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Kurzfassung

Im Rahmen dieser Dissertation wird untersucht, wie elektronische Korrelationen die Wech-
selwirkung zwischen atomaren bzw. molekularen Adsorbaten und ferromagnetischen Uber-
gangsmetalloberflichen beeinflussen, wobei Fe(100) als Modelloberflache dient. Ferromagnetische
3d-Metalle wie Eisen spielen eine zentrale Rolle sowohl in der Oberflachenphysik als auch in
angewandten Bereichen wie der Spintronik, der Katalyse und organisch-anorganischen Hybridsys-
temen. Bestehende Modelle wie das Newns—Anderson-Modell und das d-Band-Modell liefern zwar
niitzliche Konzepte zum Verstdndnis von Molekiill-Oberflachen-Wechselwirkungen, vernachléssi-
gen jedoch in der Regel elektronische Korrelationen — ein zentrales Merkmal ferromagnetischer
3d-Metalle — und gehen oft von einer rdumlich homogenen Kopplung aus, die bei grofien
organischen Molekiilen nicht mehr giiltig ist.

Um diese Einschrankungen zu {iberwinden, wird eine Kombination aus spin- und impulsaufgeloster
Photoemissionsspektroskopie, Rastersondenmikroskopie sowie fortgeschrittener elektronischer
Strukturtheorie eingesetzt, um Molekiil-Metall-Grenzflichen systematisch zu untersuchen. Dabei
kommen sowohl die Dichtefunktionaltheorie mit effektiven Hubbard-Korrekturen (DFT+U) als
auch die Dynamische Molekularfeldtheorie (DMFT) zur Anwendung, um elektronische Korrela-
tionseffekte angemessen zu beschreiben. Ausgehend von der Chemisorption atomaren Sauerstoffs
zeigt die Arbeit, dass Adsorbate die elektronische Korrelation in der Fe-Oberflichenschicht
verstirken konnen. Dies fithrt zu einer energetischen Verengung der d-Bénder, einer Reduk-
tion der Austauschaufspaltung und zum Auftreten spinabhéngiger Lebensdauereffekte in den
sauerstoffbezogenen Zustanden. Diese Modifikationen — typische Kennzeichen von Vielteilchen-
wechselwirkungen — beeinflussen wiederum mafigeblich die nachfolgende Molekiiladsorption.

Darauf aufbauend wird die Adsorption von Pentacen auf einer sauerstoffpassivierten Fe-Oberflache
(Fe—O) untersucht. Hier fithrt die zuvor erwdhnte, korrelationsinduzierte Modifikation der
Substrat-d-Bandstruktur zu einem Ubergang von schwacher zu starker Molekiil-Metall-Kopplung,.
Ein recheneffizienter Ansatz wird entwickelt, um die durch DMFT offenbarte Renormalisierung
der d-Bander mithilfe der DFT+U-Methodik mit einem gezielt gewdhlten U g Wert nachzu-
bilden. Auf dieser Grundlage wird ein erweitertes d-Band-Modell eingefiihrt, das die besondere
Rolle der Fe-d,.-Orbitale bei der Kopplung an die erweiterten m-Systeme organischer Molekiile
hervorhebt.

AbschlieBend wird die Adsorption metallierter Tetraphenylporphyrine (ZnTPP und NiTPP) auf
Fe—O untersucht. Diese Molekiile bleiben elektronisch entkoppelt, zeigen jedoch messbare konfor-
mationelle Verformungen. Mittels Photoemissions-Orbitaltomographie (POT) wird aufgezeigt,
wie sich Molekiilgeometrie und Orbitalanordnung iber Mono- und Mehrlagenfilme hinweg en-
twickeln. POT etabliert sich dabei als leistungsfihige impulsaufgeldste Methode zur Untersuchung
sowohl der elektronischen Struktur als auch der molekularen Konformation.

Insgesamt entwickelt diese Arbeit ein korrelationsbewusstes Verstiandnis hybrider Grenzflachen auf
ferromagnetischen Substraten. Sie zeigt, dass elektronische Korrelation und Orbitalhybridisierung
miteinander verkniipfte Phianomene sind, die gemeinsam die elektronischen und geometrischen
Eigenschaften von Molekiil-Metall-Systemen bestimmen. Die Ergebnisse liefern wichtige Impulse
fiir zukiinftige Entwicklungen in der Katalyse, der molekularen Elektronik und in spinbasierten
Technologien.
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Abstract

This thesis investigates how electron correlation shapes the interaction between atomic and
molecular adsorbates and ferromagnetic transition metal surfaces, using Fe(100) as a model
substrate. Ferromagnetic 3d metals such as iron are central to surface science and applied fields
like spintronics, catalysis, and organic-inorganic hybrid systems. While existing models such as
the Newns—Anderson framework and the d-band model provide useful concepts to understand
molecule—surface interactions, they typically neglect electron correlation — a key feature of
3d ferromagnets — and often assume spatially uniform coupling, which breaks down for large
organic adsorbates.

To address these limitations, a combination of spin- and momentum-resolved photoemission
spectroscopy, scanning probe microscopy, and advanced electronic structure calculations is used to
systematically probe molecule-metal interfaces. This includes both density functional theory with
effective Hubbard corrections (DFT+U) and dynamical mean-field theory (DMFT), which allow
for a more accurate description of electron correlation effects. Starting from the chemisorption
of atomic oxygen, the work demonstrates that adsorbates can enhance electron correlation in
the Fe surface layer, leading to an energetic narrowing of the Fe d-bands, reduced exchange
splitting, and the appearance of spin-dependent lifetime effects in oxygen-related states. These
modifications — signatures of many-body interactions — in turn affect how subsequent molecular
adsorption proceeds.

Building on this, the thesis examines pentacene adsorption on an oxygen-passivated Fe surface
(Fe-O). Here, the aforementioned correlation-induced changes in the substrate d-band structure
drive a transition from weak to strong molecule-metal coupling. A computationally efficient
approach is developed to emulate the d-band renormalization revealed by DMFT using the
DFT+U formalism with a tailored value of U,. Expanding on these findings, an extended
d-band model is introduced that emphasizes the pivotal role of Fe d,. orbitals in coupling to the
extended m-systems of organic molecules.

Finally, the adsorption of metalated tetraphenylporphyrins (ZnTPP and NiTPP) on Fe-O is
explored. These molecules remain decoupled electronically, but exhibit measurable conformational
distortions. Using photoemission orbital tomography (POT), the thesis reveals how molecular
geometry and orbital alignment evolve across mono- and multilayer films. POT is thereby
established as a powerful momentum-resolved probe of both electronic structure and molecular
conformation.

Altogether, this work advances a correlation-aware framework for understanding hybrid interfaces
on ferromagnetic substrates. It shows that electron correlation and orbital hybridization are
interconnected phenomena that jointly determine the electronic and geometric properties of
molecule-metal systems. These findings carry important implications for future developments in
catalysis, molecular electronics, and spin-based technologies.
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Introduction

The ferromagnetic 3d transition metals — particularly iron — occupy a central position in both
fundamental surface science and applied technologies. Their unique combination of partially
filled d-states and intrinsic spin polarization [1] makes them indispensable across three major
fields: spintronics, heterogeneous catalysis, and organic—inorganic hybrid systems.

In spintronics, ferromagnetic metals act as spin-polarized electrodes that enable key device
functionalities such as giant magnetoresistance (GMR) |2, 3] and tunneling magnetoresistance
(TMR) [4-6], forming the foundation of technologies like spin valves, magnetic sensors, and
non-volatile memory |7} [8]. These effects have revolutionized magnetic data storage and paved the
way for fast, energy-efficient components in next-generation information processing [9]. Moreover,
the integration of ferromagnetic electrodes with organic semiconductors defines the field of organic
spintronics [10], where molecule—ferromagnet interfaces give rise to hybrid states with exotic
spin-dependent properties [11513]. These interfaces, in which molecular orbitals couple to the
spin-split electronic states of the metal, can exhibit spin polarization [14], magnetic anisotropy
[15, [16], and other intriguing emergent behaviors — even the occurrence of ferromagnetism in
actually non-magnetic compounds [17, |18] — that have earned them the nickname spinterfaces
[19, 20]. A central advantage of organic molecules in this context is their intrinsically long spin
relaxation times — often reaching tens to hundreds of milliseconds under ideal conditions [21] —
due to the weak spin—orbit coupling and low hyperfine interaction in their light-element scaffolds
[22]. These values exceed those typically observed in inorganic semiconductors and metals by
several orders of magnitude [23], underscoring the potential of molecular systems for robust spin
transport and information storage [24].

At the molecular scale, such coupling not only governs spin transport, which manifests as
measurable spin polarization in nanoscale TMR experiments [14} 25, |26], but also profoundly
alters the magnetic properties of the underlying substrate. Adsorption of small molecules such as
CO, or of m-conjugated systems like fullerenes, can steer the magnetization direction in ultrathin
films 15| |16], enhance local exchange interactions leading to magnetic hardening [26, [27], induce
Dzyaloshinskii-Moriya interactions |28, 29] — as observed for oxygen on Ni surfaces [30] — or
stabilize magnetic skyrmions in hydrogenated Fe double layers |31].

While these spin-dependent phenomena highlight the sensitivity of ferromagnetic surfaces to
interfacial coupling, a parallel line of research explores their role in chemical reactivity [32,
33]. In heterogeneous catalysis, ferromagnetic transition metals serve as active surfaces for
key chemical transformations, like the synthesis of ammonia [34] or electrocatalytic conversion
processes, which are essential, for the production of green fuels [35]. In 1931, the deployment
of iron-based catalysts in the Haber—Bosch process [36] — a milestone achieved by Carl Bosch
in 1931, which paved the way for industrial ammonia synthesis — was awarded with the Nobel
price and remains among the most consequential technological advances of the 20th century
[37]. Subsequent conceptual developments, including Linus Pauling’s bonding theory [38] and
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Gerhard Ertl’s atomically resolved investigations of catalytic reactions [39}-43], established a
modern framework for surface chemistry rooted in orbital hybridization, adsorbate—substrate
coupling, and the emergent concept of the surface chemical bond [44].

To rationalize molecule—surface interactions, theoretical models such as the Newns—Anderson
framework [45, 46| and the d-band model of Hammer and Ngrskov [47, 48] have proven invaluable.
These approaches capture complex adsorption phenomena through simple, physically meaningful
descriptors — such as the position and width of the d-band relative to the adsorbate frontier
orbitals [48-51] — to explain trends in adsorption strength, electronic structure, and catalytic
activity [52H54]. However, the applicability of these models is fundamentally limited in two key
respects. First, they neglect electron correlation, an intrinsic property of 3d ferromagnetic metals
[55, 56], which can narrow the d-band, reduce exchange splitting, and thereby possibly alter
hybridization behavior [57, 58]. Moreover, they do not account for how adsorbates themselves
may influence the strength or nature of electronic correlations at the surface. Second, these
models were originally based on small, reactive adsorbates (e.g., H, O, CO [47} 52} [59]), where the
assumption of spatially uniform coupling between adsorbate and substrate states is reasonably
valid. In contrast, large organic molecules consist of many atoms and span lateral dimensions
far exceeding the atomic spacing of the substrate. As a result, the molecule—surface interaction
becomes inhomogeneous, with site-dependent coupling strengths and possible conformational
adjustments. Under these conditions, the simplifying assumptions underlying traditional models
break down, and their application becomes more nebulous.

This thesis addresses these gaps by investigating how electron correlation modifies the electronic
structure of ferromagnetic surfaces and mediates their interaction with atomic and molecular
adsorbates. Using Fe(100) as a model ferromagnetic substrate, the work spans interaction
regimes from simple monoatomic chemisorption to extended organic—metal hybrid interfaces.
A combination of spin- and momentum-resolved photoemission spectroscopy, scanning probe
microscopy, and advanced electronic structure calculations — including Hubbard-corrected density
functional theory (DFT+U) [60l 61] and dynamical mean-field theory (DMFT) [62] — is used
to unravel and interpret the nature of the electronic coupling at these interfaces. Particular
attention is paid to how hybrid interface states (HISs) emerge from correlated substrates, how
traditional models must be revised, and how such insights might guide the design of materials
for catalysis, electronics, and spin-based applications.

Furthermore, by employing photoemission orbital tomography (POT) [63] 64] to investigate not
only the electronic structure but also the adsorption geometry and conformational properties of
porphyrin molecules — essential in biological processes such as oxygen transport and photosyn-
thesis [65, 66] — this work bridges model surface science and real-world function, elucidating how
molecular geometry and electronic characteristics are interlinked within this versatile molecular
class.

Thesis Structure

e Chapter 1 introduces the theoretical foundations of electronic structure in molecules,
surfaces, and interfaces. It provides an overview over the different interaction regimes and
the corresponding key models for molecule—surface interactions, ranging from physisorption
to strong chemisorption.
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e Chapter 2 outlines the experimental and computational methods employed in this thesis.
It includes concise descriptions of sample preparation techniques, characterization tools
such as AES, LEED, and STM, and an introduction to the DFT framework.

e Chapter 3 focuses on photoemission techniques used to resolve the band structure and
electronic properties of surfaces and interfaces. It presents the fundamental principles of
photoemission and key concepts underlying PES, covering core methods including XPS, UPS,
and ARPES. Special emphasis is placed on momentum-resolved photoemission microscopy,
including its spin-resolved variant, which serves as a central technique throughout the thesis.
The concept of POT is introduced as a powerful method for reconstructing molecular orbitals
and determining adsorption geometries from momentum maps obtained in momentum-
resolved experiments.

o Chapter 4 presents the chemisorption of atomic oxygen on Fe(100), demonstrating how
electron correlation is enhanced upon adsorption. This leads to significant modifications of
the Fe d-bands and lays the groundwork for understanding more complex hybrid interfaces.

o Chapter 5 explores the adsorption of pentacene on the oxygen-passivated Fe(100)-p(1x1)O
(Fe-O) surface. Building directly on Chapter 4, it reveals the formation of hybrid interface
states driven by correlation-induced modifications of the Fe d-states. A refined d .-band
model is introduced to describe the coupling between molecular orbitals of extended organic
adsorbates and the correlated metal substrate.

o Chapter 6 focuses on tetraphenylporphyrins (ZnTPP and NiTPP) adsorbed on Fe-O
surfaces, where they remain electronically decoupled from the substrate. POT is extended
to investigate more complex molecular distortions, and conformational changes are traced
across mono- and multilayer films, establishing a connection between geometric distortions
and the electronic structure of the molecules.

e Chapter 7 concludes the thesis by summarizing the main findings and discussing broader
implications for interface design in correlated systems. An outlook is offered on the potential
of correlation-aware interface engineering for future studies in catalysis, spintronics, and
molecular electronics.

Each results chapter (Chapters 4-6) is structured around clear scientific questions, introduced at
the outset and addressed through a combination of experimental observations and theoretical
interpretation. Concluding remarks summarize the key insights and underscore their relevance in
the broader context of surface and interface science.



1 Theoretical Background

1.1 Electronic Structure of Atoms, Molecules, and Surfaces

The electronic structure of matter is fundamental to understanding its chemical and physical be-
havior. At the most basic level, atoms feature discrete energy levels derived from the quantization
of their electronic orbitals . When atoms combine to form molecules, these atomic orbitals
hybridize into bonding and antibonding molecular orbitals (MOs), as illustrated in Fig.
Bonding states are energetically stabilized due to an in-phase overlap of atomic orbitals, which
increases the electron density between the nuclei. Antibonding states, in contrast, result from
out-of-phase combinations, leading to a nodal plane and energetic destabilization. The resulting
molecular orbitals determine the electronic properties of the molecule and play a central role in
its interaction with other molecules or surfaces.

a atoms and molecules b solids
>

o . .

) OO antibonding
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Figure 1.1: Fundamental electronic structure of molecules and solids. (a) Hy-
bridization of wave functions of single atoms leads to the formation of bonding
and antibonding molecular states, which is an important concept for the bond
formation in molecules [67,[68]. (b) Electronic structure of an exemplary inorganic
semiconductor (top). Due to the overlap of a quasi-infinite number of orbitals
(bottom), the energy levels form quasi-continuous bands, which can be separated

by energy gaps.

In solids, the picture evolves dramatically. As countless atoms are brought together in a periodic
lattice, their atomic orbitals overlap extensively, forming energy bands instead of discrete levels.
These bands, separated by an energy gap (Egap), govern the electrical and optical properties of
the soli Semiconductors, for example, exhibit band gaps in the range of 1-3eV [69], allowing

*Note that the illustration starting from 1s orbitals and ending in a band gap, as it is depicted in Fig. is not
physically accurate, but merely a conceptual sketch.



1.2 Fundamental Properties of Organic Molecules

them to interact with visible and infrared light. This makes them suitable for a wide range of
electronic applications, including light-based energy harvesting and information processing. As
shown in Fig. [I.Ip, these energy gaps are analogous to the gaps found in molecules, where the
discrete separation between bonding and antibonding states mirrors the valence band (VB) and
conduction band (CB) of a solid.

A penzene naphthalene anthracene

no spin X spin

Figure 1.2: Illustration on the tunability and diversity of organic semiconductors.
(a) Relation between energy gap of acene molecules and the number of carbon rings.
As more rings are added, the energy gap between the frontier orbitals shrinks,
allowing access to a wide range of different band gaps by changing the molecular
compound. (b) In more complex molecules, such as the depicted porphyrins,
magnetic properties can be introduced on demand by incorporating or substituting
the central metal ion.

Thus, organic molecules offer a unique opportunity to emulate the functionality of solids while also
providing key advantages and pathways for extending their capabilities. In organic semiconductors
(OSCs), E,,, is determined by the molecular structure and can be tuned by altering chemical
composition, conjugation length, or molecular packing, as depicted in Fig.[I.2h. This tunability
extends beyond the electronic gap, and also includes magnetic properties (see Fig. ), which
can be precisely engineered by modifying the molecular composition. Unlike inorganic materials,
OSCs are flexible, lightweight, and environmentally friendly, as their processing does not require

resource-intensive methods like etching .

Furthermore, molecules are inherently more adaptable than crystalline solids. Their electronic
states are sensitive to their environment, allowing for custom tailoring of properties such as charge
transport, light absorption, and emission. This flexibility makes them ideal for applications in
photovoltaics, organic light-emitting diodes (OLEDs), and molecular spintronics, where control
and design are paramount.

1.2 Fundamental Properties of Organic Molecules

OSCs are materials based on m-conjugated molecules or polymers, predominantly composed
of carbon atoms along with lighter elements such as nitrogen, hydrogen, and oxygen. These
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molecules exhibit alternating single and double bonds in a structure known as conjugation. The
carbon atoms are sp?-hybridized, forming strong covalent o-bonds in the molecular plane, while
the remaining p, orbitals overlap to create m-bonds [71]. The highest occupied molecular orbital
(HOMO) typically corresponds to the occupied m-bonding state, while the lowest unoccupied
molecular orbital (LUMO) is associated with the unoccupied 7*-antibonding state. Since o-
bonds are significantly stronger than m-bonds, organic molecules remain stable even when their
antibonding 7*-orbitals (bonding m-orbitals) are populated (depopulated), as occurs during
optical excitations or charge injection [71].

In polyatomic molecules, the effective potential experienced by an electron arises from the
combined influence of the atomic nuclei and other electrons [72]. While electrons in inner energy
shells are strongly localized near the nuclei, the outer regions exhibit merged potential wells
where atomic orbitals interact to form delocalized MOs. The uppermost region of this potential
corresponds to the vacuum level (E,.). The energy difference between the HOMO and the
vacuum level define the ionization potential (IP), while the separation between the LUMO and
the vacuum level corresponds to the electron affinity (EA). A simplified scheme of the potential
well is sketched in Fig.

E

vac

LUMO e Ve W b 2

HOMO |——¢—

Figure 1.3: Simplified sketch of the electronic structure of an isolated molecule.
Red dots represent electrons filling the HOMO level (red line) while green circles

illustrate unfilled states of the LUMO level (green line). The gap (E,,,) is defined

by the HOMO and LUMO (green line) distance, or as the difference between IP
and EA.

The electronic structure of OSCs is conceptually similar to inorganic semiconductors, with the
HOMO serving as the VB and the LUMO as the CB. The bandgap, which determines their
electronic and optical properties, generally exceeds 1.5eV, making OSCs inherently insulating.
However, just as inorganic semiconductors, the conductivity of OSCs can be significantly enhanced
by doping with oxidizing or reducing agents [73]. Oxidizing substances remove electrons from
the molecules, acting as p-dopants, whereas reducing agents introduce n-doping through electron
donation [74]. While solids and metals are characterized by bands and highly delocalized charges
that move almost freely through the material, charge carriers in organics are strongly localized
travelling only incoherently by hopping from one molecule to another [75].

This and the much stronger electron-phonon coupling present in OSCs renders inorganic semicon-
ductor charge transfer models inadequate, even in cases where band-like transport is partly present
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[75]. Owing to this strong electron-phonon coupling, charged states on individual molecules
are stabilized by significant lattice deformations. Such quasi-particle states of phonon-dressed
charges are called polarons.

Understanding the origin of these polaronic states requires recognizing that the equilibrium
geometry of the ionized state differs from the neutral ground state. This difference arises because
exciting a molecule involves transferring one of its electrons from a bonding to an antibonding
orbital. As a result, the overall electron density between atomic cores decreases, leading to
increased equilibrium atomic distances [76].

Thus, a vertical Franck-Condon transition, such as the one presented in Fig.[I.4with an associated
energy Ep, is followed by geometric relaxation into the excited ground state E*, resulting in
an energy gain F, . Conversely, transitioning from the ground state to the relaxed ionized state
necessitates the adoption of a distorted state, demanding the distortion energy Ej;,. Geometric
relaxation becomes favorable when the energy difference Ejp, — Eppy = Ae surpasses the
distortion energy Eg4.. This energy difference instigates a local lattice distortion around the
charge: the polaron. The binding energy of this polaron state, given by Ae — Ey, = E.y,

generally favorable in organic molecules, thereby effectively narrowing the energy gap [74].

A

is

>
o charged
S state

atomic distances

Figure 1.4: Energy diagram of the Franck-Condon principle. Black curves
depict the potential energy curves of the ground state and the ionized state
of an organic molecular complex. Grey horizontal lines indicate vibrational energy
levels, corresponding to vibrational modes such as stretching, bending or torsional
motions of molecular bonds. Adapted from [74].

In this process, the ionized state’s frontier molecular levels shift as follows: the HOMO is
elevated by Ae, while the LUMO is reduced by the same amount as depicted in Fig. [1.5p-c.
This charge-induced deformation suggests that polaron formation is energetically preferred in
most organic semiconductors. However, it is crucial to note that this does not confer a metallic
character since the half-occupied level remains localized within the energy gap [74].
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The introduction of another charge to the molecule presents two potential outcomes: 1) In
the case of a molecular thin film, the new charge forms an additional polaron elsewhere on
the molecular lattice, or 2) it occupies the singly unoccupied state of the pre-existing polaron,
thus creating a bipolaron. The formation of bipolarons implies that the Coulomb repulsion
between the two placed charges is smaller than the energy gained by the interaction with the
lattice. However, since the lattice relaxation around two charges is stronger than the deformation
induced by a single charge, the electronic states of bipolarons are further separated from the
initial HOMO-LUMO states, as presented in the energy diagram in Fig. [L.5p,c.
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Figure 1.5: Schematic band structure of an organic semiconducting film illus-
trating the role of ionization processes. (a) In the neutral state, the valence band
(VB) and conduction band (CB) are separated by an energy E,,, corresponding
approximately to the HOMO-LUMO gap. (b) When the molecule is ionized,
polarons are formed with energy levels that lie within the gap of the neutral
molecule. The separation between these polaronic states determines the gap for
electronic transport, E,. (c) If an additional charge of the same sign is added to an
already ionized molecule, bipolarons are formed, leading to further shifted energy
levels. In (b) and (c), 4, and A, denote the polaron and bipolaron binding
energies, respectively. (d) One-electron diagram for a singly charged molecule.
The electrostatic field induced by the added charge creates a Coulomb barrier,
hindering the addition of further charges. This barrier results in a splitting into
singly occupied (SOMO) and singly unoccupied (SUMO) molecular orbitals.

HOMO

Generally, this renders bipolarons thermodynamically more stable than two separated polarons.
Since a bipolaron is occupied by two charges of opposite spin, their net spin is zero. Both
types of charged states, polarons and bipolarons, can contribute to the charge transport in
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organic materials and have been elucidated to explain the transport properties of different organic
semiconductors. The similarities between bipolarons and Cooper pairs in superconductors makes
them a fascinating research topic, particularly since the discovery of superconductivity in highly
doped K;3Cg, samples , , which can even be achieved at room temperature by resonant

excitation with light .

However, owing to the mentioned strong Coulomb repulsion present in the case of a bipolaron, its
formation is rarely observed in adsorbed monolayer films, and instead the single charge ionization
state (polaron) is stabilized, giving rise to a Mott-Hubbard-like electronic structure .
The molecular frontier orbital structure is now comprised of a singly occupied molecular orbital
(SOMO) and its counterpart singly unoccupied molecular orbital (SUMO), which are separated
by a Coulomb gap Eq,omp, @S schematically depicted in Fig. [821-84]. Noteworthy, the
emerging Coulomb gap can reach values on the order of 1eV, significantly altering the charge
injection properties of the OSC material and preserving its semiconducting character , .

So far, we have only considered intramolecular changes due to the ionization of individual
molecules, however, placing a charge onto a molecule does not only affect the geometry of the
charged molecule itself, but also elicits a response from the molecular environment. Such a
response includes variations of the distances between neighboring molecules, i.e., polarons that
distort the whole molecular lattice , and even more influential: the formation of polarization
clouds at organic/inorganic interfaces [85H87]. While the former plays a key role in organic
crystals, it is generally less significant at interfaces and is therefore not explicitly considered.
The latter, by contrast, has a huge impact on the energy level alignment of organic thin films,
particularly in the monolayer range.

P molecule-surface distance S

/

Figure 1.6: Transport gap renormalization due to surface polarization effects.
Polarization clouds in the metal screen and stabilize the charged molecular states,
reducing the transport gap. As the metal-molecule distance decreases, the screening
becomes more effective.

For example, when an ionized molecule is placed on a metal surface, the change in potential due to
the charged adsorbate is immediately felt by the electrons inside the metal and their delocalized
nature allows them to reply instantaneously, acting as self-consistent polarization clouds
. The formation of such polarization clouds is associated with the energy P, for clouds
surrounding cations (holes) and P_ for anions (electrons) [87]. This additional correlation energy
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further stabilizes the added hole or electron, reducing the HOMO-LUMO gap by the combination
P = P_+ P_, leading to a renormalized HOMO-LUMO transport gap of F; = IP-EA-P as
illustrated in Fig. In comparison to the gas phase this renormalization of the molecular
levels is predicted to be as large as several eV [86].

Since the underlying Coulomb interactions are long-range, the polarization clouds can extend
over many lattice constants, depending on the materials, while P itself depends on the proximity
to surfaces and interfaces. For thin organic films on metal surfaces this leads to variations in the
experimentally determined transport gaps (FE,) for varying film thicknesses. For single layers
the polarizability is increased due to the vicinity of the metal and its high polarizability, which
screens the molecular ions more effectively. However, with increasing thickness, the influence
of the metal on the topmost layer is reduced (this layer is the one effectively probed in UPS,
IPES and STM/STS experiments) and the polarizability of the environment decreases. Thus,
surface layers that are well-separated from the metal exhibit an increased transport gap as only
the underlying molecular layer can screen the localized charges, and no polarizability from the
vacuum side is expected [87].

Hence, in organic materials charge carriers must not only be considered as quasiparticles called
polarons, but rather polarons surrounded by polarization clouds [87]. In practice, the molecular
orbitals can be obtained using specifically tuned functionals in density functional theory (DFT)
calculations 71, [82], to obtain realistic values for the HOMO-LUMO gap. Effects such as the
screening by the environment, geometric relaxations and vibronic effects can be taken into account
either by calculations or by fitting theoretical results to the experimentally obtained transport
gap (obtained through experiment) [71, [82]. In the latter case this is done by rigidly shifting the
unoccupied and occupied molecular orbitals to match experimental results.

Notably, the formation of polarization clouds is also possible in electronically hard materials such
as oxides. However, due to strong ionic bonding and concomitantly strong localization of the
electrons and holes, the polarization clouds are also of polaronic nature and therefore linked to
ionic displacements [88)/89]. Thus, the resulting screening is significantly less effective compared
to the one on metal surfaces [82]. Consequently, the insertion of ultrathin dielectric barriers (few
monolayers) can be used to effectively tune the metal-organic distance, and thereby tailor the
screening capacity of the metal substrate, which ultimately affects the energy level alignment
[90].

LUMO T Ee.

opt

HOMO EICT+
A '

Figure 1.7: Energy gaps in OSC. The energy E,, represents the HOMO-LUMO
gap of the unperturbed gas-phase molecule (left). The transport gap E, corresponds
to the energy distance of the singly charged states (middle), while the optical gap

E, is further reduced by the exciton binding energy (right).

[9)
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From Fig. one can see that F, inside an undoped organic material is given by the distance
between the two polaronic states Eyor , and Ejcr_, i.e., the energy that is necessary to create a
separated electron-hole pair. This gap can be few eV smaller than the gas phase HOMO-LUMO
gap, however, it still exceeds the optical gap of OSC by ~ 1eV [91]. Unlike the transport
excitation, optical excitation does not induce free charge carriers in the HOMO and LUMO
levels, it rather corresponds to the formation of (strongly localized) electron-hole pairs, called
excitons [91, 92]. The energy spectrum of these quasiparticles is characterized by a hydrogen like
series of well-defined states within the HOMO-LUMO gap, as illustrated in Fig. [92]. Due to
the weak electrostatic van der Waals forces between individual molecules, the excitonic states in
OSC are strongly localized, meaning that both electron and hole are located either on the same
molecular site (Frenkel exciton) or on neighboring molecules (charge transfer exciton).

Consequently, the exciton binding energies in OSC (& 100 — 1000 meV) are generally higher than
the ones of delocalized Mott-Wannier excitons in inorganic semiconductors (~ 10 — 100 meV).
While the latter excitonic states are usually unstable at elevated temperatures, the strongly
localized excitons in OSC tend to be stable even at room temperature [92, [93]. Despite the
fact that optical excitations do not correspond to free charge carrier excitations, the induced
variations in the local charge distributions, due to exciton formation, have direct influence on
the transport-related polaronic excitations and both are strongly interwoven in OSC [92].

1.3 Interaction Regimes for Molecules on Surfaces

In contrast to a solid, where the periodic potential leads to a band-like structure in the energy
dispersion, the electronic structure of a molecule (or an atom) consists of separate molecular
levels with well-defined energies. However, when a molecule adsorbs on a metallic substrate, the
mutual metal-molecule interaction can induce significant changes in the electronic structure of
the two constituents depending on the degree of interaction. This degree is usually characterized
by the adsorption energy AE, which denotes the energy that is necessary to remove an adsorbed
molecule from the substrate at 7' = 0K [94].

Typically, one distinguishes between two interaction regimes, the physisorption regime and the
chemisorption regime, whereby the latter is usually divided in weak and strong chemisorption.
In the physisorption regime the molecule—substrate interaction is weak and originates from van
der Waals forces, which arise due to the mutual formation of dipoles in the electron clouds that
surround adsorbate and surface atoms [33]. Chemical bonds can generally be excluded in this
interaction regime. Because of the weak interaction, which typically leads to adsorption energies
in the range of 0.1eV to 1.0eV, the molecules maintain their gas-phase-like electronic character
and only a renormalization of the HOMO-LUMO gap is observed, owing to the polarizability of
the surface. This is schematically shown in Fig. [[.8h,b. Physisorption can occur for adsorption
on inert or on passivated surfaces [13], with a molecule/substrate distance of typically = 3A
[20, [95]. Despite the absence of chemical bonds, charge transfer between the substrate and the
molecular adlayer is still possible by integer amounts via tunneling.

On substrates that are more reactive instead, 7.e. on metals, where chemical bonds and partial
charge transfer occur at the interface, we fall in the chemisorption regime. Aside from structural
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Figure 1.8: Evolution of molecular electronic states with increasing interaction
between molecule and a transition metal surface. (a) For an isolated molecule the
HOMO (red) and LUMO (green) are separated by a distinct energy gap. (b) In
the case of physisorption, molecular orbitals are left almost unperturbed, however,
the polarizability of the surfaces leads to a reduction of the HOMO-LUMO gap.
(c) Weak chemisorption leads to the formation of chemical bonding, resulting in
a finite lifetime of the molecular states, broadening and shifting them in energy.
(d) Strong chemisorption occurs when molecular states hybridize with the narrow
d-bands of the metal surface, resulting in the formation of bonding and antibonding
metal-molecule states. (e) Prototypical electronic structure of a transition metal
surface, featuring partially occupied d-states and broad sp-bands.

deformations of the molecular complex, chemisorption can also give rise to a plethora of alterations
in the molecule’s electronic structure such as new hybrid states with mixed metal-molecule
character, so-called hybrid interface states (HISs).

An important model to rationalize the electronic structure of chemisorbed systems is the Newns-
Anderson model , , where in addition to AFE also the bandwidth W of the overlapping
substrate metal band plays a decisive role. This model is best understood in the two limiting cases
of weak and strong chemisorption, represented by W/AE » 1 and W/AFE < 1, respectively.

Weak chemisorption emerges for surfaces with broad bands, typically sp-bands width a width
of W~ 10eV . Here, hybridization can facilitate a partial transfer of charges between the
molecule and the substrate and further leads to a finite lifetime 7 of the molecular state, which in
turn gives rise to a Lorentzian broadening I" = /7 of the sharp molecular levels. This behavior

is presented in Fig. [52].

In contrast, strong chemisorption is also a result of hybridization, but with electrons originating
from narrow d- or f-bands, which typically have a width of W ~ 1eV . Here, alongside the
already mentioned renormalization, the strong interaction can cause the molecular states to split
into bonding and antibonding resonances — analogous to the combination of atomic orbitals
— as depicted in Fig. [[.8d,e. Based on the energy positions of these newly formed states, it can
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1.3 Interaction Regimes for Molecules on Surfaces

occur that some of the formerly unoccupied orbitals become partially filled if they fall below the
Fermi level, due to the ensuing electron transfer from the substrate to the molecular layer. This
process is called electron backdonation. On the contrary, some of the initially occupied orbitals
can also become partially unfilled as electrons are transferred in the opposite direction (from the
molecule to the substrate), which is referred to as electron donation.

Since in the density of states (DOS) of a transition metal, both types of bands (broad sp- and
narrow d-bands) exist and contribute to the bonding, both need to be taken into account for an
adequate description of the bond energy. A model that does so is the d-band model by Hammer
and Nogrskov [47) 48]. Here, the adsorption energy is divided in two sub contributions

AE = AE,, + AE,, (1.1)

to describe the bonding AE,, due to interaction with the delocalized sp-electrons, and the
additional bonding AE, arising from coupling to the d-states.

Within the picture of the d-band model, the coupling between the adsorbate electronic states
and the metal states is a two-step process: firstly, interaction with the sp-bands causes the
adsorbate state to shift and broaden energy. Subsequently, coupling of the renormalized states
with the metal d-bands induces the emergence of split bonding and antibonding states producing
an electronic structure like the one depicted in Fig. [33]. While AE,, dominates the bond
strength, as it is negative and according to amount larger than AE,, its value does generally
not depend on the metal [33]. Thus, variations in the adsorption energy can be grasped by
considering the properties of the metal d-bands only. In this simplified one-electron picture, that
addresses the adsorbate—substrate problem from a purely energetic point-of-view, the adsorption
energy is mainly determined by the center of the metal d-band, the relative energy positions of
the renormalized adsorbate states and their coupling strength to the metal the d-band [33].

Notably, the d-band center is directly linked to the filling of the d-shell and consequently for
transition metals, a weaker bond strength is observed for elements farther to the right in the
periodic table, while an enhanced chemical reactivity is observed when going from 5d to 4d over
to 3d transition metals. The first trend can be understood by considering that an increased
d-band filling lowers the d-band center, shifting the antibonding resonances below the Fermi
level. This leads to their occupation and, consequently, to weaker bonding. A similar weakening
occurs when bonding resonances are pushed above the Fermi level [53].

The second trend is a consequence of the Pauli repulsion and the fact that the spatial extension
of the d orbitals decreases when going from 5d to 4d down to 3d states. Since the Pauli principle
mandates that two electrons cannot be in the same state, the adsorbate states must become
orthogonal to the metal d states, which raises their kinetic energy [53|. This repulsion increases
for a larger overlap of the corresponding orbitals. As a result, gold — which has the most
extended d-states of the noble metals — is considered the least reactive and therefore the noblest
of all metals [47].

Models like the Newns-Anderson and the d-band model are invaluable tools to rationalize the
electronic structure of adsorbates on metal surfaces. They successfully explain the observed
adsorption behavior and catalytic activity of single atoms and monomers, such as CO or ethylene,
on various metals [51, [59, 96]. Despite their simplicity, some of the qualitative conclusions
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regarding interaction regimes and adsorption trends maintain their validity, even when extended
to larger organic molecules.

Based on these insights, several models have been introduced to provide simplified descriptions
of organic—inorganic interfaces across different interaction regimes, which we will discuss in the
following. Finally, we return to the formalism of the Newns—Anderson model and present it in a
more rigorous manner.

1.4 Energy Level Alignment at Interfaces

In the previous chapter, we have introduced the interaction regimes occurring at metal-organic
interfaces depending on the degree of chemical bonding. Based on the type of interaction, the
energy positions of the frontier orbitals can differ significantly compared to when the molecule is
in the gas phase. This arrangement of the molecular levels is referred to as energy level alignment
and it is undoubtedly one of the most important quantities of a metal-organic interface, as it
determines the charge injection properties, which crucially affect the performance of organic-based
devices. Until today, no universal model exist that can predict the energy level alignment reliably
for all the various interaction strengths, however, different models have been applied successfully
for certain regimes that capture the dominant physical and chemical processes occurring at the
distinct interface.

1.4.1 Physisorption without Charge Transfer: The Schottky-Mott Limit

The most straightforward method to predict how the frontier orbital levels of an organic compound
energetically align is achieved by simply aligning the vacuum levels (E,,.) of the two constituents
as sketched in Fig. [I.9h. This approach is referred to as Schottky-Mott model and it excludes any
sort of chemical interaction and is therefore valid for physisorbed systems (non-reactive molecules
on inert surfaces), where no hybridization is expected such as ex situ prepared interfaces of
non-reactive molecules on inert surfaces like Gold [71].

In this limiting case, the decisive quantities on the molecular side are the ionization potential
(IP) and the electron affinity (EA), which denote the distances between E . and the HOMO
and LUMO, respectively. While the IP determines the energy that is needed to remove an
electron from an isolated molecule, EA represents the required energy for adding an electron to
the isolated molecule. However, as mentioned earlier, the actual energies that are relevant for
ionizing a molecule are the energies of the integer charge transfer (ICT) states rather than the
exact HOMO and LUMO positions. Therefore, we introduce the renormalized electron affinity
and renormalized ionization potential, EA* and IP*, respectively. In this simplified picture
we neglect any polarization effects from the environment, although such effects can readily be

included by starting from the renormalized HOMO-LUMO gap.

The other crucial parameter that defines where the frontier orbitals fall energetically is the
substrate work function @,,,. Following the energy diagram presented in Fig. [1.9b, the barriers
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Figure 1.9: Energy level alignment at metal-organic interfaces without charge
transfer. (a) In the separated state, the substrate work function (@) is defined
by the distance between Fermi level (Er) and vacuum level. The molecular energy
levels, including the HOMO and LUMO, are unaffected by the substrate. (b) In
the Schottky-Mott limit, the vacuum level of the substrate and the OSC align, and
the injection barriers for holes (@) and electrons (@) are determined by the
integer charge transfer (ICT) states (Eyor . and Ejor ) of the organic material.
(c) The presence of an interface dipole (A) alters the effective work function of the
combined metal-molecule system (&, /sub), shifting the molecular energy levels
and influencing the charge injection efficiency at the interface.

for injecting charges, either electrons or holes, from the substrate into the organic molecule are
given via the two following expressions:

@eB — @Sub - EA* (12)

From these formulas, it is evident that the charge injection barriers depend on the substrate work
function, suggesting a fully predictable and controllable energy level alignment for a sufficiently
high degree of work function tunability.

However, it became evident early on that the orbital alignment at most interfaces differs from this
prediction, owing to the fact that the adsorption process is often accompanied by the formation
of an additional interface dipole, which alters the work function and ultimately the energy level
alignment.

In case of a metal surface, one important contribution to this interface dipole arises due to
the Pauli interaction with the molecular electrons. To visualize this, we first introduce the
Jellium model, which is a simple model to predict the electron density near a metallic surface,
by assuming a constant density of positive charges with a sharp potential step at the surface.
Solving the self-consistent equations for the electron density [97), 98|, reveals that the electron
density exceeds beyond the crystal surface up to a distance of several A [99]. The scheme of the
Jellium model potential and the corresponding electron density are depicted in Fig. [1.10

Consequently, the spilling-out of electrons leads to the emergence of an electric dipole barrier AP,
which hinders the electrons from inside the solid from escaping. This dipole barrier is directly to
the metal work function, which is given via the relation

stub — A@ — /,L, (1.4)
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where 11 denotes the chemical potential of the infinite bulk system [97]. Since the orientation
of the crystal surface determines its atomic density, it also affects the charge carrier density.
Therefore, higher work functions are observed for surface orientations with more densely packed
structures, i.e., the (111) orientation of Ag exhibits a higher work function than the (100) surface
[100]. However, upon adsorption, the ensuing Pauli repulsion due to the presence of the adsorbate
electrons pushes the electrons spilling-out from the surface back into the solid. This leads to a
reduction of the surface dipole; hence, this contribution of the interface dipole is negative, and
it reduces the work function of the final system. This is the first contribution to the interface
dipole and due to its nature, this effect is called the push-back effect.

density(x)
uniform
background n,(x)

Sl

electrons n(x)

¢

Figure 1.10: Electron density distribution at a metallic surface modeled using
the Jellium approximation. Adapted from [97].

While it plays an important role on metallic surfaces, it is generally far less relevant on oxide
surfaces, which are electronically hard materials with strongly localized electrons. The second
contribution to the interface dipole arises due to any electric dipole moment on the molecule.
Such a dipole can be intrinsic to the molecule or induced by the interaction with the surface,
e.g. due to conformational changes of the molecule. In contrast to the push-back-related dipole,
this one can be either negative or positive depending on the direction of the dipole, thus, it can
change its sign depending on the adsorption geometry.

Taking into account the resulting interface dipole A = A, o, + Agipo, the injection barriers are
now given via

$p=d,, —EA — A (1.5)

The illustrated energy diagram in Fig. showcases how the presence of an interface dipole
modifies the expected energy level alignment as predicted by the Schottky-Mott model. This
adjustment is a first pivotal step towards bridging the gap between the theoretical predictions of
the Schottky-Mott model and the empirical observations.

Moreover, an insightful observation from Fig. reveals that any variation in the clean substrate’s
initial work function, @, induces a proportional and rigid shift in the final work function of
the system, @, /g1, yielding a linear relationship with the slope of S = d®,,, ,/dPgy, = 1.
This relation is not affected by the interface dipole and is generally referred to as vacuum level
alignment. As we will see in the next section, this kind of energy level alignment modelling is
only valid if the ICT states do not cross the Fermi level.
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1.4 Energy Level Alignment at Interfaces

1.4.2 Non-Hybridized Interfaces with Charge Transfer: Integer Charge Transfer and
Capacitor Models

a vacuum level C Fermi level pinning € Fermi level pinning
alignment (back-donation) (donation)
o, N
E\CT, I
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no charge transfer after charge transfer after charge transfer
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Figure 1.11: Schematic illustration of energy level alignment within the ICT
model. Panels (a),(c),(e) show vacuum level alignment for three cases: (a) neither
HOMO nor LUMO cross the Fermi level, (¢) the HOMO lies above Ep, and (e) the
LUMO lies below Ep. Panels (b),(d),(f) show the corresponding situations after
possible charge transfer took place. While no charge transfer occurs in (b), leading
to preserved vacuum level alignment, electron transfer in (d) and (f) results in
pinning of the respective frontier orbital at En and the formation of an interface
dipole A.

Having explored the intricacies of the Schottky-Mott model and the role of interface dipoles in
determining energy level alignments, it becomes evident that the interaction between organic
molecules and surfaces is multifaceted. While the aforementioned models provide a first insights
into the energetic landscape, they primarily focus on the static alignment of energy levels during
the absence of charge transfer.

However, many devices, e.g. OLEDs or organic-based transistors, rely on molecules being in an
ionized state. As initially discussed, charging molecules can have a significant influence on the
energetic landscape of their frontier orbitals. This brings us to the integer charge transfer model,
a framework that focuses on the mechanisms of charge exchange between adsorbed molecules
and substrates if hybridization at the interface is negligible. Due to the absence of hybridization,
charge transfer is only possible by integer amounts. This scenario is common for interfaces formed
by non-reactive molecules on metal surfaces that are passivated by thin dielectric films (e.g. by
oxides), on semiconductor surfaces, or, if the interaction is weak enough, on inert metals.

In order to understand the conditions under which integer charge transfer can occur, we start by
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considering the case of vacuum level alignment discussed in Section however, for simplicity
we assume that the interface dipole A = 0. As elaborated previously, in this case where the dipole-
corrected work function lies between the values of Eyqp_and IP, i.e., Ejop < Py, < Ejor 4, the
interface constituents will not exchange any charges (see Fig. ,b). However, this situation
changes when one of the ICT states crosses the Fermi level, i.e., one of the two conditions
Ercr. > @y, o Eior g < Py, is met. These situations are depicted in Fig. [[.11k, and Fig. [I.11},
respectively. Now, charge flow across the interface will set in to minimize the energy of the
composite system. This charge transfer, however, is accompanied by an additional interface
dipole Acr, resulting in a total dipole of A = A 4+ Agipele + Acr. Note, that in Fig. we
assumed A, + Agipore = 0. The sign of the dipole contribution Aqr depends on the direction
in which the charge transfer takes place.
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Figure 1.12: Predicted relation between the work function of the hybrid-molecule
system and the initial work function of the pristine susbtrate for fixed ICT state
energies (same molecule). Blue shaded areas highlight regions where charge transfer
pins the frontier orbitals to the Fermi level, resulting in a constant @, while no
charge transfer occurs in the orange region. Concept adapted from [71].

sub

In case of electron transfer into the molecular adlayer (back-donation), it would increase the
interface dipole, hence it would be positive, while in the case of no charge transfer it would simply
be zero. Ultimately, this dipole shifts the crossing ICT states towards the Fermi level keeping
them fixed at L}, as presented in Fig. ,f. Due to this fixed alignment of the frontier states
with respect to the Fermi energy, this mechanism is referred to as Fermi level pinning. Combining
this information with the one from the previous chapter, we find that sweeping the work function

Py, should result in a step-ramp-like behavior of @4, /g1, as it is shown in Fig. [I.12}

In general, the ICT model also provides a good approximation for organic adsorbates on
semiconducting surfaces, where a similar universal trend in energy level alignment — driven
by potential equilibration — has been observed [101-104]. However, deviations can emerge
when the Ejop_ and Fjop . states energetically overlap with the valence and conduction bands,
respectively. These deviations arise from the fundamentally different nature of the tunneling
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1.4 Energy Level Alignment at Interfaces

charge carriers at passivated metals versus semiconducting surfaces. While in the former case,
charges originate from the delocalized free electron gas of the metal, in semiconductors they are
strongly localized, being associated with dopants and defects 105).

Due to this localized character, charge transfer across the organic—semiconductor interface leads
to the formation of a space-charge region that can extend substantially into the bulk. The
resulting electrostatic potential gradient induces band bending , thereby contributing
to the aforementioned deviations from the idealized ICT scenario.

a on undoped b on n-doped ¢ band bending and
semiconductors semiconductors surface dipole
(no charge transfer) (before charge transfer) (after charge transfer)
ABB ASD
conbdauncdtlon Q)sub E|C717 I
E o A ——e— —
_E‘CT+
valence —
band I

Figure 1.13: Scheme of the ICT model on semiconducting surfaces. Energy
diagrams for an OSC (acceptor) on (a) an unoped semiconductor without charge
transfer, (b) an n-doped semiconductor where the LUMO falls below the Fermi
level before charge transfer is taken into account. (c¢) When charge transfer takes
place, this creates a space-charge region, which results in band bending of the
semiconductor bands. Notably, the alignment presented in (b), with one of the
frontier orbitals inside the gap between valence and conduction band is referred to
as type-1I band alignment in semiconductor heterojunctions. This type of alignment
is favorable for the formation of interlayer excitions between the inorganic substrate
and the organic adlayer with long life times.

Therefore, the interface dipole due to charge transfer on semiconducting substrates Aqp, is
often divided into a band bending contribution Agp (i.e., the long-range potential variation
within the bulk) and a surface dipole contribution Agp. A sketch of the energy level alignment,
illustrating these phenomena on top of undoped as well as an n-doped semiconductors, is shown

in Fig.

Note that a limited availability of charge carriers, e.g. due to insufficient concentration of dopants,
can also restrict charge transfer and reduce band bending, thereby further altering the energy

level alignment , .

While the ICT model can reliably predict the occurrence of charge transfer on passivated metal
surfaces, it does not provide intuitive access to the amount of charge that is transferred and how
this charge is distributed. To address this problem and in agreement with experimental findings,
Hurdax et al. have proposed a simple capacitor model , .
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Figure 1.14: Relation between integer charge transfer and energy level alignment
at interfaces with thin dielectric films on metallic surfaces. In order to achieve
Fermi level pinning, an equilibrium distribution of charged and uncharged molecules
established at the surface. This behavior is described by the capacitor model, which
considers the potential difference across the dielectric film (A®P), and the charge
separation distance (d¢g). By modifying the work function of the dielectric barrier,
it is possible to transition from integer charged molecules to neutral molecules,
i.e., from Fermi level pinning to vacuum level alignment. Reproduced from ,
licensed under CC BY 4.0.

Within the capacitor model it is assumed that both charged and neutral molecular species can
coexist on the surface and that their balance controls the potential equilibration in the Fermi
level pinning regime. Hence, when the initial work function of the substrate @, is modified
beyond its critical values where charge transfer is activated (Eygp_. > @gy, oF Eior . < Do),
a gradual variation in the ratio of charged and uncharged molecules sets in. This variation is
proportional to the potential difference across the dielectric thin film induced by the charged
D b-

molecules, expressed by AP = D, /1, —

On a macroscopic level, this behavior resembles the electrostatic relation of a capacitor:

NP = U(ddiel + dO) — O-dcs. (17)

€o€r €o€r

Here A® is in €V and o, the homogeneous 2D charge density induced by the molecular monolayer,
is in C x cm™2. The latter is given by n/A, where n is the fraction of charged molecules
(Neharged/Motal) and A the area per molecule; both quantities are experimentally accessible. The
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1.4 Energy Level Alignment at Interfaces

dielectric constant of the dielectric barrier is given by €, and ¢, is the vacuum permittivity. The
parameter d ., describes the charge separation distance, which is given by the thickness of the
dielectric film dg, and d,, the height of the transferred charge (and its mirror) above (below)
the dielectric. A summary of the capacitor model is presented in Fig. [1.14]

This model describes well systems, where charges originate predominantly from the underlying
metal, but is less suitable for systems where defects or gap states define the electronic properties
[105, |108].

1.4.3 Weak Chemisorption: The Induced Density of Interface States (IDIS) Model

The previously discussed models have solely focused on the energy level alignment of organic-
based interfaces, where chemical bonds, 7.e. the hybridization of wave functions is negligible.
While this approximation is generally valid when the substrate is non-conductive, hence, it does
not have any states available for hybridization in the energy range of the molecular frontier
orbitals and the resulting molecule-substrate distance is large, this approximation is usually not
applicable for in situ prepared organic films atop clean metal surfaces.

Already in early studies by Hill et al. [85], probing the frontier electronic structure of various
molecules atop a variety of metal surfaces, clear deviations from the expected slopes of S =1
(vacuum level alignment) or S = 0 (Fermi level pinning) were revealed. It was observed that in
most cases the extracted slope parameter would lie somewhere in between these ideal values of
S =0and S =1, taking on seemingly continuous values within this range [85].

In order to understand this phenomenon, one has to consider that in the case of metals, a
significant amount of DOS is present near the Fermi level and thus, when looking from the
perspective of the Newns-Anderson model, hybridization between those states and the frontier
molecular orbitals is likely to occur. Based on this model (see Details in Section , it follows
that weak or moderate chemical interaction between the molecule and the substrate will cause a
Lorentzian broadening of the molecular levels, creating a local DOS in the HOMO-LUMO gap.

Based on this local induced density of interface states (IDIS), Vazquez et al. proposed the
so-called IDIS model of energy level alignment, which takes into account weak to moderate
hybridization effects between metal surfaces and the organic adlayer [110, 111].

Due to the continuity of electronic states in the former gap, fractional charge transfer for any
value of @_ . is enabled, not being restricted by a critical work function value, where the frontier
states cross the Fermi level. Instead, according to the IDIS model, charge transfer will take place
until Fy of the metal aligns with the so-called charge neutrality level (CNL) of the molecule. The
CNL is defined as the energy up to which the DOS of the adsorbate must be integrated in order
to obtain the amount of charge in the neutral molecule. For each molecule the CNL is calculated
by imposing charge neutrality conditions: the total electronic charge below the CNL integrates
to the number of occupied molecular states [112].

Importantly, the CNL does not describe the molecular charge transfer after contact, it rather
presents the organic Fermi level for the molecule in proximity to a metal before charge transfer
is considered [111].
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Within the IDIS model, it is possible to break down the energy level alignment into two main
steps. In the first step, the molecule approaches the surface and the emerging interface dipole as
well as polarization effects result in a provisional energy level alignment of the Fermi level and
the frontier molecular levels.

In a second step, the system will relax through charge transfer attempting to align Fp and
CNL. The direction of charge transfer is determined by the relative position of Ey and CNL.
If the CNL lies above the Fermi energy, electrons will flow from the molecule to the metal
(donation), and if the CNL falls below Ey, electrons will flow from the metal to the molecular
adsorbate (back-donation). In either case, the dipole Aqp set up by the charge rearrangement
will tend to bring the CNL closer to Ep. The final dipole across the interface is given via
Atot = Apush + ACT + Adip'

How closely the CNL and Fermi level are able to align depends on the available density of
states near Fp, determining how much charge can be accommodated. This availability is
described by the Screening parameter S = d®,,, /su1,/ APy, Which captures how the work function
changes upon molecular deposition, depending on the initial work function of the substrate.
In terms of the IDIS model, the screening parameter S is further defined as S = WD(EM?’
where D(FEy) is the density of gap states at the Fermi energy, and ¢ is the effective distance
between metal and OSC. The additional dipole due to charge transfer from or to the IDIS is
Acr = (1 = 9)(Pgur, — Apush — Eonw))- We consider Acp to be positive when electrons are
transferred from the metal to the molecule. Combining the charge transfer dipole with the
previous dipole contributions yields Ay, = Ay + Acr = (1 = 8) Py, — Eonr) + 5 - Apusn
A screening parameter of S = 0 indicates that the DOS is sufficiently large to accommodate or
provide all the charge necessary to align the CNL and E} through charge transfer D(Ey) — oo
in the second definition of S). In this situation, a change in the substrate work function @, will
result in no appreciable shift of E} with respect to CNL, since charge transfer will produce an
opposite dipole that exactly compensates for the work function shift. In such a scenario, one
says the molecule is pinned to the Fermi level.

Conversely, a screening parameter of S = 1 indicates a total absence of IDIS, meaning there
is no DOS in the molecular gap, and thus no charge flow that could align the CNL and Ej
(D(Ey) — 0). A change in work function will simply shift £} within the gap by the same amount,
yielding a slope parameter of S = 1. A scenario where S = 1 and A = 0 (vacuum level alignment)
corresponds to the previously described Schottky-Mott limit [72, (111} [113].

In practice, IDIS modelling of an interface is carried out in four steps [71]:

1) The renormalized molecular orbitals are obtained using a suitable theoretical or a
mixed experimental-theoretical approach.

2) After obtaining the molecular orbitals and corresponding energies, the IDIS at the
organic/metal interface is calculated. Considering only interaction between molecular
orbitals and the metal states located close to the Fermi level, the Lorentzian energy
broadening I'; due to hybridization for each molecular orbital energy E; is calculated.
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Figure 1.15: Basic concept of the IDIS model. Blue bars represent the energies of
molecular orbitals. Applying Lorentzian broadening to the indicated states results
in a set of resonance that, when summed up, create the IDIS. Peak areas that
correspond to the HOMO and LUMO are highlighted in red and green, respectively.
The CNL is marked by the black dashed line.

3) The total DOS for the organic molecule is obtained by adding the broadened
contributions from all the molecular orbitals. The broadening will strongly depend
on the molecule-substrate distance J, and the broadening itself ultimately affects the
DOS D(Ey). Hence, the slope parameter S depends both directly and indirectly on
0, explaining how even small variations in the substrate-molecule distance can evoke
large modifications in .S, and hence in the energy level alignment.

4) Having obtained the now-modified DOS for the molecules at the interface, the
final step in the IDIS model is to calculate the CNL by imposing charge neutrality
conditions, resulting in the final IDIS, exemplary depicted in Fig.

1.4.4 Strongly Chemisorbed Interfaces: Density Functional Theory and Beyond

Having discussed the physisorption and weak chemisorption regimes—where organic molecules
retain their electronic and structural integrity to a large extent, we now turn to the final and most
complex case: strong chemisorption. While physisorption is governed by weak van der Waals
forces and weak chemisorption already introduces limited hybridization and charge transfer,
strong chemisorption involves the formation of true chemical bonds between molecular orbitals
and substrate states. This can lead to a profound reorganization of the molecular frontier levels,
and even a breakdown of the molecular identity. The molecule is no longer simply adsorbed, but
instead a hybridized interface is formed with the substrate.

Despite many efforts to describe this regime within generalized models of level alignment, strong
chemisorption remains the least tractable and most system-specific interaction regime. No
universal model exists that can reliably predict the interfacial electronic structure in this case,
and the conceptual tools that work in the weak-coupling limit often fail entirely.

One of the primary obstacles in understanding strong chemisorption is the alteration of the
molecular structure itself. Strong chemical bonding can significantly modify both the geometry
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and the electronic properties of the adsorbed molecules [114]. These changes are rarely uniform
and often affect only specific regions of the molecule — typically those in direct contact with
the substrate — resulting in local distortions, symmetry breaking, and in some cases a complete
reorganization of the frontier orbitals. In addition to molecular deformation, such interactions
frequently induce changes in the substrate itself. While weakly bound systems may exhibit only
subtle surface relaxations [88], strong chemisorption can lead to much more pronounced effects
— including significant atomic rearrangements and even large-scale surface reconstructions [115]
— as the molecule perturbs both the local electronic environment and the atomic structure of the
surface.

A particularly striking example is Cg, on TM surfaces like Cu(111) or Fe(100), where the
fullerene does not only adsorb on a flat surface, but instead induces the formation of nanoscale
indentations, effectively embedding itself into the substrate |[116, 117]. Such reconstructions
cannot be anticipated from weak-coupling models and dramatically alter the nature of the
interface. These structural responses, on both sides of the interface, are highly system-specific
and depend sensitively on the chemical identity of the adsorbate and the surface.

In addition to these structural transformations, strong chemisorption often gives rise to electronic
changes that are not easily anticipated. For example, in the case of nickel porphyrins (NiTPP) on
Cu(100), hybridization leads not only to a broadening of the LUMO, but to a partial occupation
of several higher-lying unoccupied orbitals, including the LUMO+3 [114]. Such behavior is clearly
incompatible with models based on rigid level alignment, which assume weak perturbations to
the molecular spectrum.

Finally, hybridization in the strong coupling regime may also be subject to more subtle constraints:
recent studies have shown that the formation of hybrid interface states depends not only on
energy and spatial overlap, but also on momentum compatibility between molecular orbitals
and the substrate band structure [118, |[119]. While this momentum matching is not a dominant
factor in most systems, it adds an additional layer of selectivity that becomes relevant for large,
delocalized orbitals with well-defined momentum patterns — such as those found in planar
m-conjugated molecules [118] [119]. These combined effects (local structural rearrangement,
orbital reordering, and momentum-selective hybridization) highlight why strong chemisorption
remains fundamentally difficult to describe using universal models.

Given these complexities, computational methods, like DF'T, have become indispensable tools
for studying chemisorbed interfaces [95, |114} [120]. DFT allows detailed insights into electronic
structure and energy alignment, usually far beyond the reach of empirical or qualitative models,
treating each interface on its own terms, accounting for the precise atomic structure, charge
redistribution, and hybridization patterns. In particular, DF'T enables the prediction of structural
relaxation, charge transfer, and orbital hybridization effects that empirical models cannot
capture.

However, DFT is not a universal solution. One of its intrinsic limitations is a systematic
underestimation of the energy gap between occupied and unoccupied states. This is not a result
of poor parameter choices, but a fundamental shortcoming of the method itself [121] |122]. Tt
affects both inorganic semiconductors and organic molecules and leads to HOMO-LUMO gaps
that are significantly smaller than experimental values. While such deviations may be acceptable
for qualitative insights, they limit the predictive power of DFT in accurately determining level
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1.4 Energy Level Alignment at Interfaces

alignment, dissociation energies of molecular ions, and charge transfer processes at interfaces
[123].

Moreover, the mean-field character of DF'T imposes additional limitations, particularly in systems
where electron correlation plays a significant role. A prominent example is the failure to
accurately describe materials with localized electronic states, such as the partially filled d-orbitals
of transition metals. In such cases, many-body effects beyond the standard DFT treatment can
critically shape the electronic structure at the interface. More advanced approaches like dynamical
mean-field theory (DMFT) are designed to capture such phenomena, but their computational
cost and the lack of detailed experimental input often preclude their use in realistic interface
models [124]. As a result, correlated materials remain challenging to describe reliably within
theoretical frameworks. Details about the theoretical framework and the DFT methodology used
in this thesis are given in Section

Despite the complexity of molecule-metal interfaces involving large organic adsorbates, and
the practical as well as conceptual limitations of first-principles methods, simplified theoretical
models continue to play a valuable role. While they do not capture the full structural or
electronic richness of extended systems, such models offer an intuitive and often mathematically
rigorous framework for understanding key aspects of chemisorption [45| 46| |125]. One of the
most influential examples is the aforementioned Newns—Anderson model, originally developed to
describe the interaction of single atomic adsorbates with metallic surfaces.

Although its original scope does not include large m-conjugated molecules, the model nonetheless
captures the essential physics of level hybridization, spectral broadening, and energy renormal-
ization at these interfaces [95, (126, 127]. As such, it provides a microscopic foundation for
interpreting adsorption-induced changes in the electronic structure. In this thesis, we revisit
and empirically adapt the Newns—Anderson model, with the aim of describing molecule—metal
coupling in systems involving large organic adsorbates, where strong chemisorption and electron
correlation render the original atomic assumptions insufficient.

1.4.5 The Newns—Anderson Model: Hybridization and Resonance Formation

The Newns—Anderson model describes the hybridization of a single adsorbate orbital, arising
from an atom or molecule, with the continuum of states at a solid surface [45]. It provides a
physically transparent and analytically tractable framework for understanding how a discrete
adsorbate state |a) with energy e, evolves when interacting with a continuum of metallic states
|k), where k=1,2,...,n [33].

The following expression defines the Hamiltonian for the adsorbate—metal system in second
quantization [45]:

H=¢, cac +Z€kckck+2( kckc +V kélék) (1.8)

The projection of the DOS on the adsorbate orbital is given by:

€)= Z’<¢i‘a>|25(5_5i)’ (1.9)
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where |¢,) and ¢, are the eigenstates and eigenvalues of the full Hamiltonian [33]. Newns realized
that this expression could be recast following the conceptual work by Anders, as |33} |45]:

_1 Afe)
(€)= T AL AR

(1.10)

where A(e) = 7V2p,, () is the weighted DOS of the metal and A(e) its Hilbert transform (p,,, ()
is the metal DOS):

m@:?/A@Md (1.11)

In the case of a constant metal DOS, i.e. p,,(e) = const., A(e) vanishes and the adsorbate state
is described by a Lorentzian distribution:

na(e) = 1 =

— 1.12
£—¢e,)? + AY (1.12)

Hence, coupling to the continuum of metal states results in a finite lifetime, leading to a broadened
but unshifted adsorbate resonance, as assumed in earlier sections.

If the DOS is a broad semi-ellipse, which is generally a valid approximation for sp-bands, the
above formula Eq. describes the same broadening, however, the finite width of the DOS
now induces an additional downward shift (to higher binding energies) of the adsorbate resonance.
Notably, this renormalization process corresponds to the first step in the d-band model, capturing
the interaction between the adsorbate level and the metal sp bands. The correct resonance

energy ¢, is found by solving:

res

€res — €a + A(Eres>m (113)
which is done graphically in Fig. [1.16p.
In contrast, when solving Eq. (1.13]) for a sharp and narrow semi-elliptic DOS, characteristic of

d-bands, the resonance condition may yield multiple solutions, resulting in a split lineshape of
the adsorbate-projected DOS (see Fig. [1.16b).

fAlternatively, due to the linearity of the Hilbert transform, an equivalent expression of this equation is
pz(e —e,) = Apos(e), where Apog(e) is the Hilbert transform of the actual metal DOS p,,, (e).
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Figure 1.16: Projected DOS n, (¢) for an adsorbate state coupled to a surface with
a semielliptic DOS. (a) Coupling to broad sp-like states leads to a renormalization
of the adsorbate resonance, shifting it to lower energies. (b) A sharper surface DOS
resembling narrow d-bands results in multiple intersections between the Hilbert
transform of the metal DOS and the adsorbate function, indicating a splitting into
bonding and antibonding resonances. Concept adapted from .

This splitting is a direct consequence of hybridization and reflects the formation of bonding and
antibonding hybrid states, analogous to the level scheme in molecular orbital theory , and
serves as an unambiguous fingerprint of strong chemical bonding. While the Newns—Anderson
model is not directly applicable to extended organic molecules, where spatial variations typically
prevent a uniform description of coupling, its underlying physical principles remain valid. In this
thesis, the Newns—Anderson framework is therefore employed as a conceptual tool to interpret
key aspects of hybridization, particularly in comparison with first-principles results from DFT
and beyond.
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2.1 Sample Preparation and Surface Characterization

2.1.1 Thin Film Deposition

One of the fundamental requirements of nanoscience — and of advancing technological applications
more broadly — is the ability to fabricate thin films with precise control over growth down to the
atomic scale. This capability is particularly crucial in the context of the perpetual miniaturization
in technology, as famously anticipated by Moore’s law [128,129]. Among the most established
approaches to achieve such atomically controlled growth is the thermal evaporation of materials,
a concept devised already in 1850 by Michael Faraday [130, |131]. In this process, a material
(typically in solid or liquid form) is transformed into the vapor phase by the addition of thermal
energy |132]. The vapor subsequently condenses onto a suitably prepared substrate, enabling the
bottom-up fabrication of heterostructures and layered devices [132} [133]. In the following, we will
briefly discuss two of the most prominent thermal evaporation techniques, both of which have
been employed for thin film fabrication in the present thesis: electron-beam (e-beam) evaporation
and Knudsen cell evaporation. These methods represent widely used standards for the controlled
growth of high-quality thin films in surface and interface science.

Beam Evaporation: Focused Energy for Precision Growth

FElectron beam (e-beam) evaporation is a physical vapor deposition technique that utilizes a high-
energy electron beam to evaporate source materials under ultra-high vacuum (UHV) conditions.
The electrons, generated by thermionic emission from a filament are accelerated by an electric
field, directing them onto the target material, as depicted in Fig. The localized heating causes
the material to melt and vaporize. The resulting particle vapor is ejected from the evaporator
cell and ultimately condenses on a substrate to form a thin film. Instead of the presented rod-like
evaporant, also evaporation from a crucible containing the evaporant is possible. The crucibles
for e-beam evaporation are usually made from metals with extremely high melting points such
as molybdenum or tantalum.

This method is particularly advantageous for depositing materials with high melting points, such
as metals, ceramics, and oxides, which are challenging to process using conventional thermal
evaporation. The high energy of the electron beam allows for rapid evaporation, while the vacuum
environment minimizes contamination and ensures high-purity films. Before the evaporator is used
for thin film preparation, it undergoes thorough degassing by operating under low evaporation
conditions for several hours. Additionally, the evaporators are water-cooled to prevent heating
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Figure 2.1: Sketch of the key components of an electron beam evaporator.

of the surrounding metal parts and to minimize thermally induced desorption of unwanted gas
particles.

Key benefits of e-beam evaporation include precise control over the deposition rate, film thickness,
and uniformity. By carefully tuning parameters such as beam current, substrate temperature,
and deposition rate, it is possible to achieve films with excellent crystallinity and minimal defects.
Throughout the growth, the current produced by some of the ionized particles of the evaporant
can be used to monitor the deposition rate.

Organic Sublimation: Knudsen Cell Evaporation

The deposition of organic materials requires a different approach due to their lower thermal
stability compared to inorganic compounds. Knudsen cell evaporation, a specialized technique
for organic sublimation, offers a gentle yet effective means of depositing thin films of organic
molecules.

Knudsen cells operate on the principle of thermal sublimation. The organic material, typically in
powder form, is placed in a small crucible inside the Knudsen cell. The cell is resistively heated
to a temperature high enough to induce sublimation without decomposition. The resulting vapor
exits the cell through a small orifice and travels to the substrate, where the molecules adsorb
onto the surface and form a thin film.

One of the key advantages of Knudsen cell evaporation is its ability to preserve the molecular
structure of organic compounds during deposition. This makes it an indispensable tool for
the creation of devices that utilize organic semiconductors, where the integrity of the material
determines device performance. Furthermore, the low deposition rates typical of this technique
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enable controlled layer-by-layer growth, which is essential for creating heterostructures and
interfaces with monolayer precision.

Complementary Roles and Applications

While e-beam evaporation and organic sublimation serve different material classes, their combined
use often proves synergistic in advanced material fabrication. For instance, e-beam evaporation can
be used to deposit metallic contacts or metal oxide buffer layers, while Knudsen cell evaporation
is ideal for depositing the active organic layers in devices such as organic photovoltaics or LEDs.
The integration of these techniques enables the precise engineering of high-quality films and
multilayer systems, where both inorganic and organic components are essential.

2.1.2 Auger Electron Spectroscopy (AES)

Auger electron spectroscopy (AES) is a widely used technique for analyzing the elemental
composition of surfaces with remarkable sensitivity and specificity. The method is based on
the detection of Auger electrons, which are emitted through a multi-step electronic relaxation
process known as the Auger effect. The effect is named after Pierre Victor Auger [134], who
first observed and explained the respective phenomenon, although there exists some controversy
about possible overlooked contributions by Lise Meitner . The Auger process and the
corresponding energy diagram are depicted in Fig. 2.2} It occurs when an atom, excited by an
incident electron beam (or by light), undergoes a core-level ionization of the X shell (X = K in
Fig. ) To stabilize the ionized state, an electron from a higher energy level Y (L) transitions
to fill the vacancy, and the excess energy from this transition is transferred to another electron
in the Z (Lg ) shell of the atom (Fig. ) The second electron, now energized, is ejected from
the atom as an Auger electron. The kinetic energy of the emitted Auger electron is determined
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Figure 2.2: (a),(b) Principles behind the Auger process and (c) the corresponding
energy diagram.

by the energy levels of the specific atom from which it originates, leading to the expression [137

138]:
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where @ is the work function, and AU a correction term accounting for energetic changes due
to the doubly ionized final state. An energy diagram illustrating the exemplary KLL Auger
process is displayed in Fig. 2.2c. This dependence on atomic energy levels makes the Auger
process element-specific, with the exception of hydrogen and helium, which do not produce
Auger electrons. By analyzing the kinetic energy distribution of these electrons, AES provides
a detailed fingerprint of the elements present at or near the surface of a material. While less
straightforward, AES also allows for a qualitative assessment of oxidation states and chemical
environments by comparing shifts in peak energies with available reference data sets [139} |140].

AES is typically performed using a focused electron beam to induce the Auger effect, while an
electron energy analyzer is used to measure the energies of the emitted Auger electrons. The
resulting spectra display sharp peaks corresponding to the characteristic energies of the elements
present, enabling qualitative and quantitative surface analysis. Overall, this sensitivity to surface
composition makes AES an invaluable tool for the study of thin films, coatings, and surface
reactions.

2.1.3 Low Energy Electron Diffraction (LEED)

Low energy electron diffraction (LEED) is a fundamental technique for investigating the atomic
structure of crystalline surfaces [138]. The method relies on the diffraction of low-energy electrons,
typically in the range of 20-200eV, when they interact with the periodic arrangement of atoms
at a material’s surface. For a more comprehensive overview of the method and its theoretical
background, see for example refs. [138] |141]. Due to the low penetration depth of these electrons,
LEED is highly surface-sensitive, providing information exclusively about the outermost atomic
layers of a material.

In a typical LEED experiment, a beam of monochromatic electrons is directed toward the surface
of a sample. As the electrons interact with the periodic potential of the surface atoms, a fraction
of them is elastically back-scattered, producing a diffraction pattern that reflects the symmetry
and periodicity of the surface lattice. This pattern is projected onto a fluorescent screen, where
the positions and intensities of the diffraction spots provide direct information about the surface
structure, including lattice constants, reconstructions, and adsorbate arrangements. The basic
components of a LEED apparatus are depicted in Fig. 2.3, together with an exemplary LEED
pattern in Fig. 2.3p. LEED is particularly powerful for analyzing ordered surfaces, as the
sharpness and intensity of the diffraction spots are directly related to the degree of surface order
and cleanliness. By comparing experimental diffraction patterns with theoretical simulations,
the exact atomic arrangement of the surface can be determined with high accuracy. This makes
LEED an indispensable tool in surface science, especially for characterizing surfaces, thin films,
and surface reconstructions.
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Figure 2.3: Basic principle of a LEED apparatus. (a) Schematic depiction of
a LEED setup. Redrawn from [138]. (b) Exemplary LEED pattern recorded of
the square lattice of a Fe(100) surface. The first occurring diffraction spots are
indicated, along with the electron kinetic energy used during the measurement.

2.2 Scanning Tunneling Microscopy and Spectroscopy (STM/STS)

The scanning tunneling microscope (STM) is one of the most important techniques in modern
surface science, revolutionizing the way we experience matter by enabling the visualization of
individual molecules and even atoms. Invented by Gerd Binnig and Heinrich Rohrer at the IBM
research laboratory in Ziirich in 1981, this groundbreaking tool became the flagship technique of
nanoscience and earned them the 1986 Nobel Prize in Physics [142].

Beyond its pioneering achievement of resolving surface topographies with sub-A resolution, STM
has evolved into an exceptionally versatile experimental platform [143, 144]. Today, it is not
only used to image individual atoms and molecules but also to manipulate them [145] 146,
enabling the realization of single-molecule nano-devices [147] and even the atomic control over
chemical reactions [148]. A particularly striking extension is the application of an additional
radio-frequency AC field to the STM junction, which enables coherent spin control in single-atom
electron spin resonance experiments [149]. This merges the atomic spatial resolution of STM
with the energy resolution of magnetic resonance spectroscopy. Moreover, by coupling STM
with ultrafast laser pulses, time-resolved measurements with simultaneous spatial and temporal
resolution become feasible [150, [151]. When combined with synchrotron radiation, STM even
reaches chemical sensitivity through a-ray absorption spectroscopy (XAS) with atomic spatial
resolution |152]. By integrating the dimensions of space, spin, time, and elemental specificity,
STM has redefined how we probe and manipulate the fundamental building blocks of materials.

A basic STM consists of several essential components, which are depicted in Fig. 142]. At
its core is a probe tip, which scans the surface of the sample by measuring the tunneling current
generated between the tip and the surface. Precise control of the tip’s position is achieved using
piezoelectric transducers, which allow movement in three mutually perpendicular directions: x,
y, and z. The x and y directions scan the surface laterally, while the z-direction adjusts the
distance between the tip and the sample. During measurement, the tip and sample are separated
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constant current mode

constant height mode

Figure 2.4: Technical realization of a scanning tunneling microscope. (a) Illustra-
tion of the basic components of an STM. The STM can be operated either in the
(b) constant current mode, or the (c) constant height mode.

by only a few A, allowing their wavefunctions to overlap . When a bias voltage V'is applied
between the tip and the sample, a tunneling current (I) is established. The direction of the
current depends on the sign of the bias voltage. Conventionally, a positive bias voltage (V' > 0)
corresponds to tunneling from the occupied states of the tip to the unoccupied states of the
sample. Conversely, a negative bias voltage (V' < 0) indicates tunneling from the occupied states
of the sample into the unoccupied states of the tip.

In constant current mode (see Fig. [2.4b), the tunneling current is maintained at a constant
value by adjusting the z-position of the tip via a feedback loop , . When the measured
current exceeds a reference value, the feedback loop withdraws the tip; when it falls below the
reference, the tip moves closer. This process generates a two-dimensional map of z(x,y), which
represents the surface contour [154]. The data can then be visualized as a topographic plot.
Alternatively, in constant height mode (see Fig. ), the z-position remains fixed while the
tunneling current is recorded as the tip scans the surface laterally. This method produces a
current map, I(z,y), which contains similar information to the constant current mode but is
better suited for extremely flat surfaces. It also allows faster data acquisition, as no adjustments
to the z-piezo are required .

From a quantum mechanical perspective, the tunneling current can be estimated using the
principles of tunneling through a potential barrier. For a one-dimensional potential U(7) = U(z),
the Schrodinger equation is given by [153]:

_iv%(?) + U(2)Y(F) = Ey(7),

o (2.2)

where % is the reduced Planck constant and m the electron mass. For this expression, the wave
function can be separated as:

() = Yy, y)i.(2), (2.3)

and the energy as:

E=FE+E, (2.4)
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hzkﬁ
2m

where EH =

Inside the barrier only the decaying term is relevant, thus:

Y, (z) o e "% (2.5)

where the decay constant k is:

2m 2m h2kz 2m
K = W(UO_EZ):\I%L?<UO_E+ = ﬁ(qﬁ—E)Jrkﬁ. (2.6)

Close to Ep and for small applied voltages (e - V <« &), x determines the rapid decay of
the tunneling current with increasing tip-sample distance. This results in an extreme surface
sensitivity of STM, with the tunneling current decreasing by an order of magnitude for every 1 A
increase in z [153] 154]. The tunneling of a sample state 1,, with energy E, inside the sample,
from the metal surface to the tip, is visualized in Fig. The work function ¢ represents the
minimum energy needed to remove an electron from the metal into vacuum. When a small bias
V'is applied, electronic states in the sample with energies E,, in the range from Ey to Ep —e -V
can tunnel into the tip, with the transmission probability given by T = e~2%* [153, |154].

sample
Evac t|p

L R— .

0 VA

vac

Figure 2.5: Schematic illustration of electron tunneling in scanning tunneling
microscopy (STM). A sample state 1,, with energy F,, tunnels from the sample
(left) to the tip (right) through the vacuum barrier. The work function @ represents
the energy required to remove an electron from the metal into vacuum. When a
small bias voltage V'is applied, electronic states within the energy range E —e-V'to
E contribute to the tunneling current. The probability of tunneling is determined
by the decay constant k. Adapted from [153].

Probing the Electronic Structure in STS

For a more detailed description of the tunneling process, Bardeen’s tunneling theory provides
the foundation for the widely-used Tersoff-Hamann model [153, 155]. This model approximates
the STM tip as a spherical potential well with a radius of curvature R and a center at r, (see
Fig. [155]. The distance between the tip and the sample is defined by the parameter d. In
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2.2 Scanning Tunneling Microscopy and Spectroscopy (STM/STS)

this framework, the tip wavefunction is treated as an s-wave, simplifying the calculation of the
tunneling current. The model predicts that the tunneling conductance (G = I/V) is proportional
to the local density of states (LDOS) at Ey and 7:

G x p(Ep, 7). (2.7)

where p(Ep,7,) is the LDOS at the Fermi energy and tip position 7 [153] |155].

Figure 2.6: Schematic representation of the tip-sample geometry in the Tersoff-
Hamann model [155]. The tip is approximated as a locally spherical structure
with radius R centered at position r;. The dashed circle represents the effective
curvature of the tip. The tip-sample separation is denoted d. Adapted from [155].

Under specific conditions — such as a spherically symmetric tip state, a constant tip density of
states over the energy range of interest, and minimal variation of the sample LDOS within kgT
— the Tersoff-Hamann model can be extended to finite bias [153], i.e.:

G x p(BEyp —e-V, ). (2.8)

Consequently, STS allows for the measurement of the energy-resolved local density of states
(LDOS), by recording the differential conductivity as the applied bias voltage is swept across
a defined range 156, 157]. However, careful background subtraction is essential for ensuring
quantitative accuracy of the spectra. Normalizing dI/dV spectra by the measured conductance
(I/V) is a simple and effective approach [157], though it does not account for variations in the
DOS of the tip [158]. Advanced corrections may be necessary for precise LDOS measurements
[159]. By acquiring spatially resolved dI/dV maps, STM can directly visualize the real-space
distribution of surface electronic states [160, 161], as well as the molecular orbitals of individual
adsorbates [90, 162]. In the latter case, the observed intensity patterns can be directly compared
to Kohn—Sham orbitals obtained from density functional theory (DFT). It is also important to
recognize that STM is inherently sensitivity to electronic states with small in-plane momentum
(k:H), since the tunneling current is dominated by contributions from states near the I'-point
of the Brillouin zone (BZ) [163H165|]. This presents a fundamental contrast to photoemission
spectroscopy, which accesses a broader momentum range. Awareness of this difference can be
crucial when interpreting or correlating data from both techniques.
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2.3 Density Functional Theory (DFT)

DFT is one of the most widely used computational methods in quantum mechanics for predicting
the electronic properties of atoms, molecules, and solids. It provides an efficient framework for
solving the many-electron Schrédinger equation by expressing the total energy as a functional of
the electron density.

The Many-Body Problem and the Born-Oppenheimer Approximation

The fundamental challenge in quantum mechanics is solving the time-independent Schrédinger
equation for a system of N interacting electrons and M nuclei:

¥(R,r) = E¥(R, 1), (2.9)

where R represents the nuclear coordinates, r the electronic coordinates, and ¥(R,r) is the
many-body wavefunction [166|. The full Hamiltonian consists of kinetic and interaction terms:

~ h2 7.2 7.7 2
H==2 5,Vi~ Z*V”Z\r—ﬂ DB MRP S v R

1<J I<J

This equation is computationally intractable for large systems. The Born-Oppenheimer approxi-
mation simplifies the problem by assuming that nuclei are much heavier than electrons and can
be treated as stationary. This reduces the problem to solving the electronic Schrédinger equation
in a fixed nuclear potential, involving only the second, third, and fourth terms [167]:

~

Helwd(r) = Eelwel(r)‘ (211)
However, even in this simplified form, the many-body electron-electron interaction remains a
major computational challenge.

The Hohenberg-Kohn Theorems and the Concept of DFT

DFT replaces the many-electron wavefunction ¥(ry,r,,...,ry) with the electronic density p(r),
reducing the problem from 3N dimensions to only three. The foundation of DFT is established
by the Hohenberg-Kohn theorems [168]:

1) The ground-state electronic density p(r) uniquely determines all the ground-state
properties of the system, including the total energy and the many-electron wave
function.

2) The exact ground-state electron density minimizes the total energy functional
E[p] and this variational minimum corresponds to the solution of the Schrédinger
equation.
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2.3 Density Functional Theory (DF'T)

Thus, instead of solving the full Schrédinger equation, one can simply obtain the ground-state
properties of an interacting electron system by minimizing F[p] with respect to p(r). This is
the central idea of DFT. However, while the existence of the correct E[p] is guaranteed by the
Hohenberg-Kohn theorem, its exact form is unknown [169].

The Kohn-Sham Equations

Since the actual form of E[p] is not known, Kohn and Sham introduced an auxiliary system of
non-interacting electrons that reproduce the same ground-state density as the interacting system
[170]. The total energy functional is decomposed as |169]:

Elp] = T,[p] + Eeulpl + Exlp] + Eclpl, (2.12)

where [169):

o T.[p] is the kinetic energy of the non-interacting electrons,

o E_.[p] is the external potential energy,
o Eyp] is the classical Hartree energy describing electron-electron Coulomb repulsion, and

o E._[p] is the exchange-correlation energy, which contains all many-body effects beyond
Hartree theory.

The Hartree potential treats the electron-electron interaction in a mean-field manner and therefore
includes a so-called self-interaction contribution. This leads to a well-known deficiency of DFT:
the tendency to over-delocalize electrons. The origin of this self-interaction lies in the fact
that the electron described by the Kohn-Sham equation also contributes to the total density,
thereby experiencing an unphysical Coulomb interaction with itself. Among other contributions,
the attempted correction of this self-interaction error is included in the exchange-correlation
functional [169].

The single-particle Kohn-Sham equations take the form [166, 169]:

T V)| () = et (), (213)

where the effective potential is given by:

V.

€

(1) = Vet (1) + Vi (1) + Vi (x). (2.14)

This formulation reduces the many-body problem to a set of single-particle equations, which can
be solved self-consistently. However, the quality of the resulting calculations is influenced by how
closely the employed exchange-correlation functional approximates the unknown exact one.
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Accuracy and Predictive Power of DFT

DFT has been remarkably successful in predicting ground-state properties of molecules and
solids, including [171]:

o Total energies and electronic band structures,

e Structural properties such as equilibrium geometries and lattice constants,
e Chemical reactivity and adsorption energies,

o Magnetic properties and spin polarization.

However, the accuracy of DFT depends on the choice of the exchange-correlation functional
E_[p]. The most widely used approximations include [167, [169]:

o The local density approximation (LDA), which assumes that the exchange-correlation energy
at each point in space depends only on the local electron density, as in a uniform electron
gas.

o The generalized gradient approximation (GGA), which incorporates density gradients for
improved accuracy.

o Hybrid functionals, such as B3LYP [172} 173, which mix a fraction of exact Hartree-Fock
exchange with GGA exchange-correlation to better capture electron correlation effects.

While DFT provides an excellent balance between accuracy and computational efficiency, it
has known limitations, particularly in describing strongly correlated materials, charge transfer
excitations, and van der Waals interactions [95| |123] 167]. Extensions such as Hubbard-corrected
DFT (DFT+U), the GW approximation, DMFT corrections, and time-dependent DFT (TD-
DFT) have been developed to address these shortcomings [60, 124, 174, [175]. In the result
chapters, two of these approaches, namely DMFT and DFT+U will be examined in more detail
in the context of electron correlation effects at interfaces involving a ferromagnetic Fe surface.
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3 Photoemission Techniques for Resolving Electronic
Structure

3.1 Photoelectron Spectroscopy (PES)

Photoelectron spectroscopy (PES) is fundamentally based on the photoelectric effect, first observed
in 1887 by Heinrich Hertz |176]. Subsequent studies by Hallwachs [177], and Lenard [178] provided
further insights, ultimately enabling Albert Einstein to explain the phenomenon in 1905 using
the quantum nature of light |[179], a concept introduced five years earlier by Max Planck [136].
This discovery marked a major turning point in physics, as it provided direct evidence for the
wave-particle duality of light and played a key role in the development of quantum mechanics,
formally established in 1926 by Schrodinger [180].

Early attempts to harness the photoelectric effect for analytical applications were hindered by
experimental limitations. However, the field experienced a major breakthrough in the 1950s,
driven by the work of Kai Siegbahn, who rekindled interest in photoelectron spectroscopy by
integrating high-resolution spectrometers into the technique. His contributions paved the way for
the development of various spectroscopic methods based on the photoelectric effect, which have
since become indispensable for investigating molecules, solids, and surfaces [181]. Recognizing its
profound impact on materials science, the Nobel Prize in Physics was awarded in 1981 to Karl
Siegbahn for his pioneering work in photoelectron spectroscopy [182]. He not only realized the
potential of photoelectrons as a spectroscopic tool but also introduced the concept of electron
spectroscopy for chemical analysis (ESCA), a milestone that established PES as a cornerstone of
modern surface science. Some of its key principles, variants, and applications of PES will be
discussed in detail in the following sections.

3.1.1 Core- and Valence-Level Spectroscopy

A schematic overview of a typical PES experiment is shown in Fig. By measuring the kinetic
energy E\;, and emission angles ¢ and 6 of photoelectrons emitted after excitation with photons
of energy hv, the binding energy F, of the electrons can be determined via the photoemission
equation:

By, =hv—E — 9, (3.1)

where @ denotes the work function of the material and E)} corresponds to the electron binding
energy in reference to the Fermi level (E, = 0 at Ey) [183].
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Figure 3.1: Illustration of a standard PES setup.

The relation between the electrons and their energy levels inside a metal, and the corresponding
intensity of the photoelectrons as function of the energy I(E,,,), the so-called energy distribution
curve (EDC), is depicted in Fig. 3.2

The bottom left side sketches the basic spatial distribution of electronic levels inside a typical
metal, consisting of strongly localized levels that lie close to the atomic cores (core levels in
dark green), and the strongly delocalized valence electrons (light green shaded area) that are
allowed to move freely throughout the solid. While the former have rather high binding energies
typically ranging from 100eV to several keV, the latter are located in a rather narrow range
of roughly 10eV below the Fermi energy, which are typically accessed with light sources up to

100V [184].

As shown, the EDC is a projection of the density of occupied states D(E) superimposed to
a continuous background, which results from inelastically scattered secondary electrons .
In general, these electrons can be considered as having lost their initial information about the
electronic structure of the solid. However, since the scattering processes are closely linked to the
unoccupied density of states, they can, with appropriate theoretical modeling, be exploited to
gain insights into the unoccupied electronic structure .

According to the different photon energies that are utilized to study either the core or the
valnce electrons, PES is generally divided into two different types . The first one is
x-ray photoelectron spectroscopy (XPS), which employs x-ray radiation, i.e. photons with
energies in the range of 100eV — 10keV, to probe core-level electrons .

These levels appear as sharp peaks at high binding energies in the EDCs and are highly sensitive
to the local chemical environment (see Fig. . Shifts in core-level binding energies —
known as chemical shifts — arise from changes in valence electron density due to processes such
as oxidation, reduction, or chemical bonding . For example, oxidation usually shifts core
levels to higher binding energies (typically by 1-2eV) due to reduced screening, while reduction

40



3.1 Photoelectron Spectroscopy (PES)

A
E.--1 o=
uprs D -
(10 - 100 eV)
XPS /ESCA Y
(0.1 - 10 keV)
A hw
Evac - -"-"—-"-=-= -
I(D DOS(E)
___________ E -{pmma — —¥ o ccmeeeeee -} -
Jlence
_________________ band
core
electrons |
_ _i ____________ core level

DOS(E)

Figure 3.2: Schematic illustration of the relation between the electronic structure
of a solid and the EDC obtained in photoemission experiments with a photon
energy hw. The green structure on the left represents the distribution of charge
carriers in a solid. Core electrons (dark green) are localized close to the atomic
nucleus (core) and form discrete, sharp energy levels. In contrast, valence electrons
are more delocalized and contribute to broad energy bands. This underlying
electronic structure, shown in the center as a density of states (DOS), is probed in
photoemission experiments.

leads to the opposite effect. Such shifts offer a reliable means of distinguishing between metallic
and oxidized states in both bulk materials and adsorbed metal-hosting organic complexes [186].

In addition, surface core-level shifts (SCLSs) can occur due to differences between surface
and bulk atoms, further extending the information obtainable from XPS [187]. Thanks to its
element-specific nature and chemical sensitivity, XPS is widely used to determine composition,
oxidation states, and bonding environments [184]. However, the interpretation of spectra can be
complicated by overlapping effects, necessitating careful analysis and often theoretical support
[138].

In contrast to XPS, ultraviolet photoelectron spectroscopy (UPS) utilizes photon energies
in the ultraviolet to extreme ultraviolet range (hv ~ 10-100eV), making it particularly well-suited
for probing valence electronic states [184].
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The measured UPS intensity reflects the energy distribution of occupied states, modulated not
only by the DOS but also by transition matrix elements associated with the photoemission
process |184, |188, |189]. In systems of weakly-interacting electrons, such as simple metals, the
spectral line shape often closely reflects the calculated DOS. However, in materials where electron
correlations play a significant role, many-body interactions can substantially modify the spectral
features, leading to marked deviations from the ground-state DOS [190].

Beyond providing information on the valence band electronic structure, UPS enables a precise
determination of a sample’s work function (€). By analyzing the secondary electron cutoff,
UPS allows for an accurate measurement of ¢ |191]. Taken together, these characteristics
have established UPS as a standard method for characterizing surface electronic properties and
hybridization phenomena at interfaces.

Moreover, when the photoelectron emission angles are resolved — a technique known as angle-
resolved photoelectron spectroscopy (ARPES) — UPS evolves into a powerful method for mapping
the momentum-resolved electronic states. This grants access to one of the most fundamental
characteristics of a solid material: its band structure. When combined with pump-probe schemes,
time-resolved photoemission enables the exploration of the unoccupied band structure and the
dynamics of excited states with femtosecond (fs) and even attosecond (as) time resolution [192,
193]. This ultrafast perspective is essential for studying non-equilibrium phenomena [194} 195],
including charge carrier dynamics [196], the relaxation of excitonic excitations [197, 198], and
light-induced phase transitions [199].

3.1.2 Three-Step and One-Step Models of Photoemission

A widely used approach for quantitatively understanding the photoemission process and the
resulting spectra is the three-step model, introduced by Berglund and Spicer [200} 201]. This
model provides a simplified yet effective approximation by dividing the entire process into three
independent and sequential stages.

The first step involves the optical excitation of an electron within the solid. According to Fermi’s
golden rule, the probability of transition between an initial |¥;) and a final state |¥;) is given by
[184] [202:

2 -
Wiy = Z‘<Wf|Hmt|q/i>|2'5(Ef_Ei_hV)> (3.2)

where the operator Hint — 27;6 (%T . f)) describes the interaction between photon and electron,
when local field effects are neglected (valid approximation for lower photon energies) and the
d-function ensures energy conservation [184, [188]. In this model both initial and final state are
considered as bands inside the solid. If a dipole transition between two bands is allowed depends
on the symmetry of initial and final state and also on the polarization of the incident light [188],

189, [203).

The next step is the propagation of the electron towards the surface. The amount of photoexcited
electrons that leave the solid is limited by inelastic scattering, which not only reduces the energy
of excited electrons but also makes them lose their initial momentum information (ignoring any
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potential insight they may carry about the unoccupied states). The decisive quantity for the
attenuation is the inelastic mean free path (IMFP) A, which describes the average distance an
electron has to travel inside the solid before it scatters inelastically [204]. It is highly dependent
on the kinetic energy of the electron, thus, the photon energy but also the binding energy of
the investigated electrons have a great influence on the surface sensitivity in PES. The universal
curve of the IMFP alongside a selection of the IMFP measured for different metals is shown in
Fig.[3:3] The minimum of the curve lies in the range from 50 — 100 eV, where X is in the order
of approximately 2—5 A, which demonstrates why UPS is considered a strongly surface sensitive
technique. The third step is the transmission of the electron through the surface into the vacuum,

Mean free path 4 (A)
lO()Ao

N W AU

W Aoy O

»

3456 10 2 3456 100 2 3456 1000 2
Electron energy (eV)

Figure 3.3: Graph of the IMFP as a function of Ey;,. Often this curve is referred
to as universal curve. Reproduced from [205]. © 2023 Springer Nature.

which requires that the final state lies above the vacuum level. As the parallel translational
symmetry is conserved during the photoemission process, also the parallel component of the

in

electron’s wave vector inside the solid AH is conserved, and thus Ein = ﬁﬁx holds. This relation
3.13)

will be discussed in more detail in the following section (Section

The three-step model provides a valuable description when the three processes do not interfere
with each other [206]. In particular, for valence-level spectroscopy, the last two steps are
considered less significant, as variations in the photoemission current are mainly determined by
the allowed transitions in the solid’s band structure |188], 206]. In this model, Fermi’s golden
rule is applied only to the initial excitation step, treating the subsequent propagation and escape
processes separately.

A more rigorous, state-of-the-art, but also more complex approach to calculating photoemission
intensities is the one-step model [184]. This formalism accounts for all many-body interactions,
including inelastic scattering processes of photoelectrons, providing a quantitative estimation of
the photoemission spectral weights [207]. Unlike the three-step model, the one-step approach
directly applies Fermi’s golden rule to the entire photoemission process, using a more accurate
description of the final state. Within the one-step model, the final state is described as a
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physically accurate time-reversed LEED state. Inside the crystal, it is expressed as a sum of
propagating and evanescent Bloch waves, which transition into free-electron-like behavior in
vacuum [184]. A direct comparison between the one-step and three-step models is shown in

Fig. 4]

Notably, under certain approximations, the three-step formalism can be recovered starting from
the one-step approach [184]. While applications of the one-step theory to realistic systems have

significantly improved in recent years, applying this formalism to more complex systems remains
challenging [207].
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Figure 3.4: Illustration of the three-step and one-step models of photoemission.
The three-step model divides the photoemission process into three stages: (1)
photoexcitation, (2) electron transport to the surface, and (3) transmission into
the vacuum. In the one-step model, all three processes are inherently included in
the time-reversed LEED state. Reproduced from [184]. © 2003 Springer Nature.

3.1.3 Angle-Resolved Photoemission and Band Structure Mapping

As indicated earlier, ARPES is the go-to technique for experimentally accessing the band structure
of crystalline materials [208,|209]. In the following, we briefly introduce its fundamental principles,
beginning with the relationship between the electron’s wave vector inside the solid, k™, and the

detected wave vector of the emitted electron, %QX, which is determined from the measured kinetic
energy via:

i (i + 1)

By = : (3-3)

2m

where m denotes the electron mass.
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The emission angles provide direct access to the momentum components of the emitted electron.
The polar angle 6 describes the emission direction relative to the surface normal, while the
azimuthal angle ¢ defines the in-plane orientation. The corresponding parallel momentum
components of the emitted electron are given by:

< = ke sin(0) = W sin () (ngjjg) . (3.4)

This relation establishes how the measured emission angles 6 and ¢ determine the electron’s
momentum components in the surface plane. Fig. illustrates this connection, depicting how
the emission direction correlates with the momentum components k, and k, of the emitted
electron.
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Figure 3.5: Relation between emission angles and momentum components in
ARPES. The grayscale map represents the measured photoemission intensity in
the k,-k, plane at a constant kinetic energy. The blue wavy arrow indicates the
incident photon, while the green arrow represents the emitted photoelectron. The
k, and k, momentum contributions, which are directly linked to the emission
direction, are visually highlighted in dark green.

Due to the periodic potential along the surface, the parallel momentum component of the electron
is conserved up to a reciprocal lattice vector G,

This conservation allows a direct mapping of the two-dimensional (2D) surface band structure
from the measurable quantities Ey;,, 0, and ¢.

While the parallel momentum component is well-defined, the perpendicular momentum component
0 is not conserved due to the loss of translational symmetry in this direction. To approximate

45



3 Photoemission Techniques for Resolving Electronic Structure

74:1“, the free-electron final-state model is frequently employed. This model assumes a parabolic
dispersion for the final state and introduces an empirical inner potential V}), leading to the
expression [206]:

. 2m

The inner potential V; must be determined experimentally, typically by comparing measured
ARPES spectra with calculated band structures or by analyzing measurements at varying photon
energies. Since the photon energy directly influences the range of accessible %T values, tuning it
provides an effective approach for reconstructing the bulk electronic structure [210)].

3.2 Photoemission Orbital Tomography (POT) of Molecular Layers

While the previous sections have focused on crystalline solids and the use of ARPES to access
their band structure, organic molecular systems present a different set of challenges. In particular,
conventional UPS measurements on thin molecular films often suffer from broad and overlapping
spectral features, making the identification of individual molecular orbitals challenging [64].
Photoemission orbital tomography (POT) offers a unique approach for probing the electronic
structure of organic molecules adsorbed on surfaces, making use of the aforementioned momentum-
resolved information provided by ARPES [63, 64, 114].

Fundamentals of POT

Within the one-step model of photoemission (Section [3.1.2)), the photocurrent I(k,,k,; Ey,)

x My
emitted in a direction (k,, k,) results from transitions between occupied molecular orbitals ¥;
and final states ¥:

I(kgcv Yy Ekm Z | wf kwv y?Ekin)"Z( : ﬁ’wz>‘2 X 5<Ez +P+ Ekin - hw) (37)

A key simplification in POT is the plane-wave final-state approximation, which treats the
emitted electron’s final state as a free-electron plane wave. This reduces the expression for
the photocurrent I; originating from a specific initial molecular orbital ¥; to a direct relation
involving the Fourier transform of the respective molecular orbital [63} 211]:

I(ky, k) oc [A K2 - (K, k)%, (3.8)
where | A | is the polarization factor and k|2 = k,? + k‘yz +k,> = 22 F,... The key advantage of
this approximation is that the momentum-dependent photocurrent directly reflects the modulus
square of the Fourier transform of individual molecular orbitals, allowing their structure to be
reconstructed from reciprocal space [63], as illustrated in Fig. .
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As can be shown with mathematical rigor, this approach is valid for large, planar molecules
consisting mostly of light atoms, such as hydrogen, carbon, nitrogen, and oxygen, when photoe-
mission is dominated by delocalized m-orbitals . Additionally, for the approximation to hold,
the emi‘gted electron’s momentum vector & should form a small angle with the light polarization
vector A.

Although POT was initially developed for imaging m-orbitals, recent studies have demonstrated
that o-orbitals can also be imaged with this technique, significantly expanding its applicability
[212]. This capability is particularly relevant for surface chemical reactions, as o-orbitals provide
direct insight into bond formation and dissociation processes at the molecular periphery, which
m-orbitals alone might not capture.

Recently, POT has been used to experimentally resolve an unprecedented number of 38 molecular
orbitals within a binding energy range exceeding 10 eV . Such an extensive dataset provides a
stringent benchmark for exchange-correlation functionals in DFT, by enabling a direct validation
of calculated orbital energies.
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Figure 3.6: Concept of the photoemission orbital tomography approach. In
(a) the HOMO-1 orbital of a porphyrin molecule is shown and in (b) the corre-
sponding FT. By cutting the FT along the isoenergetic hemisphere with radius
k= +/(2m/h?)E,,, indicated in (c), the final momentum map, which is presented
in (d), is created. This simulated momentum map can ultimately be compared to
the experimental data to identify distinct molecular orbitals. Published in [214].

Beyond static orbital imaging, POT has also been extended to time-resolved measurements,
allowing the study of ultrafast molecular dynamics. By implementing a femtosecond pump-probe
scheme, it has been demonstrated that POT can track the evolution of excited molecular states
with both spatial and temporal resolution [215-21§].
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Another valuable aspect of POT is its ability to detect structural distortions of adsorbed molecules,
which typically result from molecule—substrate or intermolecular interactions [219]. This aspect
will be explored in more detail in the final chapter of this thesis, where POT is employed to
elucidate the conformational changes of adsorbed metalloporphyrins and to examine how these
distortions affect the electronic structure.

3.3 Momentum-Resolved Photoemission Microscopy

3.3.1 Real- and Momentum-Space Imaging

Photoelectron emission microscopy (PEEM) is a surface-sensitive technique that utilizes photo-
electrons to generate microscopic images of a sample’s surface. First demonstrated by E. Briiche
in 1933 [220], the technique relies on photoemitted electrons that are extracted from a sample and
subsequently projected onto a detector by a system of electrostatic and magnetic lenses [221} |222].
The working principle of a PEEM is illustrated in Fig. A strong electrostatic field (typically
around 10keV) between the sample (cathode) and an anode accelerates all the emitted electrons,
even those emitted at angles close to +90°, towards a 2D electron detector. This first electrostatic
lens is the so-called cathode or objective lens [223]. While this simple configuration can already
produce images with 15 to 40 times magnification, a severe enhancement of the performance
can be achieved by adding a subsequent imaging column, which hosts a sets of various electron
lenses [222]. The resulting image represents the lateral distribution of photoelectron intensity,
allowing for high-resolution surface imaging. Modern aberration-corrected PEEM instruments
with sophisticated lens columns can achieve spatial resolutions down to a few nanometers [222,
224]. Due to its high-resolving imaging capabilities, PEEM has been widely applied to study
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Figure 3.7: Scheme of the cathode lens in typical PEEM instrument. Reproduced
from [222]. © 2020 Springer Nature.

surface phenomena in materials science and catalysis. A pivotal demonstration of its potential
came from Ertl’s group at the Fritz Haber Institute, where PEEM was used to investigate
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3.3 Momentum-Resolved Photoemission Microscopy

oscillatory behavior in gas adsorption on active surfaces during catalytic reactions. Their studies
provided real-time visualization of surface chemical dynamics, sparking significant interest in the
chemistry community and establishing PEEM as a valuable tool for surface reaction studies [42}
225-227].

Beyond direct real-space imaging, PEEMSs can be configured to operate in a momentum-resolved
mode, commonly referred to as momentum microscopy (MM). In this mode, the instrument
provides direct access to the electronic band structure by mapping the momentum distribution of
photoemitted electrons. For crystalline samples, the objective lens naturally forms a diffraction
pattern in the back-focal plane (BFP), indicated in Fig. [224]. By incorporating an additional
projection lens, this diffraction pattern can be magnified and imaged onto the 2D detector,
resolving the parallel momentum components of the photoelectrons. The objective lens is also the
most critical component in determining the ultimate & resolution, thus precise alingment of the
sample with respect to the anode is of utmost importance [223]. When coupled with an energy
filter, this configuration enables momentum microscopy to record full momentum distributions at
specific kinetic energies, allowing for the reconstruction of complete band structures and Fermi
surfaces [228].

MM was first experimentally demonstrated by Kotsugi et al. in 2002 [229], using a simple
retarding-field electron energy analyzer. Compared to conventional ARPES, which measures
momentum along a small azimuthal region at a time, MM enables the simultaneous detection of
the entire momentum distribution over a 27 azimuthal range. This results in significantly reduced
acquisition times for mapping band structures, while the included microscope functionality allows
identifying and selecting small sample regions, making PEEMs extremely versatile for a wide
range of materials, from crystalline bulk materials to heterostructures, molecular adlayers, and
even microscopic flake samples.

3.3.2 Instrumentation: NanoESCA and KREIOS

For the experiments in this thesis, two complementary momentum microscopes were employed:
the NanoESCA PEEM at the Elettra synchrotron in Trieste [230] and the KREIOS 150 MM
momentum microscope at the Technical University of Dortmund [195, [196]. While both instru-
ments share the same fundamental working principle and utilize hemispherical energy analyzers
for energy dispersion, they differ in design and light source configuration.

Both systems employ hemispherical analyzers for energy filtering. The NanoESCA microscope
incorporates a double-hemispherical analyzer, which corrects for spherical aberrations [231],
whereas the KREIOS system utilizes a single-hemispherical analyzer with an optimized electro-
static lens design that eliminates the need for additional aberration correction [232]. Notably, the
latter also corrects for the nonisochromaticity of electron trajectories — a residual effect that still
persists in standard double-hemispherical designs and typically requires post-processing of the
data [233]. Despite these structural differences, both instruments follow the same energy-filtering
principle. A schematic of the NanoESCA instrument, illustrating its key components — including
the PEEM optics, energy filter, and detector system — is shown in Fig. [3.8
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3 Photoemission Techniques for Resolving Electronic Structure

The primary distinction between the two setups lies in their light sources. The NanoESCA
microscope operates at the Elettra synchrotron, which offers a tunable photon source spanning a
broad range of photon energies and thus covers both the UPS and XPS regimes. This enables
photon-energy-dependent studies and permits switching between different light polarizations,
including linear (s- and p-) as well as circular polarization.

In contrast, the KREIOS microscope is based in a laboratory setting and utilizes two primary
excitation sources:

1. A gas discharge lamp using helium as an excitation source, providing efficiently photon
energies of either 21.2eV (He I) or 40.8eV (He II), commonly used for valence band
spectroscopy. The lamp is further equipped with a monochromator, which filters unwanted
photon energies while reducing the pressure in the experimental chamber during operation
by two orders of magnitude and reducing the beam size down to few hundreds of pm.

2. An extreme ultraviolet (XUV) high-harmonic generation (HHG) source, delivering photons
at approximately 30eV. This pulsed source enables time-resolved measurements via a
pump-probe scheme, allowing the study of ultrafast dynamics in molecular and solid-state

systems [195].
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Figure 3.8: Schematic of the NanoESCA momentum microscope. The system
includes a PEEM column (the cathode lens sits in the beginning) for magnification
and mode-selection, a double-hemispherical analyzer for energy filtering, and a 2D
detector for image acquisition. Reproduced from [234].

Together, these instruments offer complementary capabilities, with the synchrotron-based Na-
noESCA enabling high-energy tunability and polarization control, while the KREIOS system
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3.3 Momentum-Resolved Photoemission Microscopy

provides laboratory-based access to momentum microscopy, including the potential for time-
resolved measurements [195, [196] — although the latter were not utilized in the present thesis.

The NanoESCA further extends its capabilities with spin-resolved measurements, utilizing a
dedicated spin filter to probe spin-dependent electronic properties. Both instruments are equipped
with hexapod sample stages that allow precise piezo-controlled adjustments of the sample position
and cooling via a commercial flow crystoat, which can be operated with liquid nitrogen or helium
to reach sample temperatures below 10 K.

3.3.3 Spin-Resolved Momentum Microscopy

A unique feature of the NanoESCA instrument is its capability for spin-resolved photoemission,
allowing the measurement of spin-resolved band structures. This capability is essential for
exploring the magnetic properties of materials that are otherwise inaccessible in conventional
spin-integrated measurements.
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Figure 3.9: Operation modes of the NanoESCA instrument. (a) Standard spin-
integrated mode, where the photoemitted electrons pass through the hemispherical
analyzer and are directly detected. (b) Spin-resolved mode, where electrons are
further scattered off a W(100) spin-filtering target before detection, enabling spin-
sensitive measurements.

The transition between spin-integrated and spin-resolved operation in the NanoESCA instrument
is schematically illustrated in Fig. In the spin-integrated mode, the momentum distribution of
all emitted electrons is detected without spin discrimination, providing a comprehensive overview
of the electronic band structure. In contrast, spin-resolved measurements are performed by
reflecting electrons at a W(100) spin-filtering target, thereby enabling access to spin-dependent
band structure information.
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3 Photoemission Techniques for Resolving Electronic Structure

Principles of Spin-Filtering in Momentum Microscopy

In general, spin-polarization measurements in photoemission experiments rely on spin-dependent
scattering at a solid-state target. Typical configurations for spin-resolved measurements include
Mott detectors [235], spin-polarized low-energy electron diffraction (SP-LEED) [236], and low-
energy exchange scattering [237]. However, these methods suffer from inherently low efficiency
due to the weak probability of spin-dependent scattering and the single-channel working scheme
of traditional detectors [23§].

The major drawback of conventional spin polarimeters, is their single-channel nature, which
significantly limits data acquisition speed and spatial resolution. These constraints make them
impractical for modern high-resolution photoemission studies, where high efficiency and parallel
detection capabilities are required. The figure of merit, defined as:

I
F= Sghfﬂ (3'9)
0

where Sg;, is the Sherman function (a measure of the spin sensitivity of the detector) and I/1,
is the ratio of scattered to incoming intensity, has remained at approximately 10~ since the
introduction of Mott and SPLEED-based polarimeters in the 1980s [238].

To overcome these limitations, the NanoESCA instrument employs a two-dimensional multichan-
nel spin detection scheme based on a W(100) scattering target [239]. This approach dramatically
enhances the efficiency of spin-resolved measurements, improving detection rates by up to eight
orders of magnitude compared to single-channel detectors. This gain stems from both the
intrinsically high efficiency of the W(100) spin filter and the simultaneous multichannel detection
of electrons, allowing high-throughput spin-resolved band structure measurements [240].

The spin-filtering mechanism in W(100) is based on spin-dependent reflectivity due to spin-orbit
coupling at the crystal surface. When electrons scatter off the W(100) target, their scattering
amplitude depends on their spin orientation, leading to an asymmetry in the measured intensity
based on spin polarization. This filtering effect is maximized when the crystal is used in a 90°
deflection geometry, where the spin quantization axis is normal to the scattering plane [241].

The working principle of the W(100) spin filter is illustrated in Fig. |3.10]

An electrostatic retarding lens deaccelerates the electrons from the analyzer pass energy (typically
100eV), to the scattering energy, E..., ranging between 15 to 90eV. A reciprocal image is
formed at the W(100) target, ensuring that electrons originating from the same point in real

space arrive as a parallel beam at the crystal surface [240].

This arrangement preserves the spatial information of the incoming electron beam. Upon specular
reflection at 90°, the image is reconstructed using a second symmetrical electrostatic lenses,
enabling direct measurement of spin-resolved band structures.

The spin-integrated image can still be obtained by retracting the spin filter from the electron
optical path, ensuring identical detector conditions in both modes [238]. The spin-averaged
reflectivity and spin sensitivity as a function of scattering energy for W(100) are shown in
Fig.[3.10b. The two optimal working points, indicated by vertical dashed lines, lie at scattering
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Figure 3.10: (a) Schematic representation of the spin-filtering process using a
W(100) crystal. Electrons undergo specular reflection at the spin-filter crystal, with
spin-dependent scattering leading to a spin-filtered image. The spatial information
of the source image is preserved due to parallel beam conditions. The spin-integrated
image can still be obtained by retracting the spin-filter crystal from the electron
optical path. Reproduced from [240]. © 2011 AIP Publishing. (b) Spin-averaged
reflectivity (I/1,, open circles) and spin sensitivity (Sg, filled diamonds) as a
function of electron scattering energy for the W(100) spin filter. The two optimal
working points at 26.5eV and 30.5eV are highlighted by vertical dashed lines,

corresponding to highly asymmetric spin sensitivity regions. Reproduced from
[207]. © 2021 Springer Nature.

energies of 26.5eV and 30.5eV, where the spin asymmetries reach approximately 42% and 6%,
respectively [241].

However, a key limitation of the W(100) spin filter is its relatively short operational lifetime.
Contamination from surface adsorption rapidly degrades the crystal quality, typically within a
few hours, requiring frequent cleaning. Additionally, the fundamental limit in energy resolution
is set by the crystalline quality of the W(100) target [240]. Defects, mosaic structures, and
other imperfections can broaden the diffraction pattern and reduce measurement precision.
Consequently, careful preparation and the use of high-quality, well-ordered W(100) crystals are
essential for optimal performance [241].

To mitigate some of these issues, a novel approach involves using an Ir(100) substrate passivated
with a pseudomorphic monolayer of Au. This modification has been shown to enhance efficiency
while significantly extending operational lifetimes to several weeks and even months. However, the

preparation of such a target requires additional tools for precise Au deposition and maintenance
[223].

Noteworthy, a novel approach representing the newest generation of 2D imaging spin filters
employs the Fe—-O surface as a spin-selective scattering target that combines spin—orbit and
exchange scattering within a single system [242]. This advanced design enables the simultaneous
detection of two spin-polarization directions using only a single setup. Moreover, with the
integration of an additional imaging branch, the configuration could, in principle, be extended to
allow full spin-vector resolution [242].
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3 Photoemission Techniques for Resolving Electronic Structure

Calculation of the Spin Polarization

The spin polarization P(z,y) and total intensity I,(z,y) can be determined using intensity
measurements at the two optimal spin-filter working points:

Ii(z,y) — I)(z,y)
S - Ih(x7y) — Sy - Il(mv y)

P(z,y) = (3.10)

_ Sllh(xa y) — Shfz(l‘,y)
S — 85y

Iy(z,y) (3.11)

where I, I}, represent the measured intensities at low and high spin-filter working points, normal-
ized to their respective reflectivity references R;, R;, while S}, S, denote the spin asymmetry
functions at these energies [207] 241].
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4 Oxygen Chemisorption on Fe(100)

4.1 Introduction: Adsorption and Correlation at Ferromagnetic
Surfaces

Ferromagnetism in transition metals such as Fe, Co, and Ni is commonly understood within
the framework of the single-particle Stoner model [243|, which describes it as arising from a
spontaneous spin polarization of the electronic states when the gain in exchange energy outweighs
the associated increase in kinetic energy, leading to an exchange splitting between majority
and minority spin bands. Within this framework, the exchange interaction is treated using a
static mean-field approximation, in which each electron experiences an effective magnetic field
generated by the average spin polarization of the other electrons. This mean field leads to an
energy splitting between majority and minority spin states, stabilizing the ferromagnetic ground
state [244].

When an adsorbate approaches a ferromagnetic surface, its molecular orbitals hybridize with
the spin-polarized electronic structure of the metal. As introduced in Section this process
can be described within the Newns-Anderson and d-band models [47, 48, 52|, which provide
intuitive frameworks for understanding adsorbate—metal interactions. In the case of ferromag-
netic substrates, however, the spin-split density of states must be explicitly considered, as the
hybridization becomes inherently spin-dependent, leading to distinct bonding and antibonding
resonances in the majority and minority spin channels, as depicted schematically in Fig. [245].
Analogous to the standard d-band model, the adsorption strength and the modification of the
substrate’s spin-polarized electronic structure are governed by the spin-resolved position and
filling of the hybrid states relative to the Fermi energy (Ep), with the majority and minority
spin channels considered separately, resulting in a spin-selective hybridization process [245].

The d-band model provides a simplified single-particle interpretation of the electronic structure
as obtained from spin-polarized DF'T, which itself is a single-particle formalism based on an
effective spin-dependent potential [47] 246].

While this single-particle description captures many essential aspects, it was recognized early on
that 3d-ferromagnetic transition metals exhibit pronounced electron correlation effects due to
the localized nature of their open 3d-shells, which remain relatively strongly bound to the ionic
cores |55, 247-249|. These many-body interactions significantly influence both the electronic
and magnetic properties of these materials and cannot be fully captured by mean-field theories
such as the Stoner model or standard DFT [250-252]. Correlation effects typically manifest in
several key ways: a narrowing of the 3d-bandwidth, a reduction of the exchange splitting, the
appearance of satellite features in excitation spectra at higher binding energies [58, |253-258],
and the broadening of electronic bands due to the finite lifetime introduced by many-particle
scattering [124} [175]. Given that chemisorption modifies the d-band structure by introducing
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Figure 4.1: Schematic representation of the d-band model for adsorption on
ferromagnetic surfaces. On the left, an isolated atom or molecule exhibits sharp
discrete electronic levels. As the adsorbate approaches the ferromagnetic transition
metal surface (right), these levels initially broaden due to weak interaction with the
metal states. Upon strong hybridization with the d-bands of the metal, the states
split into bonding and antibonding adsorbate-metal resonances, as illustrated in
the middle for the hybridized interface.

hybridization and altering the occupation and distribution of d-states, it is natural to expect
that these changes will also affect the strength and character of electron correlation at the
surface. Variations in the local d-electron configuration could influence the effectiveness of
many-body scattering processes, potentially leading to measurable changes in electronic structure
and magnetism. However, the specific ways in which adsorption modifies correlation effects
remain largely unexplored.

This raises two central questions:

1) How does chemisorption at ferromagnetic surfaces influence electron correlation?

2) What are the resulting consequences for the electronic and magnetic properties of
the hybrid interface?

Addressing these questions is the central focus of this chapter.

To explore the phenomenon of adsorbate-induced correlation phenomena, we focus on the model
system of oxygen chemisorbed atop ferromagnetic (FM) iron, forming an Fe-O reconstruction,
where the O atoms occupy the hollow sites of the surface lattice, positioned less than 0.5 A
above the Fe surface atoms. This system serves as an ideal test case due to its well-characterized
electronic structure , , its known magnetic properties , including its role
as a highly effective spin filter in spin-resolved photoelectron spectroscopy experiments
2641-266]. Through studying this prototypical hybrid interface, we aim to gain detailed insight
into how chemisorption modifies electron correlation at ferromagnetic surfaces and to provide a
basis for understanding correlation effects at hybrid interfaces more generally.
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4.2 Sample Preparation and Experimental Overview

The Fe(100) thin film investigated in this study was epitaxially grown on a MgO(100) crystal.
Initially, the commercial MgO substrate (MaTecK GmbH) was cleaned under UHV conditions
by sequential cycles of argon ion sputtering (2keV Ar*) and annealing at 870K for 45 minutes
[267]. A 300 nm-thick Fe(100) film was then deposited in-situ via e-beam evaporation using an
EFM 3 evaporator by Focus GmbH. This thickness ensures in-plane magnetization along the
Fe [001] crystallographic direction (easy axis). Surface cleanliness was maintained by repeated
cycles of gentle Ar™ sputtering at 0.5keV and annealing at 870 K.

The Fe(100)—p(1 x 1)O surface was prepared by exposing the clean Fe film to 30 L (Langmuir) of
O, at approximately 820 K. Subsequent annealing at 870 K for 5 minutes ensured the removal of
excess oxygen, leading to the formation of the desired surface reconstruction, which was verified

by LEED and AES (see Fig. [4.2]).
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Figure 4.2: Surface characterization of Fe(100)—p(1 x 1)O. (a) LEED pattern at
90 eV showing sharp (01) and (11) diffraction spots, indicative of high crystalline
order. (b) Differential AES spectra of clean Fe(100) (red) and Fe(100)-p(1 x 1)O
(black), confirming successful passivation with oxygen. Ounly one of the three
Fe-related peaks is highlighted.

To investigate the electronic structure, mainly a NanoESCA momentum microscope was utilized,
which is equipped with an adjustable W(100) spin-filtering target, allowing the measurements of
momentum maps with additional information on the in-plane spin polarization. This instrument
enables probing of the electronic and magnetic properties of interfaces with high precision
throughout the entire surface Brillowin zone (SBZ). To ensure a well-defined magnetic state
during the spin-photoemission experiments, the Fe sample was magnetized inside the UHV
analysis chamber along the [001] direction using a permanent magnet and measured in remanence.
For verification of the measured properties, measurements were also performed upon reversing
the magnetization direction.

Theoretical modeling of the Fe(100) and Fe(100)-p(1 x 1)O surfaces was performed by Dr. Andrea

Droghetti from Trinity College Dublin, who carried out both DFT and DFT4+DMFT calculations.
These results are presented throughout this chapter unless stated otherwise.
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4 Oxygen Chemisorption on Fe(100)

4.3 Limitations of DFT and the Role of DMFT in Correlated Systems

As mentioned earlier, hybrid interfaces involving FM surfaces are generally described using
spin-polarized DFT: a single-particle framework. Fig. shows the surface projected density
of states (PDOS) calculated within DFT (LSDA) for clean Fe(100) and the oxygen-passivated
Fe(100)—p(1 x 1)O surface.

While the majority (1) d-states in Fe(100) (Fig. ) lie well below the Fermi energy and appear
fully occupied, the minority ones (/) are mostly unoccupied and situated right above FEj, as
expected in the Stoner model of ferromagnetism. Note that, while bulk Fe is not considered
to exhibit a Stoner gap , i.e., a gap between the top of the majority band and the Fermi
energy, the situation differs at the surface, where the reduced coordination number can lead to
modifications in the electronic structure and enhance magnetic properties .
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Figure 4.3: Surface PDOS calculated using DFT within the local spin-density ap-
proximation (LSDA) for (a) clean Fe(100) and (b) oxygen-passivated Fe(100)—p(1 x
1)O. The DOS is projected onto Fe d-orbitals and O p-orbitals. A key feature of
the oxygen-passivated surface in b) is the formation of unoccupied states (holes) in
the majority spin channel, as highlighted by the red circle, indicating the electronic
modifications induced by surface oxidation. Adapted with permission from A.
Tange . © 2010 American Physical Society.

Upon oxygen adsorption (see Fig. 4.3b), bonding states with dominant O character emerge
in the majority channel between —7.0eV and —4.0eV, while the minority bonding states are
found between —6.0eV and —3.0eV. Antibonding states, primarily associated with Fe, remain
near or above the Fermi level and shape the DOS in this region . Beyond the formation of
these spin-split hybrid states, oxygen adsorption is also accompanied by a redistribution of the
electronic states near the Fermi level, reflecting subtle but critical changes in the occupancy of
the Fe d-states.

In the minority spin channel, the DOS at Ey is severely reduced, indicating a trend toward
increased insulating behavior. In the majority spin channel, hybridization with the oxygen
p-states leads to a partial depletion of the Fe d-states near Ep. While the majority spin channel
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was previously almost fully occupied, this depletion introduces a finite density of unoccupied
states, 7.e. holes (highlighted by the red circle).

The significance of this hole creation can be understood by recognizing that, in a ferromagnetic
metal, electrons propagate through the spin-dependent Stoner mean-field, which is determined by
the net spin polarization. In addition, the so-called electronic self-energy accounts for scattering
processes in which a single electron interacts with the Fermi sea, exciting another electron from
an occupied into an unoccupied state ; this process corresponds to the generation of a
particle-hole pair . A more detailed discussion of the self-energy concept and its role within
dynamical mean-field theory (DMFT) will follow in Section m
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Figure 4.4: Illustration how the presence or absence of holes in one spin channel
affects the available many-body scattering channels in ferromagnetic transition
metals. (a) Surface DOS similar to the one obtained for clean Fe, where no holes are
present in the majority spin channel. As a result, excited states in both spin channels
can scatter only with particle-hole pairs in the minority states, with scattering
being more probable for majority-spin excitations due to spin-dependent scattering
preferences. (b) Modified DOS for an Fe—O surface, where unoccupied states
(holes) appear in the majority spin channel. This enables additional scattering
processes within the majority spin channel, severely enhancing correlation effects
for minority electrons.
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Since the creation of a particle-hole pair requires that both occupied and unoccupied states are
available, even subtle changes in the electronic configuration — such as the opening of a small
number of holes in an otherwise filled d-band — can decisively enhance the rate of many-particle
scattering.

In a strong ferromagnetic system like Fe(100), the majority-spin d-band is practically completely
filled, as illustrated in Fig. , and its contribution to the DOS above Ey is nearly zero, while
the minority-spin DOS remains large in this energy region. As a result, particle-hole pair creation
is suppressed in the majority-spin channel but enabled in the minority-spin channel.
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4 Oxygen Chemisorption on Fe(100)

Importantly, the probability of this scattering process is significantly increased when electrons
scatter off particle-hole pairs of opposite spin. Due to the absence of holes in the majority-
spin channel, majority-spin electrons primarily scatter off minority-spin particle-hole pairs,
with a probability that scales with the effective interaction strength U. In contrast, minority-
spin electrons scatter off same-spin (minority) particle-hole pairs, but with a reduced effective
interaction of U — J (see Fig. ) Since U — J < U, majority-spin electrons are subject to
stronger correlation effects than their minority-spin counterparts.

These findings are well established, having been predicted by early DFT+DMFT calculations
and supported by experimental observations [57, [254) 255] 270].

Interestingly, this reasoning suggests that modifications to the d-band filling, such as those
induced by oxygen chemisorption, can significantly alter spin-dependent scattering rates by
introducing additional scattering channels that would otherwise remain inaccessible, as illustrated
in Fig. [d4b. This, in turn, could enhance electron correlation effects, particularly for the
minority-spin states, where efficient scattering pathways would previously have been absent.

4.3.1 The Influence of DMFT-Corrections in Simulating Fe(100)

To accurately account for electronic correlations in theoretical simulations, beyond-DFT ap-
proaches such as DMFT [62] or many-body perturbation theory (e.g., GW [271], and its extensions
like GT or GWT [175, 272]) must be employed. These approaches incorporate the so-called
electronic self-energy ¥(FE'), which describes how an electron or hole interacts with its many-body
environment, considering exchange and correlation effects beyond the effective single-particle
picture of spin-polarized DFT [190, 273|. Self-energy techniques successfully reproduce the key
spectral features associated with electronic correlation, including band renormalization, exchange
splitting modification, and lifetime broadening, as schematically depicted in Fig. [£.5] However,
understanding how these correlation effects evolve upon chemisorption requires a thorough
analysis of the electronic structure changes.
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Figure 4.5: Influence of electron correlation in first-principles calculations of
ferromagnets. The left side represents the typical single-particle picture from DFT,
where sharp bands exhibit strong exchange splitting. When many-body effects
are included using self-energy techniques like DMFT (right side), two key effects
arise: (1) renormalization of the band structure, accompanied by a reduction in
exchange splitting, and (2) broadening of the bands due to finite lifetimes of the
renormalized quasiparticle bands.
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Here, tailored DMF'T calculations, which include second-order terms in the effective electron—elec-
tron interaction U and Hund’s coupling J between the 3d electrons [124], 274], are employed to
interpret the experimental data and to assess whether adsorption enhances electron correlation,
and how these changes impact the magnetic and electronic structure of hybrid interfaces.

Calculating the Fe(100) Surface With Electron Correlation

To visualize the influence of electron correlation on the Fe(100) surface, a direct comparison
is made between the DOS obtained from conventional single-particle DFT and from DFT
supplemented with dynamical mean-field theory (DFT+DMFT) corrections. These calculations
were performed by Dr. Andrea Droghetti and are here analyzed in direct comparison with the
experimental data obtained in the context of this thesis, to elucidate how adsorption modifies
the correlated electronic structure of the Fe surface.
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Figure 4.6: PDOS for Fe(100) and Fe(100)—p(1 x 1)O surfaces. (a) PDOS of
surface Fe atoms (and O atoms where applicable) for Fe(100) and Fe(100)—p(1x1)0O,
calculated using DFT. (b) The same PDOS computed using a combination of
DFT and DMFT corrections (DFT+DMFT). In both cases, hybridization between
Fe and O states leads to the formation of bonding and antibonding states. The
inclusion of many-body effects in DFT4+DMFT introduces additional spectral
features, including satellite states near —5eV, which are absent in the pure DFT
calculations. Published in [190].

As noted earlier, the DMFT-corrections account for many-body effects by incorporating second-
order interactions in both the on-site Coulomb repulsion U and Hund’s coupling J between Fe 3d
electrons 250} 251]. While DMFT neglects spatial electron correlations, it captures dynamical
fluctuations in time, making it an effective approach for studying correlation effects in transition
metals [248, 252|. Its validity has been confirmed in previous studies, where it successfully
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reproduced correlation-induced spectral features observed in photoemission experiments [249].
Fig. shows the PDOS for Fe(100) and Fe(100)—p(1 x 1)O surfaces, computed within these
two approaches.

In the DFT-calculated PDOS (Fig. [4.6h), we observe the characteristic hybridization between Fe
d- and O p-orbitals, as expected from d-band theory. Notably, the projections on the O atoms
exhibit a strong spin splitting of 2eV for both the bonding and the antibonding states, mirroring
the exchange splitting of the Fe d-states.

Next, we account for correlation effects by examining the PDOS from DFT+DMFT, shown in
Fig. . In the clean Fe(100) surface, correlations move all the electronic states closer to the
Fermi energy, resulting in a reduction of the exchange splitting and a narrowing of the Fe d-bands.
Moreover, a prominent satellite peak emerges at —5eV in the majority spin channel, a clear
signature of many-body interactions. The correlation parameters U = 1.8eV and J = 0.5eV
used in these calculations are consistent with values previously reported for Fe surfaces [56]. As
discussed earlier, the absence of satellite features in the minority DOS indicates that correlation
effects are significantly stronger for the majority electrons.

Having established the role of correlation effects in the clean Fe(100) surface, we now examine
how these effects evolve upon oxygen adsorption. The density of states (DOS) obtained from
DFT+DMEFT for the Fe(100)-p(1 x 1)O system is shown on the right in Fig. [4.6p.

Notably, accurately reproducing the experimental spectral features, which are discussed in detail
in the next section, requires a substantial adjustment of the correlation parameters U and J.
Specifically, the Coulomb U and Hund’s exchange J values for the Fe surface atoms in our DMFT
calculations need to be increased to U = 3.0eV and J = 1.1eV. In contrast, calculations using
the same values as for the clean Fe(100) surface (U = 1.8¢eV, J = 0.5¢eV) yield a PDOS that
does not capture the experimentally observed spectral features, as shown in Section

This enhancement of the correlation parameters verifies that oxygen adsorption reduces the
effective screening of electron-electron interactions at the Fe surface, leading to an overall increase
in electronic correlations. This behavior is consistent with the well-established trend that oxygen,
as an electronegative ligand, promotes electronic localization, which in turn raises the effective
Coulomb interaction strength [275] 276]. Indeed, transition metal oxides, where such mechanisms
dominate, serve as prototypical examples of strongly correlated materials [277) 278]. The larger
U for Fe, indicates that the Fe d-electrons experience stronger electron-electron interactions in
the presence of oxygen.

As reasoned earlier, beyond this increase in the effective interaction U, the second crucial factor
influencing electron correlation is the d-band filling. In a fully occupied band, electron-hole
excitations are suppressed, and correlation effects become negligible regardless of U. However, if
the bands become partially filled, electronic interactions also become activated. The degree of
correlation is thus closely linked to the occupation of the Fe d-orbitals.

In Fe(100)-p(1 x 1)O, the majority-spin 3d-orbitals remain nearly filled but exhibit a small hole
concentration of approximately 0.1 electrons. This relatively minor reduction in occupancy has
profound consequences, as it places the system in a more correlated regime. The increase in U
leads to a narrowing of the d-bands and a suppression of the exchange splitting, affecting both
the majority and minority spin states. Notably, correlation effects in the minority-spin d-band
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are now strong enough to induce a satellite feature, which was absent in pristine Fe(100). Despite
these significant changes in electronic structure, the total d-shell occupation of surface Fe atoms
remains constant at approximately 6.8 electrons. However, the enhanced correlation leads to a
substantial reduction in the local magnetic moment, from 3.2 to 1.8 up.

A quantitative measure of the correlation strength is given by the mass enhancement factor
m*/m, which characterizes the effective mass increase due to many-body interactions relative
to the non-interacting band mass m obtained from DFT. In clean Fe(100), the surface Fe d-
orbitals exhibit weak correlation, with mass enhancement factors of 1.23 (majority spin) and 1.36
(minority spin). After oxygen adsorption, these values increase to 1.52 and 1.43, respectively; the
largest enhancement (1.60) is observed for the spin-up d,, orbital, which, due to its hybridization
with O p-states, experiences slight hole doping [190].

Overall, these results demonstrate that oxygen adsorption leads to a transition from a weakly
correlated to an intermediate correlated metallic state, underscoring the significant impact of
adsorbates on electron correlation effects at metal surfaces. To directly validate these insights,
we now turn to the key experimental investigation of the electronic structure of the passivated
Fe(100) surface.

4.4 The Role of Oxygen in Shaping the Electronic structure of
Fe(100)

4.4.1 The Spin-Integrated Band Structure of the Passivated Fe Surface

With the theoretical foundation of electron correlation effects established, we now turn to their
experimental manifestations as revealed by our MM measurements.

To assess the impact of oxygen adsorption, we first compare momentum maps acquired at the
Fermi level before and after oxidation. The corresponding maps are presented in Fig. [£.7h,b. For
reference, the first SBZ is outlined (gray square), with high-symmetry paths connecting the T', X,
and M points indicated by red lines. The surface normal is aligned along the Cartesian z-axis,
while the photon beam incidence plane and magnetization direction M lie parallel to the k,-axis,

as marked by the golden and black arrows, respectively.

The electronic structure of pristine Fe(100) exhibits two distinct features within the SBZ, both
linked to the d,, and d,, orbitals of bulk iron [279-281]. One of these features extends along the
T'X direction (blue), gradually fading near both T and X. The other appears along the TM path,
positioned near the M-point (orange).

Upon oxygen adsorption, the Fe(100) surface undergoes a transition to the Fe(100)-p(1 x 1)O
phase (see Fig. [1.7¢), accompanied by significant modifications in its electronic structure [262].
The corresponding momentum map, shown in Fig. [4.7p, reveals substantial changes compared
to the pristine surface. The feature along I'X is replaced by a diamond-shaped state near T
(blue) and a ring-like structure at the SBZ center (violet). Simultaneously, the state near M
(orange) becomes more rounded and pronounced. An additional diamond-shaped feature emerges,
connecting the four X-points (green).
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Figure 4.7: Momentum-resolved electronic structure of Fe(100) and Fe(100)—p(1 x
1)O. (a),(b) Momentum maps taken at E = Fp for (a) clean Fe(100) and (b)
oxygen-passivated Fe(100)—p(1 x 1)O. The SBZ is outlined in gray in (a), with red
lines marking the high-symmetry directions. The incident light beam (impinging

s

at 66° relative to the surface normal) and the magnetization (M) are aligned along
the k,-direction. The measurements were performed using p-polarized light with a
photon energy of hv = 64eV. (c) Structural models of the Fe(100) surface before
(left) and after oxygen adsorption (right). Published in [190].

Notably, all these states appear sharper than those observed for the clean Fe(100) surface. This
enhanced definition can be attributed to the substantial narrowing of the d-bands, a direct
consequence of increased electron correlation.

The modifications in the electronic structure induced by oxygen adsorption become even more
evident when analyzing the energy dispersion of key spectral features along high-symmetry
directions. To properly assess these changes, we first establish a baseline by examining the band
structure of clean Fe(100). Understanding the dispersion of electronic states provides crucial
insight into the role of electron correlations and serves as a reference for interpreting the effects
of oxygen passivation.

The experimentally determined band structure of Fe(100) is presented in Fig. 4.8 (top), alongside
theoretical calculations performed using DEFT4+DMFT, i.e. with many-body self-energy correc-
tions (bottom). The agreement between experiment and theory is remarkably good, particularly
for the band dispersion from Ey to —2.0eV, as well as the broad satellite feature at —6.0€V,
both of which are well captured. Only the overall bandwidth is slightly overestimated, likely due
to limitations of the perturbative solver used in the DMFT calculations .

These observations underscore the importance of a detailed band structure analysis as a foun-

64



4.4 The Role of Oxygen in Shaping the Electronic structure of Fe(100)

Fe(100): Experiment

> =1
() 5}
= 7
w —
W =3
1 ~
W o
R max C
min
M T X M

k

Figure 4.8: Comparison of experimental and theoretical electronic structure of
Fe(100). (Top) Measured band structure of clean Fe(100), showing cuts along
the M — T — X — M directions. (Bottom) Theoretical spectral function calculated
using DFT+DMFT, incorporating electron correlation effects. The computed
band structure captures key features observed in the experiment, including band
broadening and renormalization effects. The comparison highlights the role of
many-body interactions in shaping the electronic structure of Fe(100). Published

in .

dation for understanding how oxygen adsorption reshapes the electronic states at the interface.
Expanding on the preceding discussions, oxygen adsorption generates hybrid states near Ep, where
Fe d-orbitals mix with antibonding O states, exhibiting strong Fe d character and undergoing
significant renormalization due to enhanced electron correlation effects .

A complete characterization of the newly formed electronic states requires a systematic exami-
nation of the three-dimensional (3D) bulk BZ to ensure an unambiguous assignment. Fig. 4.9
provides an overview of the bulk BZ and the corresponding SBZ, illustrating how different
photon energies sample distinct momentum-space regions. By varying the photon energy in MM
experiments, we can track the dispersion of electronic states along k,, enabling a direct distinction
between bulk and surface states. Bulk states are expected to exhibit a strong k,-dependence,
while surface and interface states should remain unaffected by changes in photon energy [282].

Contrary to intrinsic surface states, adsorbate-induced states do not necessarily lie within the band
gaps of the bulk-projected band structure. However, additional effects influencing photoemission
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Figure 4.9: Relation between the 3D bulk BZ and the SBZ of Fe(100). (a)
Schematic representation of the 3D bulk BZ of body-centered cubic (bcc) iron and
its relation to the first SBZ of Fe(100). High-symmetry points are indicated, and
the four colored spherical surfaces represent iso-energetic cuts corresponding to
different photon energies used in photoemission experiments. (b) Side view of the
3D BZ, illustrating the cutting planes corresponding to the selected photon energies.
These energy-dependent cuts in reciprocal space allow access to different regions of
the bulk electronic structure in momentum-resolved photoemission spectroscopy
measurements.

intensity can complicate the analysis and potentially lead to misinterpretation [189).

To establish whether distinct photoemission features originate from interface states — often
referred to as extrinsic surface states” — or from bulk states, three common principles can be
applied : (i) When comparing the pristine and passivated Fe surface, states that emerge
after passivation can be clearly attributed to the interface. (ii) Because of their two-dimensional
nature, surface states should not exhibit k, -dispersion, in contrast to bulk states that disperse
along k,. Thus, states that remain unchanged across different photon energies are likely to be
located at the surface. (iii) A comparison between experimental data and theoretical calculations
can provide further insight into the origin of a given state.

To apply this approach, photon-energy-dependent MM measurements were conducted at 64eV,
40eV, 30eV, and 21.2eV, summarized in Fig.|4.10[ These photon energies correspond to different
slices through the bulk BZ, as indicated by the colored lines in Fig. [£.9b, which were calculated
using the free-electron final state model with an assumed inner potential of V, = 7eV [283]. The
significant variation in k, implies that bulk states should exhibit noticeable changes in their
spectral appearance across different photon energies, whereas interface states should remain
unchanged.

This expectation is confirmed by the experimental results. For clean Fe(100), only a single state,
which extends along the I'X path at the Fermi level (highlighted by a brown circle), can be
identified as a true surface state, consistent with previous reports . Upon oxygen adsorption,
the formation of the Fe(100)-p(1 x 1)O superstructure leads to the disappearance of this Fe(100)
surface state, confirming its surface-related origin. Simultaneously, new electronic states emerge,
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Figure 4.10: Momentum-resolved photoemission band structure of Fe(100) and
Fe(100)-p(1 x 1)O. Surface band structure of (a) Fe(100) and (b) Fe(100)-p(1 x
1)O along the M — T' — X — M direction, determined via momentum-resolved
photoemission spectroscopy. Measurements were performed at different photon
energies (64eV, 40eV, 30eV, and 21.2eV), enabling sampling across the entire 3D
bulk BZ and facilitating the distinction between bulk and surface/interface states.
For clean Fe(100), the brown circle highlights a prominent surface state, while
the yellow lines highlight bulk bands. These bands exhibit strong dispersion as a
function of photon energy. In contrast, the black and white highlighted features on
the right, ¢.e. for (Fe(100)—p(1 x 1)O, all remain mostly unchanged across different
photon energies, indicating their surface/interface character.

which show no dispersion along k,, suggesting that they are adsorbate-induced interface states
rather than bulk bands.

Having established the interface nature of these states, we now examine the full experimental
band structure of Fe(100)—p(1 x 1)O and compare it with theoretical calculations. Fig. 4.11p
presents the measured band dispersion along the M —I' — X — M direction, revealing not only
the previously discussed Fe d-related states near the Fermi level but also new dispersing bands
at higher binding energies, corresponding to bonding oxygen states. The latter features were not
present in the clean Fe(100) substrate, where only faint parabolic bands were observed alongside
the broad satellite resonances. The emergence of these additional bands upon oxidation highlights
the strongly hybridized nature of the oxygen p-orbitals at the interface.

To gain further insight into the interfacial electronic properties, we compare the experimental
band structure with theoretical calculations incorporating many-body interactions. Fig.
shows the corresponding momentum-resolved DOS obtained from DFT+DMFT calculations.
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The comparison reveals a remarkable agreement between experiment and theory, accurately
reproducing the energy positions and dispersion of the observed features.
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Figure 4.11: Comparison of experimental and theoretical surface band structure
of Fe(100)-p(1 x 1)0O. (a) Momentum-resolved photoemission measurements of the
Fe(100)-p(1 x 1)O interface along the M — T' — X — M direction, acquired using
a photon energy of hv = 64eV. The upper panel focuses on the near-Fermi-level
region (Ey to —1.0eV), where key hybridized states are labeled according to their
dominant orbital character. The lower panel presents the band structure over
a wider energy range (—1.0eV to —8.5eV), revealing deeper-lying states. (b)
Theoretical band structure computed with electron correlation effects included via
self-energy corrections. The upper panel shows the near-Fermi-level antibonding
states, while the lower panel highlights the bonding states dominated by oxygen
2p orbitals. Published in .

While the hybridized antibonding states near the Fermi level originate predominantly from
Fe d-orbitals, they are therefore quasiparticle states, i.e. single-particle-like electronic states
that are renormalized by electron correlation effects. As a result, these states are confined to a
narrow energy window of approximately 1eV and exhibit reduced dispersion compared to their
counterparts in clean Fe(100).

This behavior is a direct consequence of Fe(100)-p(1 x 1)O being an intermediate correlated
system, where dynamical self-energy contributions play a crucial role in determining the electronic
structure. The band narrowing observed in experiment reflects an increase in the effective mass
ratio m*/m, induced by stronger electron-electron interactions. Earlier studies speculated
that discrepancies between DFT calculations and experimental data might arise from missing
correlation effects , and later attempts at implementing many-body corrections provided
partial improvements. However, these approaches failed to capture the magnitude of many-
body interactions, preventing a conclusive description of the physics governing the chemisorbed
interface. The present results provide direct experimental evidence that oxygen adsorption
enhances electron correlation effects, substantially altering the electronic structure of Fe(100).

Beyond the antibonding hybrid states near the Fermi level, we now turn to the bands at lower
energies, centered around —6eV. These states exhibit a characteristic parabolic dispersion along
the XM-path (Fig. 4.11h) and can be unambiguously assigned to bonding interactions between
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the oxygen 2p (p,, Py p,) orbitals and Fe d-orbitals - This assignment is further
supported by the orbital- and k-resolved spectral functlons presented in Fig. 4.12
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Figure 4.12: Oxygen-projected spectral functions of the Fe(100)—p(1 x 1)O surface.
(a)—c) DFT+DMFT spectral function projected onto the oxygen atom of the
Fe(100)—p(1 x 1)O surface, resolved for different oxygen 2p orbitals: (a) p,, (b)
Py, and (c) p,. The spectral weight distribution reveals the orbital character of
the hybridized states. In c), three distinct O p,-derived features near the zone
center are marked: (1) states overlapping with p, and p, contributions, (2) a broad
satellite-like feature near —6eV, and (3) a low-energy dispersive band. Published
in [190].

Yet, the most striking feature in this energy region is the merging of these sharp bonding states
into a broad satellite feature of Fe near the I'-point. This satellite appears as a diffuse intensity
between —5.0eV and —7.0eV, and is also clearly visible in the total DOS (Fig. 4.6). Unlike the
antibonding states discussed earlier, this satellite feature is a true many-body exmtatwn, which
cannot be captured within a simple single-particle band structure description. Its enhancement
upon oxygen adsorption is a direct consequence of the strengthening of the effective electron-
electron interaction U, which increases the spectral weight in this energy region.

To further assess the role of electron correlations, we compare the experimental findings with
different theoretical approaches. Standard DFT calculations within the local spin density
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approzimation (LSDA) fail to reproduce the experimentally observed band structure (Fig. 4.13]
top).

LSDA predicts electronic states broadly distributed across a large energy range, from Ep down

to —8 eV, whereas MM measurements reveal a much narrower spectral weight, confined within a

2 eV window below the Fermi level. Additionally, LSDA fails to reproduce the distinct satellite
—6 ¢V, instead only predicting a band-like features in this energy range.
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Figure 4.13: Spectral function of the Fe(100)—p(1 x 1)O surface: comparison of
LSDA and LSDA+ASIC calculations. (Top) Spectral function of the Fe(100)—p(1 x
1)O surface calculated using DFT within the LSDA approximation. (Bottom) The
same spectral function computed using LSDA with the addition of an approximate
self-interaction correction (ASIC). Published in .

To evaluate whether self-interaction corrections improve the agreement, the atomic self-interaction
correctzon (ASIC) method was applied, which has been successfully used for transition metal

oxides |16, l ., . ., ., -, - However, as shown in the bottom panel of Fig.

ASIC does not significantly improve the agreement with experiment.

Although some features become slightly sharper, the overall spectral weight remains too broadly
dispersed, and the quasiparticle renormalization observed in MM is not reproduced. This failure
highlights that static corrections alone are insufficient to describe Fe(100)—p(1 x 1)O, as they do
not account for the dynamical electron correlation effects arising from many-particle scattering.
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These discrepancies confirm that Fe(100)-p(1x1)O is an intermediate correlated metal, where only
dynamical self-energy corrections can accurately describe the experimental electronic structure.

By systematically comparing MM measurements with DMFT-based calculations, we establish
that Fe(100)—p(1 x 1)O exhibits quasiparticle renormalization, suppressed band dispersion, and an
enhanced satellite feature, all of which provide direct evidence that oxygen adsorption significantly
enhances electron correlations at this interface.

4.4.2 Spin-Resolved Band Structure of Fe(100) and Fe(100)-p(1x1)0

Having assigned the main features of the surface band structure, we now analyze the spin-
resolved photoemission data, which provide deeper insight into the magnetic properties of
Fe(100)—p(1 x 1)O. Fig. 4.14] presents a comprehensive overview, including a spin-resolved
momentum map in Fig. and the extracted band structure in Fig. [£.14b.
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Figure 4.14: Spin-resolved band structure of oxygen-passivated Fe(100)—p(1 x 1)O.
(a) Spin-resolved photoemission momentum map near Fy recorded at a photon
energy of hv = 64eV. The color scale represents spin polarization, with blue
indicating minority and red indicating majority spin states. The SBZ and high-
symmetry directions are indicated. (b) Experimentally measured spin-resolved
band structure of the Fe(100)—p(1 x 1)O surface, covering the energy regions of
the antibonding states (Ep to —0.5eV, top panel) and bonding states (—4.0 to
—7.5¢eV, lower panel). (c) Theoretical spin-polarized band structure computed for
the same energy range as (b). The 2D spin polarization color scale applies to (a),

(b), and (c). Published in [190].

To simultaneously display both spin polarization and spectral intensity, the color scale follows a
two-dimensional representation (Fig. , right), where the blue-red color gradient encodes the
spin polarization, while color saturation represents the total intensity . These data allow
for a direct tracking of the dispersion of both the bonding and antibonding states in the two
spin channels, facilitating a meaningful comparison with theoretical calculations. From these
measurements, the spin character of the antibonding states near the Fermi level can be directly
identified. The states near the center of the SBZ primarily originate from minority-spin electrons

71



4 Oxygen Chemisorption on Fe(100)

(blue regions), while those located near the M-point exhibit a strong majority-spin character (red
regions).

For a direct comparison, the spin-resolved theoretical band structure is presented alongside
the experimental results in Fig. [{.14k. As discussed previously, enhanced electron correlations
have a profound impact on the spin-resolved spectra. A particularly striking consequence is the
breakdown of the single-particle Stoner model of ferromagnetism in the energy region close to
the Fermi level. Unlike the conventional expectation of exchange-split Fe 3d-bands, the data
reveal no clear exchange splitting.

While some minor discrepancies exist between experiment and theory near the I-point, potentially
arising from photoemission matrix element effects or the neglect of non-local correlations in
DMFT , the overall agreement between theoretical and experimental results is remarkably
good across most regions of the SBZ. Importantly, despite the heavily reduced exchange splitting
of Fe d-bands due to oxygen adsorption, the spin polarization of states at Ep remains significant.
The former finding challenges earlier assumptions, as previous studies suggested that surface
Fe d-band characteristics remain mostly unaffected by passivation . This interpretation
was consistent with computational predictions at the time, which were based on single-particle
approximations.
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Figure 4.15: Spin-resolved band structure near Ey for Fe(100) and Fe(100)—p(1 x
1)0O. (a),(b) Spin-resolved contributions to the experimental band structure near
Eyg for (a) clean Fe(100) and (b) Fe(100)-p(1 x 1)O, measured using p-polarized
light with a photon energy of hv = 64eV. Oxygen adsorption modifies the
electronic structure, introducing additional features in both spin channels. In (b),
two dashed lines near T indicate the positions where EDCs were extracted for
further analysis. (c) Extracted line profiles from (b), showcasing Gaussian fits
with a linear background used to determine the bandwidth and exchange splitting.
This fitting procedure enables a precise quantification of the changes induced by
oxygen adsorption in the spin-dependent band structure. Published in .

Our findings highlight the necessity of combining state-of-the-art spin-resolved photoemission
experiments with advanced many-body calculations to correctly disentangle and interpret the
complex spin-resolved electronic structure of the Fe-O system.
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Next, to perform a more quantitative evaluation based on the experimental data, the two spin
contributions can also be examined separately. We begin by presenting spin-resolved data for
clean Fe(100) and oxygen-passivated Fe(100)—p(1 x 1)O in the region near the Fermi energy. This
comparison provides a direct visualization of how oxygen adsorption modifies the spin-dependent
electronic structure.
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Figure 4.16: Spin-resolved photoemission analysis of bonding and antibonding
Fe-O states. (a),(b) Separated majority (red) and minority (blue) spin photoe-
mission intensities for the Fe-O interface, showing (a) antibonding states and (b)
bonding states. The peak positions (triangles) were obtained from Gaussian fits
to energy distribution curves within the highlighted boxes. To optimize signal
detection, antibonding states were recorded using a photon energy of hv = 64 eV,
while bonding states were measured at hv = 30eV. (¢) Combined summary of
the extracted peak positions, including Gaussian widths, to illustrate the spin-
dependent energy distribution of both bonding and antibonding Fe—O states along
the M — T — X — M direction. Published in
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Fig. displays the majority (red) and minority (blue) contributions for pristine Fe(100)
(Fig. 4.15a) and Fe(100)—p(1 x 1)O (Fig. [4.15b) in a narrow energy window around the Fermi
level. For clean Fe(100), the majority-spin channel exhibits almost no intensity close to Ep,
whereas distinct features are observed around I' in the minority channel. However, oxygen
adsorption alters the spin-dependent electronic structure, and leads to a significant redistribution
of spectral weight. In the majority-spin channel, states now appear near Ep that coincide
energetically with the modified bands in the minority channel. This change reflects the collapse
of Stoner-like magnetism as the exchange splitting is severely decreased.

To quantitatively track these changes, line intensity profiles can be extracted from the spin-
resolved spectra. The dashed lines in Fig. 4.15b indicate the positions from where the two
exemplary line profiles were extracted that are displayed in Fig. [4.15¢.

Fitting of these intensity profiles using a Gaussian function with a linear background allows us
to determine both the peak position and the energy width of each feature, with the full width at
half maximum (FWHM) used as a measure of the effective bandwidth. This approach enables a
direct and quantitative comparison of the bandwidth and exchange splitting before and after
oxygen adsorption.

In the following, we apply this analysis to shed light on the properties of the bonding and
antibonding states of the Fe—-O surface in both spin channels. Specifically, we perform the
band-fitting analysis for distinct momentum regions where features directly linked to oxygen
chemisorption become visible. This is illustrated in Fig. where line profiles were extracted
from the areas highlighted by the dotted boxes and fitted according to the described procedure.
Each region was carefully selected to isolate a single spectral feature, ensuring robust extraction
of both position and width.

Fig. |4.16| presents the results of this spin-resolved analysis, with panels (a) and (b) showing
the separated majority- and minority-spin photoemission intensities for both the antibonding
and bonding Fe—O states. To optimize sensitivity to these specific bands, measurements were
performed at photon energies of hv = 64 eV for the antibonding states and hv = 30eV for the
bonding states. The extracted peak positions and widths are summarized in Table and
Table providing a comprehensive overview of the spin-dependent electronic structure at the
oxygen-terminated Fe surface.

Table 4.1: Extracted exchange splitting A, for both bonding and antibonding
states at I" and M.

k-point  state A, / meV
T antibonding (Ey) —40 410
M antibonding (Ey) —10 410
T bonding (O 2p) 360 + 30
M bonding (O 2p) 230 + 50

To further illustrate these trends, Fig. presents a visual summary of the fit results, where
the extracted peak positions are plotted, and the average widths for each region are shown as
error bars. This direct comparison of band positions and their spin-dependent broadening across

74



4.4 The Role of Oxygen in Shaping the Electronic structure of Fe(100)

different momentum points offers complementary insight to the quantitative values listed in the
tables.

Table 4.2: Extracted FWHM values for bonding/antibonding states at T' and M.

k-point  state FWHM / meV

majority minority

T antibonding (Ey) 250 +£20 180 + 20
M antibonding (Fr) 160 +£30 140 + 30
T bonding (O 2p) 640 + 50 310 420
M bonding (O 2p) 420 440 300 4 50

This analysis reveals two key trends. First, the exchange splitting A,, near Ep collapses upon
oxygen adsorption. As a result, the minority-spin features at I" shift slightly below their majority-
spin counterparts, with a remaining offset of approximately 40 meV. This suppression in exchange
splitting provides direct evidence for correlation-driven band renormalization at the oxygen-
covered interface. Second, the majority bands systematically exhibit broader linewidths (larger
FWHM) compared to the minority bands, indicating a significantly reduced quasiparticle lifetime
for majority carriers. This effect is particularly pronounced for the oxygen bonding states: at T’
the majority bandwidth exceeds 600 meV, roughly twice the width of the minority band.

This spin-dependent broadening is consistently observed at multiple high-symmetry points within
the SBZ. At both I and near M, bonding majority-spin bands exhibit significantly larger FWHM
than their minority counterparts, suggesting that the reduced lifetime of majority carriers is
not confined to isolated k-points, but reflects an intrinsic property of the oxygen-terminated Fe
surface.

A detailed analysis of the DET+DMFT results reveals that this lifetime asymmetry originates
from the coupling of these states to the Fe-derived satellites — many-body features that are
substantially more pronounced in the majority-spin channel. As a result, majority electrons
experience faster relaxation than minority electrons, a manifestation of dynamic spin filtering
[287], driven by electronic correlations [190].

Notably, as one approaches I' and moves to energies further below Ej, the oxygen p, states begin
to directly overlap and merge with the Fe-derived satellite features. This interaction leads to
additional broadening and complicates the disentanglement of Fe and O contributions in the
measured spectra. This overlap is particularly important because it directly impacts the apparent
exchange splitting extracted for the oxygen p, states: the satellite itself is spin-polarized and
contributes additional spectral weight at distinct energies. As a result, the extracted splitting
may not reflect a purely oxygen-derived signal. To better assess this effect and to resolve
discrepancies in earlier reports, we compare our results to previous spin-resolved photoemission
studies conducted at different photon energies.

In particular, Getzlaff et al. [261] performed spin-resolved measurements at a photon energy
of 21.2eV and reported an exchange splitting of approximately 250 meV for the oxygen p,
states, which is fully consistent with the values we obtain at 30eV. In contrast, Johnson et al.
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260], who conducted their measurements at 60 eV, reported a much larger exchange splitting of
A, ~ 1.3eV for the bonding O p, states at I', posing an apparent discrepancy between the two
studies.
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Figure 4.17: Spin-resolved band structure of Fe(100)—p(1 x 1)O at different photon
energies. (a),(b) Spin-resolved band structure measured hr = 30eV, showing (a)
minority and (b) majority spin states. Vertical dashed lines at T' indicate the
positions where intensity profiles were extracted for further analysis. (c) Intensity
profiles extracted at T’ from (a) and (b). Estimated peak positions are indicated
by vertical bars. (d),(e) Same as (a) and (b), but measured at hv = 64eV to
focus more on the Fe-related contributions and their spin character. (f) Intensity
profiles extracted from the 64 eV measurements, fitted with Gaussians and a linear
background to determine band positions and spin splitting.

To directly investigate the origin of this difference, we compare spin-resolved measurements
at both hv = 30eV and hv = 64¢€V, allowing us to probe the same states under conditions
that either enhance or suppress Fe-derived spectral features due to relative changes in the
photoionization cross section. In particular, at a photon energy of h = 30eV the ratio in cross
section is O : Fe = 1.30, which then reduces to O : Fe = 0.55 for energies of hv = 64eV [28)].

At 30eV, where oxygen-derived features dominate, we observe exchange splittings fully consistent
with Getzlaff’s results (see Table and Table . At 64 eV, however, where the relative Fe 3d
cross section is significantly enhanced, the extracted exchange splitting increases drastically, closely
matching the value reported by Johnson et al. (see Fig. |4.17]). This comparison demonstrates
that the apparent exchange splitting is not a purely intrinsic property of the oxygen p, states, but
instead reflects additional contributions from hybridization with the overlapping Fe satellites.

This interpretation is fully supported by our DMFT calculations, which capture both the position
and the spin polarization of the Fe satellite. The calculations presented in Fig. show that
the majority-spin satellite overlaps spectrally with the oxygen p, states, artificially enhancing
the apparent exchange splitting when both contributions are present. This spectral mixing,
which becomes pronounced at photon energies that enhance Fe-related intensity, explains the
discrepancy between past studies and highlights the essential role of electron correlations in
shaping the interfacial electronic structure.

76



4.4 The Role of Oxygen in Shaping the Electronic structure of Fe(100)

O p, (spin-res.)

-4.0

-6.0 —

E-E./eV

-8.0 —

-10.0

M r

Figure 4.18: Spin-resolved band structure for the O p,-projected states along the
M-T direction with enhanced contrast to emphasize the spin polarization of broad
resonances. The Gaussians-like curves on the right indicate the approximate peak
positions.

4.4.3 Tuning Electron Correlation via Adsorbate Variation

Having illustrated the distinctive role of chemisorption in modifying electron correlation at
3d transition-metal ferromagnetic surfaces, the next, broader question concerns how different
adsorbates might influence correlation effects at metal surfaces more generally. To systematically
address this question, the Fe(100)—p(1 x 1)O system serves as a model platform, where the
effect of the adsorbate on the surface Fe atoms is simulated by introducing an external “gate”
potential V, applied to the on-site energy of oxygen. By tuning V, the alignment between
oxygen-derived states and the Fe d-bands is systematically varied, mimicking the electronic
influence of adsorbates with different electronegativities or molecular orbital energies. This
approach allows for a controlled study of how the surface electronic structure and correlation
strength respond to changes in the adsorbate potential. The case V, = 0eV corresponds to the
on-site energy predicted by DFT within the LSDA.

Fig. summarizes the resulting trends. In panel (a), the spin-resolved and total occupation of
the Fe d-orbitals is shown as a function of V,. Although the variations in occupation are moderate
due to the metallic nature of the surface, clear trends emerge. For larger (more positive) Vi, the
spin up d-orbitals — especially the in-plane d,, orbital — become depopulated, moving away
from full occupancy, while the spin down orbitals gain charge. Conversely, for smaller (more
negative) V4, the spin up orbitals approach full occupancy, and the spin down orbitals become
progressively emptied.

These changes in occupation directly influence the correlation strength at the surface. The
effective degree of correlation is quantified in Fig. through the mass enhancement factor
m*/m, calculated using DFT+DMFET. A clear monotonic increase in m*/m is observed with
increasing V,, indicating that larger V, values drive the system into a more correlated regime.
Importantly, the increase in correlation occurs even though the parameters U and J are held
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Figure 4.19: Modelling differing adsorbates by adding an on-site gate potential
Vi (a) Spin up, spin down, and total DFT occupation of the surface Fe d-orbitals
in Fe(100)-p(1 x 1)O as a function of the applied gate potential V,,, which shifts the
oxygen on-site energy. (b) Effective mass enhancement factor m*/m obtained from
DFT+DMFT calculations as a function of V. (c) Spin-resolved DOS projected
onto the surface Fe atom in Fe(100)-p(1 x 1)O, calculated by DFT+DMFT for
three representative values of V,. Published in [190].

constant at 3.0eV and 1.1eV, respectively. This underlines that correlation strength depends
not only on the bare interaction parameters, but also sensitively on the degree of orbital filling —
a characteristic feature of correlated d-electron systems.

Physically, this enhancement of m*/m indicates that electrons become increasingly dressed
by many-body interactions as V, increases. This dressing reflects the degree to which single-
particle excitations are renormalized due to electron-electron scattering, with shorter quasiparticle
lifetimes. In contrast, smaller V, reduce correlation effects, allowing the electronic structure to
approach the single-particle DFT limit, where quasiparticles are longer-lived and less dressed.

The impact of these correlation changes on the density of states (DOS) is shown in Fig. 4.19,
where the spin-resolved DOS projected onto the surface Fe atom is plotted for selected values of
V. Increasing V, leads to substantial broadening of the spectral features near the Fermi level and
a clear reduction of the spin splitting, both direct consequences of enhanced electron correlations.
This correlation-driven reduction in exchange splitting reflects the well-documented competition
between local Coulomb interactions and itinerant magnetism, which is particularly relevant at
metallic surfaces with adsorbates.

It is important to emphasize that these calculations assume the Fe(100)-p(1 x 1)O adsorption
geometry, with oxygen occupying the fourfold hollow sites in a dense monolayer. In practice,
the adsorption geometry and resulting superstructure can change significantly with the choice of
adsorbate. For example, nitrogen and carbon adsorbates are known to form ¢(2x2) reconstructions
on Fe(100) 289, [290], corresponding to a lower adatom density compared to the p(1x 1) structure.
Changes in coverage directly alter the degree of hybridization, modify the charge transfer per
surface atom, and thereby influence the correlation strength.

Additionally, different adsorbates may preferentially occupy alternative adsorption sites, such
as top or bridge sites, rather than hollow sites. This change in adsorption site affects which
Fe d-orbitals participate most strongly in the adsorbate interaction. Adsorption at hollow sites
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Ferromagnetism

tends to couple more strongly to in-plane orbitals such as d,,, while adsorption at top sites
enhances the involvement of out-of-plane orbitals like d,». Such variations would alter the specific
occupation trends observed here and could shift the balance between spin up and spin down
populations in distinct ways — an effect that remains to be explored.

Overall, this analysis highlights that adsorption not only modifies the surface electronic struc-
ture through direct charge transfer and hybridization, but also provides a direct and versatile
mechanism to tune electronic correlations. The resulting changes in correlation strength —
and the associated modification of spin polarization and quasiparticle lifetimes — have direct
consequences for molecular spintronic devices, where efficient spin injection relies critically on
the interfacial spin polarization. This perspective, incorporating both structural and electronic
factors, provides a general and transferable framework for understanding correlation effects at
hybrid adsorbate-metal interfaces, extending well beyond the specific Fe(100)—p(1 x 1)O model
system considered here.

4.5 Conclusion: Adsorbate-Enhanced Electron Correlation and the
Stoner Picture of Band Ferromagnetism

This chapter explored the electronic structure and correlation effects at the interface between
oxygen and ferromagnetic Fe(100), demonstrating that adsorbate-induced changes in the DOS of
the metal cannot be considered a minor perturbation, but rather a central aspect in understanding
such interfaces. The combination of spin-resolved momentum microscopy and many-body theo-
retical modeling revealed that the oxygen adsorption significantly enhances electronic correlations
in the Fe d-bands. This leads to a substantial narrowing of the Fe d-states near the Fermi energy
and a pronounced reduction of the exchange splitting — effects that cannot be captured within
a simple Stoner picture of ferromagnetism.

Moreover, correlation induces spin-dependent broadening of electronic bands at larger binding
energies, along with the emergence of satellite features, which are clear fingerprints of many-body
physics. These results show that adsorption can be used as a tool to tune electronic correlations
at metallic surfaces, effectively enabling access to intermediate correlated metallic regimes with
distinct properties that would not be realized in clean systems. This finding is of general
importance for the description of ferromagnetic metal surfaces and interfaces, particularly in the
context of molecular spintronics and heterogeneous catalysis.

A particularly relevant consequence of these correlation effects is their impact on subsequent
adsorption processes at such passivated surfaces. In conventional surface science, the d-band
center model is widely used to rationalize how the electronic structure of a metal surface influences
the strength of chemical bonding with adsorbates. In its simplest form, this model assumes that
the metal DOS remains largely unaffected by the adsorption process itself, meaning the bonding
can be described using a single-particle picture. However, the results of this chapter demonstrate
that such an assumption is no longer valid when strong correlation effects are induced by the
initial adsorption of oxygen.
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Figure 4.20: Impact of electron correlation on the DOS for adsorbed atoms
or molecules hybridized with FM surfaces. The left panel illustrates the single-
particle picture based on the d-band center model, where the spin-dependent
hybridization of atomic oxygen states results in the formation of bonding and
antibonding resonances (black lines), while the metal DOS (grey lines) remains
largely unaffected. The right panel shows the influence of many-body effects, where
electron correlation leads to significant modifications in the metal DOS; including
the emergence of satellite features at lower energies and a strong reduction of the
exchange splitting near the Fermi energy. Published in .

As illustrated in Fig. the single-particle d-band center model (left panel) describes hybridiza-
tion between adsorbate states and a largely unperturbed metal DOS. In contrast, the correlated
picture (right panel) shows that the metal DOS itself is strongly reshaped by correlation, including
the formation of satellite features and a reduction of the exchange splitting. These changes are
expected to have direct consequences for the bonding of additional adsorbates on top of this
passivated surface, as both the energetic position and the effective width of the hybridizing states
will be altered. Therefore, understanding how correlation modifies the Fe d-bands is crucial for
correctly describing the chemical and magnetic interaction with further adsorbates.
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5 Correlation Effects and Bonding at the
Pentacene/Fe(100)-p(1x1)0O Interface

5.1 Introduction: Chemisorption, Correlation, and the Limits of
Traditional Models

The previous chapter demonstrated that oxygen adsorption on Fe(100) enhances correlation
effects in the Fe surface layer, leading to a narrowing of the Fe d-bands near the Fermi energy and
a reduction of the exchange splitting. Notably, recent investigations by Cao et al. [32] suggest
that such changes in the metal DOS, particularly the reduction of the exchange splitting, can
severely increase the reactivity of a ferromagnetic surface. Therefore, the correlation-induced
changes in the DOS could counteract the otherwise passivating nature of the oxygen layer, thereby
influencing the interaction with subsequently deposited adsorbates.

This raises the central question of this chapter, which is also graphically displayed in Fig.

How do correlation-induced modifications of the Fe electronic structure, triggered
by oxygen-passivation, affect the bonding of subsequently deposited adsorbates, in
particular organic molecules?

To address this issue, we return to the conceptual foundation of chemisorption as captured by the
Newns—Anderson model. This framework predicts that the essential adsorption characteristics of
adsorbate/metal interfaces can be derived from two key quantities: (i) the metal’s density of
states (DOS), and (ii) the spatial overlap between molecular orbitals and metal states.

And while this model and the related d-band model are extremely powerful and successful, they
are primarily developed for small adsorbates with localized orbitals, where the hybridization
is assumed to be spatially uniform. These assumptions begin to break down for larger organic
molecules, such as pentacene (5A), which comprise a large number of atoms and cover lateral
areas that vastly exceed the atomic spacing of the substrate.

Hence, in such cases, the interaction between the molecule and the surface can no longer be
regarded as uniform, but instead becomes sensitive to the local environment experienced by
different molecular regions [57, [127]. This naturally raises the question of how the shape and
symmetry of molecular orbitals influence the local coupling strength. An early conceptual insight
into the importance of orbital structure was provided by Kenichi Fukui [291] 292], who recognized
that the spatial distribution and symmetry of molecular orbitals govern how chemical reactions
proceed. Although his frontier molecular orbital theory was originally formulated for reactions
between isolated molecules, the underlying idea that effective interactions depend on orbital
overlap also apply to molecule—surface systems.
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Figure 5.1: Schematic illustration of the central question guiding this chapter.
Left: Single-particle schematic of the Fe d-band structure for the Fe—O surface prior
to the inclusion of electron correlation. Right: Electronic structure of a typical
molecular adsorbate, characterized by sharp energy levels. The key question,
highlighted in the center, concerns the nature of the electronic structure of the
resulting hybridized interface once correlation-induced d-band renormalization is
taken into account.

Of particular relevance are the frontier orbitals, i.e. the HOMO and LUMO, whose spatial
distribution and energy level alignment with the substrate states determine how hybridization
unfolds at the interface. In this chapter, we aim to explore how the frontier orbital structure of
extended conjugated molecules dictates their interaction with a correlated Fe—O surface.

Scientific Focus of This Chapter

To investigate the introduced question, this chapter focuses on the adsorption of 5A — a
prototypical conjugated organic semiconductor renowned for its high charge-carrier mobility
293] — on the oxygen-passivated Fe(100) surface (Fe—O). Hereby, the Fe—-O surface serves as a
well-characterized example of a correlation-modified metal surface, while 5A, with its extended
m-system and well-characterized frontier orbital structure, represents an ideal model system for
exploring hybridization phenomena. The overarching goal is to establish a correlation-aware
framework for molecular adsorption that explicitly accounts for the modified electronic structure
of the substrate.

This requires a combined experimental and theoretical approach that provides full access to the
interfacial properties. To resolve the structural arrangement of the 5A monolayer, we first employ
LEED and STM, which together reveal the long-range order and the local adsorption geometry.
Building on this foundation, we use POT to probe the occupied electronic structure in momentum
space, enabling a direct assignment of molecular orbitals. Although POT is surface-sensitive, it
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Figure 5.2: Comparison between the Fe d DOS calculated using standard DFT,
DFT+U, and DFT+DMFT. In DFT+U, the effective Hubbard parameter U
is introduced to mimic the correlation-induced band narrowing. However, the
optimal value of U is not known a priori (indicated by the question mark) and
must be determined by benchmarking against DMFT. Figure from manuscript
currently under review.

captures contributions from both the molecular adlayer and the underlying substrate, providing
access to the full interfacial electronic structure.

To complement this perspective, we employ STS combined with spatially resolved differential
conductance (d/dV) mapping. These techniques offer local access to both occupied and unoccu-
pied states at the single-molecule level, yielding a real-space view of the molecular orbitals of
individual molecules. Unlike POT, scanning tunneling techniques are selectively sensitive to the
topmost layer, sampling almost exclusively the electronic states of the adsorbed molecule.

Together, these complementary methods create a comprehensive picture of molecular hybridization
at the 5A /Fe-O interface, establishing the basis for critically evaluating existing chemisorption
models and developing a refined framework that incorporates correlation effects, complexity of
conjugated molecules, and spatially non-uniform coupling.

On the theoretical side, the challenge lies in accurately describing the electronic structure of
the correlated Fe—O substrate beneath an extended organic layer. While the previous chapter
demonstrated that DMFT can capture the influence of electron correlation at the clean Fe-O
surface [190], its direct application to systems involving large adsorbates like 5A is computationally
prohibitive. The reason lies in the escalating cost of accounting for many-particle scattering
processes across all correlated Fe sites beneath the molecule.

To tackle this, we employ the DFT+U method — a computationally efficient extension of
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standard density functional theory that introduces an effective on-site Coulomb term (Ug) to
approximate the impact of local correlation effects in the Fe d-orbitals |60, |61]. However, unlike
DMFT, DFT+U remains a purely single-particle approach.

The key idea, therefore, is to benchmark DFT+U against DMFT for the clean Fe-O surface. By
tuning the effective Hubbard parameter U, = U — J, we aim to reproduce the characteristic
d-band narrowing and the reduction of the exchange splitting observed in the DMFT results,
without explicitly including true many-body physics.

This conceptual approach is illustrated in Fig. which compares the Fe d-projected DOS
obtained from standard DFT (left) and DMFT (right). In between, an example of a DFT+U
DOS is shown, which represents the target electronic structure that an appropriately tuned
U aims to reproduce. However, to achieve such a meaningful DF'T+U description, we must

determine the U value that brings the DFT+U DOS into quantitative agreement with the
DMFT benchmark — a key task that will be discussed in Section [5.3.1]

5.2 Sample Preparation and Experimental Overview

The preparation of the 5A /oxygen-passivated Fe(100) interfaces builds directly on the substrate
preparation described in the previous chapter. After obtaining the well-ordered Fe-O substrate
following the previously outlined procedures, 5A was deposited from a Knudsen-cell evaporator
under UHV conditions (p < 2 x 1071 mbar). Coverage control was achieved by adjusting the
deposition time at a fixed rate, which had been pre-calibrated using a quartz crystal microbalance,
yielding well-defined 5A /Fe-O interfaces with 0.5 ML and 1 ML coverage (with 1 ML corresponding
to one saturated molecular monolayer). The formation of an ordered molecular layer was confirmed
by the emergence of additional diffraction features in the LEED pattern (see Fig. ) and by
the pronounced appearance of carbon-related signals in AES data, while the substrate oxygen
and iron signals remained largely unaffected (see Fig. ) All deposition steps were performed
at room temperature.

Momentum-resolved photoemission experiments were conducted at the NanoESCA beamline
of the Elettra synchrotron. High-resolution 2D momentum maps were recorded using a Na-
noESCA momentum microscope operated in momentum mode, with p-polarized synchrotron
light at a photon energy of 40eV. The sample temperature was maintained at 80 K during the
measurements, and continuous sample rastering was employed to minimize radiation-induced
damage.

STM and STS studies were carried out at two independent low-temperature (LT) STM setups. For
the 0.5 ML 5A /Fe-O interface, measurements were performed at the University of Duisburg-Essen
using a home-built LT STM operating at 77 K, while data for the 1 ML interface were acquired
at the CNR-IOM institute in Trieste using a commercial Omicron LT STM at 77 K. Both setups
allowed the acquisition of topographic images in constant-current mode, as well as differential
conductance (dI/dV) maps recorded at constant height using lock-in detection. To preserve the
surface quality during transfer between preparation and analysis chambers, a dedicated UHV
transfer suitcase with a base pressure below 5 x 107! mbar was used. The STM measurements on
the 1 ML film were performed by Dr. Alessandro Sala and were part of an NFFA-Europe-funded
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Figure 5.3: Characterization of the 5A /Fe-O interface. (a) LEED pattern at
90eV after deposition of 1 ML 5A, showing additional diffraction features around
the (10) spots, indicative of long-range molecular order. (b) Differential AES
spectra before (black) and after (blue) 5A deposition, revealing strong carbon
signatures while oxygen and iron signals remain unchanged, confirming the integrity
of the Fe—O substrate.

project. The measurements on the 0.5 ML 5A sample were performed by Dr. Mehdi Bouatou in
the group of Prof. Gruber (University of Duisburg-Essen).

To ensure sample quality prior to the transfer into the STM setups, complementary momentum-
resolved measurements were performed at TU Dortmund using a laser-based momentum micro-
scope equipped with a femtosecond XUV light source operating at 29.7eV [195] 214].

Theoretical modeling of the 5A /Fe—O interface was performed by Dr. Andreas Windischbacher
from the University of Graz in the group of Prof. Puschnig, using DF'T combined with an effective
Hubbard U correction (DFT+U). This approach was calibrated against the reference DMFT
data for the Fe—O surface from Dr. Andrea Droghetti, which were discussed in the previous
chapter. The gas-phase momentum maps of 5A were generated using the kMap.py Software
package [211].

5.3 Electronic Structure and Coupling Mechanisms at the Interface

5.3.1 Efficient Modeling of Correlation-Driven d-Band Modifications

The previous chapter demonstrated that oxygen adsorption on Fe(100) induces pronounced
changes in the surface electronic structure due to an enhancement of electron correlation,
including a substantial narrowing of the Fe d-bands and a reduction in exchange splitting [190].
Capturing this influence of correlation is essential for any meaningful theoretical description of
subsequent molecular adsorption at the Fe-O interface.

The most accurate way to describe these correlation effects is DMFT, which explicitly accounts
for many-particle scattering processes at each correlated Fe site [190, 280]. While DMFT reliably
captures the correlation-driven modifications of the Fe—O electronic structure, its computational
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cost renders it impractical for systems with large unit cells, such as those required to model
organic monolayers like 5A.

To handle this, we adopt the DFT+U approach — an extension of density functional theory (DFT)
that introduces an effective on-site Coulomb term (U.g) to modify the occupation-dependent
part of the energy functional [60, |61].

DFT+U was developed to improve the description of systems with localized d or f electrons,
where standard DFT tends to yield overly broad bands and underestimated band gaps due to
over-delocalization of electronic states [60]. This delocalization stems from the self-interaction
error — an artifact in which an electron is spurously influenced by the potential of its own charge
density, unphysically favoring fractional occupations. By penalizing these fractional occupations,
DFT+U restores a more physical electronic structure and corrects the excessive smoothing of
the total energy as a function of electron number [61}, 294].

This concept is illustrated in Fig. which shows how the total energy behaves in different
formalisms. In standard DFT (black line), the curvature is too smooth due to the energetic gain
from delocalization. The Hubbard correction in DFT+U (blue line) restores the piecewise linear
segments expected from exact theory (red dashed line) by disfavoring fractional occupations [61}
123].

—— LDA
---- exact
—— LDA+U correction

Total energy

Number of electrons

Figure 5.4: Ilustration of the spurious curvature problem in DFT and its correc-
tion within DFT+4U. Standard DFT (black line) over-smooths the energy curvature,
while DFT+U (blue) restores the correct curvature by penalizing fractional occu-
pations, approximating the exact behavior (red dashed line). Reproduced from
[61]. © 2005 American Physical Society.

In the general case, DFT+U modifies the energy functional through an additional term of the
form:

Ey = (2]12 Tr [0, (1—np,)] (5.1)

where n;, denotes the occupation matrix for localized d orbitals at site I and spin o [294].

86



5.3 Electronic Structure and Coupling Mechanisms at the Interface

To highlight its physical meaning more intuitively, this expression reduces to:

E,; = gn(l —n) (5.2)
for a single site with a single spin-degenerate localized orbital. Here, n denotes the occupation
of that orbital, neglecting explicit spin. This simplified quadratic form directly illustrates the
core mechanism: the energy penalty vanishes for integer occupations (n = 0 or n = 1) but is
maximized for fractional occupations (n = 0.5). The resulting Hubbard-correction corresponds
to the blue line in Fig. which approximately restores the correct curvature when applied to
the LDA total energy (black) [61].

While values for U g can be derived from first principles [295], DFT+U is often applied in an
empirical fashion, where the U,z parameter is tuned to reproduce experimental observables such
as band gaps or specific features of the electronic band structure [60, 296, 297]. For strongly
correlated systems like transition metal oxides, where metal cations are embedded in ionic lattices,
DFT+U is a well-established method for capturing the properties of localized d-electrons [60,
61]. Similarly, it has proven effective in organic coordination complexes (e.g., porphyrins and
related macrocycles), where transition metal ions are coordinated by planar or three-dimensional
ligand ﬁeldsﬂ In such systems, the U4 correction is likewise applied to the spatially localized
d-states of the coordinated metal ions, providing a computationally efficient alternative to more
sophisticated and costly hybrid functionals, as demonstrated in various studies of porphyrins
and related species [299302].

From a phenomenological perspective, DFT+U increases the energetic separation between
occupied and unoccupied states, pushing the former to lower and the latter to higher energies [303].
In semiconductors and insulators, this mechanism helps to correct the typically underestimated
band gaps. However, in ferromagnetic transition metals, which are generally weakly to moderately
correlated, the situation is more nuanced. In such systems, occupied and unoccupied states differ
in spin character, with majority-spin states being largely occupied and minority-spin states less
so. Here, applying a conventional positive U.; tends to exaggerate the spin splitting, leading to
magnetic properties that deviate more strongly from experiment than those obtained by standard
DFT [61}, 295, [304].

It is important to stress that DFT+U is not a genuine theory of electronic correlation in the
many-body sense. It does not capture dynamical correlations, and cannot reproduce spectral
features of purely many-body origin, such as satellite states. Instead, its role in this work is
analogous to that of a scissor operatoﬂ as commonly employed in organic electronic structure
calculations 111} 287, [306, |307] — a pragmatic adjustment designed to match a known reference
while retaining computational efficiency. In particular, it is used here to emulate the correlation-
induced renormalization of the Fe d-bands, most notably the reduction in exchange splitting.

*Ligands are atoms, ions, or molecules that donate electron density to a central metal ion, forming directional
coordinate bonds [298].

tA scissor operator is a computational correction that rigidly shifts the energy levels in DFT, such as molecular
orbitals in organic molecules, to approximate quasiparticle energy alignment and reproduce experimental band
gaps [305].
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5 Correlation Effects and Bonding at the Pentacene/Fe(100)—p(1x1)0O Interface

Benchmarking DFT+U Against DMFT

To make this approach reliable, we calibrated U, by performing DFT+U calculations for the
clean Fe-O surface across a range of Uy values and directly comparing the resulting DOS to
the reference DMFT result . This benchmarking, summarized in Fig. reveals that
only negative U values reproduce the correlation-induced narrowing and reduced exchange
splitting seen in DMFT. In contrast, the positive U, values typically used for transition metal
oxides strongly exaggerate the spin splitting. Based on this calibration, we fix Uy = —3.1eV
for all subsequent DFT+U calculations of the 5A /Fe-O interface. This calibrated framework
provides a physically grounded and internally consistent theoretical baseline for interpreting the
experimental data and for investigating how correlation-induced modifications of the Fe d states
influence molecular adsorption, energy level alignment, and electronic coupling at the interface.
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Figure 5.5: Calibration of DFT+U against DMFT for the Fe(100)-p(1 x 1)O

surface. Panels (i-v) show the Fe-O DOS calculated using DFT+U for different
U, values, while panel (vi) displays the reference DMFT result. Only negative

exchange splitting observed in DMFT. Positive Uy (panel v) exaggerates the
exchange splitting, illustrating the limitations of conventional DFT+U for ferro-
magnetic metals. Figure from manuscript currently under review.
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5.3 Electronic Structure and Coupling Mechanisms at the Interface

5.3.2 Molecular Self-Assembly and Structural Evolution

To unravel the structural evolution of 5A on oxygen-passivated Fe(100)-p(1x 1)O, we combine the
molecular-scale resolution of STM with the large-area sensitivity of LEED. This complementary
approach allows us to develop a comprehensive structural model, capturing both the local
molecular arrangement and the emergence of long-range order across the self-assembled film. This
provides a detailed picture of the structural properties, spanning from molecular to mesoscopic
scales.
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Figure 5.6: Evolution of the LEED pattern during stepwise deposition of 5A on
oxygen-passivated Fe(100)—p(1 x 1)O. (a) Reference LEED pattern of the clean
Fe(100)-p(1 x 1)O substrate, recorded at approximately 50eV. (b) LEED patterns
showing the evolution of diffraction spots with increasing 5A coverage. The upper
row displays the substrate-related diffraction spots (recorded at 50eV), while the
lower row highlights the molecular superstructure spots (recorded at 15eV). Data
are shown for coverages of 1/3ML, 2/3 ML, and 1 ML (saturated monolayer). With
increasing coverage, the intensity of the substrate spots decreases, but they remain
sharp, indicating preservation of the underlying order. Simultaneously, initially
diffuse molecular diffraction features appear and gradually sharpen, indicating the
development of an ordered molecular superstructure.

Figure shows the LEED pattern of the clean Fe(100)-p(1 x 1)O surface, exhibiting the
characteristic fourfold symmetry expected for a square Fe(100) surface lattice with an ordered
oxygen overlayer. Upon stepwise deposition of 5A molecules, the emergence of additional
diffraction spots becomes apparent, as shown in Fig. [5.6p. These molecular diffraction features are
initially diffuse at low coverages, but they gradually sharpen with increasing coverage, indicating
the formation of long-range molecular order. At the saturation coverage of one monolayer (1 ML),
the molecular diffraction spots are sharpest, confirming that the self-assembled monolayer exhibits
well-defined structural order.

STM images collected for sub-monolayer coverages (Figure and b) provide complementary
real-space information on the molecular arrangement. At 0.5 ML coverage, individual 5A molecules
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5 Correlation Effects and Bonding at the Pentacene/Fe(100)—p(1x1)0O Interface

are clearly visible and align their long molecular axes parallel to the [001] and [010] directions of
the substrate. This alignment already indicates a non-negligible molecule-substrate interaction,
guiding the molecular orientation. Notably, even at this low coverage, 5A molecules form locally
ordered islands, indicative of a pronounced tendency for self-assembly. The large-scale STM
image in Figure was recorded at a bias voltage of —2.0V and a tunneling current of 20 pA,
showing one such ordered island.
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Figure 5.7: Structural evolution of 5A films on oxygen-passivated Fe(100)—p(1 x
1)O, investigated using STM and LEED. (a) STM image of a sub-monolayer
(0.5 ML) film of 5A, showing individual molecules oriented parallel to the [001]
and [010] directions of the substrate. Molecules also form ordered islands. (b)
High-resolution STM image of a molecularly ordered island within the 0.5 ML
film. The molecular orientations are overlaid for clarity. (c¢) STM image of
a saturated monolayer (1 ML) film, showing long-range molecular order. The
inset displays the fast Fourier transform (FFT), confirming the periodicity of the
molecular arrangement. (d) LEED image recorded for the same 1 ML film, showing
diffraction spots from the molecular superstructure. A simulated LEED pattern,
based on the proposed superstructure and its symmetry-equivalent rotational
domains, is superimposed for comparison. The inset in (d) shows the corresponding
real-space model of the superstructure. Figure from manuscript currently under
review.

A close-up image of the island (Figure ), recorded at —2.5V and 100 pA, reveals a commen-
surate superstructure with a unit cell that can be described by the matrix (2 4,), corresponding
to an oblique molecular arrangement on the square substrate lattice. This unit cell covers an area
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2
of 40 A” per molecule. Upon further deposition to form a saturated monolayer, the molecular
packing density increases significantly. The unit cell contracts into a more compact ( 3 1)
superstructure, as shown in Fig. [5.7c.

This final unit cell corresponds to an area of only 17 AQ per molecule, indicating that the
molecular density increases by roughly a factor of two as the coverage approaches 1 ML. The
STM image in Figure 5.7k, obtained at +2.0 V bias and 200 pA tunneling current, shows a single
rotational domain of this fully developed monolayer, exhibiting excellent long-range order. The
inset displays the corresponding fast Fourier transform (FFT), confirming the periodicity of the
molecular arrangement.

To verify the structural assignment and account for the larger areas probed by LEED, we compare
the experimental LEED pattern for 1 ML (Figure ) with a simulated pattern derived from the
proposed ( 3 1) superstructure. Since the LEED data average over multiple domains, including
rotational and symmetry-equivalent mirror domains imposed by the four-fold symmetry of the
Fe(100) substrate, all these domains must be considered in the simulation.

The construction of the simulated LEED pattern is illustrated in Figure Starting from the
reciprocal lattice of a single molecular domain, we generate the symmetry-equivalent domains
through mirroring, 90° rotation, and combined rotation and mirroring. The final simulated
pattern, which is the sum of all these contributions, reproduces the experimentally observed LEED
pattern with high fidelity. This agreement supports the proposed superstructure and provides a
consistent picture of how 5A self-assembles on the oxygen-passivated Fe(100) surface: starting
from isolated molecules aligned along substrate axes, evolving to locally ordered islands with a
relatively large unit cell, to the fully developed monolayer exhibiting a denser, commensurate
superstructure.
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Figure 5.8: Simulation of the LEED pattern for a monolayer of 5A on Fe(100)—p(1x
1)O based on a (3,1;—1,—6) superstructure. The first panel shows the diffraction
pattern produced by a single ordered domain of the molecular film. The following
panels illustrate the symmetry-equivalent domains generated by mirroring, 90°
rotation, and combined rotation and mirroring. The final panel presents the sum
of all domains, which reproduces the experimentally observed LEED pattern. This
procedure reflects the coexistence of multiple rotational and mirror domains that
form when 5A self-assembles on the square Fe—O surface.
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5 Correlation Effects and Bonding at the Pentacene/Fe(100)—p(1x1)0O Interface

5.3.3 The Occupied Electronic Structure of 5A/Fe—0 in Photoemission
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Figure 5.9: Momentum-resolved data of clean Fe-O and 1 ML 5A on Fe-O. (a),(c)
Momentum maps at the Fermi energy are shown for (a) bare Fe—O and (¢) 1ML
5A on Fe-O. The blue square in a) marks the 15 SBZ of the Fe-O surface, and red
lines indicate the corresponding high-symmetry directions. By slicing the entire 3D
data cube along these high-symmetry lines, the surface band structure is derived.
(b),(d) Resulting surface band structures of the (b) Fe-O substrate and the (d)
5A /Fe-O system. Molecular resonances are highlighted by coloured boxes. Data
were acquired using p-polarized light at a photon energy of 40eV. Figure from
manuscript currently under review.

With the structural framework in place, we now turn to the electronic properties of the 5A /Fe-O
interface, investigated using a combination of photoemission techniques (MM and POT) and
scanning probe methods (STM, STS, and differential conductance (dI/dV) mapping). These
complementary approaches provide detailed insights into the electronic characteristics of the
metal /organic interface.

We begin by analyzing the photoemission data to determine whether the adsorption of 5A alters
the electronic properties of the Fe-O substrate. Since passivation with oxygen is known to
strongly modify the electronic and magnetic characteristics of the Fe surface, as discussed in the
previous chapter, we must first ascertain that 5A does not induce further or revert any of these
changes. However, from the previous chapter we know that in particular, states near the Fermi
energy are highly susceptible to changes, making them the primary focus of our analysis. For
this reason, we firstly compare momentum maps near the Fermi energy and the overall band
structures of the clean Fe-O surface with those of the 5A /Fe-O system, depicted in Fig. [5.9
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5.3 Electronic Structure and Coupling Mechanisms at the Interface

Notably, the presence of bA induces no significant changes near the Fermi level, as evidenced by
the Fermi maps in Fig. [5.9h,c, which retain the characteristic fingerprints of oxygen bonding.
This suggests that the magnetic and electronic properties established earlier remain valid. Given
the strong influence of oxygen on the Fe(100) surface, confirming that its electronic characteristics
persist upon molecular adsorption ensures a reliable reference point for modeling the hybrid
interface. Likewise, the band structure comparison (see Fig. 7d) reveals no discernible
variation in states near the Fermi level. However, 5A adsorption introduces distinct spectral
features in the valence band at binding energies of approximately —1.6eV and —2.8eV. These
resonances, absent on the clean Fe—O surface, originate from the molecular layer itself. To
elucidate their nature and fully resolve the molecular electronic structure at the interface, we
analyze the MM data in more detail.

First, we take a look at the momentum-integrated photoemission spectra (EDCs) of the clean
Fe—O substrate and the 5A-covered Fe—O interface, shown in Fig. as black and blue
curves, respectively. Consistent with the momentum-resolved data, molecular peaks emerge at
approximately —1.6eV and —2.8eV below the Fermi level (E — Ey), confirming the presence of
distinct molecular states.
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Figure 5.10: POT analysis of the 5A /Fe-O interface. (a) Momentum-integrated
photoemission spectra of the bare Fe-O surface and the Fe-O surface after adsorp-
tion of 5A, recorded at a photon energy of 40eV (p-polarized). The two prominent
features at binding energies of approximately —1.6 eV and —2.8 eV are attributed
to the HOMO and a sum of HOMO-1/HOMO-2 levels of 5A, respectively. (b)
Corresponding momentum-resolved photoemission intensity maps at the energies
of the HOMO-1/-2 (left) and HOMO (right) peaks. The experimental maps are
shown alongside the simulated momentum distributions of the respective molecular
orbitals for comparison. Figure from manuscript currently under review.

To isolate the molecular contributions from the underlying substrate features, the spectra are first
normalized using and energy region where no molecular states are observed (here from 0.0eV to
—0.5eV). Subsequently, the spectrum of the clean Fe-O surface is subtracted from that of the
5A /Fe—O system, yielding the difference spectrum shown as the grey curve in Fig. .

Next, to assign these features to specific molecular orbitals, we exploit the full momentum

dependence of the photoemission signal within the framework of POT [63, 114, 214]. An overview
of the procedure used to generate the simulated momentum maps is provided in Section
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5 Correlation Effects and Bonding at the Pentacene/Fe(100)—p(1x1)0O Interface

As Fig. 5.10b demonstrates, the momentum distribution corresponding to the peak at —1.6eV
exhibits excellent agreement with the simulated photoemission signature of the HOMO of 5A.

Similarly, the momentum map at —2.8 eV matches the combined signature of the HOMO-1 and
HOMO-2 orbitals, which appear energetically degenerate within the resolution of our measurement.
Based on this orbital-level identification, we further examine these features quantitatively by
fitting the momentum-integrated molecular peaks with Gaussian profiles and a linear background
(see Section . This approach yields a single Gaussian peak for the combined HOMO-
1/HOMO-2 feature, centered at (—2.8840.01) eV with a FWHM of (0.5240.01) ¢V. In contrast,
the HOMO-related emission requires two Gaussian components, centered at (—1.26 + 0.05) eV
and (—1.61 +0.02) eV, with corresponding FWHMs of (0.46 4 0.04) eV and (0.35 4 0.02) eV.

Surprisingly, this detailed spectral decomposition suggests that the HOMO splits into at least
two components upon adsorption, which might suggest an interaction that goes beyond a weakly
interacting molecule-substrate system. Notably, despite these unsual signatures, our momentum-
resolved data allow us to rule out any contributions from the LUMO in the energy window below
Ey, indicating the absence of electron transfer from the substrate to the molecular layer.

5.3.4 The Local Electronic Structure of 5A in Scanning Probe Experiments
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Figure 5.11: Comparison of STM and STS results for a 1 ML versus a 0.5 ML
film of 5A molecules on Fe-O. (a) STS spectra for the 0.5 ML (light blue curve)
and 1ML (dark blue curve) films, revealing similar spectroscopic characteristics.
Three peaks appear in the unoccupied states at 0.8V, 1.2V, and 2.0V, while
a broad resonance is centered at approximately —1.6 V in the occupied states.
Additional intensity near —0.5eV is attributed to the high substrate DOS rather
than molecular features. (b) Gas-phase orbital plots of the HOMO, LUMO, and
LUMO+1 of 5A. (c) STM images of a 1ML film of 5A on Fe-O, recorded at
—2.0V (top) and +2.0V (bottom) with tunneling currents of 500 pA and 100 pA,
respectively. (d) dI/dV maps of an ordered island of a 0.5 ML film of 5A on Fe-O,
acquired at —2.0V (top) and +2.0V (bottom) with a tunneling current of 300 pA.
Figure from manuscript currently under review.
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5.3 Electronic Structure and Coupling Mechanisms at the Interface

To complement our understanding of the electronic structure of the frontier orbitals in adsorbed
5A molecules, we extend our study to STS experiments. These measurements allow probing of
both the occupied and unoccupied electronic states of the molecules, offering crucial insights into
their interactions with the substrate. We first focus on the frontier orbitals closest to the Fermi
energy. The STS spectra for both the 1 ML and 0.5 ML films, shown in Fig. [5.11], exhibit similar
spectral features: a prominent rising peak in the occupied region (negative bias voltages) and
two distinct peaks along with a rising edge in the unoccupied region (positive bias voltages).

To understand the origin of these spectral features, we compare the gas-phase Kohn—Sham
orbitals of 5A (Fig. [5.11p) with STM topography and differential conductance (dI/dV) maps
recorded near these peaks (Fig. ,d). The dI/dV mapping approximates the local electron
density distribution at specific bias voltages, which enables the identification of MO fingerprints at
selected energies. The analysis of dI/dV maps at bias voltages of —2.0V and +2.0V (Fig. [5.11{d)
reveals a strong resemblance to the gas-phase HOMO and LUMO of 5A, respectively (see Fig.
S7b), confirming that these states stem from the gas phase HOMO and LUMO.

One of the most intriguing aspects of the STS spectra is the pronounced multipeak structure in
the LUMO region, which is even more prominent than in the HOMO region. The fact that no
significant spectral changes occur between 0.5 ML and 1 ML films suggests that the observed
electronic structure is governed by molecule-substrate interactions. This conclusion is further
supported by theoretical calculations, which show that a free-standing layer of 5A arranged in
the same structure as the 1 ML film does not exhibit the marked HOMO and LUMO features
observed in the experiment (see Fig. . This strongly suggests that the interaction with the
Fe—O substrate plays a key role in shaping the electronic structure.
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Figure 5.12: PDOS for a free-standing layer of 5A. The molecular arrangement

follows the identified (3,1; -1,-6) superstructure of the saturated 1 ML film on Fe-O.
Figure from manuscript currently under review.
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Comparing DFT+U Results with Scanning Probe Measurements
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Figure 5.13: Impact of Ug settings on the DOS of Fe-O and the MO-resolved
PDOS (MOPDOS) of 5A. As U4 becomes more negative, the exchange splitting
in Fe—O decreases, while the frontier orbitals of 5A exhibit increased broadening
and splitting. Figure from manuscript currently under review.

Up to this point, the findings indicate that molecule-substrate interactions go beyond a simple
weak coupling. This stands in sharp contrast to commonly reported cases of weakly interacting
molecules on passivated surfaces, where the LUMO typically appears as a single, well-defined
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peak above the Fermi energy [90, 308} [309]. Instead, the broadening of the HOMO and the
emergence of multiple LUMO-related features point to more complex interactions that warrants
further investigation.

Before interpreting the nature of these interactions in terms of electronic structure models, it is
essential to assess whether the DFT+U approach can quantitatively reproduce the experimental
signatures that have been discussed thus far. To this end, we perform DFT+U calculations based
on a structural model corresponding to the experimentally observed monolayer coverage.

This step ensures that the theoretical framework is capable of capturing the relevant physical
effects — particularly those arising from correlation-driven modifications of the Fe-O d-bands
— and sets the stage for the subsequent interpretation in terms of chemisorption theory. By
systematically varying the U, parameter, we can probe whether substrate-induced modifications
in the d-band structure play a direct role in shaping the experimentally observed spectral features.
This approach is particularly relevant given the distinct multipeak LUMO structure, which
deviates from expectations for a weakly interacting system.

As these features arise most likely from molecule-substrate coupling rather than intrinsic molecular
properties, one would expect them to be sensitive to changes in the substrate’s electronic structure,
particularly in the Fe d-bands. The following analysis, shown in Fig.[5.13] explores this relationship
and evaluates to what extent DFT+4+U can capture the experimentally observed effects. The
calculations reveal a clear correlation between U,g and the observed spectral modifications. As
U.g becomes more negative, the exchange splitting of the Fe-O substrate decreases, leading to a
significant broadening and splitting of the molecular frontier orbitals. The evolution of the LUMO
into multiple distinct spectral features aligns with the characteristics of the experimental STS
data. While the theoretical calculations reflect some of the key experimental trends, achieving a
precise one-to-one correspondence is essential for understanding the underlying hybridization
mechanisms. Without such agreement, the electronic structure remains ambiguous, and the
origin behind the emerging interactions cannot be fully unraveled.

To address this, we now focus on the 1 ML film in Fig. extending STS measurements over a
broader energy range and incorporating spatially resolved conductivity (dI/dV) mapping at the
previously unidentified spectral features of the LUMO. These additional features serve as the
main test case to evaluate whether the theoretical model can accurately capture the experimental
observations. We start by examining the occupied states (negative bias) in the extended STS
spectrum of the 1 ML 5A film on Fe-O, which is displayed in Fig. [5.14h. Here the HOMO,
previously visible only as an incomplete peak with its upper part extending beyond the measured
range, is now fully resolved as a broad feature centered at —1.8 V, and a second peak is present

at —3.2V.

Overall, the observed peak structure closely matches the photoemission data (see Fig. ,
allowing for a confident assignment of the HOMO and HOMO-1/HOMO-2 states. While previous
STS measurements only captured the lower part of the HOMO as a rising edge, the extended
energy range now fully resolves its peak, aligning with its expected position from photoemission.
Similarly, the additional peak at —3.2 V matches reasonably well with the features seen in
photoemission, further supporting its assignment to HOMO-1/HOMO-2. Additionally, the
HOMO resonance in STS exhibits noticeable broadening, which closely resembles the shape
observed in the photoemission EDC. At positive bias, where the unoccupied states are probed, the
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Figure 5.14: The dI/dV data of the occupied and unoccupied states of 5A atop
the Fe-O surface. (a) Normalized dI/dV spectrum measured on top of a single 5A
molecule. (b) dI/dV maps obtained for a tunneling current of 300 pA at different
positive voltages close the peaks observed in the unoccupied region (red bars), each
probing a 3.5 x 3.5nm? area. (c¢) MOPDOS for 5A adsorbed on Fe-O derived from
DFT+U calculations using a Hubbard-parameter of U,g = —3.1eV. (d) Simulated
STM images at a constant height of 4 A. Figure from manuscript currently under
review.

LUMO is now resolved into three distinct peaks just above the Fermi level, with two prominent
features at 0.8 V and 1.2V, accompanied by a weaker peak at 2.0 V.

Thus far, we have found no indication that any of these peaks originate from the LUMO+1 or
result from intermolecular interactions. However, based on the STS spectra alone, their precise
origin remains unclear. To further investigate these states, we recorded two-dimensional dI/dV
maps at the peak bias voltages marked in Fig. [5.14h.

The resulting maps, shown in Fig. [5.14b, all exhibit stripe-like patterns with distinct intensity
modulations, reflecting variations in their spatial electronic structure. The 0.8 V map reveals
molecular states characterized by stripes with a slight dip in the center, while the 1.2V feature
exhibits a pronounced intensity profile, with a significantly attenuated central region and
prominent protrusions at the molecular edges. In contrast, the 2.0 V peak produces an almost
homogeneous intensity distribution across the entire 5A molecule, consistent with the clear 7-lobe
structure observed in dI/dV maps of the 0.5 ML film (see Fig. [5.11)).

A thorough comparison between the experimental STS spectrum and the PDOS obtained from
DFT+U calculations reveals a notable agreement for the optimized U, = —3.1eV, which was
established earlier. The simulated PDOS, shown in Fig. as a blue curve, reproduces not
only the broad HOMO feature but also the characteristic three-peak structure of the LUMO,
mirroring the experimental findings. The only significant deviation is the underestimation of the
energy gap, which is an expected consequence of the well-known electronic band gap problem in

DFT [i21].
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Figure 5.15: Integrated density plots for the energy regions corresponding to the
identified LUMO features. (a),(b),(c) Density simulations near +0.1V, +0.5V,
and +1.2V, equivalent to the STM energy windows highlighted in Fig. [5.14(d,
respectively. The top row shows side views of the calculated densities, with the
thin blue lines indicating the cutting plane at the estimated tip-molecule distance.
The bottom row presents top-view images of the electron densities above this
cutting plane, offering a direct comparison to the dI/dV images in Fig. m For
clarity, the atomic positions of the molecule and the surface were superimposed
on the density plots. Iso-value thresholds were optimized to best align with the
STM-equivalent simulations, set at 6.0 x 1078, 1.2 x 1077, and 2.5 x 1078 for (a),
(b), and (c), respectively. Figure from manuscript currently under review.

Beyond spectral alignment, a more significant comparison between theory and experiment
emerges from STM simulations. Simulated constant-height STM patterns at the three LUMO
peak positions (marked by red bars in Fig. closely replicate the intensity variations observed
in the experimental dI/dV maps. This striking agreement further reinforces the assignment of
these features as LUMO-derived states. Importantly, the same conclusion holds when directly
comparing the measured dI/dV maps with the calculated Kohn-Sham orbitals, as shown in
Fig. [5.15] This comparison not only confirms the LUMO nature of these features but also
demonstrates that their origin is mainly electronic.

In contrast, such variation in intensity is not observed for the HOMO. Instead, the dI/dV maps
across the identified HOMO energy range exhibit uniform distributions at all energies, with no
pronounced intensity modulation across individual molecules. As shown in Fig. the HOMO
states maintain a consistent spatial profile.

Thus, by comparing the experimental scanning probe data with calculated spectral and spatial
features, we have demonstrated that DFT+U provides a reliable description of the 5A /Fe-O
interface. This validation confirms that the method captures the essential physical effects —
most notably the influence of correlation on the substrate d-bands and the resulting interaction
with the molecular frontier orbitals. Having established this agreement, we now turn to the
interpretation of these results in terms of underlying bonding mechanisms and hybridization
models, with the goal of uncovering how correlation-driven d-band renormalization governs
chemical bond formation at the interface.
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Figure 5.16: Experimental dI/dV maps for the HOMO of 5A. (a)-(c) Maps
recorded at bias voltages of —2.3V, —1.8V, and —1.3V, respectively, with a
tunneling current set to 300 pA for all images. Unlike the maps obtained in the
LUMO energy window, the HOMO maps show no pronounced intensity variations
across individual 5A molecules. Figure from manuscript currently under review.

5.3.5 The Role of Correlation-Induced d-Band Modifications in Chemisorption

The agreement between experiment and DFT+U with an optimized U,g underscores the impor-
tance of tuning the d-band structure to capture key aspects of the molecule—substrate interaction.
While DFT+U does not fully account for many-body effects as in DFT+DMFT, it offers a
practical way to approximate renormalized d-bands and their coupling to molecular states.

When the impact of correlation is neglected (U,g = 0€V), the Fe d-bands exhibit a pronounced
exchange splitting of approximately 3.0eV (see Fig. , which places them significantly farther
from the 5A molecular orbitals. As a result, little hybridization occurs. This is evident in the
spin-resolved molecular orbital projected density of states (MOPDOS) (Fig. , top), where the
HOMO and LUMO appear only moderately broadened, and in the integrated LUMO electron
density (Fig. bottom), which closely resembles that of the gas-phase LUMO, confirming the
absence of significant chemical interaction.

To interpret these observations and understand how hybridization emerges under different
conditions, we now turn to established chemisorption models.

According to the Newns-Anderson model, the spin-dependent interaction between the renormalized
LUMO state and the d-bands of a metal substrate can be described by intersecting the Hilbert
transform of the substrate d-PDOS with the adsorbate LUMO function, given as:

(€)= T5( — cLomo): (53)

where ;o denotes the energy position of the renormalized LUMO, i.e., its energy after
interaction with the substrate sp-states. Note that strictly speaking the initial sp-coupling is
not coming from the Newns-Anderson model but rather the d-band model. Yet, the central
idea of utilizing the Hilbert transform stems from the Newns-Anderson approach. The term V?2
represents the adsorbate-metal d coupling strength [45] [53], which is determined by the spatial
overlap between the adsorbate state and the metal d-states .
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Figure 5.17: DFT-based analysis of 5A adsorption on Fe—O and the spin-resolved
Newns-Anderson model. (a) PDOS showing the HOMO and LUMO contributions
alongside the Fe d-bands resulting from DFT calculations of 5A adsorbed on
top of Fe-O. The bottom panel shows a plot of the electron density stemming
from the energy interval [0.2, 0.4] eV, which marks the center of the LUMO peak
indicated by the black bar. (b) Sketch of the spin-resolved Newns-Anderson model
assuming a Fe d-band structure similar to the one obtained by DFT. Solid red and
blue lines indicate the Hilbert transforms of the Fe majority and minority PDOS,
respectively. The grey dotted line indicates the energy position eyy)q of the
renormalized LUMO state, from where the adsorbate function, y(g) = € — er.ymo
emerges (solid grey line). The intersections between the adsorbate function and
the Hilbert transforms (highlighted by circles) mark the energy positions of the
hybridized adsorbate-metal states. In the presented case, the model predicts a
single resonance in each of the two spin channels (see bottom panel). Figure from
manuscript currently under review.

As outlined above, the slope of the adsorbate function is inversely proportional to the adsorbate-
metal d-state coupling. In this framework, a steep incline of the function corresponds to low
spatial overlap and, consequently, a weak coupling strength.

The intersections between the spin-dependent adsorbate functions and their respective Hilbert
transforms provide two fundamental insights into the hybridization mechanism. First, the number
of intersections determines whether the adsorbate state undergoes simple broadening, occurring
when a single intersection is present, or whether it splits into bonding and antibonding resonances,
which occurs when three intersections are found. Second, the position of these intersections
dictates the energy levels of the hybridized adsorbate-metal d-states.

In cases where three intersections exist, only the two outermost ones correspond to actual
electronic states, while the central intersection represents a weak, non-localized state with
significantly lower density . By analyzing our simulations within the framework of the
d-band model and assuming a coupling strength of V? = 1, we find that in the standard DFT
calculation with U, = 0, the LUMO state does not split into distinct hybridized states but
instead exhibits a broadened energy distribution in both spin channels (see Fig. [5.17b).

As anticipated from the previously discussed variation of U.4 and its impact on the MOPDOS,
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5 Correlation Effects and Bonding at the Pentacene/Fe(100)—p(1x1)0O Interface

the electronic structure changes significantly when an appropriate U.g is applied to accurately
reproduce the exchange splitting of the Fe d-bands. The resulting spin-resolved MOPDOS is
shown in Fig. [5.18h. Consistent with the earlier finding that U,y = —3.1eV provides the best
approximation of the DMFT-corrected band structure, this value is employed in our calculations.
This adjustment leads to two pronounced energetic overlaps: first, in the spin-up channel, where
the HOMO strongly interacts with the Fe majority states, and second, in the spin-down channel,
where the LUMO overlaps with the Fe minority states.

a DFT+U b Newns-Anderson model
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2 1 HOMO %)

@ o LUMO o 3

o O LUMO+ g ar:tibondin
a] l HOMO-1 o 9 l
o =1 HOMO-2 .

e bonding
|.|.Jr—v—y—.=an—y—r&;p—y—v—y—v—y—,—v—y— i
2 -1 0 1 2 Fe d states

— — Hilbert transform
= Y(E) = &€

antibonding \/
-
QO _O o
© O 9O N »
I/\ energy
YOMDEOME

Figure 5.18: Electronic structure of the 5A/Fe-O interface calculated using
DFT+U, illustrating the impact of d-band modifications. (a) Resulting MOPDOS
for 5A adsorbed on Fe-O, obtained from optimized DFT+U calculations using
U, = —3.1eV. The adsorption geometry is the same as in Fig. @a For the
MOPDOS of the LUMO we identify three main peak regions, which are indicated by
red bars. In the bottom part the corresponding electron densities (spin-integrated),
which stem from the highlighted peak regions, are plotted. (b) Scheme of the
spin-resolved Newns-Anderson model for a substrate DOS like the one from (a).
In the top graph, the adsorbate function (solid grey line) intersects the majority
Hilbert transform (solid red line) only once, while three intersections are found
between the adsorbate function and the Hilbert transform of the minority states
(blue line). According to the model, this results in a single broadened resonance in
the spin-up PDOS, and the formation of bonding and antibonding resonances in
the spin down PDOS. Figure from manuscript currently under review.

PDOS

According to the predictions of simplified chemisorption models, molecular and substrate states
must be energetically close to induce a non-negligible hybridization, leading to the formation
of bonding and antibonding adsorbate—metal states. Applying this concept to our previous
picture of the LUMO adsorbate function and its coupling to now much narrower and less-split
d-states indeed results in the emergence of well-separated bonding and antibonding states in the
spin-down channel, where € ;)10 overlaps with the metal d-bands (see Fig. |5.18b). At the same
time, in the spin-up channel, only a single intersection remains for the LUMO, corresponding to
a broadened molecular resonance.

A closer examination of the integrated density in the LUMO region of the DFT+U calculation
further supports the predictions of the d-band model. The spin-integrated density plots shown at
the bottom of Fig. indicate that each peak corresponds to a distinct aspect of chemical bond
formation. For the peak closest to the Fermi level (1), a pronounced bonding-like interaction
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is observed between the three central sets of LUMO lobes and the Fe d-states, aligning with
the predicted bonding state in the spin-down channel of the d-band model. Conversely, for the
peak furthest from the Fermi level (3), the density distribution exhibits a distinct antibonding
character, once again consistent with the simplified bonding model for the spin-down channel.

In contrast, the density plot corresponding to the central peak (2), which contributes the most
significantly to the spectral weight, represents a weakly bonding state, resembling the uncorrected
DFT scenario with U, = 0eV that we discussed earlier in Fig. [5.17

Hence, we conclude that while many-particle effects play a decisive role in shaping the electronic
structure of the substrate, and thereby govern the degree of chemical interaction, their influence
appears to be largely confined to this aspect. Accordingly, despite the enhancement of correlation
effects, a description of the adsorbate-metal system in terms of single-particle approximations
may remain valid. Strikingly, this opens the possibility of achieving a quantitative description of
the interface using simplified chemisorption theory. In the following, we explore this prospect by
directly applying the Newns-Anderson formalism to simulate the electronic structure.

5.3.6 Applying the d-band Formalism to the 5A /Fe—0 Interface

To test the validity of the Newns—Anderson theory, we focus on molecular states that exhibit
strong interaction with the substrate, while disregarding those that remain largely unaffected
due to weak overlap. For this purpose, we use the expression for the adsorbate DOS derived
from the Newns—Anderson model, as described in Section to simulate the MOPDOS of
selected molecular orbitals. This naturally leads to the HOMO in the spin-up channel as the
primary benchmark, since it strongly interacts with the Fe majority d-states, resulting in a
distinct bonding—antibonding splitting.

As shown in Fig. the substrate DOS in the Newns—Anderson model is represented by a
semi-elliptical function, shaped to approximate the Fe—O surface DOS obtained from DFT+U.
The coupling strength |V| is treated as an empirical parameter and slightly increased from its
former value of |[V| =1 to |V| = 1.4 in order to optimize agreement with the DFT+U results for
the adsorbate spectral function.

With this setup, the spectral character predicted by the Newns—Anderson model closely follows
the DFT+U results across all tested U, values (U = 0eV corresponds to standard DFT).
It consistently reproduces the evolution from a single resonance to distinct bonding and anti-
bonding features, as well as the associated changes in relative peak intensities. This agreement
demonstrates that the simplified model captures the key features of the hybridization. However,
the absolute energies of the adsorbate resonances remain offset relative to the DFT+U results,
indicating that while the model captures the correct qualitative behavior, the quantitative
agreement is limited.

In contrast to the HOMO, the situation for the LUMO is more intricate. As before, we focus on
the spin-down component, which shows the strongest interaction with the Fe minority d-states.
The overall spectral character predicted by the Newns-Anderson model again reflects the key
features of the DF'T+U results: the molecular resonance broadens and eventually splits as Ug
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Figure 5.19: Comparison of Newns-Anderson model and DFT+U calculations
for the HOMO in the spin-up channel. (a) Top row: Solutions obtained from
the Newns-Anderson model for different d-band center positions, with parameters
specified above each panel. The red curve represents the metal d-PDOS, the dark
red line the corresponding Hilbert transform, and the green lines the adsorbate
function. The dotted green line indicates the energy of the adsorbate state. Bottom
row: Resulting adsorbate PDOS according to the Newns-Anderson model. (b)
Corresponding spin-resolved MOPDOS of the HOMO from DFT+U calculations
for different U4 values.

becomes more negative (see Fig. [5.20). However, compared to the HOMO, noticeable deviations
emerge in the details of the LUMO structure.

To improve agreement with the DFT+U results, the effective coupling strength was empirically
adjusted from the value used for the HOMO (|V| = 1.4) to a slightly lower value of |V| = 1.12
for the LUMO. This refinement yields a noticeably better match in the overall spectral shape,
particularly in capturing the distribution and relative intensity of the peaks. While the adjustment
enhances the agreement, the underlying justification for the weaker coupling remains empirical,
suggesting that the interaction strength may vary depending on the specific orbital character of
the molecular state.

Despite this adjustment, the Newns-Anderson model still falls short of reproducing the general
spectral shape of the LUMO in comparison to the results from DFT+U simulations. Most
notably, while the simplified model yields two resonances — corresponding to bonding and
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Figure 5.20: Comparison of Newns-Anderson model and DFT+U calculations for
the LUMO. (a) Top row: Solutions obtained from the Newns-Anderson model for
different d-band center positions, with parameters specified above each panel. Bot-
tom row: Resulting adsorbate PDOS, considering only the spin-down channel.(b)
Corresponding spin-resolved MOPDOS from DFT+U calculations for selected U, g
parameters.

antibonding states — the DFT+U calculations reveal a more complex structure consisting of
multiple distinct peaks (see Fig.[5.18a). This contrasts with the HOMO behavior, where both
the model and DFT+U consistently produce two clear resonances.

This discrepancy underscores a broader limitation of the model: even with the adjusted coupling
strength, the LUMO-related resonances remain less accurately described than those of the HOMO.
In addition, there is a persistent offset in absolute energies for both adsorbate states (LUMO
and HOMO). This indicates that, in its current form, the Newns—Anderson model does not fully
capture the electronic structure of the interface, although it reliably reproduces the onset of
hybridization and its qualitative evolution with varying d-band positions.

So far, our analysis has primarily attributed the molecular level evolution to variations in the
substrate d-band properties. However, this perspective implicitly assumes that spatial non-
uniformities of adsorbate—substrate orbital overlap play only a secondary role. This raises a
critical question:

Can the deviations observed in the LUMO resonance be traced back not merely to
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energetic alignment, but to variations in the coupling across the molecule?

For larger and structurally more complex adsorbates, such as acenes (see Fig. ), the assumption
of a spatially uniform hybridization becomes increasingly tenuous. In the following section, we
interrogate this assumption and explore how variations in the local coupling strength might
alter the spectral fingerprints of hybridization, thereby offering a more complete account of the
limitations observed in the standard Newns—Anderson framework.

5.3.7 Refining the d-Band Theory for Extended Organic Adsorbates

a bridge-site b

o Fe dsun‘ace
— 5A

PDOS / a.u.

PDOS /a.u.

Figure 5.21: Influence of adsorption geometry on the electronic structure of 5A. (a)
Optimized adsorption configuration for 5A molecules on the Fe-O surface and (b)
the resulting PDOS. (c) Arrangement of a 5A molecule shifted by half a substrate
unit cell vector along the oxygen rows relative to the optimized configuration.
(d) PDOS obtained for the adsorption geometry shown in (c). All data were
obtained using DFT+U with U,g = —3.1eV. Figure from manuscript currently
under review.

Having evaluated the role of the Fe d-bands in shaping the electronic structure of adsorbed 5A,
we now turn to the second crucial factor influencing chemical bond formation: the spatial overlap
between molecular orbitals and substrate states, which is reflected in the coupling strength, V2.
Naturally, this overlap should be highly dependent on the adsorption geometry.

To understand this dependence, we compare the optimized 5A adsorption geometry with an
alternative configuration in which the molecules are displaced by half a substrate unit cell vector
along the oxygen rows (see Fig. |5.21)). This displacement alters the registry between the 5A
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backbone and the Fe lattice, moving the central carbon atoms away from directly atop Fe surface
sites to positions between them.

Using the same U, = —3.1€eV value as in previous calculations, we compute the PDOS for this
modified configuration and find a striking change in the electronic structure. The spin-dependent
features associated with strong chemical interactions, such as molecular state splitting and
broadening, almost completely vanish. Instead, both the HOMO- and LUMO-related resonances
appear as single peaks in each spin channel, indicating a suppression of hybridization effects.

By directly comparing these two adsorption geometries, it is evident that the spatial arrangement
of the molecule is a key parameter in determining the extent of hybridization with the Fe d-bands.
This sets the foundation for a more detailed analysis of the spatial overlap in the optimized
configuration.

To illustrate this, we visualize the electron density distributions of the gas-phase HOMO and
LUMO of 5A atop the Fe—O surface in the optimized adsorption geometry (Fig. ,b). The
HOMO exhibits near-perfect alignment with the Fe d-states due to an incidental match between its
nodal structure and the periodicity of the Fe surface lattice (Fig.|5.22p). This spatial compatibility
facilitates strong orbital overlap, 7.e. coupling, leading to the pronounced bonding-antibonding
splitting.
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Figure 5.22: Illustration of the orbital overlap between the 5A frontier orbitals
and the Fe d-states. Plots of the gas phase (a) HOMO and (b) LUMO of 5A placed
atop the Fe-O surface for the optimized adsorption geometry. In the bottom panels,
the assumed degree of spatial overlap between the MO lobes and idealized Fe d
orbitals corresponds to a certain coupling strength highlighted by the indicated
color code. Figure from manuscript currently under review.

In contrast, the LUMO, which features a shorter spatial periodicity, exhibits significant overlap
only in its central lobes, while the outer lobes extending toward the molecular edges overlap
much more weakly with the Fe states (Fig. [5.22p). The resulting non-uniform coupling across
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the molecular backbone challenges the conventional d-band model, which assumes a uniform
interaction throughout the entire molecule.

Staying within the conceptual framework of the d-band model, we propose an empirical approach
to cope with such non-uniformities in the overlap between individual MOs of 5A and the Fe
d-states. By assuming that different regions of the molecular orbitals interact locally with the
underlying Fe atoms, we suggest that the d-band model can be applied, however, using local
coupling strengths. To this end, we spatially partition the LUMO into separate regions and
estimate differences in the coupling strengths from the variations in the orbital overlap with the
Fe d states.

In essence, the idea is to introduce varying coupling strengths based on differences in the overlap
between single lobes of MOs with the subjacent Fe d-states, in order to take into account the
local nature of the interaction.

Thereby, we may explain the difference in behavior between the HOMO and LUMO level splitting
with the different spatial distribution of the frontier orbitals, i.e. the shape of their lobes, and
their relative position to the Fe atoms of the surface below.

In the following, we demonstrate this influence of the orbital distribution on the d-band model,
specifically on the coupling parameter VC_FBH — by means of an illustrative model calculation.
In our model, we divide the LUMO of 5A along its long axis according to its nodal structure
into four separate regions (V1 - V4), as illustrated in Fig. |5.23a (the regions are doubled by
symmetry).

Figure 5.23: Approach to treat non-uniform coupling at the 5A /Fe—O interface.
(a) Schematic of the four different coupling regions (V'1-V4) representing distinct
orbital lobes according to the nodal structure of the LUMO of 5A. The respective
lobes are then approximated by p, orbitals positioned at the yellow circles. The red
arrows indicate the position vectors 7. (b) Illustration of the geometric arrangement
of the approximated p, adsorbate and the Fe d,. substrate states.

iThe term Vi _p, refers to the coupling between states from Fe and C atoms
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As the frontier orbitals of 5A are dominated by m-bonding character, i.e. with a nodal plane
in the molecular plane, we then approximate each region by a single p, orbital. The assumed
p, orbital is positioned such that the center of the density of the p, orbital coincides with the
center of the density of the respective LUMO region (marked by yellow dots in Fig. [5.23h).

In the next step, we assume that the major contribution to the molecule—surface interaction
consists of o-type bonding between the LUMO and Fe d-states. Among the d-orbitals, the
d,» orbital exhibits the best symmetry match for this interaction. Hence, for each region, we
approximate the molecule-surface interaction as an interaction between a C p, state, located at
the center of the respective LUMO lobe, and a d,. orbital, located at the nearest Fe atom of the
surface. An illustration of this approach is depicted in Fig. [5.23p.

This approach simplifies the complex LUMO distribution into several two-center problems, which
we now analyze separately. The resulting position vectors, 7, for the four regions are summarized
in Table Notably, the p, location shifts from being nearly on top of a Fe atom in region V'1
to a significantly displaced position in regions V3 and V4.

Additionally, we assume that the energies of the p, states still correspond to the energy of the
respective molecular orbital, ensuring that their interaction with the Fe surface does not alter
the internal electronic structure of the LUMO itself. Moreover, since these p, states belong to
the same molecular orbital, no additional direct interaction between them is considered. Given
the delocalized nature of the molecular orbital, this is a reasonable assumption, as any internal
coupling is already accounted for in the molecular electronic structure.

Table 5.1: Distance || and position vector 7(z,y, z) of the C(p,) orbitals ap-
proximating the individual LUMO lobes relative to the respective Fe atom below.
Values are given in A. Table from manuscript currently under review.

Region = /A y/A 2/A || /A

V1 -0.055 0.024 3.092 3.093
V2 -0.128 0.557 3.186  3.237
V3 -0.382  1.290 3.274  3.539
V4 -0.872 -0.594 3.269 3.435

Based on these approximations, the coupling strength for each LUMO region is given by

MCMFC

Vore = e e 1) (5.4)

where |7] is the absolute distance between the C and Fe atom in question, and 7 is a structure
factor accounting for their relative positioning [48] 311} |312]. For 7, we use the Slater-Koster
geometry factor for a o-bond between a p, and d,» state [313]:

1
n=n. (02 5@ +md). (53
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where

l, =cosa,, m,=cosa

- y g My =Cosa, (5.6)

correspond to directional cosines. The resulting structure factors for each region are given in

Table

Table 5.2: Directional cosines (I,,m,,n,) and structure factors n for a C(p,)-
Fe(d,2) o-bond. Table from manuscript currently under review.

Region l, m, n, n

V1 -0.017 0.007 0.999 1.000
V2 -0.040 0.172 0.984 0.938
V3 -0.108 0.364 0.925 0.725
V4 -0.254 -0.173 0.952 0.817

The coupling further depends on the angular quantum number [ of the adsorbate state (p,:
lo = 1) and the metal state (d?: lp, = 2). The values M and My, describe the potential around
the atoms, however, these parameters are usually considered independent of the atomic positions.
To illustrate the variation in V(- p, with respect to the C-Fe position, we compare the coupling
strength of each region relative to V1, where both atoms are directly aligned. This reference
case corresponds to the idealized situation discussed in Fig. [5.18]

For our positional analysis, the change in coupling strength depends on the C-Fe separation as
1/|r|* and on the relative positioning via 7. The resulting relative reduction factors for regions
V2-V4 are summarized in Table Notably, according to this modeling the coupling strength
is reduced by up to a factor of ~5 for the most displaced LUMO regions.

Table 5.3: Relative reduction of the coupling strength AV? due to C-Fe (Ar)
separation and the structure factor (An). Table from manuscript currently under
review.

Region Ar An  AV?
V1 Reference 1.000 1.000
V2 0.833 0.938 0.611
V3 0.583 0.725 0.178
V4 0.657 0.817 0.288

Despite the approximations involved, this analysis formally integrates the local and non-uniform
nature of the bonding by introducing a set of position-dependent coupling strengths. These
variations reflect how the interaction strength changes across different regions of the molecule
and must now be incorporated into the d-band model to assess their impact on the electronic
structure.
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To convert the relative coupling strengths into absolute values, we anchor the maximum coupling
constant, V1, to the value we formerly established for the HOMO. This calibration is physically
motivated by the spatial coincidence between the central lobes of the HOMO and the LUMO,
which define the region associated with V1. In this way, we ensure continuity with our earlier
parameterization while introducing spatial resolution. The resulting effective coupling strengths
are set to V2 = 2.0, 1.6, and 0.4 for the central (V'1?), intermediate (V'2?), and outer (V32 4V 4?)
LUMO regions, respectively. These values fall within the typical range expected for molecular
adsorbates on transition metal surfaces such as Fe .

Since the coupling strength enters the d-band and Newns—Anderson framework as 1/V?2, it
directly influences the slope of the corresponding lobe—functionsﬁ As indicated in the last row of
Table the coupling strength is substantially reduced for the outer LUMO regions, implying
that the associated lobe-functions for regions V3 and V4 would exhibit much steeper slopes
compared to those for V1 and V2. To qualitatively examine the consequences of this spatial
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Figure 5.24: Modeling the interaction between the 5A frontier orbitals and the
Fe d-states within the Newns-Anderson framework. (a),(b) Newns-Anderson
model for the interaction of the 5A (a) HOMO and (b) LUMO with the Fe
majority d-states. In accordance with the model, the interaction of the HOMO is
approximated by a single adsorbate function with a slope of s = 1/V? = 0.5, while
the non-uniform overlap between the Fe and LUMO orbital lobes results in a set
of adsorbate functions with varying slopes of s = 0.5, s = 0.8, and s = 2.4. The
bottom panels present estimations of the resulting MOPDOSs. (c),(d) Schematic
representation of the Newns-Anderson model describing the interaction between
the minority Fe d-states and the (¢) HOMO or (d) LUMO. Figure from manuscript
currently under review.

SThe term lobe-function refers to a localized component of the full adsorbate function, obtained by spatially
partitioning the molecular orbital into distinct lobes.
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variation in the coupling, we construct a schematic version of the d-band model in which the
determined lobe-function slopes (s = 1/V?), are assigned to the corresponding parts of the
molecular orbital. The results, shown in Fig. [5.24h—d for both spin channels and for the HOMO
and LUMO, are not based on numerical evaluation but serve as illustrative diagrams to highlight
how local variations in coupling strength might affect the position and nature of the resulting
resonances via altered intersections with the Hilbert transform.

For the HOMO, the uniform spatial overlap with the Fe atoms, arising from its periodicity
matching that of the substrate, results in a particularly simple case. It effectively behaves as a
single, delocalized adsorbate function, requiring only one lobe-function to describe its interaction
with the d-band. As expected, this yields two resonances in the spin-up channel and a single
one in the spin-down channel (see Fig. ,c), consistent with the DFT+U results and our
dI/dV measurements. This outcome aligns with the predictions of the standard Newns—Anderson
model, as the uniform coupling eliminates the need for further spatial considerations.

In contrast to the HOMO, the LUMO exhibits a more intricate interaction pattern due to its
spatially varying overlap with the Fe atoms. The three distinct local coupling strengths translate
into lobe-functions with different slopes, leading to multiple intersection points with the Hilbert
transform. In the spin-up channel, these resonances lie close in energy and effectively merge
into a single broadened feature (Fig. [5.24b), while in the spin-down channel, the larger energy
separation yields a structure with three distinguishable contributions (Fig. [5.24(d).

This qualitative behavior reflects the MOPDOS obtained from DFT+U calculations and under-
scores how spatial variations in the coupling, arising from the registry between molecular lobes
and substrate atoms, can govern the spectral response. Notably, no such variation is observed
for the HOMO, whose uniform spatial overlap leads to homogeneous coupling and a resonance
structure consistent with the standard Newns—Anderson prediction.

5.3.8 Introducing the d,.-Band Center Model of Organic Chemisorption

So far, we have demonstrated good agreement between experimental data and theoretical
calculations, supported by a possible qualitative understanding based on simplified chemisorption
models. However, a precise quantitative match, particularly in the MO resonance energies,
remains elusive (see Fig. and Fig. . While the introduction of non-uniform coupling
improves the LUMO lineshape by reproducing its multi-peak structure, it would not resolve the
energy offset. For both the HOMO and LUMO, the model continues to overestimate the resonance
splitting, possibly indicating that some interaction-specific details are not fully captured in the
current description, pointing to limitations of simplified models.

A central approximation in the previous models was the treatment of the Fe d-states as a
single, collective manifold. While this simplification enabled a straightforward application of the
Newns—Anderson scheme, it neglects the orbital-specific nature of the hybridization. Among the
five d-orbitals, the d.. orbitals of the surface Fe atoms not only extend significantly out of the
plane but also exhibits the appropriate symmetry to effectively overlap with p,-type adsorbate
molecular orbitals. Given this spatial and symmetry-based compatibility, one can expect the d_»
orbital to dominate the coupling mechanism. We therefore refine the model by restricting the
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interaction to the surface PDOS of the Fe d,. states. Accordingly, we refer to this approach as
the d,.-center model.
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Figure 5.25: Comparison of the d .-center model and DFT results for the spin-up
HOMO and spin-down LUMO components. (a) Newns—Anderson-like model for
the HOMO, based on the Fe d »-projected DOS from DFT. The coupling is assumed
to be spatially homogeneous across regions V1-V4, resulting in the HOMO being
represented by a single adsorbate function. (b) Newns—Anderson-like model for
the LUMO, using three distinct lobe functions for regions V1, V2, and V3/V4
(weighted accordingly) to simulate spatially varying coupling. (c¢) Spin-up DFT
MOPDOS for the HOMO. (d) Spin-down DFT MOPDOS for the LUMO.

To account for the lower DOS associated with the d,. orbitals (in comparison to the total
d-PDOS), the maximum width of metal DOS in the model is narrowed from 2eV to 0.5eV
and scaled in amplitude to yield approximately one-fifth of the original total d-band DOS peak
area. This is consistent with the five-fold degeneracy of the d-manifold. Using this adjusted
DOS, we recompute the adsorbate PDOS for both HOMO and LUMO states by applying the
Newns—Anderson procedure, now also incorporating the previously determined, region-specific
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coupling strengths.

The results, shown in Fig. and Fig. [5.26] exhibit excellent agreement with the MOPDOSs
obtained from DFT and DFT+U, respectively. For the HOMO, which exhibits uniform coupling
across its spatial extent, the d,.-center model reproduces both the position and shape of the
hybridized states with high accuracy. In the case of the LUMO, where spatial overlap with the
substrate varies across the molecule, we incorporate three distinct adsorbate functions for regions
V1, V2, and V3/V4 (weighted accordingly). Even in this more complex scenario, the model
captures the spectral features of the spin-down MOPDOS remarkably well.
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Figure 5.26: Comparison of the d .-center model and DFT+U results (Uyg =
—3.1eV) for the spin-up HOMO and spin-down LUMO components. (a) Newns—
Anderson-like model for the HOMO, based on the spin-up Fe d .-projected DOS
from DFT+U. (b) Newns-Anderson-like model for the LUMO, using three distinct
lobe functions corresponding to regions V1, V2, and V3/V4. (¢) Spin-up DFT+U
MOPDOS for the HOMO. (d) Spin-down DFT+U MOPDOS for the LUMO.

Hence, the refined framework not only improves the quantitative predictive power of the d-band
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model but also suggests a more dominant role of the surface d,. orbitals in mediating bonding at
organic—metal interfaces. In contrast to small atomic adsorbates, which can embed into surface
sites and couple to the full d-state manifold, large organic molecules such as 5A typically reside at
distances of 2-4, A above the surface, significantly limiting their overlap with in-plane d-orbitals.
Consequently, the out-of-plane, protruding d,. orbitals are expected to become the principal
channel for hybridization.

We therefore propose the d,.-center model as an efficient and physically motivated extension
of the traditional d-band framework, specifically tailored to large organic adsorbates. With
minimal input — requiring only the surface d,2-projected DOS and qualitative knowledge of the
adsorbate’s frontier orbitals — it offers a computationally inexpensive yet powerful approach to
estimate and rationalize the electronic structure of complex metal-organic interfaces.

5.4 Conclusion: A Correlation-Aware Framework for Chemisorption on
Ferromagnets

In this chapter, we have shown that a renormalization of the Fe d-bands, driven by electron
correlation, strongly influences the bonding chemistry of 5A molecules on the oxygen-passivated
Fe(100)—p(1 x 1)O surface. We find that these effects can be effectively captured by treating the
correlation-induced d-band reshaping as an intermediate step within simplified chemisorption
models, as illustrated in Fig. [5.27]
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Figure 5.27: Schematic illustration of how electronic correlations reshape the Fe-O
surface DOS and alter chemisorption behavior. The left shows the d-projected DOS
in the single-particle picture. Upon oxygen adsorption, many-body effects narrow
the d-bands, reduce exchange splitting. This renormalization directly controls the
hybridization with organic adsorbates, enabling strong bonding interactions and
the formation of distinct bonding and antibonding states. Figure from manuscript
currently under review.
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5 Correlation Effects and Bonding at the Pentacene/Fe(100)—p(1x1)0O Interface

The investigation commenced with a structural characterization of the 5A /Fe-O interface using
STM and LEED. These measurements revealed that the molecules adsorb in an ordered fashion,
aligning preferentially with the substrate’s [001] and [010] directions. At sub-monolayer coverage,
5A tends to form islands with low packing density, while at saturation, extended domains of
long-range ordered molecular domains, with roughly twice the packing-density, emerge. This
behavior underscores the tendency of 5A to adopt an ordered configuration on the Fe-O surface,
facilitated by molecule—substrate and intermolecular interactions.

To describe the electronic structure, we first established a theoretical framework based on
DFT+U, tailored to weakly to moderately correlated ferromagnetic materials. While DFT+U
is not typically employed for such systems, we justified its use by demonstrating that it can
reproduce key correlation-induced features of the Fe d-band, such as band narrowing and reduced
exchange splitting, as known from more sophisticated many-body treatments like DMFT. On
this basis, we applied the DFT+U framework to interpret experimental data obtained from STM
and POT, finding good agreement with respect to both the structural arrangement and the
electronic signatures of the adsorbed molecules.
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Figure 5.28: Influence of exchange splitting on the electronic structure and
adsorption properties of nitrogen on Fe-O. (a) PDOS for nitrogen (N) adsorbed
on the Fe—O surface, displaying the Fe d-bands and N states across four different
U.g parameter settings. The top curve corresponds to the highest U,g value, while
the bottom curve represents the lowest one (highly negative). (b) Adsorption
site for N on the Fe—O surface, determined through structural optimization. (c)
Dependence of the adsorption energy of N on the average surface d-band center,
which shifts as the U g parameter is varied. The upward shift of the d-band center
is accompanied by a reduction of the exchange splitting. Figure from manuscript
currently under review.

Building on these insights, we emphasized how electronic correlation — through d-band narrowing
and reduced exchange splitting — can fundamentally alter molecule—metal interactions. In the
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case of BA on Fe-O, this renormalization switches the interface from a weakly to a strongly
interacting system, contrary to the expectations of conventional single-particle theories. These
effects are not only relevant for understanding spin-dependent hybridization, but also bear
implications for surface reactivity, particularly in the context of heterogeneous catalysis, where
d-band structure plays a decisive role in determining adsorption energies.

As a first conceptual outlook for this established framework, we examine the chemisorption of
atomic nitrogen (N) on the same Fe-O surface Fig. In contrast to 5A, N is a species that is
highly relevant in catalytic processes. Using the same DFT+U approach employed for 5A, we find
that the inclusion of correlation-driven changes in the Fe d-band leads to a substantial increase
in N chemisorption energy relative to the standard single-particle description (see Fig. [5.28)).
This effect reflects recent observations of enhanced catalytic activity on 3d ferromagnetic surfaces
upon suppression of their magnetic order, and suggests that electron correlation itself — through
its impact on the d-band width and spin polarization — can serve as a critical lever in tuning
surface reactivity.

While this broader relevance of correlation is promising, our detailed analysis of the 5A /Fe-O
interface revealed an additional limitation of standard chemisorption theory: models assuming
uniform molecule—substrate coupling fail to reproduce fundamental features of the adsorbate
DOS. For large, structurally extended molecules such as pentacene, the assumption of spatially
homogeneous hybridization breaks down. Both experimental data and DFT calculations reveal
pronounced inhomogeneities in the frontier orbital spectra, indicating that the interaction strength
varies across the molecular backbone.

To address this, we introduced a spatially resolved coupling scheme, wherein different regions
of the molecular orbital couple locally to the substrate with varying strengths. This extension
of the d-band model reproduces the observed registry-dependent hybridization patterns and
demonstrates that even complex molecular systems can be described within a locally refined
coupling framework. That pentacene exhibits strong spatial variations in bonding yet remains
consistent with the extended d-band approach underscores the scalability and physical robustness
of this model.

As a final refinement, we tested the d,.-center model, which captures the dominant role of the
Fe d,. orbital in mediating coupling to planar organic molecules. Motivated by both geometric
considerations and symmetry arguments, this orbital-specific extension focuses on the spatial
overlap between out-of-plane d.. states and p,-like molecular orbitals. By combining local
coupling with an orbital-selective substrate DOS, the model reproduces the spectral structure of
hybridized states with quantitative accuracy, closely matching DFT and DFT+U results.

In summary, this chapter has demonstrated that electron correlation fundamentally reshapes
the d-band structure and, with it, the nature of molecule—metal interactions at ferromagnetic
surfaces. By extending the d-band model to account for correlation-induced modifications of the
d-band and spatially resolved coupling, we introduced a correlation-aware framework capable of
capturing both the complexity of organic adsorption and the underlying physics of correlated
substrates. While the results for pentacene and atomic nitrogen highlight the model’s potential,
its broader applicability remains to be tested across different adsorbates and materials. Such
validation will be essential for establishing a general, predictive theory of chemisorption at
correlated interfaces.
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6 Metalloporphyrins on Fe—0O: Adsorption, Conformation,
and Electronic Structure

6.1 Introduction: Decoupling, Conformation, and Functional Diversity
in Surface-Adsorbed Metalloporphyrins

The previous chapters have shown how the surface electronic structure of Fe(100) is modified
by oxygen passivation, and how this passivated Fe—O interface still allows for strong molecule-
substrate coupling in the case of entirely flat m-conjugated molecules such as 5A. In this chapter,
we turn to the opposite end of the interaction spectrum: metalated porphyrin molecules that
are electronically decoupled from the Fe—O surface. This weak interaction regime allows us
to study the intrinsic properties of these fascinating and versatile molecules — such as the
relationship between their conformation, structural symmetry, and orbital structure — in a
controlled environment, largely unaffected by hybridization with the substrate.

Porphyrins are aromatic macrocycles composed of four pyrrole subunits connected via methine
bridge forming a rigid and highly conjugated planar framework [314]. Their ability to coordinate
metal cations at the central cavity, combined with extensive chemical tunability at the periphery,
makes porphyrins both structurally diverse and functionally rich.

In biology, porphyrins and their derivatives — metalloporphyrins — play a foundational role
[314]. Iron-containing porphyrins (hemes) serve as the reactive centers of hemoglobin and
myoglobin, enabling oxygen transport and storage in blood and muscle tissue (see Fig.
[315] 316]. Similarly, cytochromes use porphyrins for electron transfer, while chlorins (closely
related molecules) form the active sites in chlorophyll, responsible for capturing sunlight during
photosynthesis [317]. This centrality to essential life processes has earned porphyrins the
nicknames nature’s workhorses [65] and pigments of life [66]. Their biochemical significance is
reflected in the history of chemistry itself: Richard Willstéitter was awarded the Nobel Prize in
Chemistry in 1915 for his elucidation of the structure of plant pigments, including chlorophyll
[319]. Hans Fischer followed in 1930, receiving the Nobel Prize in Chemistry for his pioneering
work on the synthesis of haemin, a close analogue of heme [316]. A generation later, Robert
Woodward was awarded the Nobel Prize in 1965 for the total synthesis of chlorophyll—one of
the most complex achievements in synthetic organic chemistry |320]. These are just some of the
milestones that highlight the enduring scientific fascination with tetrapyrrolic pigments.

This multifunctionality of tetrapyrroles has inspired the development of various synthetic por-
phyrins for biomimetic and technological applications [321]. These range from catalysis |322] and
chemosensing [323] to molecular electronics [324], photovoltaics [325], and even photodynamic

*A methine bridge is a single carbon atom that is bound by two single and one double bond, where one single
bond is formed with a hydrogen atom.
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Metalloporphyrins

distorted planar

Figure 6.1: (a) Red blood cells, responsible for oxygen transport in the blood-
stream. (b) Structure of hemoglobin, highlighting the embedded heme units.
The molecular structure was taken from the Protein Data Bank (PDB: 1GZX).

(¢) Molecular structure of heme in its deoxygenated (distorted) and oxygenated
(planar) forms, adapted from [318], licensed under CC BY 4.0.

cancer therapy . Moreover, artificial porphyrins can be embedded in larger frameworks
— such as metal-organic frameworks (MOFs) — to enhance structural stability and promote
cooperative phenomena through covalent or coordinative linking of individual molecular units
, . The modularity of synthetic porphyrins extends from electronic structure (through
metal center choice) to steric effects (via peripheral substitutions) , and even spin states
(through axial coordination) [329-331], making them ideal molecular platforms for tuning function
on demand.

Among the numerous synthetic derivatives, tetraphenylporphyrins (TPPs) have emerged as model
systems in surface science. These molecules consist of a porphyrin core functionalized with four
phenyl groups, as illustrated in Fig. While the figure depicts the free-base species (2H-TPP),
in their metalated state (in so-called metalated tetraphenylporphyrins (MTPPs)), the molecules
coordinate a central transition metal ion within the macrocycle (see also Fig. [1.2p).

The phenyl substituents improve solubility and steer the packing and ordering on surfaces
[333], while the metal center strongly modulates the electronic and magnetic characteristics of
the molecule . When deposited onto surfaces, MTPPs tend to form self-assembled structures
or even extended 2D arrays , providing well-defined platforms for biomimetic studies
and for exploring catalytic functionalities in single-atom-catalyst-like configurations
338].

Importantly, the interaction of MTPPs with metal surfaces not only governs their self-assembly
but also profoundly alters their electronic structure . For instance, charge transfer processes
from the substrate to the porphyrin layer, as observed on Cu and Ag surfaces, can populate the
gas phase LUMOs , often resulting in a reduction of the hosted metal ion
. At the same time, adsorption-induced macrocycle deformations — typically manifesting
as saddle-shaped distortions — can shift the frontier orbital energies , modify the optical
response , and regulate the ability of the metal center to coordinate external ligands, a
key requirement for catalytic activity . For example, saddling of the macrocycle has been
shown to facilitate the coordination of CO molecules in either cis- or trans-configurations ,
while a planar porphyrin may suppress such coordination entirely . Understanding these
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R

Figure 6.2: (a) Porphyrin macrocycle with tunable peripheral substituents (R);
here, R = phenyl. (b) Resulting tetraphenylporphyrin (2H-TPP) shown as a
ball-and-stick model. Reproduced from [314]. © 2015 Elsevier.

subtle interplays between conformation, electronic structure, and chemical reactivity in on-
surface porphyrins thus presents a promising route towards the rational design of next-generation
functional organic—inorganic interfaces 339].

Here, we focus on ZnTPP and NiTPP — two prototypical metalloporphyrins — adsorbed on the
oxygen-passivated Fe(100)—p(1 x 1)O surface. This substrate provides a well-defined template
with reduced reactivity compared to bare Fe(100) , allowing for the controlled adsorption of
intact molecular layers that self-assemble into ordered films. The Fe—O surface thus facilitates
stable monolayer formation with weak interaction strength, making it an ideal platform to study
the delicate balance between molecular conformation and the frontier electronic structure of

porphyrins [214].

To establish a basic understanding, we begin by reviewing the fundamental adsorption charac-
teristics of ZnTPP and NiTPP on the Fe-O surface, such as their preferred adsorption sites,
azimuthal orientations, and molecular conformations, as reported in the literature. Building on
this foundation, we then focus on two key questions:

First, to what extent can POT (used here in combination with DFT) be reliably
employed to detect complex molecular distortions in adsorbed porphyrins?

Although such distortions have been previously reported at this interface, their manifestation in
momentum-resolved photoemission data remains unexplored. It is therefore necessary to firstly
carify whether POT can be systematically used to quantify them. By examining both monolayer
and multilayer films of NiTPP, we aim to further elucidate the role of the substrate in driving
these conformational changes.

Second, how do adsorption-induced structural modifications influence the electronic
structure of the porphyrin layer?

To answer this, we leverage the orbital sensitivity of POT, combined with the predictive power
of DFT, to establish a direct link between molecular conformation and electronic properties.
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6.2 Preparation and Characterization of Metalloporphyrins on Fe-O

The preparation of the ZnTPP and NiTPP molecular layers builds directly on the Fe-O substrate
described in Section and Section Surface cleanliness and oxygen-reconstruction were
routinely verified by LEED, Auger, and photoemission (UPS and MM).

Following substrate preparation, the deposition of ZnTPP and NiTPP was carried out in-situ
using calibrated Knudsen cells. The deposition rates were initially estimated via a quartz crystal
microbalance and further refined by monitoring the development of the characteristic (5 x 5)
and (5 x 5)R37° LEED patterns reported in the literature for monolayer coverages of ZnTPP
and NiTPP, respectively [336]. The corresponding emergence of the (5 x 5) LEED pattern for
ZnTPP is illustrated in Fig. confirming the formation of a well-ordered monolayer on the
Fe(100)-p(1 x 1)O surface.

a b

Fe(100)-p(1 x 1)0 1 ML ZnTPP on

Fe(100)-p(1 x 1)O

Figure 6.3: LEED patterns measured at a kinetic energy of 32eV. (a) Clean
Fe(100)—p(1 x 1)O surface showing the characteristic square symmetry. (b) After
deposition of 1 ML ZnTPP, a sharp (5 x 5) superstructure emerges, indicative of a
well-ordered molecular layer. Grey arrows mark the substrate lattice vectors; the
red box in (b) highlights the corresponding unit cell of the superstructure.

The deposition temperature was held at 543 K for ZnTPP and 531 K for NiTPP, with a growth
rate of approximately 0.1 ML per min. For multilayer NiTPP growth, the rate was increased to
0.4 ML per min to match conditions from ref. [347].

Momentum-resolved photoemission measurements of the ZnTPP monolayer were conducted at
room temperature (300 K) using a KREIOS 150 MM PEEM system (Specs GmbH), operated in
momentum mode. The system was coupled to a high-harmonic generation light source providing
p-polarized fs-XUV pulses at 29.7 eV, yielding 2D momentum maps over k,, k, € [—2.0,42.0]1/ A
with an energy resolution better than 200 meV. Photoemission experiments on NiTPP films were

performed at the NanoESCA beamline of the Elettra synchrotron using a NanoESCA momentum
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microscope and p-polarized synchrotron light at 40eV. The sample temperature was maintained
at 100K, and the energy resolution was below 100 meV.

The experimental results were supported by DFT calculations performed by Dr. Andreas
Windischbacher from the group of Prof. Peter Puschnig at the university of Graz. These were
used to assess the geometric and electronic structure of the porphyrin molecules both in the gas
phase and when adsorbed on the Fe-O substrate. For the interface systems, periodic slab models
were employed at the GGA level, while for gas-phase calculations, the reduced computational cost
allowed for the use of more advanced hybrid functionals. This approach provided valuable insight
into the molecular orbital structure and supported the interpretation of momentum-resolved
photoemission data via POT. The theoretical momentum maps were generated using the kMap.py
tool [211].

6.3 Conformation and Electronic Structure in Weakly Coupled
Porphyrins on Fe-0O

pentacene on NiTPP on
Fe(100)-p(1 x 1)O Fe(100)-p(1 x 1)O

[110]

Figure 6.4: (a) Side view of pentacene adsorbed on Fe(100)-p(1 x 1)O. (b) Corre-
sponding adsorption geometry of NiTPP. Structures stem from DFT optimizations
performed by Dr. Andreas Windischbacher.

Compared to fully planar, conjugated molecules such as 5A, ZnTPP and NiTPP fall into the
weakly coupled regime of the interaction spectrum. This contrast is illustrated in Fig. where
DFT-optimized adsorption geometries of both 5A and NiTPP are directly compared. As shown,
5A adsorbs in a flat geometry at a distance of 3.2 A, enabling non-negligible overlap with Fe
d-orbitals and giving rise to hybrid interface states (see Chapter . In contrast, NiTPP lies
at a significantly greater distance (3.7 A), with no sign of electronic coupling — although an
out-of-plane distortion of the macrocycle is evident.

This weak coupling of ZnTPP and NiTPP to the Fe-O surface arises from a combination of
steric and electronic factors:
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1. Steric decoupling by peripheral phenyl groups: The four phenyl substituents elevate the
porphyrin macrocycle above the surface, acting as built-in spacers that reduce orbital
overlap between macrocycle and substrate states.

2. Electronic structure of the central metal ion: The d_. orbital, which extends most promi-
nently out of the molecular plane, is fully occupied in both NiTPP and ZnTPP. While
it lies close to the Fermi level in NiTPP and significantly farther below in ZnTPP, its
filled character suppresses back-donation in both cases — i.e., electron transfer from the
substrate into the molecule.

Despite their structural similarity, ZnTPP and NiTPP adopt different adsorption sites and self-
assembled geometries on the Fe—-O surface . STM and LEED measurements, corroborated
by DFT, show that ZnTPP preferentially adsorbs on oxygen sites and forms a commensurate
(5 x 5) superstructure without azimuthal rotation. In contrast, NiTPP prefers Fe-top sites and
adopts a rotated (5 x 5)R37° arrangement, as shown in Fig. [6.5

— Zn adsorbed on O—site — Ni adsorbed on Fe-site

Figure 6.5: STM images of monolayers of (a) ZnTPP and (b) NiTPP on
Fe(100)—p(1 x 1)O. ZnTPP adsorbs on O sites; NiTPP is more stable on Fe
sites. The apparent two-fold symmetry in STM arises from saddle-shape distortion,

which lowers the symmetry of the macrocycle. Molecular models are overlaid to
guide the eye. Adapted from [336]. © 2020 Elsevier.

These trends can be rationalized by examining the MOs with major d,». character, as illustrated
in Fig. ZnTPP, with a closed 3d'° shell, exhibits deeply bound d_. states located well below
Ey, energetically close to the oxygen 2p states of the substrate. NiTPP, by contrast, has a 3d®
configuration with a filled d,» orbital situated just below Ep, closer in energy to the Fe d-bands.
The energetic proximity of the d,. orbital to either O 2p- or Fe d-states strongly influences
the preferred adsorption site, while the filled character of the d,. level prevents any significant
charge transfer or hybridization in both cases, resulting in comparably large macrocycle—surface
distances.

The azimuthal alignment relative to the substrate lattice and the overall conformation of
individual molecules also vary considerably. As shown in Fig. the N—-metal-N axis is rotated
by approximately 17° in ZnTPP and by 35° in NiTPP. Notably, these differing orientations
are accompanied by distinct degrees of saddle-shape distortion: ZnTPP exhibits a moderate
deformation of the porphyrin core, whereas NiTPP shows a significantly more pronounced
distortion. These observations suggest that the final adsorption geometry — including adsorption
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Figure 6.6: Schematic electronic structure of (a) ZnTPP, (b) the Fe-O surface,
and (c) NiTPP, focusing on d,» orbitals of the chelated metal ions. HOMO and
LUMO levels are nearly identical in both molecules. Gas-phase calculations for
ZnTPP and NiTPP were carried out using ORCA 6 with the B3LYP

hybrid functional [172} [173], a 6-31G* basis set [350, |351], and Grimme’s D3
dispersion correction [352]. Visualizations were generated with VESTA [353].

site, vertical bonding distance, azimuthal orientation, and molecular conformation — arises from
a complex, non-covalent interplay of electronic and steric factors. Thus, even in the absence
of strong hybridization, the central metal ion dictates the preferred adsorption site, while the
molecule—substrate registry and the phenyl substituents modulate lateral alignment and the
extent of macrocyclic distortion.

Notably, the study underlying this chapter was conducted prior to the introduction of a negative
Hubbard correction (U.g) for describing correlation-induced effects in the Fe-O substrate. Con-
sequently, the surface was modeled at the standard GGA level, without additional treatment
of correlation-driven modifications in the Fe d-states. In this context, the simplification is fully
justified: due to the weak molecule—substrate interaction, strong hybridization is absent, and
even standard GGA adequately captures the essential features of the system. As demonstrated
by Fratesi et al. , such weakly coupled systems can be described adequately without explicit

corrections to the Fe d-bands.

A Hubbard U correction was applied only to the central metal ion in the porphyrins, to improve
the treatment of on-site electron correlation in the chelated metal center [299]. This choice
follows prior studies on the same system [336] and is not intended to model substrate-related
effects.

The weak interaction between ZnTPP/NiTPP and the Fe-O surface, combined with their distinct
conformational distortions, makes these molecules ideal model systems for exploring the intrinsic
relationship between porphyrin geometry and orbital electronic structure.

To probe this relationship, we employ POT in conjunction with DFT calculations. While POT is
already well established for identifying and disentangling frontier orbital energies, it also shows
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Figure 6.7: Top views of (a) ZnTPP and (b) NiTPP adsorbed on Fe(100)—p(1 x
1)O, showing azimuthal orientation and adsorption site. Based on DFT calculations
by Dr. Andreas Windischbacher.

promise for extracting structural information — including azimuthal orientation and more subtle
conformational changes induced by surface adsorption. As we will demonstrate, POT grants
access to MOs and structural features with a level of detail that not only complements but, in
some respects, even rivals traditional surface-sensitive techniques such as STM and LEED.

In the following, we outline the principles underlying structural analysis using POT and clarify
the conditions under which this method can reliably resolve conformational distortions in surface-
supported porphyrins.

6.4 Sensitivity of POT to Molecular Distortion

The ability to identify and characterize conformational changes of surface-adsorbed molecules
is a central challenge in interface science that is far from trivial. For porphyrin-based systems,
distortions of the macrocyclic backbone — such as saddling or ruffling — play a critical role in
defining their electronic structure, optical response, and their interaction with small axial ligands.
While techniques like STM can image individual porphyrins and provide insights into their
adsorption geometry, their interpretative power is limited in several respects. Peripheral groups
such as phenyl rings are often flexible, complicating the identification of macrocyclic distortions
. In multilayer systems, STM primarily probes the outermost layer, where molecules may
be mobile and interact strongly with the tip, while structurally well-defined subjacent layers
remain inaccessible. Other methods, such as near-edge z-ray absorption fine structure (NEXAFS)

1337 355 or z-ray standing wave (XSW) measurements [356 , can provide valuable

complementary information, but are typically limited in their orbital specificity.

In contrast, photoemission techniques offer a more direct link to the electronic structure. The
energy positions of molecular orbitals, as revealed by UPS, often serve as a reliable reference for
comparing theoretical predictions with experiment. POT, in particular, goes a step further by
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Figure 6.8: Influence of saddle-shaped distortion on the real-space and momentum-
space orbital structure of ZnTPP. (a) Real-space isosurface of the HOMO in
planar (top) and saddle-shaped (bottom) conformations. (b) Corresponding
momentum-space distributions (FT[¢)(r)]), obtained by Fourier transforming the
real-space orbitals. The grey shell illustrates an isoenergetic cut corresponding to a
photoelectron kinetic energy of 25eV, from which momentum maps are extracted
to match the experimental photoemission conditions. Published in .

providing momentum-resolved information that is directly related to the spatial distribution of
individual molecular orbitals and the molecular alignment on the substrate surface.

As such, POT has proven to be a valuable tool for analyzing the electronic structure of surface-
adsorbed molecules, enabling the unambiguous assignment of molecular orbitals and offering
insight into the presence of structural distortions. It has already demonstrated sensitivity to
geometric changes such as tilts , twists , and bending . However,
it remains unclear whether POT can also resolve more complex conformational changes in
larger aromatic systems. Saddle-shaped deformations of the porphyrin macrocycle, in particular,
are known to influence orbital symmetry and energy level alignment, but have not yet been
quantitatively probed using POT. We therefore first assess to which degree POT is sensitive for
resolving such conformational changes.

Figure illustrates the expected impact of saddle-shaped distortions on the real-space orbitals
and their corresponding momentum-space distributions. Simulations were performed for the
HOMO of ZnTPP in two distinct conformations: perfectly planar (top) and saddle-distorted
(bottom). The real-space isosurfaces of the MO are shown on the left, and the Fourier transforms
FT[y(r)] are plotted on the right.

Despite the modest visual difference between the real-space orbitals, the impact on the momentum-
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space distribution is striking: the saddle-shaped conformation exhibits asymmetric lobes and the
emergence of central intensity, which is absent in the planar case. This simulation indicates that
POT is not only sensitive to the fingerprint of individual orbitals but also to subtle degrees of
conformational distortions in tetrapyrrole complexes.

These findings provide a theoretical basis for using POT to distinguish between planar and
saddle-shaped porphyrins at interfaces. In the following sections, this approach is applied to
experimentally investigate the conformation of ZnTPP and NiTPP monolayers on Fe(100)-p(1 x
1)O, and subsequently extended to explore multilayer growth in the NiTPP system.

6.5 Monolayer Adsorption of ZnTPP on Fe-O

With the sensitivity of POT to molecular conformation established, we now turn to the case
of 1ML ZnTPP adsorbed on the oxygen-passivated Fe(100) surface. Figure shows the
momentum-integrated valence band, comparing spectra of the clean Fe-O substrate (black)
and the ZnTPP-covered surface (green). Both curves are normalized to the intensity near the
Fermi edge, where no molecular emission is expected. Upon adsorption, two broad resonances
appear at binding energies of approximately E, = 1.5eV and 3.5eV. While the higher-E, feature
is commonly attributed to phenyl-related states, the lower-energy structure arises from the
porphyrin macrocycle moiety and exhibits a clear double-peak shape. To fully resolve this region,
a high-statistics spectrum was recorded in the F, range from -0.8 to 2.3 eV. As shown in the right
panel of Fig. [6.9h, the spectrum is well described by a sum of two Gaussian functions centered
at B, = (1.34+0.1)eV and (1.6 + 0.1) eV, with FWHMs of (0.3 +£ 0.1)eV and (0.4 4+ 0.1) eV,
respectively.

To interpret these features, we calculated the PDOS for 1 ML ZnTPP adsorbed on Fe-O,
using a relaxed saddle-shaped geometry. As shown in Fig. [6.9b, the total molecular PDOS
(MOPDOS), as well as the individual contributions from the HOMO and HOMO-1, reproduce
the observed double-peak structure. A Gaussian broadening of 350 meV was applied to simulate
the experimental resolution. The agreement in energy position and relative intensity supports the
assignment of the two peaks to the HOMO and HOMO-1 orbitals of the adsorbed molecule. The
theoretically derived energy splitting of 370 meV, matches the experimentally obtained FWHM
of (300 + 100) meV. In contrast to the planar gas-phase case, where these orbitals are degenerate
according to DFT, the observed splitting indicates a breaking of this degeneracy.

Having assigned the observed peaks to the HOMO and HOMO-1 based on DFT calculations of the
adsorbed system, we now turn to the momentum-resolved photoemission data to experimentally
verify this assignment. Using the energy windows indicated by the arrows in Fig. [6.9p, momentum
maps are extracted that selectively emphasize the individual orbital contributions. This targeted
energy selection avoids mixing of the two frontier orbitals in k-space and ensures that each map
corresponds to a distinct electronic state.

To account for the fourfold symmetry of the Fe(100)—p(1 x 1)O substrate and to compensate
for experimentally induced asymmetries due to the polarization factor, the momentum maps
were symmetrized with respect to the D, point group. The resulting patterns are shown in the
upper panels of Fig. This processing step facilitates a direct one-to-one comparison with
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Figure 6.9: (a) Valence band photoemission spectra for clean Fe(100)-p(1 x 1)O
(black) and after deposition of 1ML ZnTPP (green). The emergence of two
molecular resonances centered at E, = 1.5eV and 3.5€eV indicates emission from
the HOMO and HOMO-1 orbitals of the adsorbed molecules. Spectra are integrated
over k,, k, in [-2.0, +2.0] 1/A and normalized at the Fermi edge. The panel on
the right displays a measurement with increased integration time, focusing on the
first prominent peak at 1.5eV. The evident double-peak structure can be captured
by fitting with two Gaussians (orange and red curves) and a linear background
(not shown). The arrows indicate energy windows, which were used to generate

averaged momentum maps that are presented in Fig. (b) ZnTPP MOPDOS
calculated by means of DFT for the 1 ML ZnTPP /Fe-O system in an optimized
saddle-shape adsorption geometry. The red and orange curves correspond to the
MOPDOSs of HOMO and HOMO-1, respectively. Published in .

simulated momentum maps obtained from the Fourier transforms of Kohn—Sham orbitals. The
entire symmetrization procedure, as well as its application to both experimental and theoretical
maps, is detailed in Appendix

The comparison of experiment and theory within the POT framework confirms the orbital
character previously inferred from the molecular DOS: the lower-E} map corresponds to the
HOMO, while the one at higher energies reflects the HOMO-1. Beyond spectral assignment,
these momentum maps also encode information about the adsorption geometry in the deposited
monolayer. In the following, we analyze their shape in detail to determine the conformation and
azimuthal alignment of the ZnTPP macrocycle on the surface.

We begin by comparing the experimental momentum maps with simulations based on a planar
ZnTPP molecule in the gas phase, a geometry frequently used to describe porphyrins on surfaces
. The corresponding real-space representations of the HOMO and HOMO-1 are shown
in Fig. [6.10p. Simulated momentum maps derived from these orbitals are presented in the lower
halves of Fig. [6.10k, directly compared to the symmetrized experimental maps shown in the upper
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Figure 6.10: Comparison between experimental and simulated POT maps for
1ML ZnTPP on Fe(100)-p(1 x 1)O. (a) Ball-and-stick model of a planar ZnTPP
molecule. (b) Real-space isosurfaces of the HOMO and HOMO-1 orbitals for the
planar geometry. (c) Simulated momentum maps (bottom) for the planar orbitals
shown in (b), compared to the symmetrized experimental maps (top) extracted
from the energy windows indicated in Fig. . (d) Ball-and-stick model of
a saddle-shaped ZnTPP molecule with a distortion angle of approximately 17°,
obtained from periodic DFT optimization on Fe-O. (e) Real-space isosurfaces of
the HOMO and HOMO-1 orbitals for the saddle-shaped geometry. (f) Simulated
momentum maps (bottom) for the distorted orbitals shown in (e), compared to
the corresponding experimental maps (top). Published in .

halves. For the simulation, the molecular orientation was chosen according to the adsorption
geometry proposed by Fratesi et al. [336], which is supported by our DFT calculations. In this
configuration, the N-Zn—N axis is rotated by approximately 17° relative to the Fe[001] direction

(see Fig. [6.7h).

The agreement in the nodal structures between experiment and simulation confirms the assignment
of the lower-FE, feature as the HOMO and the higher-F), feature as the HOMO-1. It further
confirms the assumed azimuthal orientation of the molecules in the monolayer.

Nonetheless, subtle deviations remain: most notably, the experimental HOMO map displays
intensity near the map center and features at higher k values that appear more confined and
circular compared to those in the planar simulation. Strikingly, these differences are reproduced
in our simulations when a saddle-shaped distortion of the macrocycle is introduced.

To explore this effect, we simulated momentum maps for ZnTPP molecules with varying degrees
of saddling, as illustrated in Fig. Notably, even moderate out-of-plane distortions produce
distinct changes in the momentum-space features. We define the saddling angle as the average
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tilt between the macrocycle plane and the planes of the individual pyrrole units, as visualized
in Fig. [6.10d. Systematic comparison of simulated patterns for different saddling angles with
the experimental data reveals the best match for an angle of approximately 17°, in excellent
agreement with the relaxed structure obtained from periodic DFT calculations (see Fig. [6.10g),
including the corresponding Kohn—Sham orbitals.
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Figure 6.11: Influence of different macrocycle distortions on the simulated momen-
tum maps of the ZnTPP HOMO and HOMO-1. Panels (a)—(d) show ball-and-stick
models (top) representing different conformations of the ZnTPP macrocycle, along
with the corresponding simulated photoemission momentum maps (bottom) for
the HOMO and HOMO-1 orbitals. Published in .

The lower panels of Fig. show the HOMO and HOMO-1 momentum maps derived from the
relaxed, saddle-shaped ZnTPP structure. The HOMO-1, with its charge density residing almost
exclusively on the carbon atoms of the conjugated backbone, remains largely unaffected by the
distortion — aside from a predictable tilting of the orbital lobes induced by the inclination of
the pyrrole units. The HOMO, in contrast, displays a markedly higher sensitivity to structural
deformations. Owing to its significant contributions from the nitrogen atoms and the central
metal ion, the HOMO exhibits pronounced changes in electron density near the macrocycle center
upon saddling. Our calculations (see Fig. ) show that these geometric modifications are
accompanied by a downward shift in HOMO binding energy, consistent with the experimentally
observed lifting of the HOMO/HOMO-1 degeneracy in Fig. [6.9p.

This shift manifests in an evident double-peak structure in the MOPDOS, shown in Fig. [6.9p,
which closely mirrors the spectral features observed in the UPS spectrum (Fig. |6.9h). The
resulting splitting mirrors the influence of molecular conformation on the spatial and energetic
character of the frontier orbitals.

Taken together, these findings demonstrate that ZnTPP forms an ordered monolayer on the
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Fe—O surface, adopts a saddle-shaped macrocycle geometry, and exhibits well-separated HOMO
and HOMO-1 features that are clearly distinguishable both in energy and momentum space.
The excellent agreement between experiment and simulation underscores the power of POT
as a conformation-sensitive probe of molecular thin films. The theoretically predicted energy
splitting of 370, meV is in good agreement with the experimental estimate of (300 + 100), meV.
Importantly, this orbital splitting is also observed when the distorted ZnTPP geometry is
calculated in the gas phase, confirming that the effect originates from the intrinsic electronic
response to the molecular deformation, rather than from molecule—substrate interactions —
although the latter are likely responsible for inducing the distortion.

As outlined in the introduction, the ability to exchange the central metal ion in the porphyrin
macrocycle offers a route to systematically tune the chemical, electronic, and interfacial properties
of the system. We therefore extend the POT analysis to the related system of NiTPP on Fe-O,
where analogous questions of molecular conformation and orbital structure are studied.

6.6 Conformation of NiTPP on Fe—-O: From Monolayer to Multilayer
Films

Before turning to the actual analysis of the NiTPP monolayer on Fe-O, we first address a crucial
experimental parameter that influences the visibility of conformation-specific features in POT: the
photon energy. As demonstrated in the case of ZnTPP, out-of-plane distortions such as saddling
have a pronounced impact on the orbital symmetry in momentum space. However, the contrast
and nodal structure observed in POT maps are not solely governed by molecular geometry, they
are also strongly modulated by the kinetic energy of the emitted photoelectrons. Understanding
this dependence is essential for reliably identifying and quantifying these molecular distortions.

6.6.1 Photon Energy Dependence in Probing Conformation via POT

Figure shows simulated momentum maps of the HOMO and HOMO-1 orbitals of a saddle-
shaped NiTPP molecule for three different kinetic energies: 15eV, 25eV, and 35eV. At lower
energies (15eV), the characteristic features of the distortion, especially the emerging features
along the diagonal direction are suppressed. Only at higher photon energies (e.g., 35eV) do
the maps clearly reflect the saddle-shape-specific redistribution of intensity. This dependence
is critical when interpreting experimental data, as an inadequate choice of photon energy may
mask conformational signatures. In contrast, the maps of planar molecules consistently exhibit
the pattern presented in Fig. [6.12p, here exemplary shown for a kinetic energy of 35eV.

In light of this, all POT measurements on NiTPP were performed using 40eV synchrotron
radiation, which is taken into account for the simulated maps ensuring a good ratio between
k-space contrast to capture shape-specific features, while providing high molecular photoemission
cross section.
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Figure 6.12: Simulated momentum maps of the HOMO and HOMO-1 orbitals of
NiTPP illustrating the relation between photon energy and molecular conformation.
(a) Saddle-shaped conformation at E;, = 15, 25, and 35eV. Distortion-induced
features emerge strongest at high kinetic energy. (b) Planar conformation at
35eV, showing less-patterned intensity distributions. The comparison highlights
the importance of photon energy selection in POT for resolving conformational
changes.

6.6.2 Momentum-Resolved Electronic Structure of the NiTPP Monolayer

Figure [6.13] shows the momentum-integrated valence band spectrum of a 1 ML NiTPP film on
Fe(100)—p(1 x 1)O. In contrast to the ZnTPP case, the first molecular resonance appears as
a single, broad peak centered around E, = 1.5eV, with a Gaussian FWHM of (0.5 £ 0.1)eV.
This width slightly exceeds the individual FWHMs of the HOMO and HOMO-1 features in
ZnTPP and suggests that these frontier orbitals are nearly degenerate in the case of NiTPP.
This interpretation is consistent with earlier findings on NiTPP/Cu(100) [114], where HOMO
and HOMO-1 were treated as degenerate.

To enhance the signal-to-noise ratio, the corresponding momentum map was obtained by inte-
grating over the energy range defined by the FWHM, indicated by the red arrow in Fig.[6.13h.
Due to the higher photon energy used in the NiTPP measurement compared to ZnTPP, the
contribution from the Fe—O substrate is more pronounced and requires background correction
(see Section for details). The resulting background-corrected and symmetrized momentum
map is shown in Fig. [6.13p.

To further analyze the azimuthal alignment and the possible degree of macrocycle distortion, we
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Figure 6.13: (a) Valence band spectrum of 1 ML NiTPP on Fe(100)-p(1 x 1)O,
showing a broad HOMO feature near 1.5eV. (b) Experimental momentum map
integrated over the energy range marked by the red arrow in (a). (c¢) Simulated
momentum map for the summed HOMO and HOMO-1 of a NiTPP molecule with
a 23° saddle-shaped distortion; bottom: ball-and-stick model of the corresponding
geometry. (d) Comparison of experiment and DFT-calculated PDOS for the
distorted geometry. The HOMO aligns well, while the HOMO-1 is weak and
unresolved. The calculated splitting is smaller than in ZnTPP, despite the larger
distortion. Published in .

compare the experimental map to simulations of NiTPP molecules. These simulations adopt the
adsorption geometry proposed by Fratesi et al. , in which the N-Ni—N axis forms an angle
of 35° with respect to the substrate [001] direction (see Fig. [6.7b). The saddle distortion series
shown in Fig. is used to evaluate the sensitivity of the momentum maps to the degree of
out-of-plane deformation.

The best agreement between experiment and simulation is obtained for saddle distortion angles
in the range of 20° to 30°, consistent with earlier STM-based estimates. In contrast, planar
geometries fail to reproduce the observed nodal structure, reinforcing the conclusion that the
NiTPP monolayer adopts a strongly distorted shape. Compared to ZnTPP, the saddling appears
even more pronounced, although the consequences for the energy level alignment of the frontier
orbitals are more subtle.

Periodic DFT calculations for NiTPP adsorbed on Fe-O yield a relaxed geometry with a saddling
angle of 23°, as illustrated in the ball-and-stick model in Fig (bottom). The corresponding
simulated momentum map, obtained by averaging the |FT|2 of the HOMO and HOMO-1 for this
distorted geometry (Fig. , top), is in excellent agreement with the experimental distribution.
Moreover, the MOPDOS calculated for the same structure (Fig. |6.13(d) closely matches the
valence band spectrum shown in Fig[6.I3h. The theoretical description predicts an energy
splitting of approximately 220 meV between the HOMO and HOMO-1. However, this separation
is insufficient to resolve the two levels spectroscopically, resulting instead in a single, broadened
resonance, as observed in the experiment.

The pronounced saddle-shaped conformation observed for NiTPP is consistent with previous
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Figure 6.14: Simulated sum of HOMO and HOMO-1 momentum maps of NiTPP
for increasing degrees of saddle distortion, ranging from planar to 15°, 20°, and 30°,
shown left to right in panels (a)—(d). Each panel displays the molecular geometry
(top) and the corresponding summed momentum map (bottom). Published in
[214].

studies reporting a more severe macrocycle distortion compared to ZnTPP . Interestingly,
while our DF'T calculations confirm that such geometric deformations lift the degeneracy between
the HOMO and HOMO-1, they also reveal that the magnitude of the resulting splitting, AF, is
strongly dependent on the central metal ion. Even in the planar gas-phase geometry, ZnTPP
exhibits a significantly larger orbital separation of 170 meV, compared to only 60 meV for NiTPP.
This trend persists in the saddle-shaped configuration on the surface, where the splitting increases
to 370 meV for ZnTPP but remains comparatively modest at 220 meV for NiTPP.

Notably, the enhanced splitting observed upon distortion arises predominantly from a shift of
the HOMO to lower E), while the energetic position of the HOMO-1 remains largely unchanged.
These findings underscore the dual role of metal substitution: not only does it modulate the
degree of molecular deformation, but it also directly influences the electronic level alignment of
the frontier orbitals.

In the following, we extend our investigation to the geometric and electronic structure of a
NiTPP multilayer film, aiming to determine whether the reduced molecule—substrate interaction
leads to observable changes in molecular conformation or frontier orbital alignment.

6.6.3 Growth and Electronic Structure of the NiTPP Bilayer

We begin this section by examining the LEED patterns of NiTPP /Fe-O as a function of molecular
coverage, specifically for 1.0, 2.0, and 2.4 ML. The corresponding images are shown in Fig.
For the 2 ML film, the LEED pattern exhibits sharp diffraction spots that coincide with those
observed for the monolayer , confirming the persistence of the same (5x5)R37° superstructure.
Upon further increasing the coverage to 2.4 ML, additional diffraction spots emerge, accompanied
by a slight blurring of the overall pattern. These new features correspond to a (5 x 5) overlayer
structure.
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In Fig. the symmetry-equivalent unit cells of the (5 x 5)R37° reconstruction are indicated
by green and blue squares, while the (5 x 5) unit cell is marked in red. The coexistence of both
superstructures suggests that the molecular film remains ordered even beyond the first layer,
supported by non-negligible intermolecular interactions that steer the multilayer growth.
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Figure 6.15: LEED patterns of NiTPP on Fe(100)—p(1 x 1)O at different coverages.
1 ML: sharp (5x5)R37° pattern indicates an ordered monolayer. 2 ML: same pattern
persists, confirming structural order in the bilayer. 2.4 ML: additional spots emerge,
assigned to a (5 x 5) superstructure, suggesting long-range ordering beyond the
second layer. Kinetic energies are noted below each image. Published in .

Having established the structural ordering of NiTPP beyond monolayer coverage, we now turn to
the evolution of the electronic structure with increasing film thickness. Figure compares the
valence band spectra of the clean Fe-O substrate, a 1 ML NiTPP film, and a 2 ML film. Upon
going from 1ML to 2 ML, two key changes are observed: 1) the appearance of an additional
peak at £y = 2.6eV, and 2) a shift of the main molecular feature from 1.5eV to higher binding
energy. Furthermore, the 2 ML spectrum exhibits a kink at around 1.6 eV, indicating that this
feature comprises an additional shoulder at slightly lower Ej .

The most prominent features are marked in the EDC in Fig. [6.16p, and their corresponding
momentum maps are displayed in the upper halves of Fig. [6.16b. The presence of distinct nodal
patterns in these maps suggests that a well-defined azimuthal orientation is preserved even in
the second molecular layer, allowing for a meaningful POT analysis of the 2 ML NiTPP/Fe-O
System.

The momentum map associated with the low-E, shoulder at 1.5eV (map A in Fig.|6.16p) exhibits
striking similarity to the HOMO/HOMO-1 pattern of the saddle-shaped NiTPP monolayer
previously shown in Fig. [6.13p. It features the same characteristic distribution near the center of
the k-map. Given the near-perfect match in energy with the HOMO/HOMO-1 feature of the
1 ML spectrum, we attribute this signal to the first molecular layer, implying that the molecules in
direct contact with the substrate retain their distorted geometry even upon subsequent molecular
depositions.

In contrast, peak B at approximately 1.7eV, although also derived from the HOMO/HOMO-1
manifold, yields a momentum map (map B) that no longer shows distortion-related nodal features.
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6 Metalloporphyrins on Fe—Q: Adsorption, Conformation, and Electronic Structure

Instead, its pattern resembles the simulated momentum map of planar NiTPP. The same applies
to peaks C and D, which appear at higher E, and whose corresponding maps (C and D) likewise
match the planar orbital simulations. All the theoretical patterns for the HOMO levels are
displayed below their experimental counterparts in Fig. and show excellent agreement.

From this comparison, we conclude that once the first monolayer is complete, NiTPP molecules
in subsequent layers adopt an undistorted, planar configuration. This structural relaxation
reflects the absence of molecule—substrate interactions beyond the first layer. We note that in
generating the planar simulations, a slight adjustment to the azimuthal orientation was applied,
with the angle between the N-Ni—N axis and the [001] substrate direction tuned to 38° in order
to optimize agreement with experiment. A comparison with maps at 35°, like the alignment used
for the first layer of NiTPP molecules, is shown in the appendix, Fig. [A-8p.
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Figure 6.16: Valence band photoemission data of NiTPP on Fe-O as a function of
coverage. (a) Momentum-integrated spectra of the clean Fe-O substrate, the 1 ML,
and the 2 ML NiTPP films. Dotted vertical lines labeled A—D mark the energies
at which the corresponding momentum maps were extracted. (b) Experimental
momentum maps (top rows) for features A-D, with the respective simulated
maps shown below. Comparison reveals a transition from distorted to planar
orbital signatures between the first and second layer. (c¢) Deduced structure of the
multilayer film: the first adsorbed layer remains strongly saddle-shaped, while the
second layer relaxes into a planar configuration. Published in [214].

To assess how the planar conformation in the second molecular layer affects the energy splitting
between the HOMO and HOMO-1, we analyze the peak at approximately 1.7eV (peak B) in
the EDC of the 2 ML NiTPP/Fe-O system (see Fig. [6.17)), which is associated with the second
molecular adlayer. To estimate its FWHM, we use the same fitting approach as for the monolayer,
including a linear background and an additional Gaussian to account for the small shoulder at
around 1.45eV from the first layer (feature A). Although the fit does not perfectly reproduce
the shape in this lower-energy region, it still provides a reasonable estimate for the main peak.
Thereby, we extract a FWHM of (300 + 100) meV, as shown in Fig. m The uncertainty of
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6.6 Conformation of NiTPP on Fe—-O: From Monolayer to Multilayer Films

100meV is generously rounded up to reflect the imperfect agreement between fit and data and is
used uniformly for all other FWHM values reported in this chapter.
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Figure 6.17: Fitting of the valence band spectrum for 2 ML NiTPP on Fe-O.
The experimental energy distribution curve (dark green) is fitted within the grey-
shaded region using a sum of two Gaussian functions and a linear background.
The individual Gaussian contributions are shown in orange and light red, with the
resulting total fit overlaid in light green. Published in [214].

The extracted peak width of (300 + 100) meV is considerably smaller by approximately 40% than
the (500 + 100) meV obtained earlier for the main molecular feature in the 1 ML NiTPP spectrum.
This supports the theoretical prediction that the energy splitting between HOMO and HOMO-1
is sensitive to molecular conformation: for a given MTPP species, a less pronounced saddle-shape
distortion results in a reduced splitting, while stronger distortion increases the separation. It
should be noted that this splitting is not necessarily governed by the overall deformation of the
macrocycle alone, but appears to be particularly sensitive to the out-of-plane displacement of
the metal ion from the porphyrin plane. However, this structural feature is typically enhanced in
more strongly distorted adsorption geometries.

Finally, we compare the energy positions of the molecular peaks for first- and second-layer NiTPP.
A shift of approximately 300 meV is observed, with the second-layer feature appearing at slightly
higher EF,. Given the relatively small magnitude of this shift, we attribute it to attenuated
surface screening effects, rather than distortion-induced changes in the electronic structure, as
also discussed by Fratesi et al. [347].

In summary, the spectral evolution observed during NiTPP multilayer growth demonstrates that
POT, in combination with spectral fitting, provides detailed access to layer-dependent variations
in molecular conformation, azimuthal alignment, and electronic structure. While the first NiTPP
layer adopts a strongly saddle-shaped geometry induced by the Fe—-O substrate, accompanied
by broader spectral features due to enhanced orbital splitting, the second layer relaxes into a
near-planar geometry. As a result, its electronic structure approaches that of isolated molecules,
exhibiting narrow and practically degenerate HOMO and HOMO-1 levels.
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6 Metalloporphyrins on Fe—Q: Adsorption, Conformation, and Electronic Structure

To further explore the origin of the HOMO/HOMO-1 splitting in saddle-shaped MTPPs, and to
test whether this behavior extends beyond the specific case of NiTPP on Fe—-O, we performed
additional gas-phase DFT calculations for NiTPP and ZnTPP in both planar gas-phase and
their distorted on-surface geometries. These calculations were carried out by the author using
the ORCA 6 software package [348, 349]. Although the planar and saddle-shaped geometries
were originally obtained using different computational settings (for example, different functionals
or basis sets) all four structures were here recalculated within a uniform framework. This ensures
a consistent comparison of their electronic structure and enables a closer inspection of how
molecular distortion and metal ion displacement influence the HOMO/HOMO-1 splitting.
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Figure 6.18: Summary of DFT results for (a) NiTPP and (b) ZnTPP, comparing
planar and saddle-shaped geometries. The planar structures were taken from the
Molecular Orbital Database [362], while the saddle-shaped geometries correspond to
the optimized adsorption structures on Fe(100)—p(1 x 1)O, as discussed throughout
this thesis. All calculations shown here were performed in the gas phase using the
B3LYP functional [172} |173] with Grimme’s D3 dispersion correction [352] and the
6-31G* basis set [350, [351]. This computational setup differs slightly from the one
used for the structure optimizations presented earlier, which may lead to minor
deviations in absolute values; however, the overall trends remain fully consistent.
Shown are the molecular geometries, the displacement Az of the metal ion relative
to the N, plane, and the corresponding energy splitting AE between the HOMO
and HOMO-1 levels. The data reveal a clear correlation: larger out-of-plane
displacements of the metal ion are accompanied by an increased HOMO-HOMO-1
splitting.

The results reveal a clear correlation between the degree of molecular distortion and the energy
separation of HOMO and HOMO-1. A closer inspection shows that the splitting increases with
the displacement of the metal ion (Az) out of the plane defined by the four nitrogen atoms.
This behavior suggests that the structural distortion of the macrocycle indirectly affects the
HOMO/HOMO-1 splitting by promoting an out-of-plane shift of the central ion. However, the
final magnitude of Az is governed not only by the distortion itself but also by the size of the
metal ion. While such distortions generally tend to displace the metal center out of the molecular
plane, its absolute position is strongly influenced by the ionic radius of the metal species, which
plays a significant role in determining the optimized geometry.
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Interestingly, replacing Ni by Zn (or vice versa) in the same geometry yields virtually identical
HOMO/HOMO-1 splittings. This observation emphasizes that it is the final molecular structure
(including the Az displacement) — rather than the specific identity of the metal center — that
determines the electronic structure. Nevertheless, the choice of metal ion plays an essential role
in guiding the structural relaxation during optimization, thereby indirectly shaping the electronic
properties of the system. Overall, these findings underline that macrocycle distortions and metal
ion displacements are intimately linked and jointly control the energetic separation of frontier
orbitals in MTPP monolayers. In general, it appears likely that any reduction of molecular
symmetry, such as that introduced by saddle-shaped distortions, will facilitate an out-of-plane
displacement of the metal ion, further reinforcing its influence on the electronic structure.

6.7 Conclusion: Conformation, Orbital Splitting, and Optical
Implications

This chapter has explored the interplay between molecular conformation and electronic structure
in ZnTPP and NiTPP films on Fe(100)-p(1 x 1)O, with particular focus on how saddle-shaped
distortions of the porphyrin macrocycle affect the momentum-resolved photoemission signatures of
frontier orbitals. Using POT in combination with DFT-based simulations, we have demonstrated
that even subtle conformational changes imprint discernible fingerprints in the momentum maps
of HOMO and HOMO-1 orbitals.

While POT has previously been used to identify simple geometric perturbations such as tilting,
twisting, and bending, its ability to resolve more complex, delocalized conformational changes
had not been quantitatively tested. Our simulations revealed that saddle-shaped distortions
produce marked modifications in momentum space, as illustrated in Fig. most notably a
redistribution of intensity and the emergence of central features that are absent in the planar
case. These theoretical insights laid the foundation for our experimental investigation of ZnTPP
and NiTPP layers.

Importantly, the photon energy was shown to critically influence the visibility of these conforma-
tional signatures in POT. At low kinetic energies, characteristic momentum-space features of
saddled molecules appear washed out or suppressed, whereas higher kinetic energies (e.g., 35eV)
enhance the contrast. This dependence is crucial for experimental design and interpretation
when targeting subtle orbital asymmetries.

In ZnTPP, we observed a clear splitting between HOMO and HOMO-1 in both energy and
momentum, consistent with a moderate saddle distortion of 17°. NiTPP displayed an even
stronger saddling of 23° in the monolayer, albeit with a smaller orbital splitting. This suggests a
general link between molecular distortion and orbital energy separation — but it also indicates that
the saddling angle alone does not fully determine the electronic response. While orbital splitting
generally increases with saddle distortion, the crucial factor is the out-of-plane displacement of
the central metal ion, which depends on the specific ion and its relaxed position. Larger metal
ions tend to sit further out of plane, leading to stronger perturbations despite similar distortion
angles.
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MOEXATN

4 increasing distortion R g\

Figure 6.19: Graphical summary of how POT can assess the degree of saddle-
shaped distortions by analyzing the momentum distributions of photoelectrons
emitted from porphyrin films. The ability of POT to identify distinct molecular
orbitals based on their momentum-space fingerprints provides direct insight into
the relationship between conformation and electronic structure in porphyrins.
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Upon deposition of a second layer, NiTPP molecules remain ordered but adopt a planar confor-
mation, as evidenced by narrower photoemission features in the EDC, and strong changes in the
measured momentum distributions. This layer-dependent transition underscores the power of
POT to disentangle interfacial effects from intrinsic molecular behavior — offering a nanoscale
probe of conformational evolution in molecular films. In this planar geometry, the HOMO and
HOMO-1 become fully degenerate, highlighting the intimate connection between molecular shape
and the electronic structure of porphyrins.

This link between conformation and orbital alignment has direct consequences for the optical and
electronic properties of these systems. The splitting of HOMO and HOMO-1 levels reshapes the
effective HOMO-LUMO gap, influencing light absorption and charge transport characteristics.
As such, control over molecular geometry becomes a key design parameter in porphyrin-based
optoelectronic applications, where performance often hinges on subtle shifts in energy level
alignment.

Beyond synthetic materials, this structure—function relationship is of fundamental importance
for understanding biomolecular processes. In nature, porphyrin derivatives such as heme rely
on precisely such geometric—electronic couplings to fulfill their function. For instance, in heme
complexes, oxygen binding flattens the macrocycle, modifies the orbital structure, and alters the
optical response, leading to the characteristic color change between deoxygenated and oxygenated
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6.7 Conclusion: Conformation, Orbital Splitting, and Optical Implications

blood (Fig. [6.20). While chemically distinct from the synthetic porphyrins studied here, this
biological analogy exemplifies a more general principle: molecular geometry modulates electronic
structure, which in turn governs optical and chemical properties.

Table 6.1: Summary of extracted FWHM values and HOMO-HOMO-1 splittings
(AE) for ZnTPP and NiTPP in different adsorption geometries.

system FWHM AFE conformation
1ML ZnTPP 650meV 370 meV saddle
1ML NiTPP 500meV 170 meV saddle
2ML NiTPP (2" layer) 300meV 60 meV planar

In summary, this chapter demonstrates that POT enables an unprecedented view into the
conformational landscape and electronic structure of surface-adsorbed porphyrins. The ability to
correlate orbital energies, momentum maps, and molecular geometry opens new pathways for the
rational design of porphyrin-based systems in sensing, catalysis, and molecular optoelectronics.
At the same time, the parallels with biologically relevant systems suggest that this level of
orbital-scale insight may offer a fresh perspective on biochemical function through the lens of
momentum-resolved photoemission.

arterial blood & venous blood
(high-oxygen): F (low-oxygen):
planar heme ~  distorted heme

Figure 6.20: Comparison between arterial (left) and venous (right) blood. Oxygen
binding to heme alters the electronic structure resulting in a visible color change.
While structurally more complex than the synthetic porphyrins studied here, this
biological phenomenon illustrates the broader principle that molecular geometry
governs orbital energies, reactivity, and optical properties. Reproduced from .
© 2024 Sage Publications.
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7 Conclusion and Qutlook

7.1 Conclusion

This thesis has examined the interaction between different adsorbates and a model ferromagnetic
3d transition metal surface, namely Fe(100). Through a combined approach of spin- and
momentum-resolved photoemission spectroscopy, scanning probe microscopy, and advanced
electronic structure calculations (DFT+U, DMFT), we have shown that electron correlation
can fundamentally determine the nature of hybrid interfaces, with far-reaching consequences for
spintronics, catalysis, and organic electronics.

In the first part, we demonstrated that the chemisorption of atomic oxygen on Fe(100) strongly
enhances electronic correlations in the Fe surface layer. This enhancement results in a narrowing
of the Fe d-bands, suppression of exchange splitting, and the emergence of spin-dependent
energy broadening in oxygen-related electronic bands due to the presence of satellite features —
hallmarks of many-body interactions. These findings challenge the assumptions of conventional
single-particle models and establish that adsorbates can significantly reshape the substrate’s
electronic structure. Electron correlation, therefore, is not a passive property of the metal but a
dynamic quantity that can be modulated by interfacial chemistry.

Building on this insight, the second part of the thesis examined the adsorption of pentacene (5A)
on the oxygen-passivated Fe—O surface. The correlation-induced renormalization of the Fe d-band
was shown to switch the molecule—metal interaction from weak to strong coupling. To capture this
behavior, we employed an empirically tuned DFT+U approach as a computationally inexpensive
approximation to the DMFT substrate electronic structure. Specifically, a negative U4 value was
introduced to emulate the key correlation-driven modifications predicted by DMFT — namely,
the narrowing of the d-band and the reduction in exchange splitting. This calibration enabled us
to reproduce the experimental signatures observed for the adsorbed 5A layer, validating DFT+U
as a practical substitution for describing correlation-activated coupling at hybrid interfaces.

Based on these results, we introduced a refined d-band model that treats electron correlation as
an explicit intermediate step in the adsorption process. Rather than considering hybridization
on top of an unmodified substrate band structure, the model accounts for the reshaping of the
Fe d-states due to correlation effects prior to molecule-metal coupling. It further emphasizes
the central role of the Fe d,» orbital in mediating vertical coupling to extended m-systems and
incorporates the spatial inhomogeneity of the interaction across large molecular adsorbates.
By capturing registry-dependent bonding with near-quantitative accuracy, this model extends
traditional chemisorption theory to correlated systems with both conceptual clarity and physical
relevance.
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The final chapter focused on metalated tetraphenylporphyrins (ZnTPP and NiTPP) on Fe-O,
where the interaction remains electronically weak but geometrically rich. Photoemission orbital
tomography (POT) was established as a highly sensitive technique for resolving complex confor-
mational distortions in molecular adsorbates. Its combined sensitivity to the momentum-space
structure of frontier orbitals and to subtle molecular geometries enabled us to disentangle the
interplay between energy level alignment and conformational variations. In particular, the
momentum-resolved photoemission maps revealed saddle-shaped distortions of the porphyrin
macrocycle at the monolayer level, allowing for a direct link between molecular geometry and
orbital structure. By comparing monolayer and multilayer films with DFT simulations, we traced
how molecular structure evolves under the influence of the substrate. We showed that interaction
with the Fe—O surface induces pronounced molecular distortions, which lift the degeneracy
between the HOMO and HOMO-1 orbitals, while such deformations are absent in subsequent
molecular layers. Furthermore, by comparing porphyrins with different central metal ions, we
found indications that the extent of this degeneracy lifting is highly sensitive to the precise
position of the metal center — underscoring that even subtle changes in coordination geometry
can decisively affect the electronic structure.

Ultimately, this thesis demonstrates that correlation and hybridization are interwoven phenomena
that, when understood together, provide a richer, more accurate picture of the physics at
adsorbate—metal interfaces.

7.2 Outlook

The findings presented in this thesis open several promising directions for future research. On the
methodological side, time-resolved photoemission orbital tomography (POT) offers a powerful
means of accessing dynamic processes such as excited-state relaxation. This is particularly relevant
for unoccupied states such as the LUMO of 5A, where the relaxation dynamics of its bonding
and antibonding components may provide insight into how coupling to the substrate influences
the lifetime and decay pathways of excited states. Moreover, applying time-resolved POT to
porphyrin systems may uncover how electronic excitations dynamically influence molecular
conformation. Understanding this coupling between excited-state population and structural
response would be especially valuable for photocatalysis and organic photovoltaics, where device
performance depends primarily on geometric distortions and electronic structure, respectively.
In these contexts, the systems presented in this thesis serve as well-defined model platforms, and
future studies stand to benefit directly from the insights gained here.

Furthermore, extending the investigation to related w-conjugated systems, such as longer or
shorter acenes or planar macrocyclic molecules like phthalocyanines, would provide a broader
testing ground for the generalized d,.-band model developed in this work.

Another promising direction is the concept of correlation engineering, using adsorbates to tune
electronic correlations at ferromagnetic surfaces, which could be pursued through systematic
studies involving chemically diverse adsorbates. Carbon-based species such as atomic carbon,
5A, and Cg exhibit markedly different interaction strengths with Fe(100). Atomic carbon forms
a c(2 x 2) superstructure and introduces a new electronic state near Ep, whose spin-resolved
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character remains to be determined. Pentacene shows significant charge transfer and partial
LUMO occupation accompanied by spin polarization [364} [365], making it an excellent candidate
for spin-resolved POT. Cy,, by contrast, is known to induce substantial surface reconstructions
[117], which may strongly influence both hybridization and correlation effects.

To disentangle these interfacial effects, experiments at variable photon energies, should be
employed to tune the photoemission cross-section and selectively enhance contributions from
either the molecular layer or the substrate. This strategy, which relies on synchrotron-based
light sources, enables spatially and chemically resolved correlation studies at molecule-metal
interfaces.

Tuning the interaction strength and nature of the coupling via substrate modification remains
another powerful approach. Removing the oxygen passivation layer, or replacing it with an
alternative decoupling material such as ultrathin MgQO, could allow for more finely controlled
charge and spin interactions. In particular, the low work function of MgO facilitates spontaneous
charge transfer into organic adlayers [82]. Exploring such systems is especially promising in light
of the well-established spin-filtering properties of MgO /Fe interfaces [366], which could enable
the development of novel organic spin valve technologies that combine efficient spin injection
with molecular-level tunability. In parallel, introducing molecular chirality could give rise to
spin-selective transport via the chirality-induced spin selectivity (CISS) effect [367, |368]. In this
regard, the Fe-O interface represents an attractive and versatile platform, offering both sufficient
chemical reactivity to support bonding and the structural order required for controlled molecular
self-assembly.
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A Appendix

A.1 Additional DMFT Analysis of the Fe-O Surface

To complement the discussion in the main text Fig. shows the projected density of states
(PDOS) for Fe(100)-p(1 x 1)O calculated using both DFT and DFT+DMFT with correlation
parameters U = 1.8eV and J = 0.5€V, i.e., the values commonly used for the clean Fe(100)
surface. In Fig. [A.Tp, the resulting DFT+DMFT spectrum is compared with the experimentally
measured valence band spectrum, obtained via momentum-integrated photoemission using
hv = 64eV p-polarized synchrotron light. The blue-shaded region highlights the dominant
spectral feature originating from Fe d states. As evident from the comparison, the calculated
spectrum underestimates the spectral weight near the Fermi level, underscoring the necessity of
increasing the correlation parameters to reproduce the experimental lineshape.
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Figure A.1: (a) Projected density of states (PDOS) for Fe(100)-p(1 x 1)O com-
puted using DFT and DFT+DMFT with U = 1.8eV and J = 0.5¢V. (b)
Comparison of DET+DMFT PDOS (red) with the experimental valence band
spectrum (blue). Published in [190].

A.2 Simulating the Photoemission Maps of Pentacene

Theoretical momentum maps were generated based on gas-phase DFT calculations of the
pentacene (5A) HOMO. The momentum distribution was obtained from the orbital’s Fourier
transform, evaluated on an isoenergetic sphere corresponding to the kinetic energy of the
photoelectrons (35eV), as described in Section This procedure yields the base momentum
map shown in Fig. [A.2p.
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Figure A.2: Workflow for generating theoretical momentum maps of pentacene.
(a) Real-space representation of the HOMO of 5A, obtained from gas-phase DFT
calculations. (b) Corresponding momentum map extracted from the Fourier
transform of the orbital. (¢) Simulated map for molecules arranged in rotationally
equivalent domains. (d) Sum of the individual domain contributions, accounting
for spatial averaging inherent in ARPES measurements. (e) Polarization factor
that reflects the experimental light incidence and polarization geometry. (f) Final
theoretical momentum map resulting from the multiplication of the summed
domain map with the polarization factor. This final image serves as the theoretical
counterpart to the experimentally measured photoemission intensity distributions.
Figure from manuscript currently under review.

Because MM (and ARPES in general) probes relatively large surface areas, it inherently averages
over multiple rotational domains of adsorbed molecules. On the Fe-O surface, the presence of
azimuthally rotated domains must therefore be taken into account. In this case, the fourfold
(D,) symmetry of the substrate allows for a straightforward treatment: a simple 90° rotation
of the base map (Fig.[A.2b) yields the equivalent domain shown in Fig. [A.2c. Other symmetry
operations such as mirroring or further rotation would reproduce features already contained in
either map (b) or (c). The sum of these two rotationally equivalent maps (Fig. [A.2{d) effectively
represents the domain-averaged momentum distribution expected in the experiment. Finally, a
polarization factor reflecting the experimental geometry, specifically the photon energy and light
incidence angle, was applied (Fig. [A.2p) to incorporate matrix element effects. The resulting
momentum map (Fig. [A.2f) reproduces the characteristic symmetry and intensity variations of
the experimental photoemission data and serves as a reference for orbital identification.
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A.3 Characterizing the Valence Band Peaks of 5A /Fe-O

In this appendix, we present a detailed analysis of the valence band features observed in
the photoemission spectra of the 5A/Fe-O interface. In particular, we focus on the peaks
corresponding to the highest occupied molecular orbital (HOMO) and its adjacent orbitals
(HOMO—1, HOMO-2).

Fitting Procedure and Error Estimation

To analyze the spectra, we employed a phenomenological fitting model consisting of a linear
background and a sum of Gaussian functions. While this approach provides a straightforward
method for modeling broad photoemission peaks, it cannot fully resolve the microscopic origin
of each feature. Consequently, the precise number of contributing states remains ambiguous.
However, the quality of the fits provides insights into the minimal number of spectral components
required to describe the data.

To estimate the experimental noise, a flat region of the valence band spectrum (Fig. fb) was
fitted with a linear function. The residuals of this fit yield a standard deviation of 3.6 (arbitrary
units), which we take as the error margin for a single photoemission spectrum. As our analysis
is based on the difference between two spectra, the total uncertainty is multiplied by /2, in
accordance with Gaussian error propagation.

HOMO Peak Fitting Analysis

We performed fits of the HOMO peak using one, two, and three Gaussian functions (Fig. fc).
The residuals clearly indicate that a single Gaussian is insufficient to model the data, exhibiting
strong and systematic deviations. To quantify the fit quality, we compute the reduced chi-squared

parameter
2 1 i Y; — y<xz) 2
XV - Py a ’

where y, denotes the measured intensity, y(z;) the fit value at point z;, and o = 5.1 is the
propagated error. The number of degrees of freedom v = N — N, corresponds to the total

cons.

number of data points minus the number of fit parameters [369].

The resulting reduced chi-squared values were XE,HOMOa = 7.3 for the single-Gaussian fit,
Xz%,HOMOb = 1.3 for two Gaussians, and Xl%,HOMOC = 1.0 for three Gaussians. These results
suggest that the HOMO peak comprises at least two, and likely three, spectral components.

HOMO-1 and HOMO-2 Peak Analysis

An analogous analysis was performed for the HOMO—1 and HOMO—-2 features (Fig. |A.5]).
Here, we compared fits using one and two Gaussians, both combined with a linear background.
The resulting reduced chi-squared values were X,2, HOMO-1/—2a = 1.6 and X,z, HOMO-1/—2b = 1.4.
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These results indicate a marginal improvement when using two components, though both models
describe the data reasonably well.

We also tested Lorentzian peak shapes, but in all cases the resulting fits were inferior, exhibiting
larger residuals and higher y? values.
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Figure A.3: Determination of the noise level in the photoemission data. (a)
Momentum-integrated valence band spectrum of a freshly prepared Fe—O surface.
The grey box indicates the region selected for background fitting. (b) Close-up of
the linear region (red curve) and its linear fit (green line). The residual (grey) is
shown in the inset, with the mean residual value (violet dashed line) defining the
error margin. Figure from manuscript currently under review.
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Figure A.4: Fitting analysis of the HOMO-related photoemission peak at the
5A/Fe-O interface. (a) Fit with a single Gaussian, showing structured residuals.
(b) Fit with two Gaussians. (c) Fit with three independent Gaussians. The
progression shows improved fit quality with increased model complexity. Figure
from manuscript currently under review.
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Figure A.5: Fitting analysis of the HOMO—1 and HOMO—2 peaks. (a) Fit using
one Gaussian and a linear background. (b) Fit with two Gaussians. The residuals
improve modestly with the additional peak, but the simpler model still performs
reasonably well. Figure from manuscript currently under review.

A.4 Momentum Map Processing for POT Analysis of MTPPs

All momentum-resolved photoemission maps presented in Chapter [6] were symmetrized according
to the D, symmetry of the Fe(100)-p(1 x 1)O surface to improve the signal-to-noise ratio and
thereby enhance molecule-related features. Symmetrization was performed by averaging over
equivalent rotational domains, assuming azimuthal alignment along the crystallographic axes.
This procedure severely improves signal quality and was applied uniformly to all ZnTPP and
NiTPP datasets.

Momentum Map Alignment and Background Subtraction

In order to identify the molecular orbitals in POT it is often required to remove the signal
stemming from the substrate, in order to isolate the molecular intensity. However, due to
instrumental variations (e.g., slight changes in PEEM lens settings), the field of view in k-space
can differ slightly between measurements. Hence, before subtracting substrate-related background
features, we applied a rescaling procedure based on line profiles taken from control maps. This
allowed the clean Fe-O maps to be accurately resized by bilinear interpolation, aligning them
with the molecular-layer maps.

Subtraction was then performed at binding energies of molecular resonance energies (1.5eV for
NiTPP) to isolate orbital features. In addition, subtraction was also performed on control maps
where only substrate emission is expected (typically close to the Fermi energy). An example of
this procedure is shown in Fig. [A.7]
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Figure A.6: Adjustment of momentum map scaling before subtraction. (a)
Momentum-resolved PEEM images of NiTPP/Fe-O (left) and the bare Fe-O
substrate (middle), integrated over the 0.5-0.8 eV binding energy range. Dashed
lines denote the directions used for extracting line profiles (right panel). (b)
Interpolated and cropped Fe—O reference map, scaled to match the NiTPP/Fe-O
field-of-view. Published in .
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Figure A.7: Subtraction of background maps. (a) Control subtraction at 0.6 eV,
showing the NiTPP/Fe-O image (left), scaled Fe-O reference (middle), and dif-
ference map (right). (b) Subtraction result at 1.5eV, where molecular emission
features emerge. This corresponds to the data shown in Fig. Published in
[214].

Simulation of Momentum Maps

To compare these experimental photoemission maps to theoretical orbital patterns, simulated
maps were generated from the squared Fourier transforms (|[FT|?) of the relevant molecular
orbitals. These maps were then rotated according to the assumed azimuthal adsorption geometry
found in literature and in our simulations (17° for ZnTPP and 35° for NiTPP), and averaged
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in cases of degenerate orbitals (e.g., HOMO/HOMO-1 in Fig.|A.8n). Next, to account for the
existence of symmetry-equivalent domains, the final maps were symmetrized assuming the D,
symmetry of the substrate surface. An exemplary resulting averaged HOMO/HOMO-1 map
of NiTPP is displayed in Fig. [A.8b, while additional symmetrized maps for the corresponding
HOMO-2/HOMO-3 and HOMO-5 orbitals are presented in Fig. [A.8,d.

a b c d
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Figure A.8: Simulated photoemission momentum maps of NiTPP orbitals in a
planar structure. (a) Average of the HOMO and HOMO-1 maps for a molecu-
lar azimuth of 35° with respect to the substrate [100] direction. (b) Resulting
symmetrized map assuming D, symmetry of the Fe(100) surface. (c),(d) Sym-
metrized orbital maps corresponding to the HOMO-2/HOMO-3 and HOMO-5
states, respectively. Published in .
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