treated as a single coherent transition from an initial state to a nal state. This
model also describes the photoemission process using Fermi's golden rule, as outlined in
Section 2.2.1, but employs an accurate description of the nal state. The nal states in
guestion are referred to as time-reversed LEED states, which consist of a plane wave outside
the solid that couples to an exponentially damped Bloch wave inside [44]. The nite mean
free path of the photoelectrons is taken into account by introducing damping inside the solid.
These states are also employed in the description of a LEED experiment, but in LEED, the
electrons are incident onto the sample. In the context of photoemission, these states are
referred to as time-reversed, as the direction of propagation is reversed.

The third and nal point to be deliberated upon pertains to the characterisation of the nal
state. It has been demonstrated that, for a multitude of systems, the assumption of a plane
wave nal state constitutes a su cient description of the photoemission process in great
detail [15, 16, 23, 32, 51 67]. Nevertheless, this assertion is predominantly valid for su -
ciently large excitation energies, such that the photoexcited electron no longer experiences
the periodic potential of the crystal lattice. Conversely, for low excitation energies, but still
su cient to permit the electron to enter the vacuum, it is necessary to treat the nal state

as a scattered Bloch-like state [68 72]. This treatment of the nal state as a scattered Bloch
state is crucial for subsequent analyses, and thus, it is necessary to elaborate further on this
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Figure (2.4) Schematic drawing of the photoemission processes from g orbital of a molecular
adsorbate (drawn in blue) on a metal substrate with di erent nal states. Process (1) indicates the
direct emission of the photoelectron wave into a plane wave nal state towards the photoelectron
detector. Process (2) shows the part of the photoelectron wave that is backscattered by the substrate,
indirectly reaching the detector. Redrawn from [68].

point.

As illustrated in Figure 2.4, the process of photoemission of an electron from a molecular ad-
sorbate on a metal surface can be conceptualised as follows: the electron wave is divided into
two distinct components. The rst component is directed towards the photoelectron detector
(1), while the second component propagates towards the bulk [68 70]. The rst component
can be treated as a direct emission into a plane wave nal state, which is characterised by its
propagation in vacuum. The other component of the electron wave undergoes backscattering
upon the periodic lattice potential of the surface, resulting in the Bloch character of this
state. The interference of both components of the photoelectron wave on the detector gives
rise to a photoelectron nal state that contains information regarding the lattice periodicity
due to its Bloch state share. It is evident that, due to the coherent superposition of the
direct-emitted electron wave and the backscattered one, a straightforward separation of ini-
tial and nal state information is not possible.

Following the exposition of the underlying physics of ARPES, the succeeding section is ded-
icated to the presentation of the more technical aspects of the experimental setup utilized.

2.2.3. Momentum Microscopy

The NanoESCA system, developed by FOCUS GmbH, is employed in all photoemission ex-
periments presented in this work. This system is a momentum microscope, which is built
upon a photoemission electron microscope (PEEM) that can detect the photoelectron dis-
tribution in real space. The momentum microscope can additionally discern the momentum

distribution of the photoelectrons [73, 74].

As illustrated in Figure 2.5, the NanoESCA instrument is composed of three primary com-
ponents: the PEEM column (1), the imaging double energy analyser (IDEA) (2), and the
detection unit (3) [73]. In the PEEM column, photoelectrons from the sample are collected,
and an image of the sample is formed. An octopole stigmator can be used to optimise the
image before a set of projective lenses project the image onto the entrance slit of the energy
analyser or directly onto the rst charge-coupled device (CCD) detector for energy-integrated
real space imaging. The IDEA is a double hemispherical analyser. Each hemisphere is a
domed plate capacitor in which electrons of di erent kinetic energies propagate on trajecto-
ries with di erent radii. Only electrons with a speci ed kinetic energy are capable of exiting
the IDEA at the exit slit. While the use of one hemispherical energy analyser is su cient
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Figure (2.5) Schematic drawing of the NanoESCA system. The three major parts of the device are
highlighted: (1) The PEEM column, (2) the IDEA and (3) the detection unit. Taken with permission
from [73]. Copyright © 2005 IOP Publishing Ltd.

to obtain energy resolution [75], the second substantially reduces spherical aberrations in
the trajectory plane and thus enhances image quality [73]. The rationale behind this phe-
nomenon can be elucidated by considering the electron distribution in the trajectory plane.
It has been demonstrated that, following 180 revolution, the electron distribution exhibits
the largest spread due to aberrations. Conversely, after a complete revolution, all lateral
electron positions are aligned with the initial spread [73]. This phenomenon can be likened
to the motion of planets in accordance with Kepler's law.

The third and nal component of the NanoESCA comprises an additional set of projec-
tor lenses, enabling the adjustment of magni cation, in conjunction with an imaging unit.
The imaging unit itself consists of two coupled multi-channel plates (MCPs), a uorescence
screen, and a CCD camera.

Figure (2.6) Schematic drawing of the NanoESCA system with the electrostatic lens optics and
sketched electron trajectories. For real space imaging (a) photoelectrons originating from the same
sample spot are focused in the same spot on the detector, whereas for imaging k-space (b) photo-
electrons emitted under the same angle to the surface normal contribute to the same spot on the
detector. With permission from [74], copyright © 2008 American Institute of Physics.
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A momentum microscope is distinguished by its capacity to alternate between real space
and momentum space imaging. Figure 2.6 provides a visual representation of this function-
ality, illustrating the electron trajectories for both modes in the NanoESCA. In this gure,
electron paths originating from the same sample spot are designated by matching colour. As
expected, for mapping a real space image of the sample, electrons originating from the same
sample spot (i.e. trajectories with the same colour) impinge on the same detector spot (see
Figure 2.6 (a)). For imaging momentum space, an additional electrostatic lens is used, the
so-called transfer lens (see Figure 2.6 (b)). This lens projects the back focal plane, in which
electrons emitted under the same angle are focused into a single spot, on the entrance slit
of the IDEA (see Figure 2.6 (b)) [74]. It thus enables momentum space to be imaged (see
Section 2.2.2).

A momentum microscope di erentiates itself from a conventional ARPES setup by the si-
multaneous mapping of the full accessible momentum space.

Figure (2.7) Comparison of the measurement principles of ARPES and momentum microscopy. (a)
Detected photoemission angular distribution with a conventional ARPES system and set acceptance
angle at normal emission. (b)-(c) Required sample rotation and tilt to map the complete accessible
momentum space. (d) Simultaneous acquisition of the full accessible momentum space due to the
applied extractor voltage in momentum microscopy. With permission from [76].

This is illustrated in Figure 2.7, which compares the data acquisition procedures of the two
techniques. The standard ARPES setup is distinguished by an acceptance angle of photo-
electrons emitted into the solid angle above the sample. It is therefore possible to measure a
speci ¢ slice of the photoemission angular distribution (PAD) (see Figure 2.7 (a)). In order
to map the complete accessible momentum space indicated by the red circular photoemis-
sion horizon, it is necessary to vary the sample's azimuth and polar angles (Figure 2.7(b-c)),
moving the detection window over the entire area. In contrast, momentum microscopy en-
ables the simultaneous measurement of the entire momentum space. This is achieved by
applying an extractor voltage, which accelerates electrons emitted from every angle into the
device. Given the energy ltering IDEA, the momentum distributions of electrons at a con-
stant kinetic energy | (E = const; ky; ky) can be measured. This is called a constant energy
map (CE map) and is shown as the horizontal discs in Figure 2.8. Detecting electrons with
di erent kinetic energies allows for the acquisition of a full 3D data cubel (E;ky;ky), i.e. a
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full band structure with momentum parallel to the surface, as shown in Figure 2.8.

Figure (2.8) Structure of the data cubes| (E; ky; ky) measured with momentum microscopy. Si-
multaneously only constant energy maps (CE maps) (E = const; ky; ky) are measured. By scanning
through the kinetic energy of the electrons the data cubes are obtained. Similar to [76].

An advantage of a momentum microscope lies in the xed experimental geometry. Due to
the absence of any rotation or tilting of the sample the incident angle of light as well as the
light polarization are unaltered throughout the experiment.

The NanoESCA system was connected to an ultra-high vacuum chamber and operated at a
base pressure lower thar2 10 °mbar to ensure the cleanliness of the sample surfaces for a
su ciently long time, which is a prerequisite given the surface sensitivity of the photoemis-
sion process. Similar to LEED, the surface sensitivity results from the fact that the mean
free path of the photoexcited electrons is within a few surface layers for the photon energies
applied [38].

In the studies, three distinct light sources were employed in conjunction with the NanoESCA
system. Initially, a vacuum ultraviolet (VUV) gas discharge lamp was utilised, operating with
helium gas and emitting theHe | line (h = 21:2eV). The presence of theHel line was
found to be negligible, contributing only 1.2 to 1:8 % of the He | intensity [77], as observed
in all conducted experiments. The utilisation of this light source was driven by the objective
of emitting electrons with higher binding energies and accessing larger momenta compared
to the other utilized light sources.

Furthermore, two distinct titanium sapphire ( Ti®* : Al,Os3, abbreviated Ti:Sa) oscillator
lasers were employed, with both lasers demonstrating the capability to generate ultrashort
pulses with a duration ranging from 12 to100 fsthrough mode-locking within an adjustable
wavelength range, and exhibiting a repetition rate of approximately80 MHz [78, 79]. The
pulse powers of the lasers are su ciently high to drive nonlinear processes such as second
harmonic generation (SHG) and parametric ampli cation. The predominantly used Ti:Sa
laser is aMai Tai oscillator by Spectra-Physics. The pulses exhibit a duration of less than
100 fswith an average power of2.5W. The central wavelength can be adjusted from 690 to
1040 nm depending on the experimental requirements. In certain instances, the second and
fourth harmonic of the fundamental wavelength have been created using SHG. Furthermore,
to cover an additional wavelength interval in Section 4 theMai Tai was used to seed an
Inspire optical parametric oscillator (OPO) by Spectra-Physics. Using parametric ampli-
cation the OPO enables a gap-free tuning of the wavelength from345nmto 2:5um with
pulse duration between 80 and250 fs[80].

The other Ti:Sa laser utilised was aGrin-10 by KMLABS, which was exclusively employed
for the Ceo multilayer experiments at ambient temperature in Section 5.7. It possesses an
average power ofl:4 W and emits approximately 12 fsshort pulses [79]. The adjustable rep-
etition rate was set to approximately 80 MHz. Operated at a central wavelength 0f840 nm
the second and fourth harmonic of the fundamental were created before the excitation of
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photoelectrons.

2.3. Photoemission Orbital Tomography

In the preceding sections, the fundamental physics of a photoemission experiment was eluci-
dated, and the practical implementation of this experiment using a momentum microscope
was discussed. In the employed measurement setup photoemission angular distributions
(PADs) at constant energies(l (E = const; ky; ky)), termed constant energy maps (CE maps),
are measured. Obtaining these CE maps for a molecular Im, conducting an analysis of the
data, and correctly assigning measured PADs to their corresponding molecular orbitals can
be ambiguous and challenging. Photoemission orbital tomography (POT), as introduced by
Puschnig et al. [32], is a theoretical framework that aids in overcoming these challenges.
The objective is to utilise density functional theory (DFT) to simulate PADs. Subsequent

to comparing the theoretical results with experimental data sets, an assignment is made of
molecular orbitals to their corresponding PADs due to the unambiguous nature of the latter.
The aforementioned objective is accomplished by implementing the approximation of a plane
wave nal state, x = CE€X [32, 52], a concept initially proposed by Gadzuk [51, 69]. The
photoemission intensity at a constant energy of the electrons is directly proportional to the
transition probability, a subject that is elaborated upon in Section 2.2.1. The expression in
Equation 2.7 is then further simpli ed to

| (E = const;ke;ky) / ! /jh X jApj ixij? = jAkj? JFT[ ix]i? (2.17)

FT [ ik] hereby de nes the Fourier transform of the initial state wave function of the pho-
toelectron. The polarization factor Ak modulates the photoemission pattern, which is
dependent on the angle of the incident light and its polarization. This modulation leads to
an intensity gradient.

It is evident that the depiction of the nal state as a plane wave can yield erroneous out-
comes in certain scenarios [81]. A notable example is the nal states of Bloch-like character
[68 72], as eloborated in Section 2.2.2. Furthermore, POT predicts a vanishing intensity in
the case ofA ? k, yet this can be observed in experiment, e.g. for a CO molecule on a
Ni(100) substrate with its axis oriented along the surface normal [82]. Nevertheless, POT
has been demonstrated to be a reliable technique for investigating the electronic structure of
large -conjugated molecular systems [15, 32, 52], determining molecular orientation [53, 59],
investigating molecular interaction [15, 57] or identifying surface reactions [62]. First steps
have also been taken to advance the simple picture of POT to systems with nal state e ects
by extending the framework [66].

In the simplest POT approach, the initial state wave function is approximated by the molec-
ular wave function of a free gas phase molecule [32, 52 54, 59]. This assumption is valid for
weakly interacting systems with no or weak hybridisation, i.e. systems bound by physisorp-
tion or weak chemisorption. For more strongly interacting systems, or for a more detailed
calculation including interaction e ects, a su cient model of the sample must be calculated
[23, 58, 61, 62, 65, 83].

Figure 2.9 illustrates the process of a POT calculation. The starting point is the calculation
of the gas phase molecular orbitals. Figure 2.9 shows on the left an isosurface contour plot of
the highest occupied molecular orbital (HOMO) of pentacene. The orbitals obtained in this
way are then Fourier transformed, resulting in their corresponding appearance in momentum
spacg (middle panel of Figure 2.9). The hemispherical cut in red at constant momentum
k = (2m=~2)E, corresponding to a de ned kinetic energy shows the areas of emitted
photoelectrons. A 2D projection and taking the absolute value gives the simulated POT
CE map of the pentacene HOMO as shown on the right in Figure 2.9. Since the molecular
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Figure (2.9) Main calculation steps of photoemission orbital tomography. Left: The starting point

is a molecular orbital wave function obtained from DFT. Here shown as an isosurface contour plot of
the HOMO of pentacene next to its schematic drawing. Blue and yellow represent the phase of the
wave function, with the former showing negative and the latter positive values. Middle: Representa-
tion of the pentacene HOMO in momentum spage after Fourier transformation. The red hemisphere
represents a cut with constant momentumk = = (2m=~2)E,, along which photoelectrons are de-
tected. Right: 2D projection of the absolute value of the PAD along the hemispherical cut in the
middle image, representing the unique emission pattern of the gas-phase pentacene HOMO. Taken
with permission from [54].

orbital has a unique structure in real space, both the momentum space representation and
the resulting 2D PAD are also exclusive in shape. Thus the calculated PAD can be used as
a ngerprint to identify molecular orbitals in ARPES experiments.

A direct comparison of a calculated CE map from a gas phase molecule as in the right part
of Figure 2.9 is only valid if there is only one molecular orientation present on the surface. In
the case of multiple molecular orientations (in the unit cell or due to rotation or mirror do-
mains of the surface) a combination of the calculated gas phase CE map must be assembled
[53], which is illustrated in Section 3.3. In addition, any tilt of the molecules with respect
to the surface must be taken into account [32].

As demonstrated in the middel panel of Figure 2.9, the hemispherical cut is determined by
the total momentum of the photoelectron outside of the solid. As outlined in Section 2.2.2,
electrons are refracted upon exiting the solid due to the potential step of the surface, origi-
nating from the inner potential (see Equation 2.16 and Figure 2.3 (b) in Section 2.2.2). This
results in a change in the size of the hemispherical cut according to Equation 2.13. In order
to calculate PADs comparable with the results of an ARPES experiment, knowledge of the
inner potential is required. However, its determination is rather challenging [84], and so it is
often neglected for planar molecules, as its impact is negligible for these systems [23, 32, 52].
Yet for 3D molecules, the inner potential leads to a severe alteration of the calculated PADs.
The signi cance of the inner potential for POT of 3D molecules and its negligibility for pla-
nar molecules that are (almost) at on the substrate, will be further elucidated.

As a planar molecule the case of 3,4,9,10-Perylenetetracarboxilic Dianhydride (PTCDA) is
considered. The electron wave function of its HOMO is illustrated as an isosurface contour
plot in Figure 2.10 (a), with the z-axis aligned perpendicular to the surface. In the framework
of POT, i.e. assuming a plane wave nal state, the electron wave function is Fourier trans-
formed to obtain the corresponding electron wave function in momentum space. An excerpt
of this Fourier transform is plotted in Figure 2.10 (b) with the momentum perpendicular to
the surface versus the momentum parallel to the surface. Two spherical cuts through the

17



2. Theoretical Background and Experimental Techniques

Figure (2.10) Dierences in the PAD for planar and 3D molecules due to the inner potential.
Isosurface of the PTCDA HOMO (a) and a momentum cut through its corresponding Fourier trans-
form. The semicircles are of constant energy and indicate the PAD obtained by POT considering
the inner potential (blue semicircle) and neglecting it (green semicircle). Due to the change in the
perpendicular momentum that is dependent on the inner potential, only electrons located on the
solid blue arc can leave the solid. (c,d) Analogous to (a,b) but for theCso HOMO. DFT images by
courtesy of Norman Haag adapted from [47].

3D momentum distribution corresponding to the same photon energy are indicated by the
green and blue semicircles. The green semicircle thus signi es a cut wittly = 0, thereby
neglecting the inner potential in the POT formalism. Conversely, the blue semicircle incor-
porates a non-zero inner potential. In this case it also has to be taken into account, that
due to the change of momentum perpendicular to the surface that is de ned by the inner
potential, only electrons located on the solid blue arc can leave the solid.

While the hemispherical cuts including (green semicircle) and neglecting (blue solid arc) the
inner potential di er in their absolute location, the resulting PADs are very similar. This is
attribute to the cigar-like structure of the 3D Fourier transform, which is a consequence of
its 2D character and exhibits minimal dependency orK - .

In the case of a 3D molecule such &8¢, the situation di ers. Figure 2.10 (c) illustrates the
isosurface of theCgg HOMO, and its corresponding cut through the 3D Fourier transform
is shown in (d). It is evident that there is an absence of momentum direction with minimal
altercations of intensity, in contrast to the case of the planar PTCDA. In fact neglecting the
inner potential will result in substantially di erent PADs (illustrated as a green semicircle),
contrasting to the scenario when it is taken into account (blue semicircle). Consequently, a
knowledge of the inner potential is imperative for the analysis of POT in systems comprising
3D molecules [23].

Finally, it should be noted that the inner potential does not only a ect the location of the
hemispherical cut through the 3D Fourier transform, but also the curvature of the angular
distribution of photoelectrons of this cut. This, in turn, results in variations in the distances
between features subsequent to the projection of the hemispherical cut onto a 2D plane.
However, in the case of planar molecules, this e ect can be considered negligible. This
assertion is supported by further research, which will be presented in the case of the Cs-
doped PTCDA on Ag(111) in Section 3.3. However, its impact is evident for 3D molecules,
such as theCgg monolayer on Cu(111), as illustrated in Section 4.4.
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2.4. Multi-Photon Photoemission Processes

All prior discourse has considered only the absorption of one photon per photoelectron for a
transition from an occupied initial state jii to a nal state jfi above the vacuum energyEy .
This process is henceforth referred to as a one-photon photoemission (1PPE) process, as
illustrated in Figure 2.11 (a). The transition between the initial and nal states jii! | fi,
can also occur through the absorption of multiple photons, provided that the sum of all
absorbed photon energies is equivalent to the energetic distance betwegnand jf i [85 87].

It is noteworthy that the smaller the photon energy, the greater the number of photons re-
quired to contribute to a single photoemission process. A more thorough exposition of these
NPPE processes can be found below.

The two-photon photoemission (2PPE) process is the subsequent possible higher order pro-
cess. As illustrated in Figure 2.11 (b), the 2PPE process can be divided into two cases:
In the transition depicted on the left, the electron simultaneously absorbs two photons. In
contrast, for the 2PPE transition on the right, the electron is excited stepwise from the
initial state into an unoccupied intermediate state (jinti) and from there into the nal state.
Consequently, nPPE processes can be utilized to access the unoccupied states of a material
in a photoemission experiment. In the context of the process involving an intermediate state,
the photoelectron will carry information regarding the momentum distribution of that state.
Conversely, in the context of a simultaneous absorption of two photons, the photoelectron
contributes to the photoemission angular distribution of the initial state, as no intermediate
state is involved in the transition (note that this assumes a plane wave nal state).

In this context, the scenario of tuning the photon energy by h in the case of a 2PPE
process as shown in Figure 2.11 (c) is considered. In the case of a simultaneous absorption

Figure (2.11) Comparison of a one-photon photoemission (1PPE) process (a) with multi-photon
photoemisssion (nNPPE) processes (b-d). (a) For a 1PPE process the photon energy is su ciently
large to excited the electron from an occupied initial statejii to a nal state jfi above the vacuum
energy Ey . (b) For a two-photon photoemission (2PPE) process one electron needs to absorb two
photons in order to be excited above the vacuum energy. Depicted are the two cases of a simultaneous
adsorption and a transition via an intermediate state jinti. (c) 2PPE process with by h increased
photon energy. The new nal state for a transition by simultaneous absorption of two photons
is shifted by 2 h to higher energies, whereas the nal state of stepwise transition involving the
intermediate state is only shifted by h given the initial state is su ciently broad in energy. (d)

A 3PPE process is exemplary illustrated as a higher nPPE process. Only the two process with one
intermediate state are depicted.
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of two photons, the new nal state jf & will be shifted by 2 h to larger energies compared
to the previous nal state jf i. Conversely, the nal state of the stepwise transition will only
be shifted by h [88]. It is imperative to note that this phenomenon occurs under the
condition that the initial state ( jii) possesses a su cient bandwidth, thereby enabling the
intermediate state to undergo resonant excitation. This criterion of a su cient energetic
width of the initial state is typically observed for most molecular orbitals, as well as for
metallic states. The criterion of a di erential shift in energy upon photon energy tuning
facilitates the di erentiation between initial and intermediate states and will be employed
later on [87]. In the given example of a 2PPE process, the shift of the peak in the photo-
electron spectrum by2 h is indicative of an initial state, while a shift by h signi es an
intermediate state.

As a further nPPE process, the case of a 3PPE event is to be considered, as illustrated in
Figure 2.11 (d) with two possible paths involving one intermediate state. The cases of a
transition with the simultaneous absorption of three photons, as well as a stepwise transi-
tion including two intermediate states, are henceforth neglected. A comparison of the 2PPE
process (Figure 2.11 (b)) involving an intermediate state with the depicted 3PPE processes
(Figure 2.11 (d)) reveals that the utilization of higher order photoemission processes facili-
tates the excitation and probing of intermediate states that are closer to the Fermi level and
vacuum energy for the same initial and nal states.

This possibility to excite di erent unoccupied states with di erent photon energies is used to
determine the energetic positions of excited states in the monolayeCgy on Cu(111) sample
system in Section 4.5. The magnitude of the shift of the corresponding peak in the photo-
electron spectrum allows for a distinction between intermediate and initial states. Before
delving into the introduction of investigating dynamics using the technique of photoemission,
it is important to make a few remarks: Firstly, it should be noted that the nPPE processes
(n > 1) depicted in Figure 2.11 are monochromatic. While bichromatic nPPE transitions
are possible, they require an intermediate state. Secondly, the investigation of systems using
NPPE processes necessitates high photon densities. As the transitions are processes of n-th
order, they follow the product of the n involved pulse intensities [86]. This demands the use
of ultrashort laser pulses with high peak intensities.

2.5. Time-Resolution and the Pump-Probe scheme

The investigation of dynamics in a photoemission experiment invariably necessitates the em-
ployment of multi-photon photoemisssion processes, as at least one photon is required for
the optical excitation of the system under study, and the subsequent absorption of one or
more photons leads to the emission of the electron from the solid [85, 86]. In this section
the simplest case of a time-resolved two-photon photoemission (tr-2PPE) process as shown
in Figure 2.12 is considered. The rst laser pulse excites electrons from the initial stat@i
into the intermediate state jinti. In the event that the second laser pulse is not simulta-
neous with the rst one, but rather arrives with a delay, designated as t, the excitation

in the intermediate state can undergo partial decay. The resultant photoemission signal is
consequently weaker in comparison to a transition in which no time delay exists between the
laser pulses. By systematically varying the time delay between laser pulses and recording
the photoemission signal for each delay step, the temporal resolution of the intermediate
state's photoemission signal can be achieved, facilitating the investigation of excited state
dynamics [85, 86].

In experimental settings, the temporal resolution is realized through the implementation
of the so-called pump-probe scheme [85]. In this method, laser pulses are separated into
two distinct pulses using a Mach-Zehnder interferometer. Within one interferometer arm,
a linear translation stage (delay stage) is employed to modify the optical path, thereby in-
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2.5. Time-Resolution and the Pump-Probe scheme

Figure (2.12) Schematic depiction of a time-resolved (tr) 2PPE process. The two laser pulses do
not arrive on the sample at the same time anymore, but with a delay t. The rst pulse (pump
pulse) excites electrons from the initial statejii to the intermediate state jinti. Until the next laser
pulse (probe pulse) arrives, the electronic excitation can partially decay. The electron yield excited
by the second laser pulse from the intermediate state above the vacuum level thus depends on the
delay between the two laser pulses.

troducing a delay between the two pulses within the interferometer. The nomenclature of
this process is derived from the two laser pulses involved in the photoemission process. The
pulse that arrives at the sample rst is designated as the pump pulse, as it functions to pump
electrons from the initial into the intermediate state. The second pulse, designated as the
probe pulse, subsequently probes the excitation by photoemitting electrons into the vacuum.
As illustrated in Figure 2.13, the experimental implementation of the employed pump-probe
scheme is demonstrated. Laser pulses with a central photon energy 8f95eV enter the
Mach-Zehnder interferometer. The generation of these pulses is accomplished by second
harmonic generation (SHG) in front of the interferometer (not shown in Figure 2.13). The
laser pulses are separated into the two beam arms by a beam splitter. A translation stage
integrated into an interferometer arm serves to impose a precise temporal delay between
the two laser pulses. The other arm contains another nonlinear -Barium borate (BBO)
crystal to further up-convert the laser pulses to the fourth harmonic h = 5:9eV) of the
fundamental photon energy.
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2. Theoretical Background and Experimental Techniques

Figure (2.13) Schematic depiction of the bichromatic laser beam line used for the pump-probe
experiments. The setup consist of a Mach-Zehnder interferometer with a linear translation stage
(delay stage) in one interferometer arm enabling the delay of the laser pulses with respect to each
other. The second harmonic is created in front of the interferometer, whereas only laser pulses in the
interferometer arm not containing the delay stage are further up-converted to the fourth harmonic.

The pump-probe scheme is employed in Chapter 5 for the investigation of the excitonic
structure and dynamics in multilayer Cgg Ims. The creation of the fourth harmonic is
necessary to overcome the substantial work function of the the&Cgy multilayer Im (=
4:9eV) [89] using a 1PPE process.

Following the presentation of the experimental and theoretical techniques employed, along
with their physical foundations, the subsequent chapters of this dissertation will present the
three distinct projects that form the basis of this research.
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3 Charge-Transfer and Structural Reorien-
tation of PTCDA on Ag(111) upon Alkali
Metal Doping

As a rst experimental part of this work, the electronic coupling of a weakly interacting
molecule/metal interface and the in uence of the adsorption geometry on the energy level
alignment will be investigated. Therefore, this chapter explores the structural alterations of
the molecular ordering and the concomitant modi cations of the electron system of a mono-
layer Im of the 3,4,9,10-Perylenetetracarboxilic Dianhydride (PTCDA) ( C2406Hg) molecule
on a Ag(111) single crystal upon cesium doping. The investigation commences with an intro-
duction to the undoped reference system of a single monolayer PTCDA/Ag(111), as PTCDA
is a subject of extensive study due to its prevalence as an organic semiconductor, particu-
larly with regard to its growth and electronic structure at interfaces. It has emerged as a
"drosophila" model system in surface science with potential applications (see [90 94] and
references therein). The Ag(111) surface is an intriguing surface template for the study
of doping-induced e ects on molecular ordering and electronic properties. Its interaction
with molecular adsorbates is rather weak (see, for example, [95]). This gives the molecular
adsorbates a high mobility with only little perturbation and hybridization of the molecular
orbitals. Furthermore, the molecule-substrate interaction on Ag(111) is of the same order of
magnitude as the intermolecular interactions of most organic adsorbates. Small changes in
the system, e.g. by doping, can lead to very di erent molecular ordered structures [96].

Due to the already extensive research and literature on PTCDA on surfaces, this chapter
will start with an overview of the most relevant work. Therefore, Section 3.1 commences
with an introduction of the molecules followed by a summary of the geometric properties
of PTCDA on Ag(111). After an introduction to the electronic properties of the pris-
tine PTCDA/Ag(111) system, the approach of photoemission orbital tomography (POT)
of highly symmetric adsorbate systems [53] to investigate the molecular-resolved electronic
structure of pristine PTCDA/Ag(111) will be highlighted. This approach will be followed

in the study of the Cs-doped system. In Section 3.2 an overview of the literature on the
reference system of potassium-doped PTCDA/Ag(111) will be given. After this overview
and classi cation of relevant literature the studies on cesium-doped PTCDA/Ag(111) will
be presented in Section 3.3. Comparisons to literature, especially to a similar study on
potassium-doped PTCDA/Ag(111) [97 99], will be made.

The focus of this chapter is the determination of the caesium induced structural changes in
the adsorption geometry and the investigation of the subsequent in uence on the intermolec-
ular interactions and the energy level alignment.

3.1. The Undoped Reference System: PTCDA on Ag(111)

PTCDA/Ag(111) is a well-studied interface with regard to molecular ordering as well as
electronic properties. It serves as a starting point and reference for the present investigation
[53, 90, 92, 100 106]. Therefore, an overview of the system will be provided by elucidating
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3. Charge-Transfer and Structural Reorientation of PTCDA on Ag(111) upon Alkali Metal
Doping

Figure (3.1) Ball model of the atomic structure of PTCDA. By courtesy of Benjamin Stadtmuller
[109], copyright © 2013 Forschungszentrum Jilich GmbH.

the geometric properties of the ordered structure, with particular emphasis on the molecular
orientation and the geometrical alteration of the molecular geometry due to interaction with
the surface. It is further intended to discuss the molecule-substrate interaction in detail,
focusing especially on the charge transfer and the orbital structure.

Figure 3.1 illustrates the atomic structure of the planar PTCDA molecule in the form of a ball
model. The molecule consists of a perylene core with two types of di erent oxygen groups,
two carboxylic- and one anhydride-oxygen group, located at both ends of its long molecular
axis. The oxygen atoms located at the molecule's short edges, in contrast to the hydrogen
atoms populating the long molecular edges, result in a quadrupole moment on the molecule.
This quadrupole moment exerts a signi cant in uence on the formation and ordering of
islands on substrates [91, 92, 107]. The oxygen atoms bear negative partial charges, while
the hydrogen atoms carry positive charges. -Conjugated delocalized orbitals expand mainly
over the perylene core originating from thesp? hybridization of the carbon atoms. These
out-of-plane -orbitals are a signi cant factor in molecule-substrate interactions, determining
the geometric structure of the molecular layers [53, 92, 104 106]. In multilayer systems, the
molecules arrange in a stacking con guration, which exerts a substantial in uence on
the optical properties [108].

In the subsequent section, an outline will be provided of the adsorption and geometric
properties of one monolayer PTCDA on a Ag(111) surface. This will be followed by a
more detailed discussion of the electronic properties.

3.1.1. Adsorption Geometry

The initial focus will be on the ordering and structural characteristics of a single monolayer
of PTCDA on an Ag(111) surface.

PTCDA grows on Ag(111) in two structurally distinct phases, depending on the sample
temperature during deposition [25, 106]. The properties of the phase prepared at room
temperature will be discussed in the following section, as this is the relevant phase for the
subsequent experiments of the doped system.

Upon deposition, PTCDA grows in a Stranski-Krastanov fashion on the Ag(111) surface kept
at room temperature [110]. A corresponding low energy electron di raction (LEED) pattern
of a monolayer coverage is shown in Figure 3.2 (a), indicating a commensurate structure
with a super structure matrix of (4%). It is noteworthy, that this superstructure matrix
corresponds to a description of thgg3m1-symmetric Ag(111) substrate with an obtuse angle
between the substrate basis vectors. This matches the supersturcture matrix & ¢ in the
depiction of an acute angle between the substrate unit cell vectors, which is also commonly
found in literature [100 103]. Both molecules are found to be in a at con guration on the
surface. The unit cell of the PTCDA monolayer on Ag(111) is nearly rectangular (angle
between adsorbate unit cell vectors, =89 ) and is slightly smaller than in its bulk phase
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3.1. The Undoped Reference System: PTCDA on Ag(111)

owing to the molecule-substrate interaction [101].

Figure (3.2) Structural properties of a PTCDA monolayer on Ag(111). (a) LEED image taken at a
kinetic energy of Exin = 27:2eV. The red dots indicate di raction spots according to the superstruc-
ture matrix in the inset. (b) STM image ( Ugias = 0:34V;l = 0:2nA) of the PTCDA structure
on Ag(111) with an inset depicting the molecular orientation of the two inequivalent molecules A
and B inside the unit cell. (c) Molecular distortion and vertical adsorption geometry from a lateral
perspective of one monolayer PTCDA on Ag(111) based on [106]. (d) Schematic drawing of the
di erent interactions between a PTCDA molecule and the Ag substrate. By courtesy of Benjamin
Stadtmuller [109], copyrighted by Forschungszentrum Jilich GmbH.

Figure 3.2 (b) presents a scanning tunneling microscopy (STM) image of the monolayer
PTCDA/Ag(111) system, revealing a herringbone structure [100 103]. Each unit cell thus
contains two molecules with di ering orientations, which are labeled A and B (see inset in
Figure 3.2 (b)). Molecule A exhibits a near alignment o0 ) with its long axis along a high-
symmetry direction of the Ag(111) surface, whereas molecule B is rotated by7 compared
to A [24, 104].

The perylene core of each molecule is centered on a bridge site of the Ag(111) surface,
resulting in di erent relative positions of the oxygen atoms of molecules A and B with
respect to the silver atoms (see inset in Figure 3.2 (b)) [24]. The carboxylic oxygen atoms of
molecule A are situated directly above the Ag atoms, whereas the carboxylic oxygen atoms
of molecule B are laterally misplaced from the top site. This variation signi cantly impacts
the molecule-substrate interaction and the formation of covalent bonds between the oxygen
atoms and the Ag atoms for the di erently oriented molecules.

The adsorption height and structural geometry of the PTCDA molecules were investigated
with normal incident X-ray standing wave (NIXSW), revealing a deformation of the molecules
from their planar geometry [106, 111]. While most of the perylene backbone (20 out of 24
carbon atoms) are located in a plane2:86A above the Ag surface, the oxygen atoms are
vertically strongly distorted (see Figure 3.2 (c)). The carboxylic oxygen atoms exhibit a
bending toward the surface, while the anhydride oxygen atoms are located above the plane
of the carbon atoms. The down-bending of the carboxylic oxygen atoms causes a saddle-like
distortion of the PTCDA molecules (see Figure 3.2 (d)), which further indicates a localized
bond between the oxygen and silver atoms. The molecular distortion, in conjunction with the
registry of the perylene cores on bridge sites, enables the commensurate registry of PTCDA
on the Ag(111) surface.
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3. Charge-Transfer and Structural Reorientation of PTCDA on Ag(111) upon Alkali Metal
Doping

A more detailed view on the electronic properties and interactions of the PTCDA layer on
Ag(111) will be given in the next section.

3.1.2. Electronic Structure

The electronic structure of PTCDA on Ag(111) is de ned by an interplay between the inter-
molecular and the molecule-substrate interactions [24]. A signi cant overlap exists between
the molecular -orbitals and the orbitals of the silver sp-bands, resulting in the formation
of a new hybrid -bond. However, the mixing of substrate states to the molecular orbital
is only approximately 10% [26]. Subsequently, the LUMO is partially lled (see Figure 3.2
(d)) [103 105]. Additionally, localized covalent bonds form between the Ag atoms and the
carboxylic oxygens. The formation of these hybrid bonds explains the low adsorption height
of PTCDA, which is much smaller than the corresponding van der Waals radii.

The formation of -bonds, as well as the emergence of the localized O-Ag bonds at the
carboxylic groups, result in a redistribution of charges within the adsorbate and the sub-
strate [111]. An orbital-resolved density functional theory (DFT) study determined that
the charge transfer from the substrate to the LUMO is partially compensated by a reverse
donation of electrons from the PTCDA to the silver. This process does not result in a re-
solvable depopulation of any molecular orbital, as up to 20 occupied orbitals are a ected
[105]. The charge donation strengthens the local bonds between the carboxylic groups and
the Ag atoms, pulling the molecule closer to the surface [111]. This reduction in adsorption
height further promotes charge transfer, leading to a repetition of the mutual interactions.

A determination of the energy level alignment in the PTCDA/Ag(111) system is possible
by means of scanning tunneling spectroscopy (STS) [24] or ultraviolet photoelectron spec-
troscopy (UPS) [103]. The local density of states can be measured with high spatial and
energy resolution using STS compared to UPS. Conversely, its high spatial resolution can
also be disadvantageous. STS is only capable of probing the energy level alignment of one
speci ¢ molecule at a time. As a result, local impurities, defects or perturbations have a
signi cant in uence, and thus no averaged signal of a broad area can be obtained. Moreover,
STS can only be performed at very low sample temperatures. In contrast, UPS su ers from
the shortcoming that energetic di erences between the di erently oriented molecules in the
unit cell are hardly resolvable, and an assignment of the spectral peaks to corresponding
molecular orbitals can be challenging. However, these de cits can be overcome by employ-
ing angle-resolved photoelectron spectroscopy (ARPES) in combination with photoemission
orbital tomography (POT), as was demonstrated by Stadtmuiller et al. [53]. The remainder
of this section is dedicated to their ndings and the approach, as a similar procedure will be
followed in the analysis of the Cs-doped system in Section 3.3.2. The exemplary case of the
undoped system will be elucidated in the following.
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3.1. The Undoped Reference System: PTCDA on Ag(111)

Figure (3.3) DFT calculations of the HOMO and LUMO CE maps of PTCDA for a gas phase

molecule (a, b) with its longs axis aligned horizontally. (c, d) CE maps of molecule A considering
the possible rotation and mirror domains of the p3m1 symmetry. (e, f) The same as in (c, d) but for
molecule B which is rotated by 77 with respect to A. Taken with permission from [53]. Copyright

© EPLA, 2012.

In accordance with the approach of photoemission orbital tomography (POT), the objec-
tive is to replicate the constant energy maps (CE maps) of the PTCDA/Ag(111) system
as observed in experiment. This facilitates the identi cation of the observed orbitals. Ad-
ditionally, a tomographic tting approach enables the deconvolution of the photoelectron
spectrum into the contributions of the two inequivalent molecules within the unit cell. As a
preliminary step, the CE maps of the HOMO and LUMO for a gas-phase PTCDA molecule
were computed using density functional theory (DFT). These maps are illustrated in Figure
3.3 (a) and (b), with each map belonging to a single molecule oriented with its long axis
positioned horizontally. To calculate the CE maps of the entire PTCDA layer on Ag(111),
it is necessary to consider all possible molecular orientations. This is achieved by summing
appropriate multiples of the calculated CE maps in (a) and (b) after proper rotations and
mirroring. This includes CE maps for molecules with di erent orientations within the unit
cell (A and B), as well as all mirror and rotation domains.

Molecule A is approximately aligned with its long axis along high-symmetry directions of the
Ag surface, e.g. the 101]] direction or any equivalent one. Figure 3.3 (c) and (d) depict the
corresponding calculated CE maps including all rotation and mirror domains according to
its p3m1 symmetry of the Ag surface. The formation of six main maxima is observed, origi-
nating from the three distinct rotational domains. The mirror domains do not contribute to
the formation of new distinct maxima, as the deviation of molecule A from a high-symmetry
direction of the Ag(111) surface is only2 . Consequently, this results in a minor broadening
of the six main intensity maxima, which is hardly perceptible in the POT simulations.

In the case of molecule B, the long axis deviates by7 from a high-symmetry direction
of the Ag(111) surface, resulting in a di erent outcome. The CE map of the HOMO and
LUMO, calculated according to surface symmetry, are displayed in Figure 3.3 (e) and (f),
respectively. In this case, the deviation of the molecular axis from a high-symmetry direc-
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Figure (3.4) Comparison of the theoretical (a, b) and experimental (c, d) CE maps of the
PTCDA/Ag(111) HOMO and LUMO. The theoretical CE maps include both molecular orienta-
tions in the unit cell as well as all rotation and mirror domains according to the p3m1 substrate
symmetry. The experimental CE maps were measured at a binding energy of 1.6 (c) andt3eV (d).
Taken with permission from [53]. Copyright © EPLA, 2012.

tion leads to a splitting of the emission maxima due to the mirror domains, best seen for the
LUMO CE map in Figure 3.3 (f). For the HOMO the maxima are smeared out to a ring-like
structure.

The combination of the calculated CE maps for molecules A and B provides an estimate of
the overall photoemission angular distribution (PAD) of the frontier orbitals of a monolayer
PTCDA/Ag(111). The result is demonstrated in Figure 3.4 (a) and (b). It is important to
note that a direct combination is not precisely accurate because the orbitals of molecules A
and B must be at the same energy, which is not the case in this system. Nevertheless, they
are su ciently similar that a direct sum of the CE maps provides a reliable estimate. This
can be veri ed by comparing the in this way obtained theoretical CE maps in Figure 3.4
(a) and (b) with the experimental ones in (c) and (d). The remarkable agreement between
the CE maps underscores the validity of the photoemission orbital tomography approach,
particularly in the case of highly symmetric adsorbate systems [53]. This demonstrates that
despite the additional rotation and mirror domains of highly symmetric surfaces such as the
(111)-surface, the identi cation of the di erent molecular orbitals by means of POT is still
possible. In this particular instance, it is con rmed that the molecular orbital near the Fermi
edge is the partially lled LUMO that becomes populated by charge transfer from the Ag
substrate.

As previously mentioned in Section 2.3, the modeling of the CE maps based on DFT calcula-
tions of a free-standing molecule is only valid for systems with weak interaction and minimal
hybridization. However, in the case of PTCDA/Ag(111), the carboxylic oxygen atoms form
covalent bonds with underlying Ag atoms, and the LUMO also hybridizes with the substrate
orbitals due to charge transfer, resulting in a deformation of the molecule (see Section 3.1.1).
This interaction can still be regarded as weak because it does not involve d-bands, which
are known to be energetically deep-lying for Ag surfaces [112]. In addition, the substantial
congruence between experiment and theory demonstrates that the emerging hybrid orbitals
bear a signi cant resemblance to the molecular ones, thereby serving as a reliable, albeit
approximate, starting point.

A tomographic approach was employed by Stadtmiiller et al. [53] to deconvolve the contri-
butions of the di erently oriented molecules A and B to the individual CE maps and thus
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