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Abstract

The work presented in this thesis addresses the investigation of the electronic, magnetic,
and structural properties of late transition metal complexes supported on various surfaces.
The research is aimed at studying the interaction between the molecules and the support,
together with the intermolecular interaction. This knowledge is essential e.g. for the
development of organic molecule-based devices and the creation of active and stable
catalysts.

In this work, the modification of the electronic states of the iron phthalocyanine
(FePc) complex induced by a Cu(111) surface was extensively investigated. These studies
were motivated by the role that phthalocyanines play in charge injection devices and
molecular electronics. The analysis revealed a non-isotropic charge transfer from the
surface, which arises from the rehybridisation of molecular and metal electronic states
and results in the breaking of the perfect fourfold symmetry of the molecule. In addition,
I demonstrate a surface-driven thermal modification of the electronic and structural
properties of the phthalocyanine molecules when deposited on Cu(111) support. This
knowledge is essential because a thermal evaporation of adsorbates is the most common
preparation technique for the creation of molecular monolayers. This technique is widely
used for commercial purposes such as the creation of molecular switches and data storage
devices.

The FePc molecule is also quite unique due to the similarity of its structural and
magnetic properties to that of the reactive site in haemoproteine, a molecule known to
perform the activation, storage, and transport of molecular oxygen. Therefore, I also
investigated FePc as a synthetic model of the iron porphyrine in the haem reactive site.
This investigation revealed that despite its structural similarity to haem, the molecule
interacts with molecular oxygen only as a result of the stronger electronic coupling of the
FePc molecules to the surface. These studies can help to obtain a better understanding
of mechanisms of the haem—oxygen interaction.

Motivated by the success in the development and mass production of green and
affordable surface-supported transition metal complex catalysts, this thesis incorporates
the full characterisation of two new N-heterocyclic carbene palladium complexes anchored
to a silica surface. The study is aimed at providing a comprehensive knowledge about
stability, surface orientation, and catalytic activity of late transition metal complexes at
surfaces for heterogeneous catalysis, as opposed to the more commonly used homogeneous
catalysis in inorganic chemistry.

In summary, the strength of this thesis lies in the provision of a comprehensive
overview of the interaction and surface-driven modifications of supported transition
metal complexes on various surfaces and new insight into the magnetic and electronic
properties of single molecules, monolayer, and multilayers.






Popular science summary

In our current world, the exponential growth in demand for smaller and faster devices
leads to the fact that we will eventually face the problem that traditional semiconductor
technologies will reach their limitation in terms of size and speed. Humanity’s conscious-
ness to tackle the global ecological issues in the next decade, will demand the substitution
of all non-reusable and thus polluting industrial catalysts to environmentally-friendly
and reusable ones. These problems can only be resolved from targeted science pro-
grammes, aimed at addressing the sustainable and environmentally friendly development
of our society. The development of molecule-based technology represents a potential
contribution to this ecological vision.

The field of molecule-based technology has developed in parallel with nanotechnology
over the past decades. However, these systems can offer their own unique functional
properties for prospective applications, compared to more traditional, hard condensed
matter-based nanotechnologies. This is due to the small size, low cost, and structural
perfection that molecules have to offer. The essence of their properties goes beyond
classical physics, due to their quantum nature. This fact makes molecule systems as
equally fascinating from a physics prospective as they are for their potential use in new
device industries.

In the scope of this thesis, I investigate the properties of supported transition
metal complexes. What are transition metals and what makes them so special?
Most of the elements only use valence electrons - i.e., electrons that participate in
the creation of chemical bonds, from their outer electron orbitals® to form bonds with
other elements. Transition metals use the two outermost orbitals and, thus, have more
valence electrons. This allows them to create bonds with many elements in a variety of
shapes. All transition metals form stable compounds and depending on the amount of
remaining valence electrons and their distribution in the outer orbitals can have different
properties. The amount of borrowed or taken electrons by transition metal defines its
unique properties, and is called oxidation number or oxidation state. Transition metals
can have multiple oxidation states and knowing the oxidation state of the transition
metal helps to determine the ability of the compound to react (exchange electrons and
create bonds) with other species.

Transition elements tend to form complexes, i.e. molecules in which a group of atoms
cluster around a single metal atom. The complexes discussed in this thesis contain
organic parts that create a framework around the transition metal atom, which looses
some electron density to this framework to become an ion species. Organic refers a
carbon-containing compound, where carbon atoms in the form of rings or long chains can
be attached to other atoms, such as hydrogen, oxygen, and nitrogen. The organic part of
the molecule determines the amount of the given or obtained electrons and thus defines

1By orbital I imply the area within the atom where there is a high probability of finding electrons.

vii



the electron properties of the compound. The most active part is the transition metal
ion, which often - although not always - is responsible for all the interesting interactions
with surrounding matter.

By varying the chemical environment of transition metal complexes, e.g. by placing
them on different surfaces or adding different molecules, such as atmospheric gases or
industrial products, one can change the density and distribution of the valence electrons
in the metal centre of the molecule. In other words, the original properties of the complex
and the electronic and magnetic properties of the complex are modified. The realisation
that the electronic and magnetic properties of the transition metal organic compound
can be tailored selectively has created a large diversity of possibile applications of these
complexes. These include the creation of data storage devices, replacement of traditional
semiconductor electronics, computer applications, gas sensing systems, as well as other
applications.

One of the transition metal complexes which still holds attention of many scientists
and engineers since its discovery almost 100 years ago is the phthalocyanine compound.
The structure of this molecule is chemically very stable, such that many substitute
species with unique properties can be synthesised. Phthalocyanines have been the
focus of active research owing to their biological tolerance, semiconducting properties,
possibility of manipulation of the electronic and magnetic properties, and due to their
high light absorptivity. In view of the high demand of this compound in many different
fields a knowledge of phthalocyanines’ thermal, electronic, and magnetic properties is a
essential.

In this work the iron phthalocyanine (FePc) compound has been deposited on different
surfaces as a model system to investigate the application of metal phalocyanine molecules
in electronic devices. This has been performed to study how the electronic and chemical
properties can be tuned by depositing them on different types of supporting material.

In my work I show that the FePc molecule may take different electron densities from
the surface depending on the support. This electron density can be unevenly distributed
in the molecule and is also accompanied by a distortion away from its perfectly planar
molecular structure. In this molecular distortion, two opposing parts of the molecule
curve slightly upwards, while the other orthogonal parts bend slightly downwards toward
the surface, in a so called symmetry reduction or symmetry breaking configuration. In
my work the spectroscopic fingerprint of this effect has been demonstrated for the first
time. The presence of a slightly higher electron density at one atom of the molecule
decreases the energy required to remove an electron from the deeper orbitals of the
atom, which is known as its binding energy. The presence of different amount of electron
density on different atoms leads to the creation of several different binding energies and,
consequently, the identification of a broader overall spectral line for the molecule.

In addition, the response to heating of the FePc molecules on the surface was also
investigated. These studies were motivated by the preparation of molecular optoelectronic
devices, where the evaporation of unwanted additional layers of molecules has been
observed previously. Therefore, it is important to know how temperature influences
the properties of the remaining single layer of molecules. My research shows that the
increase of the temperature of the surface to the evaporation temperatures of FePc leads
to irreversible processes during which most of the molecules merge together. There is



also some evidence that indicates that the molecules shorten the bond distance with the
surface after this heat treatment process.

In this work FePc molecules are investigated not only from the scope of application
in molecular electronics, but also from the perspective of gaining additional fundamental
knowledge. The structural and electronic properties of the FePc molecules are very
similar to that in active part of haem, the protein in the blood of all vertebrates
responsible for activating, storage, and transfer of molecular oxygen. In this research,
the FePc molecule is considered to mimic the active properties of haem. During my
experiments I observed that the reactivity of the compound with respect to molecular
oxygen changes depending on the nature of the surface the molecules are adsorbed on.
My investigations can potentially help to create a better understanding of the mechanism
of the biologically important haem-oxygen interaction.

The final part of this thesis is aimed at understanding the role of transition metal
complexes in catalysis, a work of huge importance to both industry and ecology. Catalysts
function by speeding up selected chemical reactions and thus lead to the increased
production of a desired product. Catalysts function by either triggering reactions,
or by making reactions occur at faster times and with less of energy consumption.
Heterogenisation of transition metal catalysts studied here is advantageous for several
reasons. Firstly, because they are supported on a surface, they are not consumed during
a reaction. Secondly, only a small amount of the material is required to act as a catalysis.
Thirdly, they are reusable and therefore cheap and ecological to use. Since supported
transition metal complexes show very promising results in catalytic science, I have also
investigated the properties of organometallic complexes with palladium as an active
center.

The ultimate achievement of this thesis is its contribution to the understanding of the
precise mechanisms of molecular manipulation, adsorption, temperature modifications,
reaction sites and catalytic selectivity. The work presented here provides a solid
foundation towards improvement in the development of smart design of catalytic materials
and single-molecules electronic devices with better performance and lower cost.
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CHAPTER 1

Introduction

Small is beautiful:
A Study of Economics As If People Mattered

E. F. Schumacher

”Small Is Beautiful”, the phrase originating from the world of economics, politics and
philosophy this time found its way to science and technology. Small is beautiful, because
small is unique and small is affordable. The miniaturisation of technological appliances,
pharmaceutical development, and huge progress in catalytic research have proven that
not only a single individual can make a difference, but that also a single molecule can.

In the middle of the 20" century at the start of miniaturisation epoch Richard
Feynman gave a groundbreaking lecture ”There’s Plenty of Room at the Bottom”
[1]. During this talk Feynman fatherly smiled on the earlier technologies which were
considered to have progressed far and considered the possibility of direct manipulation
of individual atoms. He said, " The problems of chemistry and biology can be greatly
helped if our ability to see what we are doing, and to do things on an atomic level, is
ultimately developed - a development which I think cannot be avoided.” At that instant
the invitation to a new field was way ahead of its time and went unnoticed. Later, in
the 1990s the article based on this lecture was re-discovered and re-published and gave
a boost for interest in nanotechnology. Feynman suggested that the day we were to
reach the peak of technological revolution would be the day we had learnt to control
and manipulate matter at an atomic scale.

Nowadays nanotechnology is part of our everyday life, most of our everyday gadgets
consist of nanometre-scale transistors, and an alternative field developing extensively
right now is single molecule-based devices. Molecules have even more to offer, especially
if one focuses on their use as small functional units. There are unique advantages
molecules offer in comparison to nanometre-sized clusters and wires. These include:
structural perfection and identity to each other, which allow to create the self-assembly
of complex and functional superstructures; small size, making them good building blocks;
synthetic tailorability, which implies that by varying the composition, geometry or by
attachment of additional molecules to them [18,23], one can tailor the electronic [26-32],
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bonding [33], structural [34-38], and optical properties of the molecules, and also switch
between two different quantum states of the molecule [60]. Organic molecules have
shown beyond doubt that they are most promising for technological applications that
offer a cheaper alternative to inorganic matter.

Despite all the advantages, the challenges of creating functional molecule-based
devices are enormous. The use of molecules as functional units requires a full under-
standing and control of two factors: the intermolecular interactions and the interaction
with the supporting surface. All the unique and useful molecular properties can be cre-
ated, tuned, or destroyed depending on these two interactions. Thus, it is of paramount
importance to fully study single molecules, their interaction in clusters, at monolayer and
multilayer coverage, and with a large variety of interfaces. The work presented in this
thesis addresses single molecules not only for their potential for application in molecule-
based devices, but also with the aim of contributing to fundamental understanding.
With this scope in mind I have investigated two types of transition metal complexes:
metal phthalocyanine and N-heterocyclic carbene palladium complexes supported on
different metal, semiconductor, and isolator surfaces.

Metal phthalocyanines

As Plato said, ”science is nothing but perception”, and there are many amazing examples
of accidental discoveries. One of these is the discovery of phthalocyanine in 1928, created
asa side product during the industrial production of phthalimide by a Scottish dye
company [2]. In the process, which is driven by passing ammonia into molten phthalic
anhydride stored in iron vessels, the traces of a dark blue substance were found. Due to
its origin and the beautiful deep blue color, also known as Monastral blue or phthalo
blue, the compound was named phthalocyanine. Despite the fact that the first record of
phthalocyanine synthesis stems from 1907 [3], only in 1934 the compound was properly
identified and named. This was the starting point for the long journey of investigation
of the phthalocyanine’s properties, a journey still ongoing.

In an series of papers the discoverers of the phthaloycanine compound, Linstead et
al., described the structure and main properties of the compound. They identified the
presence of various metallic centres, which could not be eliminated by treatment with
concentrated sulphuric acid [4-8]. This showed a surprising stability of the compound.
In their work Linstead et al. proposed that the parent molecule possessed a macrocyclic
structure formed by four isoindole units linked by azomethine bridges as shown in Fig.
1.1, later confirmed by X-ray diffraction by Robertson [9].

This initial work marked the start of an extremely extensive study of the physics
and chemistry of this extraordinarily versatile compound which continues to the present
day. The reason for the substantial interest in the compound is based in its fascinating
properties, which also have lead to a widespread use. Perhaps the most obvious
application of the molecule is as a dye molecule [10,11], but its similarity to naturally
occurring porphyrins is perhaps the most important characteristcis. As an example,
in Photodynamic therapy (PDT), a treatment for cancer, porphyrin compounds were
used. The injected molecules were shown to accumulate mostly in tumour cells. The
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photoexcitation of the compound, generated singlet oxygen as a result of the interaction
between the ground state oxygen and the porphyrin triplet state, and led to localised
tissue damage [12]. This technique was widely used until the 1980s, when it was
shown that there were some serious complications associated with skin retention of
the porphyrin molecules. Phthalocyanines were proposed as a substitute molecule in
1985 [13], and since then there has been considerable progress in the field [14-17].

More relevant for the work presented here, the structural and magnetic properties
of phthalocyanine allow its use as a molecular mimics of certain metalloenzymes in
biological environments [10]. One of such types of metalloenzymes are haemoprotein,
which perform many important tasks in the bodies of mammals, involving the activation,
storage, and transport of molecular oxygen. Therefore, it is of particular interest to
investigate phthalocyanines as a synthetic model of iron porphyrin in the haemoprotein
reactive site and perform measurements in realistic conditions. Thus, one of the scopes
of the research work presented in this thesis is the investigation of the interaction of
phthalocyanine with various ligand. Of special interest is to compare the molecule-ligand
interaction of phthalocyanines adsorbed on different supports. It will be shown that the
electronic structure of the molecule and its reactivity towards molecular oxygen — and
presumably other molecules — can be changed significantly by the choice of surface.

Previous research has shown that the electronic and magnetic properties of the
phthalocyanine molecule can be changed in various ways. Specifically, the spin state
can be tuned to different values (S ~ 0,1/2,1), by adsorption of ligand molecules on
top of the metal ion of the phthalocyanine compound [18-24]. In recent years the
understanding has been broadened, and now there is ample evidence that the spin state
and, in general, the electronic structure of the molecule can be modified by the choice of
surface onto which the phthalocyanine compound is adsorbed [25-30]. Upon adsorption
on different metal surfaces the molecules experience different electronic coupling to
the support. Concomitant with the hybridisation of the molecular orbitals of the

3
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compound with those of the surface is a charge transfer, which may induce, along with
rehybridisation, a changed reactivity of the compound with respect to certain ligands.
Here, specifically molecular oxygen has been studied. This result reveals how the iron
phthalocyanine compound properties are different from those of haem, which opens for
understanding the mechanism of haemoprotein interaction with molecular oxygen. As an
additional consequence of the strong molecule-surface interaction and the charge transfer
from surface to adsorbate [42-51] metal phthalocyanines(MPcs) adsorbed on primarily
transition metal surfaces experience symmetry breaking. Previously, the effect has only
been observed in scanning tunnelling microscopy (STM) images. As can be seen from
Fig. 1.1, the gas phase molecule has a perfect fourfold (Dyy,) symmetry, and thus metal
phthalocyanines are expected to have a Cy, symmetry upon adsorption. However, this is
not always the case as has been observed for MPc adsorbed on transition metal [31-41]
and some isolator surfaces [52,53], where the adosrbates undergo symmetry reduction
towards Cy, Cs, or C symmetries. It has been shown that whether symmetry breaking
occurs or not is a function both of the metal center in the compound and of the support.

Extensive investigation of the interface between surface of support and M Pc adsorbate
is essential to obtain a detailed understanding of the physics and chemistry of the MPc-
support interaction. Studies of the MPc adsorbed on different metal surfaces confirm a
correlation between the charge state and molecular conformation [54,55]. The electronic
and magnetic properties are alternated due to a rehybridisation of the support and
adsorbate electronic states and, partly, a charge reorganisation within the molecule-
surface complex. This knowledge is crucial e.g. for building molecular nanodevices,
such as molecular switches, data storage devices and molecular spin transistors [56-58].
This broad spectrum of applications of MPc compounds in molecular electronics is due
to the large conformational flexibility of the compound [59], connected to a small but
quite energetic nanomechanical motion. This makes it possible to use the compound
for molecular switches and memories at the nanoscale [60]. Another example of surface-
driven modification of the MPc’s electronic and magnetic properties is the manipulation
of the spin state of the molecule. It has been shown that it is possible to switch the spin
of a single magnetic double-decker ThbPcs on and off by shifting the molecular frontier-
orbital energy by an STM pulse, which induces a rotation of the upper Pc macrocycle of
the double decker [61]. This switching between two stable states is fully reversible and
makes it possible to code information at the single-molecule level. All the applications
and features mentioned above illustrate the critical role of a full understanding of the
coupling of the MPc macrocycle with the support, which has been addressed in this
thesis not only by plocal probe techniques (STM), but also by spectroscopy (XPS, XAS,
UPS, and HPXPS).

The catalytic properties of phthalocyanine molecules have also risen interest [62], and
various derivatives of phthalocyanine compounds are currently used for diverse catalysis
applications. Examples are the photoreduction of water into hydrogen gas [63,64], which
would allow clean and energy efficient production of a renewable fuel; electro-oxidation
reactions, that makes the molecule working as a electrochemical sensor [65]; use of
phthalocyanine derivative as a catalyst for the detection of different thiols (in particular
of homocysteine) in the human body [66]; and the reduction of oxygen to form new
ligands, which is one topic addressed in the work presented in this thesis.
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These and many other applications, together with the electronic and magnetic proper-
ties of phthalocyanine and the simplicity of synthesis of M Pc, show how phthalocyanine
has proven itself to be more than a simple dye molecule. The amount of research already
invested in phthalocyanines has shown the importance of this compound for different
research areas. Continued studies are vital so that full potential of these beautifully
coloured molecules can be realised.

Here I present a study of the Fe phthalocyanine molecules on metal and semiconductor
surfaces. The FePc molecules have been studied on Cu(111), Au(111), single layer of
CuzN on Cu(111), and oxidised Cu(111) surfaces. For submonolayer and monolayer
coverages of FePc, I investigate the impact of support and intermolecular interactions
on the electronic and magnetic properties of the compound. I have performed an
extensive study of surface-induced symmetry reduction of perfect fourfold symmetry of
the molecule. Previously recorded by only means of imaging techniques, in my work
symmetry reduction is mirrored in core-level photoemission spectra of the compound. I
show that temperature treatment induces dehydrogenation and homocoupling of the
molecules and reduces surface-molecule distance. I investigate how the single layer of
copper nitride can cause a co-existence of Fe phthalocyanine with both high and low
spin states of the iron ion, and how ligand attachment modifies these FePc with different
spin states. In the work presented here I also study the reactivity of the FePc molecule
with respect to molecular oxygen which can be tuned as a result of a stronger or weaker
electron coupling to the surface.

Catalytic transition metal complexes

Catalysis is the process during which an additive can increase the rate of a chemical
reaction without being consumed. This is achieved by the lowering of the activation
barrier of the reaction. Life on earth is dependent on the catalytic activity of our
enzymes, the macromolecular biological catalysts which carry out almost all the chemical
transformations in living cells. Inspired by these processes, humans already for many
years have tried to harness the tremendous potential of catalysts.

Catalysts can be either heterogeneous or homogeneous, depending whether they act
in different or the same phase as the reactants. Homogeneous catalysis is the most
commonly used in chemistry due to its high activity and selectivity, and this is where
the transition metal catalysts are the most used. But despite its popularity due to
high selectivity and molecular tunability, the technique has its limitations. It is hard to
separate the catalyst from the product of reaction. The leaching of the catalyst and very
often also thermal decomposition represent a huge drawback for homogeneous catalysis
and often limit large-scale application in industry. Thus, many research groups are
interested in the use of heterogeneous catalysts, were catalyst separation and absence of
catalyst losses represent large advantages. As strong additional advantage, heterogeneous
catalysts are environment-friendly and reusable, which also translate in reduced cost
for industrial applications. Many unique catalysts have been discovered and reported
in both industry and academia, and many research groups have therefore developed
numerous number of ligands that can efficiently be employed in the catalysts associated
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to transition metal.

N-heterocyclic carbenes are the most widely used ligands for the preparation of
transition metal catalysts. The NHC-palladium complexes are widely used for many
organic transformations. In particular, these complexes are well developed as catalysts
for homogeneous catalysis. The next important step towards progress in catalysis is
the combination of the advantages of both homogeneous (high activity and selectivity)
and heterogeneous (catalyst separation, no catalyst losses) catalysis for transition
metal complexes. One method combining these consist in the immobilisation of the
homogeneous catalyst complexes on support materials, such as siliceous materials, metal-
organic framework, or polymers. The development of the techniques for immobilisation
of NH(C-palladium complexes on surfaces is very promising, although it presents many
challenges. One of them is the achievement of a stable surface binding while deactivation
and dissociation of the supported molecules are avoided [68].

Following the interest for catalysis of supported metal ligand complexes [67], T have
investigated the geometric properties, the stability and surface orientation, as well as
the catalytic activity of two new NHC-palladium complexes immobilised on a silicon
dioxide support (Fig. 1.2).
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Figure 1.2: Schematic representations of a catalytic NHC' (N-heterocyclic carbene) palladium
complexes anchored to a silicon wafers through (a) a flexible linker and (b) a phenyl linker.

The research performed onto the immobilisation of NHC-Pd(II) complexes and
discussed in this thesis a successful combination of chemistry, surface science techniques
and theoretical models. Together, NMR, XPS, XAS, and DFT can give a proper insight
into catalyst structure, stability, orientation of the catalyst on the surface and reactivity,
and this has the potential to open the doors for many new commercial applications of
supported molecular catalysts.



CHAPTER 2

Techniques for probing solid surfaces

The knowledge of surfaces and interfaces remains a prominent and developing science,
important to both our fundamental understanding of nature and to many industrial
and technological processes. However, the investigation of atomic-scale physical and
chemical phenomena that occur at interfaces and surfaces is quite challenging. This is
because surface studies require well-controlled experimental conditions and specially
designed techniques, which are capable of providing detailed information on the chemical
composition, geometrical structure, and electronic properties of a solid surface.

In this chapter, the instrumentation of the various surface science techniques exploited
in this thesis are introduced. In order to gain a detailed insight into the physical and
chemical nature of surfaces, a knowledge the atomic locations, electronic structure and
bonding properties are essential. This thesis uniquely employs a combined spectroscopic
and microscopic experimental approach, to provide complementary and corroborative
characterisation of the surface properties. Furthermore, these experimental results
are further enriched and placed into perspective by a theoretical analysis from our
collaborators.

2.1 Electron Spectroscopy Methods

The science interest of surfaces and adsorbates has grown very significantly since its
beginning in the 1970’s, motivated by both pure scientific and technological considerations.
From the many developed tools to investigate surface properties, one of the most powerful
and widely used techniques exploit the detection of electrons emitted from the surface.
The reasons for this attention is multifold: (i) at modest kinetic energies of some hundred
eV, electrons have a short escape depth (only a few A), which makes electrons excellent
probes for surfaces, (ii) electrons are easy to focus since they are easily manipulated by
electric fields, and (iii) electrons are easy to detect and count, and, moreover, electrons
vanish after they have been detected (iv). However, the surface sensitive advantage of
electron emission can also present a significant drawback in studies in the presence of
certain gases and vapours, due to the electron’s short mean free path and high scattering
probability. In practice, this means that electron detection becomes a significant challenge
in sample environment pressures below about 102 mbar.

The electron detection limit is not the only challenge is surface science, another
problem arises from the fact that surface-sensitive electron spectroscopy measurements

7
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requires Ultrahigh vacuum (UHV) conditions, with basic pressure of 10719 mbar. The
reason for this low pressure is that electron spectroscopy only probes a very thin layer
at the surface of the sample. This is due to so called electron inelastic mean free path
(IMFP), which is defined as the average distance travelled by an electron in a solid before
it is inelastically scattered and is related to the mean escape depth (MED). As one can
see in figure 2.1, in the kinetic energy range of interest, between about around 10 and
2000 eV, the IMFP is of the order of a few A [69] (probing depth). Therefore it is highly
important to achieve conditions in which atomically clean surfaces can be preserved for
the duration of the experiment. These conditions can be achieved in vacuum better
than 107'% mbar for most of the materials, including the most reactive ones like alkali
or rare earth materials.
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One of the most widely used electron-based surface analysis techniques is Photoelec-
tron spectroscopy (PES). This technique is based on the photoelectric effect, discovered
by H. Hertz in 1887 during experiments with a spark-gap generator, the earliest form
of a radio receiver and was later theoretically explained by A. Einstein in 1905, for
which he was awarded the his Nobel Prize in for Physics in 1921. He introduced the
quantum hypothesis for the photon to arrive at the relationship between photon energy
and electron kinetic energy.

In the energy range of interest, the photon-electron interaction can be described by
photoemission (Fig. 2.2 (a) and (b)) and photoabsorption (Fig. 2.2 (d)). The excited
system decays in subsequent events (Fig. 2.2 (c)). In X-ray Photoelectron Spectroscopy
(XPS), for which the energy of the incoming photon is in the soft X-ray regime (100 to
> 2000 eV), the photon is absorbed by an atom, leading to the emission of an electron
from either the valence or an inner shell (Fig. 2.2 (b)). By contrast, in Ultraviolet
Photoelectron Spectroscopy (UPS), absorption of the photon (5 to 100 eV) can only
lead to emission from valence or shallow core levels of investigated material. In either
case, the process leads to an ionised final state (Fig. 2.2 (a)).

The absorption of a photon with well-defined energy F, by an atom, leads to ionisation
and the photoemission of an electron, provided that the photon energy is well above the
absorption threshold (X-ray photoemission spectroscopy). If the photon energy is close

8
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Figure 2.2: Schematic of the photon-electron interaction. In valence band photoemission (a),
an electron from the valence band is promoted into the vacuum (in UPS or XPS); (b) the same
kind of process takes place in core level photoemission, but necessitates absorption of a higher
energy photon (XPS only); (¢) Auger decay process; (d) X-ray absorption process.

to the threshold, an absorption process into the unoccupied states of the sample may
take place (X-ray absorption spectroscopy).

2.1.1 Theory of X-ray Photoemission Spectroscopy

In photoemission, the kinetic energy (Fk;y, ) distribution of the photoelectrons is measured
by an electron energy analyser and a photoelectron spectrum is recorded. The binding
energy (BE) can be determined from energy conservation:

BE = hv — Eip, — 0,1 (2.1)

where ¢ represents the work function of the sample. The technique was developed by
Kai Siegbahn and his co-workers at Uppsala University [71]. For ”for his contribution to
the development of high-resolution electron spectroscopy” Siegbahn was awarded the
Nobel Prize in 1981 [72].

Photoelectron spectroscopy measures the electron states of a sample, and in XPS
one typically is most interested in the core levels. The exact energy of the photoemitted
electrons depends not only on the elements that constitute the sample, but also on their
chemical state (see also below) and can therefore be used for chemical analysis. Hence,
another name for XPS is Electron Spectroscopy for Chemical Analysis (ESCA) [73].

IThis formula is only valid for a metallic sample. For semiconductors the work function can be
determined only in case if the sample is sufficiently conductive to record its Fermi level [70], othervise
the vacuum level is used. There is no work function for free atoms and molecules.
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An x-ray photoemission (XP) spectrum displays the number of collected electrons as a
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Figure 2.3: Schematic of the energy level alignment in photoemission of a conductive sample
in electrical contact with the electron energy analyser, thus the Fermi levels of the system are
aligned. The diagrams show the correlation between the photoemission spectrum at a certain
kinetic energy Fgin(hv) and the density of states of the sample D(FE). Image is modified from
ref. [74].

function of kinetic energy (Fig. 2.3), which can be recalculated to binding energy. The
basic idea is that the binding energy of a photoemitted electron is element-specific and
also specific for every energy level inside an atom. Moreover, it can be affected by the
nature of its chemical environment, as observed by a small shift in the energy position
of the photoemission line.

In figure 2.3 the photoemission spectrum is represented by a distribution Ejy;, (hv).
The peaks of elastically scattered photoelectrons, which do not loose energy in collisions
with other electrons on their way to the surface and the vacuum, are superimposed
on the continuous background of inelastic secondary electrons [74]. The background
intensity at low kinetic energies increases, since most photoelectrons undergo many
inelastic losses and finally, a lower kinetic energy.

As shown in figure 2.3, since sample and spectrometer are in contact and thus their
Fermi levels aligned, the binding energy can be calculated using the kinetic energy
measured by the electron energy analyser

BE = hv — Ejins — ¢s = hv — Ejine — ¢u. (2.2)

10
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For a precise determination of the binding energy one needs to calibrate hv and ¢,. For
the metallic sample this can be achieved by measuring both the kinetic energy of core
level and Fermi level. The binding energy of the core level relative to the Fermi edge
therefore is given by the energy difference between these two spectra.

Quantum Description of the Photoelectric Effect

Photoionisation of the target atom, caused by an incident quantum energy hv of X-rays,
removes an electron from a K shell in the atom and thus leads to the emission of
characteristic K shell radiation.? In quantum mechanics the particle’s wave function
¥ (z,t) is determined, which defines the probability of finding the particle at point x,
at time ¢. This can be achieved by solving the Schrédinger equation, which plays a
role logically analogous to Newton’s second law: for given initial conditions (¢ (z,0)), it
determines 1 (z,t) for all future time [75].

In its simplest form, quantum mechanics treats the photoemission process as a
time-dependent perturbation problem. It is concerned with finding the changes in
the discrete energy levels and eigenfunctions of a system when a small disturbance in
the form of an incident x-ray quantum is applied. The Hamiltonian is split into two
parts, H = Hy + V. By assumption, the Schrodnger equation involving Hy without
perturbation can be solved exactly numerically: the eigenfunctions and eigenstates are
thus known. However, the interesting part is V. In the time-dependent perturbation
theory the light interaction is considered as a ”perturbation” and the aim of the theory
is to determine how this perturbation influences the energy of the system.

Since the Hamiltonian H is time-dependent, there are no stationary solutions of the
Schrédinger equation

% = Hy = i | w(r,1)) = (Bo+ V(1) | v(0e,1) (23)
so that energy is not conserved. Therefore one should calculate approximately the
wave function 9 and base calculations of the interaction Hamiltonian on justified
approximations.

The photoemission process produces a final state that is lacking one electron with
respect to the initial state. Therefore, the basic excitation process can be described

according to
Initial state Final state

Uit (N), Ely(N) 22 0f (N, K), EL (N, K), (2.4)

where v¢_,(N) (further - 1*(IV)) is the initial-state N-electron wave function with a total
energy Ei,(N) and o] (N, K) is the K" final-state N-electron wave function, including
the photoelectron, with a total energy of Ef (N, K) [104]. The index K describes all
modes of excitation possible within the final state in an orbital k (translational, electronic
and vibrational).

2In this simplified model I do not consider any secondary excitations.

11
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To solve the full Schrédinger equation the v component can be simplified in the
electric dipole approximation. The approximation presumes that the wavelength of the
exciting electromagnetic radiation is much larger than the atomic dimensions. The
interaction Hamiltonian is then given by the dipole operator D which is defined as the
summation of the product of the charge times the position vector for all charged particles
involved (3_ gn7rn). Then the transition probability per unit time, w, corresponding

N

to the transition to a group of final states, can be found to the first order in perturbation
theory as [77,78]

w= 2T I (N) | D[ (N)) Po). (25)

Here, p(f) is the density of final states. This formula, first derived by P. A. M. Dirac
and later dubbed by E. Fermi as 'Fermi’s Golden Rule’ of perturbation theory. Fermi’s
golden rule has wide applications in quantum physics, but the present purposes, it can
be employed for to calculate transition rates, photocurrents, absorption cross sections,
and spectral functions. The transition probability from the initial state to the final state
i — f (i.e. the probability that the system, initially in the state 7, be found in the state
f # i) can be written as [79]

o 2T @ (N) | D [(N) POEY (N 1)+ B~ B(N) ). (26)

In equation 2.6, § function ensures energy conservation, meaning that the photon energy
needs to be equal to the difference between the final state E/(N — 1) + Ej, and initial
state E*(N) for photoionisation to happen. The | (¢f (N) | D | ¢*(N)) | is a transition
matriz element.

If one additionally applies a one-electron view of the photoemission process, in which
one considers only one-electron wave functions and thus separates the orbital involved
in the photoionisation from remaining electrons, then the transition matrix element can
be rewritten as

W (N) | D | ¢'(N)) = (¢"F | D| 6"F) (! (N — 1) [ '(N —1)). (2.7)

Here the initial wave function () is rewritten as a product of the one-electron wave
function of the orbital from which the electron was emitted ¢** and of the wave function
of the remaining N — 1 electrons after photoionisation (N — 1). Similarly, the final
state wave function is rewritten as a product of the wave function of the photoemitted
electron ¢/F* and the many-electron wave function ¥/ (N — 1) of the remaining ion
after photoionisation. The matrix element is thus a product of a one-electron matrix
element and an (N — 1)-electron overlap integral [79].

To obtain chemical information on the sample, one needs to estimate the (relative)
photoelectron binding energy peaks positions and compare them to the experimental
results. Using energy conservation (equation 2.2), the binding energy corresponding to

12
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leaving the ion in a state described by ¥/ (N — 1, K) can be expressed as
Ey(K) = E/(N —1,K) — EY(N). (2.8)

This definition is exact and the most useful theoretical tool in analysing XP spectra.
This implies that total energies need to be calculated and this is usually performed by
density functional theory (DFT).

Simpler approaches justify cruder approximations and one of the most well known
is the frozen orbital approximation. In this approach, the orbitals of the photoionised
atom are considered to be unaffected by photoionisation process. For the calculations of
ionisation energy during photoemission process the Koopmans’ theorem is used. This
states that that the binding energy of the electron before emission is equal the negative
Hartree-Fock energy of the orbital from which the electron is emitted. The electrons
remaining in the system are considered to be unaffected by the photoionisation, meaning
that o/ 5K°P(N — 1) = ¢*(N — 1), which renders the overlap integral unity (eq. 2.7).
Therefore, the transition matrix element is built on the one-electron wave functions.
However, Koopmans’ approximation neglects all relaxation energies.

By (k) = —ex = Eff (N = 1,k) = BI'T(N), (29)

The Hartree-Fock method for calculating the energies of a multi-electron system
is based on the statement that the wave function of an N-electron system can be
approximated by a sum of Slater determinant of N orthonormal one-electron spin-
orbitals (one-electron view discussed above). Using Slater determinants ensures that the
total electronic wave function of the systems is antisymmetric with respect to exchange
of any two electrons and thus obeys the Pauli exclusion principle.

Figure 2.4: Models of the atomic response to photoionisation: (above) frozen orbital approx-
imation and (below) Koopmans’ binding energy corrected to relaxation energy FEreiqr and
additional final state contributions Fsq:.
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According to Koopmans’ theorem, the photoemission spectrum would always consist
of single lines. In reality, however, the orbitals are not frozen, and to relate Koopmans’
energies to the binding energies actually measured one has to correct for the relazation
energy. This is the amount of energy necessary for the adjustment of the whole system
to the hole left upon photoionisation. The relaxation shifts the binding energy by E,cjqx
towards lower binding energy and it occurs both in emitting atom and surrounding
atoms upon ionisation. Additionally, in the system will appear interactions by the
response of the system to the core-hole potential, leading to convolution of the bare
core line with additional lines (satellites) (see figure 2.4) [79]. Therefore, for achieving
a more accurate estimation of the binding energy, one has to consider additional final
state contributions, such as relaxation, relativistic, and correlation effects [80,104].

Eb(k) = —€k — 0Ereiaw + 0Ereiat + 0 Ecorr (210)

It is important to remember that the first moment of the spectral intensity remains
unchanged and is located at Koopmans’ binding energy. This statement is based on the
so-called sudden approximation, which states that the response of the system to the
creation of the photohole is instantaneous and that there is no interaction between the
phtoemitted electron and the remaining system. Within this approximation an important
’sum rule’ can be derived. It states that the average of the binding energies peaks (Ep and
E,.t), which are associated with a primary excitation is equal to Koopmans’ theorem
binding energy —ej. Thus, in the sudden approximation, the position of the Koopmans’
energy peak corresponds to the first moment of the entire spectrum including the
satellites (Fig. 2.4).

Core level shifts

In a some ways, core levels of atoms can be considered as fingerprints of atomic systems.
Thus, the observation of the changes of their relative position, i.e. of core-level shifts,
allows to analyse modifications of atom caused by the environment surrounding this atom.
Interestingly, despite the localised nature of core level electrons and their irrevelence in
the formation of chemical bonds, any change in the electron distribution of the valence
levels affects the core level binding energies, which results in so-called chemical shifts.

The most common definition of chemical shifts is only related to initial-state effects,
although, for some materials, such as metals and metallic surfaces, the final-state effects
are also important [81]. Thus, both initial and final states influence on core-level shifts
are described here.

Initial state core level shifts. In 1924 Lindh and Lundquist [82] discovered the
effect of chemical combination on X-ray line spectra. Since their discovery numerous
studies have been reported, illustrating how emission X-ray line changes under influence
of valence charge [83,84]. In theory, valence electrons penetrate the ion core for less
than 10% of that of their probability distribution. When they happen to be inside of
the core, their charge repels the charge of the core, therefore they screen partially the
core electron-nucleus attraction and the binding of the core level is reduced. If the
atom forms bond, some of the charge is removed or transferred from the atom and
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consequently, the screening is reduced. This effect results in the core electrons being
more strongly attracted to the nucleus and consequently an increase of absolute value of
binding energy. Thus all inner levels of atom are shifted by a few eV when the valence
electron configuration changes.

A special case of chemical shift is a surface core level shift. The core-level binding
energy of surface atom is different from that of a bulk atom due to the different
environment of the atoms. By performing energy dependent measurements one can in
principle assign different bulk and surface contributions in a photoemission spectrum.

The presence of adsorbates on the surface additionally changes the electronic config-
uration of the system and a magnitude of these shifts is connected to the interaction
strength of adsorbate-surface system. In the case of strong bonding of adsorbate to the
surface, a charge transfer from/to the surface may occur.

Final state core level shifts. There are different types of final state contributions
to core level binding energy shifts. One of them is the relaxation of atom or molecular
orbitals upon creation of a core hole, also known as core-hole screening.

The other type of contribution is an image charge screening. In the case of weak
adsorption (physisorption) on metal surface, the creation of a core hole, i.e. positive
charge, in adsorbent is accompanied effectively by the simultaneous creation of a negative
charge in metal surface, which reduces the ionisation potential [85]. Depending on a
response time scale, it either alters the position of the core levels or maybe observed as
a satellite structure (also discussed in the section below). In the case of strong bonding,
the creation of a core hole is often involves a charge transfer from/to the adsorbate,
so-called charge transfer screening. Both, image charge and charge transfer screenings
involve a charge redistribution in order to achieve a totally neutral core hole site.

Contributions to Line Shapes of Photoemission Spectra

There are various effects and factors which determine the line shape of a core-level
spectrum. The observed energy distribution can be viewed as a convolution of the
fundamental spectral shapes connected to these processes. In order to obtain quantitative
details and extract information from a core-level spectrum, one needs to understand the
nature of all of the individual contributions.

During the electron photoemission process, the line-shape is represented by the
main core level photoemission peak accompanied by additional lines (satellites) which
occur due to the response of the atomic system to the created core-hole potential. The
main photoemission line can have different broadening mechanisms. In the case of
adsorbate on a surface, it is mainly broadened due to collective excitations in quantised
vibrations in the solid lattice (vibrational excitations). There is also a finite broadening
due to the experimental resolution [86,90].

The vibrational effects occur due to the fact that the potential energy curves of
the atomic motion are different before and after ionisation process. According to the
Franck-Condon principle, the relative transition probabilities of the electronic transition
is given by the overlap between the initial and final state nuclear motion wave functions.
The transitions between vibrational levels are favoured when they correspond to a
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minimal change in the nuclear coordinates. For a free molecule the number of modes
to be excited is limited, therefore the final vibrational excitations can be described
in terms of discrete states. For solids, on the other hand, the atomic motion can be
treated as phonons, [89] which create a continuous broadening function that often can be
considered to be of Gaussian shape. Thus, for solids a Gaussian distribution can be used
to account for the broadening of the main photoemission line due to both, instrumental
and phonon broadening. For a symmetrical Gaussian function, the relation between
intensity and energy is given by

In2(Ey — E)?

IG(E) = Ioexp(— wé/ll

). (2.11)

Here, wg is a Gaussian FWHM, E and Ej are the kinetic energy of the emitted
photoelectrons and energy position for the maximum intensity Iy of the peak, respectively.

A Lorentzian function is used to include the core-hole finite life-time. In the scope
of this thesis as I work with solid surfaces, where the core-hole life-time broadening is
considered to be negligible. Although, I briefly mention it here because a combination
of Gaussian and Lorentzian broadening results in a pseudo-Voigt function, which is the
most appropriate for fitting complicated, overlapping line-shapes and has been used
widely in the work presented here.

A spectral line cannot be infinitely sharp as a consequence of Heisenberg’s uncertainty
principle AEAt > h, which dictates that the energy level of an excited state of an atom
can never be determined precisely because of finite lifetime of the hole state [87]. Thus,
the line shape is broadened over a natural line width with Lorentzian shape and the
relation between intensity and the energy can be represented by following relation

1
(Eo — B)* + (w7 /4)

wr

IL(E) = Io( 5

)2

(2.12)

Here wy, is Lorentzian full width at half maximum, F is a kinetic energy of the out-coming
electron, and Ej is the energy position for the maximum intensity of the peak (Ip).
Satellites. In reality samples are many-electron systems with the electrons in-
teracting via Coulomb and exchange interactions. The perturbation of the Coulomb
potential, felt by the outer electrons when the photoelectron is emitted, causes their
collapse towards a positive hole. This effect allows the possibility for the excitation of
the valence electrons [92]. During the primary excitation, electrons can be to excited to
higher-lying states (shake-up process) and the corresponding spectral lines, appearing
at the higher binding energies, are called shake-up satellites. Separation of shake-up
satellites in photoemission spectrum from the fully relaxed peak (primary peak) corres-
ponds to the valence-level excitation energies concerned [93]. In the case of metals, the
shake-up processes are also manifested by the existence of asymmetric core line shapes.
In addition, in the case for the transition metals with ligands attached, considered within
this thesis, a charge-transfer from ligand to metal (or vice versa) may occur. This leads
to the occurrence of so-called charge-transfer satellites, [94,95], as first reported by
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Kim and Winograd [96,97] in 1973. Using the sudden approximation and ligand field
theory they have shown that for the transition metals with a partially filled valence shell,
the shake-up satellites are attributed to monopole charge transfer transitions (ligand —
metal).

If the excitation happens into free continuum of states (electron is ejected rather
that excited), leaving the atom in a double ionised state, the effect is called a shake-off
process [98]. These satellites appear as a steps, followed by a continuum, instead of
the satellite peaks observed for the shake-up satellites.

Due to the above considerations, the resulting spectral line-shape is a rather complex.
In this thesis, I find that the combination of a pseudo-Voigt function to represent the
main photoemission line together with additional pseudo-Voight functions for satellite
structure provides an adequate description of the observed photoemission data.

Splitting of Core-Level Lines

In photoemission from p, d and f inner subshells the spectral lines are influenced by
the coupling of the spin of the electron (s = 1/2) with an orbital angular momentum
(1=0,1,2,3... for s,p,d, f orbitals) [99,100]. This coupling is known as spin-orbit
or [-s splitting. This is a purely final state effect, since during photoionisation one
electron is removed, leaving behind an unpaired spin, while in the ground state the inner
subshells are completely filled. The spin can have two orientations (mgs = £1/2), up and
down, and if the orbital of the core hole has non-zero orbital momentum there will be a
coupling between the unpaired electron and orbital momentum, leading to a spin-orbit
doublet in the photoelectron spectrum [101]. The intensity ratio of the two spin-orbit
components is dependent on the relative probability of transition to the two states, which
is determined by the ratio of respective multiplicities (27 +1)/(2j_ + 1) = (21 + 2)/21,
where j; and j_ are total angular momenta for spin-up and spin-down respectively [102].
The lowest binding energy peak, corresponding to the transition to the lowest energy
final state, is the one with maximum j (Fig. 2.5).

I&—o
]
+

Binding energy, eV
Figure 2.5: Simplified schematic representation of the spin-orbit and multiplet splitting of the

photoemission signal (p-orbital). For a general case the amount of multiplet components m;
can be calculated as 2(21 + 1).
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The Russell-Saunders coupling scheme described above, or I-s coupling, is sufficient
to get the energies of final states, however it entirely neglects the magnetic spin-orbit
interaction due to coupling between the core hole and the spin of partly filled valence
levels [103]. In any atomic system, which contains unpaired valence electrons, the
exchange interaction affects each spin-up and spin-down spin-orbit component unequally
and favours the interaction of the core electrons with the spin parallel to the spin of
the valence electrons. This nonequivalent exchange interaction leads to slight spatial
displacement of the spin-up and spin-down wave functions from each other affecting the
binding energies of core electrons [104]. This Zeeman-like splitting of the main lines
in an effective magnetic field created by valence electrons, arranged according to the
magnetic quantum number m;, is called multiplet splitting [105,106]. The higher
the spin state of the valence electrons, the larger the splitting between m; sublevels,
broadening the photoemission lines (Fig. 2.5). This type of splitting is observed in both
inorganic solids and gases, and is common for transition metals containing 3d-series
atoms [107,108].

In addition, for transition metal complexes, the d orbitals can split in energy as a
consequence of bonding to ligand orbitals. This effect occurs upon adsorption of ligands
on metal surfaces or interaction of latter with metal containing compounds [99,109].
This effect is called ligand field splitting and it can be explained within molecular
orbital theory, which determines resulting molecular structure as formed by combining
metal valence d orbitals with the ligand orbitals. This leads to a bigger separation
between metal d levels (dgy, dy., d;., d.2 and dg2_,2 orbitals), which is called ligand
field splitting parameter or A parameter.
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2.1.2 Theory of X-ray Absorption Spectroscopy

When the energy of the incident photon beam is equal to the difference between the
electronic ground state and an excited state, photon absorption may occur. The excited
state consists of an inner-shell hole, with an additional electron in a formerly unoccupied
state above the Fermi level. The excited atom is typically unstable existing for core-
hole life time of the order of femtoseconds, before decaying back to the ground state
configuration by either radiative or non-radiative processes. Scanning the photon energy
around the absorption threshold thus probes the unoccupied states of the sample through
the generation of excited states and monitoring the decay characteristics. This spectral
regime, close to the absorption edge threshold, corresponds to the NEXAFS (Near
edge x-ray absorption fine structure) region. At energies slightly above the absorption
edge threshold an additional effect plays an important role, namely the scattering of
the outgoing photoelectron, which leads to the energy-dependent modulation of the
photoelectron intensity in the EXAFS (Extended x-ray absorption fine structure) region
due to constructive and destructive interference. The spectral lineshape in this region
provides information about interatomic distances. The measurement of the absorption
structure as a function of photon energy is known as X-ray absorption spectroscopy
(XAS), schematic view of which is represented in Figure 2.6.

In terms of the physical principle XAS is similar to XPS. In both cases the transition
is caused by absorption of a photon and excitation of an inner-shell electron, but the
final states are different. In XAS the electron is excited into an unoccupied level close
to the vacuum level. The final state is screened by the excited electron.

As mentioned briefly above, XAS has different names for different energy regions, due
to its very broad energy spectrum. The region in the energy range from 5-10 eV below the
absorption edge up to 30-50 eV above it is called X-ray Absorption Near Edge Structure
(XANES) or Near Edge X-ray Absorption Fine Structure (NEXAFS). Even though
that both abbreviations define in principle the same region, NEXAFS spectroscopy is
typically referred for soft x-ray measurements, when XANES spectroscopy is a hard
x-ray terminology [110]. For this thesis the term NEXAFS spectroscopy is applied also
because it is more commonly used for K-shell absorption spectra of low-Z adsorbents on
surfaces. The region from the upper boundary of NEXAFS up to a couple of hundreds
of eV is called Extended X-ray Absorption Fine Structure (EXAFS) due to an extended
energy range. EXAFS spectroscopy is not discussed here, considering that only the
NEXAFS region is used for the work in this thesis.

Determination of the molecular orientation

Since every element has a well-defined core level structure, the position of the absorption
edge provides information about the chemical species under investigation and e.g. their
oxidation states. Elemental specification analysis by XAS is not used it this thesis
extensively, but the remarkable advantage of XAS useful for my research is the possibility
of extracting information about orientation of the adsorbate on a surface.

From molecular electronic structure it is well-known that there are two types of
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Figure 2.6: Schematic drawing of the X-ray absorption process. The left panel depicts the
photoexcitation of an electron into unoccupied molecular orbitals. The right panel shows the
X-ray absorption spectrum as a function of excitation photon energy. It can be divided into
sharp 7* and broad ¢* resonances. In this particular case the scheme on the right-hand side
shows that 7* resonances can be mapped with the electrical field vector E perpendicular to the
surface, and the o resonances when the E vector is parallel to the surface.

unoccupied antibonding orbitals, 7* and ¢*, which are aligned from low to high energy.
A sigma resonance (0*) in the absorption spectrum appears due to the creation of a
sigma bond. It is a covalent type of bond, typically a single bond, while a w-type bond
describes a multiple bonding. The 7* resonances typically appear as the first couple of
peaks in absorption spectrum and represent transitions from the core level to the lowest
unoccupied levels.

Whether the resonances appear as sharp or broad features in absorption spectrum is
defined by transition energy. If the transition energy of the resonance (7* or *) is below
the ionisation energy, it is a trapped state and thus appears as a sharp resonance. If
the transition is above the ionisation energy, the excited states appear to be less bound
resulting in a shorter lifetime and broader features in absorption spectrum in higher
photon energies. Thus for well-oriented on a surface molecules using linearly polarised
light one can measure an absorption spectrum and by shape and position of resonance
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intensities, associated it with #* and o* final state orbitals, to determine the molecular
orientation.

The transitions measured in XAS obey the dipole selection rule (Al = 1), which
applies that the excitation from the core level with initial state of s symmetry will take
place only into unoccupied levels which have at least particial p character.

From a quantum mechanics perspective, if photoexcitation is considered to be a
one-electron process, the absorption cross-section and transition rates can be defined
by Fermi’s Golden Rule (Eq. 2.5), as in the case of X-ray photoemission (see section
2.1.1.). The change in resonance intensity is proportional to the change of the X-ray
absorption cross-section [110]

1
| E 2

Toc —=—|(fIE-pli) [ oc|(flE-F]i) % (2.13)

where € is a unit vector in the direction of light polarisation (electric field vector E),
and p'is the momentum operator, which can be expressed using the dipole operator er:
Toc|e(f|7]d)|*

The matrix element (f | 7| ) defines the direction of the final state orbital and
is further described by a vector O (Fig. 2.7 inset). Assuming 100% linear polarised
radiation, and a K-shell excitation, the signal intensity can be written as a function
of the angle © between the electric field E vector and the direction of the final state
orbital (Figure 2.7):

T |(f|e-7|i) | | & O cosO. (2.14)

According to Eq.2.14 the maximum intensity of the electron transition is obtained
when the electric field vector is oriented parallel to the final state orbital (7* or o*
plane), as it is presented in Figure 2.6 (right panel).

In the discussion above the light is assumed to have a degree of linear polarisation of
100%, meaning one direction of the polarisation in the plane of the x-ray light oscillation.
In reality, however, the degree of linear polarisation is not exactly 109% and there are
two components of the electric field with different contributions (Ell and E1). The
intensities associated with these components shall be denoted as I!l and I+, respectively.
The intensity I can then be written as

I=APII+(1- P)I], (2.15)

where A is a parameter representing the absolute resonance intensity for a specific
geometry, and P is the degree of linear polarisation.

The angle © between the electric field vector Ell and the vector O along a 7* or o*
final state orbital can be defined as a function of the incident angle 6 of the x-ray light
and the azimuthal angle ¢ and polar angle a of the vector O. For twofold and higher

substrate symmetry the angular dependence of the resonance intensity for Ell and EL
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Figure 2.7: Coordinate system for determining the angular dependence of the 7* and ¢*
resonances in XAS spectra. The orientation of a 7* or o™ orbitals can be defined by the vector
O that is characterised by a polar angle a and an azimuthal angle ¢. The probing X-ray
hght contains the major electric field component Ell and weak EL component. The weak
EL component in this schematics is missing since the light is considered to be 100% linearly
polarised. The incidence angle of x-ray light with respect to surface normal, which is also
the polar angle of I’E_“, is defined as 6. For this schematics only the 7* final state orbital is
presented.

components can be obtained as following
2 2 .2 2 2
IIU =1—c0s?(90 — 0) cos” a — sin“(90 — @) sin” « cos” ¢ (2.16)
and

1 S22
I; =1—sin”asin®¢ (2.17)

According to Equation 2.15, the absolute resonance intensity dependence on the
incident angle 6 is obtained as

I,(0) = A[P(1 — cos®(90 — 6) cos® a — sin*(90 — 6) sin® v cos? )
+ (1 — P)(1 —sin® asin® ¢)].  (2.18)
The above equation demonstrates that it is possible to determine the exact orientation

of molecules on a surface by determining how the resonance intensities in the XAS
spectra vary with the incident angle 8 of the x-rays.
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Treatment of NEXAFS Spectroscopy Data

The spectra which are measured by NEXAFS spectroscopy cannot be used directly.
Instead, one needs to calibrate the photon energy and one needs to accurately normalise
the spectra. Typically, the calibration of the photon energy is performed by measuring
photoemission spectra of a specific core level excited by 1%t and 2" order light. This
technique is based on the fact that a grating-based monochromator transmits also a
small fraction of higher order photons. Considering that the 2% order photons possess
an energy twice as high as the 1% order ones, the exact photon energy can be calculated
as the difference between the kinetic energies of the 2% and the 1%¢ order excitations:

E;}., =hv—Ep
rn = hw=E2, — EL (2.19)
F?, =2hv— FEp

The intensities of the resonances in the NEXAF'S spectra are proportional to the
incident X-ray intensity and therefore, all the recorded spectra must be corrected for
x-ray intensity variations as a function of time and photon energy. Time-dependent
variations may originate from instabilities of the electron beam in the storage ring and
the electron beam lifetime, which at the facilities used in the present work reduce over
time. Changes in X-ray light intensity with photon energy occur (a) due to the fact
that the undulator delivers different x-ray beam intensities at different photon energies
and (b) due to non-linear energy-dependent reflectivity changes of the X-ray optical
system in the beam line [111]. In addition, for extracting the NEXAFS signature of
monolayer concentrations of molecules on a surface, the large background contribution
from a substrate has to be removed from the measured spectra. Therefore the signal
from the species of interest may only be a tiny component of the recorded raw data.

Historically, several approaches have been developed for normalisation of the signal
from the sample. These are either by dividing the electron yield measured on a fine gold
grid in front of the experimental chamber, or by normalisation to the current recorded
on a photodiode for determination of beamline transmission [112]. Other data correction
procedures include the division [114] or substraction [113] of the signal obtained from
the clean surface. These approaches are not equivalent and make different types of
corrections.

The placement of a gold mesh directly in the optical path and simultaneous measure-
ment of photoelectron current provide the time- and energy-dependent variation in the
intensity of synchrotron radiation. The normalisation of the NEXAFS data by dividing
the raw NEXAFS spectrum by the reference signal helps to remove this variation.

Normalisation by division by the clean sample spectrum does not correct for instabil-
ities in the X-ray source, but this correction helps to resolve which of the NEXAFS
features are related to surface and which to the adsorbate. Subtraction of the clean
sample spectrum does not correct for instabilities in the storage ring, the transmission
function of the beamline, or the detector response functions. However, this data treat-
ment removes spectral features due to sample impurities, substrate excitations, or direct
photoemission peaks from the substrate.

23



CHAPTER 2. TECHNIQUES FOR PROBING SOLID SURFACES

In the present work both the first and second correction techniques have been used
depending on which one of them was more appropriate for a particular combination of
sample, energy range, and detections conditions.

After removal of a background signal, the NEXAFS spectra can finally be normalised
to the intensity of the step edge at about 25-30 eV above the absorption threshold
(vacuum step edge) [115]. These normalisation procedures are performed so the intensity
of the recorded spectra as a function of the photon energy can be directly compared
for different angles of the incident light (f). The determination of the variation of the
absolute intensity of a particular resonance, as a function of angle 8, provides direct
information about the orientation of the adsorbent on the surface as has already been
discussed above.
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2.1.3  Spectroscopy Instrumentation

X-ray Photoelectron Spectroscopy

Modern X-ray photoelecton spectroscopy instruments combine technology from a range
of different fields starting from mechanical engineering and digital/analog electronics
to sophisticated electron and X-ray optics, software engineering and design. X-ray
photoelectron spectroscopy is a surface-sensitive technique based on the measurement of
kinetic energy and number of the electrons ejected from a sample irradiated with x-rays.
In this way one can measure the elemental composition of the sample. In a simplified
picture, the essential components of an XPS instrument are shown in Figure 2.8.
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Figure 2.8: Schematic drawing of a hemispherical electron energy analyser during an XPS
measurement. The photoelectrons are focused onto the entrance slit by the electrostatic lens

system. Electrostatic fields within the sphere are established to only allow electrons of a given
energy to arrive at the MCP detector.

The setup for XPS includes an X-ray source, an electron energy analyser and requires
ultrahigh vacuum (UHV) conditions. The UHV chambers needed for both sample
preparation and analysis are maintained at a base pressure in the range of 1072 — 10~ 11
mbar to ensure that atomically clean surfaces can be prepared and maintained during
the experiment and to prevent scattering of the photoelectrons between the sample and
the detector. The description of vacuum systems is beyond the scope of this thesis.

Detailed information about UHV technology and instrumentation can be found in refer-
ences [116,117].
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Hemispherical Electron Energy Analyser

For the experimental work presented in this thesis, a hemispherical electron energy
analyser such as the one depicted in Fig. 2.8 was used for measuring the kinetic energy
distribution of the photoelectrons emitted by the sample. In this type of analyzer the
energy selection is made by two metallic concentrical hemispheres onto which a potential
difference AV is applied. The voltage bias forces the incoming electrons onto a curved
trajectory. A specific kinetic energy is selected by the lens system that focuses the
electrons onto the entrance slit and retards or accelerates them. This way only the
electrons with the desired kinetic energy have the right pass energy that allows them
to pass through the hemispheres. If the kinetic energy of the electron is too low or too
high, the electron will hit the inner or the outer hemisphere, respectively. The passing
electrons are dispersed through the analyser so that different energy electrons arrive at
different channels of the micro-channel plate detector (MCP), where they are multiplied
before reaching the fluorescent screen. Behind the fluorescent screen, a CCD camera
detects the electrons as they reach the screen.

As it has been mentioned above, only the electrons with energy F = Epqes £ AE
are able to pass the analyser. The pass energy E,qss is set by the constant potential
difference AV between the concentric hemispheres of the analyser. The value AF is
the the energy bandwidth that varies with the electron kinetic energy and decreases for
lower values of the pass energy. The resolution of the analyser is directly determined
by the CCD as it records AFE and divides it into channels. Thus, AFE affects the final
resolution via the number of channels and it is an important value for determining the
broadening of the photoemission spectrum lines.

The electrons are travelling in the analyser along an ideal curved path with radius
Ry with some small deviation. This uncertainty together with the broadening due to the
analyser entrance slit gives an additional contribution to the resolution of the analyser.
The analyser entrance slit has a finite size and creates a possibility of collecting of
a beam of electrons with specific angular distribution and slightly different energies,
inducing additional broadening. The combination of these parameters determines the
resolution of the electron analyser. This is a measure of the ability of the analyser to
distinguish peaks which differ in energy by only a small amounts [118,119]

Ean _ Wen + We:c + a2
Epass 4R, 2’

(2.20)

where W,,, and W, are the widths of the analyser entrance and exit slits, Ry is the
average radius of curvature of the hemispheres and « is the angular spread of the electron
beam. Both pass energy and the width of the analyser entrance slit can be changed
and thus the resolution of the analyser be tuned. Both parameters also influence the
intensity of the photoemission lines, and one needs to find a balance between them to
achieve the most optimal result.

During my experiments, the analyser has been operated in fixed transmission mode,
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also known as constant analyser energy mode. In this mode, the pass energy of the
analyser is held constant and is the electrostatic lens system that lets electrons of
different kinetic energies reach the detector at different times and be counted. The pass
energy for fixed analyser transmission mode can be found as Ep.ss = —ekAV, here e is
the electron charge; k is a constant given for each specific hemisphere and determined
by its radii; AV is the potential applied between hemispheres.

Light sources

The light used in photoemission spectroscopy experiments can come from several
different sources, such as lasers, X-ray tubes or synchrotron radiation sources.The
spectroscopy measurements described in this thesis were performed using synchrotron
radiation at the MAX IV Laboratory in Lund, Sweden. The experiments were carried out
at the beamlines I311 (high-resolution UHV measurements) [120] and I511 (high pressure
measurements) [121], both located on the Max IT 1.5 GeV storage ring. Synchrotron
radiation is a polarised radiation from high energy (relativistic) charged particles, such
as electrons, accelerated on a curved trajectory. Such curved trajectories are typically
achieved in electron storage rings by the means of magnetic fields. The electron beam is
delivered to the storage ring (MAX II) by an injector, where electrons are produced in
an electron gun by thermal emission [122] and further accelerated in a linear accelerator.
The electrons leave the injector in short pulses and are injected into the storage ring
where the are accelerated to the final energy and further bunched together. In the
storage ring the electrons circulate and are kept at speed by a radio frequency field,
which the electrons pass during each turn around the ring. The radiation is emitted from
the electrons in pulses in a narrow cone in the forward direction. When the acceleration
is achieved by bending magnets the radiation has a broad range of photon energies.

Figure 2.9: Ilustration of an undulator
magnet presented as a row of alternating
magnets with periodicity A\y. Image is mod-
ified from ref. [123].

To produce x-ray light and enhance the characteristics of the synchrotron radiation,
insertion devices, i.e. undulators and wigglers, are placed along the straight sections of
the storage ring. The insertion devices consist of periodic arrays of alternating magnetic
poles that direct the electron beam onto a sinusoidal path (Fig. 2.9). Due to constructive
and destructive interference of the light the electrons emit highly intense X-ray light
at certain energies as well as their third, fifth, seventh, etc. overtones (harmonics). By
changing the spacing between the magnetic arrays one can tune the energies of the photon
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beam. High spatial brightness, i.e. flux within a small solid angle, makes undulators
attractive for high-resolution spectroscopy [124]. Therefore, the work presented in this
thesis has mostly been performed on undulator beam-lines, with an exception when
the high flux is a disadvantage. This can be the case for some organic molecules which
are prone to beam-damage from the high x-ray flux. In this case bending magnets
beam-lines with lower spatial brightness have been used (beamline D1011).

Ambient Pressure X-ray Photoelectron Spectroscopy

XPS is a fundamental technique in the analysis of the elemental composition of the
surfaces of materials and the electronic state of their constituents. Due to the short
mean free path of electrons in the kinetic energy range up to some thousand eV, the
vast majority of XPS instruments are operated under vacuum conditions and sample
environment pressure does not exceed 10~° mbar. However, e.g. molecular adsorbate
geometries at ambient pressure can be significantly different from those observed in
UHV, as a consequence of the difference in the adsorbate surface concentration and
therefore, in the population of surface adsorption sites. Also, in UHV, high coverages can
be obtained at cryogenic temperatures. There is a high risk, however, that the adsorbed
species will be trapped kinetically and that non-equilibrium adsorbate structures are
created [125,126]. The difference between the surface reactions at ambient pressure and
UHV conditions is called the pressure gap. For many years, this pressure gap has been
an insurmountable barrier because of the large loss of photoelectron intensity owning to
inelastic scattering at ambient atmosphere.

prelens lens 1

nozzle 1* pumping stage 2" pumping stage 3 pumping stage

Figure 2.10: Schematic representation of electron energy analyser and pumping stages of the
HP XPS setup at I511 endstation at MAX-lab. Image is modified from ref. [132].

After the first attempts to create XPS instruments for surfaces in a vapour atmosphere
by Siegbahn and Siegbahn in early 70s [127,128] and further instrument improvements
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by Joyner and co-workers [129] the field of ambient pressure XPS developed continuously.
The technique came to fruition with the advent of third-generation synchrotron radiation
sources, due the large gain in photon flux. This helped to overcome the problem
of photoelectron intensity loss due to inelastic scattering on gas molecules. Another
important development was the use of electrostatic focusing in the differentially pumped
lens system of the ambient pressure electron energy analysers [121,130,131]. The ambient
pressure XPS measurements for this thesis have been performed at beam-line 1511 at
MAX IV Laboratory. The schematic drawing of the ambient pressure electron energy
analyser with three differential pumping stages is depicted in Fig. 2.10. The sample
is placed in a high pressure cell with gas in the analysis chamber. The sample is then
moved close to a gas nozzle, at a distance typically twice the diameter of the nozzle
aperture, i.e. in the range between 0.1 to 1 mm. The photoemitted electrons from the
sample arrive at the first pumping stage with a prelens system, before passing on to
the analyser. The lens system (prelens) focuses the electrons in a 2 mm aperture, after
which the electron beam passes through two more evacuated stations in which it is being
focused by lens systems (lens 1 and 2), before reaching the hemispherical analyser. The
role of the pumping stations is to ensure that the pressure at the detector does not
become higher than 10~® mbar. In this type of setup, the pressure at the sample can
reach up to 100 mbar, however a pressure of 1 mbar is most commonly used.

Temperature Dependent X-ray Photoelectron Spectroscopy

Temperature Dependent (TD)-XPS measurements were performed on molecules adsorbed
on a metal surface, by gradual annealing of the sample up to 350-500°C either in UHV
or ambient pressure. XP spectra were recorded for a discrete set of temperatures. As the
intensity of the XPS peaks is proportional to the amount of different species on the surface,
TD-XP spectra could be used for the determination of the desorption temperature (cf.
Fig. 2.11). From the binding energy shifts one can identify temperature-induced surface
reactions.
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Figure 2.11: TD XPS experiment performed
for a FePc monolayer. The sample has been
gradually annealed to about 500°C. The color
____________________________________ scale represents the intensity scale, indicating
the desorption of the molecules from the surface.
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Fig. 2.11 illustrates the temperature-induced chemical modification of FePc on a
Cu(111) surface at monolayer coverage. Up to 300°C no desorption is observed. At
300°C both desorption and chemical modification of adsorbates occurs [133].
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Acquisition and monitoring of X-ray absorption spectra

In the first half of this chapter the principles of X-ray absorption spectroscopy have
been discussed. Now I will concentrate on the acquisition and treatment of the data.
The two most convenient techniques for the measurement of X-ray absorption signal are
the fluorescence yield and the electron yield methods.
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Figure 2.12: Schematic drawing of the excited-state decay upon the creation of a core hole.
The hole is filled by electron from a higher shell by Auger electron emission.

The fluorescence yield method is a radiative method based on the decay of the core
hole created in the X-ray absorption process. The cross section for fluorescence decay is
very low for the low-Z elements such as Carbon, Nitrogen, and Oxygen. Thus it has
not been employed in this work. Instead, the non-radiative decay in the form of Auger
electron emission has been used, which involves filling the core hole with an outer-shell
electron and releasing an Auger electron from a higher energy level (Fig. 2.12). The
kinetic energy of the emitted electron is element-specific and is tightly related to binding
energies. The Auger peaks can be distinguished quite easily since they are constant
in kinetic energy, and the recorded intensity directly gives the X-ray absorption cross
section of the specific shell of the adsorbate atom [110].

If during X-ray absorption experiment both elastically and inelastically scattered
electrons are recorded as a drain current from the sample, the technique is called the
Total Electron Yield (TEY). Since it detects electrons of all energies including the
inelastically scattered ones from deeper inside of the sample, the TEY is a bulk sensitive
method. To make it more surface sensitive, one needs to apply a certain retarding
voltage to cut off the slowest electrons. This way the electron energy analyser may be
used to select electrons of a particular kinetic energy and separate between photo and
Auger electrons. This method is called Partial Electron Yield (PEY). Another way of
detection is the so-called Auger Electron Yield (AEY). AEY requires an electron energy
analyser as a detector, and only the Auger peak of interest is measured. One selects
a window around the kinetic energy of the Auger peak and records the intensity of
the Auger spectra over a specific photon energy region. Typically this region is chosen
around the absorption edge. The measurements used in this work were performed by
using both PEY and AEY techniques.

30



2.2. SCANNING TUNNELLING MICROSCOPY

2.2 Scanning Tunnelling Microscopy

To fully characterise a surface process, it is advantageous if averaging techniques such
as XP and XA spectroscopy are complemented by a local probe technique. Scanning
tunnelling microscopy (STM) is an excellent tool for this purpose. It provides direct
real space images of a surface of a conductive sample on the atomic scale.

After its invention by Gerd Binning and Heinrich Rohrer, who were awarded the
Nobel Price for their discovery [135,136] in 1986, the technique has rapidly became a
standard surface imaging technique. The technique can provide high-resolution images
with spatial resolution of approximately 1 A in the surface plane, and 0.1 A in the
perpendicular to the surface direction [137]. In addition, STM can also provide images
of large surface areas in a short time with the lowest acquisition time recorded of
~15 msec/image [138,139], which makes this technique suitable for time-dependent
studies, e.g. dynamic phenomena. Although, the acquisition time in the order of minutes
is typically used.

2.2.1 The concept of tunnelling

The principle of STM is fairly straightforward, employing an atomically clean and sharp
tip, which is brought to within a fraction of a nanometer distance to a conductive surface.
The electron wave functions of the surface overlap with those of the tip, and by applying
a small potential difference a finite tunnel current is generated. Typically, the bias V is
specified in terms of the voltage applied to the sample [140]. This means, that if the
sample is biased positively (V' > 0), an energetic incentive is provided for electrons to
tunnel from the occupied states of the tip into unoccupied states of the sample. When
V' < 0, the electrons tunnel from the sample into the empty states of the tip. The tunnel
current depends exponentially on the distance between the tip and surface, so the larger
the distance, the smaller the current. Thus, by measuring the fluctuations of the tunnel
current as the tip is scanned across the surface, a topographic image is recorded.

In simplified picture, an electron in a potential well is considered as a ball trying to
roll over the hill. Classical mechanics scenario predicts that the ball cannot pass trough
the wall. In contrast, in quantum mechanics the electron has a small, but non-zero
probability of going through (tunnelling) the wall - or the potential barrier. The reason
for this dissimilarity originates from the fact that matter has both waves and particle
character. Thus, according to Heisenberg’s uncertainty principle, which defines a limit of
precision of either the location or the velocity of the particle at the same time, there are
no solutions with a probability of exactly zero. Hence, the probability of the particle’s
existence on the other side of the potential barrier is non-zero [141].

If two metals A and B are brought to within tunnelling distance of each other, with
metal A biased relative to B by a voltage V, the Fermi levels are offset from their
equilibrium position (Fig. 2.13). This equilibrium position is originally obtained through
rapid charge transfer when metals are brought together. The applied bias offsets the
Fermi energies on one side of the vacuum barrier and this creates a potential difference,
which further establishes a net tunnelling current between the metals A and B. The
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EVOC :
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Figure 2.13: Energy levels of two metal
E8 electrodes, A and B, during vacuum tun-
F nelling. Positive bias is applied to metal B,

so electrons tunnel from the metal A to B
(Va < 0). Image is inspired by [142].

tunnelling current between the metals depends strongly on the separation z between
two solids and in simple planar tunnelling model using the Wentzel-Kramers-Briullouin
(WKB) approximation, it is given by

1= papsVacap(—=2\/m(¢a + 65)/1%2), (2.21)

where p4 and pp denote the local density of states at the two solids, V4 is the applied
bias, m is the mass of the electron, ¢4 and ¢p are the work functions of surface of
A and B, respectively, and z is their separation [143]. The strong dependence of the
tunnelling current on the separation is the origin of the high resolution in the STM
probe, which is typically below 1/100 monolayer for most solid surfaces.

Equation 2.21 also reveals that STM images display not purely topographic changes
on the surface, but rather a complex mixture of electronic and geometric features.
Therefore, with the tip-surface separation too big to create a chemical bond, either the
atomic relaxation or a local charge density can change during the scanning process,
which affects the value of the tunnelling current and gives rise to an apparent height
difference. Note, that the absolute height of the adsorbent species on the surface cannot
be accurately determined with STM. Qualitatively, atoms with higher chemical affinity
have a higher tunnelling conductance and are imaged at a larger apparent height [143]
than they are in reality.

2.2.2 Instrumentation

A schematic diagram of a typical STM setup is illustrated in Figure 2.14. The figure
contains the most important components, which include a scanning tip, piezoelectric
controlled height, and xy scanner and a conductive sample [144]. The atomically clean
and sharp tip is attached to a 3D piezoelectric scanner. By adjusting the piezovoltage,
the position of the tip can be precisely controlled since a piezoelectric material is
mechanically deformed when an electric field is applied. The tip is scanned in the surface
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2.2. SCANNING TUNNELLING MICROSCOPY

plane by independent piezo elements in the x and y directions and a piezo element in z
direction controls the lateral position.

There are two common STM operation modes, the constant current and constant
height modes. In constant current STM imaging the tip is moved across the surface and
a constant tunnel current is maintained during scanning. Imaging is done by vertically
moving the tip at each data point until the setpoint current is reached. The vertical
position is stored and used to form the topographic image of the sample surface. This
method is the most commonly used in STM.

In the constant height approach the tip-sample distance is kept fixed and a variation
in tunnel current forms the STM image as a current map, I(z,y). This current map
represents a cut through charge density contours in the plane chosen by tip height. This
approach allows higher scan speeds because no feedback signal is necessary. However
this technique can only be used for flat samples with zero curvature of the surface.

(constant height) (constant current)
I - Signall Z - Signal
A

_ | Feedback
. (z)

—_—

voltage on x piezo

voltage on y piezo

'_

Figure 2.14: Schematic illustration of the various components of a scanning tunnelling
microscope system. The tip probes the surface by scanning in x- and y- directions by use
of piezoelectric tube scanner for positioning the STM tip. The tunnelling current or the
tip-sample distance is set by user. In the case of constant current mode, the feedback loop
helps to continuously adjust the position of the tip while scanning in such a way to maintain
the tunnelling current constant.
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CHAPTER 2. TECHNIQUES FOR PROBING SOLID SURFACES

Since the probe tip is only a distance of order of 1 nm away from the surface, any
mechanical vibrations of the tip relative to the sample have to be minimised to the
picometer scale. This low vibration is achieved by the microscope being constructed
in the way that the sample and the tip are placed on a rigid platform, which is hold
on springs or dampers inside the SMT chamber. In addition, the entire microscope is
mechanically isolated from any vibrational sources by placing it on mechanical springs
or gas damping systems [140].
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CHAPTER 3

Results

The following chapter provides a summary which highlights the most interesting points
of the results from the papers that are included in this thesis. The aim of this chapter
is to present the relationship in motivation between the separate publications and
manuscripts.

Surface modifications of iron phthalocyanine on Cu(111)

Since the discovery of iron phthalocyanine its interaction with different types of ligands
has been investigated extensively [18-23]. These studies have shown that the electronic
configuration of the molecule and specifically of its iron centre can be manipulated by
adsorption of different ligands on top of the compound. These results have led to the
conclusion that the quantum properties, such as the compound’s spin state, arising from
the unpaired electrons in the valence shell of the iron atom, can be tuned to a desired
value by ligand adsorption. This realisation of this tuning of the electronic states in
phthalocyanine, via the interaction with small ligands, has led to the idea of tuning
the molecular electronic states by choice of the surface material. This would allow the
modification of the electronic configuration in a way identical to that of ligand adsorption,
but from beneath the molecule. This, in turn, would then allow the molecule’s electronic
properties to be further tuned by varying the ligand species.

To date, many research groups interested in surface-driven changes in the electronic
structure of iron phthalocyanine have investigated the adsorption of FePc compound
on various surfaces [25,145-152]. These works have demonstrated explicitly that the
molecule-surface interaction leads not only to the possibility of spin state manipulation
[25], but also that it alters the symmetry of the molecule [34], which in the gas phase
exhibits a perfect fourfold symmetry (Fig. 1.1).

Indeed, when adsorbed on moderately reactive or non-reactive surfaces, such as
Au(111) or HOPG (highly oriented pyrolitic graphite), FePc appears with a fourfold
symmetry in STM images, at both monolayer and sub-monolayer coverages [147-149].
However, when the molecules are deposited on more reactive transition metal [31, 32]
or on insulator surfaces [53], it has been reported that the symmetry of the compound
changes from Cy, to Cs, for adsorption up to sub-monolayer coverage. This phenomenon
of lowering of the original Cg4, symmetry to Cy4, Co or C; will be further referred as a
symmetry reduction or symmetry breaking.
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The symmetry breaking of FePc molecules on the Cu(111) surface, was first reported
by Chang et al. and this effect was attributed to the distortion of the molecule’s
macrocycle [34]. However, these conclusions have been somewhat controversial. While
some STM groups claim that the symmetry breaking of MPcs is purely geometric in
origin (topographic) [37,40], other groups argue that it is either purely electronic [32]
or that it is a geometry-driven electronic effect [31,34,35,41]. Currently, there exists
no consensus as to the origin of the observed symmetry breaking in the surface science
community, and one of the aims of this thesis is directed towards resolving this issue by
combined imaging and spectroscopy approaches.

As discussed in Section 2.2, one of the drawbacks of STM is that it does not provide
purely topographic information but rather a complex convolution of geometric and
electronic properties. Therefore, it is difficult to fully explain the observed symmetry
breaking of adsorbed metal phthalocyanine molecules and to ascribe it to one of the
possible origins by only considering STM data. One of the techniques that can provide
information on charge transfer effects is XPS [153], in particular when supported by
theoretical calculations. Therefore, in the work with the present thesis, photoelectron
spectroscopy measurements were performed to achieve a full characterisation of the
adsorption of the FePc molecule on different surfaces and these data were combined with
theory to quantify the geometric and electronic contributions to a symmetry reduction.

Orientation of Fe phthalocyanine on Cu(111)

At submonolayer coverage FePc adsorbs on the Cu(111) surface with the iron ion in
a bridge site [134,150] and with one of the molecular axes in perfect alignment with one
of the equivalent crystallographic directions of the sixfold symmetric Cu(111) surface.
Here, a molecular axis is defined as one of two dihedral axes aligned parallel to opposite
isoindole units of the molecule’s macrocycle (marked green and purple in Fig. 3.1).

Figure 3.1: Schematic representation of a
_ /\[HZ] single FePc molecule adsorbed on Cu(111).
[110]

The representation corresponds to orient-
ation of FePc observed in STM with the
iron ion in a bridge adsorption site and one

of the molecular axis aligned with one of
the close-packed crystallographic direction

[ ] of the Cu(111) surface ([110]) [134]. The
axis aligned with the [110] crystallographic
direction is marked green, and the perpen-
dicular one in the [112] direction is marked
purple.

By means of DFT calculations, the optimised structure of FePc on Cu(111) shows
the distortion of the macrocycle of the molecule (Paper I) and as a result, the bending
of the axis aligned in [112] direction ~0.2 A down to the surface.
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X-ray photoelectron spectroscopy characterisation of FePc on
Cu(111) in combination with the first principles calculations

The FePc molecule can be fully characterised by analyzing the C 1s, N 1s and
Fe 2p XP photoemission spectra. Before discussing the analysis of surface-induced
modifications of FePc adsorbates, we first assign the carbon and nitrogen species of
pristine FePc molecule. Multilayers of FePc have been studied previously on inert surfaces,
such as HOPG (Fig. 3.2 (b)). Due to both the weak substrate-adsorbate interactions
at this surface and due to the weak intermolecular interactions, the absorption process
does not change the chemical and electronic states of the molecules significantly [18],
and the multilayer can be considered a reliable model of the pristine FePc molecule.
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= Multilayer 4_, — 036\-—-
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Figure 3.2: Experimental and theoretical C 1s and N 1s XP spectra of a thick multilayer
of FePc deposited on HOPG, representing the properties of pristine FePc, and for 0.5 ML
FePc adsorbed on Cu(111). (a) and (d) Calculated binding energy shifts. (b and e¢) The C 1s
photoemission lines consists of contributions from the C=C, C=N, Sc=¢ and Sc=n components.
(c and f) experimentally recorded N 1s XP spectra.

For the FePc in multilayer on HOPG surface the C 1s XP spectrum consists of two
main components (Fig. 3.2 (b)). The most intense feature at around 284.5 eV results
from the photoemission of C 1s core level electrons from the 24 carbon atoms of the
benzo groups (labelled C=C). The second feature, at higher binding energy (285.85 V),
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is due to the contribution from the eight pyrrole carbon atoms (labelled C=N) that are
bonded to pyrrole nitrogen atoms. Both of the main core level photoemission lines are
accompanied by shake-up satellite structures shifted by approximately 1.8 - 2 eV to
higher binding energy (Sc=¢ and Sc=n) [154-156].

The full width at half maximum (FWHM) of the C=C peak contains information
about the chemical shifts of the different carbon atoms of the benzo group. The carbon
atoms in the benzo moiety of the FePc molecule have different chemical environments,
which results in three different carbon contributions to the C=C photoemission peak: Cp,
(outer), Cpyy, (middle) and Cy; (inner) (Fig. 3.2 and Fig. 1.1). The FWHM of C=C peak
for FePc/HOPG includes all of these contributions (0.49 eV) in addition to all lineshape
broadening mechanisms discussed in section 2.1.1. If the conditions of the experiment
are not changed, the contributions to the FWHM due to instrumental broadening stay
constant and the phonon broadening is not expected to change significantly. Therefore,
any additional line-shape broadening after adsorption of the molecule on a different
surface is caused by surface-induced chemical shifts with both initial and final state
effects. The FWHM of the pyrrole carbon (C=N) peak is not discussed here as it
contains a Sc—¢ shake-up satellite contribution, the intensity of which can vary with
the strength of the adsorbate bonding to the surface.

The N 1s XP spectrum of a FePc multilayer on HOPG consists of one characteristic
photoemission line (Fig. 3.2 (c)). Despite the fact that the FePc molecule contains two
chemically inequivalent nitrogen species, the pyrrole nitrogen atoms (N,,,) and nitrogen
that bridges together the isoindole parts of the molecule (Ng.,), the binding energy
peaks for these two components are separated by only 0.36 eV and cannot be resolved
experimentally.

The line of the C 1s and N 1s core level spectra of the FePc multilayer are symmetric;
upon deposition of submonolayer or monolayers of FePc onto the clean Cu(111) surface,
however, the N 1s and C 1s core level lines get broader and obtain some degree of
asymmetry. This is a clear evidence that the surface has a strong impact on the properties
of the adsorbed molecules. The FWHM of the peaks at submonolayer is broadened
by ~ 0.1 eV, which indicates surface-induced chemical shifts for the benzo moieties of
the molecule. The separation between the C=C and C=N photoemission peaks is also
significantly reduced from 1.33 to 1.2 eV.

In Paper I, the ultraviolet photoelectron (UP) spectrum of FePc on Cu(111) shows
clear evidence of a charge transfer between the molecule and the surface. It is visible
from the occurrence of a new feature at 0.6 eV binding energy, which has been assigned
to a formerly unoccupied molecular orbital. This is indicative of a charge intake from
the surface into the molecular orbitals. These results are consistent with a scenario in
which the properties of the FePc molecule are modified by the charge transfer from the
surface. Therefore, the combined ultraviolet photoelectron spectroscopy (UPS) and XPS
results, together with density functional theory (DFT) calculations of binding energy
shifts and a Bader charge transfer analysis, provide powerful insight into the nature of
the symmetry reduction mechanisms in FePc adsorbed on a Cu(111) surface.

The calculations of the intake of the electron density by the molecule from the surface,
as analysed in a Bader charge analysis, show the transfer of almost one electron, which
is unequally redistributed over the macrocycle of the molecule. The calculations show
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Electronic structure of FePc/Cu(111) Electronic Structure of pristine FePc
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Figure 3.3: Carbon pDOS of the p-states of (a) FePc adsorbed on Cu(111) and (b) the free
FePc molecule. For FePc on Cu(111) the total p-pDOS is separated into the contributions
along the different molecular axes.

that the majority of the electron density is transferred to the molecular axis with the
orientation perpendicular to the close-packed direction of the surface ([112]), while only
a minor part is transferred to the molecular axis aligned with close-packed Cu(111)
crystallographic direction ([110]) (inset in Fig.3.3 (a)).

The calculated partial density of carbon p-states (p-pDOS) of FePc on Cu(111)
shows a clear difference to that of the free FePc molecule (Fig. 3.3). The out-of-plane
contributions along different FePc axes confirm that the p-states of the FePc carbon
atoms on the molecular axis that are aligned with [112] direction of the surface has the
most significant contribution close to the Fermi edge. This observation is accompanied
by the fact that this axis bends towards the surface. Having determined this fact, the
next question is whether it is the charge intake that bends the axis towards the surface,
or whether the bending causes the higher charge intake? The cause-consequence relation
between these two effects cannot be resolved from these results. However, irrespective
of which of these effects comes first, the different charge intake on different molecular
axes is mirrored by core-level photoelectron spectroscopy data, and in my work I show
this for the first time.

The comparison of the binding energy shifts of the C 1s and N 1s core levels of FePc
in a thick multilayer on HOPG and at submonolayer coverage on Cu(111) show that on
copper surface the binding energies for atoms in both pyrrole rings and benzo moieties
on different molecular axes are significantly different (Fig. 3.2 (d-f)). This results in an
increased FWHM and asymmetry of the C 1s and N 1s lines of FePc/Cu(111). Thus,
my research shows that the symmetry breaking is observable not only in STM images,
but it is also evident from the change in lineshape of the core level photoemission lines.
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To address the question of whether the binding energy shifts in the broken-symmetry
sample are due to electronic effects or due to the surface-induced distortion of the
macrocycle of the molecule, the binding energy shifts have been separated into ’distortion’
and ’surface’ contributions (Paper I). By ’surface’ contribution I imply the contribution
induced by the presence of the surface, e.g. charge transfer and core hole screening effects.
By the absolute values of the contributions, it is clear that the ’surface’ contribution
has a bigger impact; this result suggests, however, that both contributions influence
the binding energy shifts significantly. This means that the nature of the symmetry
reduction is a rather complex combination of both the electronic and structural effects.

In Paper II I have shown that the symmetry breaking occurs for different coverages
and is a coverage dependent effect. Symmetry reduction occurs for singly adsorbed
molecules and up to a coverage of one monolayer. The molecules in the overlayers above
the first molecular layer are electronically decoupled and show no sign of charge transfer
from the surface. This is evident not only from the absence of symmetry breaking in
STM images, but also in the XP spectra. The XPS data shows that the second layer
of the FePc molecules appear as a new contribution shifted by 0.45 eV towards higher
binding energy.

Figure 3.4: STM image of an FePc/Cu(111) assembly at monolayer coverage. The colour scale
of the image is chosen to illustrate clearly the different types of symmetry reduction (I, T and
L-types). In addition, also fully symmetric molecules can be observed (not shown). For the
I-type of adsorbate the bright axis deviates by 90° from the dense-packed Cu direction.

For different submonolayer coverages (up to 0.65 ML) symmetry reduction can lead to
molecules which appear with bright axis along different surface directions, aligned either
with [110] or [112] the crystallographic direction of the surface, but it always remains of
twofold symmetry. Interestingly, for a higher coverage of around one monolayer, I have
observed different types of onefold symmetry with only few molecules remaining with
twofold symmetry (Fig. 3.4). This is a clear indication that, upon the creation of the
monolayer, the FePc molecules change the adsorption site on the surface, which results
in a different charge redistribution together with different distortions of the molecules’
macrocycle.
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Temperature—induced modification of FePc on Cu(111)

The heating of the sample to the evaporation temperature of the adsorbate is a
widely used technique for the creation of a molecular monolayer [18,48,149,157]. By
increasing the temperature, i.e. annealing, of the sample one can easily remove most
of the weakly bonded species from the surface, including the molecular adlayers. The
second and further layers of the molecules on a surface are typically more weakly bonded
to the surface than the first molecular layer, and by adjusting the sample temperature
one can remove the required amount of adsorbates from the surface. This technique
is the simplest way to achieve a single molecular layer since it does not require any
additional sophisticated and expensive equipment to ensure a proper molecular coverage.
Therefore, this approach is a favoured method for a large scale industrial applications,
such as creation of molecule-based devices.

Despite the simplicity of the method, annealing technique has its drawbacks. In
recent years, a number of publications have reported that the temperature treatment of
the surface can modify the properties of the molecules adsorbed on this surface. The
modifications are rather mild in some cases, such as the reorganisation of the molecules
and the creation of more closely packed layers of the adsorbate on a surface [158].
However, more drastic effects can also occur in other cases, such as temperature-induced
chemical reactions. For some supported organic compounds, such as porphyrins and
phthalocyanines, it has been shown that the annealing can cause dehydrogenation of the
molecules leading to a homocoupling reaction [159,160]. In the homocoupling reaction,
the molecule looses some of its hydrogen atoms and neighbouring molecules merge
together. The temperature-induced homocoupling is shown to take place only for the
molecules that are adsorbed on more reactive transition metal surfaces, such as copper or
silver, while it does not occur for phthalocyanine molecules on the less reactive surfaces,
such as gold [18,19].

In Paper II I have examined the changes of the geometric and electronic structure
of the FePc molecules adsorbed on Cu(111) induced by thermal annealing by combining
imaging (STM) and spectroscopy (XPS, XAS) techniques. The motivation for the rather
extensive study is the observatiion of significant broadening of the C=C peak in the
C 1s XP spectrum after annealing of the sample at temperatures between 250 and
320°C (Fig. 3.5). The position of the C=C peak remains rather unchanged, while a
broadening towards both low and high binding energy is found. This can be explained
by the presence of at least two new components in the C 1s XP spectrum.

To fully understand the origin of the new components in the C 1s XP spectrum,
STM has been used. The analysis of the STM images before and after annealing of the
FePc molecules on Cu(111) at different coverages reveals that despite the temperature-
induced rotation of some single adsorbed FePc molecules the symmetry reduction is still
pronounced. This indicates that the symmetry breaking still contributes to the FWHM
of the benzo carbon atoms peak. Additionally, STM data show that annealing of the
FePc molecules leads to a homocoupling reaction, caused by the removal of some of
the hydrogen atoms from benzo moieties and subsequent reaction with neighbouring
molecules. Therefore, some of the C-H bonds in the annealed FePc molecules are replaced
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Figure 3.5: C 1s XP spectra recorded for 1 ML coverage of FePc on Cu(111) before (black)
and after annealing to 320°C (orange spectrum). Both spectra have been recorded at room
temperature. The full width at half maximum of the benzo peak of the annealed FePc molecules
comparing to that of the FePc before annealing has increased from 0.64 to 0.8 eV. Inset: STM
image of FePc/Cu(111) after annealing and its schematic model show homocoupling reaction.

by C-C bonds, which leads to a C 1s binding energy in the involved carbon atoms that
is around 0.20 to 0.36 €V higher than that of the other benzo carbon atoms [161]. This
may also explain the broadening of the benzo peak to the high binding energy side in
the C 1s spectrum.

The broadening of the benzo peak on the low-binding energy site can be explained
by the reduced distance between the surface and the adsorbate. In the discussion part of
Paper II I support this assumption by the observed binding energy shifts of N 1s and
Fe 2p XP spectra towards lower binding energy. The downshifts are likely to appear
from a stronger surface-adsorbate interaction, since a closer distance would lead to a
more efficient core hole screening.

The possibility of occurrence of this low binding energy component due to the
temperature-induced breaking of some molecules on the surface is not considered, as
there has been no indication in the STM images of such dissociation taking place. The
other possibility of such a downshift could be an increased charge transfer from the
surface as a result of annealing. However, the 7* lineshape in the N 1s XA spectra
remain unchanged and since the intensity contributions of the resonances are directly
linked to the occupation of the unoccupied molecular orbitals probed in XAS, these
results do not support the possibility of an additional charge transfer from the surface.

The shortened surface-adsorbate distance upon annealing indicates that the annealing
leads to a weakening of the intermolecular bonds, breaking of some 7-type bonds and
their switch-over to o-type bonding to the surface. Further support, in addition to that
from XAS and XPS, come from the observation that the annealed FePc molecules on
Cu(111) exposed to atomic oxygen experience molecular decomposition, while it is not
the case for the room temperature prepared FePc monolayer. This effect, also known as
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the second chemisorptive state, have been shown to occur previously only for smaller
molecules adsorbed on transition metal surfaces [162]. However, in Paper II T have
demonstrated this to also occur for the supported phthalocyanine molecules for the first
time.

FePc on copper nitride: link between geometry and spin state

As discussed previously, the nature of a support can dramatically influence the structural
and electronic properties of an adsorbate. In the case of the Cu(111) surface, the
surface-induced modifications are clearly triggered by the reactivity of copper and the
arrangement of the surface atoms. Therefore, the creation of a single layer of copper
nitride on a Cu(111) surface would be expected to decouple the molecules from the
surface and remove most, if not all, surface-induced effects. This expectation is based
on previous studies, which have demonstrated that the nitride overlayer has isolating
properties and is inert to many ligands [163,164].

Self-organisation of adsorbed atomic nitrogen on the reconstruc-
ted Cu(111) surface

Copper surfaces do not dissociate molecular nitrogen, so the surface atomic nitrogen
chemisorption phase on the Cu(111) surface was prepared by a low energy nitrogen ion
bombardment. Previous studies show that atomic nitrogen adsorption on the Cu(111)
surface leads to reconstruction of the outermost layer. This reconstruction is believed
to be related to the relief of surface stress and results in the outermost layer with the
pseudo-Cu(100)¢(2x2)-2N surface phase [163-166]. The surface nitrogen atoms in this
reconstructed layer occupy fourfold hollow sites as presented in the Fig. 3.6. The unit
cell of this structure is face-centred ¢(2x2) with two nitrogen atoms, i.e. ¢(2x2)-2N.

c(2x2)-2N with __}
removed Cu(100)

Cu(100)c(2x2)-2N/Cu(111)

Figure 3.6: Top and side views of Cu(100)c(2x2)-2N created by atomic nitrogen adsorption
on Cu(111) which caused the reconstruction of the outermost layer. The structure is identified
in the DFT calculations. Nitrogen atoms are marked by purple colour circles, and copper - by
orange. Square structure defines the unit cell of ¢(2x2) structure.
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The pseudo-(100) reconstruction of Cu(111) affects only a single atomic layer and the
second layer of copper keeps its sixfold crystallographic symmetry [167]. This means that
Cu(100)¢(2%2)-2N created on Cu(100) a surface can have different electronic properties
compared to a Cu(100)¢(2x2)-2N/Cu(111). This is because of the different interactions
between surface nitrogen and copper atoms from the second layer. The structure of
Cu(100)¢(2%2)-2N/Cu(100) is presented in Fig. 3.7 [168]. For this structure each surface
nitrogen has copper atom from the second layer directly underneath it. However, in the
case of a nitride overlayer on a Cu(111) surface, none of copper atoms are positioned
directly beneath the surface nitrogen atoms. My analysis, performed after the simple
removal of the first layer of copper atoms from the optimised Cu(100)c(2x2)-2N/Cu(111)
surface structure, indicates that the surface nitrogen atoms are located mostly in between
the copper atoms of the second layer (Fig. 3.6 (inset)). Some of the nitrogen atoms
have an adsorption orientation closer to hcp, while others are closer to bridge adsorption
side. Only a very small amount of surface nitrogen atoms is close to on top adsorption
site. This indicates that the surface nitrogen atoms in pseudo-(100) reconstruction on
Cu(100) and Cu(111) have very different electron configurations. The properties of
Cu(100)¢(2x2)-2N/Cu(100) are clearer and more closely related to that of bulk copper
nitride phase (CugN) than the Cu(100)c¢(2x2)-2N/Cu(111) configuration.

Cu(100)c(2x2)-2N/Cu(100)

Figure 3.7: Ball model for the N-induced structure on Cu(100) surface with a (2x2)-2N
overlayer. Orange circles are copper atoms and purple are nitrogen atoms.

Deposition of iron phthalocyanine on Cu(100)c¢(2x2)-2N/Cu(111)

The structure Cu(100)c¢(2x2)-2N/Cu(111) has insulating properties (discussed
above), so that FePc molecules adsorbed on this layer are expected to be electronically
decoupled from the metal surface. In Figure 3.8 the XP spectra of a FePc monolayer
on the (a) Cu(100)c(2x2)-2N/Cu(111) and (c¢) Cu(111) surfaces are presented. Indeed,
the FWHM of the C=C peak of FePc on nitrogenated copper is significantly reduced
(from 0.75 eV to 0.55 eV). Since the width of the C=C peak is related to both the
hybridisation of the FePc molecular states with those of the surface and to an uneven
charge distribution in the macrocycle of the molecule, it is clear that the interaction of
the molecular overlayer with this support will be modified. It is tempting to assume that
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the FePc molecules are fully decoupled from this surface, since we also observe a similar
change in the width of the N 1s XPS line (Fig. 3.8). In addition, the Fe 2p3,5 XPS
line of FePe on the Cu(100)c(2x2)-2N/Cu(111) broadens significantly. The Fe 2p3 /o
XP spectrum of FePc on the clean Cu(111) is characterised by a low-binding energy
narrow peak (707 eV), accompanied by a broad satellite structure at 709.5 eV. This
binding energy position and small FWHM have been previously explained as result of
charge intake from the surface and quenching of the spin state of the iron ion (S=0) [25].
However, the presence of the nitride layer between FePc and Cu(111) results in a very
broad Fe 2p3/5 spectrum, which is notably broader than that of FePc/Au(111) or
FePc/HOPG spectra [18,154]. This result clearly indicates the presence of additional
components in the spectrum and that the interaction of the FePc molecular overlayer
with the copper nitride on Cu(111) is not as simple as expected.
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Figure 3.8: Fe 2p3/2, N 1s, and C 1s XP spectra of a monolayer of FePc deposited on (a)
Cu(100)¢(2x2)-2N/Cu(111) and (b) Cu(111). (c) Side view of four the most stable adsorption
configurations of Cu(100)c¢(2x2)-2N/Cu(111) identified in the DFT calculations and calculated
for each adsorption configuration spin magnetic moment of the iron ion.

DFT calculations on the structure for a single adsorbed FePc molecule, resulted in four
of the most stable geometries of FePc on Cu(100)¢(2x2)-2N/Cu(111), labelled A to D
(Fig. 3.8 (c)). A detailed overview of the adsorption energies of the optimised structures
are provided in Paper ITI. Considering the adsorption orientations of these geometries,
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in structures A and D, the iron ions are located above the surface nitrogen atoms. In
structure B the iron ion is in between copper and nitrogen atoms and in structure C the
Fe ion is located directly above the surface copper atom. For configurations B and C,
the mean distance to the surface is larger than that for configurations A and D. The
stronger interaction between the molecules which have A and D adsorption sites and
the support, leads to a shorter mean distance to the surface. Despite the shortened
surface-adsorbent distance, the molecules in configurations A and D do not exhibit any
structural deformations.

The analysis of the Fe d-orbital pDOS in Paper III of structures A and D, show
a strong hybridisation of the adsorbate and support states, while this is not the case
for structures B and C. This result indicates a strong interaction between the FePc
molecule and surface in the case when the Fe ion is located above surface nitrogen atoms.
A Bader charge transfer analysis suggests depletion of electron density from the FePc
molecules on Cu(100)c(2x2)-2N/Cu(111), which is bigger for adsorption geometries A
and D (-0.59 e and -0.71 e) than that for the structures B and C (-0.49 e and -0.52 e,
respectively). Furthermore, the calculations of spin magnetic moments indicate that
for structures A and D the Fe ion has a low spin state, while for structures B and C, a
medium value for the Fe spin state is obtained (Fig. 3.8 (c)).

These results have shown that the adsorption of FePc on nitrogenated Cu(111) leads
to co-existence of FePc with both low and medium spin states of Fe ion on a single
layer of copper nitride. The different spin states of the Fe center are triggered by the
different adsorption sites of the molecule. The FePc molecules which have adsorption
site with the Fe ion located above surface nitrogen atoms have reduced spin state due,
to a strong surface-adsorbate interaction, while the molecule which adsorb with different
surface orientation retain its original medium spin state. The presence on the surface of
the FePc molecules with both low and medium spin states of the Fe ion could explain
the broad Fe 2p3,5 XPS line, the width of which is bigger than the previously reported
width of FePc in the gas phase [170], or adsorbed on the Au(111) [18] and HOPG [154]
surfaces.

This result is quite unexpected, since other studies of similar systems, where the
FePc molecule was studied on Cu(100)¢(2x2)-2N/Cu(100) [169] the calculations of
spin magnetic moment showed that FePc for all adsorption sites only have medium
spin state of the iron center. In Paper III I argue that this result is triggered by the
nature of the support, and, more preciesly, the reconstruction of the copper atoms from
the second layer under pseudo-(100) reconstructed layer. As I have described in the
previous section, the position of surface nitrogen atoms in Cu(100)c(2x2)-2N overlayer
on Cu(111) and Cu(100) is different. When deposited on Cu(100) surface each surface
nitrogen atom is located directly above the copper atom. This structure is identical to
structure of insulator CugN, where nitrogen has a formal oxidation state of -3. For the
Cu(100)¢(2x2)-2N/Cu(111) structure nitrogen atoms have different sites on Cu(111)
(Fig. 3.8 (inset)), which means that the structure derives from CusN. This effect can
slightly increase the oxidation state of nitrogen, which, in turn, might compensate the
lacking charge by depleting the electron density from the the FePc molecules.

The surface-induced co-existence of the FePc molecules with different spin states of
Fe ion, to my knowledge, is reported for the first time in this work.

46



Surface—induced modification of ligand-FePc interactions

The previous sections show how the electronic and structural properties of the FePc
molecules can be tuned by the nature of the surface the molecules are adsorbed on. In
this section I describe how these changes bring differences in further ligand-molecule
interactions.

Pyridine adsorption on FePc/Cu(100)c(2x2)-2N/Cu(111)

It has been reported previously that pyridine adsorption on Au(111)-supported FePc
reduces the spin of the iron ion of the molecule [21]. The quenching of the spin state has
been identified from the significantly reduced FWHM of the Fe 2p3/, XPS line. The
electron donor pyridine creates a bond with the Fe ion and causes a rehybridisation of
the open valence states of the Fe center into a closed shell structure (S=0). For the
quenched spin state the Zeeman-like splitting is significantly reduced, which results in
the narrow Fe 2p line.
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Figure 3.9: (a) Fe 2p3/2, N 1s, and C 1s XP spectra of pyridine (2 L) adsorbed on a monolayer
of FePc deposited on a nitrogenated Cu(111) (b) Side view of the four the most stable DFT
configurations of FePc/Cu(100)c(2x2)-2N/Cu(111) (cf. Fig. 3.8) re-optimised after pyridine
adsorption.

In the case of pyridine adsorption on FePc/Cu(100)c(2x2)-2N/Cu(111) the Fe 2pg /o
XP spectrum also shows a significantly narrowed line (Fig. 3.9 (a)) compared to that
before pyridine adsorption (Fig. 3.8 (a)). However, the structure of the Fe 2p line
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still remains complex. In the case of pyridine/FePc/Au(111), only one peak has been
observed, while for pyridine/FePc/Cu(100)c(2x2)-2N/Cu(111) two peaks of different
intensity at 707.4 and 708.3 eV, accompanied by a characteristic for FePc satellite
structure at 709.9 eV, is observed. This behaviour can be understood from the presence
of the different types of adsorbates, as discussed in the section above. These different
types remain even after pyridine adsorption, but they have different spin magnetic
moments and electron structures (Fig. 3.9 (b)). The presence in XP spectra of two
distinguishable Fe 2p3 /5 peaks supports the idea of the existence of different spin states
related to the adsorption in different surface sites.

Oxygen—FePc interaction as a result of the surface trans effect

In Paper IV the interaction of molecular oxygen with FePc supported on Au(111)
and Cu(111) at close to realistic oxygen pressures (0.2 - 0.33 mbar) have been studied.
As it has been underlined previously and is shown in these studies, the surface has
a tremendous impact on the reactivity of the FePc molecule. XPS data analysis in
Paper IV show that there is no significant interaction of molecular oxygen with Au(111)-
supported FePc. In contrast, when FePc is deposited on the more reactive Cu(111)
surface, I have observed significant changes in the photoemission spectra of all core
levels upon molecular oxygen exposure (Fig. 3.10 (c-d)). The changes in the C 1s core
level spectra indicate a strong interaction between oxygen and the pyrrole rings of FePc.
The shape of the Fe 2p (Paper IV) line suggests an electronic decoupling of the iron
ion from the surface and an oxidation of the central iron ion as it shifts significantly to a
higher binding energy, and thus indicative of a depletion of electron density on it. These
results indicate that the variant reactivity of FePc compounds on these two surfaces
with respect to molecular oxygen is a result of the different electronic coupling of the
FePc molecules to the surfaces.
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Figure 3.10: XP spectra (C 1s and N 1s) of a monolayer of FePc adsorbed on Cu(111) (a-b)
before and (c-d) after exposure to molecular oxygen (0.2 mbar).
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The reactivity and stability of supported NHC-Pd complexes

In Paper V I investigate surface-induced modifications of another type of late transition
metal complex, - N-heterocyclic carbene palladium complex. The structures of two
new NHC-Pd complexes studied in this work are presented in Fig. 1.2. As it has been
discussed in the introduction chapter of this thesis, NHC-Pd complexes are well-known
homogeneous catalysts that has shown high selectivity and activity under mild reaction
conditions. But it is also well-known that the recycling and separation problem from the
reaction media are major drawbacks of homogeneous catalysis. Therefore, in Paper V
I have studied heterogenised via anchoring to silicon wafers NHC-Pd complexes 1 and 2
by a combination of XA and XP spectroscopic studies, with theoretical (DFT) support.
The N K-edge XA spectra were recorded in detail at N 1s absorption edge at different
angles between incidence angle of x-rays and surface normal, to identify adsorption
geometries of the complexes 1 and 2 on the surface (Fig. 3.11).

The analysis of the contributions of different 7* resonances in XA spectra, supported
by DFT calculations of excitation probabilities to the lowest unoccupied molecular orbital
(LUMO) of imidazole and chloropyridine in complexes, indicates that heterogenisation of
complexes leads to breaking ClPy-Pd bond in of the complexes. This can be seen from
the low intensity contribution of 7* resonance, which corresponds to chloropyridine. The
expected ClPy:Im ratio from stoichiometry of both complexes is 1:2, but after taking
into account that the chloropyridine to imidazole oscillator strengths are quite different,
due to different value of transition matrix element, the calculations suggest that 1:1 ratio
is expected. By integrated intensities of 7* resonance of chloropyridine and imidazole I
have estimated the amount of intact complex 1 after its immobilisation on the surface
to be 15%. Analysis of XAS data of complex 2 suggests that there is less than 1% of
intact complexes 2 on the surface.

One of the main scopes of the X-ray absorption investigation presented in Paper V
is the determination of the orientation of the supported complex 1 and 2 to identify the
nature of adsorption of the complexes on the surface. The orientation of the compounds
can be calculated from the intensity variations of both n* and ¢* resonances with
variation of light incidence angle. However, I have considered only 7* resonances due
to their narrow line shapes and consequently, more accurate analysis. The analysis of
intensity variation of the first 7* resonance of imidazole with the incidence angle of
x-rays shows that intact and non-intact complex 1 have mutually excluding adsorption
orientations. This means that when an intact complex 1 has an imidazole ring oriented
perpendicular to the surface, the orientation imidazole ring of the non-intact complex 1
orients towards being parallel to the surface, and vice versa. The analysis of XP
spectra of complex 1 suggests orientation of non-intact complexes with imidazole ring
perpendicularly to the surface. This is due to possible creation of the bond between
palladium ion and surface oxygen. This orientation of non-intact complex 1 suggests
that the intact complex 1 is laying or standing with a small small angle to the surface.

These experiments have been performed to apply this knowledge for immobilisation
of the corresponding complexes 1 and 2 on a mesoporous silica (SBA-15). To check
the catalytic activity of heterogenised complex 1 immobilised on SBA-15 material,
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Figure 3.11: N 1s X-ray absorption spectra for (a) complexes 1 and (c) complex 2 recorded at
different angles between surface normal and incidence angle of x-rays; (b and g) integrated XA
intensities of m* resonance of imidazole peak as a function of incidence angle.

the model reaction of 2-phenylpyridine acetoxylation was performed. The results of
gas chromatography analysis showed that only 10% of the substrate was converted to
acetoxylated product. This can be due to the partial decomposition of the catalyst on
the surface of the SBA-15 material, as in the case of complex 1 anchored to silicon wafer
studied in Paper V, and its further deactivation. This result is in perfect agreement with
the results of the complexes supported on silicon wafer, thus, the obtained knowledge
can be used for improving the properties of the catalyst support, to increase the yield of
the product upon catalytic reaction.
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CHAPTER 4

Concluding remarks and outlook

The work presented in this thesis demonstrates that the molecular properties of organic-
metal complexes on surfaces clearly depend on the nature of the support they are adsorbed
on. This knowledge is essential for future generation of molecule-based electronic devices,
because the unique properties of the building blocks of these potential application depend
critically on the properties of the surface the molecules are adsorbed on.

In Paper I1 have shown that on clean Cu(111) the reactivity of the surface, even
at room temperature, triggers electronic and structural changes in the FePc molecule
such, as electron charge transfer and symmetry breaking. The temperature elevation
of Cu(111)-supported FePc to a compound-specific temperature (300-320°C) induces
surface chemical reactions, such as a homocoupling reaction, in which the outer and
middle carbon atoms in benzo moieties loose one or two hydrogen atoms and become
further involved in the reaction of neighboring molecules (Paper II). Previously these
modifications, both at room and elevated temperatures, have been observed only by
imaging techniques, while I have shown that these effects are corroborated in XP and
XA spectroscopy data.

Continuing my extensive studies of surface-induced modifications of transition metal
compounds, in Paper III, I have also investigated the influence of a single layer of
copper nitride on the properties of the FePc molecules. Contrary to expectations,
combined theory and XPS investigation show that the deposition of the FePc molecules
on a single layer of copper nitride on Cu(111) does not lead to a full electronic decoupling
of the molecules from the surface. The adsorption of FePc on pseudo-Cu(100)c(2x2)-
2N/Cu(111) leads to the occurrence of the FePc molecules with medium and low spin
states of iron ion, depending on the adsorption site.

In Papers III and IV I show how support can alter ligand-FePc interaction. The
pyridine adsorption on Cu(100)¢(2x2)-2N/Cu(111)-supported FePc results in an expec-
ted reduction in the Fe ion spin. Interestingly, different types of adsorbates with different
spin caused by FePc deposition on Cu(100)c(2x2)-2N/Cu(111), persist even after pyrid-
ine adsorption but have either reduced or quenched Fe spin. In Paper IV I show that
the different reactivity of FePc with respect to molecular oxygen is a surface-induced
effect.

In Paper V, the structure, stability and surface orientation of two NHC-Pd complexes
supported on a silicon wafer have been characterised by combining XAS and XPS and
these experiments were further supported by DFT calculations. Our results indicate only
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15% of the complexes immobilised on the surface though a flexible linker, stay intact
on the surface. The complexes immobilised on more rigid linker almost fully dissociate.
The next logical step of the research on these complexes will be improving the surface
used for heterogenizing the NHC-Pd complexes, since the nature of the surface-induced
decomposition is now fairly well understood.

As expected from a thesis, several open questions arise from the analysis of the work
presented that would make for intriguing follow up projects. In Paper I I have shown
that the symmetry reduction effect has its spectroscopic fingerprint in the recorded
XPS data, however, the measurement have been performed only for one type of metal
phthalocyanine molecule - FePc. In the pioneering work by Chang et al. [34], where
the symmetry breaking was demonstrated for the first time, it was reported that the
symmetry reduction is much more pronounced for CuPc and CoPc molecule, while it
is only faintly present for FePc. Therefore, an investigation of widths of XPS lines
for these different metal phthalocyanine molecules, as a function of calculated charge
transfer from the surface, could provide a detailed insight into the symmetry reduction
impact on XP spectra broadening. These effects appear to depend on the properties of
the metal centre of the compound.

In addition, since in Paper IV I show that the catalytic activity of the FePc molecule
can be surface-tuned, the organometallic sheet of FePc can potentially be used for CO
oxidation reaction. Fig. 4.1 shows the recorded data of a monolayer of FePc on Cu(111)
during the reaction with a mixture O,+CO at pressure of 0.2 mbar. At 100°C, the
occurrence of the peak at 535.4 eV binding energy, in the O 1s XP spectrum , is
indicative of the gas phase CO5 production. This result seems to show that FePc is a
surface-tuned catalyst for COy production. However, very recent publications of AP
XPS studies of CO oxidation reaction on Cu(111) [171,172] suggest that the CO2 peak
may not be due to FePc, but is rather due to CO oxidation on reconstructed Cu(111) by
pre-adsorbed oxygen. Therefore, the CO oxidation reaction on metal phthalocyanines
by AP XP spectroscopy should be studied in more detail for MPcs supported on the
surfaces, which have a strong hybridisation with the molecules, but no reactivity towards
CO oxidation.
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Figure 4.1: APXP spectra (C 1s and N 1s) of a monolayer of FePc on Cu(111) during the
reaction with mixture O2(30%)+CO(70%) (0.2 mbar) at (a) 100°C and (b) 200°C, respectively.
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