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Abstract 
Metal-organic interfaces are key constituents of the various functional building blocks that can be 
found in molecular electronics and spintronics. Long electron and spin relaxation times of organic 
molecules make them superior to inorganic materials for many technological devices. When put 
into contact with a metal electrode, the hybridization of molecular orbitals and metallic states can 
lead to several intriguing effects, which strongly affect the electronic and magnetic properties of 
the system. In this regard, the interface obtained by depositing nickel tetraphenyl porphyrin onto 
the copper (100) surface (NiTPP/Cu(100)) can be seen as an interesting model system. Previous 
experiments reported an unexpected high charge transfer leading to a partial filling of the 
molecular orbitals up to the LUMO+3 and a reduction of the central nickel atom. Considering this 
observation as the point of departure, this thesis aims to develop different approaches to alter the 
hybridization at this interface. 
The results of this thesis can be divided into three main topics. First, it is shown that a pre-
oxidation of the copper substrate leads to a substantial quenching of the charge transfer from the 
metal to the molecule and, thereby, weakens the interaction. Crucially, the molecules adsorb in a 
well-defined geometry, thus allowing for the determination of the molecular orbital symmetry. 
This is a major advantage over gas-phase and multilayer measurements, as in such cases, a random 
molecular orientation prevents an evaluation of the orbital symmetry via near-edge x-ray 
absorption fine structure spectroscopy. Moreover, the so-obtained NiTPP/O-Cu(100) interface 
can be used as a reference system, which enables a direct comparison of the weakly and strongly 
hybridized NiTPP molecules. 
In a second approach, the NiTPP/Cu(100) interface was exposed to a few Langmuirs of nitric 
dioxide (NO2) gas. The NO2 molecules are found to bind to the central nickel atom of the NiTPP 
molecules. A comparison of the 𝑑𝑑 shell configuration of the pristine and NO2-modified system 
reveals that the on-top ligation leads to a reduction of the nickel center. Remarkably, the nickel 
center in NO2-NiTPP/Cu(100) has a 𝑑𝑑8 configuration with two unpaired electrons, which is in 
contrast to the situation in gas-phase molecules where the central ion is in a 𝑑𝑑8 configuration 
without unpaired electrons. Thus, NO2 adsorption enables a spin switching from 𝑑𝑑9 to 𝑑𝑑8 with two 
unpaired electrons. Interestingly, the electronic structure of the molecular macrocycle is only 
weakly perturbed by the NO2 adsorption. Moreover, annealing up to 390 K suffices to remove the 
adsorbed NO2 molecules and restores the original electronic configuration of the central nickel 
atom. 
When annealed to high temperatures, substrate-supported porphyrins often undergo structural 
changes, which is disadvantageous for many applications. The third part of the results addresses 
the temperature-induced changes at the NiTPP/Cu(100) interface upon annealing. Up to the limit 
of thermal decomposition, the NiTPP molecules do not undergo chemical changes but only 
conformational modifications. This is in contrast to what has been observed for similar metal-
molecule combinations. Generally, porphyrins are prone to dehydrogenation reactions at the 
periphery of the molecule, which is usually connected to a ring-closing reaction in which 
peripheral substituents bind to the macrocycle. A rotation of the phenyls to a more coplanar 
orientation and an enhanced charge transfer from the metal to the molecule result in a strengthened 
molecule-substrate interaction. All experimental evidence points toward molecular pinning as the 
underlying reason that prevents the molecule from a complete flattening. 
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Zusammenfassung 
Metall-organische Grenzflächen sind wichtige Bestandteile verschiedener funktionaler Bauteile, 
die in Molekularelektronik und Spintronik zu finden sind. Aufgrund langer Elektronen- und Spin-
Relaxationszeiten sind organische Moleküle anorganischen Materialien für viele technische 
Bauteile überlegen. In Kontakt mit einer Metallelektrode kann die Hybridisierung von 
Molekülorbitalen und metallischen Zuständen zu vielen faszinierenden Effekten führen, welche 
die elektronischen und magnetischen Eigenschaften des Systems stark verändern. In diesem 
Zusammenhang kann die Grenzfläche, die durch das Aufdampfen von Nickel-Tetraphenyl-
Porphyrinen auf eine Kupfer(100)-Oberfläche (NiTPP/Cu(100)) entsteht, als interessantes 
Modellsystem betrachtet werden. In früheren Experimenten wurde ein unerwartet hoher 
Ladungstransfer beobachtet, der zu einer partiellen Füllung der Molekülorbitale bis hin zum 
LUMO+3 und zu einer Reduktion des zentralen Nickelatoms führt. Ausgehend von dieser 
Beobachtung zielt diese Arbeit darauf ab, verschiedene Ansätze zur Veränderung der 
Hybridisierung an dieser Grenzfläche zu entwickeln. 
Die Ergebnisse dieser Arbeit lassen sich in drei Hauptthemen unterteilen. Zuerst wird gezeigt, 
dass eine Oxidation des Kupfersubstrats zu einer erheblichen Verringerung des Ladungstransfers 
vom Metall zum Molekül führt und die Wechselwirkung schwächt. Trotz der Oxidation 
adsorbieren die Moleküle in einer wohldefinierten Geometrie, so dass die Symmetrie der 
Molekülorbitale bestimmt werden kann. Dies ist ein großer Vorteil gegenüber Gasphasen- und 
Mehrschichtmessungen, da in solchen Fällen eine zufällige Molekülorientierung eine Auswertung 
der Orbitalsymmetrie mittels Röntgen-Nahkanten-Absorptions-Spektroskopie verhindert. 
Außerdem kann die so erhaltene NiTPP/O-Cu(100)-Grenzfläche als Referenzsystem verwendet 
werden, was einen direkten Vergleich der schwach und stark hybridisierten NiTPP-Moleküle 
ermöglicht. 
In einem zweiten Ansatz wird die NiTPP/Cu(100)-Grenzfläche einigen Langmuir von 
Stickstoffdioxid (NO2) ausgesetzt. Es wird gezeigt, dass die NO2-Moleküle an das zentrale 
Nickelatom der NiTPP-Moleküle binden. Ein Vergleich der Elektronenkonfiguration der 𝑑𝑑 -
Schale des ursprünglichen und des NO2-modifizierten Systems zeigt, dass die Bindung zu einer 
Reduktion des Nickelatoms führt. Außerdem liegt das Nickelatom in NO2-NiTPP/Cu(100) in 
einer 𝑑𝑑8-Konfiguration mit zwei ungepaarten Elektronen, was im Gegensatz zur Konfiguration in 
Gasphasenmolekülen steht, in denen das zentrale Ion eine 𝑑𝑑8-Konfiguration ohne ungepaarte 
Elektronen aufweist. Somit ermöglicht die NO2-Adsorption eine Änderung der Spinkonfiguration, 
von 𝑑𝑑 9 mit einem, zu 𝑑𝑑 8 mit zwei ungepaarten Elektronen. Interessanterweise wird die 
elektronische Struktur des molekularen Makrozyklus durch die NO2-Adsorption nur geringfügig 
gestört. Darüber hinaus reicht ein Aufheizen bis 390 K aus, um die adsorbierten NO2-Moleküle 
zu entfernen und die ursprüngliche elektronische Konfiguration des zentralen Nickelatoms 
wiederherzustellen. 
Bei hohen Temperaturen, verändert sich häufig die chemische Struktur substratgestützter 
Porphyrine, was für viele Anwendungen nachteilig ist. Der dritte Teil der Ergebnisse befasst sich 
mit den temperaturbedingten Veränderungen an der NiTPP/Cu(100)-Grenzfläche beim 
Aufheizen. Bis zur thermischen Zersetzung durchlaufen die NiTPP-Moleküle keine chemischen 
Veränderungen, sondern nur Konformationsänderungen. Dies steht im Gegensatz zu dem, was 
bei ähnlichen Metall-Molekül-Kombinationen beobachtet wurde. Im Allgemeinen sind 
Porphyrine anfällig für Dehydrierung an der Peripherie des Moleküls, die in der Regel mit 
Ringschlüssen verbunden sind, bei denen die peripheren Substituenten an den Makrozyklus des 
Moleküls binden. Eine Rotation der Phenyle in eine eher koplanare Ausrichtung und ein 
verstärkter Ladungstransfer vom Metall zum Molekül führen zu einer verstärkten Molekül-
Substrat-Wechselwirkung. Alle experimentellen Indizien deuten darauf hin, dass eine 
Verankerung der Moleküle an das Substrate die vollständige Abflachung des Moleküls verhindert.
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1. Introduction 
In recent years, a rapid miniaturization trend in spintronics has led to a variety of new device 
architectures for functional building blocks. Since the discovery of the giant 
magnetoresistance (GMR) in the late eighties* [1], various designs rely on the control of 
the motion of electrons by acting on their spin via magnetic fields. This approach holds 
promises for applications in countless areas, such as data storage, sensing, and photovoltaic 
applications. 

For most of these applications, long spin relaxation times are desired. Initial approaches 
were based on all-metallic device architectures. However, as metals typically have spin 
relaxation times ranging from the pico- to the microsecond regime [2], a coherent spin 
manipulation is hardly achievable in applicative conditions. In this respect, molecular 
semiconductors build a particularly interesting class of materials as they not only possess 
spin relaxation times ranging up to the millisecond regime but also have high photoelectric 
and magnetic field responsivities [3]. 

To fully exploit the versatility of organic semiconductors, the concept of multifunctional 
devices has been proposed recently [4]. While originally introduced to refer to materials 
that can be used for a vast range of applications [5], the term “multifunctional” has been 
recently used to describe devices that unite several functionalities based on different 
molecular properties [6]. An early example of such a multifunctional device was provided 
by Sun et al. [4], who devised an organic spin valve based on fluorinated copper 
phthalocyanine (F16CuPc) between two ferromagnetic electrodes. By separate adjustment 
of light irradiation and external magnetic field, four different resistance states can be 
realized in a single device, offering prospects for novel sensing devices. However, despite 
these remarkable findings, this research area is still in its infancy as fundamental 
mechanisms behind the charge injection from typical metallic electrodes into the organic 
layers are yet to be fully understood. 

When molecules are put into contact with a metal, the (spin-dependent) electronic energy 
level alignment and, thus, the charge injection properties are largely defined by the 
hybridization between the frontier molecular orbitals and the electronic bands of the 
surface. The interaction strength typically ranges from the regime of physisorption, in 
which weak van der Waals forces rule the molecule-substrate interaction (typical for rather 
inert metals like Au), up to chemisorption, where chemical bonds and interfacial charge 
transfer can occur [7]. In the chemisorption regime, the hybridization can, even on non-
ferromagnetic metals, lead to intriguing magnetic phenomena on the molecule as well as 
on the substrate side. For example, the adsorption of Buckminster fullerenes (C60) on a 
diamagnetic copper surface can lead to the emergence of magnetic ordering at the surface 
at room temperature [8]. 

                                                 
* The groups of Albert Fert of the Paris-Sud University and Peter Grünberg of the Forschungszentrum Jülich 
independently discovered GMR. In recognition, Fert and Grünberg were jointly awarded the Nobel Prize in 
Physics 2007. 
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To optimize device performance, e.g., for improving spin injection in organic spin valves, 
strategies to tune the hybridization at metal/molecular interfaces are required. Promising 
approaches are pursued in the field of on-surface magnetochemistry [9], where coordination 
chemistry is exploited to tailor the magnetic properties of adsorbed molecules. Due to their 
rich coordination chemistry and self-assembly, square-planar transition metal complexes, 
such as porphyrins or phthalocyanines, are particularly suitable candidates to provide 
platforms for tailoring interfacial magnetic properties at room temperature [10,11]. 
Wäckerlin et al. demonstrated a reversible spin-switching via on-top ligation of different 
tetraphenyl porphyrin/ferromagnet combinations [12]. This experiment demonstrates that 
fundamental parameters, such as the spin and oxidation state of the contained metal ions, 
can be controlled. 

The present thesis aims at exploring the tunability of the hybridization at metal-organic 
interfaces using the example of nickel tetraphenyl porphyrin on a copper (100) substrate 
(NiTPP/Cu(100)). This system was identified as an interesting model system since an 
unexpected high interfacial charge transfer leads to a partial filling of the molecular orbitals 
up to the LUMO+3 [13] and a reduction of the molecular nickel center [14]. To this end, 
an extensive set of surface science techniques was employed to investigate three different 
approaches modifying the molecule-surface hybridization. First, an oxygen treatment of the 
copper substrate is shown to be a viable way to quench the previously reported high charge 
transfer toward the NiTPP molecules. Since the NiTPP molecules form an ordered self-
assembled monolayer on the oxygen-modified copper surface, the resulting NiTPP/O-
Cu(100) interface can be seen as a reference system for a weakly hybridized interface. In 
the second part, the effects of NO2 as an axial ligand bound to the open Ni coordination site 
is investigated. This ligation is demonstrated to lead to a change of the spin configuration 
of the central Ni ion, while the electronic level alignment of the frontier molecular orbitals 
remains vastly unchanged, offering perspectives for electronic devices whose optical/ 
transport and magnetic properties can be addressed independently. For practical 
applications, it is often required to restore the electronic properties of the pristine system. 
Annealing to several hundred Kelvin is a common means of choice for removing axial 
ligands from metal-organic interface. Therefore, the third part discusses thermally induced 
changes at the NiTPP/Cu(100) interface. The strong molecule-metal interaction is shown 
to stabilize the molecules against chemical modifications. 

Chapter 2 provides an overview of the basic properties of porphyrin molecules. This is 
followed by a short introduction of their adsorption behavior on metal substrates and the 
implications of ligation with on-top adsorbed small gas molecules. 

Chapter 3 briefly reviews the results previously obtained for the model system 
NiTPP/Cu(100). Subsequently, two open questions are formulated, which are of central 
importance in view of potential applications and shall be answered in this thesis. 

Chapter 4 gives a short introduction to the experimental techniques that have been used in 
this work. Various complementary surface-sensitive methods were employed to get a 
consistent picture of the hybridization of the investigated model interface and its modified 
versions. Information about the electronic structure and, therefore, the chemical and 
conformational structure of the molecules is obtained by photoemission tomography (PT), 
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x-ray photoemission spectroscopy (XPS), as well as near-edge x-ray absorption fine 
structure spectroscopy (NEXAFS). A spin sensitivity can be gained by measuring the 
absorption of circularly polarized light. This is exploited in x-ray magnetic circular 
dichroism (XMCD) measurements. By probing imbalances in the spin-dependent 
unoccupied density of states at the valence bands, a comprehensive picture of the magnetic 
properties of the investigated systems is drawn. The vibronic properties are probed by 
infrared reflection absorption spectroscopy (IRAS). In addition to further confirming the 
adsorption geometry, this technique also yields information on the adsorption of small 
gases on a buried monolayer. Such information is barely accessible through photoemission-
based techniques, as the short inelastic electron mean free path leads to a small probing 
depth. Lastly, a short introduction of scanning tunneling microscopy is given, which yields 
additional complementary information on the topology of the systems. 

In chapter 5, the results of this thesis are presented and discussed. At first, the quenching 
of the charge transfer through a pre-oxidization of the copper substrate is introduced. As an 
interface with a weak metal-molecule interaction, this system serves as a reference for the 
subsequent experiments. In the next step, the reactivity of the different systems to NO2 
molecules is investigated, and a consistent picture of the electronic, magnetic, and 
geometric properties of the functionalized interfaces is given. Finally, the thermal stability 
of this system at elevated temperatures is investigated. 
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2. Porphyrin molecules 
This chapter provides a short review of the fundamental properties of porphyrins that are 
necessary to understand the results presented in this thesis. At first, the structure and 
fundamental aspects of this molecule class are introduced. After that, the adsorption 
behavior and chemical reactivity to small gasses are discussed. 

 

2.1. Basic properties 
Porphyrins are π-conjugated molecules that are ubiquitous both in nature and in vital-
related processes, e.g., as light harvesters in the photosynthesis apparatus of plants, as 
oxygen binding centers in heme proteins, and as important cofactors in enzymes. Their 
versatile coordination chemistry is extremely appealing both for model systems aiming to 
understand critical processes in nature and for artificial devices with novel functionalities 
[15,16]. Porphyrin is a derivative of porphin, which consists of four pyrrole moieties and 
builds the macrocycle of porphyrin. Porphyrin is obtained by attaching additional 
peripheral substituents. Remarkably, it can form stable complexes with almost all the 
elements in the periodic table. Hence, a 3𝑑𝑑  metal atom can be introduced through 
metalation [17,18], which offers the possibility of tailoring the molecule’s electronic and 
magnetic properties to specific needs for a wide range of applications. The 3𝑑𝑑  metal 
incorporation into porphyrin molecules leads to the same nearly square-planar coordination 
present in biological systems like Chlorophyll, Heme B, and the cofactor F430, which are 
responsible for photosynthesis, oxygen uptake of the human body, and enzymatic 
processes, respectively. The cofactor F430, for instance, features a macrocyclic ring system 
with a tetracoordinated nickel atom. This geometric ligand configuration is also present in 
nickel tetraphenyl porphyrin (NiTPP), which is shown in Figure 1. However, while the 
central Ni atom is in a +1 oxidation state in the cofactor F430, it is in a +2 oxidation state 

Figure 1) Ball-and-stick models of free-base porphin (2HP), tetraphenyl porphyrin (2HTPP), and nickel 
tetraphenyl porphyrin (NiTPP). Figure adapted from [43]. 
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in the gas phase NiTPP molecule. Aside from a match of the metal center and the crystal 
field surrounding it, the periphery of the molecule is also a crucial factor in the description 
of the molecule properties. As an example, the sterical hindrance due to macrocycle-
substituent interaction determines the flexibility and the equilibrium conformation of the 
molecule. For certain peripheries, such as the four phenyl rings in a tetraphenyl porphyrin, 
the steric repulsion between the hydrogens at the phenyl rings and the macrocycle can lead 
to a saddle-shaped equilibrium structure of the porphin cycle and a noncoplanar orientation 
of the peripheral substituents even in the gas phase or solution [19]. The adsorption 
geometry of the phenyl rings can be described in the notation of Wölfle et al. [20], where 
a twist angle (θ) and a tilt angle (Φ) are used. The twist angle describes the rotation of the 
phenyl rings around the σ-bonds by which they are attached to the macrocycle, whereas the 
tilt angle is the angle of the out-of-plane bending of the phenyl groups [20]. The angles are 
illustrated in Figure 2 at the example of NiTPP adsorbed on Cu(100).  

The degree of distortion can be also influenced by the choice of the complexed metal. 
Generally, a more rigid macrocycle can be achieved through the incorporation of larger 
metal atoms [21]. In addition, the latter ones also essentially define natural processes and 
device functionalities through their specific spin and oxidation states. In general, a gas 
phase metalloporphyrin has a central metal ion in a formal +2 oxidation state, as the 
porphyrin acts as a dibasic acid [15]. The central metal ion is exposed to a crystal field with 
a D4h symmetry surrounded by four electronegative nitrogen atoms. For pure 𝑑𝑑 orbitals, 
this generally results in a crystal field splitting into one degenerate and three non-
degenerate orbitals, as shown in Figure 3. 

This was also computed for the orbital energies of gas-phase tetraphenyl porphyrins with a 
𝑑𝑑-like character. Aside from the case of FeTPP, the three lower orbitals get fully occupied 
first [22]. As suggested by Figure 3, the order of the 3𝑑𝑑 levels, and therefore the electronic 
and magnetic properties of the molecule, can be further tuned by adding ligands to its axial 

Figure 2) Twist angle Θ and tilt angle Φ at the example of nickel tetraphenyl porphyrin (NiTPP) adsorbed on 
a Cu(100) surface. Figure adapted from [13]. 
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positions. This can be realized with randomly oriented tetrapyrroles in solution, as in human 
blood [23], on a single-molecule scale with absorbed molecules by an STM tip [24], by the 
interaction with the substrate itself [13], or by the functionalization of adsorbed porphyrins 
by small gas molecules [12]. The latter two aspects will be discussed in the following 
chapters. 

 

2.2. Adsorption on metal substrates 
Due to an interplay of molecule-molecule and molecule-substrate interactions, 
metalloporphyrins often self-assemble in ordered two-dimensional (2D) lattices, and the 
geometric properties of single molecules are drastically modified upon deposition on metal 
substrates [15,16]. The fact that metalloporphyrins arrange in long-range ordered arrays 
owing to non-covalent interactions, offers the possibility for bottom-up fabrication of 
electronic devices with nanometer precision [25]. Additionally, an understanding of the 
surface-induced modifications of the mutually related geometric, electronic, and magnetic 
properties of individual molecules is essential for the design of functional building blocks 
[26]. The influence of the substrate on the molecular self-assembly is discussed in the 
subsequent section, followed by a discussion on surface-induced modifications on a single-
molecule scale. 

Figure 3) Crystal field splitting for a single 𝑑𝑑  electron surrounded by different arrangements of 
electronegative ligands. In a tetrahedral (Td) and octahedral (Oh) cubic symmetry, the 𝑑𝑑 orbitals split into 
two groups of degenerate energy levels which form the bases of irreducible representations, while for both 
of the two tetragonal symmetries (D4h) one has two degenerate and three non-degenerate energy levels. 
Figure adapted from [73]. 
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2.2.1.    Molecular self-assembly 
Both attractive and repulsive lateral interactions between molecules have been observed in 
the supramolecular patterning of porphyrins on metal substrates. For tetraphenyl 
porphyrins, a trend regarding the substrate-dependence of these lateral interactions can be 
identified: while metalated porphyrins show a substrate-independent lateral attraction, free-
base porphyrins (2HTPP) behave differently on strongly and weakly interacting surfaces 
[15]. As a consequence, metalated tetraphenyl porphyrins form ordered islands already at 
coverages below one monolayer (ML) on strongly [27] and weakly [28] interacting 
substrates. In contrast, free-base tetraphenyl porphyrins form densely packed islands only 
on weakly interacting surfaces such as Ag(111) [29], and adsorb in an unordered fashion 
on strongly interacting surfaces such as Cu(111) [27]. Notably, in addition to the central 
metal atom, the periphery of the molecule also plays a major role. This is demonstrated by 
the different adsorption behaviors of free-base porphyrin and porphin rings on Ag(111). 

 
2.2.2.    Influence on individual molecules 

Upon adsorption on a metal substrate, the geometric, electronic, and magnetic properties of 
single molecules can be substantially modified. A thorough understanding of these 
chemical and conformational changes can open new avenues for the use of molecules 
designed to engage specific bonds that enable desired device functionalities and 
performance. The influence of the substrate on single molecules will be discussed first for 
weakly interacting surfaces and then for strongly interacting surfaces. While on weakly 
interacting surfaces, primarily changes in the molecular conformation can be observed, 
strongly interacting surfaces are also found to promote chemical changes. This can happen 
in the form of molecule-substrate bonds, as well as surface-assisted intramolecular 
modifications. 

On weakly interacting surfaces, the molecules can undergo non-reactive adaptions by 
changing their conformation vis-à-vis the gas-phase equilibrium state. Two competing 
interactions determine the configuration of an adsorbed molecule. On the one hand, 
attractive van der Waals forces act to maximize the contact area [15]. On the other hand, 
steric repulsive forces between the hydrogen atoms attached to the macrocycle and phenyls 
favor a saddle shape, as already mentioned in section 2.1 for gas-phase molecules. This can 
lead to a tilt of the phenyls with respect to the surface of 30° as observed for 
CoTPP/Ag(111) [29]. The equilibrium between the two interactions depends on the 
substrate and the properties of the porphyrin and, therefore, can differ enormously for 
different surfaces and metal centers. 

On more reactive surfaces, the chemical structure of the molecules can be additionally 
modified by the formation of covalent bonds with the substrate. As shown for porphins and 
porphyrins, this can lead to a partial filling of the lowest unoccupied molecular orbitals 
(LUMOs) [30,31]. For 2HTPP on Cu(111), the interaction was found to involve an electron 
donation from the nitrogen atoms to the metal [32] but also a quenching of an absorption 
feature ascribed to the LUMO [31]. Therefore, this charge transfer can be described as a 
donation/ back-donation mechanism rather than a net charge transfer and generally involves 
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all parts of the molecule, i.e., the nitrogens, the porphin cycle, and the peripheral phenyls 
[15,30]. As processes like diffusion, reaction, and conformational switching often have 
higher activation energies when molecules bind to the surface (compared to molecules that 
interact via van der Waals forces with the substrate), they become accessible even far 
beyond cryogenic temperatures [33]. This offers perspectives for switching applications at 
and even above room temperature. 

Aside from molecule-substrate bonds, also the formation of new intramolecular bonds is 
possible. For temperatures that are sufficiently high to induce C-H bond dissociation, 
subsequent binding of the carbon atoms at the peripheral substituents of the porphyrins to 
the macrocycle carbons was observed for different porphyrin-substrate combinations [34–
36]. This is commonly referred to as cyclodehydrogenation or ring-closing reaction. Even 
though these reactions happen at the periphery of the molecule and the atoms adjacent to 
the central metal atom are not directly involved, they can lead to a change in the latter’s 
magnetic anisotropy. This was reported for FeOEP on Au(111), where the ring-closure 
reaction was accompanied by a substantial increase of the effective spin moment of the 
complexed Fe ion [35]. Therefore, surface-assisted reactions provide a new path for 
tailoring the magnetic properties of molecules for their use in spintronics. 
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2.3. Reactivity to small gases 
Besides the surface-induced filling of LUMOs and the ring-closing reactions mentioned 
above, the magnetic and electronic properties of on-surface porphyrins can be further 
adjusted to specific needs by coordinating additional ligands to the free axial binding 
position available on top of the chelated metal ion. A central concept introduced for the 
description of the phenomena that have been observed experimentally so far is the surface-
trans effect. In analogy to the classical trans effect [37], which is well-established in 
solution chemistry, the surface-trans effect describes the competition for the stronger bond 
between two ligands that bind to the same metal center in a trans configuration (shown in 
Figure 4), one of which is the surface [38]. The surface-trans effect can not only lead to 
changes in the electronic energy level alignment [38], but it often also has a substantial 
impact on the magnetic properties of the porphyrins. For example, it can lead to the 
compensation of spins of the adsorbed gas and the porphyrin center [12], or a change in the 
crystal field surrounding the central metal atom inducing a high-spin configuration [10]. 

The surface-trans effect is often responsible for a decoupling of metallporphyrins from the 
supporting substrate. Hieringer et al. found that the interaction between the central metal 
atom of different porphyrins and the Ag(111) surface was essentially weakened by the 
coordination of NO [38]. In the case of NO-CoTPP/Ag(111), the additional bond to an NO 
molecule even leads to the disappearance of surface-induced valence states, which points 
to a significant realignment of the electronic energy levels. Furthermore, this also has 
consequences on the spin configuration, as suggested by core-level photoemission 
measurements on NO-CoTPP/Ag(111) [39]: while there is a multiplet structure in the Co 
2p3/2 spectrum of CoTPP/Ag(111), the adsorption of NO leads to a single peak. This was 

Figure 4) Trans- and cis-configuration of two ligands binding to the metal center of a porphin molecule. 
Figure adapted from [15]. 



________________________________________________________________________ 
10 

explained by a pairing of the formerly unpaired spins in the CoTPP and NO molecules, 
respectively, in a mixed NO-Co bonding orbital. By means of density functional theory 
(DFT) calculations, the competition between the bond to the Ag substrate and the one to 
the NO molecule was found to increase the substrate-porphyrin distance by 0.2 Å. 

A similar result, with a significantly smaller increase in the distance between the central 
cobalt atom and the topmost layer of surface atoms, was obtained by Wäckerlin et al. for 
NO-CoTPP/Ni(100). Here, DFT calculations suggested for the simplified case of 
CoP/Ni(100) a cobalt-nickel distance of only 0.06 Å, indicating a much weaker trans effect 
[40]. Still, the two unpaired electrons occupy the orbital formed upon adsorption, leading 
to a diamagnetic on-surface complex, as demonstrated by XMCD [40].  

Aside from the compensation of spins of the two molecules, the surface-trans effect can 
also lead to a transition from a ferromagnetic to an antiferromagnetic coupling between the 
substrate and the metal center of a porphyrin, as shown for NO-MnTPP on cobalt [9]. In 
addition to a reduced magnitude, a reversed sign with respect to the substrate was reported 
for the XMCD signal at the Mn L2,3-absorption edges. The impact of the surface-trans 
effect on the interaction sign and strength between ferromagnetic substrates and the 
molecular spin is also referred to as the surface spin-trans effect [40]. 

The functionalization with small gas molecules also leads to a different crystal field that is 
seen by the central metal ion. While a penta-coordinated ion surrounded by the four 
nitrogen atoms in the macrocycle and the surface is in a tetragonal pyramidal crystal field, 
the coordination of a sixth ligand on the top leads to a more octahedral-like crystal field. 
As anticipated in section 2.1, this can also affect the electronic energy levels. If the level 
alignment is changed such that the splitting between two levels is smaller than the spin-
pairing energy, this can lead to a different magnetic ground state. Similar to the behavior 
of spin-crossover complexes, the energy costs of occupying two orbitals with a single 
electron can be lower than pairing the two formerly unpaired electrons. For NiTPP adsorbed 
onto cobalt (100), it was shown that a spin on-switching can be achieved by coordinating a 
diamagnetic NH3 molecule (S = 0) to the open site [10]. Via a removal of the NH3 
molecules through annealing, this procedure was also shown to be reversible and repeatable 
(S = 0 ↔ S = 1). Without the NH3 ligand on top, the central nickel atom is in a (𝑑𝑑𝑥𝑥𝑥𝑥)2 (𝑑𝑑𝑦𝑦𝑦𝑦, 
𝑑𝑑𝑥𝑥𝑧𝑧)4 (𝑑𝑑𝑧𝑧2)2 (𝑑𝑑𝑥𝑥2−𝑦𝑦2)0 configuration. The adsorption of the additional diamagnetic ligand 
causes an energetical upshift of the 𝑑𝑑𝑧𝑧2 level, which results in a (𝑑𝑑𝑥𝑥𝑥𝑥)2 (𝑑𝑑𝑦𝑦𝑦𝑦, 𝑑𝑑𝑥𝑥𝑥𝑥)4 (𝑑𝑑𝑧𝑧2)1 
( 𝑑𝑑𝑥𝑥2−𝑦𝑦2 )1 configuration. In terms of the total spin, this corresponds to an S = 1 
configuration, as expected for a coordination number of six and an octahedral configuration 
[41,42]. 
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3. The model system 
Nickel tetraphenyl porphyrin (NiTPP) molecules deposited on a (100) copper surface 
(Cu(100)) represent a model system for studying strongly hybridized metal-organic 
interfaces. Upon adsorption, an unexpectedly high charge transfer takes place from the 
substrate to the molecule. This chapter aims to review the previously found results, which 
are mainly reported in [13] and [14]. 

 

3.1. NiTPP/Cu(100) 
As is typical for several of the metal TPP (MTPP) molecules, NiTPP assembles in two 
long-range ordered rotational domains, rotated by ± 8° concerning the [001] direction of 
the substrate, respectively. The unit cell is commensurate with the one of the substrate, with 
a distance of approximately 1.27 nm between the centers of two adjacent molecules. 
Moreover, periodic density functional theory (DFT) calculations revealed that the nickel 
sits on top of a hollow site. Combined with a strong twisting and tilting of the peripheral 
phenyl rings [43], this enables a very small macrocycle-surface distance. 

The consequences for the electronic structure were investigated by photoemission 
tomography [44], a well-established approach for the interpretation of momentum maps 
that combines experimental momentum microscopy and theoretical DFT calculations. This 
method will be introduced in more detail in section 4.1.1. As summarized in Figure 5, the 
occurrence of three valence band features upon adsorption revealed a substrate-to-molecule 
charge transfer that leads to the partial filling of the degenerate LUMO and LUMO+1 
(LUMO/+1) and the LUMO+3 [13]. 

Figure 5) (a) Angle-integrated photoemission spectra of Cu(100) and NiTPP/Cu(100). After deposition of 
NiTPP, two features appear at binding energies around 0.15 eV and 1.0 eV. (b) In the comparison of the 
experimental and DFT-calculated maps a third feature can be identified and the three features can be 
unambiguously assigned to the HOMO-1, LUMO/+1, and LUMO+3. Figure adapted from [13]. 
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However, no specific indication for an occupation of the LUMO+2 could be seen in the 
valence band as the corresponding features are located outside the experimentally probed 
𝑘𝑘-space range. In contrast to the LUMO/+1 and the LUMO+3, which are mainly located at 
the macrocycle of the molecule, the LUMO+2 also has a significant contribution to the 
electron density at the central Ni ion. Therefore, its occupancy can provide insight into the 
oxidation state of the Ni center. To cast light on this, a comparison between the near-edge 
x-ray absorption fine structure (NEXAFS) spectra of a multi- and a monolayer sample was 
done. In a nutshell, it was shown that the LUMO+2 of the first-layer molecules gets 
occupied, which leads to a change of the Ni oxidation from Ni(II) in the gas-phase to Ni(I) 
when adsorbed on Cu(100) [14]. 

Thus, altogether, the exceptionally high charge transfer from the Cu(100) surface to the 
NiTPP molecules does not only lead to a partial filling of the molecular orbitals up to the 
LUMO+3 [13], but it also causes a change in the oxidation state of the central nickel atom 
from Ni(II) to Ni(I) [14]. 

 

3.2. Open questions 
The unusually high charge transfer in combination with the self-assembly into highly 
ordered molecular arrays makes the NiTPP/Cu(100) interface appealing for a wide range 
of possible applications and offers a versatility that makes it a potential model system to 
emulate systems in nature. Two main questions shall be answered in this thesis to explore 
the implications of this charge transfer: 

1. Can the charge transfer be quenched or tuned? 
This question targets the electronic configuration of the molecule upon manipulation. As 
anticipated in sections 2.2 and 2.3, such manipulation can happen through the interaction 
with the surface or with ligands that bind to the available axial adsorption site on top of the 
molecule. 

The first approach is to inhibit the extensive charge transfer from the Cu(100) substrate to 
the NiTPP molecule. The conformational and electronic modifications caused by the 
substrate lead to a substantial deviation of the molecule properties from its gas-phase 
equilibrium state. An interlayer could be a possible means of preserving the gas phase 
properties, e.g., the +2-oxidation state of the central nickel ion, but still to attain an ordered 
growth. Such a system would provide a reference for evaluating the effects of the charge 
transfer. 

A second approach is to functionalize the molecule with a second axial ligand that binds on 
top of the porphyrin. Capturing trace gases, for example, can be interesting for sensing and 
catalytic applications in light of the ongoing climate change. As mentioned in section 2.3, 
the molecule-substrate interaction can be tuned via the surface-trans effect and the surface 
spin-trans effect. For the present system, it is particularly interesting to understand  

• if the +1-oxidation state of the nickel atom is a basic requirement for its reactivity 
to selected gas molecules, 
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• how the additional electron density from the substrate affects the spin configuration 
in the nickel 𝑑𝑑 shell, and 

• if the anchoring of small gases changes the electronic configuration caused by the 
substrate. 
 
 

2. What are the implications of the charge transfer on the thermal stability of this 
system? 

The second question concerns the stability against the thermally induced on-surface 
reactions mentioned in chapter 2.2. For possible applications in sensing [45], catalysis [46], 
or spintronic building blocks where the molecule-substrate exchange coupling can be tuned 
[9,10,12], it is often required to regenerate the system. Annealing is one of the most 
effective ways to restore the molecular layer to its pristine configuration by removing 
anchored ligands that alter the activity of the catalytic center. In powders, porphyrin 
molecules are usually robust against thermal treatments as they can be annealed to high 
temperatures without changing their chemical structure. However, when deposited on a 
surface, the molecule-substrate interaction drastically influences the stability of the 
molecular film. If the interaction is weak, the molecules may desorb from the substrate 
before the anchored ligand has been removed or, in contrast, the substrate can accelerate 
the thermal decomposition of the molecular layer [47]. As it was found earlier for 
NiTPP/Cu(100), the charge transfer was connected to a certain conformation of the 
molecule and the special adsorption site [13]. How does this configuration impact the 
behavior upon annealing? 

These questions have been tackled with an extensive set of complementary surface-
sensitive techniques, which will be introduced in the next chapter. 
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4.  Methods 
The underlying concepts of the experimental techniques used in this work are summarized 
in this chapter. As all of these methods are well-established and extensively discussed 
elsewhere in the literature, only the basics that are required to understand the results of this 
thesis will be introduced. Every technique is followed by a description of the setup where 
it has been carried out. At first, the techniques based on the photoemission process, i.e., 
photoemission tomography (PT) and x-ray photoemission spectroscopy (XPS), are 
introduced. Then, techniques based on absorption due to excitation of electrons from core 
levels, i.e., near-edge x-ray absorption fine structure spectroscopy (NEXAFS), x-ray 
magnetic circular dichroism (XMCD), are discussed. After that, infrared reflection 
absorption spectroscopy (IRAS) will be introduced, which exploits the absorption of light 
in the IR regime due to the excitation of molecular vibrations. Scanning tunneling 
microscopy (STM), which relies on the tunneling of electrons from (to) the surface to 
(from) the tip, will be discussed subsequently. Finally, the chapter will be closed with a 
brief description of the data treatment in the analysis of the NEXAFS, XPS, and XMCD 
results. 

 

4.1. Photoemission spectroscopy 
Photoemission spectroscopy is a well-established and widely employed tool for 
investigating the electronic properties of metal-organic interfaces [7,48,49]. The basic 
principle of this technique relies on the photoelectric effect: a photon impinging on the 
sample excites an electron by the photoelectric effect, which leaves the sample and is then 
analyzed with respect to its kinetic energy 𝐸𝐸kin and its momentum 𝑝⃗𝑝. Obeying the energy 
conservation, the kinetic energy of the photoemitted electron is 

 𝐸𝐸kin = ℎν − Φ− 𝐸𝐸B, (1) 
where ℎν is the photon energy, Φ the work function of the sample, and 𝐸𝐸B  the binding 
energy of the emitted electron [50]. In an experiment, the resulting photocurrent is 
measured in dependence on the kinetic energy 𝐸𝐸kin using an electron analyzer. The photon 
energy has to be chosen in accordance with the binding energy range of the electronic levels 
to be investigated. While valence band states are typically measured with UV light to 
enhance the photoemission cross section, x-ray light is required for core levels. These 
disciplines are generally referred to as ultraviolet photoemission spectroscopy (UPS) or 
valence band spectroscopy and XPS, respectively. 

In the simplest approach, the photoemission process can be described in the one-electron 
picture for the initial- and final-state wave function. A very comprehensive approximation 
for the description is the so-called three-step model. In this model, the photoemission 
process is described as three subsequent steps: excitation from the initial ground state of 
the system to an unoccupied final state, propagation of the electron to the surface, and the 
electron’s escape into the vacuum. The contribution of each step to a photoelectron 
spectrum is illustrated in Figure 6. 
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First, an electron from the initial state |𝑖𝑖⟩ is excited to a final state |𝑓𝑓⟩ by a photon with the 
energy ℎν . The transition probability per unit time ω𝑖𝑖→𝑓𝑓  can be described by Fermi’s 
golden rule [50] 

 ω𝑖𝑖→𝑓𝑓    ∝    2π
ℏ

|⟨𝑓𝑓|Δ|𝑖𝑖⟩|�����2× δ(𝐸𝐸f − 𝐸𝐸i − ℎν), 

                                                     𝑀𝑀𝑖𝑖→𝑓𝑓 

(2) 

where 𝐸𝐸f and 𝐸𝐸i are the energies of the final and initial state, respectively, and Δ is a small, 
time-dependent perturbation. For the photon energies used in this work, the perturbation Δ, 
which describes the interaction of the electron and the electromagnetic field, can be written 
in the so-called dipole approximation leading to 

 𝑀𝑀i→f = |⟨𝑓𝑓|Δ|𝑖𝑖⟩| ≈ ��𝑓𝑓�𝐴𝐴0����⃗ ⋅ 𝑝⃗𝑝�𝑖𝑖��. (3) 

Here, 𝐴𝐴0����⃗  is the vector potential describing the monochromatic radiation and 𝑝⃗𝑝  is the 
momentum operator of the photoelectron. By evaluating the combinations of initial and 
final states that lead to a non-zero transition matrix element in equation (2), the so-called 
dipole selection rules can be formulated. They can be used to infer the symmetry of the 
states involved in direct transitions [50]. 

Figure 6) The photoemission process divided into three steps: (1) the excitation from an initial to a final 
state, (2) the transport to the surface giving rise to a background of inelastically scattered electrons and (3) 
the escape from the surface cutting off the low kinetic energy secondaries. Figure adapted from [50]. 
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In the second step, the electron propagates to the surface. For typical kinetic energies, the 
electron has a relatively short mean free path in solids and might undergo different 
scattering processes. During these processes, the information about their original initial 
state gets lost. The electrons that still have enough kinetic energy to leave the sample will 
lead to a background of secondary electrons at the low kinetic energy side. 

In the third step, the electron overcomes the surface barrier and escapes into the vacuum. 
Here, the out-of-plane component (i.e., the one perpendicular to the surface) of the electron 
momentum is reduced, while the in-plane component is preserved. This is described as a 
consequence of the symmetry breaking in the direction perpendicular to the surface. As a 
result, the perpendicular component of the photoelectron momentum can be only 
empirically determined, whereas the parallel component can be directly determined from 
the kinetic energy and the polar emission angle [51]. 

Even though the three-step model is sufficient for the description of a wide range of 
phenomena, the decomposition into three separate incoherent steps is not always 
appropriate [52]. In this case, the one-step model, in which the three abovementioned steps 
are described as a single quantum-mechanical process, is more accurate [53]. 

 
4.1.1.    Photoemission tomography 

Photoemission tomography (PT) is a combined approach consisting of photoemission 
spectroscopy and density functional theory. In this technique, the Fourier transformed 
electron densities obtained by DFT are used to characterize the features of momentum maps 
and understand the chemical structure of molecular adsorbate systems [13,54]. Under 
certain assumptions [44], the molecular orbitals are visible in the valence band spectrum of 
molecule-single crystal interfaces, representing a fingerprint of a specific state. Exploiting 
this, PT has already been used to follow on-surface reactions. For example, Yang et al. 
identified reaction intermediates providing a tool for the analysis of reaction pathways [55]. 
This method has also been shown to be useful to gain insight into dehydrogenation reactions 
of porphyrins adsorbed on metal substrates [56]. 

By using equation (3), the photoemission current can be written as the sum over all initial 
state wave functions |Ψ𝑖𝑖⟩ to the final state �Ψ𝑓𝑓� which is characterized by the direction and 
the kinetic energy of a photoemitted electron [44] 

 𝐼𝐼�𝑘𝑘𝑥𝑥,𝑘𝑘𝑦𝑦;𝐸𝐸kin� 
∝ ∑ ��Ψ𝑓𝑓�𝑘𝑘𝑥𝑥,𝑘𝑘𝑦𝑦;𝐸𝐸kin��𝐴𝐴0����⃗ ⋅ 𝑝⃗𝑝�Ψ𝑖𝑖��

2
𝑖𝑖 × δ(𝐸𝐸f − 𝐸𝐸i − ℎν), (4) 

where 𝑘𝑘𝑥𝑥 and 𝑘𝑘𝑦𝑦 are the parallel momentum components. In momentum microscopy, the 
parallel 𝑘𝑘-components are obtained directly; whereas, in angle-resolved photoemission 
spectroscopy, a conversion of the angles is required [57]. Under certain conditions, the final 
state can be treated as a free electron plane wave �Ψ𝑓𝑓� = 𝐶𝐶 𝑒𝑒𝑒𝑒𝑒𝑒�−𝑖𝑖𝑘𝑘�⃗ 𝑟𝑟� so that the matrix 

can be written as 𝑀𝑀𝑖𝑖→𝑓𝑓 ∝ 𝐴𝐴0����⃗ ⋅ 𝑘𝑘�⃗ �Ψ𝑓𝑓�Ψ𝑖𝑖� or 

 𝑀𝑀𝑖𝑖→𝑓𝑓 ∝ �𝐴𝐴0����⃗ ⋅ 𝑘𝑘�⃗ �� Ψ𝑖𝑖 𝑒𝑒𝑒𝑒𝑒𝑒 �𝑖𝑖�𝑘𝑘�⃗ ⋅ 𝑟𝑟�� 𝑑𝑑3
∞

−∞
𝑟𝑟, (5) 
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which is the Fourier transform of the initial state. From theoretical considerations, the 
plane-wave final-state assumption can be expected to be valid for (i) π orbital emissions 
from large planar molecules, (ii) an experimental geometry in which the angle between the 
polarization vector 𝐴𝐴0����⃗  and the direction of the emitted electron 𝑘𝑘�⃗  is rather small, and (iii) 
molecules consisting of many light atoms (H, C, N, O) [58]. Exploiting this, equation (4) 
can be rewritten so that for a fixed energy, it holds that 

 

��ℱ(Ψ𝑖𝑖)��𝑘𝑘�⃗ �� ∝
�𝐼𝐼𝑖𝑖�𝑘𝑘𝑥𝑥,𝑘𝑘𝑦𝑦�

�𝐴𝐴0����⃗ ⋅ 𝑘𝑘�⃗ �
. 

(6) 

With this expression, it becomes clear that the experimental photoemission intensity is 
proportional the square modulus of the Fourier transform of the initial state wave function 
|Ψ𝑖𝑖⟩, 

 𝐼𝐼�𝑘𝑘𝑥𝑥, 𝑘𝑘𝑦𝑦� ∝ �𝐴𝐴0����⃗ ⋅ 𝑘𝑘�⃗ �
2

× ��ℱ(Ψ𝑖𝑖)��𝑘𝑘�⃗ ��
2

. (7) 

As the factor �𝐴𝐴0����⃗ ⋅ 𝑘𝑘�⃗ �  depends on the experimental geometry, its square value can be 
calculated [59]. Therefore, the Fourier transform of the initial state can be used to reproduce 
(except for a phase) the experimental intensities within this approximation. In Figure 7, this 
is illustrated for the HOMO of a pentacene molecule from the proof-of-concept work for 
PT published by Peter Puschnig et al. in 2009 [44]. 

 

NanoESCA beamline 
The so-called momentum maps 𝐼𝐼�𝑘𝑘𝑥𝑥,𝑘𝑘𝑦𝑦;𝐸𝐸kin� 

and the momentum-integrated valence band 
photoemission spectra 𝐼𝐼(𝐸𝐸kin) were mainly measured at the NanoESCA beamline of the 
Elettra synchrotron in Trieste, Italy. The endstation consists of an ultra-high vacuum (UHV) 
setup with a commercially available NanoESCA photoelectron emission microscope 

Figure 7) (a) Isosurface of the HOMO of pentacene calculated by DFT, (b) Fourier transform of (a). The red 
sphere is the energy for a free electron final state with a kinetic energy of 29.8 eV. (c) shows the absolute 
value of the Fourier transformed HOMO in (b) evaluated on the red sphere projected onto a plane. Figure 
adapted from [44]. Reprinted with permission from AAAS. 
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(PEEM) described in [60] and a separated chamber for in-situ preparation. Generally, the 
microscope can be operated in a direct and a momentum imaging mode. However, in this 
work, only momentum maps were collected to analyze the photoemission intensity in a 
lateral reciprocal space range of 𝑘𝑘𝑥𝑥,𝑘𝑘𝑦𝑦 ∈ [−2.1, 2.1] Å-1 for a kinetic energy range of a few 
electronvolts below the Fermi level. The maps were collected with p-polarized light with a 
photon energy of 35 eV. By keeping the sample at a constant temperature of 90 K, a total 
energy resolution of 70 meV was achieved. 

 
4.1.2.    XPS 

While PT is performed with photon energies in the UV regime and is sensitive to electronic 
states in the valence band with a delocalized character, XPS investigates the electronic 
structure of the more localized core levels. This leads to a flat dispersion in the reciprocal 
space and thus sharp features in energy. As the binding energies of core levels depend on 
the Coulomb potential of the corresponding core, they are highly element-specific, and 
peaks can usually be assigned to the related elements. Moreover, multiple chemical 
environments of a certain element within a molecule or an alloy can lead to different 
changes in the binding energies of a specific core level, commonly referred to as chemical 
shifts. For this reason, this technique, developed starting from 1957 by Siegbahn et al. [61], 
is also called electron spectroscopy for chemical analysis (ESCA). 

Several interesting phenomena have been identified for on-surface porphyrins in the past. 
Generally, they can be related to initial state effects, final state effects, or a combination of 
both. 

An example of an initial state effect is the transformation of the N 1s spectrum metalation 
of free-base porphyrins. While in 2HTPP, the N atoms are in two different chemical 
environments, i.e., pyrrolic (-NH-) and iminic (=N-), giving rise to two separate 
components, metalation leads to four chemically equivalent N atoms resulting in one single 
feature in the N 1s spectrum. This was observed, for example, after post-deposition of 
nickel [62] or annealing-induced self-metalation with surface atoms [18]. As another 
instance for an initial state effect, XPS can also indicate changes in the oxidation state of 
the central metal ion in porphyrins. Even though the absolute oxidation state cannot be 
reliably determined by XPS alone, peak shifts towards lower binding energies can indicate 
a reduction of the element under investigation. This was observed, for example, at the 
CoTPP/Ag(111) interface. In this system, a strong charge transfer from the substrate to the 
molecule causes a significant Co 2p3/2 core-level shift, suggesting a reduction of the central 
Co ion [63]. 

A final state related change in the XPS spectrum was observed during the dehydrogenation 
of C atoms of CuTPP. The stepwise dehydrogenation led to a rotation of the phenyl rings 
resulting in a more parallel configuration of the peripheral substituents to the macrocycle 
plane [64]. The closer proximity to the surface results in an enhanced final state screening 
[64]. As a consequence, a shift towards lower binding energies of the corresponding C 1s 
component was observed. 
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The XPS measurements in this work were carried out at the ALOISA beamline of the 
Elettra Synchrotron in Trieste, Italy. The beamline will be introduced at the end of section 
4.2.1. 

 

4.2. Absorption spectroscopy 
Another commonly used class of techniques in the investigation of metal-organic interfaces 
is based on the absorption of photons. Here, the kind of information one can gain depends 
on the employed photon energy and the polarization of the light. The present work will first 
discuss NEXAFS and XMCD, where the absorption of light in the x-ray regime is 
measured. In this regime, the absorption is mainly caused by electronic excitations from 
core levels to states above the Fermi level. The subsequent section discusses IRAS, where 
the absorption of light in the infrared regime, caused by vibronic excitations, is detected. 

 
4.2.1.    NEXAFS 

In general, the intensity of an electromagnetic wave that propagates over a distance 𝑧𝑧 
through matter decays exponentially and can be written, equivalent to the Beer-Lambert 
law, as 

 𝐼𝐼(𝑧𝑧) = 𝐼𝐼0 𝑒𝑒𝑒𝑒𝑒𝑒(−µ(𝐸𝐸)𝑧𝑧). (8) 
Here, 𝐼𝐼0  is the intensity of the unattenuated light and µ(𝐸𝐸)  is the total attenuation 
coefficient of the material that can be written as 

 µ(𝐸𝐸) ∝
ρ𝑍𝑍4

𝑚𝑚𝐸𝐸3
, (9) 

where 𝑍𝑍 and 𝑚𝑚 are atomic number and mass respectively. As in the soft x-ray regime, the 
main cause for the attenuation is absorption due to excitation or even ionization of an atom, 
the total attenuation coefficient approximately equals the photoelectric absorption 
coefficient in this regime [65]. This photoelectric absorption coefficient is proportional to 
the absorption cross section σ𝑥𝑥. σ𝑥𝑥 is defined as the number of excited atoms per unit time 
divided by the number of incident photons per unit time and area, and it generally decreases 
with increasing photon energies. When the photon energy is close to the ionization energy 
of a certain core level, the absorption cross section increases abruptly, giving rise to a so-
called absorption edge. 
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It can be seen in Figure 8 that the different edges also possess a fine structure due to the 
spin-orbit interaction. 

In the commonly accepted notation, the edges are labeled with a capital letter associated 
with the principal quantum number followed by a subscript denoting the corresponding fine 
structure level. As the capital letters are alphabetically ordered starting from K and the 
subscript is an integer ascending with the binding energy of the core level beginning from 
one, the absorption edge that is caused by an electron excitation from the 2p3/2 core level is 
denoted as L3-edge, for example. 

In NEXAFS, the fine structure near an absorption edge caused by the excitation of electrons 
from core levels to unoccupied or partially occupied bound states close to the Fermi level 
measured with linearly polarized light is investigated. Staying in a one-electron picture, the 
transition probability for such an event follows the previously introduced relation (2). 
Moreover, the dipole approximation (3) holds for typically used photon energies in the 
range of 150 to 2000 eV. From these relations, it is clear that the two main parameters that 
determine the transition probability and, therefore, the absorption intensity are (1) the 
photon energy (included in the form of the Dirac delta function δ(𝐸𝐸f − 𝐸𝐸i − ℎν)) and (2) 
the orientation between the vector potential 𝐴𝐴0����⃗  (which, in the case of an electromagnetic 
plane wave, is collinear with the electric field vector 𝐸𝐸�⃗ ) and the linear momentum operator 
𝑝⃗𝑝. 

First, we will discuss a typical photon energy dependence of the absorption probability for 
adsorbed molecules. For probing the energetic structure, the absorption in a range starting 
from a few electron volts below the ionization edge up to around 30-50 eV above it is 
measured [66]. When the photon energy crosses a resonance, i.e., when ℎν equals the 
energy difference of an occupied and an unoccupied state, another absorption channel 
opens up, and electrons are resonantly excited. Thus, in contrast to photoemission 

Figure 8) X-ray absorption cross section in an energy range containing 
K-, L-, and M-absorption edges. Figure adapted from [184]. 
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spectroscopy, NEXAFS gives access to the unoccupied states. The origin of different 
features, which can typically be found in a NEXAFS spectrum of diatomic molecules, is 
shown in Figure 9. Starting from low photon energies, the first absorption peak typically is 
a π∗ feature, i.e., an empty bound molecular state with a π symmetry. When the photon 
energy approaches the ionization energy, Rydberg states can be observed. At the ionization 
threshold, a step-like feature is visible due to the excitation of core electrons to the quasi-
continuum of final states. In reality, however, the Rydberg states often overlap with the 
step function at the ionization energy [67]. For a neutral molecule, σ∗ states are typically 
above the ionization edge and, therefore, are superimposed to the continuum of final states. 

In addition to the energetic order probed by the photon energy, the orientation of specific 
molecular orbitals can be probed by NEXAFS, as they have a strong directional character 
[68]. This can easily be seen in the transition intensity for a K-edge excitation, which is the 
case for most of the measurements shown in this work. Using linearly polarized light, we 
can write the general transition intensity 𝐼𝐼𝑖𝑖→𝑓𝑓 as proportional to equation (2) in the dipole-
approximation (3) [67]. 

 𝐼𝐼i→f ∝ ��Ψ𝑓𝑓�𝐴𝐴0����⃗ ⋅ 𝑝⃗𝑝�Ψ𝑖𝑖��
2
∝ �𝐴𝐴0����⃗ ⋅ �Ψ𝑓𝑓|𝑝⃗𝑝|Ψ𝑖𝑖��

2
. (10) 

Figure 9) Schematic diagram of the origins of typical features in a NEXAFS spectrum of molecules. Figure 
adapted from [67]. 
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Under the assumption of a 1s initial state |𝑖𝑖⟩ = |𝑖𝑖1𝑠𝑠⟩, the matrix element points in the 
direction of the final state orbital 𝑂𝑂�⃗  and the transition intensity becomes 

 𝐼𝐼i→f  ∝ �𝐴𝐴0����⃗ �Ψ𝑓𝑓|𝑝⃗𝑝|Ψ1𝑠𝑠��
2
∝ �𝐴𝐴0����⃗ ⋅ 𝑂𝑂�⃗ �

2
∝ 𝑐𝑐𝑐𝑐𝑐𝑐2(δ), (11) 

where δ is the angle between the polarization 𝐴𝐴0����⃗  and the axis of the final state orbital 𝑂𝑂�⃗  
[67]. As a result, the absorption intensity will be maximal when the electric field vector of 
the perfectly linearly polarized light is parallel to the axis of the final state orbital and 
minimal in all directions perpendicular to the final state orbital. This behavior is sometimes 
referred to as the searchlight effect [69]. For the approximation of a perfectly planar, π-
conjugated molecule with pure σ∗(π∗)-type orbitals aligned within (perpendicular to) the 
molecular plane, the absorption due to excitation will be maximal for perfectly s-polarized 
(p-polarized) light. The designation of s- and p-polarization has its origin in the orientation 
of the electric field vector with respect to the plane of incidence: while for s-polarization 
(from “senkrecht”, German for perpendicular), the electric field vector is perpendicular to 
the plane of incidence, it is parallel to the plane of incidence for p-polarization. For a 
grazing incidence angle (close to 90° from the sample surface plane), one can also derive 
the tilt angle γ of approximately planar molecules with the relation [70] 

 𝐼𝐼p
𝐼𝐼s
∝ 𝑡𝑡𝑡𝑡𝑡𝑡2(γ). (12) 

 
ALOISA beamline 
The NEXAFS and XPS measurements in this work were carried out at the ALOISA 
(Advanced Line for Overlayer, Interface and Surface Analysis) beamline of the Elettra 
Synchrotron in Trieste, Italy. Only the basic setup will be introduced here as the beamline 
and end station are described in [71] and updated information, including technical upgrades, 
can be found in [72]. ALOISA offers the possibility for photoemission and absorption 
spectroscopy experiments with photon energies ranging from 130 to 1500 eV. The 
beamline is equipped with a combination of electron spectrometers which are mounted on 
rotatable frames, enabling a wide range of experimental geometries. In-situ sample 
preparation is possible in a separate preparation chamber equipped with a sputter gun, 
sample heating stage, and evaporators. 

The XPS measurements were performed with quasi p-polarized light. In this configuration, 
the sample plane is perpendicular to the storage ring plane and is tilted by 4° to the 
propagation direction of the incoming light. The photoelectrons were detected in normal 
emission with a total energy resolution of the analyzer and the beamline of approximately 
300 meV. 

In the NEXAFS measurements, the surface orientation vis-à-vis the linear polarization was 
changed by rotating the sample around the beam axis. In this way, the electric field vector 
is either parallel to the surface plane (perpendicular to the plane of incidence, i.e., s-
polarization) or almost perpendicular to the surface plane with an angle of 6° to the surface 
normal. The absorption is measured in a partial electron yield mode by collecting the Auger 
electrons with a channeltron multiplier and screening low-energy secondaries with a grid 
on a negative potential. 
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4.2.2.    XMCD 
XMCD is a powerful tool to probe the magnetic configuration of specific elements. While 
in NEXAFS, the absorption intensity mostly depends on the photon energy and the relative 
orientation of light polarization and sample, XMCD exploits the fact that the absorption 
process of circularly polarized light is spin-dependent [73]. Therefore, it is possible to probe 
imbalances of unoccupied states with different spin polarizations. 

First, the XMCD effect will be explained in a one-electron picture with the example of the 
L3 and L2 absorption edges. As the magnetic and chemical properties of 3𝑑𝑑 metals are 
mainly determined by the electronic configuration of the 3𝑑𝑑  shell, the L2,3-edges are 
commonly investigated for transition metal complexes. In a second step, the so-called sum 
rules will be introduced, using which quantitative information about the magnetic moment 
of an atom is obtained. 

For understanding the dependence of the absorption intensity on the light polarization, the 
transition matrix element from (3) will be discussed now. For easier visualization, it is 
convenient to rewrite the equation by applying the commutator relation [𝐻𝐻0, 𝑟𝑟] = −𝑖𝑖ℏ

𝑚𝑚𝑒𝑒
𝑝⃗𝑝 to 

 𝑀𝑀i→f ∝ �Ψ𝑓𝑓�𝐴𝐴0����⃗ ⋅ 𝑟𝑟�Ψ𝑖𝑖� ∝ �Ψ𝑓𝑓|𝜖𝜖 ⋅ 𝑟𝑟|Ψ𝑖𝑖�, (13) 

where ϵ⃗ is the unit vector of the vector potential 𝐴𝐴0����⃗ . The operator ϵ⃗ ⋅ 𝑟𝑟 is generally called 
dipole operator [73]. For the direction α ∈ (𝑥𝑥,𝑦𝑦, 𝑧𝑧) and the photon angular momentum, 
±𝑞𝑞ℏ for right and left circularly polarized light, it will be referred to as 

 𝑃𝑃α
𝑞𝑞 = ϵα

𝑞𝑞����⃗ ⋅ 𝑟𝑟. 

 

(14) 

In non-atomic systems, i.e., solids or molecules, the wavefunction can be written as a linear 
combination of atomic wavefunctions. Therefore, a simple and useful approach to evaluate 
(13) in the one-electron picture is to write the core electron wavefunction |𝑖𝑖⟩ and the 
valence electron wavefunction |𝑓𝑓⟩ as atomic spin orbitals of the form [73] 

 𝑅𝑅𝑛𝑛,𝑙𝑙(𝑟𝑟)𝑌𝑌𝑙𝑙,𝑚𝑚𝑙𝑙
(Θ,Φ)χ𝑠𝑠,𝑚𝑚𝑠𝑠 = �𝑅𝑅𝑛𝑛,𝑙𝑙(𝑟𝑟); 𝑙𝑙,𝑚𝑚𝑙𝑙, 𝑠𝑠,𝑚𝑚𝑠𝑠�. (15) 

Here, 𝑅𝑅𝑛𝑛,𝑙𝑙(𝑟𝑟) , 𝑌𝑌𝑙𝑙,𝑚𝑚𝑙𝑙 , and χ𝑠𝑠,𝑚𝑚𝑠𝑠  are the radial part, spherical harmonics, and spin 
wavefunction respectively. With |𝑖𝑖⟩ = �𝑅𝑅𝑛𝑛,𝑐𝑐(𝑟𝑟); 𝑐𝑐,𝑚𝑚𝑐𝑐, 𝑠𝑠,𝑚𝑚𝑠𝑠� and 

|𝑓𝑓⟩ = �𝑅𝑅𝑛𝑛′,𝑙𝑙(𝑟𝑟); 𝑙𝑙,𝑚𝑚𝑙𝑙 , 𝑠𝑠,𝑚𝑚′𝑠𝑠�, the matrix element factors to 

 �Ψ𝑓𝑓�𝑃𝑃α
𝑞𝑞�Ψ𝑖𝑖� = δ(𝑚𝑚𝑠𝑠

′ ,𝑚𝑚𝑠𝑠)�������
spin

�𝑅𝑅𝑛𝑛′,𝑙𝑙(𝑟𝑟)�𝑅𝑅𝑛𝑛,𝑐𝑐(𝑟𝑟)������������
radial

∑ 𝑒𝑒α,𝑝𝑝
𝑞𝑞 �𝑙𝑙,𝑚𝑚𝑙𝑙�𝐶𝐶𝑝𝑝

(1)�𝑐𝑐,𝑚𝑚𝑐𝑐�𝑚𝑚𝑐𝑐,𝑚𝑚𝑙𝑙,𝑝𝑝�������������������
angular

, (16) 

where 𝐶𝐶𝑝𝑝
(1) = � 4π

2𝑙𝑙+1
𝑌𝑌1,𝑚𝑚(Θ,Φ)  is the Racah operator for 𝑙𝑙 = 1  and 𝑒𝑒α,𝑝𝑝

𝑞𝑞  are imaginary 

coefficients [73]. As the dipole operator does not act on the spin, only the radial and angular 
parts must be considered. 

The treatment of the radial part reveals that there is an 𝑅𝑅core𝑅𝑅valence𝑟𝑟3 dependence, which 
results in a strong confinement of allowed transitions to small distances to the atomic center 
and explains the high element-specificity. 
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From an analysis of the angular part, it gets clear that combinations of 𝑙𝑙, 𝑚𝑚𝑙𝑙, 𝑞𝑞, 𝑐𝑐, 𝑚𝑚𝑐𝑐 for 
nonvanishing matrix elements all fulfill 

 Δ𝑙𝑙 = 𝑙𝑙′ − 𝑙𝑙 = ±1, 
Δ𝑚𝑚𝑙𝑙 = 𝑚𝑚𝑙𝑙 − 𝑚𝑚𝑐𝑐 = 𝑞𝑞, 

Δ𝑠𝑠 = 𝑠𝑠′ − 𝑠𝑠 = 0, and 
 Δ𝑚𝑚𝑠𝑠 = 𝑚𝑚𝑠𝑠

′ − 𝑚𝑚𝑠𝑠 = 0. 

(17) 

As tightly bound states with the same orbital momentum 𝑙𝑙  but different total angular 
momentum 𝑗𝑗 are well separated by spin-orbit coupling (10-100 eV for transition metals 
[73], 440-1100 eV for rear earth elements [74]), the edges due to absorption with a net 
parallel or antiparallel coupling of 𝑙𝑙 and 𝑠𝑠 can be easily resolved experimentally. 

The spin-dependent excitation process from spin-split levels can be visualized as a two-
step process. In the first step, the photon angular momentum is transferred to the angular 
momentum of the excited electron. Due to spin-orbit coupling, the excited electrons also 
gain a spin polarization in this process. In the second step, the spin polarization of the 
unoccupied final states, i.e., a density of states (DOS) in the case of a transition metal, 
serves as a “detector” [73]. Since the transition rate depends on the number of available 
final states with a spin aligned parallel to the spin of the photoexcited electrons, differences 
in the DOS of unoccupied states lead to different transition probabilities for spin-up and 
spin-down photoelectrons. Thus, if the spins are aligned due to exchange field splitting in 
a ferromagnet or an applied external magnetic field, the DOS for each unoccupied spin 
polarization can be probed by changing the relative orientation of the magnetic moment 
and the photon angular momentum. As the XMCD is proportional to 𝑐𝑐𝑐𝑐𝑐𝑐 �∡�𝐿𝐿ph������⃗ ,𝑚𝑚��⃗ ��, the 

effect is maximal for a collinear alignment of the photon angular momentum 𝐿𝐿ph������⃗  and the 
sample magnetization 𝑚𝑚��⃗ . A measurement of the dichroism by absorption measurements 
with two different photon helicities is illustrated in Figure 10.  

Figure 10) Illustration of the photoexcitation process with two different photon helicities: right circularly 
polarized light (RCP, 𝐿𝐿ph�����⃗ ∝ 𝑘𝑘�⃗ , �𝐿𝐿ph�����⃗ � = ℏ) and left circularly polarized light (LCP, 𝐿𝐿ph�����⃗ ∝ −𝑘𝑘�����⃗ , �𝐿𝐿ph�����⃗ � = −ℏ). As 
the spin-orbit coupling is different at the L3- and L2-edge, the spin polarization is different at the two edges 
for the same photon helicity. After changing the photon helicity the effect is reversed. Figure reproduced 
from [73]. 
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So far, it has been qualitatively shown that a spin dependence of the absorption process can 
be achieved by changing the relative orientation of the magnetic moment and the photon 
angular momentum. However, by integrating over the XMCD signal of a given spin-orbit 
split pair of edges, it is even possible to experimentally determine the expectation values of 
the orbital magnetic moment as shown by Thole et al. [75]. Carra et al. also calculated the 
effective spin moment to the intensities of an XMCD experiment [76]. These relations are 
referred to as the XMCD sum rules and can be formulated as 

 𝑚𝑚𝑙𝑙 = −2⟨𝑛𝑛ℎ⟩
∫ 𝐼𝐼+𝐿𝐿3+𝐿𝐿2

−𝐼𝐼−
𝐼𝐼iso

, (18) 

 𝑚𝑚𝑠𝑠,eff = −3
2
⟨𝑛𝑛ℎ⟩

∫ 𝐼𝐼+𝐿𝐿3
−𝐼𝐼−−2∫ 𝐼𝐼+𝐿𝐿2

−𝐼𝐼−
𝐼𝐼iso

. (19) 

Here, ⟨𝑛𝑛ℎ⟩ is the number of empty valence states, L2 and L3 denote the integration ranges, 
and 𝐼𝐼± is the absorption intensity of right and left circularly polarized light, respectively. 
𝐼𝐼iso is the isotropic XAS intensity which, for a three-dimensional crystal with three principal 
axes that are orthogonal to each other, is the absorption intensity with a light polarization 
alongside the three main directions in a crystal 𝑥𝑥, 𝑦𝑦, and 𝑧𝑧. As this value is experimentally 
not accessible, it is often approximated by assumptions depending on the symmetry of the 
investigated system [77,78] as described in more detail in section A.1. 

The effective spin moment 

 𝑚𝑚𝑠𝑠,eff = 𝑚𝑚𝑠𝑠 − 7⟨𝑇𝑇Θ⟩ (20) 
deviates from the magnetic spin moment 𝑚𝑚𝑠𝑠 by the so-called magnetic dipole term 7⟨𝑇𝑇Θ⟩. 
This value accounts for the anisotropic spatial distribution of the spin density and, therefore, 
is zero only in certain symmetries (e.g., the symmetry point group Oh, illustrated in Figure 
3) and without spin-orbit coupling [76]. Hence, this value must be known or theoretically 
approximated to calculate the magnetic spin moment 𝑚𝑚𝑠𝑠 [79,80]. This is discussed in more 
detail in section A.2. 

 
X-Treme beamline 
The XMCD experiments in this work have been performed at the X-Treme beamline, 
located in the Swiss Light Source at the Paul-Scherrer Institut in Villigen, Switzerland [81]. 
The absorption was measured in a total electron yield mode (TEY), i.e., by measuring the 
drain current of the sample. The difference in absorption of circularly polarized x-ray light 
with opposite helicities (μ+ and μ-) was evaluated at the L3 and L2 absorption edges to check 
for a spin-polarization of the empty states. A magnetic field of 6.8 T was applied parallel 
to the light propagation to maximize the signal, and the sample was rotated to measure the 
absorption with normal (Θ = 0°) and grazing (Θ = 70°) incidence. To measure hysteresis, 
it is approximated that the difference signal at the L3-edge is proportional to the total 
integrated XMCD signal. The TEY was measured at a photon energy close to the absorption 
maximum at the L3-edge and at an energy at which the pre-edge lies in order to account for 
the background. These values were measured at external magnetic fields ranging from -6.8 
to 6.8 T and back from 6.8 to -6.8 T for both polarizations. The hysteresis curve is then 
obtained by calculating the difference of the background-corrected absorption of left- and 
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right-hand circularly polarized light. The sample was cooled through a pumped 4He cryostat 
and was kept below an estimated upper limit of around 3 K. 

 
4.2.3.    IRAS 

Infrared spectroscopy (IR) is a set of techniques that, in different experimental variants, 
exploit the absorption of infrared light (500 to 4000 cm-1). In this regime, absorption is 
mainly caused by the excitation of molecular vibrations. As such transitions are possible 
only if the excitation causes a change in the dynamic dipole moment of the molecule, the 
transition probability is determined by the symmetry of the investigated molecule. Thus, 
IR spectroscopy is a valuable tool to examine the constitution of molecules, inter- and 
intramolecular interactions, and the interaction of adsorbed molecules with a substrate [82]. 

Among the different types of IR spectroscopies, infrared reflection-absorption 
spectroscopy (IRAS) is a particularly surface-sensitive variant. In this technique, the 
absorption of linearly polarized light is measured, which penetrates an adsorbate, gets 
reflected at the substrate surface, and penetrates the adsorbate a second time. A special 
experimental arrangement, where gas dosers and evaporators point toward the sample, 
enables in-situ measurements, e.g., during a gas uptake or evaporation process. 
To understand the benefits of IRAS in the investigation of metal-organic interfaces, it is 
important to discuss the reflection of an IR beam at a clean metal surface, as shown in 
Figure 11 (a). The incoming light, which can be seen as a superposition of a p- and an s-
polarized component, hits the sample under a highly grazing angle (Φ = 88°) to enhance 
the surface sensitivity. During the reflection at the sample surface, the s- and p-polarized 
components experience different angle-dependent phase shifts, as shown for a metal surface 

in Figure 11 (b). For angles close to Φ = 90°, the p-polarized component undergoes a 
phase-shift of approximately 90°. In contrast, the s-polarized component undergoes a 
phase-shift of around 180°, almost independent of the angle of incidence. This behavior has 
consequences for the electric field close to the surface. For the p-component, this leads to 
constructive interference of the incoming (𝐸𝐸p

i ) and the reflected (𝐸𝐸p
r) beam and, therefore, 

an enhancement of the electric field component perpendicular to the sample plane 𝐸𝐸p
i+r. 

Figure 11) (a) Geometry of an IRAS experiment including the different polarization components (p and s) of 
the IR beam before and after the reflection on a clean metal surface. (b) Phase shifts of the p- and s-
component of the linearly polarized light depending on the angle of incidence. Figure adapted from [82]. 
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Instead, for the s-components of the incoming (𝐸𝐸s
i) and reflected (𝐸𝐸s

r) beams, it leads to 
destructive interference of the beam and, thus, an extinction of the electric field component 
parallel to the surface plane.  

In the next step, we include adsorbed molecules in the description. When a molecule is 
deposited onto a metal surface, instantaneous polarization effects due to induced charges 
in the free electron gas of the metal lead to a compensation of the dipole charge at the 
surface [83]. Accordingly, this induced “image dipole” in the substrate depends on the total 
dipole moment of the adsorbate. Generally, a molecular dipole oriented parallel to the 
surface is compensated by a dipole in the metal. This compensating dipole is parallel to the 
surface, too, but has the opposite orientation. A molecular dipole that is oriented 
perpendicularly to the sample plane causes another perpendicularly oriented dipole in the 
surface with an identical orientation. As the long-range electromagnetic field of the 
radiation interacts with the sum of the molecular and the induced image dipole moment, 
they cancel out for a parallel orientation and sum up for a perpendicular orientation vis-à-
vis the surface plane. Consequently, the absorption intensity for a molecular dipole oriented 
perfectly parallel to the surface is zero, while it is doubled for a molecular dipole oriented 
perpendicular to the surface. More generally, the absorption intensity for a dipole moment 
µmol��������⃗  oriented with an angle Θ to the surface normal can be written as proportional to 
|2|µmol��������⃗ | 𝑐𝑐𝑐𝑐𝑐𝑐(Θ) |2, as shown in Figure 12. 

Both of the effects mentioned above, i.e., the extinction of the p-polarized light component 
due to a phase shift at the metal substrate and the cancellation of the effective dipole 
moment due to an emerging image dipole, have the consequence that the absorption 
intensity is only different from zero if the excited vibration has a component perpendicular 
to the surface. Together, they are commonly referred to as the metal surface selection rule 
(MSSR) [84]. 

 

Figure 12) Different orientated molecular dipoles on top of a metal surface and the 
corresponding induced image dipole moments in the metal. Figure adapted from [185]. 
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Experimental setup 
The IRAS measurements were carried out at the Friedrich-Alexander-University Erlangen-
Nuremberg, in the facilities of the Interface Research and Catalysis group (ECRC). The 
apparatus is equipped with various characterization and preparation tools described in [85]. 
A remote-controlled gas dosing system and evaporation sources allow for in-situ 
investigation with a vacuum Fourier-transform infrared (FT-IR) spectrometer (Bruker 
Vertex 80v). The measurements were performed in an ultrahigh vacuum chamber with a 
base pressure of 1 ⋅ 10−10 mbar. To exclude molecular decomposition during deposition of 
the molecular layer, the attenuated total reflectance (ATR) reference spectrum of NiTPP in 
powder was measured. The principle of an ATR measurement is briefly introduced in the 
next section. 

 
ATR 
When light incidences on an interface to a medium with a lower index of refraction, it 
generally splits into two components at the interface, one of which is reflected and the other 
is refracted, as shown in Figure 13 (a). While the reflected beam has the same angle to the 
surface normal as the incident beam, the transmitted beam is refracted according to Snell’s 
law 

 𝑛𝑛1 𝑠𝑠𝑠𝑠𝑠𝑠 Θ1 = 𝑛𝑛2 𝑠𝑠𝑠𝑠𝑠𝑠 Θ2, (21) 
where 𝑛𝑛1 and 𝑛𝑛2 are the indices of refraction of the optically denser and thinner medium, 
respectively. Θ1 and Θ2 are the angles between the surface normal and the incident beam 
and the normal and the refracted beam, according to Figure 13 (a). In case the light comes 

from the side of the medium with a higher index of refraction (here 𝑛𝑛1), there is a critical 
angle of incidence for which there is no transmitted beam when exceeded. This 
phenomenon is known as total internal reflection. However, the boundary conditions 
require an electromagnetic field on both sides of the interface. It can be shown that even 
for total reflection, the amplitude of the electromagnetic field does not drop abruptly to 
zero. Instead, it can be described as a harmonic wave propagating parallel to the interface 
that is exponentially damped in the direction perpendicular to the interface in the optically 
thinner (𝑛𝑛2 < 𝑛𝑛1) medium. This is called an evanescent wave. When the evanescent wave 
is in resonance with vibrational modes of the optically thinner medium, the light is 

Figure 13) (a) Important angles for describing the reflection and transmission of a light beam that is incident 
from an optically denser medium (with an index of refraction n1) onto the interface to an optically thinner 
medium (with n2 < n1). (b) Typical geometry of an ATR measurement. Figure (b) adapted from [186]. 
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absorbed. Therefore, the optically thinner medium is the sample in an ATR measurement. 
As shown in Figure 13 (b), the experiment is designed such that several reflections take 
place to enhance the sensitivity. As the spectral bands of an ATR spectrum only appear in 
the signal of a multilayer sample if the molecules if the latter are intact, an ATR 
measurement can serve as an indication of a successful deposition. Thermal decomposition 
during the evaporation process, instead, would lead to missing features in the spectra of on-
surface molecules. 

 

4.3. STM 
The experimental techniques introduced so far obtain spatially averaged information, as the 
signal originates from a macroscopic area of the surface, which contains many 
electronically or vibrationally excited molecules. STM is a widely employed tool that offers 
the possibility to resolve single molecules and even atoms, as lateral and vertical resolutions 
of 1 Å and 0.01 Å, respectively, can be reached [86]. 

In an STM experiment, a bias is applied between a conductive tip in the vicinity of the 
surface and the sample. This situation can be viewed as two potential wells separated by a 
barrier in the form of the vacuum between tip and sample, as shown in Figure 14. 

While there is no classical solution of the Schrödinger equation in the area 0 < 𝑧𝑧 < 𝑑𝑑, and 
the barrier is impenetrable in a classical description, two quantum mechanical solutions in 
this range are 

 ψ(z) = ψ(0) exp(±κz), (22) 

with 

 κ = �2𝑚𝑚(𝑈𝑈−𝐸𝐸)
ℏ

. (23) 

Hence, the probability density |ψ(𝑧𝑧)|2 depending on the distance 𝑧𝑧 and an applied bias 𝑈𝑈 
in this range is non-zero and bidirectional tunneling of electrons between the tip and the 
sample is possible. By applying a finite voltage ±𝑉𝑉𝑏𝑏 between the tip and the sample, a net 

Figure 14) (a) Schematic of a one-dimensional metal-vacuum-metal tunnel junction, modelling the sample 
and the tip in an STM measurement. (b) Model of the tip as a locally spherical potential well, as described 
by Tersoff and Hamann. Figure adapted from [86]. 
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tunneling current of electrons from occupied states to unoccupied states can be induced. 
Depending on the sign of the applied voltage, electrons from the energy range 𝐸𝐸𝐹𝐹 to 𝐸𝐸𝐹𝐹 ±
𝑒𝑒𝑉𝑉𝑏𝑏 can flow from the tip to the sample or vice versa. 

In the framework of the Tersoff-Hamann model, the tunneling current 𝐼𝐼  is derived by 
approximating the tip as a locally spherical potential well with a radius 𝑅𝑅 [87,88]. With the 
center at 𝑟𝑟0���⃗ = (0,0, 𝑧𝑧0) and the sample surface in the 𝑧𝑧 = 0 plane, it can be written as 

 𝐼𝐼 ∝ 𝑈𝑈 ⋅ ρ𝑠𝑠(𝐸𝐸𝐹𝐹, 𝑟𝑟0���⃗ ), (24) 
where ρs is the local density of states (LDOS) of the sample at the center of curvature of 
the tip. Therefore, the topography of a sample, i.e., a metal surface or an adsorbate, can be 
probed experimentally by rastering the surface and keeping the tunneling current constant, 
while the vertical distance is varied using a feedback system. 

 
Experimental setup 
The STM experiments in this work were performed by Alessandro Sala in the TASC 
laboratories in Trieste, Italy. The measurements were done with an Omicron LT-STM 
system at a sample temperature of 77 K. The microscope is in an ultrahigh vacuum chamber 
with a base pressure of below 7 ⋅ 10−11 mbar. The images were acquired in a constant 
current mode, as described above. An inverse bias voltage was applied to the tip while the 
sample was grounded. Electrochemically etched tungsten tips were used for imaging. 
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4.4. Data treatment 
 

NEXAFS 
The energy of the absorption spectra presented in this thesis was calibrated by simultaneous 
acquisition of the drain current of the last toroidal mirror before the sample. A prominent 
feature in this absorption signal due to contamination on the beamline optics has been once 
calibrated by measuring 1s → π∗ gas-phase transitions of CO and N2 at 287.4 and 410.1 
eV, respectively [71]. By shifting the spectra in photon energy such that this feature in the 
drain current falls at the energy that has been obtained in this calibration, a potential offset, 
e.g., in the mechanical movement of the monochromator grid, is corrected. 

Furthermore, the partial electron yields were normalized by the drain current of the last 
toroidal mirror and the signal of the clean sample. This was done by calculating the double 
ratio 

𝐼𝐼mol/𝐼𝐼0,mol

𝐼𝐼clean/𝐼𝐼0,clean
 

Here 𝐼𝐼mol and 𝐼𝐼0,mol are the partial electron yield and the drain current of the toroidal mirror 
for the sample with the molecular film and 𝐼𝐼clean and 𝐼𝐼0,clean are the corresponding values 
for the clean substrate. The normalization by the drain current accounts for both the beam 
current variations in the storage ring and the photon flux decrease due to contamination. 
The additional normalization by the signal of the clean substrate allows the extraction of 
the signal stemming from the molecules. 

 

XPS 
The photon energy was calibrated by acquiring a Cu 3p3/2 spectrum and shifting it to a 
binding energy of 75.1 eV after every movement of the grid to correct for a potential offset 
of the monochromator grid and ensure reproducibility of the data. The fits of the N 1s, C 
1s, and Ni 2p3/2 spectra in this work were performed by subtracting a linear and an 
integrated background and fitting Voigt profiles to the experimental data. The experimental 
resolution and inhomogeneity contributions were accounted for by a Gaussian broadening 
of 300 meV. 

 

XMCD 
The absorption spectra were acquired two times for each helicity in the order μ+, μ-, μ-, μ+. 
The average of the two spectra belonging to each helicity was calculated to correct for 
possible radiation damage of the sample during the measurement. Subsequently, the same 
background was subtracted from the two resulting average absorption spectra for each 
helicitiy. The background-corrected spectra were used for the integration according to the 
sum rules in equations (18) and (19). A detailed description of the evaluation of the 
isotropic absorption intensity 𝐼𝐼iso contained in the sum rules is given in section A.1. 
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5.  Results and discussion 
This section will start with a description of the preparation for the different samples 
investigated in this thesis. Following the line of questions presented in section 3.1, we will 
then discuss possibilities to quench the charge transfer and tune the hybridization at the 
NiTPP/Cu(100) interface. 

A promising approach to reduce the charge transfer consists in passivating the Cu(100) 
surface by preparation of a (√2 × 2√2)R45° Cu(100) missing-row oxygen reconstruction, 
as the electrons at this surface were reported to be immobilized in Cu-O bonds [89]. The 
consequences of such an oxygen reconstruction for adsorbed NiTPP molecules are 
discussed in section 5.2. This chapter consists of parts that have been published in [90]. 

Subsequently, functionalization of the NiTPP molecules with NO2 is discussed. While 
several publications address the adsorption of the strong donor NO, we found that 
NiTPP/Cu(100) is much more reactive to NO2, requiring doses that are lower by a factor of 
103 for full coverage, i.e., one nitrogen dioxide molecule per porphyrin. The chemical 
reactivity, the electronic, and the magnetic characteristics of a molecule, are inherently 
interwoven as they are all strongly driven by the alignment of the valence band levels. 
Therefore, the adsorption of NO2 could give rise to intriguing effects on the electronic and 
magnetic configuration of the NiTPP/Cu(100) interface. This is investigated in section 5.3. 

The reversibility of the NO2 ligation is fundamental for designing devices such as sensors 
that need to be regenerable at will. In this regard, annealing is a common means of removing 
adsorbed molecules on top of porphyrins and, thereby, restoring the properties of the 
pristine metal-organic interface. However, as mentioned in section 2.2, on-surface 
porphyrins with highly flexible peripheries are prone to undergo intramolecular reactions 
at temperatures that allow C-H dissociation. The structural stability at such high 
temperatures is tested with a broad set of complementary techniques in section 5.4. This 
section consists of parts that have been published in [47]. 
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5.1. Sample preparation 
Two substrates have been used in this thesis, i.e., a copper (100) crystal (Cu(100)) and a 
(√2 × 2√2 )R45° oxygen-reconstructed Cu(100) surface, hereafter abbreviated as O-
Cu(100). NiTPP was deposited onto both substrates up to a coverage in the monolayer 
regime. Afterward, the resulting NiTPP/Cu(100) and NiTPP/O-Cu(100) systems were 
exposed to doses of NO2 gas ranging up to 20 L. The preparation and characterization of 
NiTPP/Cu(100) will be presented in this section, whereas NiTPP/O-Cu(100) and NO2-
NiTPP/Cu(100) will be characterized separately in sections 5.2 and 5.3. 

The copper substrate was cleaned by several cycles of Ar+ sputtering at 2.0 keV and 
subsequent annealing to 800 K. The cleanness was checked by standard techniques 
available at the different setups: at the NanoESCA beamline and the facilities of the 
Interface Research and Catalysis group (ECRC) of the Friedrich-Alexander-University 
Erlangen-Nuremberg, the cleanness was checked by LEED. Sharp, rectangularly arranged 
diffraction spots and the absence of a diffuse background indicated a clean (100) surface. 
At the ALOISA beamline, XPS measurements were performed at core-level energies of the 
most common contaminants, i.e., the O 1s, C 1s, and N 1s. The absence of any features in 
these energy ranges was taken as an indication of successful cleaning. 

Commercial NiTPP molecules (Sigma Aldrich) with a purity of 95 % were thermally 
sublimated at 570 K from a Knudsen cell type evaporator onto the Cu(100) and O-Cu(100) 
substrates kept at room temperature. At the ALOISA beamline, the evaporation rate was 
checked by means of a quartz micro-balance. 
Depending on the experimental setup used, the 
coverage was checked by LEED (NanoESCA, X-
Treme, ECRC), XPS (NanoESCA and ALOISA), 
IRAS (ECRC), and STM, as explained below. 

In the LEED patterns, additional sharp spots can be 
seen after NiTPP deposition, as reported in [13]. With 
increasing coverage, the diffraction spots gain 
intensity. When exceeding the 1 ML regime, the spots 
blur, suggesting that the second layer does not grow in 
an ordered fashion. Accordingly, a sharp, intense 
LEED pattern was taken as an indicator of coverage in 
the monolayer regime. 

Employing XPS, the coverage can be checked by 
measuring the Ni 2p core-level spectrum. Up to a 
coverage of 1 ML, the Ni 2p spectrum consists of a 
single feature at a binding energy of 859.2 eV due to 
the substrate-induced reduction of the central nickel 
atom [14]. Upon the formation of the second layer, 
which does not strongly interact with the substrate, a 
second component starts to grow at higher binding 
energies, as shown in Figure 15. This component can 

Figure 15) Ni 2p3/2 core-level spectra of 
the NiTPP/Cu(100) interface for different 
NiTPP coverages. The corresponding 
thicknesses of the molecular films are 
indicated in the graph. The spectra were 
measured in a normal emission geometry 
with a photon energy of hν = 1020 eV. 
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be assigned to the gas-phase-like Ni(II) oxidation state in NiTPP molecules that are not in 
direct contact with Cu(100) [91]. 

With IRAS, a monolayer NiTPP coverage can be identified by a comparison of the spectra 
acquired from molecular films with different thicknesses deposited onto the copper 
substrate. This approach provides an additional way to determine the coverage that is 
complementary to XPS and LEED, and therefore, is discussed in the following. It shall be 
noted that all the IRAS measurements and the subsequent analysis in this work were 
performed along with Dr. Miroslav Kettner, Chantal Hohner and Prof. Jörg Libuda from 
the Interface Research and Catalysis group (ECRC) at Friedrich-Alexander-University 
Erlangen-Nuremberg. Figure 16 shows IRA spectra of different film thicknesses deposited 
on Cu(100). 

In the following, a brief introduction of the vibrational modes that allow for a determination 
of monolayer coverage will be given. Starting with the 1 ML regime (spectrum plotted in 
red), most spectral components can be found with the same shape in the multilayer spectra. 
However, some features can be found exclusively in the multilayer spectra, i.e., the bands 
at 3025, 1353, and 1008 cm-1 (highlighted in grey). By comparison with computations and 
previous experiments [47,92], we ascribe them to C-H stretching ν(C-H), combined 
stretching of C-C, C-N (and C-H) in the pyrrole units ν(C-N, C-C, (C-H))porphin, and in-
plane deformation of the porphin δip, porphin. As IRAS is sensitive to the adsorption geometry, 

Figure 16) Top: Selected IRA spectra recorded during deposition of 5 ML NiTPP on Cu(100) at 300 K (ip = in 
plane, oop = out of plane). Bottom: Reference ATR IR spectrum of NiTPP. Figure adapted from [127]. 
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differences between monolayer and multilayer spectra often indicate a preferential 
orientation of adsorbates near the surface. The underlying reason is the metal surface 
selection rule (MSSR), implying that only those modes with a dynamic dipole moment that 
is not parallel to the surface are active in IRAS. 

While the MSSR was introduced for a general case in section 4.2.3, the current section 
elaborates on the implications for the signal of the adsorbed NiTPP molecules. Information 
on the molecular conformation is obtained by the four IRA signal components of the NiTPP 
monolayer on Cu(100), i.e., the in-plane deformation vibrations of the porphin δip, porphin 
(1008 cm-1) and phenyl unit δip, phenyl (1073 cm-1) and the out-of-plane deformation modes 
of the porphin γoop, porphin (800 cm-1) and phenyl unit γoop, phenyl (752 cm-1). As illustrated in 
Figure 17, the flat-lying NiTPP can be divided into a macrocycle plane (a) oriented parallel 
and phenyl planes (b) that are tilted to the surface. 

In [14], the adsorbed NiTPP molecule was reported to have a flat-lying macrocycle, 
oriented parallel to the surface and phenyl rings that are rotated by approximately 69° ± 5° 
vis-à-vis the macrocycle plane. Accordingly, the in-plane vibration δip, porphin is also parallel 
and thus IR inactive, whereas the out-of-plane component γoop, porphin is IR active. Regarding 
the phenyl rings, both deformations (δip, phenyl, and γoop, phenyl) feature dynamic dipole 
components parallel and perpendicular to the surface. Hence, they are IR active but less 
intense as the parallel component cannot be detected [84]. Altogether, this implies that the 
NiTPP is lying flat on the Cu(100) surface, in agreement with the adsorption geometries of 
MTPP reported in the literature [29,93–96]. As soon as the monolayer regime is exceeded, 
the three missing signals, highlighted in grey, rapidly gain intensity, confirming the loss of 
preferential orientation as already previously suggested by NEXAFS [14,90]. These 
characteristic differences are a clear mark that allows for the discerning of the transition 
from the monolayer to the multilayer growth regime directly from the IR spectra. 

To exclude decomposition of the molecules during deposition, an ATR spectrum, shown at 
the bottom of Figure 16, was measured. Generally, a decomposition of the molecules during 
the deposition would lead to different vibrational bands in the ATR spectrum and the 
adsorbed molecules. Thus, the fact that the features in the ATR spectrum are also present 
in the multilayer spectra points to a successful deposition, i.e., that the adsorbed molecules 
are intact. 

Figure 17) Model of the adsorbed NiTPP illustrating the orientation of the dynamic dipole moment for (a) 
δip, porphin and γoop, porphin, (b) δip, phenyl and γoop, phenyl (ip = in plane, oop = out of plane). Figure adapted from 
[127]. 
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Employing STM, a densely packed, single-layer molecular film could be observed on large-
scale images as shown in Figure 18. Hereafter, such a densely packed film is referred to as 
1 ML. The STM images presented in this work were measured by Dr. Alessandro Sala from 
the TASC laboratory of the Centre Nazionale delle Ricerche (CNR-IOM) in Trieste, Italy, 
within the framework of a collaboration under the NFFA Europe Transnational Access 
Activity. Two rotational domains mirrored by about ± 8° with respect to the [001] direction 
of the substrate can be seen, in agreement to what has been reported in [13]. 

For preparing the NiTPP/O-Cu(100) system, the clean copper substrate was kept at a 
temperature of 500 K and exposed to 800 L of O2, as described in a well-established recipe 
[97]. After this procedure, additional spots in the LEED pattern and STM images confirmed 
a successful preparation of the (√2 × 2√2)R45° oxygen-reconstructed Cu(100) surface. 
After that, the NiTPP layer was deposited equivalent to the preparation of NiTPP/Cu(100), 
and STM measurements were performed to ensure a full monolayer coverage. A 
characterization of O-Cu(100) and NiTPP/O-Cu(100) will be presented in section 5.1. 

The NO2-NiTPP/Cu(100) sample was prepared by dosing approximately 8 L NO2 gas 
(Linde, purity grade 2.0). The gas was introduced through a leak valve for 4.5 minutes at a 
pressure of 5·10-8 mbar (1 L = 1.33·10-6 mbar · s). At ECRC, the gas was introduced pulse-
wise by a remote-controlled gas dosing system. Generally, we observed that the 
spectroscopic signal measured by XPS and IRAS was saturated around this dose, and 
exposure to higher doses did not further affect the spectra. 

Figure 18) Large-scale STM images of NiTPP/Cu(100) acquired at 77 K. 
The NiTPP coverage is close to 1 ML. The molecules self-assemble in 
two rotational domains, highlighted as A and B, respectively. The 
lateral size is (38.8 x 30)  nm2 and the tunneling parameters are Vb = 
+1 V, I = 500 pA. Figure adapted from [127]. 
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5.2. Decoupling from the substrate by an interlayer 
The results in this section will be divided into three parts. First, we will characterize the O-
Cu(100) and NiTPP/O-Cu(100) samples by LEED and STM. After that, we will discuss the 
electronic structure of NiTPP/O-Cu(100) and compare it to substrate-decoupled NiTPP in 
a multilayer sample. Finally, the differences between the decoupled system of NiTPP on 
the O-Cu(100) substrate and the strongly interacting molecules in direct contact with 
Cu(100) is discussed. 

 

5.2.1.    Structural characterization of the O-Cu(100) interface 
The NiTPP/O-Cu(100) sample was prepared as described in section 5.1, following the well-
established recipe in [97]. The missing-row reconstructed O-Cu(100) surface is an early 
stage of Cu oxidation [98] with coverage of slightly below 0.5 ML. In this reconstruction, 
every fourth row of Cu atoms is missing. The O atoms occupy the sites along the edges of 
the missing rows, as shown in the model in Figure 19 [99]. 

LEED images of the clean copper surface and the oxygen reconstructed surface are shown 
in Figure 20. Concerning the copper surface, four spots arranged in a square and a low 
background signal confirm a clean (100) substrate. After exposing the annealed substrate 
to an oxygen atmosphere according to the recipe, additional spots revealing the 
(√2 × 2√2)R45° oxygen reconstruction appear in agreement with patterns reported in the 
literature [100]. 

Figure 19) Model of the missing-row reconstructed (√2 × 2√2)R45° O-Cu(100) surface, top (a) and side (b) 
view. Figure adapted from [99]. 
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The characterization of the O-Cu(100) and the NiTPP/O-Cu(100) surface by LEED and 
STM is described in more detail in [101]. The main results of this analysis are presented 
below. The missing row reconstruction can also be seen in real space via STM, as reported 
in the literature [99]. As shown in Figure 21, two rotational domains are aligned along the 
[001] and [010] marked with black arrays of squares. 

The STM image after deposition of an additional NiTPP layer, i.e., of NiTPP/O-Cu(100) is 
shown in Figure 22.  

Figure 20) LEED images of the clean Cu(100) surface (left) and the  oxygen reconstructed surface (right) 
acquired at a kinetic energy of 45.2 eV and 44.1 eV, respectively. Green circles highlight the first-order 
diffraction spots of the Cu(100) substrate, while red circles highlight the spots induced by the oxygen-
reconstruction. 

Figure 21) STM image of the O-Cu(100) surface with a lateral size of (3 x 8) nm2. Two step 
edges can be seen in the right part of the image. The missing row reconstruction can be 
found in two different rotational domains (highlighted by black arrays of squares), aligned 
parallel to the [001] and [010] directions, respectively. The tunneling parameters are Vb = -1 
V, I = 100 pA. Figure reproduced from [101]. 
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At a coverage of 1 ML, i.e., a densely packed single-layer molecular film, the molecules 
assemble into two domains that are commensurate with the substrate and mirrored with 
respect to the [100] axis [101]. The angle of these domains with respect to the [100] axis 
can be approximated between 56° and 59° [101]. The grids defined by the two domains 
molecular adlayer can be described with respect to the underlying Cu-O structure by the 
epitaxial matrices 

 𝐴𝐴 = �5 −1
1 5 �  and 𝐵𝐵 = �−5 −1

−1 5 �. (25) 

The distance between the centers of two adjacent molecules is approximately 1.2 nm. With 
this matrix, it is also possible to simulate the corresponding LEED pattern. In Figure 23, 

Figure 23) LEED image of NiTPP/O-Cu(100) acquired at an electron energy 
of 26.3 eV. The spots of a simulated LEED pattern predicted by STM are 
marked with in red circles. Figure reproduced from [101]. 

Figure 22) STM image of NiTPP/O-Cu(100) with a lateral size of (47 x 21) nm2. The molecules 
assemble in a dense monolayer. Two different rotational domains rotated by 
approximately 56-59° with respect to the [001] direction are highlighted by black grids. The 
tunneling parameters are Vb = 2 V, I = 100 pA. Figure reproduced from [101]. 
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the simulated LEED pattern is superimposed with the experimentally observed image of 
NiTPP/O-Cu(100). The reciprocal unit cells of the two rotational domains are highlighted 
by reddashed lines. The simulated diffraction spot positions are marked by red circles and 
are in reasonable agreement with our LEED image. From the simulation, the unit cell size 
is calculated to be (1.27 × 1.27) nm2, which is in agreement with the value reported for 
NiTPP/Cu(100) [13]. In summary, LEED and STM images consistently confirm that 
NiTPP molecules adsorb in a long-range ordered superstructure on O-Cu(100). 

 
5.2.2.    Decoupling: comparison to a multilayer sample 

The electronic structure of NiTPP/O-Cu(100) according to the results published in [90] is 
discussed in the present section. As the charge transfer towards NiTPP on bare copper was 
revealed by additional features in the valence band, we start with a comparison between the 
integrated valence bands, i.e., the 𝑘𝑘∥-integrated intensities of the measured momentum 
maps. Figure 24 shows the integrated valence band spectra of O-Cu(100) and NiTPP/O-
Cu(100). 

The spectrum of O-Cu(100) consists of a featureless plateau below the Fermi level, 
stemming from the sp band of copper, and a feature at a binding energy of approximately 
1.45 eV that was also observed for perylene-tetracarboxylic dianhydride on the same 
oxygen-reconstructed copper surface (PTCDA/O-Cu(100)) [89]. The deposition of NiTPP 
leads to an increase in intensity around a binding energy of 1.5 eV. Previous PT 
experiments revealed that the additional intensity can be ascribed to contributions from the 
HOMO and HOMO-1 [101], which are almost degenerate in the gas phase [13]. 
Remarkably, in contrast to NiTPP/Cu(100), the molecular fingerprints of the LUMO/+1 
and LUMO+3 can be observed neither in the integrated valence band nor in the a 𝑘𝑘∥-
resolved maps investigated in a previous study [101]. Similarly, Yang et al. observed that 

Figure 24) Angle-integrated valance band spectra of O-Cu(100) (red) and 
NiTPP(1 ML)/O-Cu(100) (blue) measured with a photon energy of hν = 35 
eV. Figure adapted from [90]. 
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the oxygen reconstruction leads to a quenching of the LUMO feature for PTCDA on O-
Cu(100) [89]. They mainly assigned it to an immobilization of the surface electrons in 
covalent Cu-O bonds, by which they lose their free-electron character. The missing 
fingerprint of the LUMOs in the valence band is a clear indication of a quenching of the 
charge transfer to the molecule and an electronic decoupling from the substrate. 

As previously reported, such decoupling can also be achieved by preparing a NiTPP 
multilayer sample, which is often used as a reference for isolated molecules [14,102]. As a 
next step, these two methods to electronically decouple NiTPP from the Cu(100) surface 
are compared. For this, we measured the NEXAFS spectra of NiTPP/O-Cu(100) and a 
multilayer sample NiTPP(~ 8 ML)/Cu(100). In Figure 25, the K-edge spectra of carbon and 
nitrogen are shown. Notably, the resonances at both absorption edges appear at the same 
photon energies for the multilayer and the oxygen pre-treated sample, suggesting a similar 
electronic structure of the molecules in these two systems. 

We start with the energetic structure of the C K-edge spectra by assigning the peaks 
according to the results reported in the literature. The peak AC at 284 eV was assigned to a 
π∗ feature located at the macrocycle, whereas the feature BC at 284.9 eV can be ascribed to 
a π∗-type resonance at the peripheral phenyl rings [31]. The features CC and DC, at 287.5 
eV and 289 eV, respectively, have been observed at similar energies in NEXAFS 
measurements of CoTPP multilayers, and theoretically assigned to different orbital 
symmetries at molecular subunits [103]. From a comparison with these assignments, the 
feature CC can be interpreted as a π∗-type resonance at the macrocycle, whereas feature DC 
can be ascribed to a σ∗-symmetry transition at the phenyl rings [103]. 

In the multilayer sample, none of the above peaks has clear dichroism, pointing towards a 
random molecular orientation as observed for other flexible porphyrins having peripheries 
with many degrees of freedom [104]. In contrast, clear dichroism in the NiTPP/O-Cu(100) 

Figure 25) C K-edge (left) N K-edge spectra (right) of NiTPP(∼ 8 ML)/Cu(100) (top panel) and NiTPP/O-
Cu(100) (bottom panel). The spectra acquired in s- and p-polarization are plotted in red and black, 
respectively. Figure adapted from [90]. 
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spectra suggests a preferential orientation of the adsorbed molecules and allows for a 
determination of the adsorption geometry. The features BC and CC (both π∗-type resonances 
at the macrocycle) have clear dichroism. The vanishing intensity of feature AC in s-
polarization indicates that the macrocycle of the adsorbed molecules is oriented parallel to 
the substrate. The intensities of the features related to transitions at the phenyl rings BC and 
DC do not entirely vanish in the s-polarization spectra, as the phenyl rings of adsorbed 
tetraphenyl porphyrins are typically are rotated and tilted. However, a rough estimation of 
the phenyl conformation is possible. From the intensity ratio of the signals measured in p- 
and s-polarization, the angle γ = 1

2
𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎2�𝐼𝐼𝑠𝑠/𝐼𝐼𝑝𝑝�  between the phenyl plane and the 

surface can be calculated according to equation (12). As feature DC also contains 
contributions to transitions to Rydberg states, we use the intensities of feature BC, leading 
to an angle of 52° ± 5°. The error originates from the uncertainty of the intensity due to an 
overlap with adjacent features and a background intensity and is estimated by using the 
smallest and the largest ratios in a reasonable range around 284 eV. Even though the 
relative error amounts to almost 10 %, we can conclude that the quenching of the charge 
transfer for NiTPP/O-Cu(100) allows for a more coplanar orientation of the phenyl 
moieties. However, it shall be noted that the orientation of the phenyl rings is defined by a 
twist- and a tilt angle, as described in section 2.1. The contributions of these two angles to 
the flattening of the phenyls cannot be deconvoluted exclusively from presented NEXAFS 
data. 

A similar picture is obtained by the N K-edge spectra. Starting from the multilayer sample, 
three features can be seen below the ionization threshold at ~ 404 eV, i.e., BN, CN, and DN. 
In the spectra of NiTPP/O-Cu(100) acquired in s-polarization, a fourth feature with a σ∗ 
symmetry can be appreciated, i.e., AN. When compared with relevant literature, the features 
BN and CN can be ascribed to N 1s → LUMO/+1 and N 1s → LUMO+3 transitions 
[14,31,105]. AN, instead, has a clear σ∗  symmetry and can be assigned to a N 1s → 
LUMO+2 transition, as the LUMO+2 is a mixed ligand 2𝑝𝑝𝑥𝑥𝑥𝑥- metal 3𝑑𝑑𝑥𝑥2−𝑦𝑦2 orbital. Also 
here, the observed dichroism is in line with the adsorption geometry suggested by the C K-
edge spectra. The fact that all π∗(σ∗) features almost entirely vanish in the spectra acquired 
in s(p)-polarization supports a flat macrocycle oriented parallel to the surface. Moreover, 
since AN is not visible in the NEXAFS spectrum of NiTPP/Cu(100), this provides another 
proof that the LUMO+2 of NiTPP gets filled on bare copper (100) [14]. Notably, this could 
not be assessed via PT [13]. 

It shall be emphasized that only through the preferential order of NiTPP on O-Cu(100), the 
distinction of the features AN and BN and the determination of their symmetry becomes 
possible. The σ∗-type resonance here referred to as AN was also observed for porphyrins 
and phthalocyanines coordinated to other metals, such as Cu [70,106] and Co [107]. 
Moreover, it was found that its precise energy depends on the metal element chelated in the 
macrocycle [108] and the van der Waals interaction with the substrate [109]. In the 
spectrum of the disordered multilayer sample, these two features are both visible in 
measurements with p- and s-polarized light because of the random molecular orientation 
and cannot be resolved due to the inherently low intensity of the σ∗-type feature [90]. The 
high intensity of the π∗ feature, even for small molecular tilt angles, leads to an overlap of 
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the two features that prevents a distinction. For NiTPP/O-Cu(100), however, it is possible 
to quantitatively analyze the intensities due to the parallel alignment of macrocycle and 
substrate. As mentioned in section 4.2.1, the absorption signal far above the ionization edge 
results from photoemission of an electron from core levels into continuum states and, 
therefore, is independent of the polarization orientation of the exciting light. Hence, it is 
reasonable to assume that the absorption intensities are equal at the high energy end of the 
spectrum and, accordingly, normalize the spectra at this value. 

With this normalization, it is also possible to calculate the photoemission cross section by 
comparing the intensities of the σ∗- and the π∗-type features. Generally, the photoemission 
cross section σ𝑥𝑥 is proportional to the oscillator strength 𝑓𝑓, 

 σ𝑥𝑥 ∝ 𝑓𝑓 ⋅ ρ(𝐸𝐸) (26) 

with the density of states ρ(𝐸𝐸) and 

 𝑓𝑓 =
2

𝑚𝑚𝑒𝑒ℏω
��𝑓𝑓�𝐴𝐴0����⃗ ⋅ 𝑝⃗𝑝�𝑖𝑖��

2
. (27) 

From the proportionality to the square modulus of the transition matrix element, it becomes 
clear that 𝑓𝑓 is a measure for the intensity of a resonance [68]. Conversely, the intensity ratio 
of overlapping σ∗ and π∗ resonances can be used as an input for the theoretical calculation 
of the photoemission cross section. For the spectrum of NiTPP/O-Cu(100), the area ratio 
for σ∗ to π∗ is found to be 1 to 4.5 [90]. 
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5.2.3.    Comparison to NiTPP/Cu(100) 
As described in detail in the previous section, the similarity of both energy position and 
line shape of the NEXAFS resonances measured of NiTPP on the oxygen pre-treated 
substrate and in the multilayer suggest a substantial electronic decoupling by the oxygen 
interlayer. In this section, we attempt to understand the consequences of the charge transfer 
to the first monolayer observed upon adsorption on the bare Cu(100) surface. 

First, a comparison of the electronic structure at the macrocycle is presented. The C and N 
K-edge absorption spectra are shown in Figure 26. 

Clear differences can be seen in the peak intensities measured at the C K-edge. Feature AC, 
previously assigned to a π∗ feature located at the macrocycle, has the same symmetry as on 
the passivated substrate, as can be seen from the small residual intensity measured in s-
polarization. However, the partial filling of the π-type LUMO/+1 and LUMO+3 leads to a 
strong decrease in the intensity of the features AN, as well as BN, and CN. This suggests a 
quenching of the charge transfer on the O-Cu(100) substrate and agrees well with the 
missing molecular fingerprints in valence band spectra. In addition, CN is shifted to lower 
photon energies, as already observed in a previous comparison with a multilayer spectrum 
[14]. The dichroism of features AC, CC, and DC is similar for both substrates, bare Cu(100) 
and O-Cu(100), which points toward a similar adsorption geometry. For the phenylic π 
feature BC, instead, stronger dichroism can be observed on the clean copper substrate. This 
is caused by a bigger rotation angle of 68° ± 5° reported in [14]. 

In the N K-edge spectrum, an overall shift of the spectrum toward lower photon energies 
vis-à-vis the passivated system can be observed. A shift toward lower photon energies at 
the N K-edge was previously ascribed to a charge transfer from the substrate [14,110,111]. 
Moreover, the intensity of feature BN, which we assigned to a π-type N 1s → LUMO/+1 
transition in the previous chapter, is much stronger on the passivated surface. This is related 

Figure 26) C K-edge (left) and N K-edge absorption spectra (right) of NiTPP/Cu(100) (top panels) and 
NiTPP/O-Cu(100) (bottom panels). The spectra acquired in s- and p-polarization are plotted in red and black, 
respectively. Figure adapted from [90]. 
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to the partial occupation of the LUMO/+1 through the charge transfer on bare Cu(100) 
[13,14]. Remarkably, feature AN is not visible in the s-polarized spectrum of 
NiTPP/Cu(100), providing another proof that the LUMO+2 of NiTPP gets filled on bare 
copper (100) [14]. This orbital could not be accessed via PT, as the corresponding 𝑘𝑘-space 
features are located at high 𝑘𝑘∥-values [13,43]. 

The experimental evidence collected so far points toward a similar adsorption structure and 
a quenching of the charge transfer toward the LUMOs localized at the macrocycle. 
However, to assess how this affects the reduction of the central nickel ion that was observed 
on the bare Cu(100) surface, we will now discuss the absorption spectra at the Ni L3-edge. 
As the surface-induced change of the oxidation state was mainly detected by examining the 
core-level excitation to the σ∗-type LUMO+2 [14,90], the discussion here is restricted to 
the NEXAFS spectra acquired in s-polarization. The spectra of NiTPP/Cu(100) and 
NiTPP/O-Cu(100) are shown in Figure 27. 

The spectrum of NiTPP/Cu(100) consists of a single-peak feature with a centroid at a 
photon energy of 852.4 eV. This agrees with previously reported results and is associated 
with an intra-atomic 2𝑝𝑝3/2 → 3𝑑𝑑𝑥𝑥2−𝑦𝑦2 transition [14]. While the position is characteristic of 
the Ni(I) oxidation state, the single peak structure points toward a 𝑑𝑑9 configuration [112]. 

The spectrum taken at the NiTPP/O-Cu(100) interface mainly consists of a sharp feature at 
higher photon energy (854.3 eV) and a small satellite peak at 856.5 eV. Similar behavior 
was also found for a Ni(II) low-spin (LS) compound [112]. As mentioned in section 2.1, a 
Ni (II) LS configuration with an empty 𝑑𝑑𝑥𝑥2−𝑦𝑦2  orbital is typical for a tetra-coordinated 
nickel atom as in the gas-phase porphyrin [113]. Thus, this indicates that the strong 

Figure 27) Ni L3-absorption spectra of NiTPP/Cu(100) 
(top) and NiTPP/O-Cu(100) (bottom). Figure adapted 
from [127]. 
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decoupling induced by the oxygen reconstruction of the copper surface not only quenches 
the charge transfer from the surface but also substantially weakens its influence as a ligand. 

 

5.2.4.    Conclusions 
To summarize, a special oxygen treatment before the NiTPP deposition prevents the central 
Ni atom from stabilizing in a +1 oxidation state like in Ni(I)TPP/Cu(100) and leads to a 
preservation of the +2 oxidation state of nickel. Hence, Ni(II)TPP/O-Cu(100) is a valuable 
reference for a system with a reduced molecule-substrate interaction due to several reasons. 

First, the clear dichroism proves a preferential orientation of the molecules, which, in 
contrast to a molecular multilayer thin film or gas phase measurement, allows for the 
discrimination of features that are close in energy but have different symmetries. For this 
system, in particular, the NEXAFS spectrum includes a distinct σ∗-type feature, which was 
associated with a transition to the LUMO+2 due to its symmetry inferred from a clear 
NEXAFS dichroism [14]. The absence of this feature in the NEXAFS spectrum of NiTPP 
on the bare copper surface indicates that the LUMO+2 gets occupied on the bare copper 
surface, while on O-Cu(100), it stays empty. 

Additionally, this system can be seen as a gas-phase reference, as the resonances have the 
same energies as in the multilayer sample. Therefore, it is a practical means of investigating 
the implications related to the Ni oxidation state. We can directly compare 
Ni(I)TPP/Cu(100) and Ni(II)TPP/O-Cu(100) and answer, for example, how the reactivity 
to certain gases is related to the oxidation state of the central Ni atom. As the use of 
reference spectra is not confined to NEXAFS, the impact of the charge transfer on 
vibrational properties can also be investigated by IRAS or high-resolution electron energy 
loss spectroscopy (HREELS). 

Lastly, due to the combination of long-range molecular order suggested by STM and 
confirmed by LEED [101] and the weakened molecule-substrate coupling, the system can 
be used for exploring the potential of time-resolved photoemission tomography (TR-PT). 
Generally, a strong hybridization between a metallic substrate and an organic molecule 
leads to reduced lifetimes of unoccupied states vis-à-vis the unoccupied states of a gas-
phase molecule. An electronic decoupling increases the lifetime of transiently occupied 
states, enabling their detection by pump-probe-based techniques. Wallauer et al. showed in 
a proof-of-principle experiment that the LUMO of PTCDA shows a single exponential 
decay of 250 fs on the same O-Cu(100) substrate [114]. This makes it possible to follow 
excitation mechanisms not only in time but also in space. 
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5.3. Functionalization with axial ligands 
While the gas-phase properties of the molecules are preserved to a large extent through pre-
adsorbed oxygen, the preparation requires an additional working step. More importantly, 
restoring the surface-induced Ni(I) state on bare Cu(100) inevitably requires cleaning the 
substrate and subsequent re-deposition of NiTPP. For the realization of multifunctional 
devices, however, the reversibility of the control of magnetic and optical or transport 
properties by external stimuli is of great interest. Against this backdrop, a reversible on-top 
ligation with small molecules was proposed for the realization of chemical switches [9]. 

Caging the chelated metal ion in a crystal field through their unsaturated axial coordination 
bonds has been demonstrated to be a viable way to stabilize metal ions and to prevent their 
local moment from decreasing or being quenched by the interaction with the substrate 
[115]. This has been achieved already using molecular ligands, e.g., cyano- or carboxylic-
molecular terminations, as demonstrated for Fe, Ni, and Mn ions forming 2-dimensional 
high-spin metal-organic networks [116–120]. Alternatively, the oxidation state can be 
tailored by the proper choice of porphyrins or phthalocyanines, as they exist in a variety of 
different spin states depending on the metal ion coordinated in their tetrapyrrolic 
macrocycle [15,16]. Additionally, long-range magnetic order can be induced by exploiting 
the molecule-substrate interaction. For example, ferromagnetic coupling of an iron 
porphyrin with a ferromagnetic film was achieved even at room temperature via 
superexchange interaction [121]. This offers a pathway for the control of the magnetism at 
such molecular interfaces. Well-established methods based on the anchoring of external 
axial ligand to the ion center [122] allow off-switching and spin-tuning transitions [9,12]. 
In contrast, attempts to realize a spin-off → spin-on transition are still limited to the 
adsorption of molecules at low temperature since chemical bonding has to overcome the 
spin-pairing energy, as in the example mentioned in [10]. A reversible spin-switching in 
porphyrin complexes can be achieved by mechanically moving an axial ligand strapped to 
the porphyrin ring [24]. However, such an approach requires a local voltage pulse generated 
by an STM tip, which is cumbersome and not scalable for logical operations with thousands 
of bits. 

The magnetic moment of metal ions in tetrapyrrolic compounds was also manipulated by 
chemical doping using alkali metals [123]. So far, this was demonstrated only at low 
temperatures in a top-down approach to control the alkali atom site [124]. In fact, the 
alkaline metal must be placed precisely atop the central ion, often inducing disorder in the 
molecular array; therefore, reversibility is hardly achievable [125]. Both functionalization 
and chemical doping lead to a decoupling of the molecule from the surface. This, in general, 
changes the energy alignment of the molecular orbitals (MOs) and ultimately affects the 
carrier injection properties across the molecular interface. Regarding the choice of the 
ligand, di-, tri-, and tetra-atomic molecules have been reported to affect the electronic and 
magnetic properties. This can happen through electron pairing induced by the formation of 
chemical bonds to complexed ions, as reported for NO-CoTPP [12], or a change of the 
energy level caused by a modification of the crystal field, as observed for NH3-NiTPP [10]. 
In the case of chemical bonding, the ligand competes with the surface for the stronger bond, 
known as the surface-trans effect. This competition significantly depends on the charge 
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donation ability of the ligand, which follows the order NO > CH3 > SO3
2 > NO2 > Br > Cl 

> NH3 [126]. Being in the middle of this order, i.e., between NO and NH3, the adsorption 
of NO2 could lead to interesting mechanisms between a simple electron donation and a 
change of the crystal field experienced by the metal ion. This section consists of parts that 
have been published in [127]. 

 
5.3.1.    Dependence of the reactivity on the Ni oxidation state 

As the first step, the dependence of the reactivity with NO2 on the oxidation state of the 
central Ni ion is tested. For this, we exposed the Ni(I)TPP/Cu(100) and the Ni(II)TPP/O-
Cu(100) interfaces at room temperature to NO2 gas. The latter system can be seen as a 
reference system for NiTPP with a more gas-phase-like electronic structure in this 
comparison, as discussed in section 5.2. 

The resulting changes were monitored using XPS. The N 1s core-level spectrum of 
Ni(I)TPP/Cu(100) consists of a single component at 398.6 ± 0.2 eV, as shown in Figure 28, 
top. This is expected for the chemically equivalent N atoms in a MTPP macrocycle [128]. 

It also excludes contamination by demetalated and other non-intact molecules, as such 
impurities would lead to additional components at different binding energy [129,130]. After 
exposing the Ni(I)TPP/Cu(100) interface to NO2, a second peak grows at a binding energy 
of 402.5 ± 0.2 eV, while neither the area nor the binding energy of the initial peak is 
affected (see Figure 28, bottom). Therefore, this peak can tentatively be assigned to the 
nitrogen atom of NO2. 

Figure 28) N 1s XPS spectra of the as-deposited NiTPP/Cu(100) and after exposure 
to 8 L of NO2, top and bottom, respectively. The components obtained from a fit 
are plotted as filled areas below the spectra. The spectra were measured in a 
normal emission geometry with a photon energy of hν = 1020 eV. Figure adapted 
from [127]. 
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The area below that peak grows up to a dosage of around 8 L until a maximum value is 
reached, suggesting saturation of the NO2 coverage. By fitting the spectrum, a peak area 
ratio of almost 1:4 between the peak appearing during exposure to NO2 and the original 
peak, which is also present for the pristine Ni(I)TPP/Cu(100), was found. Considering that 
there are four N atoms in the NiTPP molecule and one N atom in the NO2 molecule, this 
suggests a NO2 coverage of almost one molecule per NiTPP molecule. Notably, a slight 
downward deviation from the ratio of 1:4 is because a small percentage of NiTPP molecules 
remains uncoordinated, as an analysis of the Ni 2p3/2 XPS spectra in Figure 29 shows. 

For pristine Ni(I)TPP/Cu(100), a single component is visible at a binding energy of 859.2 
± 0.2 eV, as previously reported [14]. After dosing 4 L of NO2, a new feature appears at 
854.6 ± 0.2 eV, and the intensity of the first peak is slightly reduced. After another dose of 
4 L, i.e., a total dose of 8 L, the new peak further increases in intensity, while the original 
peak decreases. At this point, we can assume that the original peak is from the pristine 
NiTPP molecules, whereas the new peak is related to molecules that bind NO2 molecules. 
From the peak areas of the two components, we estimate the share of pristine NiTPP 
molecules to be below 20 %. This explains the fact that the area ratio of the N 1s 
components is slightly below 1:4. Moreover, we can exclude the adsorption of several NO2 
molecules at a single Ni site as in the case of, e.g., two NO2 molecules per NiTPP, an area 

Figure 29) Ni 2p3/2 core-level photoemission spectra of the 
pristine NiTPP/Cu(100) (bottom) and after exposure to 4 and 8 L 
of NO2 (middle and top, respectively). The spectra were 
measured in a normal emission geometry with a photon energy 
of hν = 1020 eV. 
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ratio close to 1:2 in the N 1s spectrum is expected from the full coverage observed in the 
STM images. 

To get a hint about the precise adsorption site of the ligand, STM measurements were 
conducted before and after dosing NO2 on the NiTPP layer. The images of NiTPP/Cu(100) 
are shown in Figure 30, top and bottom panels, respectively. 

On the copper surface, the NiTPP molecule appears as four bright lobes with a dark 
depression in the center (see Figure 30, top right) in the STM images. Previously, the lobes 
and the dark center have been assigned to the four peripheral phenyl rings and the Ni atom, 

respectively [13]. After exposure to 10 L of NO2, circular protrusions (circled in black) 
appear at the center of the NiTPP, replacing the depression at the center of the macrocycle 
(see Figure 30, bottom right). 

Figure 30) STM images of NiTPP/Cu(100) before and after exposure to 10 L NO2 
acquired at 77 K, top and bottom, respectively. The image size is (8 x 8) nm2 and the 
tunneling parameters are Vb = -1 eV, I = 500 pA for the as-deposited sample and Vb = 1 
V, I = 200 pA for the exposed sample. Figure adapted from [127]. 
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Large-scale STM images in Figure 31 reveal that such features appear on top of almost 
every Ni site. Thus, we can ascribe them to the NO2 molecule bound to the nickel ion and 
deduce that almost every NiTPP hosts one NO2 molecule, in agreement with the XPS data 
above. The two domains mirrored by about ± 8° with respect to the [001] direction found 
previously [13] are visible before and after exposure to NO2. 

So far, XPS and STM measurements demonstrate that the Ni(I)TPP/Cu(100) interface is 
already at room temperature highly reactive to nitrogen dioxide since only small doses in 
the order of a few Langmuirs are needed to saturate the available Ni adsorption sites. 

Having established that NO2 interacts with the Ni(I)TPP molecule, it shall now be tested 
whether the +1 oxidation state is crucial for the film reactivity by performing the same 
experiment on a Ni(II)TPP layer. As demonstrated in section 5.2, the gas-phase +2 
oxidation state can be preserved by depositing NiTPP onto the inert O-Cu(100) surface 

Figure 31) Large-scale STM images of NiTPP/Cu(100) after exposure to 10 L 
NO2 acquired at 77 K. The lateral size is (38.8 x 30) nm2 and the tunneling 
parameters are: Vb = +1 V, I = 200 pA. Figure adapted from [127]. 

Figure 32) N 1s spectrum of NiTPP/O-Cu(100) before and after dosing 20 L of 
NO2. The spectra are measured in a normal emission geometry at a photon 
energy of hν = 515 eV. Figure adapted from [127]. 
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[89,90]. To exclude the appearance of an additional component in the N 1s XPS spectrum, 
we acquired the photoemission intensity for a binding energy range of more than 20 eV. 
The spectrum of Ni(II)TPP/O-Cu(100), shown in Figure 32, has a single component around 
a binding energy of 398.6 eV. Remarkably, even after dosing 20 L of NO2 to the Ni(II)TPP 
layer, there is no observable change in the N 1s spectrum, and only a single component 
associated with the nitrogen atoms of the macrocycle is visible. The absence of any 
additional component, broadening, or change in line shape proves that the nickel is fully 
inert to NO2 in the higher (Ni(II)) oxidation state. Therefore, it can be inferred that the 
surface-induced reactivity of the molecular layer entirely depends on whether the substrate 
can reduce the chelated nickel ion. 
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5.3.2.    Adsorption geometry of NO2 
The next step involves the investigation of the adsorption geometry of the NO2 molecules. 
To this end, we stepwise injected small doses of NO2 into the chamber by a remote-
controlled gas sensing system and took an IRA spectrum after each dosing step. In Figure 
33 (a), the spectra of the 1.0 ML sample are shown after three selected NO2 doses. To single 
out changes associated with adsorbed NO2, the spectra are referenced to a background that 
was measured of the as-prepared NiTPP films. 

Essentially, we observe the growth of two signal components at 1320 and 800 cm-1. In the 
literature, three main vibrational fingerprints of NO2 are reported: an asymmetric O-N-O 
stretching band νas(ONO) in the 1600-1750 cm-1 range, a symmetric O-N-O stretching 
νs(ONO) in the 1200-1300 cm-1 and O-N-O bending δ(ONO) in the 750-800 cm-1 interval 
[131–134]. Accordingly, we assign the signals we observe to the symmetric stretching 
mode νs(ONO) and an O-N-O bending δ(ONO). Notably, in the typical range of an 
asymmetric O-N-O stretching, the spectrum is absent of any feature. A possible explanation 
for this could lie in the adsorption geometry. If the NO2 molecule adsorbs such that the 
asymmetric O-N-O stretching causes a change in the dynamic dipole moment, which is 
entirely parallel to the surface, it cannot be detected via IRAS due to the MSSR [84]. This 
is the case for adsorption in a “V” shaped configuration, i.e., the molecule binds to the 
central Ni atom of NiTPP through its nitrogen atom oriented such that its two oxygen atoms 
pointing upwards. As shown in Figure 33 (b), this would lead to an IR active symmetric 
stretching mode νs(ONO) and an IR inactive asymmetric mode νas(ONO). This geometry is 
also in line with previous STM reports. As the NO2 molecule performs a fast (compared to 
the STM acquisition mode) precession motion, it gives rise to a time-averaged disc-shaped 
appearance in the topographic STM images, instead of two lobes as expected for a steady 
molecule [135]. 

 

Figure 33) (a) IRA spectra of the NiTPP(1.0ML)/Cu(100) sample measured after exposure to 0.02 L, 0.12 L, 
and 1.44 L of NO2. (b) Illustration of the dynamic dipole moment of a symmetric O-N-O stretching νs(ONO) 
and an asymmetric O-N-O stretching νas(ONO) in the proposed adsorption geometry of the NO2 molecule. 
Figure adapted from [127]. 
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5.3.3.    Electronic properties of NO2-NiTPP/Cu(100) 
While we already know the Ni oxidation states for the Ni(I)TPP/Cu(100) and Ni(II)TPP/O-
Cu(100) interfaces, it is still to be determined for NO2-NiTPP/Cu(100). This can be 
accessed by NEXAFS measurements at the Ni L3-edge. In analogy to the comparison 
between the spectra of NiTPP on the bare and passivated Cu surfaces, we first compare the 
NEXAFS spectra (acquired in s-polarization) of NO2-NiTPP/Cu(100), to the case of 
Ni(I)TPP/Cu(100). The corresponding spectra are shown in Figure 34. 

After dosing 10 L of NO2, a remarkable change in the spectral line shape (bottom panel) 
can be observed. The centroid is shifted toward higher photon energies by 0.8 eV (to 853.2 
eV), and a pronounced shoulder appears at 854 eV. In addition, a new broad resonance 
appears around 856 eV. Both line shape and energy position of the main resonance match 
the reports of compounds including nickel atoms in a Ni(II) oxidation state with two 
unpaired electrons [136]. Hence, this gives evidence for a reoxidation of the metal center 
through coordination with the NO2 ligand from Ni(I) to Ni(II). Moreover, the shoulder at 
higher photon energy is a characteristic marker of the configuration with two partially filled 
3 𝑑𝑑  orbitals in nickel complexes and metalloproteinases [38,137–139]. Hereafter, a 
configuration with unpaired electrons is referred to as high spin (HS), whereas the 
configuration with paired spins only will be noted as low spin (LS). This must not be 
confused with the designation typically used for spin-crossover complexes, as in our case, 
the t2g-orbitals are fully occupied for both the HS and LS configuration. The 𝑑𝑑 8 HS 
configuration is also in line with the Ni 2p3/2 XPS spectra presented in section 5.3.1. 

At this point, NEXAFS provides evidence for three different spin configurations, namely 
𝑑𝑑9, HS 𝑑𝑑8, and LS 𝑑𝑑8 for NiTPP/Cu(100), NO2-NiTPP/Cu(100), and NiTPP/O-Cu(100), 

Figure 34) NEXAFS spectra acquired at the Ni L3-absorption edge 
of NiTPP/Cu(100) (top) and NO2-NiTPP/Cu(100) (bottom). Figure 
adapted from [127]. 
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respectively. Since the three configurations should lead to different imbalances of 
unoccupied 𝑑𝑑  states, a suitable way to confirm this interpretation is given by XMCD 
measurements. 

The XMCD signals at the L2,3-edge for the three samples in a normal and grazing incidence 
geometry were measured at a sample temperature of 3 K and an external magnetic field of 
6.8 T. They are shown together with the absorption signals of left- and right-hand circularly 
polarized light, respectively, are shown in Figure 35. 

As expected from the LS 𝑑𝑑8 configuration suggested by NEXAFS, there is no XMCD 
signal detected for NiTPP/O-Cu(100). As in this configuration, there are no unpaired 
electrons in the 𝑑𝑑 shell that can be aligned with an external field, no difference in the 
absorption of left- and right-circularly polarized light can be detected. 

Instead, clear dichroism points toward unpaired electrons for NiTPP molecules in direct 
contact with the Cu(100) substrate. Even after the adsorption of NO2, which was suggested 
to result in a 𝑑𝑑8 configuration by NEXAFS, the XMCD signal is not quenched. This 
supports the interpretation that even though a transition from the 𝑑𝑑9 to the gas-phase-like 
𝑑𝑑8 oxidation state takes place, there are still unpaired electrons as the 𝑑𝑑 shell is in an HS 
configuration. 

Figure 35) Absorption spectra at the L2,3-edge of left- and right-hand circularly polarized light 
and the resulting XMCD signal for normal (left) and grazing (right) incidence. The spectra were 
acquired while an external field of 6.8 T was applied and the samples were cooled to 3 K. Figure 
adapted from [127]. 
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A sum rule analysis can provide the effective spin moment (𝑚𝑚s,eff) [76] and the orbital 
moment (𝑚𝑚𝑙𝑙 ) [75] for further insights into the magnetic configuration of the samples. 
However, to ensure that the sum rule analysis does not underestimate the magnetic 
moments due to lacking saturation, the hysteresis curves in Figure 36 were measured first. 

The absorption measured while sweeping the field from -6.8 to 6.8 T (6.8 to -6.8 T) is 
referred to as upsweep (downsweep). From the hysteresis curves in Figure 36 (a), it can be 
seen that magnetic saturation is reached for NiTPP/Cu(100) in a normal incidence (N. I., 
yellow and green markers) and a grazing incidence (G. I., blue and red markers) geometry. 
Moreover, it can be observed that while saturation is reached at the same value of the 
applied field in the two geometries (± 5 T), the absolute value is much lower at grazing 
incidence. Within the limits of our accuracy, no residual magnetization without an 
externally applied field could be detected. The same behavior can be observed for NO2-
NiTPP/Cu(100) in Figure 36 (b). Notably, even though the total values of the XMCD 
magnitudes are smaller, the anisotropy is neither lifted nor inverted. 

Since all the hysteresis curves reach a slope of zero at external fields of around ± 5 T, we 
can assume that our XMCD measurements, taken at 6.8 T, were performed in magnetic 
saturation. As anticipated in section 4.2.2, the evaluation of the sum rules requires certain 
assumptions about the isotropic absorption intensity 𝐼𝐼iso. The approximations used here are 
described in appendix A.1. The results of the sum rule analysis are shown in Table 1. 

 Normal incidence Grazing incidence 
NiTPP/Cu(100)   
𝑚𝑚s,eff (1.64 ± 0.09) µB (0.39 ± 0.05) µB 
𝑚𝑚𝑙𝑙 (0.22 ± 0.02) µB (0.08 ± 0.01) µB 
NO2-NiTPP/Cu(100)   
𝑚𝑚s,eff (2.76 ± 0.2) µB (0.73 ± 0.05) µB 
𝑚𝑚𝑙𝑙 (0.29 ± 0.05) µB (0.18 ± 0.01) µB 

Table 1) Effective spin moments and orbital moments of NiTPP/Cu(100) and NO2-NiTPP/Cu/(100), in normal 
and grazing incidence, respectively, resulting from the sum rule analysis of the spectra shown in Figure 35. 

Figure 36) Magnetic hysteresis curves for NiTPP/Cu(100) (left panel) and NO2-NiTPP/Cu(100) (right panel) 
measured at a temperature of 2 K. For both systems, magnetic saturation is reached in a normal incidence 
(N. I., yellow and green curves) and grazing incidence (G. I., blue and red curves) geometry. Due to 
experimental artefacts measured at low external fields, the data points have been removed in a small range 
around 0 T. Figure adapted from [127]. 



 

________________________________________________________________________ 
57 

For NiTPP/Cu(100), the values for the effective spin moment in normal and grazing 
incidence are (1.64 ± 0.09) µB and (0.39 ± 0.05) µB, respectively. These values can be 
compared to those for CuPc/Ag(100) [140], as the Cu ion is in a very similar crystal field 
and is in a 3𝑑𝑑9 configuration like in our system. Indeed, the sum rule analysis for this system 
resulted in (1.67 ± 0.08) µB and (0.35 ± 0.08) µB [140], which is very similar to our values. 
For NO2-NiTPP/Cu(100), the effective spin moment is (2.76 ± 0.2) µB. As in an HS 𝑑𝑑8 and 
𝑑𝑑9 configuration, the electrons in the energetically highest orbitals (eg orbitals) do not carry 
orbital angular momentum, the values of the effective spin moment can, in a first 
approximation, be compared to the moments resulting from the spin-only formula µ𝑠𝑠 =
�𝑛𝑛(𝑛𝑛 + 2)µ𝐵𝐵, which neglects orbital contributions to the total magnetic moment. Indeed, 
with values of 1.73 µB and 2.83 µB for one (𝑛𝑛 = 1) and two (𝑛𝑛 = 2) unpaired electrons, 
respectively, they lie within the uncertainty of our measurements. 

Another striking property is that the effective spin moment is strongly anisotropic in both 
systems. As mentioned in section 4.2.2, the effective spin moment 𝑚𝑚𝑠𝑠,eff is the sum of the 
actual spin moment 𝑚𝑚𝑠𝑠  and the dipolar spin term 7⟨𝑇𝑇Θ⟩ . To disentangle the different 
contributions and thereby directly access 𝑚𝑚𝑠𝑠, calculations [79] or additional measurements 
are required, as described in appendix A.2. In low-symmetry environments, such as the 
macrocycle that surrounds the Ni atom in NiTPP, the dipolar spin term can show a 
pronounced angular dependence, whereas 𝑚𝑚𝑠𝑠 itself can be regarded as isotropic due to the 
low spin-orbit coupling [140,141]. Therefore, we tentatively ascribe the high anisotropy to 
the 7⟨𝑇𝑇Θ⟩  term and assume, based on the NEXAFS results above, 𝑚𝑚s = 1µ𝐵𝐵  for the 
NiTPP/Cu(100) (S = 1/2) and 𝑚𝑚s = 2 µ𝐵𝐵 for the NO2-NiTPP/Cu(100) (S = 1). 

We now focus on the orbital magnetic moment 𝑚𝑚𝑙𝑙, which has usually more impact on the 
crystal-field-induced magnetic anisotropy of transition metal atoms than 𝑚𝑚𝑠𝑠. We note that 
for the pristine molecular film, the out-of-the-plane component is 275 % higher than the in-
plane one. Although the anisotropy of 𝑚𝑚𝑙𝑙 does not reach the extremely high values around 
420 % found for the CoOEP/graphene [141], it is comparable to that measured at the same 
incident angle for CuPc/Ag(100) (290 %) [78], and higher than the one of the Fe-
TPA4/Cu(100), which is around 190 % [116]. 

Upon exposure of the NiTPP/Cu(100) interface to NO2, the 𝑚𝑚𝑙𝑙 anisotropy remains out-of-
the-plane but decreases from 275 % to 161%. This behavior differs from what is reported 
for similar systems, where an external ligand was adsorbed atop a coordinated metal ion. 
In those cases, the magnetic anisotropy is either almost quenched (as found for CO-
CoOEP/graphene) [141] or inverted (observed for O2-Fe-TPA4/Cu(100)) [116]. For 
ferromagnets, it is well known that magnetic anisotropy determines the stability of the 
magnetization in bulk as well as in nanoparticles [137]. The fact that the magnetic 
anisotropy does not change even in the presence of the external ligand is of interest for the 
engineering of information storage devices at the atomic scale. In the present case, the NO2 
adsorption changes the spin configuration but not the anisotropy. This matches the results 
from the sum rule analysis, which suggested that electrons in the singly occupied d orbitals 
do not carry orbital angular momentum. 
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To further support the interpretation of the experimental observations regarding the 3𝑑𝑑 shell 
occupation, additional DFT calculations were performed. The DFT calculations in this 
work were performed by Andreas Windischbacher and Peter Puschnig from the Institute of 
Physics of the University of Graz, Austria. The computed density of states projected 
(PDOS) onto the different Ni 3𝑑𝑑 orbitals for NiTPP/Cu(100), NO2-NiTPP/Cu(100), and 
NiTPP/O-Cu(100), from top to bottom, is shown in Figure 37. 

NiTPP/O-Cu(100) has the same electron distribution for both, majority and minority spin 
channels. Together with the major contribution of both 𝑑𝑑𝑥𝑥2−𝑦𝑦2 orbitals (yellow) above the 
Fermi level, this supports the NEXAFS results given above, suggesting a gas-phase-like 
(𝑑𝑑𝑥𝑥𝑥𝑥 )2 (𝑑𝑑𝑦𝑦𝑦𝑦 , 𝑑𝑑𝑥𝑥𝑥𝑥 )4 (𝑑𝑑𝑧𝑧2 )2 (𝑑𝑑𝑥𝑥2−𝑦𝑦2 )0 (S = 0) configuration on the oxygen-reconstructed 
copper surface. It is also perfectly in line with the missing XMCD signal, as such a 
configuration has only paired spins and, thus, no imbalance in the spin polarization of 
unoccupied 3𝑑𝑑 states. 

For NiTPP/Cu(100), in contrast, a strong realignment of the 3𝑑𝑑 levels can be observed. In 
line with the previously found change of the Ni oxidation state [14], only one spin channel 
of the 𝑑𝑑𝑥𝑥2−𝑦𝑦2 has a major contribution above the Fermi level resulting in a (𝑑𝑑𝑥𝑥𝑥𝑥)2 (𝑑𝑑𝑦𝑦𝑦𝑦, 
𝑑𝑑𝑥𝑥𝑥𝑥)4 (𝑑𝑑𝑧𝑧2)2 (𝑑𝑑𝑥𝑥2−𝑦𝑦2)1 occupation. The unpaired electron leads to a total spin of S = 1/2 
and, therefore, causes a paramagnetic ground state configuration of the central Ni atom. 

The coordination of NO2 causes another significant realignment of the electronic energy 
levels. In addition to the 𝑑𝑑𝑥𝑥2−𝑦𝑦2  orbital (yellow), the 𝑑𝑑𝑧𝑧2 orbital (grey) also has its major 
contribution above the Fermi level now. This corresponds, in first approximation, to a 

Figure 37) Density of states projected onto the different 𝑑𝑑 states 
of the central Ni atom for the majority and minority spin channels 
of NiTPP/Cu(100), NO2-NiTPP/Cu(100), and NiTPP/O-Cu(100) 
(from top to bottom). Figure adapted from [127]. 
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(𝑑𝑑𝑥𝑥𝑥𝑥)2 (𝑑𝑑𝑦𝑦𝑦𝑦, 𝑑𝑑𝑥𝑥𝑥𝑥)4 (𝑑𝑑𝑧𝑧2)1 (𝑑𝑑𝑥𝑥2−𝑦𝑦2)1 configuration and, therefore, agrees well with the HS 
𝑑𝑑8 configuration suggested by the NEXAFS analysis. Furthermore, the XMCD signal and 
the magnetic moments obtained by the sum rule analysis corroborate the electronic 
structure with two unpaired electrons below (or holes above) the Fermi level. 

The DFT calculations also revealed substantial differences in the calculated intramolecular 
bond lengths. For NiTPP/O-Cu(100), the relaxed geometry of the molecule is typical of the 
conjugated porphyrin macrocycle in the gas phase state (~ 1.39 Å for C-N bonds) 
[142,143]. Instead, when NiTPP is in direct contact with copper, the bond lengths vary due 
to the strong hybridization. With a bond length of 1.44 Å at the conjugated porphyrin 
system, it is clearly elongated and rather typical of a single bond character. This can be 
ascribed to the filling of the formerly unoccupied antibonding π∗ states in the course of the 
charge transfer, as they are predominately located at the macrocycle. The DFT optimized 
structure after adsorption of the NO2 molecule is shown in Figure 38 (a). Ligation by the 
additional NO2 ligand causes only slight changes in the NiTPP adsorption structure. This 
is indicated by the DOS projected onto the macrocycle of the molecule, shown in Figure 
38 (b). In the range of -1.5 eV up to around 2 eV around the Fermi level, only minor 
differences between the PDOS of the two systems (with and without NO2) can be seen. 

Experimentally, this scenario is further confirmed by NEXAFS measurements at the N K-
edge of the two systems. The NEXAFS spectra for both systems acquired in an s- and p-
polarization geometry, respectively, are shown in Figure 39. The spectrum of the pristine 
NiTPP/Cu(100) interface obtained with p-polarized light (black, top) mainly features three 
components, BN, CN, and DN, at photon energies of 398.7 eV, 400.6 eV, and 401.6 eV, 
respectively. These features were previously assigned to π∗ resonances associated with N 
1s→LUMO/LUMO+1 and LUMO+3 [14,90] and, thus, are barely visible in the s-pol 
spectra due to the flat absorption geometry of the macrocycle, as discussed in section 5.2.3. 
After NO2 ligation, a new feature appears around 402.3 eV with a shoulder at 401.5 eV. 
This feature, labeled ENO2, can be assigned to the π∗ resonance of NO2 [138,139]. This 
resonance is barely visible in the spectrum acquired with s-polarized light, providing further 
evidence that the NO2 molecule adsorbs in a “V” shaped configuration with a mainly 
upward pointing N-O bond, as already suggested by the IRAS measurements and DFT 

Figure 38) (a) Model of the DFT optimized geometry of NO2-NiTPP/Cu(100). (b) DOS projected onto the 
NiTPP macrocycle for NiTPP/Cu(100) and NO2-NiTPP/Cu(100). Around EF, only minor NO2-induced deviations 
can be oberved. Figure adapted from [127]. 
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predictions above. Remarkably, after NO2 coordination, only a moderate increase of the 
resonances BN and CN can be observed. Hence, the charge transfer from the copper surface 
to the macrocycle vastly persists throughout the NO2 adsorption. 

The fact that DFT calculations and NEXAFS measurements unanimously indicate that the 
strong interaction between the substrate and the macrocycle is conserved proposes that 
almost exclusively the Ni atom is interacting with the NO2 molecule. Due to the surface-
trans effect, the Ni center is pulled away from the copper surface by 0.2 Å. However, the 
strong macrocycle-substrate interaction seemingly acts as a counterpart to this increase of 
the Ni-Cu distance. Remarkably, for other porphyrin-metal interfaces, the surface-trans 
effect was reported to lift the entire molecules away from the surface after adsorption of 
NO [38,40] and even ammonia (NH3) [10,144], which has an even weaker charge donation 
ability [126]. The absence of substantial changes in the porphyrin macrocycle leaves the 
NO2 molecule primarily responsible for causing the spin-switching. To support this 
hypothesis, we did a comparison between the DOS projected onto the NO2 for the strongly 
interacting NiTPP on bare Cu(100) and surface-decoupled NiTPP on O-Cu(100). It shall 
be emphasized that while the former system was successfully prepared in the experiment, 
there was no NO2 uptake by the NiTPP on the oxygen-reconstructed surface observed at 
room temperature. Therefore, the NO2-NiTPP complex on the O-Cu(100) surface is only a 
hypothetical system that serves as a reference for the interaction with a NiTPP molecule, 
which is only weakly influenced by the substrate. The corresponding PDOS are shown in 
Figure 40. 

Figure 39) N K-edge absorption spectra of NiTPP/Cu(100) 
(top) and NO2-NiTPP/Cu(100) (bottom). Figure adapted 
from [127]. 
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Comparing the PDOS of the two systems, it can be seen that only one spin channel of the 
NO2-NiTPP complex on the passivated O-Cu(100) surface has a significant contribution 
above the Fermi level. In contrast, there is no contribution above Fermi on the bare Cu(100) 
substrate. 

While the former is expected from the radical nature of NO2, the latter strongly suggests an 
electron uptake by the NO2 molecule. Remarkably, the electron uptake does not cause a 
gas-phase-like 𝑑𝑑8 LS configuration but an HS complex. This was similarly found for the 
NiTPP-L2 complex (L = piperidine) in solution, where the piperidine is coordinated to both 
axial coordination sites of the porphyrin molecule [41]. For the present system, DFT 
calculations suggest that the substrate and the NO2 molecules have a similar impact. Upon 
NO2 ligation, the Ni-Cu distance increases from a value of 1.85 to 2.05 Å, similar to the 
Ni-NO2 distance of 2.0 Å. Hence, the coordination of the Ni atom changes from a square-
based pyramid to an almost octahedral symmetry. As discussed in section 2.1, such a crystal 
field gives rise to an HS ground state configuration, as already observed for NiTPP-L2 
complexes [41,145]. 

Figure 40) DOS projected onto the NO2 molecule for the NO2-NiTPP/Cu(100) 
interface and a hypothetical NO2-NiTPP complex on the O-Cu(100) surface. 
Figure adapted from [127]. 
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5.3.4.    Interface properties 
After the electronic configuration of the Ni 3𝑑𝑑 shell and the adsorption geometry of the 
NO2 molecules were determined, the adsorption behavior of NO2 under more applicative 
conditions is tested as a next step. In this regard, an intricate understanding of the chemical 
properties of buried interfaces is of great importance to improve device performance, e.g., 
of photovoltaics [146]. To understand the effect of coverages above 1 ML, we injected 
small doses of NO2 stepwise into the chamber by a remote-controlled gas dosing system 
and followed the uptake for three different thicknesses of the NiTPP layer by IRAS. We 
prepared three samples, namely 1.0, 2.5, and 5.0 ML of NiTPP on Cu(100), and took an 
IRA spectrum after each dosing step. To single out changes associated with adsorbed NO2, 
the spectra are referenced to a background that was measured of the as-prepared NiTPP 
films. In Figure 41, the IRAS spectra of the three different samples taken after different 
dosing steps are plotted.  

Essentially, we observe the growth of the two signal components for symmetric O-N-O 
stretching νs(ONO) and an O-N-O bending δ(ONO) at 1320 and 800 cm-1 for all three 
samples. However, the peak height dependence on the dose significantly differs for the 
different NiTPP thicknesses. While after dosing NO2 to the 1.0 ML sample, a sharp feature 
with relatively high intensity is already visible after 2.72 L, the relative intensity of this 
peak is much lower for the 2.5 ML sample. In fact, even after a much higher dose of 20.64 
L, the relative intensity is still lower. For the 5.0 ML sample, this effect is even more severe. 

Figure 41) IRA spectra of three samples with NiTPP film thicknesses of 1.0 (left), 2.5 (middle), 5.0 (right) 
monolayers after different doses of NO2. Figure adapted from [127]. 
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The different peak height dependences on the NO2 dose of the three samples are visualized 
in Figure 42 using the example of the νs(ONO) component at 1320 cm-1.  

From the semilogarithmic plot, it can be seen that for increasing film thicknesses, the 
required doses to reach saturation drastically increases while the maximum intensity at 
saturation decreases. This behavior suggests that NO2 does not adsorb on the upper 
molecule layers, which have a Ni(II) oxidation state, but diffuses through the upper layers 
until it adsorbs on the first monolayer in the same “V”-shaped geometry as on the 
monolayer sample. Thus, the different growth rates are in line with the fact that Ni(II)TPP 
molecules, present from the second layer on, are inert to NO2. This also confirms the 
interpretation of the N 1s measurements of NiTPP/O-Cu(100) after exposure to NO2 
presented above (see Figure 32). In conclusion, the reactivity to NO2 is an interfacial 
property, which is preserved when the NiTPP/Cu(100) interface is buried in a multilayer 
sample. 

The possibility to selectively stabilize gas molecules even at the buried interface makes 
NiTPP/Cu(100) an interesting candidate for potential sensing applications. However, for 
many of these applications, it is necessary to restore the properties of the pristine interface 
by external stimuli [9,147]. A common means is the thermal annealing of such systems 
[10,40]. For the present system, we observe that by gentle annealing up to 390 K, the pure 
NiTPP film can be restored after NO2 adsorption. 

Figure 42) Peak height dependence of the νs(ONO) stretching 
mode on the NO2 dose for the three NiTPP film thicknesses. Figure 
adapted from [127]. 
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In Figure 43, STM images of the Ni(I)TPP/Cu(100) samples are shown after deposition, 
after exposure to 10 L of NO2, and after annealing at 390 K. 

As described above, after dosing the gas, bright protrusions appear at the center of the four 
bright lobes of a single NiTPP molecule. After annealing, these bright protrusions are 
replaced again by dark depressions, indicating desorption of the NO2 molecules. Moreover, 
some of the bright lobes associated with the peripheral phenyl rings turn dark. This 
phenomenon can be ascribed to a flattening [47], which will be investigated in detail in 
section 5.4. 

Figure 43) STM images of NiTPP/Cu(100) before (left) and after (middle) exposure to 10 L NO2, and after 
annealing (right) up to 390 K. A single NiTPP molecule is framed with a dashed white square to guide the 
eye. All images are acquired at 77 K. Image size 3x3 nm. The tunneling parameters are (left) Vb = -1 V, I = 
500 pA, (centre) Vb = +1 V, I = 200 pA, (right) Vb = -1 V, I = 200 pA. Figure reproduced from [127]. 
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5.3.5.    Conclusions 
Altogether, the results presented in this section suggest that the NiTPP/Cu(100) interface 
can be viewed as two mostly independent subsystems: the Ni center and the porphyrin 
macrocycle. 

The Ni center of the molecule mainly determines the spin state. Through the choice of a 
proper substrate, its oxidation state (and therefore also its spin configuration) can be 
precisely tuned. On the oxygen-passivated substrate, it retains its gas-phase-like (𝑑𝑑𝑥𝑥𝑥𝑥)2 
(𝑑𝑑𝑦𝑦𝑦𝑦, 𝑑𝑑𝑥𝑥𝑥𝑥)4 (𝑑𝑑𝑧𝑧2)2 (𝑑𝑑𝑥𝑥2−𝑦𝑦2)0 (S = 0) configuration. The previously found charge transfer 
changes the oxidation state from +2 to +1, leading to a (𝑑𝑑𝑥𝑥𝑥𝑥)2 (𝑑𝑑𝑦𝑦𝑦𝑦, 𝑑𝑑𝑥𝑥𝑥𝑥)4 (𝑑𝑑𝑧𝑧2)2 (𝑑𝑑𝑥𝑥2−𝑦𝑦2)1 
occupation with one unpaired electron (S = 1/2). Spin and oxidation state can be 
additionally tuned to a (𝑑𝑑𝑥𝑥𝑥𝑥)2 (𝑑𝑑𝑦𝑦𝑦𝑦, 𝑑𝑑𝑥𝑥𝑥𝑥)4 (𝑑𝑑𝑧𝑧2)1 (𝑑𝑑𝑥𝑥2−𝑦𝑦2)1 configuration by a modification 
of the crystal field in the form of NO2 coordination. Approximating the surroundings of the 
Ni ion with a Oh, C4v and D4h symmetry, the energetic order of the highest orbitals agrees 
with what would be expected from crystal field theory, as summarized in Figure 44. 

Instead, the second subsystem, i.e., the macrocycle, is only weakly perturbed by the 
interaction with the NO2 ligand. Thanks to the exceptionally strong molecule-surface 
interaction, the energy level alignment of the frontier orbitals that are mainly located at the 
macrocycle remains vastly unaltered, as shown in Figure 38 (b). 

In that sense, NiTPP/Cu(100) can be considered as a highly versatile platform for realizing 
multifunctional molecular units, as specific properties can be selectively addressed by 
deploying corresponding stimuli. The magnetic properties can (even at room temperature 
and in a buried interface) be tuned by NO2 coordination, whereas the charge carrier 
transport and optical properties could be controlled independently by electric fields or light. 

Figure 44) Energy splitting of the d orbitals of a transition metal ion in different crystal field symmetries. 
With nine electrons, the only singly occupied state is the energetically highest 𝑑𝑑𝑥𝑥2−𝑦𝑦2  orbital. With eight 
electrons, there are either two unpaired spins in an Oh symmetry or only paired spins in a D4h symmetry. 
The unperturbed d orbitals are shown at the right of the energy levels. 
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5.4. Stability against thermally induced chemical 
modifications 

It was shown in section 5.3 that the NiTPP/Cu(100) interface is an attractive candidate for 
potential applications: the adsorption of NO2 induces total spin switching from S = 1/2 to 
S = 1 without significantly changing the anisotropy. Many applications based on the 
absorption of small molecules at metal-organic interfaces require regeneration of the 
pristine interface. The axial coordination of small trace gases to self-assembled porphyrin 
arrays can open paths to conceivable applications in several fields, e.g., sensing [45], 
spintronics [6], and catalysis [148]. However, after binding the ligand, the possibility to 
restore the original electronic properties is vital for engineering non-degradable sensors, 
selective switching of the magnetic anisotropy, and the turnover of single-atom catalysts. 

One of the most common and effective means to remove small molecules bound to 
porphyrin arrays that are adsorbed on metallic substrates is temperature annealing 
[10,12,149]. In powders, porphyrin molecules can be annealed up to high temperatures 
without suffering from chemical modifications. When deposited on a surface, however, the 
molecule-substrate interaction drastically affects the thermal stability. On weakly 
interacting surfaces, the molecules may desorb before the coordinated ligand has been 
removed. On strongly interacting surfaces, the thermal decomposition of the molecules can 
lead to irreversible and uncontrolled changes of the molecular array, which is a major 
bottleneck for the use in high-temperature rated devices. On standard electrode templates, 
e.g., Cu, Ag, and Au, on-surface annealing was reported to promote the partial 
dehydrogenation of polycyclic aromatic hydrocarbons, which can lead to the formation of 
oligomers [150,151]. For porphyrins and phthalocyanines, several publications reported 
structural changes where the periphery of a molecule undergoes dehydrogenation and ring-
closing reactions [36,152,153] and commit bonding to the macrocycle of the molecules 
[34,64,94,154,155]. Once the electronic structure is changed, this can lead to 
macroscopically detectable changes. This was observed for Fe octaethyl porphyrin on an 
Au(111) substrate, for which the temperature-induced cyclodehydrogenation leads to an 
irreversible modification of the effective spin moment [35]. 

This section investigates the thermal stability against structural changes, which is key to 
the reversibility of such processes. Since it was already shown that the Ni(I) oxidation state 
is a necessary condition for the reactivity to NO2, the conservation of this re-oxidized state 
upon annealing up to 620 K is tested. 
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5.4.1.    Molecular unit cell 
First, the topography of the molecular film is examined by means of STM. Constant-current 
STM images of the as-deposited NiTPP/Cu(100) surface and after two additional annealing 
steps are shown in Figure 45 (a). Immediately after deposition, a single NiTPP molecule 
appears as the familiar four bright lobes with a dark depression in the center, as shown in 
the previous section. Subsequently, the sample temperature was increased to 420 K for 5 
minutes. After waiting for the sample to cool down back to room temperature, some lobes 
have a reduced contrast in the STM images taken at 77 K. After another annealing step to 
530 K for 5 minutes and subsequent cooling time, the share of dimmed phenyls increases. 
The contrast polarity is independent of the bias and tunneling current. A statistical analysis 
of large-scale STM images revealed that after annealing up to 420 K, 51 ± 7 % of the 
phenyls have a dimmed intensity which increased after the second annealing step (530 K) 
to 87 ± 9 %. There is no particular observable order in the decrease in intensity, but the 
pristine and modified phenyls (bright and dim, respectively) are randomly distributed, i.e., 

there is no preference for single molecules observable. Also, no systematic influence on the 
contrast of neighboring NiTPP molecules can be observed. Such a decrease in the contrast 
was already observed on copper [64,94,156,157] and silver [154,155,158] substrates and 
ascribed to a flattening due to partial dehydrogenation and subsequent ring-closure 
reactions. However, NiTPP molecules are expected to have a larger footprint with four 
peripheral phenyl groups aligned coplanar to the macrocycle ring. Thus, the distance 

Figure 45) (a) STM images of NiTPP/Cu(100) after deposition and after two subsequent annealing steps. The 
images have a lateral size of (5.0 x 5.0) nm2 and were acquired at 77 K with tunneling parameters of left: Vb 
= -1.5 V, I = 50 pA, center: Vb = -0.8 V, I = 100 pA, right: Vb = -0.5 V, I = 500 pA. A ball-and-stick model of an 
adsorbed NiTPP molecule is superimposed to the STM image of the as-deposited NiTPP film. (b) LEED images 
of the as-deposited NiTPP/Cu(100) surface and after two annealing steps to 480 K and 520 K, respectively. 
The images were acquired at electron energies of 20 eV. Figure adapted from [47]. 
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between adjacent molecules is expected to increase in this scenario due to the steric 
interactions. For different flat conformations reported in the literature, e.g., on silver, the 
spiral, rectangular, and hybrid conformation [154,155,158], this was reported to affect the 
surface phase density and symmetry [159]. In our STM images (Figure 45), neither a 
change in the molecular footprint nor in the density is visible. To confirm the latter, we 
performed additional LEED measurements after deposition and after two similar annealing 
steps to 480 K and 520 K, as shown in Figure 45 (b). The LEED patterns after each 
annealing stage are in agreement with the previously reported (4, 3/ -3, 4) and (3, 4/ 4, -3) 
superstructures [13] and do not change upon annealing, thus, excluding a surface phase 
symmetry transition. This preservation of the surface phase symmetry contradicts a base 
area enlargement that was previously observed for similar molecules that were reported to 
undergo a complete flattening through ring-closing reactions upon annealing [155]. 

As both STM and LEED lack an element-specific chemical sensitivity, the results so far 
cannot directly determine whether the reason for the decreasing STM contrast at the 
molecular periphery is a structural or a conformational modification of the molecule. To 
shed light on this, we performed additional XPS measurements, as the element-specificity 
of this technique allows the evaluation of changes in the chemical environment of a selected 
atom species. 
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5.4.2.    Modification of the peripheral substituents 
As the peripheral substituents mainly consist of carbon atoms, we will first discuss the C 
1s core-level spectra shown in Figure 46 (a). Upon stepwise annealing up to 470 K, the C 
1s spectrum undergoes severe line shape changes, whereas the total peak area is conserved. 
Directly after deposition, the C 1s spectrum has a main peak at a binding energy of 
approximately 285 eV and a pronounced shoulder at around 284 eV. After each annealing 
step, the intensity of the high BE feature reduces, while the intensity at lower binding 
energy increases. Notably, the total area below the C 1s peak stays constant. In order to 
interpret the changes in the core-level spectrum, a fit assuming four different contributions 
was performed. The 44 C atoms in the NiTPP molecule can be divided into four subgroups, 
each representing a chemical environment. As can be seen in Figure 46 (b), there are 24 
phenylic (yellow), 4 meso-bridges, 8 C-C-N pyrrolic, and 8 C-C-C pyrrolic carbon atoms. 
The total spectrum can be reasonably fitted with a multi-peak Voigt function by fixing the 
area ratio of the four components according to the number of carbon atoms in each chemical 
environment. The resulting energy alignment of the four components, i.e., the binding 
energies of 285.1 ± 0.1 eV (phenylic), 284.0 ± 0.1 eV (meso bridge), 285.2 ± 0.1 eV (C-C-
N), and 284.6 ± 0.1 eV (C-C-C), agrees with the results for a ZnTPP molecule on Si(111) 
obtained by Castellarin-Cudia et al. [160]. The changes in the line shape can be reproduced 
by introducing a fifth component at 284.4 ± 0.1 eV. While the binding energies and line 

Figure 46) (a) C 1s XPS spectra of NiTPP/Cu(100) interface after deposition and after different annealing 
steps. The spectra were measured in a normal emission geometry with a photon energy of hν = 515 eV. The 
spectra were fitted with five Voigt profile components representing the four different carbon environments 
highlighted in (b) and a fifth component representing the carbons located at modified phenyls as described 
in the main text. Figure adapted from [47]. 
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shapes of the three other components (meso bridge, C-C-C, and C-C-N) were kept constant, 
the data could be reasonably fitted only by reducing the peak area of the unmodified phenyls 
by the same amount by which the component of the modified phenyl species grows. This 
suggests that the arising feature in the XPS measurements can be assigned to the fraction 
of phenyl rings that are subject to the temperature-induced changes seen in the STM images 
in Figure 45. After annealing to 470 K, the component of the pristine phenyl rings has 
vanished, and the corresponding area has been transferred to the component representing 
the modified phenyl rings. The conservation of the total area below the two components 
suggests that the moieties remain intact and do not undergo (partial) dehydrogenation. The 
fact that the transformation seems to be completed after annealing to 470 K, while there are 
still bright phenyls in the STM images after annealing to 530 K, can have two reasons. On 
the one hand, the STM images and XPS spectra were measured in two different 
experimental setups having thermocouples in different locations, which generally deviate 
differently from the temperature directly at the sample surface. On the other hand, the 
remaining share of the pristine phenyls might still exist but fall below our sensitivity limits. 

In addition to the decomposition of the molecule, we can also exclude the formation of C-
Cu bonds between phenylic carbons and the surface atoms, as they would give rise to a 
characteristic XPS component around 283.2 eV, as was reported for other compounds 
[161]. A repetition of the XPS measurement revealed that the transition of the phenyls from 
their pristine to their modified state is irreversible on a time scale of around 24 hours. 

The difference in binding energy between the components of the pristine and the modified 
phenyls of approximately 0.7 eV appears to be too large for a purely screening-related 
effect caused by the decreased phenyl-substrate distance. Alternative options are a charge 
transfer from the macrocycle to the phenyls and a structural modification affecting the 
aromatic structure of the whole molecule. 

For further insights on the chemical structure, the 𝑘𝑘∥ -integrated valence band 
photoemission intensities, as shown in Figure 47, are discussed next. Starting with the clean 
copper substrate, a featureless plateau up to the onset of the 𝑑𝑑 bands around a binding 
energy of around 1.8 eV can be observed, as previously reported [13]. Upon deposition of 
1 ML of NiTPP, three molecular fingerprints appear, two of which (around 0.4 and 1 eV) 
are also visible in the integrated spectrum [13]. A first annealing step up to a temperature 
of 570 K does not strongly affect the spectrum. A slight intensity enhancement of the VB 
region, especially of the feature at 0.4 eV, is observed. Beyond 620 K, the VB spectrum 
starts to change. The two components gradually lose intensity, indicating a stepwise 
decomposition of the adsorbed molecules. The two features are entirely gone after 
annealing to 720 K, indicating that the decomposition is complete. 
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This is also confirmed by the C 1s XPS spectra in Figure 47 (b). Up to 620 K (red spectrum), 
the spectral line shape already measured after annealing to 470 K (see Figure 46) does not 
undergo further changes. After annealing to 650 K (blue spectrum), the line shape and the 

total area start to change. Especially the high binding energy shoulder starts to lose 
intensity. After annealing up to 720 K, the shoulder is much less distinct, and another 
feature appears at the low binding energy side. Together, this results in one broad C 1s 
feature with contributions of carbon atoms in several different chemical environments, 
which cannot be identified individually anymore. This is in line with the vanished peaks in 
the valence band spectrum after annealing to 720 K, as the molecular orbitals do not exist 
in their pristine form (i.e., as in the as-deposited layer). 

Even though the valence band and C 1s spectra already provide a first indication of when 
the decomposition of the molecular layer starts, the question of whether a chemical change 
of the molecule takes place remains open at this juncture. To answer that, we performed 
additional PT measurements, which allow us to directly probe the electronic structure of 
the macrocycle. In the past, PT has already been utilized for the identification of molecular 
orbitals [13,162–165] or even for the retrieval of wavefunctions by combining it with 
computational procedures [166,167]. In the experiment presented here, we measured the 
𝑘𝑘∥-resolved momentum maps at the valence band of the pristine NiTPP film and after 
several annealing steps to temperatures ranging from 570 to 720 K. Notably, PT has already 
proven to be a suitable tool for identifying possible intermediate reaction products. 

Figure 47) (a) Angle-integrated valence band photoemission spectra of NiTPP/Cu(100) after different 
annealing steps acquired at a photon energy of 35 eV. (b) C 1s XPS spectra at different annealing steps. The 
spectra were measured in a normal emission geometry and a photon energy of hν = 515 eV. Figure adapted 
from [47]. 
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Relevant examples include thermally induced dehydrogenation and subsequent bond 
formation between carbons atoms of a molecule and copper surface atoms [55], as well as 
dehydrogenation followed by a ring-closure reaction of cobalt octaethyl porphyrins [56]. 

To understand whether the changes upon annealing are associated with structural changes, 
the momentum maps of a frequently reported reaction product for tetraphenyl porphyrins 
[64,154,155] with a fourfold rotational symmetry were calculated within the framework of 
DFT. The theoretically calculated momentum patterns of nickel benzotetracyclopenta[at, 
ef, jk, op] porphyrin (hereafter abbreviated as dh-NiTPP), where the phenyl rings are fused 
with the macrocycle, are calculated and compared to the known [13] NiTPP maps 
subsequently. Ball-and-stick models of a NiTPP and a dh-NiTPP molecule are shown in 
Figure 48. 

Figure 48) Ball-and-stick models of a NiTPP (left) and a dh-NiTPP molecule (right). 
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Initial comparison of the simulated momentum maps of the gas-phase molecules in Figure 
49 reveals that there are differences expected between the 𝑘𝑘∥ -resolved valence band 
intensities for NiTPP and dh-NiTPP. Ball-and-stick models of the molecules left to the 
maps indicate what can be seen in the corresponding row. In the rows next to panels (a) and 
(c), the maps of a single NiTPP and dh-NiTPP molecule can be seen, respectively. When 
deposited onto Cu(100), the molecules self-assemble into two rotational domains. Both the 
rotational domains and the molecular N-Ni-N axes within these two domains are mirrored 
by ± 8° with respect to the [100] direction of the copper substrate [13]. As photoemission 
measurements generally probe a sample area that contains both domains, the signal is 
averaged over the two azimuthal orientations. To take this into account, the theoretical 
maps for both molecules are rotated by ± 8°, and the sum of both orientations is calculated 
so that they can be directly compared to the experimentally obtained maps. For NiTPP, the 
so-obtained maps are shown in the rows next to panel (b). As dh-NiTPP is additionally 
chiral, the two chiralities also have to be superimposed for each rotational domain. The row 
next to panel (d) shows the superposition of both rotational domains, each of which contains 
molecules in both chiralities. 

Figure 49) Simulated momentum space patterns of NiTPP and dh-NiTPP. The rows next to the panels (a) and 
(c) are Fourier transforms of the molecular orbitals of a single molecule. The rows next to the panels (b) and 
(d) result from a superposition of all experimentally observed azimuthal orientations and, for dh-NiTPP, all 
possible chiralities. Figure adapted from [47]. 
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Aside from the mismatch in a one-to-one comparison between the molecular orbitals 
(panels (b) and (d)), there are also pronounced differences in the energy level alignments 
of the two gas-phase molecules. As shown in Figure 50, the HOMO-LUMO gap is 
significantly smaller for dh-NiTPP due to a delocalization of the π electrons over the whole 
molecule. Moreover, unlike the situation in NiTPP, the HOMO and HOMO-1 are not 
degenerate in dh-NiTPP. It shall be noted that the molecular orbitals, and thus also their 
energy level alignment, is generally modified upon adsorption on metallic substrates, as 
observed for NiTPP/Cu(100) [13]. However, there is no apparent reason to assume that the 
level alignment is more similar for the adsorbed molecules than for the gas-phase 
molecules. 

Having discussed the differences of the theoretically simulated orbitals, a direct comparison 
of the experimental momentum maps of NiTPP/Cu(100) before and after annealing to 620 
K, i.e., the highest temperature before decomposition is done now. The measured 
momentum patterns are shown in Figure 51 (a). The exact match between the momentum 
patterns before and after annealing is a sign that no ring-closing reaction takes place at 
temperatures up to 620 K. Such chemical modifications would cause essential changes in 
the symmetry and 𝑘𝑘-space appearance of the molecule and, thus, be detectable in PT. 

This is further illustrated in Figure 51 (b) by a direct comparison of the experimentally 
observed momentum patterns to their simulated counterparts in dh-NiTPP. Even after 
accounting for the existing chirality and rotational domains, the measured HOMO-1, 

Figure 50) Orbital energies of (a) NiTPP and (b) dh-NiTPP resulting from gas phase DFT calculations. The 
momentum patterns of the molecular orbitals ranging from the HOMO-1 up to the LUMO+3 are displayed 
next to the orbital energy diagram. Figure adapted from [47]. 
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LUMO/+1, and LUMO+3 substantially differ from the corresponding molecular orbitals in 
dh-NiTPP. 

Figure 51) (a) Experimental momentum maps acquired after deposition of NiTPP atop Cu(100) and after 
annealing up to 620 K. (b) Theoretically computed momentum maps of NiTPP (bottom) and dh-NiTPP (top). 
Insets on the right side of the maps show ball-and-stick models of the corresponding molecules. Figure 
adapted from [47]. 

As the PT results exclude structural changes of the molecule, the question of what 
ultimately causes the changes in the STM images and XPS spectra upon annealing still 
remains to be answered. As mentioned previously, NEXAFS is a valuable tool to provide 
information about the electronic structure and the orientation of molecular orbitals. 
Therefore, we compare the N and C K-edge spectra before and after annealing in Figure 
52. 

Figure 52) NEXAFS spectra of NiTPP/Cu(100) at the (a) N and (b) C  K-edge, respectively, acquired with s- and 
p-polarized light. The spectra of the as-deposited (annealed) sample are shown in the bottom (top) of the 
panels. Figure adapted from [47]. 
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Upon annealing, the overall dichroism, i.e., the difference in absorption of s- and p-
polarized light, does not change in the N K-edge spectra in Figure 52 (a). However, the 
intensity of the two π-symmetry resonances at 398.7 and 401.5 eV related to the N 1s → 
LUMO/+1 and LUMO+3 transitions slightly decreases. As already discussed in sections 
5.2.2 and 5.2.3, a similar behavior has been observed in the comparison of a monolayer 
NiTPP in direct contact with copper, where charge transfer takes place, to the multilayer 
and oxygen-modified system, where the charge transfer is quenched [90]. Therefore, the 
intensity decrease of the two features can be ascribed to an enhanced charge transfer from 
the substrate, whereas the similar dichroism indicates that the macrocycle remains flat and 
parallel to the surface. The enhanced charge transfer is also in line with the intensity 
increase of the valence band feature at 0.4 eV in Figure 47 (a). 

In contrast to the N K-edge spectrum, considerable changes of the dichroism can be 
observed in the C K-edge spectra upon annealing. The feature at 285.1 eV can be mainly 
associated with a π∗  resonance due to excitation to orbitals located in the phenyl rings 
[103]. Therefore, the intensity ratio for the two different polarizations can be used to 
estimate the average angle between the axis of the π∗ orbital located at the phenyl rings and 
the surface normal, as already demonstrated in section 5.2.2. On average, the phenyl rings 
are rotated by 72° ± 5° out of the plane right after adsorption at room temperature. After 
completion of the thermal transition, this value decreases to 62° ± 5°. This decrease 
indicates a flatter conformation of the phenyl rings. However, as mentioned in sections 2.1 
and 5.2, two angles (tilt and twist) are required to describe the phenyl conformation 
unambiguously, and the contributions of these two angles to the flattening of the phenyls 
cannot be deconvoluted exclusively based on the presented NEXAFS data. 

It shall be noted that, aside from a reorientation of the molecular orbitals, the temperature-
induced changes in the NEXAFS spectra can also be caused by modifications of the charge 
transfer. This includes potential changes of the charge transfer from the substrate to the 
molecule or between different parts of the molecule. A helpful means to get insights into 
this charge rearrangement is the NEXAFS signal acquired under the so-called magic angle 
of incidence, which is 54.7° for threefold or higher substrate symmetry [68]. Under this 
angle, the measured intensity distribution is independent of the molecular orientation and, 
therefore, mainly determined by changes in the electronic structure [68]. Under the 
assumption of perfectly linearly polarized light, the absorption intensity acquired under the 
magic angle can be calculated from a linear combination of the spectra measured in s- and 
p-polarization, i.e., 𝐼𝐼magic angle = 𝐼𝐼𝑝𝑝 + 2𝐼𝐼𝑠𝑠 . Figure 53 shows the C K-edge NEXAFS 
spectrum under the magic angle of incidence obtained by this relation. 
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Selected features in the spectra are labeled according to whether they are mainly localized 

at the phenyl rings or the macrocycle. While the features associated with resonances of 
orbitals at the macrocycle barely change upon annealing, more evident changes can be 
observed for the phenylic features. Both phenyl-related features experience a substantial 
intensity reduction upon annealing, suggesting an enhanced charge transfer to the 
peripheral substituents [111]. This is also supported by the shift in photon energy of the 
feature around 289 eV. Together with the core-level shift of the phenyl component in the 
C 1s spectrum, this provides evidence that the change of the STM contrast also has an 
electronic origin. 

In addition, the NEXAFS data also exclude the formation of C-Cu bonds, as this would 
give rise to a characteristic π∗  resonance at 288.1 eV, as reported for para-phenylene 
polymerization on copper [161]. 
Remarkably, the data presented so far consistently point toward conformational instead of 
structural changes of the molecule. As this behavior might seem contradictory to what has 
been observed for multiple other porphyrin-metal combinations, we try to contextualize our 
findings into the literature. 

Generally, the energy barrier for a complete flattening is mainly determined by two 
parameters: the degree of flexibility of the macrocycle and the interaction strength with 
neighboring molecules. Concerning the flexibility of the macrocycle, the following was 
observed: the macrocycle is more flexible on rather inert substrates, such as Ag, than on 
the more reactive Cu surfaces. Accordingly, cyclodehydrogenation was observed for 
temperatures well beyond 500 K on different Ag surfaces [34,154,158]. It was also 
observed on Ag substrates that higher temperatures are required for metalated TPP than for 
free-base TPP molecules, as their macrocycles are more rigid [155,168]. Hence, a higher 
rigidity leads to enhanced reaction temperatures. Regarding the choice of the substrate, it 
was reported for the more close-packed Cu(111) surface that the cyclodehydrogenation is 
completed at temperatures between 570 and 590 K [18]. Generally, the surface reactivity 

Figure 53) Magic angle C K-edge NEXAFS spectra of NiTPP/Cu(100) before (yellow) and 
after annealing (black). Selected spectra are labeled according to the molecule moiety they 
are predominantly localized at. Figure adapted from [47]. 
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and, closely related, the charge transfer is higher for the more open Cu(100) surface due to 
its local undercoordination [26]. Thus, a high charge transfer seemingly stabilizes the 
molecules against cyclodehydrogenation. With reference to the intermolecular interaction, 
it was found that for higher coverages, higher temperatures are required to induce 
cyclodehydrogenation [64]. This can be ascribed to the additional phenyl-phenyl 
interaction in molecular islands [64]. 

Assuming that the transformation in NiTPP/Cu(100) behaves kinetically like a first-order 
reaction, an order of magnitude estimate of the activation barrier can be obtained from a 
Redhead analysis [169]. From the two components representing pristine and modified 
phenyls in the C 1s spectrum, the share of converted phenyls can be plotted against the 
temperature, as shown in Figure 54. Since the relationship between the activation energy 
and the temperature of the maximum reaction rate Tmax rate is constant for a wide range of 
rate constants and temperatures [169], we can estimate the activation barrier to ± 20 % 
[170] as 0.25 kJ / (mol K) · Tmax rate = 0.25 kJ / (mol K) · 400 K ≈ 1.04 ± 0.21 eV. In 
agreement with all the data above that are in contradiction to a chemical modification, this 
value is significantly smaller than typical barriers reported for a complete flattening, 
including dehydrogenation [171,172]. 

An attempt to estimate the energy required for a simple twist of the phenyl substituents can 
be made using literature data. For this, we consider the intramolecular (phenyl-macrocycle) 
and intermolecular (phenyl-neighboring phenyl) steric forces. For a phenyl twist from 50 
to 70° in isolated CoTPP and ZnTPP molecules with a perfectly flat and rigid macrocycle, 
similar to the present case, DFT calculations predicted an energy cost of slightly above and 
slightly below 0.1 eV, respectively [20]. Therefore, we assume that this value is around 0.1 
eV for NiTPP. Note that this value is expected to increase when the molecule is adsorbed 
on a surface, as this causes an additional upward bending (tilting) in the present system 
[13]. 

The energy cost due to phenyl-phenyl interaction can be approximated with the value of 
0.1 eV for a T-shaped arrangement of two benzene rings, as the phenyls are in a similar 

Figure 54) Share of the component of modified phenyls in C 1s Figure 46 
plotted as a function of the temperature (green markers). The inflection 
point was determined by calculating the first derivative (blue line). 
Figure adapted from [47]. 
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face-to-edge configuration in NiTPP/Cu(100) [13]. Thus, considering that one molecule 
has four phenyl rings, additional costs of 0.4 eV can be assumed. Hence, a lower limit of 
0.5 eV can be estimated for the total energy barrier of twisting the phenyls in a free-standing 
layer. The difference to our value of 1.04 ± 0.21 eV from the Redhead analysis above likely 
originates from the neglect of the surface and, in particular for the present system, the 
related charge transfer. 

 
5.4.3.    Nickel oxidation state 

Since in section 5.3 the Ni(I) oxidation state was shown to be an essential prerequisite for 
the reactivity of the molecule, the effects of the annealing on the central nickel ion needs 
to be examined. For this, we first discuss the Ni 2p3/2 core-level spectrum in Figure 55. 

The binding energy of 853.15 eV is a fingerprint of the Ni(I) oxidation state [14]. Even 
though the oxidation state cannot be determined solely from the core-level spectrum, the 
match of the binding energies and line shapes before and after annealing is a first indication 
for the preservation of the substrate-induced Ni(I) state. The Ni L3-absorption spectra in 
Figure 56 further support this. 

Figure 55) XPS spectra of the Ni 2p3/2 core level of NiTPP/Cu(100) 
before and after annealing to 470 K. The spectra were measured in 
a normal emission geometry with a photon energy of hν = 1020 eV. 
Figure adapted from [47]. 
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In agreement with the XPS measurements, the spectra before and after annealing have a 
similar line shape. As mentioned in the previous section, the single-peak structure of the 
σ∗ -type main feature at 852.4 eV is characteristic of the Ni(I) oxidation state [14]. 
Furthermore, the agreement of line shape and energy position before and after annealing 
excludes the replacement of the central Ni atom by a Cu surface atom. In particular, the 
conservation of the dichroism unequivocally rules out such a replacement of the central ion. 
This process, also referred to as transmetalation, 
was previously observed at increased temperatures 
[173,174]. The effect of the annealing on the direct 
environment of the nickel atom can be examined 
from the N 1s core-level spectrum after different 
annealing steps, as shown in Figure 57.  

After every annealing step, the N 1s spectrum 
shows a single component. This is expected for 
metalated porphyrin molecules, in which the four 
N atoms are in chemically equivalent 
environments. Thus, the concentration of 
impurities, e.g., by non-metalated free-base 
porphyrins (2HTPP), is below our experimental 
sensitivity. After annealing up to 420 K, a small 
peak shift by less than 0.1 eV toward lower 
binding energy can be observed, whereas the 
overall line shape remains unchanged. Such a 
small core-level shift suggests that the chemical 
surrounding of the nitrogen atoms after annealing 
is similar to the one in the as-deposited NiTPP 
layer. Possible explanations include an increase in 
the charge transfer from the substrate and a 

Figure 56) NEXAFS spectra at the Ni L3-absorption edge for NiTPP/Cu(100) before 
and after annealing up to 490 K, measured with s- and p-polarized light. Figure 
adapted from [47]. 

Figure 57) N 1s XPS spectra of NiTPP/Cu(100) 
after deposition and after different annealing 
steps. The spectra were measured in a normal 
emission geometry with a photon energy of 
hν = 515 eV. Figure adapted from [47]. 
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decrease in the distance between the N atoms and the surface. The former is also in line 
with the quenching of the N 1s → LUMO/+1 and LUMO+3 transitions in the N K-edge 
NEXAFS spectrum presented above. However, it shall be noted that cyclodehydrogenation 
cannot be excluded merely from these XPS results since it typically does not manifest in 
the N 1s core-level spectra [94,157,158]. 

 
5.4.4.    Conclusions 

In summary, the consistency of the presented data allows a number of conclusions about 
the behavior of the strong metal-molecule interaction at the NiTPP/Cu(100) interface upon 
annealing. STM reveals a gradual, irreversible transformation upon annealing to 
temperatures starting from 420 K. A surface phase change, however, can be excluded from 
both STM and LEED. Crucially, the highly reactive Ni(I) oxidation state is preserved 
throughout the whole temperature-induced transition up to the limit of thermal 
decomposition at 620 K. According to PT, even the peripheral substituents do not undergo 
chemical modifications, resulting in a conservation of the overall electronic structure of the 
molecules. 

Since this is clearly in contrast to previous experiments on similar pairs of porphyrins and 
metal substrates, we tried to answer what ultimately prevents the cyclodehydrogenation. 
After estimating the energy and analyzing the driving mechanisms in comparable systems, 
the presented data consistently point towards the surface-pinning as the ultimate reason for 
the stability against thermally induced chemical changes. By preventing any lateral 
displacement of the NiTPP molecules, the pinning ensures the conservation of the 
catalytically valuable Ni(I) oxidation state up to the point of molecular decomposition. 
Thus, the Ni(I)TPP/Cu(100) interface offers perspectives for thermally resistant catalysts, 
sensors, or spintronic building blocks, where annealing cycles up to 620 K can be used to 
restore the reactivity of the molecular layer. 
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6. Conclusions 
Starting from NiTPP deposited onto the Cu(100) surface as a model system, two strategies 
to tune and manipulate the chemical and physical properties of this system were 
investigated in this thesis. The first approach aimed at quenching the charge transfer by 
means of a pre-oxidization of the copper surface. In the second approach, a reversible spin-
switching transition of the central nickel atom was induced at room temperature. 

The molecular self-assembly on the oxygen pre-exposed copper (O-Cu(100)) surface was 
characterized by LEED and STM. By means of PT and NEXAFS, we found that the charge 
transfer was indeed quenched: in contrast to the plain NiTPP/Cu(100) interface, the features 
associated with the LUMO/+1 and LUMO+3 cannot be observed via PT, and the LUMO+2, 
which is accessible via NEXAFS is also at the expected position. Moreover, a clear dichroic 
x-ray absorption signal reveals a preferential orientation of the molecule. As a definite 
advantage to a multilayer spectrum, where the molecules are randomly ordered, this enables 
the identification of molecular orbital symmetries. Due to the preservation of the gas-phase-
like Ni(II) oxidation state, the Ni(II)TPP/O-Cu(100) interface can be considered as a 
reference system with molecules that are weakly perturbed by the surface but still grow in 
an ordered fashion. 

With the help of this reference system, we found that the Ni(I) oxidation state is a 
prerequisite for the extremely high reactivity of the Ni(I)TPP/Cu(100) interface to NO2, as 
we did not detect any sign of adsorption on the Ni(II)TPP/O-Cu(100) interface. The Ni(I) 
atom in the reduced Ni(I)TPP, instead, binds the NO2 molecule even in the buried interface.  

Regarding the adsorption geometry, both IRAS and NEXAFS revealed a “V” shaped 
configuration of the NO2 molecule that was supported by theoretical calculations. 

For the Ni(I)TPP/Cu(100) surface, x-ray absorption measurements suggest that the NO2 
adsorption induces a transition from a 3𝑑𝑑9 to a 3𝑑𝑑8 configuration with two unpaired 
electrons. The three different 3𝑑𝑑 shell configurations (𝑑𝑑9 for Ni(I)TPP/Cu(100), LS 𝑑𝑑8 for 
Ni(II)TPP/O-Cu(100), and HS 𝑑𝑑 8 for NO2-Ni(II)TPP/Cu(100)) were confirmed by the 
corresponding projected densities of states obtained by DFT. Instead, the electronic 
structure of the macrocycle remains almost unaffected by the NO2 adsorption. Hence, the 
Ni(I)TPP/Cu(100) system can be viewed as two mostly independent systems. While the 
central Ni atom mainly carries the spin moment and therefore the magnetic properties, the 
macrocycle contains the frontier orbitals which determine the optical and transport 
properties. 

An annealing cycle up to 390 K is sufficient to remove the adsorbed NO2 molecules and to 
restore the pristine Ni(I). After that, a flatter conformation and an increased substrate 
interaction of the peripheral phenyl rings could be observed. Nevertheless, the molecule 
was found to be stable against chemical modifications up to the limit of thermal 
decomposition (620 K), as shown by PT and NEXAFS. Additionally, evidence is found for 
an overall increase in the charge transfer from the substrate to the molecule and an 
intramolecular electron rearrangement from the macrocycle towards the phenyl substituents 
upon annealing. After an estimate of the energy costs at play, the presented data consistently 
point towards a pinning of the molecules due to the strong molecule-substrate interaction 
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as the underlying reason for the high thermal stability. This paves the way for thermally 
highly resistant building blocks in the fields of heterogeneous catalysis or gas sensing. 

This work has improved the understanding of the implications of the charge transfer at the 
Ni(I)TPP/Cu(100) interface and suggests mechanisms to selectively tune the electronic and 
magnetic properties of this system to meet application-specific requirements. Moreover, 
technologically relevant insights regarding the thermal stability and the behavior of the 
buried interface have been gained. This can help to bridge the gap between fundamental 
research on metal-organic interfaces under precisely controlled laboratory conditions and 
their use in more applicative environments. 
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7. Outlook 
The results discussed in this thesis suggest significant differences between the strongly 
hybridizing NiTPP/Cu(100) and the weakly coupled NiTPP/O-Cu(100) interface 
concerning the reactivity and the magnetic properties of the molecule. Therefore, the 
insights gathered about these systems can build a base to address fundamental problems 
like the charge injection and relaxation dynamics at these model interfaces. Time-resolved 
photoemission spectroscopy has proven to be a suitable means to investigate such 
characteristics [175,176]. Recent experiments have shown that combining high harmonics 
generation (HHG) and momentum microscopy paves the way for an extension of this 
technique to the space domain by capturing the full momentum-space distribution of 
unoccupied molecular orbitals [114]. While HHG provides probe photon energies that 
allow photoemission of electrons with high parallel momenta, momentum microscopy 
enables their detection. In combination with the electronic decoupling by the oxygen 
interlayer, the NiTPP/O-Cu(100) interface presented in this thesis is an exciting candidate 
for time-resolved orbital tomography. On the bare copper substrate, strong hybridization 
with the NiTPP molecules might lead to decay times of excited electronic states beyond the 
fs regime, making this process inaccessible with current state-of-the-art laser systems. 
Nevertheless, a comparison of NiTPP/Cu(100) before and after the functionalization with 
NO2 might induce more localized states which generally have longer lifetimes [7]. Aside 
from the emergence of electronic states localized at the NO2 molecule itself, a decoupling 
of the NiTPP molecule from the metal substrate due to the surface-trans effect could open 
pathways for investigating the relaxation mechanisms at metal-organic interfaces. 

Moreover, the fact that NO2 also binds to the buried monolayer might offer the possibility 
for optical measurements in (near-) ambient pressure conditions to further explore the 
applicative potential of this interface. The results in this thesis demonstrate that the 
electronic structure of the NiTPP macrocycle is barely changed by the functionalization of 
NiTPP with NO2 molecules. As the energy level alignment of the frontier orbitals ultimately 
determines the optical properties of the molecule, the absence of any changes suggests that 
the optical properties remain vastly unaffected by the on-top ligation. All-optical 
measurements provide a means to prove that directly. The high bulk sensitivity of such 
techniques (compared to photoemission experiments) might allow for the direct 
examination of the effects of the NO2 adsorption on the ultrafast dynamics at the metal-
organic interface. As the chelated metal ion in tetra-coordinate ligand complexes has been 
shown to have an impact on the optical properties of the molecule at wavelengths ranging 
from 200 to 1000 nm [177,178], the effect of selectively changed spin and oxidation state 
of the central nickel ion can be investigated with the white-light supercontinuum 
spectrometer that is currently set up in our lab. Such experiments might help to deepen the 
understanding of the optoelectronic properties of this multifunctional interface. 
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A. Appendix 
 

A.1. Sum rule normalization 
As mentioned in section 4.2.2, for calculating the effective spin and orbital magnetic 
moments, system-specific assumptions on the isotropic absorption intensity 𝐼𝐼iso have to be 
made. In general, this isotropic absorption intensity can be written as the sum of the 
absorption intensities of three light waves, each having a linear polarization aligned along 
one of the three main symmetry directions in a cubic crystal 

 Iiso = ∫ IxL3+L2
+ Iy + Iz. (28) 

Moreover, it is reasonable to assume that 𝐼𝐼𝑥𝑥 = 𝐼𝐼𝑦𝑦 = 𝐼𝐼𝑧𝑧 in cubic systems. Therefore, it is 
sufficient to know the absorption due to light that is linearly polarized along one of these 
main symmetry axes and to multiply that by three. An equivalent approximation is often 
made for the absorption of circularly polarized light in normal incidence (Θ = 0°). As the 
electric field vectors of left- and right-hand circularly polarized light rotate in a plane 
parallel to the sample plane, it can be written that 

 𝐼𝐼𝑥𝑥 + 𝐼𝐼𝑦𝑦 = 𝐼𝐼+0° + 𝐼𝐼−0° =
2
3
𝐼𝐼iso. (29) 

However, this approximation is not appropriate for systems like an adsorbed metal that is 
laterally caged in an organic ligand, as they have a significantly different symmetry in the 
z-direction than in the x- and y-direction. The aim of this appendix is to derive an expression 
for 𝐼𝐼iso for an arbitrary angle of incidence Θ that 
depends on the absorption intensities of circularly 
polarized light. In this way, we can evaluate the 
sum rules for the effective spin moment and the 
orbital moment with only two absorption 
measurements with different helicities. 

The geometry of such an absorption experiment 
with linearly polarized light is depicted in Figure 
58. A light beam is incident onto the sample plane 
lying in the x-y-plane of the laboratory frame of 
reference under an angle of incidence Θ . 
Generally, the polarization can be written as the 
sum of a linear horizontal (LH) and a linear 
vertical component (LV). 

 

To find an expression for the intensities of circularly 
polarized light, we need to relate the absorption intensity of linearly polarized light to the 
absorption intensity of circularly polarized light. As the same plane is probed, the sum of 
the absorption intensities of LV and LH polarized light equals the sum of right- and left-
circularly polarized light for an arbitrary angle Θ 

Figure 58) Geometry of an x-ray 
absorption experiment. The LV 
component of the light points into y-
direction, i.e., into the image plane. 
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 𝐼𝐼XAS
Θ = 𝐼𝐼+Θ + 𝐼𝐼−Θ = 𝐼𝐼LH

Θ + 𝐼𝐼LV. (30) 
Independent of the angle of incidence Θ, the absorption of the LV component equals the 
absorption for light polarized along the y-direction and, due to the cubic symmetry, along 
the x-direction. The absorption due to the LH component can be derived from geometrical 
considerations: 

 𝐼𝐼LV = 𝐼𝐼𝑥𝑥 = 𝐼𝐼𝑦𝑦 =: 𝐼𝐼𝑥𝑥𝑥𝑥, and 
𝐼𝐼LH
Θ = 𝐼𝐼𝑧𝑧 𝑠𝑠𝑠𝑠𝑠𝑠2(Θ) + 𝐼𝐼𝑥𝑥𝑥𝑥 𝑐𝑐𝑐𝑐𝑐𝑐2(Θ). 

(31) 

 
Replacing 𝐼𝐼LH

Θ  and 𝐼𝐼LV in (30) with the expressions in (31), we find 

 𝐼𝐼XAS
Θ = 𝐼𝐼𝑧𝑧 𝑠𝑠𝑠𝑠𝑠𝑠2(Θ) + 𝐼𝐼𝑥𝑥𝑥𝑥(1 + 𝑐𝑐𝑐𝑐𝑐𝑐2(Θ)), (32) 

and, therefore, for normal incidence 

 𝐼𝐼XAS
0° = 2𝐼𝐼𝑥𝑥𝑥𝑥. (33) 

Moreover, we can rewrite (32) to find an expression for 𝐼𝐼𝑧𝑧 

 
𝐼𝐼𝑧𝑧 =

𝐼𝐼XAS
Θ − (𝑐𝑐𝑐𝑐𝑐𝑐2(Θ) + 1)𝐼𝐼𝑥𝑥𝑥𝑥

𝑠𝑠𝑠𝑠𝑠𝑠2(Θ) =
𝐼𝐼XAS
Θ − (𝑐𝑐𝑐𝑐𝑐𝑐2(Θ) + 1) 𝐼𝐼XAS

0°

2
𝑠𝑠𝑠𝑠𝑠𝑠2(Θ) , 

(34) 

where equation (33) was exploited in the last step. To evaluate the expression (28), an 
expression for 𝐼𝐼𝑥𝑥 + 𝐼𝐼𝑦𝑦 in dependence of the grazing XAS intensity 𝐼𝐼XAS

Θ  is necessary. By 
normalizing 𝐼𝐼XAS

Θ  by the intensity at normal incidence 𝐼𝐼XAS
0° , we get 

 𝐼𝐼XAS
Θ

𝐼𝐼XAS
0° =

𝐼𝐼𝑧𝑧 sin2(Θ)
2𝐼𝐼𝑥𝑥𝑥𝑥�������
g(Θ)

+
cos2(Θ) + 1

2 ���������
𝑓𝑓(Θ)

. (35) 

The term 𝑔𝑔(Θ) only differs from zero if there is an unoccupied orbital with a component in 
the z-direction, as otherwise there is no absorption due to the light component aligned in 
the z-direction. If this is not the case, we can express 𝐼𝐼𝑥𝑥 + 𝐼𝐼𝑦𝑦 with the help of equation (34) 
as 

 𝐼𝐼𝑥𝑥 + 𝐼𝐼𝑦𝑦 = 2𝐼𝐼𝑥𝑥𝑥𝑥 =
𝐼𝐼XAS
Θ

1
2 (𝑐𝑐𝑐𝑐𝑐𝑐2(Θ) + 1)

 

 

(36) 

As an example, the copper atom in CuPc/Ag(100) is in a 3𝑑𝑑9 configuration with an empty 
𝑑𝑑𝑥𝑥2−𝑦𝑦2  orbital mainly lying in the x-y-plane [179]. Stepanow et al. found an excellent 
agreement for the effective spin moment and the orbital moment with theoretical 
calculations by neglecting 𝑓𝑓(Θ) in the normalization of the sum rules [140]. As previous 
DFT calculations revealed that for Ni(I)TPP/Cu(100), the only unoccupied orbital has a 
strong 𝑑𝑑𝑥𝑥2−𝑦𝑦2  character, we can reasonably assume that 𝐼𝐼𝑧𝑧 = 0. Notably, this was also 
assumed for the NO2-Ni(II)TPP/Cu(100) interface, even though there are empty orbitals 
with 𝑑𝑑𝑥𝑥2−𝑦𝑦2  and 𝑑𝑑𝑧𝑧2  character. This might lead to deviations of the effective spin and 
orbital moments for NO2-Ni(II)TPP/Cu(100) at grazing incidence. 
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In summary, for a correct normalization, we have to distinguish between two systems in 
two geometries, i.e., Ni(I)TPP/Cu(100) and NO2-Ni(II)TPP/Cu(100), each in a grazing and 
normal incidence geometry: 

Ni(I)TPP/Cu(100): 
• Normal incidence: 

As the light polarization has no component in the z-direction, we assume 

 𝐼𝐼iso = 𝐼𝐼𝑥𝑥 + 𝐼𝐼𝑦𝑦 = 𝐼𝐼+0° + 𝐼𝐼−0° (37) 

 
• Grazing incidence 

As the 𝑑𝑑𝑧𝑧2 orbital is fully occupied, our case is equivalent to CuPc/Ag(100), and it 
can be assumed that 𝐼𝐼𝑧𝑧 = 0 [78]. Exploiting equation (36), we get 

 𝐼𝐼iso = 𝐼𝐼𝑥𝑥 + 𝐼𝐼𝑦𝑦 =
𝐼𝐼+Θ + 𝐼𝐼−Θ

1
2 (𝑐𝑐𝑐𝑐𝑐𝑐2(Θ) + 1)

 (38) 

 
NO2-Ni(II)TPP/Cu(100): 

• Normal incidence: 
As the light polarization has no component in the z-direction, we assume 

 𝐼𝐼iso = 𝐼𝐼𝑥𝑥 + 𝐼𝐼𝑦𝑦 = 𝐼𝐼+0° + 𝐼𝐼−0°. (39) 
• Grazing incidence 

Here, the adsorption due to the z-component of the light polarization is not 
necessarily negligible, since the DFT calculations from section 5.2 suggest that 
there are two unoccupied orbitals available for the excitation, i.e., the 3𝑑𝑑𝑥𝑥2−𝑦𝑦2 and 
also the 3𝑑𝑑𝑧𝑧2 orbital, which is aligned in the z-direction. Hence, we can use the 
expression in equation (34) to evaluate 𝐼𝐼𝑧𝑧. However, we cannot further evaluate 
𝑔𝑔(Θ) and, thus, cannot entirely account for the absorption intensity 𝐼𝐼𝑥𝑥 + 𝐼𝐼𝑦𝑦 . We 
have to make the simplifying assumption that 

                     𝐼𝐼iso = 𝐼𝐼𝑥𝑥 + 𝐼𝐼𝑦𝑦 + 𝐼𝐼𝑧𝑧

=
𝐼𝐼+Θ + 𝐼𝐼−Θ

1
2 (𝑐𝑐𝑐𝑐𝑐𝑐2(Θ) + 1)

+
𝐼𝐼+Θ + 𝐼𝐼−Θ − (𝑐𝑐𝑐𝑐𝑐𝑐2(Θ) + 1) 𝐼𝐼+

0° + 𝐼𝐼−0°
2

𝑠𝑠𝑠𝑠𝑠𝑠2(Θ) . 

(40) 

 
This can result in an overestimation of the effective spin moment and orbital 
moment from the sum rules. 
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A.2. Magnetic dipole term 
As described in section 4.2.2, the effective spin moment 𝑚𝑚𝑠𝑠,eff deviates from the isotropic 
spin moment 𝑚𝑚𝑠𝑠 by the magnetic dipole term 7⟨𝑇𝑇Θ⟩. ⟨𝑇𝑇Θ⟩ is the expectation value of the 
magnetic dipole operator 𝑇𝑇 in the direction Θ and generally arises from an anisotropic spin 
density in the atomic volume. In a one-electron model, it can be written as 

 𝑇𝑇 = 𝑆̂𝑆 − 3𝑟̂𝑟(𝑟̂𝑟 ⋅ 𝑆𝑆), (41) 

where 𝑆̂𝑆 is the magnetization unit vector of the spin moment 𝑆𝑆 and 𝑟̂𝑟 is the position unit 
vector. Its component along α can be expressed by the charge quadrupole tensor and the 
spin components as 

 𝑇𝑇α = ∑ 𝑄𝑄αβ𝑆𝑆ββ , (42) 

which shows that the charge and spin components of T are generally coupled. For an atomic 
spin-orbit coupling which is comparable to the crystal field splitting, this means that it is 
not possible to determine the isotropic spin moment from the XMCD measurements 
directly, as ⟨𝑇𝑇α⟩  gives an additional contribution to 𝑚𝑚𝑠𝑠,eff . However, if the spin-orbit 
coupling is weak compared to the crystal field and the exchange splitting, it can be treated 
by perturbation theory. For symmetries higher than D2h, this leads to the approximate result 

 ⟨𝑇𝑇α⟩ ≈ ∑ 𝑄𝑄α𝑖𝑖 𝑠𝑠𝑖𝑖𝑖𝑖 , (43) 

where 𝑄𝑄α𝑖𝑖 = ⟨𝑑𝑑𝑖𝑖|𝑄𝑄αα|𝑑𝑑𝑖𝑖⟩ is the quadrupole matrix element of the orbital 𝑑𝑑𝑖𝑖, and 𝑠𝑠𝑖𝑖 is the 
spin component projected onto this orbital, with ⟨𝑆𝑆⟩ = ∑ 𝑠𝑠𝑖𝑖𝑖𝑖  [180]. This approximation is 
exact without spin-orbit interaction, i.e., with a coupling constant ξ = 0. With spin-orbit 
interaction (ξ > 0), the correction term depends on the orientation of the spins. If all spins 
are aligned in the same direction, it is in the order of (ξ/Δ𝐶𝐶𝐶𝐶)2 ≈ 0.01, whereas if the spins 
are aligned in different orientations, it is �ξ/(Δ𝐶𝐶𝐶𝐶 + Δ𝑒𝑒𝑒𝑒)� < 0.1 [180]. Moreover, in this 
approximation, the isotropic spin moment 𝑚𝑚𝑠𝑠 can be obtained in three ways, i.e., 

• measuring the absorption along the x, y, and z axes, 
• measuring the absorption of polycrystalline samples, or 
• performing a measurement at the magic angle. 

The first two ways exploit the fact that the angular average of ⟨𝑇𝑇α⟩ vanishes as ∑ ⟨𝑇𝑇α⟩α ≈
∑ 𝑠𝑠𝑖𝑖

𝑖𝑖 ∑ 𝑄𝑄α𝑖𝑖α = 0 [180]. The third aspect is valid for a higher than twofold symmetry about 
the z-axis and an angle of incidence Θ. In this case, the quadrupole matrix element can be 

written as Qα=Θ = �⟨𝑄𝑄𝑥𝑥𝑥𝑥⟩ + �𝑄𝑄𝑦𝑦𝑦𝑦�
1
2
𝑠𝑠𝑠𝑠𝑠𝑠(Θ)2 + ⟨𝑄𝑄𝑧𝑧𝑧𝑧⟩ 𝑐𝑐𝑐𝑐𝑐𝑐(Θ)2�  and, thus, vanishes for 

Θ = 54.7°. 

For 3𝑑𝑑 metals, the conditions for the approximation above are fulfilled, as they have a low 
spin-orbit coupling with respect to their crystal field splitting. The role of ⟨𝑇𝑇α⟩ is much 
debated. However, it can be said that for low-dimensional systems, its contribution is 
generally expected to be higher as the charge density anisotropy is higher [181–183]. Wu 
and Freeman predicted an increase in the out-of-plane correction 7⟨𝑇𝑇z⟩ when going from a 
monolayer to a bulk-like center layer of approximately 200 %, 1600 %, and 700 % for Ni, 
Co, and Fe [181]. However, for four-coordinated metal ions caged in a molecular ligand 
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supported by a metal surface, comparable to the situation of the nickel center in 
NiTPP/Cu(100), smaller anisotropies were reported. Stepanow et al. found an excellent 
agreement for a model based on a tetragonal pyramidal crystal field (C4v) and 
experimentally obtained 𝑚𝑚𝑠𝑠,eff values CuPc/Ag(100) [78]. Thereby, they could disentangle 
𝑚𝑚𝑠𝑠 and 7⟨𝑇𝑇α⟩, yielding an almost isotropic 𝑚𝑚𝑠𝑠 ≈ 0.5µB and a 7⟨𝑇𝑇α⟩ that strongly varied 
with the angle of incidence, ranging from 1.1 µB at normal incidence to -0.5 µB at 90°. 
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List of abbreviations 
 

2HTPP Free-base porphyrin 
ATR Attenuated total reflectance 
CoOEP Cobalt octaethyl porphyrin 
CuPc Copper phthalocyanine 
DFT Density functional theory 
DOS Density of states 
ESCA Electron spectroscopy for chemical analysis 
FM Ferromagnetic 
FT-IR Fourier transform infrared 
G. I. Grazing incidence 
HHG High harmonics generation 
HOMO highest occupied molecular orbital 
HREELS High-resolution electron energy loss spectroscopy 
HS High-spin 
IRAS Infrared reflection absorption spectroscopy 
L Piperidine 
LDOS Local density of states 
LEED Low-energy electron diffraction 
LH Linear horizontal 
LS Low-spin 
LUMO Lowest unoccupied molecular orbital 
LV Linear vertical 
MO Molecular orbital 
MSSR Metal surface selection rule 
MTPP Metal tetraphenyl porphyrin 
N. I. Normal incidence 
NEXAFS Near-edge x-ray absorption fine structure spectroscopy 
NiTPP Nickel tetraphenyl porphyrin 
PDOS Projected density of states 
PEEM Photoelectron emission microscope 
PT Photoemission tomography 
PTCDA Perylene-tetracarboxylic dianhydride 
STM Scanning tunneling microscopy 
TEY Total electron yield 
UHV Ultra-high vacuum 
UPS Ultraviolett photoemission spectroscopy 
XMCD X-ray magnetic circular dichroism 
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