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Prüfer der Dissertation: 1. apl. Prof. Dr. Peter A. Feulner
2. Univ.-Prof. Dr. Ulrich K. Heiz
3. Univ.-Prof. Dr. Wilfried Wurth,

Universität Hamburg

Die Dissertation wurde am 10.04.2013 bei der Technischen Universität
München eingereicht und durch die Fakultät für Physik am 18.06.2013
angenommen.





Abstract

The electronic and structural properties of adsorbates on metal surfaces, in-
cluding the dynamics of electron transfer processes, are of key importance in
the field of nanotechnology as well as from a fundamental point of view. In
this thesis, self-assembled monolayers on noble metals and ferromagnetic sub-
strates serve as model systems for investigating the ordering, bonding mecha-
nisms, thermal stability and charge transfer dynamics in adsorbate/substrate
complexes. The headgroup-substrate interaction is investigated in detail for
two different types of self-assembled monolayers on a Ni(111) surface and is
found to show significant differences, thus influencing the practical applica-
bility of these systems in nanotechnology. To identify possible candidates for
application in molecular electronics, tailgroup-to-substrate charge transfer dy-
namics is examined by means of the core hole clock method for self-assembled
monolayers on Au(111) and Ni(111). Finally, ultrafast, spin-dependent charge
transfer is investigated for argon monolayers physisorbed on thin ferromag-
netic films in a proof of principle experiment. The results show the way
towards atom-, orbital- and spin-sensitive electron transport investigations
with the core hole clock method.
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Kurzfassung

Die elektronischen und strukturellen Eigenschaften von Adsorbaten auf Me-
talloberflächen, sowie die Dynamik von Ladungstransferprozessen, sind von
grundlegendem Interesse sowohl im Bereich der Nanotechnologie als auch der
Grundlagenforschung. Im Rahmen dieser Arbeit dienen selbstorganisierende
Monoschichten auf Edelmetallen und ferromagnetischen Oberflächen als Mo-
dellsysteme zur Untersuchung von Ordnung, Bindungsmechanismen, thermi-
scher Stabilität, sowie Ladungstransferdynamik in Adsorbat/Substrat Kom-
plexen. Detaillierte Untersuchungen zur Bindungsgruppen-Substrat Wechsel-
wirkung für zwei verschiedene Typen von selbstorganisierenden Monoschich-
ten auf Ni(111) zeigen signifikante Unterschiede, welche die praktische An-
wendbarkeit der Systeme im Rahmen der Nanotechnologie beeinflussen. Um
geeignete Systeme für die Anwendung im Bereich der molekularen Elektronik
zu identifizieren, wird der Ladungstransfer von der Endgruppe zum Substrat
mit Hilfe der Core Hole Clock Methode für selbstorganisierende Monoschich-
ten auf Au(111) und Ni(111) untersucht. Abschließend wird der spinabhängige
Ladungstransfer von physisorbierten Argon Monoschichten auf dünnen, fer-
romagnetischen Filmen im Rahmen eines “Proof of Principle” Experimentes
untersucht. Die Ergebnisse weisen dabei den Weg in Richtung Atom-, Orbital-
und Spin-aufgelösten Elektronentransport Messungen mit Hilfe der Core Hole
Clock Methode.
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Chapter 1

Introduction

Ever since the discovery of the transistor effect in 1947 by Bardeen, Brattain
and Shockley [1], miniaturization of structures and their control at a micro-
scopic level have been of key importance for the further development of mod-
ern technologies. Not only the fabrication of computer chips and the minia-
turization of integrated circuits, but also the development of “new materials”,
such as biocompatible implants [2,3], organic solar cells [4] or graphene [5], to
name but a few, require the precise understanding and control of physical and
chemical processes at the atomic level. The surfaces or interfaces of these ma-
terials are of special interest, since they determine the microscopic and macro-
scopic properties to a great extent. In many cases, like, e.g. the above men-
tioned transistor effect, the operation principle of organic light emitting diodes
and the interaction of human tissue with implants, the interface rather than
the bulk is largely responsible for their functionality. The rise of nanotech-
nology as an interdisciplinary field between physics, chemistry and biology,
impressively shows the significance of the control of matter on the nanometer
(nm) scale, where 1 nm corresponds to 1× 10−9 m.

Two contrasting techniques are essentially available for creating well-defined
structures on the nanometer scale: First, the so called top-down approach,
where small structures are built by removing material from initially larger
entities with appropriate tools like lithography. Todays semiconductor indus-
try successfully employs this method for fabricating devices with dimensions
down to 22 nm, as for example the Intel Core i7-3770K [6]. Nevertheless,
decreasing the fabrication size comes with a large increase in cost and com-
plexity, therefore motivating the development of new approaches. One possi-
bility to avoid these problems is provided by the second method, the so-called
bottom-up approach [7]. Here, single atoms and molecules are used as individ-
ual building blocks for assembling complex structures. This can be achieved
by manipulating each entity with tools like a scanning tunneling microscope,
which lacks the practical use, or, by exploiting the self-assembling properties
of the building blocks themselves. The large progress in synthetic organic
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Chapter 1 Introduction

chemistry enabled the production of individually tailored molecules that can
be used to precisely steer the self-assembly [8]. The bottom-up approach
using self-assembly has many advantages like lower cost, minimal instrumen-
tation, easy parallelization and enhanced control compared to the top-down

method [7]. Yet, the development is in its infancy stage, with many prob-
lems to be solved and many gaps of understanding to be covered, whereas
conventional top-down methods rely on decades of research and development
and are still used for fabricating the majority of state-of-the-art technology.
Nevertheless, exploiting the self-assembly capabilities even for relatively com-
plex biomolecules like DNA has resulted in the possibility of creating arbi-
trary two- and three-dimensional shapes, thus having a tremendous poten-
tial [9, 10].

One of the main issues is therefore the interaction of the atoms or molecules
with each other and with the underlying surface, since this determines im-
portant properties like thermal stability, electrical conductance, interfacial
properties and film quality. The large toolbox that modern surface science
has to offer [11], allows detailed investigations of complex systems, yielding
results on the structural as well as the electronic properties and their dy-
namic evolution. Combining the results from experiment and theory helps to
identify the appropriate building blocks and substrates for a specific purpose,
ranging from systems like corrosion-inhibiting self-assembled monolayers [12]
to molecular spin-transistors [13].

Within this thesis, self-assembled monolayers (SAMs) on noble- and ferromag-
netic substrates are investigated with respect to their geometric and electronic
structure, thermal stability and charge transfer dynamics. SAMs represent a
prototypical system for nanotechnology, since they combine the advantages
of easy fabrication, low cost and versatile applications on the nanometer
scale [14–17]. Small organic molecules consisting of few tens of atoms are
used as building blocks, which are then bonded to the surface to obtain or-
dered structures. Especially the effect of the coupling to the substrate as
well as charge transfer through the monolayers are the focus of this work.
Information on the “conductivity” of these entities is important for identify-
ing molecules that could be used in organic electronics, whereby the coupling
to the surface also influences this conductivity and affects the stability of
the monolayers. Furthermore, charge transfer through molecules in combi-
nation with ferromagnetic substrates or electrodes opens up a route towards
molecular spintronics.

Often, the electron transport through molecular entities coupled to metal
electrodes is quite complex, thus hindering a quantitative understanding of
the underlying physical mechanisms. Therefore, simpler model systems with
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a weak interaction between the adsorbate and substrate are often desired.
Noble gases adsorbed on metal surfaces have proven to be most suited for
interpreting complex behavior of electron transport and are also used in this
work for investigating spin-dependent electron transport.

The thesis is structured as follows: Chapter 2 introduces the basic concepts
of self-assembled monolayers on metal substrates with emphasis on bonding
mechanisms on noble and ferromagnetic substrates as well as charge transfer
dynamics. Physisorbed argon on metal substrates as one of the simplest
model systems for adsorbate/substrate complexes is also briefly introduced.
Afterwards, Chapter 3 gives a survey of the experimental techniques that are
used within this work, together with an instrumental development for the
acquisition of x-ray absorption spectra, namely a novel partial electron yield
detector.

In the first experiment (Chapter 4), the well-studied system of cyano ter-
minated alkanethiol SAMs on gold is used to investigate the tailgroup-to-
substrate charge transfer dynamics with linearly polarized synchrotron radi-
ation. Thereby, the core hole clock method is shown to be capable of resolving
subtle polarization-dependent differences of the charge transfer times.

Chapter 5 constitutes the main part of the work and reports on the prepa-
ration and characterization of self-assembled monolayers on Ni(111) as a re-
active, ferromagnetic transition metal substrate. Fluorine-terminated, aro-
matic SAMs with thiol- and carboxyl headgroups as connecting links to
the metal are investigated and their electronic structure, adsorption geom-
etry, thermal stability and charge transfer dynamics are analyzed and com-
pared.

As a proof of principle experiment, spin-dependent electron transport between
core-excited argon monolayers and thin ferromagnetic films is investigated in
Chapter 6. This study further extends the toolbox of the core hole clock
method to allow spin-sensitive charge transfer investigations.

Finally, Chapter 7 summarizes the results and addresses emerging questions.
The implications of this work are discussed and an outlook for future research
is given.
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Chapter 2

Fundamentals of the Investigated Systems

Abstract In this chapter, the basic prop-
erties of the systems investigated in this
thesis are briefly described, beginning with
an overview on self-assembled monolayers
on metal surfaces. First, the preparation,
bonding and structure of SAMs will be dis-
cussed, followed by comments on the charge
transfer dynamics and by a section on the

use of ferromagnets as substrates for the growth of self-assembled monolay-
ers. Argon adsorbed on metal surfaces will be introduced in the second part,
and its relevance as a model system for investigating charge transfer dynamics
will be motivated.
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Chapter 2 Fundamentals of the Investigated Systems

2.1 Self-Assembled Monolayers on Metal Substrates

The first section introduces self-assembled monolayers, which are the basis for
the majority of investigations performed during this thesis. Here, only general
concepts will be presented, more detailed information on the analyzed systems
can be found in the introduction of the respective chapters.

In 1946, Zisman and coworkers published a manuscript entitled ”Oleophobic
monolayers: I. Films adsorbed from solution in non-polar liquids” [18], which
is often credited for originating the SAM concept [16]. Nevertheless, the full
potential of self-assembly was only recognized considerably later, triggered by
work of Nuzzo and Allara in the early 1980s on the preparation of SAMs of
alkanethiols on gold from solution [19]. Since these discoveries, the interest
in SAMs has risen continuously until today.

One of the main reasons for the large interest is that SAMs allow an easy
and inexpensive modification and functionalization of surfaces, which enables
the production of individually-tailored interfaces. The applications range
from surface coatings for controlling the adhesion and wetting properties as
well as ensuring biocompatibility to molecular recognition for sensors and
nanofabrication for molecular electronics [14–17]. This interdisciplinary field
allows fundamental research on, e.g. charge transfer dynamics between layer
and substrate as well as application-based investigations for enhancing the
corrosion-protection of metal coatings.

2.1.1 Preparation, Bonding and Structure of SAMs

According to a commonly accepted definition, self-assembled monolayers are
ordered molecular structures spontaneously formed by adsorption of precursor
molecules with specific affinity to a solid (metal) substrate [14, 15]. Usually,
SAMs consist of a headgroup, which defines the bond to the surface, a spacer
unit that separates the substrate from the SAM-vacuum interface and finally
a tailgroup which is responsible for the interfacial properties. An idealized,
schematic representation of typical SAMs is shown in Figure 2.1. Depending
on the nature of the spacer units, self-assembled monolayers can be catego-
rized into two groups: aromatic and aliphatic SAMs. The headgroup is espe-
cially important, since it establishes the bonding of the molecules to the sur-
face. Furthermore, it stabilizes the surface atoms and modifies the electronic
states of both surface and molecule via hybridization [17]. The interfacial
properties can then be tuned by selecting an appropriate tailgroup, which acts

6



2.1 Self-Assembled Monolayers on Metal Substrates

Metal
Substrate

Headgroup

Tailgroup

Backbone

Aromatic
SAM

Aliphatic
SAM

Figure 2.1: Schematic depiction of ideal self-assembled monolayers ad-
sorbed on a metal surface, which differ by the nature of their spacer units.
Aromatic (left) and aliphatic (right) refer to the backbone, which is a sin-
gle phenyl ring in the aromatic SAM, in contrast to a methylene chain in
the aliphatic SAM for the depicted molecules.

as the SAM-vacuum (or ambient) interface. In the following, we will briefly
discuss the preparation and the constituents of SAMs.

Preparation Methods SAMs can either be fabricated wet-chemically, i.e. by
immersion of the freshly-prepared gold substrate into a solvent-precursor
molecule mixture for several hours, or by vapor deposition under ultrahigh
vacuum (UHV) conditions. The first preparation method is rather simple
and results generally in SAMs of good quality, whereas the second is more
challenging but gives access to further properties like the behavior during the
initial stages of growth or phase changes during deposition. Furthermore, de-
position in UHV enables the use of atomically clean reactive substrates, which
are hard to control during the immersion procedure. The commonly-used sub-
strates for SAMs adsorbed from solution are thin films of noble metals (10 to
200 nm thickness) that have been evaporated on a silicon or glass substrate
using an adhesion layer. This procedure typically results in films with an
island or grain size from 10 to 1000 nm and a dominant (111) texture [17].
Conversely, SAMs on arbitrary single crystal surfaces (e.g. stepped surfaces)
can be prepared under UHV conditions.

Influence of the Substrate The vast majority of studies on self-assembled
monolayers is conducted on gold substrates, mostly due to the inertness of
the metal and the simplicity of the procedure which yields good-quality gold
films, as described above. Furthermore, gold binds thiols, which are the
standard headgroup for SAMs on gold, with a high affinity [20], without
formation of unwanted species like sulfides. Silver and copper come next
in the row of most-studied substrates, nevertheless they introduce a variety
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Chapter 2 Fundamentals of the Investigated Systems

of complications because of their higher reactivity [17]. Copper itself would
be interesting especially for molecular electronic applications, since it is a
common material for interconnects in conventional electronics. Moving one
step further, molecular spintronics based on self-assembled monolayers would
require ferromagnetic substrates, which are even more reactive and prone to
oxidation. The much more difficult preparation conditions for such substrates
in part explain the comparably small number of studies conducted for theses
interesting systems.

Headgroup As already mentioned, most SAMs on noble metals are prepared
by using a thiol headgroup for bonding to the surface. The thiol group under-
goes deprotonation upon adsorption at room temperature and subsequently
forms a thiolate bond [17]. This Au-S bond is a relatively strong bond with
a homolytic bond strength of approximately 40 kcal/mol [14]. Apart from
the well-studied thiol headgroup, disulphides [21], amines [22], silanes [16], or
acids (e.g. carboxylic acids) [14] can also be used for coupling the precursor
molecules to the substrate. Most of these other coupling mechanisms result in
a much weaker bond; the Au-O and Au-N bond strengths are only of the order
of 2 and 8 kcal/mol, respectively [22]. When precursor molecules that contain
two coupling units are adsorbed, e.g. COOH-terminated thiols on gold, the
headgroup that forms the stronger bond to the substrate typically “wins” the
competition process and binds to the surface, while the COOH group acts as
a tailgroup in the above mentioned case [23].

Backbone The backbone of the SAMs separates the functional tailgroup
from the metal interface and acts as a physical barrier. Furthermore, the
thickness (typically 1 to 3 nm) of the organic layer can be controlled by specif-
ically designing the backbone, e.g. by adding or removing methylene or phenyl
units. Typically, alkane chains or phenyl rings are used as spacer units, giving
rise to the aliphatic or aromatic classification of the SAMs (see above and Fig-
ure 2.1). One of the main differences between aromatic and aliphatic spacer
units which is of interest here, is their conductivity, as it will be discussed in
Section 2.1.2.

Tailgroup The tailgroup defines the organic-vacuum (or ambient) interface
and determines the surface properties of the system. Macroscopic behavior,
such as wettability [24], can be precisely engineered by selecting the appro-
priate tailgroups. Furthermore, biological interfaces can be mimicked for
studying, e.g. the adsorption of proteins or cells [25, 26] on surfaces, and the
work function of the system can be tuned by varying the functional group
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2.1 Self-Assembled Monolayers on Metal Substrates

of the monolayers [27, 28]. The latter has proven especially useful for con-
trolling the charge-carrier injection barriers in semiconductor devices, which
can lead to a significant increase in efficiency [29, 30]. In addition to that,
tailgroups can also be used as spectroscopic markers, e.g. for unambiguously
defining the starting point of a charge transfer reaction, as discussed in Sec-
tion 2.1.2.

Structure One often speaks of well-ordered SAMs if the molecules adopt a
uniform adsorption geometry (tilt angle of the molecule with respect to the
surface) and form a superstructure with respect to the underlying substrate.
The resulting structure of the SAM is mainly determined by the geometric
arrangement of the headgroup moieties on the substrate and the van der
Waal and hydrogen bond interactions between neighboring molecules due to
a minimization of the free energy [17]. Alkanethiol SAMs on gold for example
are known to form a superstructure based on a

(√
3×

√
3
)

R30◦ overlayer in
their high-coverage phase, with the molecules standing upright in most cases
[17]. In contrast, the same molecules tend to adopt a flat-lying configuration
with a rectangular unit cell in the low coverage phase, also know as the
striped phase [31]. In order to functionalize the surface in a controlled way
or for probing charge transport through the layers, upright standing SAMs
that expose the tailgroup are preferable in most cases.

2.1.2 Charge Transfer Dynamics in SAMs

During the last two decades, the field of molecular electronics, based on the
use of molecules instead of the standard semiconductor materials for elec-
tronic devices, has received considerable attention (see, e.g. Refs. [32–35]).
Nevertheless, the beginning dates back to the early 1970s, with the seminal
paper by Aviram and Ratner [36], in which they predict rectifying behavior
for a simple organic molecule. The smaller intrinsic size of molecules and the
possible cost-efficient production compared to standard semiconductor tech-
nology [32] are among the main reasons for the large interest, together with
the higher flexibility offered by the richness of molecular building blocks. In
order to achieve this goal, molecules that possess the typical properties of
electronic circuit elements, such as conducting, insulating, rectifying or am-
plifying behavior, need to be identified. Therefore, the relationship between
the measured electron transfer characteristics and the molecular structure,
the influence of the coupling to the substrate and the mechanism of electron
transport have to be understood.
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Figure 2.2: Illustration of different techniques for measuring the charge
transport through molecules. (a) Establishing contact to individual
molecules within a self-assembled monolayer via a scanning tunneling
microscope tip. The charge transfer is measured by the acquisition of
I-V curves. (b) Illustration of a spectroscopic method for obtaining
charge transfer times for electron transport through molecular entities.
The SAMs are irradiated with x-ray radiation and the decay electrons
are monitored, which allows conclusions on the charge transfer through
the molecules.

One large class of experiments uses a metal-molecule-metal junction in order
to measure current-voltage (I-V) curves, either by contacting single molecules
within a self-assembled monolayer with a scanning tunneling microscope
(STM) tip (see Figure 2.2 (a)) or by using, e.g. mechanically controlled break
junctions with individual molecules in between [37, 38]. Since these experi-
ments will not be considered in this thesis, we will not go into further detail.
Nevertheless, one crucial point for this type of experiments is the contact
between the molecule and the metal. In fact, the exact contact geometry
significantly influences the observed I-V curves, complicating the analysis of
the results considerably [37–40].

A different approach is depicted in Figure 2.2 (b), where the SAMs are irradi-
ated with narrow-bandwidth synchrotron radiation, thus promoting electrons
into unoccupied electronic levels. When, e.g. a core-level electron of the tail-
group is excited, it will delocalize into the substrate after a certain amount of
time via tunneling through the molecule, if energetically possible. By record-
ing the decay electrons emitted following the core hole decay, the charge trans-
fer time of the initially excited electron can be extracted. A detailed descrip-
tion of this method, the core hole clock method, will be given in Section 3.3;
here we will focus on results obtained with this method for charge transfer
in self-assembled monolayers. One advantage of this method is the ability to
probe the charge transfer without the need of a second contact to the molecule
which might influence the measured conductance.
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h

Molecule Substrate

Bridge molecular states

Initial state Final state

VB

CB

Figure 2.3: Schematic illustration of the electron transfer process from a
core-excited molecule to a metal substrate by tunneling via several bridge
molecular states. CB and VB denote the conduction and valence band of
the metal, respectively. Figure after [41].

It is generally accepted that the electron transport through small molecules
with a strong coupling to the substrate, such as those depicted in Figure 2.2,
occurs via electron tunneling; implying that the molecule only mediates the
transport, but the charge does not reside on the molecule for a significant
amount of time [17,39,41]. This can be different for large complex molecules
like proteins, where the charge transport is best described by sequential hop-
ping [35,42,43]. Figure 2.3 schematically shows the electron transfer process
from a small, core-excited molecule to a substrate. The charge transfer can
involve several transient bridge molecular states, which mediate the tunnel-
ing process to the conduction band of the metal. Accordingly, the electron
transfer strongly depends on the electronic interaction between the discrete
molecular states and the substrate continuum, as well as on the coupling be-
tween the bridge molecular states. Entities with transiently occupied states
delocalized throughout the molecule yield an efficient electron transfer and
hence good conductivity. Therefore, aromatic SAMs often show faster charge
transfer times or, in other words, a higher conductivity compared to aliphatic
SAMs of comparable length [39,44–46]. Simple aromatic SAMs can therefore
be seen as “molecular wires”, whereas aliphatic SAMs often correspond to
“molecular insulators”.

2.1.3 From Noble Metals to Ferromagnetic Substrates

In the discussion above on charge transport and molecular electronics, we
have only focused on the charge of the electron as a potential carrier of infor-
mation. Besides that, the electron’s spin is also considered to be a valuable
degree of freedom, which might even be superior to the mere charge [47, 48].
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Figure 2.4: Schematic structure of octane (a) and tricence (b) coupled
with thiol groups to two Ni(001) terminal surfaces for measuring spin-
dependent currents through organic molecules. The calculated magneto-
transport properties (I-V curves) for octane and tricence are shown in (c)
and (d), respectively, for parallel (P) and antiparallel (AP) magnetization
alignment of the two terminals. Figure from Ref. [50]

.

So far, most studies focused on conventional, inorganic semiconductor de-
vices for exploiting the spin properties [47, 48], but recently, spin in organic
electronics has received considerable interest, theoretically [49–53] and exper-
imentally [13, 53–57]. Due to the weak spin-orbit and hyperfine interactions
in organic materials, spin-coherence can be preserved over times and dis-
tances that are much longer compared to conventional metals or semiconduc-
tors [50]. One way of measuring spin-dependent currents through molecules
is by replacing the noble metal substrate (and electrode) in Figure 2.2 with
ferromagnetic contacts and measuring the current for parallel or antiparal-
lel alignment of the magnetization of the two terminals. This procedure is
depicted for two types of molecules in Figure 2.4. Generally, one expects a
larger current for parallel magnetization of both terminals compared to the
antiparallel alignment, as shown for the calculated I-V curves in (c) and (d) of
Figure 2.4. Correspondingly, the SAMs have to be adsorbed on reactive ferro-
magnetic substrates, such as nickel, cobalt or iron, with all the complications
mentioned in Section 2.1.1.

Figure 2.5 shows the calculated spin-resolved density of states (DOS) of bulk
nickel. Besides the large DOS near the Fermi level, which is responsible for
the high reactivity of nickel, the different densities for spin-up (majority) and
spin-down (minority) electrons is apparent. This is especially striking in the
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Figure 2.5: Calculated spin-resolved density of states for bulk nickel.
The total DOS as well as the contributions from f, d, p and s-bands are
depicted for spin-up (left) and spin-down (right) electrons. The vertical
line represents the Fermi level in both plots. Figure from Ref. [58].

.

regime close above the Fermi level (vertical line in fig. 2.5), where minority
holes dominate the empty DOS. Since this unoccupied density of states signif-
icantly influences the charge transfer properties (cf. Section 2.1.2), a different
behavior can be expected for majority and minority electrons tunneling from
the adsorbate into the substrate.

Nevertheless, the combined density of states of the adsorbate/substrate sys-
tem can be quite different, due to the strong interaction of the chemisorbed
SAMs with the substrate. So far, only few reliable studies exist for the struc-
ture and bonding of SAMs on ferromagnetic substrates, as will be reviewed
in Section 5.1. Although, proceeding from reasonably inert noble metals to
highly reactive substrates like Ni(111) will not only help identifying possi-
ble candidates for molecular spintronics, but also results in a better under-
standing of the mechanisms that are responsible for the ordering, thermal
stability and charge transfer dynamics in self-assembled monolayers in gen-
eral.
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2.2 Argon on Surfaces as a Model System for Charge
Transfer Dynamics

Especially when investigating complex reactions, like charge transport from
adsorbates to substrates (cf. Section 2.1.2), simple model systems with known
or predictable properties are desirable for a deeper insight into the observed
effects. Within the last years, the rare gas argon adsorbed on metal sur-
faces has proven to be versatile for analyzing ultrafast charge transfer in
adsorbate/substrate combinations [59–65]. One of its advantages is certainly
the weak interaction between adsorbate and substrate due to physisorption,
which rarely modifies the electronic structure of both constituents, compared
to chemisorbed entities [66]. Therefore, it enables the comparison of experi-
mental results with high-quality, ab-initio theoretical studies, as for e.g. the
charge transfer dynamics of argon on ruthenium [66].

Within this thesis, charge transfer investigations of argon adsorbed on thin
ferromagnetic films serve as a proof-of-principle experiment for demonstrat-
ing spin-sensitive charge transport across the atom/metal surface in Chap-
ter 6. Furthermore, a route towards possible spin-dependent electron trans-
port measurements for self-assembled monolayers on ferromagnetic substrates
is presented.
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Experimental Methods
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Abstract In this chapter, the experimental
methods that were used for investigating the
systems of this thesis are briefly described.
Most of the experiments exploited photoex-
cited electrons as surface sensitive probes,
which can be used to explore the geomet-
ric as well as the electronic structure and
electron dynamics of complex adsorbate-
substrate systems.

Well-established surface science techniques like photoelectron spectroscopy in
combination with state-of-the-art methods such as spin-dependent resonant
Auger spectroscopy can give new insights into fundamental physics at a mi-
croscopic level. Since most modern electron spectroscopy techniques require
a high-brilliance, tunable excitation source, experiments are typically con-
ducted at third-generation synchrotron radiation facilities. In the last part of
this chapter, the development of a novel partial electron yield detector will
be introduced.
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Chapter 3 Experimental Methods

3.1 Introduction

Electron spectroscopy in general deals with the detection of electrons which
originate from a primary excitation step within an atom or molecule. In this
thesis, soft x-rays were used to promote initially bound electrons into unoccu-
pied bound states below the vacuum level or into free continuum states above
the vacuum level. In the first case, information about the excitation step
can be obtained by monitoring electrons which stem from decay processes,
whereas in the latter the excited electrons can be detected directly. These
techniques owe their surface sensitivity to the fact that the inelastic mean free
path of electrons with kinetic energies between 10 and 2000 eV in solids is on
the order of few tens of Ångstroms or even below [67].

Depending on the excitation and detection conditions, a variety of meth-
ods have been developed over the past decades. The techniques, which are
relevant for this work, will be briefly described in the following sections. A de-
tailed and comprehensive review of most modern electron spectroscopy tech-
niques can be found in excellent textbooks, such as Ref. [11].

3.2 Photo- and Auger Electron Spectroscopy

Whenever the primary excited electron is directly detected, the method is
labeled either x-ray photoelectron spectroscopy (XPS) or ultraviolet photo-
electron spectroscopy (UPS), depending on the energy of the exciting pho-
tons.

Commonly used excitation sources for XPS are magnesium or aluminum an-
odes as laboratory sources on the one hand, and large scale synchrotron facil-
ities on the other hand. Since the energy of the radiation is in the soft x-ray
regime (0.1 - 2 keV), strongly bound core electrons are probed which contain
information on, e.g. the elemental composition, the chemical environment and
the oxidation state.

For UPS, discharge lamps operated with noble gases produce photons in the
energy range of 10 to 50 eV and give access to weakly bound valence electrons.
Since these electrons participate in the formation of bonds, UPS is especially
useful for monitoring the changes of the frontier orbitals upon adsorption
of atoms or molecules on surfaces. Furthermore, the work function of the
system can be accurately determined1, thus giving insight into the charge

1It should be noted that the work function can usually be extracted using various exci-
tation sources. The advantage of UPS is the exact knowledge of the excitation energy,
which avoids problems related to the zero-point offset of the electron analyzer.
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Figure 3.1: Schematic depiction of the excitation and subsequent ejec-
tion of (a) a primary electron and (b) a secondary electron after ad-
sorption of a photon of energy hν. The different final states of the two
processes are also indicated in brackets.

distribution in the region at the interface between adsorbate and substrate,
as will be discussed in more detail below.

Photon absorption and subsequent electron emission are schematically de-
picted for XPS in Figure 3.1 (a). By detecting the emitted electrons with
an energy-sensitive detector, their kinetic energy Ekin can be determined,
whereas the binding energy Ebind follows from energy conservation:

Ekin = hν − Ebind (3.1)

Ebind = hν − Ekin (3.2)

Here, we referenced the binding and kinetic energies to the Fermi level Efermi,
which is common practice for solid samples that are in electrical contact with
the electron analyzer. If the vacuum level Evac is taken as a reference for the
kinetic energy, the work function Φ = Evac − Efermi, which is required to
promote an electron from the Fermi level to the vacuum level, enters Equa-
tions (3.1) and (3.2).

Since the binding energies for pure elements and such in compounds are tab-
ulated [68], it is rather straightforward to identify the chemical composition
of the sample once the XPS spectrum has been acquired. Furthermore, the
binding energy is also sensitive to the chemical environment of a particular
atom, an effect that leads to the occurrence of chemical shifts [68]. This en-
ables for example the distinction between carbon atoms with different ligands
in a complex organic molecule by their binding energies.
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Chapter 3 Experimental Methods

The primary excitation in Figure 3.1 (a) leads to a core hole with Ebind,c

remaining in the system, which is then no longer in its ground state, but in
an excited 1-hole (1h) state. This state is not stable and will decay within the
core hole lifetime τcore by filling the core hole with an energetically higher-
lying electron of binding energy Ebind,v1. The excess energy can then be
transferred either to another electron with Ebind,v2, which will be emitted
as an Auger electron, leading to a 2-hole (2h) final state, or in a radiative
decay process to a photon. The non-radiative decay process, which prevails
in low energy transitions (Ebind < 500 eV ) [69], is depicted in Figure 3.1
(b).

The kinetic energy Ekin of the Auger electron follows from [68]:

Ekin,aug = Ebind − Ebind,v1 − Ebind,v2 − U(v1, v2) (3.3)

where U(v1, v2) describes the interaction energy of the two remaining holes
in the final state. Auger electron spectroscopy (AES) is commonly used for
similar purposes as XPS, in particular for determining the chemical compo-
sition of samples. The fact that the kinetic energy of the Auger electrons is
independent of the excitation energy allows the use of electrons rather than
photons as exciting particles, which results in an easier experimental setup.
In this work, AES is mainly used in combination with its resonant form,
RAS, with the aim of obtaining information on charge transfer dynamics, as
detailed in Section 3.3.

Work Function Measurements UPS is also an ideal tool for determining the
work function of the investigated sample. Specifically, it allows following the
work function change upon adsorption of molecules onto a clean substrate.
Figure 3.2 shows the method commonly used for extracting the work function
from an UPS spectrum [70]. The width W of the spectrum is defined as the
energy range between secondary electron cut-off on the high binding energy
side and the Fermi level on the low binding energy side. For a given excitation
energy hν, the work function can be calculated as:

Φ = hν −W (3.4)

The precise knowledge of the excitation energy for typical discharge lamps
(e.g. He-I line at 21.22 eV, He-II at 40.8 eV) enables the accurate (±0.05 eV)
determination of the sample work function with laboratory methods. Since
residual magnetic fields strongly influence especially the low energy electrons,
the sample is typically negatively biased between −5V and −10V to increase
the kinetic energy of the escaping photoelectrons [70].
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Figure 3.2: Extended UPS spectrum from clean Ni(111) sample illus-
trating the methodology for determining the work function. The linear
part of the secondary electron cut-off (red line) is used to determine the
intersection with the energy axis and together with the Fermi level deter-
mines the spectral width W. The width in turn yields the work function
Φ of the sample, according to Equation (3.4).

Data Acquisition and Analysis The majority of the XPS and UPS spectra
were collected using a state-of-the-art SPECS Phoibos 100 CCD electron
energy analyzer, which is also capable of monitoring the emission angle (and
therefore the wavevector) distribution of the outgoing photoelectrons. This
type of analyzer has a high transmission and efficiency, which leads to short
data acquisition times that are necessary to avoid beam damage within the
organic layers. In our experimental setup, the electrons were usually recorded
in a normal emission geometry, with the light impinging on the surface under
a grazing incidence angle of 7◦ measured between the photon wave vector and
the surface plane.

The subsequent data analysis of the spectra was performed following standard
data processing and curve fitting routines for photoelectron spectra [71]. The
core level XPS spectra acquired at the synchrotron were typically measured
with an excitation energy about 100 eV above the respective ionization thresh-
old to maximize both the surface sensitivity and photoionization cross sec-
tions [68]. All XPS energies were referenced to the corresponding Fermi level
acquired at the same excitation energy to correct for analyzer work function
changes as well as photon energy offsets. Afterwards, a linear plus Shirley-
type background [72] was subtracted and the spectrum was fitted using mul-
tiple Voigt-type line profiles. This procedure enables a precise determination
of the surface composition in the vast majority of cases.
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3.3 Resonant Auger Spectroscopy

When the primary excitation process promotes the electron not to a state
in the continuum, but to an unoccupied bound state below the vacuum level
Evac, the excitation is called resonant. For an isolated system, the possible
non-radiative decay mechanisms after resonant excitation are shown in Fig-
ure 3.3. Depending on whether the initially excited electron takes part in the
decay process or not, the decay channels are labeled participator and specta-

tor decay, respectively. This difference is also evident in the final states of
the two decay modes: a 1-hole final state for the participator and a 2-hole
1-electron final state for the spectator channel. Another peculiarity becomes
apparent when the photon energy is scanned over the resonance width: The
decay electrons show a linear dispersion in energy as a function of the photon
energy, in stark contrast to normal Auger decay. This effect arises due to en-
ergy conservation in the isolated system and is called Auger resonant Raman
effect [73].

core

valence
fermi

unoccupied
vacuum

hres

Resonant Excitation (1h1e)

Spectator Decay (2h1e)

Participator Decay (1h)

Figure 3.3: Illustration of two possible decay channels after resonant
excitation of an isolated atom (similar for a molecule). The resonantly
excited electron can either take part in the decay (participator decay, bot-
tom), or remain in the resonance during the core hole lifetime (spectator
decay, top).

The situation gets more involved when the system is coupled to a continuum,
as in the case of a typical adsorbate/substrate combination. Here, an addi-

20



3.3 Resonant Auger Spectroscopy

tional possibility exists: charge transfer of the initially excited electron into
the substrate by, e.g. a tunneling process within the resonance lifetime τct.
The resulting decay channels are shown in Figure 3.4.

In the case where the core hole decay takes place before charge transfer occurs,
the decay channel is called autoionization channel and follows the previous
description of the isolated system. This process is shown on the left hand
side of Figure 3.4. If the core hole decays after the charge has already been
transferred into the substrate, the final state of the system (2h) is equivalent2

to normal Auger decay and therefore labeled Auger channel (right hand side
of Figure 3.4).

Since the two processes, core hole decay within τc and charge transfer within
τct, are independent in good approximation [74], the intensities in the au-
toionization Iauto and Auger IAuger channels can be related by a simple rate
approach [74]:

Iauto
IAuger

=
τct
τc

(3.5)

This gives direct access to the charge transfer time of the resonantly excited
electron itself:

τct =
Iauto
IAuger

· τc (3.6)

In this picture, the core hole acts as an internal time reference, therefore the
technique is often called core hole clock (CHC) method [74]. Since the core
hole lifetimes are known for a variety of atoms [75], the charge transfer time
can be calculated once the autoionization and Auger intensities have been
determined. However, the measured decay spectra consist of a superposition
of autoionization and Auger decays, with weighting factors according to their
probabilities (see eq. (3.5)). In general there are two effects that help to
disentangle them into Iauto and IAuger, as shown schematically in Figure 3.5:

2“Equivalent” refers here to the energy of the final state, whereas the Auger branching
ratios for example are not necessarily identical for the two scenarios.
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Figure 3.4: Schematic depiction of different de-excitation pathways for
a system coupled to a continuum after resonant excitation. Following the
left route (no charge transfer), the core hole decays before the electron
has been transferred to the continuum, resulting in a (2h1e) final state.
On the contrary, the route on the right (charge transfer) illustrates the
case where the core hole decays after the electron has been transferred
into the substrate, leaving the system in a (2h) final state. The left
route is referred to as autoionization channel, whereas the right is denoted
as Auger channel. The participator decay with its (1h) final state (cf.
isolated system in fig. 3.3), which belongs to the autoionization decay
channel, has been omitted for clarity.
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Figure 3.5: The Auger resonant Raman effect (left) illustrates the ob-
served linear dispersion in energy as a function of photon energy for elec-
trons from resonant decay, thus facilitating the separation of autoioniza-
tion and Auger decay electrons. Similarly, the spectator shift (right),
which arises due to additional screening by the electron in the resonance,
leads to a separation of Auger and spectator electrons in energy.

1. Auger resonant Raman effect
As previously described, decay electrons from autoionization decay ex-
hibit a linear dispersion in energy as a function of the photon energy.
Scanning the excitation energy over the resonance width will yield de-
cay components with dispersion, Iauto, and without dispersion, hence
IAuger, if plotting the spectra versus the kinetic energy.

2. Spectator shift
If the resonantly excited electron remains localized on the adsorbate
during the core hole decay, it will partially screen the positive core
hole, which leads to smaller Coulomb interaction between core hole and
outgoing decay electrons and consequently to a higher kinetic energy.
This so-called spectator shift is strongly dependent on the efficiency of
the screening process and can range from several meV to a few eV in
kinetic energy.

Since many core holes of interest (Ar[2p], N[1s], F[1s] in this work) decay
within a few femtoseconds, the accessible charge transfer times lie in the
ultrafast, low femtosecond (10−15 s) regime. Nevertheless there are limitations
of the core hole clock method:

1. In order to reliably separate autoionization and Auger fractions, the
charge transfer time should fulfill the following restriction: 0.1 τc ≤
τct ≤ 10 τc

2. The resonance energy Eres, defined with respect to the Fermi level, has
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to be positive, i.e. lie above the Fermi level, to allow charge transfer
from the adsorbate to the substrate.

3. Since the vibrational progression in autoionization and Auger decay
channels can be quite different when molecules are investigated [76],
the disentangling procedure can become ambiguous.

Taking all that into account, the core hole clock method provides a versatile
tool for investigating ultrafast charge transfer dynamics in a spectroscopic
manner.

3.4 X-Ray Absorption Spectroscopy

In x-ray absorption spectroscopy (XAS), the energy dependent absorption
of photons in matter is investigated. In contrast to XPS, where the occu-
pied density of states (DOS) is probed, XAS provides information on the
unoccupied DOS. Since the attenuation of the incident radiation cannot be
measured directly in transmission mode for ultrathin overlayers adsorbed on
thick solid samples, secondary processes like Auger electron emission have to
be exploited.

This makes XAS similar to resonant Auger electron spectroscopy, with the
difference that the energetic distribution of the decay electrons is not of in-
terest, only their total amount at a given photon energy. Since the number
of decay electrons is proportional to the number of adsorbed photons, they
provide a measure of the extend of x-ray absorption.

3.4.1 X-Ray Linear Dichroism

An often used refinement of XAS in surface science is called NEXAFS (near-
edge x-ray absorption fine structure) spectroscopy and deals with the fine
structure in the absorption cross section close to the ionization threshold of
a core level. Figure 3.6 (a) illustrates the x-ray absorption process and the
resulting NEXAFS spectrum for diatomic molecules like CO or NO coupled to
a substrate. The first transition into the lowest unoccupied molecular orbital
(LUMO) results in a sharp peak in the absorption spectrum, which is in this
case a π∗ orbital. If the electron is excited into a quasi-bound state above
the ionization potential (IP), the resonance is called shape resonance, which,
in a molecular picture, corresponds to the excitation of a core level electron
into an antibonding σ∗ orbital.
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Figure 3.6: (a) Illustration of the x-ray absorption process for a di-
atomic molecule coupled to a substrate. Excitation of electrons from core
levels into unoccupied molecular orbitals (LUMO,LUMO+1,..) leads to
characteristic peaks in the absorption cross-section which can be related
to π∗ and σ∗ resonances. (b) Depiction of the measurement geometry for

a vector type orbital, with ~n denoting the surface normal vector, ~E the

vector of the electric field and ~O the transition dipole moment (TDM)
vector. The angle between electric field and TDM is labeled δ.

The main reason for the popularity of NEXAFS in surface science is that
it provides information on the orientation of molecules adsorbed on surfaces
and is inherently element- and site-specific [77]. The capability of delivering
geometric information arises due to the fact that the NEXAFS resonances
show a strong dependence on the polarization of the exciting radiation. This
can be understood from the x-ray absorption cross-section σxas in the dipole
approximation [77]:

σxas =
4π2ǫ2

m2c ω
|〈f |~e · ~p|i〉|2 ρf (E)

∝ |~e · 〈f |~p|i〉|2

∝ cos2(δ) (3.7)

where |i〉 and |f〉 denote the initial and final state orbitals, respectively, ~e is
the unit vector in the direction of the electric field and ~p is the sum momentum
operator of the involved orbitals. The vector 〈f |~p|i〉 is often referred to as
the transition dipole moment (TDM), whereas the angle between electric field
polarization and TDM is denoted as δ.

In the case that |i〉 is a s-type core orbital, only transitions into the p-
component of |f〉 are allowed according to the dipole selection rule. Accord-
ingly, the TDM will be directed along the p-like final state orbitals. Since
bonds and molecular orbitals (MO) are strongly oriented in molecules, the
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TDMs also point in specific directions within the molecule. Therefore, for
molecules adsorbed on surfaces, the absorption depends strongly on the ori-
entation of the electric field vector relative to the orientation of the molecule.
One can further discriminate between vector-type and plane-type final state
orbitals, where the direction of the p-components are described by a vector
or by a plane, respectively.

For the vector-type (Iv) and plane-type (Ip) orbitals with the TDM aligned
as indicated in Figure 3.6 (b) and the substrate being 3-fold symmetric
(e.g. Ni(111)), the polarization dependent absorption intensity can be written
as [77]:

Iv = cos2θ cos2 α+
1

2
sin2 θ sin2 α (3.8)

Ip = 1− cos2θ cos2 γ − 1

2
sin2 θ sin2 γ (3.9)

being θ the angle between polarization vector and surface normal and α the
angle between TDM and surface normal (in the case of a vector type orbital).
For a plane-type orbital, γ is the angle between the normal vector of the
orbital plane and the surface normal. In practice, the polarization vector
is changed by rotating the sample with respect to the incoming synchrotron
radiation (rotation around x-vector in Figure 3.6 (b)). By collecting NEXAFS
spectra under 2-3 different angles, the orientation of the molecule can basically
be determined with an accuracy of ± 5 to 10◦.

Data Acquisition and Analysis The NEXAFS spectra shown in this work3

were typically recorded with a homemade partial electron yield (PEY) de-
tector which covers a large solid angle of almost 2π and can be operated in
a quantitative way (cf. Section 3.6.4 and Ref. [78]). To achieve the same
detection conditions under every angle, sample and detector were rotated si-
multaneously, keeping the angle between sample and detector fixed (normal
emission) Typical retardation potential for suppressing secondary electrons
for adsorbates on Ni(111) were −150V for C1s, −260V for N1s, −400V for
O1s and −560V for F1s. In order to compensate for beam fluctuations and
contaminations of the beamline optics as well as structures inherent to the
clean substrate, a standardized normalization procedure [77] was applied to
all shown spectra, unless otherwise stated:

processed spectrum =
adsorbate covered sample - clean sample

monochromator transmission
(3.10)

3Except those shown in Chapter 4, which were acquired using a standard multiplier-
based partial electron detector.
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3.4 X-Ray Absorption Spectroscopy

where the monochromator transmission was recorded with a type-calibrated
GaAsP-Diode [79]. Afterwards, the spectra were normalized to the range
[0..1], where 0 corresponds to the pre-edge region and 1 to the intensity after
the main resonance region. By subsequent identification of the main absorp-
tion features and comparison of their relative intensities under different polar-
izations, the adsorbate angles with respect to the surface can be determined
according to the formulas given in Equations (3.8) and (3.9). Depending
on the energy resolution, definition, nature and complexity of the resonance
features, the spectra can be fitted with Gaussian and Voigt lineshapes to facil-
itate a more accurate determination of adsorption angles.

3.4.2 X-Ray Magnetic Circular Dichroism

X-ray magnetic circular dichroism (XMCD) spectroscopy allows the element-
specific investigation of magnetic properties such as spin and orbital momen-
tum of solid samples. The dichroism effect arises due to directional symmetry
breaking of magnetic origin, e.g. the spin-alignment in ferromagnets. XMCD
has been theoretically predicted in 1975 [80] and experimentally confirmed
in 1987 at the iron K-edge [81]. Generally, the magnetic properties of the
3d transition metals Fe, Co and Ni are mainly dominated by their d valence
electrons, where the spin magnetic moment due to exchange interaction is
given by the difference between the number of spin-up and spin-down elec-
trons [82,83]. Usually, the magnetic properties of these materials are probed
by exciting 2p core electrons from the L2 and L3 edges into unoccupied 3d
states. Figure 3.7 (a) illustrates this process in a simple one-electron picture
and the common two-step description [82,83].

The use of circularly polarized radiation is crucial for the application of
XMCD: Right (σ+) or left (σ−) circularly polarized photons transfer their
angular momentum of h̄ or −h̄ to the excited photoelectron in the first step.
Since the photoelectrons from the 2p levels are spin-orbit split, the angular
momentum can be partially transferred to the spin by means of spin-orbit
coupling [82]. Furthermore, the spin polarization is opposite for electrons
originating from the L2 and L3 edges due to their different spin-orbit cou-
pling, which is given by l-s and l+s, respectively. Consequently, the excited
photoelectron possesses an effective orbital and spin polarization following
the initial excitation step. “Spin-up” and “spin-down” are defined relative to
the photon spin or helicity, which is parallel (σ+) or anti-parallel (σ−) to the
photon propagation direction in the adsorption step.

In the second step, the spin-split valence shell serves as a spin-sensitive detec-
tor for the excited photoelectrons due to the different unoccupied density of
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Figure 3.7: (a) Schematic depiction of x-ray absorption with circularly

polarized photons at the L2,3 edge of a ferromagnet. ~M denotes the
sample magnetization and determines the orientation of spins in the metal
states. (b) Exemplary XMCD spectra of a thin film of Co deposited on
W(110). The top panel shows the x-ray absorption profiles for two photon
spin/magnetization alignments, the bottom panel shows the difference
curve. The directions of magnetization and photon helicity are defined
according to Ref. [83].

states for spin-up and spin-down electrons. The same is true, if the d valence
shell possesses an orbital momentum, then it also acts as an orbital-sensitive
detector. For maximum dichroism, the quantization axis of the “detector”,
which is the direction of magnetization, and the photon propagation direction
need to be aligned parallel. It is worth noting that switching the photon helic-
ity and reversing the magnetization direction gives the same results [82], which
can be used for eliminating experimental asymmetries.

Figure 3.7 (b) shows an exemplary XMCD spectrum of a thin, in-plane mag-
netized Co film grown on W(110). The top panel shows the absorption profiles
for parallel (blue) and anti-parallel (red) alignment of photon spin and sam-
ple magnetization, whereas the difference spectrum is depicted in the lower
panel. As mentioned above, the peaks in the difference spectrum for the L3

(A) and L2 (B) edges show a reversed behavior due to opposite spin-orbit
coupling. By applying the sum rules derived for XMCD spectroscopy [84,85],
it is possible to relate the measured difference intensities A and B to the spin
and orbital momentum. Since the main purpose of XMCD in this thesis was
the control of the magnetization of the grown layers, it shall not be further
detailed here. A comprehensive review about XMCD and its applications be
found in, e.g. Refs. [82, 83].
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3.5 Ultrahigh Vacuum System

Figure 3.8: Computer drawing of the ultrahigh vacuum system used for
experiments within this work. Preparation chamber (red), analysis cham-
ber (yellow) and the hemispherical electron analyzer (green) are depicted.
The other parts described in the main text have been omitted for clarity.

3.5 Ultrahigh Vacuum System

Most of the experiments (except the results presented in Chapter 4) were
conducted in a home-made ultrahigh vacuum (UHV) system which is de-
picted in Figure 3.8. Briefly, the system consists of two cylindrically-shaped
chambers which are connected and serve as preparation (red) and analysis
(yellow) chamber. To ensure a base pressure below 5× 10−11 mbar, two subse-
quent turbo pumps (180 l/s) together with a liquid nitrogen cooled titanium-
sublimation pump (500 l/s) run during normal operation. A small ion-getter
pump (20 l/s) serves as a back-up pump in case of a failure of the turbo pumps.
The sample is mounted on a manipulator with a flow-cryostat, which reaches
temperatures below 20K with liquid helium cooling. Electron bombardment
heating of the sample enables annealing temperatures above 2000K, which is
sufficient even for cleaning the tungsten crystal. The chamber also comprises
a load-lock system that allows a fast sample transfer without breaking the
main vacuum. During synchrotron experiments, the chamber is connected
with the analysis part separated by a valve to the beamline output, i.e. the
radiation is coming from the left side in Figure 3.8.

The preparation chamber is equipped with a ribbon-type metal evaporator
for preparing thin films of nickel, iron and cobalt on the W(110) crystal.
Therefore, the evaporator resistively heats a thin (50 ➭m), high-purity metal
sheet to ensure a clean film-growth process, which is further controlled in-situ
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by a quartz-microbalance acting as a thickness monitor. In order to magnetize
the thin films, a ferromagnetic core coil has been constructed, which can be
placed above the sample and magnetize it by applying a current pulse of
about 50A, corresponding to a magnetic field of ∼ 250mT, for 1-2 seconds.
A gas dosing system is used for adsorbing gases and liquids onto the sample
through a small stainless steel tube, which can be controlled by leak valves.
Solid substances with a lower vapor pressure were adsorbed by sublimation
through a gate valve directly onto the sample. An ion-sputter gun is available
for sample cleaning, whereas a standard LEED system is used for checking
the surface quality.

During this work, a new Specs Phoibos 100 CCD electron analyzer has been
installed in the analysis chamber, which is shown in green in Figure 3.8.
For laboratory measurements, the chamber has also been equipped with an
Omicron HIS-13 UV lamp with additional polarizer. Furthermore, the anal-
ysis chamber comprises a twin anode x-ray tube (Mg/Al) and a custom-built
quadrupole mass-spectrometer for high-resolution ion detection [86]. For x-
ray absorption measurements, a novel partial electron yield detector was con-
structed, as detailed in Section 3.6.

One advantage of this UHV system is that sample and detector orienta-
tion can be adjusted independently of each other. This is accomplished
by a differentially pumped, rotatable analysis chamber and allows, e.g. a
constant sample-detector alignment during NEXAFS measurements. For
synchrotron measurements, the chamber was transported to the radiation
source BESSY II in Berlin and subsequently connected to the beamline out-
puts.
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3.6 A Versatile Partial Electron Yield Detector with Large
Acceptance Angle and Well-Defined Threshold Energy
and Gain
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Abstract We describe a partial electron yield
detector for x-ray absorption studies with a
large angle of acceptance of π sr, a well-
defined electron cut-off energy due to a spher-
ical retardation optics, and a linear, well re-
producible gain. The detector operates with-
out electron multipliers and is assembled from
standard replacement parts of conventional
low energy electron diffraction (LEED) op-

tics.

This section was published in Reference [78]. Reproduced with permission.
Copyright 2011 Elsevier.

3.6.1 Introduction

X-ray absorption spectroscopy (XAS) with synchrotron radiation sources is a
key technique for investigating the electronic and geometric structure of mate-
rials [77]. In the soft x-ray regime, direct XAS measurement by recording the
photon energy dependent attenuation of the light is possible only for optically
very thin targets, e.g. gas cells or very thin films of condensed matter. For
solid samples, secondary processes have to be exploited to get access to the
primary absorption step. Suitable probes are fluorescence photons and Auger
electrons emitted upon the decay of primary inner-shell vacancies. Particu-
larly for low-Z materials and shallow core holes the non-radiative Auger decay
prevails [87]. By selective detection of these decay electrons, the XAS spectra
related to the excitation of distinct core orbitals are monitored. Commonly
this is accomplished either by a band pass-type electron energy analyzer or
by a partial electron yield (PEY) detector acting as a high pass filter. The
optimum PEY detector should accept a large solid angle in order to integrate
over the angular distribution of the decay electrons. For oriented molecules
on surfaces, this distribution can show strong modulations due to contribu-
tions from different final states of the core decay [88]. It is a crucial point
that recording XAS with a small angle of acceptance can yield ambiguous
results because distinct decay channels may be selectively enhanced or sup-
pressed.

31
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The detector should also have a well-defined low energy cut-off with a narrow
threshold region; furthermore it should not compromise the signal-to-noise
(s/n) ratio of the original signal. In addition, a linear response with re-
producible gain is necessary. For surface science applications, compatibility
with ultra high vacuum conditions is required. Here we present a straight-
forward detector design that meets all of the aforementioned requirements.
We further demonstrate its performance by a quantitative analysis of the
PEY signal obtained from a monolayer CO adsorbed on the Ru(0001) sur-
face.

3.6.2 Experimental Details

Conventional PEY detectors consist of a plane grid assembly acting as a
high pass and an electron multiplier for current amplification. In most cases,
multichannel plates (MCPs) or channeltrons serve as electron multipliers. Al-
though such setups are used in many XAS experiments, they are accompanied
by several drawbacks. First of all, the amplification factor of the electron mul-
tipliers is difficult to determine and changes with contamination history and
accumulated charge, making a reliable and quantitative interpretation of the
primary signal in terms of “electrons per second” difficult and complicating
the comparison of experimental and theoretical results. More important, the
use of MCPs etc. makes the design of a detector that covers a large solid
angle elaborate and expensive. The plane retardation optics that is used in
most of such devices introduces severe angular dependent variations of the
cut-off threshold. For a solid angle of 1.85 sr corresponding to an opening
angle of ±45◦, the deviation of the cut-off energy between center and rim is
already 30%.

These drawbacks are overcome with the design of a PEY detector displayed in
Figure 3.9, which shows the basic principle of operation.

The setup of the detector is simple; it is based on a modification of a conven-
tional LEED (Low Energy Electron Diffraction) optics. LEED optics consists
of 3 or 4 hemispherical grids in front of a hemispherical fluorescent screen.
Grids and screen are arranged concentrically, typically covering a solid angle
of acceptance of π sr. We modified such a LEED optics in a way that only
two grids and the solid screen remained. From the screen serving as an elec-
tron collector, the fluorescent coating has been removed and all center holes
provided in the original design for the electron gun have been closed. The
first grid is grounded to avoid electric fields outside the detector, whereas the
second grid provides the retarding potential as in conventional PEY detec-
tors; this (negative) potential defines the low energy cut-off of the high pass
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Figure 3.9: Schematic of the PEY detector (see text for details). C1

and C2 denote the capacitances between electron collector and ground,
and between electron collector and retard grid, respectively.

filter. The electron current onto the collector is amplified outside the vacuum
with a standard current amplifier with a well-defined gain (fig. 3.10). With
the sample in the center of the spherical grid/screen assembly of a standard
LEED optics, the angle of acceptance is π sr, which is large enough to elim-
inate spurious effects due to the angular distribution of decay electrons. In
our experimental setup, the light beam illuminates the sample under graz-
ing conditions (7◦ with respect to the surface plane). The polarization of
the light is changed either by an elliptical undulator, or by rotating sam-
ple and detector around the beam in order to avoid mixture of angle- and
polarization-dependent effects in the measured signal.

An important issue is to guarantee a satisfactory s/n-ratio of the final PEY
signal without the use of an electron multiplier. Electron multipliers intro-
duce some noise due to the stochastic amplification process, but their noise
floor at zero input is exceptionally low because of their very small dark cur-
rents. This is different for a conventional current amplifier as depicted in
Figure 3.10.

Nevertheless, its s/n ratio suffices for nearly all applications. This can be un-
derstood by analyzing the different sources contributing to the overall noise
current of an amplifier as depicted in Figure 3.10. We base our estimate
on a low bias current operational amplifier (OP-Amp OPA 129 [89]) with
a feedback resistor of 1011 Ohm corresponding to a bandwidth of ∼10 Hz.
For larger bandwidths or currents larger than 10−10 A, smaller resistors are
required. For our measurements shown below, we use the OPA 129 amplifier
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Figure 3.10: Schematic of the current amplifier. Noise sources are la-
beled with the index “n”.

with feedback resistors switchable in decades from 108 to 1011 Ohm. Note,
however, that other amplifiers with similar noise characteristic can be used
as well, homemade as well as commercially available devices. Noise sources
include the white noise current of the OP-Amp (1 × 10−16A/

√
Hz) (see [89]

and Appendix A) and the noise current produced by the noise voltage of the
OP-Amp at the detector capacitance C1 + C2 (fig. 3.9; 70 pF in our case).
The noise from this source (average value 2.4 × 10−16A/

√
Hz for f ≤ 10 Hz,

see Appendix A) is blue, i.e. increases with frequency, because the frequency
dependencies of OP-Amp voltage noise [89] and capacitive impedance com-
pensate only partly. For f ≤ 10 Hz, the largest contribution is the Johnson
noise of the feedback resistor (4×10−16A/

√
Hz @ 300 K); other noise sources

can be neglected. For a bandwidth of 10 Hz, corresponding to a dwell time
per photon energy channel of ∼ 0.1s, we obtain a total noise current of 1.5
fA. We compare this value to the excitation energy dependent decay electron
signal from an adsorbate given by [77]:

I(hν) =
Ω

4π
× J0 × σx(hν)× ρ× ωα × 1

sinα
× T × e (3.11)

Where Ω is the detection solid angle, J0 the intensity of the incoming radia-
tion, σx(hν) the adsorption cross-section at photon energy hν, ρ the surface
density of the adsorbate, ωα the Auger fraction of the core decays, α the
angle of incidence with respect to the surface (7◦ in our case), T the optical
transmission of the two grids (56%) (see Appendix A for details) and e the
elementary charge. We assume a dilute monolayer of particles on the surface
(1014 molecules per cm2) with a (low) excitation cross section of 1 Mbarn
measured with a (low) photon flux of 1011 photons/s. With these values we
obtain a collector current of 1.8 pA, i.e. a signal three orders of magnitude
above the noise floor. With samples of larger cross sections and higher photon
flux the s/n ratio would be even better. A noise level of 0.1% of the signal
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3.6 A Versatile Partial Electron Yield Detector

Figure 3.11: XAS from a CO monolayer on Ru(0001) in the [C1s]2π∗

region measured with a low photon flux of 1.4×1011 photons/s. Raw data
without further processing are shown (the shape of the background is due
to strong modulation of the photon flux at the carbon K-edge caused by
contamination on the optical elements of the beamline).

will be sufficient for all NEXAFS experiments; even a value of 1% will be
acceptable for most systems.

3.6.3 Results and Discussion

To verify our quantitative approach, the XAS spectrum of the CO/Ru(0001)
[C1s]2π∗ resonance was recorded at the synchrotron radiation source BESSY
II. The spectrum presented in Figure 3.11 shows a well-resolved resonance
centered around 288 eV and a low background noise resulting in an excel-
lent s/n-ratio above 1000. Figure 3.11 shows the raw data, recorded with
a photon step width of 0.1 eV and a dwell time of 1 s per channel (shorter
time bins have been avoided due to limiting undulator and monochroma-
tor settling speeds). The retarding voltage was set to −95V. The pho-
ton flux (1.4× 1011 photons per second) was determined with a UHV com-
patible GaAsP photodiode [79], and the CO density at saturation coverage
(1× 1015 molecules per cm2) was taken from the literature [90].

We compare our measured data to cross-section measurements of the CO
molecule in the gas-phase by electron energy loss spectroscopy [91, 92]. The
value for the [C1s]2π∗ resonance of CO adsorbed on a transition metal sur-
face compared to gas phase data is expected to be smaller because, compared
to the isolated molecule, the local 2π∗ density of states at the carbon atom
is reduced upon chemisorption [93]. In order to account for different pho-
ton energy resolution and different line shapes in the two experiments, we
use for both datasets cross section values that have been energy-integrated
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over the resonance. We calculate 15.6Mbarn x eV for our data compared to
16.4Mbarn x eV for the reference data. Although we obtain a quantitative
result that reproduces the expected reduction of the [C1s]2π∗ excitation cross
section by the formation of the chemisorptive bond, we note that our value
for the photon flux might still be of limited accuracy due to yield scatter of
the photodiode. In further quantitative XAS experiments that will become
possible with our detector, individually calibrated photodiodes have to be
used. The data shown in Figure 3.11 corresponds to the raw data of the
experiment, i.e. no normalization, background subtraction or smoothing has
been performed.

As shown above, amplifier noise is a minor problem in our design. Interference
of electric pick-up and microphonic effects can be more important and should
be carefully minimized. Particularly, the voltage source feeding the retard
grid must be absolutely noise free because this grid directly couples to the
collector via C2 (fig. 3.9; see Appendix A). On the other hand, inserting a
grounded third grid for decoupling both electrodes would remove the retarding
field that keeps secondary electrons from leaving the collector, apart from
transmission effects. The connection between the collector and the signal
feedthrough should also be mechanically stable and of low capacitance. We
use a stiff stainless steel wire inside the mounting tube of the whole assembly,
resulting of a C1 value of 55 pF (fig. 3.9). The amplifier is attached directly
to the feedthrough.

3.6.4 Conclusions

In summary, we could demonstrate that our novel partial electron yield detec-
tor generates high-quality x-ray absorption spectra with an excellent signal-
to-noise ratio. The use of spherical retard optics guarantees a constant cut-off
energy for all electron trajectories reaching the detector. The absence of in-
trinsic electron amplification with channelplates or other multiplier devices
is compensated by the large acceptance angle in combination with low-noise
current amplification. This simple detector design enables a reliable and
quantitative analysis of the measured partial electron signal from adsorbed
species on surfaces in the mono- and sub-monolayer range.
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Orbital-Symmetry-Dependent Charge Transfer
Through Molecules Assembled on Metal
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Abstract Femtosecond charge transfer dynamics
in self-assembled monolayers of cyano-terminated
ethane-thiolate on gold substrates was investigated
with the core hole clock method. By exploiting sym-
metry selection rules rather than energetic selec-
tion, electrons from the nitrogen K-shell are state-
selectively excited into the two symmetry-split π∗

orbitals of the cyano end group with x-ray photons
of well-defined polarization. The charge transfer
times from these temporarily occupied orbitals to

the metal substrate differ significantly. Theoretical calculations show that
these two π∗ orbitals extend differently onto the alkane backbone and the
anchoring sulfur atom, thus causing the observed dependence of the electron
transfer dynamics on the symmetry of the orbital.

This chapter was published in Reference [94]. Reproduced with permission.
Copyright 2012 American Chemical Society.
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4.1 Introduction

Since the pioneering electron paramagnetic resonance (EPR) experiments of
Weissman [95] and Voevodskij et al. [96] on intramolecular charge exchange
and the related theoretical interpretation by McConnell [97], charge transport
through molecular entities and its microscopic details have attracted con-
tinuously increasing interest due to their fundamental importance for many
fields and applications. Important examples include: i) electron transfer and
redox reactions in chemistry, electrochemistry, and biology [98–100]; ii) ma-
terials modification by electronic excitations [101], including irradiation in-
duced tailoring of thin organic films [102] and beam effects in spectroscopy
and microscopy [103]; iii) molecular photovoltaics [104,105]; and iv) the field
of molecular electronics [35]. The most direct access to charge transport
through molecules is certainly by making contact either to single, or groups
of molecules and measuring current vs. voltage (I-V) curves (see Ref. [37] for
a review of connection techniques). Extensive theoretical work is available for
the interpretation of such I-V results [35, 39]. Further detailed insight is ob-
tained from the analysis of fluctuations of the electrical current and the study
of inelastic processes such as current-induced vibrational and conformational
excitations [35, 106,107].

The EPR studies mentioned above, however, belong to a different class of
experiments. There, spectroscopic features related to an intrinsic time scale
are analyzed. The EPR spectra from an uncompensated electron spin in an-
ions consisting of two aromatic rings connected either by one [96] or two [95]
aliphatic chains show hyperfine interaction with either one or both rings, or an
intermediate signature, depending on the electron exchange rate as a function
of chain length. In these experiments, the limiting time resolution was the
inverse frequency of the hyperfine interaction in the 0.1 to 1 ➭s range [95,96],
i.e. the method is appropriate for slow transfer. For tracking faster processes
a shorter time interval reference is required and as such the lifetime of inner
shell vacancies [75] proved to be valuable. By this core hole clock method
(CHC), the transfer dynamics of an electron resonantly excited from an in-
ner shell is obtained from the ratio of resonant and non-resonant core decay
spectra in combination with the known lifetimes of core holes [74, 108]. In
most cases, the delocalization time of the resonantly excited core electron
into a continuum, e.g. the conduction band of a metallic substrate or an-
other conductor, during the lifetime of the core hole is recorded; the inverse
process, i.e. the promotion of an electron from the continuum towards the
core ionized atom before core decay, is however possible as well [74]. De-
spite its limitations due to the “availability” of core levels and resonances
with appropriate lifetimes and energies, the CHC method has the advantage
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that it represents an atom selective probe of the electron relaxation dynam-
ics [41, 74, 108,109].

It was used by some of us for investigations of charge transport in thiolate
bonded self-assembled monolayers (SAMs) with aliphatic [44, 110] and aro-
matic, as well as mixed aliphatic/aromatic backbones [45, 111]. We demon-
strated that CHC is well suited for the investigation of charge transport dy-
namics, through the backbones as well as through the anchor of the SAMs,
yielding data corroborating and supplementing results from theory and I-V
conductance measurements [44,45,110,111]. In addition, we could show that
electron transfer from a core-excited N atom in a cyano (CN) substituent
group through an adjacent aromatic backbone and into the substrate can de-
pend strongly on the orbital to which the core electron has been primarily
promoted. In a CN group attached to an aromatic ring, the π∗ degeneracy
is lifted, yielding in-plane and out-of-plane [N1s]π∗ resonances. By selective
excitation of these resonances - their excitation energies differ by 0.95 eV [45]
- we found much faster charge transfer for the out-of-plane π∗ orbital, which
is strongly coupled to the aromatic π system [45], relative to the in-plane
orbital, which is not π-coupled. In the present work we show that a similar
symmetry dependent effect exists for aliphatic CN-terminated SAMs as well.
This is remarkable because for these systems the effect of symmetry breaking
is much weaker: The energy separation of the two [N1s]π∗ resonances of the
CN ligand at 399.6 and 399.7 eV, i.e. 1.1 and 1.2 eV above the Fermi edge,
is nearly one order of magnitude smaller than their spectral widths [44, 110]
and selective electron transfer into one of the two unoccupied orbitals simply
by selecting the correct photon energy is impossible. Instead, by applying
an approach developed for CHC experiments on atomic adsorbates [112], we
use the well-defined polarization of soft x-ray photons from a synchrotron
storage ring for orbital-selective excitation. We believe that at present CHC
is the only method enabling such an orbital and site selective look on charge
transport processes as reported here.

4.2 The Core Hole Clock Method

In Figure 4.1 (a), the schematic of core excitation and de-excitation routes
in a molecule coupled to a continuum shows the essential basis for evaluat-
ing the decay spectra in the framework of the CHC method. First, a core
electron (N1s) is promoted by synchrotron radiation to an unoccupied bound
state above the Fermi level. The subsequent decay of the core hole can take
place before or after the transfer of the resonantly excited electron to the sub-
strate continuum. Since the resulting decay spectra differ for decay events
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before and after delocalization of the charge, measured data containing con-
tributions from both routes can be decomposed into purely resonant (decay
before delocalization) and purely non-resonant (decay after delocalization)
fractions1.

In the non-resonant case (route 1), the final state is a 2-hole (2h) state that
corresponds to normal Auger decay (A), whereas in the resonant case two
possible pathways (routes 2a and 2b) for core decay exist. On the one
hand, the electron in the resonance can participate in the decay; then the
final state is a 1h state which is labeled participator decay (P). If the elec-
tron on the other hand does not participate in the core hole decay, the final
state becomes a 2-hole 1-electron (2h1e) state, hence called spectator decay
(SP).

To allow for a decomposition of the resonant decay spectrum into resonant and
non-resonant contributions, pure resonant and pure non-resonant spectra have
to be acquired. The pure non-resonant (Snon−resonant) spectrum is obtained
by excitation above the resonance threshold, corresponding to normal Auger
decay, whereas resonant excitation of a similar system where charge transfer
does not take place yields a pure resonant spectrum (Sresonant). Reproduc-
ing the experimentally obtained resonant decay spectrum by a linear com-
bination of Sresonant and Snon−resonant allows the calculation of the charge
transfer time according to the core-hole clock framework using the expres-
sion: τCT = τcore (Iresonant/Inon−resonant) [74], where τcore is the core-hole
lifetime and the I -terms are the respective weights of the linear combina-
tion.

4.3 Experimental Methods

We performed our experiment with thiolate-bonded Au-S-(CH2)2-CN and
Au-S-(CH2)16-CN SAMs, abbreviated as C2CN and C16CN. They have been
prepared by a standard immersion procedure [17] on Au(111) substrates (with
randomly oriented domains) evaporated (100 nm) on Si(111) wafers primed
with a thin (5 nm) Ti layer to improve adhesion2. Experiments were per-
formed at the HESGM beamline of the synchrotron radiation facility BESSY
II, Berlin. For nearly noise free decay electron spectra the energy resolution
of this dipole beamline was set to a medium value of ≈ 0.4 eV at the N1s

1It should be noted that we used the terms resonant and non-resonant throughout
this publication instead of autoionization and Auger, respectively, as introduced in
Section 3.3.

2The sample preparation was performed by the group of M. Zharnikov, University of
Heidelberg.
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Figure 4.1: (a) Schematic of core excitation and de-excitation pathways for a molecule coupled to a continuum.
Following resonant excitation, non-resonant (1) and resonant (2a,2b) pathways exist for the de-excitation, resulting
in distinguishable decay electron spectra. (b) Measurement geometry and relevant angles of the molecule on the
surface.
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Chapter 4 Orbital-Symmetry-Dependent Charge Transfer Through Molecules

edge. X-ray absorption spectra (XAS) were acquired with a standard par-
tial electron yield detector; x-ray photoelectron (XPS) as well as decay elec-
tron spectra with a hemispherical electron energy analyzer (Scienta R3000).
Sample temperatures were always 300K. The cleanliness of the samples was
checked by XPS. C1s, N1s and S2p binding energies agreed well with previous
measurements [44,110]. XAS results complied with results of previous studies
from which tilt angles of the C-N axis with respect to the surface normal of
65◦ and 60◦ were obtained for C16CN [113] and C2CN [44], respectively (see
Figure 4.1 (b) for experimental geometry).

For the ideal geometry of the C2CN moiety (i.e. at low temperature and
without further intermolecular interactions), the orbitals representing the π∗

resonances can be labeled according to their orientation with respect to the
plane defined by the aliphatic planar C-C-C conformation structure. Their
nodal planes are either perpendicular ([N1s]π∗

1 at 399.6 eV) or parallel to this
plane ([N1s]π∗

2 at 399.7 eV). For SAMs, the aliphatic backbones (and the
terminal groups, see above) are commonly tilted with respect to the surface
normal (see, e.g. Refs. [15, 17]). In addition, twisting around the molecular
axes of the tilted molecules is possible [15]. XAS and decay electron spectra
were recorded for two different polarizations of the light, Az and Axy. In Axy

polarization (normal incidence), the E-vector of the radiation was oriented
perpendicular to the surface normal (see fig. 4.1 (b)). Taking the random
orientation of domains into account by averaging azimuthally around the
surface normal and correcting for the tilt angle of 60◦ and the small cross
section differences due to slightly different resonance energies, but assuming
zero twist angle, we expect for this polarization an excitation ratio of 4.3 to
1 for [N1s]π∗

2 compared to [N1s]π∗

1 for C2CN (see Appendix B for details).
The Az polarization experiments were carried out with a grazing incidence
photon beam to give an E-vector tilted by 10◦ with respect to the surface
normal (see fig. 4.1 (b)) so the excitation of [N1s]π∗

1 should be favored by a
factor of 49.

A non-zero twist angle would reduce this contrast because then the C-C-C
planar symmetry is broken thereby reducing the difference between [N1s]π∗

1

and [N1s]π∗

2 contributions in the XAS signals. For a 60◦ tilt and a 30◦ twist we
expect [N1s]π∗

1 and [N1s]π∗

2 intensity ratios of 2.3/1 and 1/1.9 for Az and Axy

light, respectively. Since the exact average and distribution of the molecular
twist angles is not known it is problematic to make accurate predictions at
present.
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4.4 Results and Discussion

NEXAFS spectra of the [N1s]π∗

1,2 absorption edge of the C2CN sample with
Az and Axy polarization are shown in Figure 4.2 (a). The spectra show a
small shift of the two absorption maxima (399.6 eV and 399.7 eV) of about
0.1 eV depending on the polarization, whereas the difference spectrum con-
firms the above mentioned orientation of the C-N group with respect to the
substrate. According to their energetic positions, the two absorption maxima
are assigned to excitation into the [N1s]π∗

1 (LUMO) and [N1s]π∗

2 (LUMO+1)
orbitals.

4.4.1 Determination of the Charge Transfer Times

Figure 4.2 (b) shows the decay electron spectra used for the CHC analysis.
For the two polarizations, measured decay spectra of C2CN for π-resonant
excitation were reproduced by linear combinations of pure resonant and pure
non-resonant line shapes, both normalized to unit area. Contributions from
direct photoemission have been subtracted. We obtained pure resonant spec-
tra from resonantly excited C16CN samples with 16 methylene spacer units.
Since the charge transfer times in alkanethiols increase exponentially with
increasing chain length [110], no charge delocalization is expected within the
investigated timescale for chains with more than 4 methylene units. Further-
more, for long chains like C16CN, the resonance energy shifts below the Fermi
energy, thus making charge transfer from the cyano group to the substrate
energetically forbidden [44]. The non-resonant spectra recorded 5 eV above
the resonance show maxima around 360 eV (A2) and 377 eV (A1) (see fig. 4.2
(b)). These belong to two-hole final states with both holes in outer, and holes
in inner and outer orbitals, respectively. In the resonant spectra, these max-
ima (SP1, SP2) correspond to spectator states that are blueshifted by ≈ 8 eV.
This large spectator shift eases the decomposition of the measured spectra and
makes the CN group a favorite choice for CHC studies. The third maximum
at highest kinetic energy (393 eV) (P1) has been assigned to a participator
decay process [44, 110]. These participator lines correspond energetically to
photoemission final states, although often with different vibrational progres-
sions due to the evolution of the conformation during the lifetime of the core
hole [74]. Inspecting the traces of Figure 4.2 (b), it is evident that the non-
resonant fraction (green trace) that indicates charge transfer to the substrate
before core hole decay is larger for Az (nearly exclusively [N1s]π∗

1) than for
Axy ([N1s]π∗

2 dominates).
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Figure 4.2: (a) NEXAFS spectra of C2CN measured at the N1s absorp-
tion edge with two different polarizations. (b) CHC evaluation of data
sets for Axy (top) and Az (bottom) light. The experimental decay spectra
obtained from C2CN samples at resonance (black points) are reproduced
by a linear combination (red line) of the non-resonant line shape recorded
for C2CN above resonance (green line), and a purely resonant decay spec-
trum from C16CN (blue line). Photoemission contributions from the Au
substrate and the organic layer have been determined by measurements
in the pre-edge range and subtracted.

From the ratios of resonant and non-resonant intensities ( Iresonant

Inon−resonant
) of

2.58 ± 0.15 for [N1s]π∗

1 and 3.28 ± 0.15 for [N1s]π∗

2 and the lifetime τcore of
the N1s core hole of 6.4 fs [114], we obtain averaged charge transfer times
of two independent data-sets of 16.5 fs and 21.0 fs. These turn into i) 15.9
fs for [N1s]π∗

1 and 22.2 fs for [N1s]π∗

2 after applying the above mentioned
excitation energy and tilt angle correction, and into ii) 11.7 fs and 26 fs af-
ter considering in addition a twist angle of 30◦ (see Appendix B for details).
We note that correction i) is well justified by experimental and theoretical
results (see below). The twist angle of the SAMs, on the other hand, is not
known. The estimate for correction ii) shows, however, that such a possi-
ble geometry effect would increase the observed contrast, but not cause any
decrease.

It is remarkable that the transfer of the resonantly excited electron is faster
for the [N1s]π∗

1 state despite its by 0.1 eV smaller resonance energy. We also
note the good reproducibility of the CHC results for this material; measure-
ments from different preparations and at 3 different experimental stations
yielded values for the charge transfer time between 14 fs and 16.5 fs for
Az polarization [44, 110]. We further note that the total error of ±4 fs in
Refs. [44, 110] is mainly governed by the uncertainty of τcore which does not
enter the comparison made here, whereas the error of determining the ratio
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Iresonant/Inon−resonant is due to the fitting procedure and is estimated to be
±0.15, which contributes with ±1 fs to the total error of the charge transfer
times.

4.4.2 Theoretical Calculations

To elucidate the electron transfer mechanism and the origin of the different
electron injection times, we have simulated the electron transfer (ET) process
using a protocol that combines electronic structure calculations at the den-
sity functional theory (DFT) level with quantum dynamics simulations (see
Refs. [115–117] for details)3. The ET dynamics simulation is performed using
a diabatic representation where the (quasi)diabatic basis is constructed using
charge localized electronic states relevant for the process. For the particular
case discussed in this work, these states are the donor state, |ψd〉, that cor-
responds (in the vanishing coupling limit) to the product of an excited state
localized in the photo-absorbing tailgroup and an empty band of the metal
surface and a quasi-continuum set of acceptor states, |ψa〉, corresponding (in
the zero coupling limit) to the product of the ground state of the cation of
the donor and a band state of the metal that gets populated as a consequence
of the ET. In this basis, the Hamiltonian for the electronic dynamics takes
the form

Ĥ = |ψd〉Ed 〈ψd|+
∑

a

|ψa〉Ea 〈ψa|+
∑

a

(|ψd〉Vda 〈ψa|+

+ |ψa〉Vad 〈ψd|), (4.1)

where Ed and Ea, the diagonal elements of the diabatic potential matrix,
are the energies of the donor and acceptor states involved in the ET process,
respectively, and the off-diagonal elements, Vad, are the donor–acceptor ET
coupling terms. The parameters used in the ET Hamiltonian (the donor and
acceptor energies and the coupling terms, see eq. (4.1)) have been obtained
using a partitioning method. The Hamiltonian and the molecular orbitals
needed in the partitioning technique have been calculated using a mean-field
single electron approach based on DFT methods for a cluster model of the
extended system. To this end, in the first step of the procedure we have de-
termined the adsorption geometry of the organic molecule at the Au surface
in the low coverage limit using periodic calculations. It was found that the
most stable geometry is fcc-bridge like with the C-N axis tilted 70.7◦ with
respect to the surface normal (see Figure 4.3), in reasonable agreement with

3The theoretical calculations were performed by M.Thoss and P.B. Coto, University of
Erlangen-Nürnberg, together with their collaborators.

45



Chapter 4 Orbital-Symmetry-Dependent Charge Transfer Through Molecules

the experimental value. We note that for this geometry the twist angle would
be zero. In the second step, we have determined the donor and acceptor states
and the donor-acceptor couplings using a cluster model obtained from the pe-
riodic calculations. These parameters have subsequently been employed for
the simulation of the electron injection dynamics process using eq. (4.1). In
all calculations, the polarizing effect of the N1s core hole has not been taken
into account. This may affect the energetics and extension of the orbitals and
can cause quantitative discrepancies with the experimental injection times.
However, it is expected that the π∗

1 and π∗

2 resonances are influenced in a
similar way by the core hole and, therefore, the qualitative difference in the
mechanism underlying the charge transfer process from the π∗

1 , π
∗

2 donor or-
bitals should not be altered by including the core hole.

Figure 4.3: Orbitals representing the π∗

1 (left) and π∗

2 (right) donor
states.

Figure 4.3 shows orbitals representing the π∗

1 and π∗

2 donor states. The π∗

1

state exhibits contributions not only at the nitrile group, but also on the
aliphatic backbone as well as at the sulfur atom of the thiolate bond. The π∗

2

state, on the other hand, is localized at the nitrile group and the hydrogen
atoms of the upper methylene group of the backbone, i.e. it has negligible
density at atoms close to the substrate. The significant contribution at the
aliphatic bridge causes a stronger donor-acceptor coupling for the π∗

1 state,
which results in the different electron transfer times of the two donor states.
The simulation of the electron injection dynamics reveals electron transfer
times of 3.8 fs for the π∗

1 state and 46.8 fs for the π∗

2 state, giving a factor
of ≈12 increase in the rate due to orbital overlap. These results reproduce
the experimentally observed trend within the limitations of the model used.
In particular, the model neither takes into account the possible existence of
defects in the Au surface, which may modify the type of binding of the or-
ganic molecule, nor includes temperature related effects. Thermal excitation
can cause, for example, a non-negligible population of non-planar C-C-C con-
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figurations, which may influence the electron transfer dynamics through the
C-C-C unit. This would, in the limit of an average rotation twist of the CN
group, completely break the symmetry of the overlap geometry and give a
single value of the lifetime, which is not observed.

4.5 Conclusions

In summary, we have demonstrated by applying the CHC method that charge
transport in organic layers can depend on the initially excited resonance state
even in cases where the energy separation of the respective states is much
smaller than their width and selective excitation is only possible by exploit-
ing symmetry. Calculations explain this effect by the different shape of the
orbitals representing the resonance states, in particular their extensions onto
the backbone and headgroup. We believe that this technique is applicable to a
large variety of systems with negligible energy splitting, e.g. functional groups
attached to alkane chains. Because the activation energy for gauche defects is
low in alkanes (less than 4 kJ/mole [118]), we expect even larger contrast at
sample temperatures lower than 300K for which the perfect anti-periplanar
configuration is more likely.
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Chapter 5

Self-Assembled Monolayers on Ni(111)
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Abstract Self-assembled monolayers of 4-
fluorothiophenol and 3- and 4-fluorobenzoic
acids on Ni(111) adsorbed under UHV con-
ditions are studied in this chapter. The in-
fluence of the different headgroups, which
are used to couple the molecules to the sur-
face, is investigated with respect to adsorp-
tion geometry, thermal stability and charge
transfer dynamics. Depending on the head-

group, significant differences are found concerning the thermal stability of
the molecules. Whereas the thiolate-coupled molecules decompose at low
temperatures, the carboxylate-coupled monolayers survive annealing above
room temperature without dissociation. Furthermore, resonant excitation of
the F1s resonance is shown to result in an ultrafast dissociation process which
leads to the desorption of atomic fluorine. Investigations on the tailgroup-to-
substrate charge transfer yield that all systems exhibit fast electron transfer
in the low femtosecond regime, with a more efficient coupling of the thiolate-
anchored groups.
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5.1 Introduction

Self-assembled monolayers on ferromagnetic substrates constitute an ideal
playground for investigating the properties of molecules coupled to magnetic
substrates and have potential application in the field of molecular spintronics,
as already discussed in Section 2.1.3. Furthermore, corrosion protection is
required if nickel is used as a contact material in electronic devices, which
can also be facilitated by SAMs [119]. Nevertheless, the number of studies
on self-assembled monolayers on nickel surfaces is limited [120–128] and some
conflicting evidence regarding the thermal stability of the SAMs is present,
that has not yet been resolved (see Section 5.2.2). The low number of studies
might be due to the difficulties that arise when preparing SAMs on reactive
substrates, such as nickel. One main experimental challenge is the presence
of a native oxide of Ni, that hinders the direct adsorption of SAMs from
solution and requires a complicated electrochemical pretreatment [121, 128]
or the adsorption under UHV conditions [129–132].

The self-assembled monolayers presented in this chapter are therefore pre-
pared under well-defined ultrahigh vacuum conditions on a freshly cleaned
Ni(111) single crystal sample. Nickel was chosen as a substrate due to the
following reasons:

• Ferromagnetic nature of Ni, with regard to potential spin-dependent
measurements

• Reasonably easy preparation methods for obtaining clean surfaces under
UHV, in comparison to iron and cobalt [133]

• High surface quality compared to polycrystalline samples

• Among the ferromagnetic substrates, most of the literature involving
SAMs considers nickel

The explored SAMs on Ni(111) consist of aromatic precursor molecules, which
all have a single phenyl ring as a backbone unit in common. Thiol as well
as carboxylic acid headgroups are used to attach the molecule to the surface,
whereas a fluorine substituent acts as a tailgroup and therefore determines
the interfacial properties of the system. Figure 5.1 shows the investigated
molecules consisting of the aforementioned functional units. The molecular
properties as well as the protocols for the deposition concerning the various
precursor molecules are summarized in Table 5.1.

In the following sections, the differences and similarities of the self-assembled
monolayers formed from the presented precursor molecules will be investi-
gated in terms of surface coverage, adsorption geometry, thermal stability
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4-FTP 4-FBA 3-FBA

SH

F

OOH

F

F

OOH

Figure 5.1: Sketches of the precursor molecules used for preparing the
self-assembled monolayers on Ni(111) in this thesis. All molecules have a
single phenyl ring as a backbone unit in common and are endowed with
different headgroup/tailgroup combinations.

Table 5.1: Physical properties, deposition methods and supplier infor-
mation for the precursor molecules depicted in Figure 5.1. Depending
on the vapor pressure of the substances, dosage through a leak or a gate
valve was used for deposition. SA∗ = Sigma-Aldrich (Supplier)

Abbrev. Full Name Phase Deposition Suppl. Purity

4-FTP 4-Fluorothiophenol liquid Leak Valve SA∗ 98%
4-FBA 4-Fluorobenzoic Acid solid Gate Valve SA∗ 99%
3-FBA 3-Fluorobenzoic Acid solid Gate Valve SA∗ 97%

and charge transfer dynamics on the single crystal Ni(111) surface. At the
end of the chapter, these results are summarized and some general conclu-
sions, regarding the influence of head- and tailgroup on the aforementioned
properties, are drawn.

First, the thiolate-bonded monolayers will be discussed, beginning with the
most comprehensively studied molecule, 4-FTP.

5.2 4-Fluorothiophenol SAMs on Ni(111)

Coupling molecules via a thiol linker to the nickel surface in order to ob-
tain self-assembled monolayers is motivated by the large success using the
same linker group on gold, silver and copper (see Section 2.1). Nevertheless,
even the increased reactivity of copper compared to gold leads to a variety of
new effects, where one of the most apparent is the decreased thermal stabil-
ity of the self-assembled monolayers [134, 135]. Mainly due to the increased
Cu-S bond strength, the molecules become more susceptible for S-C bond
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cleavage [134, 135], which results in an ill-defined SAM. Studies of the ad-
sorption of benzenethiol performed on Ni(100) [129, 136, 137], Ni(110) [130]
and Ni(111) [131,137] have shown that the molecules undergo S-H bond scis-
sion at low temperatures around 100K, thus also forming a phenyl thiolate
as the primary surface species. However, annealing the high-coverage phase
to temperatures above 200K resulted in cleavage of the S-C bond and the
subsequent formation of atomic sulfur [129–131]. The dissociation of the
molecules and the presence of atomic sulfur on nickel is in contrast to the
behavior of benzenethiol on gold, were intact molecules form well-ordered
SAMs at room temperature [138, 139]. This illustrates the increased reactiv-
ity of nickel, compared to the reasonably inert gold substrate, and the arising
consequences.

Prior work has shown that substitution of benzenethiol with the highly elec-
tronegative fluorine can be used to control the work function of the sub-
strate, which already has applications in molecular electronics [27–30, 140].
Furthermore, the fluorine tailgroup serves as a spectroscopic marker, which
can be used for obtaining additional data on the orientation from x-ray ab-
sorption spectroscopy [141]. The self-assembly of 4-FTP monolayers has been
studied on gold [142, 143] and copper [140, 144], where the molecules formed
well-ordered monolayers of intact molecules at room temperature. Wang
et al. also studied the interfacial charge transfer from 4-FTP adsorbed on
Au(111) by resonant photemission spectroscopy [41, 142]. They found that
the transfer between resonantly excited C1s electrons and the gold substrate
strongly depends on the molecular orientation and the hybridization of phenyl
ring orbitals with substrate states [41, 142]. Substituting a hydrogen with a
fluorine atom in the para position of the phenyl ring might also be used
here to unambiguously define the starting point for the charge transfer pro-
cess.

In this section, fluorine-substituted benzenethiol (4-FTP) adsorption on
Ni(111) will be investigated with focusing on the electronic structure and
adsorbate geometry as well as on the thermal stability and charge transfer
dynamics.

5.2.1 Electronic Structure and Adsorbate Geometry

Multilayer To begin with, a multilayer of 4-FTP was deposited on the cold
substrate (Ts = 80K) to check the integrity of the molecules and facilitate the
identification of spectral features in XPS and NEXAFS for the more complex,
chemisorbed monolayer, which is expected to show effects of the interaction
with the substrate.
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Figure 5.2: X-ray photoelectron spectra of the sulfur (S2p), carbon (C1s)
and fluorine (F1s) core levels from a multilayer of 4-FTP on Ni(111).
The solid lines are fits to the experimental data (circles). For the C1s
spectrum, the decomposition into three peaks identifies the inequivalent
carbon atoms of the phenyl ring, as depicted in the inset.

Figure 5.2 shows the S2p, C1s and F1s core level photoemission spectra of the
adsorbed multilayer together with the respective curve fits. The S2p spectrum
exhibits the expected spin-orbit split doublet with individual components at
163.5 eV (p3/2) and 164.7 eV (p1/2). In the following, only the peak position
of the 2p3/2 level will be given for simplicity. Since the S2p XPS spectrum
shows only one doublet, it is inferred that all molecules are in an identical
chemical state that belongs, according to the binding energy [131, 145], to
the free thiol, i.e. with the hydrogen atom still attached to the sulfur. In the
C1s spectrum, three distinct components at 286.8 eV, 285.2 eV, and the most
apparent at 284.7 eV are visible, which all correspond to emission from carbon
in the phenyl ring [143]. The main emission peak at 284.7 eV belongs to the
equivalent, aromatic C-C bonded carbon atoms of the phenyl ring. Since one
carbon is also bonded to the highly electronegative fluorine atom, it shows
a large chemical shift of 2.1 eV to higher binding energy and can therefore
be easily identified as the peak at 286.8 eV. The sulfur atom attached to
one carbon has a similar effect, but smaller in magnitude and can only be
extracted after curve fitting, resulting in the emission at 285.2 eV. It should
be noted, that the peak areas in the C1s spectrum slightly deviate from the
expected ratio of 4:1:1 due to attenuation and photoelectron diffraction effects
(see Section 5.2.1). The F1s spectrum is comparably simpler and shows only
a single peak at 687.0 eV, as expected for the intact molecule. Furthermore,
all peaks in the multilayer are relatively broad, due to the random interaction
among physisorbed molecules in the condensed layer.

The corresponding NEXAFS spectra of the multilayer are shown in Figure 5.3.
The most intense structures in the carbon spectrum are within the π∗ region,
which is shown in more detail in the inset of Figure 5.3. According to previous
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Figure 5.3: NEXAFS spectra of 4-FTP multilayer at the carbon (left)
and fluorine (right) K-edge. The inset in the carbon spectrum shows a
zoom-in in the relevant π-region, together with peak labeling. The angle

θ of the electric field vector ~E is measured relative to the surface normal
and varied between 90◦ and 7◦.

literature [140, 142], the strongest feature (1) at 285.0 eV belongs to excita-
tions from the aromatic carbon backbone of the molecule into the lowest π∗

orbital, hence the LUMO. An additional shoulder (2) appears at a slightly
higher excitation energy of 285.5 eV and can be assigned to contributions from
carbon attached to the thiol group [140, 142]. A more distinct resonance (3)
appears at even higher photon energy of 287.3 eV and belongs to the fluo-
rinated carbon of the phenyl ring [140, 142]. Since the energy difference of
the aforementioned resonances fits the chemical shifts of the corresponding
species in XPS, mainly an initial state effect accounts for the three sepa-
rate resonances. At excitations energies above 290 eV, overlapping σ∗ and
π∗ resonances corresponding to excitations into higher unoccupied orbitals
are responsible for the rather broad and smeared structure. Since the car-
bon (and fluorine) NEXAFS spectra show almost no dichroism, most likely
the molecules do not have a strong preferential ordering within the multi-
layer.

The F1s NEXAFS spectrum is more difficult to analyze since it generally
comprises several overlapping σ∗ and π∗ resonances, as it has been previously
shown for adsorbed fluorinated aromatic molecules on gold [146] and fluori-
nated benzene in the gas phase [147,148]. Similar to the C1s data, the fluorine
NEXAFS spectrum in Figure 5.3 shows almost no polarization dependence,
thus supporting the assumed random orientation of the molecules in the mul-
tilayer. Due to the aforementioned overlapping resonances and the missing
dichroism, a deconvolution of the fluorine x-ray absorption spectrum into the
corresponding resonances is not feasible for the multilayer spectrum, but will
be presented for the corresponding monolayer data below.
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5.2 4-Fluorothiophenol SAMs on Ni(111)

Since the goal of this study is to investigate the monolayer 4-FTP/Ni, a
temperature programmed desorption (TPD) approach was used to obtain a
monolayer from the condensed multilayer [149]. The corresponding TPD spec-
trum in Figure 5.4 shows the signal of the quadrupole mass spectrometer at
mass/charge = 128, which corresponds to the intact molecule, as a function of
the sample temperature. A number of features are visible, but here the main
focus is on the desorption peak at 188K, which represents the most intense
signature in the spectrum. This temperature corresponds to molecules des-
orbing from the multilayer, thus leaving behind the monolayer above 200K,
in good agreement with the desorption temperature of 199K for condensed
benzenethiol on Ni(111) [131]. The smaller features around the main peak are
most likely due to phase transitions within the layer, which can lead to a fur-
ther desorption of molecules, but shall not be further investigated. According
to this analysis, a monolayer can be prepared by annealing the multilayer to
200K with a heating rate of 2K/s, which shall be the starting point for the
further analysis.
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Figure 5.4: Temperature programmed desorption profile obtained for
the 4-FTP multilayer on Ni(111). The main desorption peak at 188K can
be assigned to desorption of the multilayer, the other features are most
likely due to further phase transitions and reordering processes within the
adsorbed layer.

Saturated Monolayer Figure 5.5 shows the XPS spectra of the monolayer
4-FTP/Ni, prepared by desorbing the multilayer as discussed above. The
most apparent change is visible in the S2p spectrum, where the dominant
doublet is now located at 162.2 eV binding energy, which corresponds to a
shift of 1.3 eV to lower binding energy compared to the molecules in the
multilayer. This energy of S2p is typical for a thiolate bond with the Ni(111)
surface [131,132,150] and indicates the attachment of the molecules with the
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thiol headgroup to the substrate. The formation of a thiolate bond occurs
upon cleavage of the S-H bond with subsequent formation of the metal-sulfur
bond. Analyzing the fitted intensities shows that more than 80% of the
molecules are in this particular chemical state.
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Figure 5.5: XPS spectra of the S2p, C1s and F1s core levels of the 4-FTP
monolayer. The S2p spectrum shows mainly thiolate-bonded sulfur (blue
solid line), whereas the little amount of atomic sulfur (pink solid line) is a
consequence of S-C bond cleavage. The inset in the C1s spectrum shows
the origin of the C1s emission peaks within the molecule.

The small peak at lower binding energy of 161.1 eV (pink curve) can be as-
signed to atomic sulfur on the nickel surface [131, 151], which results from
S-C bond scission. This process is competing with the formation of thiolate
bonds and is strongly temperature dependent, as it will be further detailed in
Section 5.2.2. At 200K however, the amount of atomic sulfur is only about
5% and can therefore be neglected in the further discussion. It is worth noting
that even for thiolate-bonded SAMs on gold, some atomic sulfur is occasion-
ally present on the surface [152–154]. Another byproduct can be identified
at a higher binding energy of 163.7 eV (green curve), which is most likely
due to either the formation of disulfide species [145] or to some remaining
physisorbed fluorothiophenol molecules still trapped following desorption of
the multilayer.

In the C1s spectrum the main peak is now located at 284.5 eV, which still
belongs to the phenyl ring carbon and is typical for aromatic carbon not
directly in contact with the surface [77]. The apparent intensity of the C-
S carbon emission is decreased compared to the multilayer, a fact that can
be presumably explained by attenuation of the photoelectrons that have to
penetrate the self-assembled monolayer before reaching the detector [155,156].
Another new component is visible at the highest binding energy of 287.4 eV,
which might originate from a shake-up process, but could not be identified
unambiguously. The F1s emission remains unchanged, indicating no distinct
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5.2 4-Fluorothiophenol SAMs on Ni(111)

change in the chemical environment of the fluorine atom with respect to
the multilayer, and therefore negligible interaction with the nickel substrate.
Summarizing the XPS results, the majority of the molecules is bonded to the
surface via a thiolate bond, with the phenyl ring and the fluorine tilted away
from the surface.

To further elucidate the adsorption geometry of the monolayer, NEXAFS
spectra have been acquired, which are reported in Figure 5.6. The carbon
K-edge spectrum closely resembles that of the multilayer (Figure 5.3), with
the difference, that now a distinct polarization dependence is visible. Since
the spectral features for multi- and monolayer are very similar, no apparent
change in the electronic structure of the carbon has occurred, as was already
concluded by XPS. Analyzing the peak ratios for the C-C, C-S and C-F π∗-
resonances for the different polarizations according to Equation (3.8) yields
an adsorption angle of the molecules of 30 ± 10◦ with respect to the surface
normal, i.e. the molecules are standing largely upright on the surface, expos-
ing the fluorine tailgroup. The small dip in the carbon spectra at 283.5 eV
is due to contaminations on the beamline optics [77] and could not be re-
moved by the normalization procedure as described in Section 3.4, however it
does not influence the quantitative analysis for extraction of the adsorption
angle.
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Figure 5.6: C1s (left) and F1s (right) NEXAFS spectra of the 4-FTP
monolayer on Ni(111), where only two polarization curves are shown; the
third, acquired at 50◦, has been omitted for clarity. The inset in the
carbon spectrum shows the determined adsorption angle of the molecules
of 30◦, defined between the phenyl ring backbone and the surface normal.
For the fluorine spectrum, σ∗ and π∗-type resonances are marked with
red and blue lines, respectively.

The fluorine NEXAFS spectrum in Figure 5.6 (right) also shows a pronounced
polarization dependence with an overall larger intensity for the 7◦ polarization
and allows a separation into resonances of different characters. Since gas phase
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calculations of 4-FTP show that a tilting of the C-F bond with respect to the
phenyl ring plane is highly unfavorable [157], we can assume that the C-F
bond angle is also about 30◦, i.e. similar to the phenyl ring. The previous
considerations and the reversed sign of the linear dichroism [146] relative to
the C-K edge spectra point towards a dominant role of σ∗-type resonances in
the 7◦ curve, in contrast to π∗-type resonances present under 90◦ polarization.
This assignment will be further justified by the photon-stimulated desorption
(PSD) experiments presented in 5.2.3.

Finally, from UPS measurements, the work function change upon mono-
layer adsorption can be determined from the width of the corresponding
UPS spectra (not shown). The clean Ni(111) surface work function is mea-
sured to be ΦNi(111) = 5.33 eV, in very good agreement with common lit-
erature values [158], whereas the work function of the adsorbate covered
surface is Φ4FTP = 4.75 eV. This means that the work function is low-
ered by ∆Φ = −0.58 eV after formation of the monolayer. Taking a simple
model into account, which has already proven useful for 4-FTP on Cu(100)
and Cu(111), the change in work function upon adsorption of 4-FTP results
mainly from two contributions: First, the intrinsic dipole of the molecule,
which points from the fluorine substituent to the thiol group and is calcu-
lated to |µ0| = 1.11D according to Ref. [140]. Second, the bond dipole upon
metal-thiolate bond formation, which is proposed to point in the opposite
direction of the intrinsic dipole in the case of 4-FTP/Cu(111) [140]. For
the total dipole and hence the work function change, also the orientation
of the molecules with respect to the substrate is important, since only the
component of the intrinsic dipole that is parallel to the surface normal has
an impact on the work function [140, 159]. Schmidt et. al observed a work
function change of +0.16 eV for a saturation coverage of 4-FTP molecules,
with a similar adsorption angle of 25◦ [140]. This result is in contrast to our
findings and can tentatively be explained by the different S-Ni bond nature
compared to S-Cu, which might result in a altered bond dipole. Furthermore,
depolarization effects within the molecular layer could decrease the intrinsic
dipole of the molecule [160,161] and explain the overall lowered work function
obtained in our experiment.

5.2.2 Thermal Stability of the SAMs

Since the thermal stability of SAMs is a crucial property for possible appli-
cations, it will be investigated in this subsection by means of XPS. Typically,
thiolate bonded self-assembled monolayers on rather inert metal surfaces like
those of gold and silver are stable at room temperature [17,162], where stable
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in this particular case means they do not undergo bond dissociation apart
from the S-H bond cleavage upon adsorption. Considering the Ni(111) sur-
face, further dissociation processes are likely to happen at elevated tempera-
tures due to the increased reactivity of nickel compared to gold. Temperature
dependent XPS spectra acquired to investigate possible dissociation mecha-
nisms are shown in Figure 5.7.
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Figure 5.7: Temperature dependent XPS spectra of a 4-FTP monolayer
on Ni(111), where the formation of atomic sulfur at temperatures above
200K is visible in the S2p spectrum. In addition, the decomposition
reaction can be followed by monitoring the evolution of the carbon and
fluorine XPS spectra, as discussed in the main text.

S2p spectra taken at 200K are identical to those in Figure 5.6 and show
thiolate-bonded molecules as the majority species, whereas at 250K, a mix-
ture of thiolate and atomic sulfur is present on the surface. The C-S bond
cleavage process is almost completed at 300K, where atomic sulfur by far
dominates in the surface composition. Comparing the intensities in the S2p
spectra, it becomes evident that there is no desorption of sulfur from the
surface, but rather formation of a sulfide overlayer occurs. By contrast, the
intensity of the C1s peak decreases significantly upon annealing to 300K, to-
gether with a lowering of the binding energy of the main C1s emission down
to 283.6 eV. This is consistent with the interpretation that the S-C bonds
break and the remaining aromatic carbon is in direct contact with the sur-
face [163,164], from where it finally desorbs or diffuses into the bulk at higher
temperatures. The same holds for fluorine, which shows a similar trend in
XPS, with a decrease in intensity accompanied by peak shift to lower binding
energy. At 300K, the F1s binding energy is lowered down to 686.4 eV, with
a shift of −0.6 eV compared to the intact monolayer. This binding energy
value excludes atomic fluorine directly on the surface [165], but rather sug-
gests that the fluorine is still bound to the phenyl ring, although lying closer
to the surface.

Summarizing these results, 4-FTP on Ni(111) is stable only up to 200K;
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Figure 5.8: S2p XPS spectra of wet-chemically prepared alkanethiolate
monolayers on nickel. Both spectra show a rather broad S2p doublet that
is attributed to pure thiolate in the original articles. This assignment is
questioned in this work as described in the text. Figures adapted from
Refs. [121] and [128].

higher temperatures facilitate S-C bond cleavage and lead to an ill-defined
monolayer consisting of atomic sulfur and phenyl ring fragments with fluorine
still attached. These results are in excellent agreement with prior observa-
tions of benzenethiol on Ni(111), where S-C bond scission was shown to be the
favored pathway for temperatures above 190K [131], whereas methanethiol
was found to dissociate at an even lower temperature of 150K [166]. Never-
theless, some studies of alkanethiols prepared in solution on polycrystalline
nickel suggest that formation of pure thiolate bonded monolayers without a
considerable amount of atomic sulfur might be possible even at room temper-
ature [121,128]. The S2p XPS core level spectra from these investigations are
shown in Figure 5.8. Unfortunately, the spectra have not been acquired with
a sufficient resolution nor has a peak fitting routine been applied, but they
appear rather broad compared to those shown here for the intact monolayer
(c.f. fig. 5.5). This suggests that the SAMs are not well-defined and a con-
siderable amount of atomic sulfur is present, in contrast to the conclusions
reported in the original articles.

To investigate the influence of the preparation conditions and to relate it to
the above mentioned wet-chemical preparation method, 4-FTP was also de-
posited directly on the warm (300K) substrate (still under UHV conditions),
where the same amount of molecules as for preparing the multilayer in Sec-
tion 5.2.1 was used. Figure 5.9 shows the XPS spectrum of the S2p core
level together with the decomposition into the respective species. Clearly,
the spectrum is less well defined compared to the preparation at 80K (see
Figure 5.5), and the most apparent change is the increase in the proportion of
atomic sulfur from 5% to 25%. Comparing the spectra of Figure 5.8 with the
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5.2 4-Fluorothiophenol SAMs on Ni(111)

ones acquired in this work on the warm substrate (Figure 5.9) corroborates
the conclusion that the surface composition of the wet-chemical preparation
methods reported in Refs. [121] and [128] does not consist of pure thiolate
bonded molecules, but can rather be described as a mixture of thiolate bonded
species with a non negligible amount of atomic sulfur. This emphasizes the
necessity of high-resolution XPS data to determine unambiguously the surface
composition and chemical state of the rather complex, organic self-assembled
monolayers on metal substrates.
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Figure 5.9: XPS of S2p core level for 4-FTP adsorbed on Ni(111) at
300K. Experimental data are shown as dots, while the solid lines repre-
sent the results of curve fitting, where spin-orbit split doublets are marked
with the same color. A high amount (>25%) of atomic sulfur is observ-
able, and the overall peak shape is very similar to that of SAMs prepared
under wet-chemical conditions (see Figure 5.8).

5.2.3 Evaluation of the Decay Spectra

As shown above, it is possible to prepare a well-defined, intact monolayer of
4-FTP on Ni(111), although only at temperatures below 200K. Due to the
fact that aromatic SAMs are promising candidates for molecular electron-
ics (see e.g. [35]), the charge transfer dynamics for the tailgroup-to-substrate
electron transport mechanism will be investigated in this subsection. There-
fore, an electron from the F1s core level is resonantly excited into unoccupied
molecular states and the decay electrons are analyzed within the framework
of the core hole clock method (c.f. Section 3.3). Since excitation of an elec-
tron from the fluorine core level into an antibonding σ∗ resonance is possible,
the intermediate core-excited state can be dissociative, as it has been shown
for halogen-containing molecules in the gas phase, like HBr, HCl or HF (see,
e.g. [167–172]). This leads to a presence of both molecular and atomic fea-
tures in the decay spectra and shall be investigated in the following for the
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4-FTP monolayer.

Figure 5.10 shows a contour plot representation of the electron decay spec-
tra following resonant F1s excitation in the range of the observed NEXAFS
resonances for the multi- (a), (c) and monolayer (b), (d) as a function of

the excitation energy. The polarization vector ~E of the electric field was
chosen to be 7◦ with respect to the surface normal, to maximize the reso-
nance intensity and hence the decay electron signal according to the NEXAFS
data.
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Figure 5.10: Contour plot representation of multilayer (a) and mono-
layer (b) electron decay spectra after resonant F1s excitation as a function
of the photon energy. The data in the top panels (a) and (b) are plotted
on a linear intensity scale, whereas (c) and (d) show the same data on
a logarithmic scale to facilitate the peak identification also for the low
intensity features. The decay channels are discussed in the text.

The decay spectra resemble the NEXAFS data, with a broad resonance cen-
tered around an excitation energy of 690 eV, which originates from resonant
spectator and normal Auger decay. For photon energies higher than 693 eV,
the various decay channels on the resonance converge into the normal Auger
channel (1) of the intact molecule at 656 eV kinetic energy. A variety of bands
with a linear dispersion (3) is visible at higher kinetic energies, their intensity
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following the main resonance behavior. Due to their high kinetic energy and
their dispersive behavior, they can be assigned to the participator lines of the
intact molecule [171]. Two more features can be identified at constant ki-
netic energies of 659.5 eV and 693 eV, labeled (2) in Figure 5.10. These bands
are more prominent in the monolayer, but close inspection shows that they
are also weakly present in the multilayer. As mentioned above, dissociation
via C-F bond breaking can occur after excitation of the F1s electron into an
antibonding σ∗ orbital, which would lead to the presence of decay electrons
originating from atomic fluorine. According to their kinetic energies and their
non-dispersive behavior, the bands denoted as (2) in Figure 5.10 are assigned
to Auger decay electrons from atomic fluorine [171, 173]. The presence of
the atomic bands in the monolayer decay spectra supports the dissociation
of the intact molecule after populating the antibonding σ∗ states of the F1s
resonance.

To further elucidate the dependence of the dissociation process on the ex-
citation energy, horizontal cuts at two different photon energies of the 2D
decay spectra of Figure 5.10 are shown in Figure 5.11. By investigating the
monolayer trace in Figure 5.11 (b), a clear enhancement of the peaks as-
cribed to the atomic Auger decay can be observed at an excitation energy of
689 eV, compared to the resonance maximum at 690 eV. Different final state
configurations of the atomic fluorine decay are responsible for the two-peak
structure, as it has also been observed in the dissociation of HF in the gas
phase [171, 173]. The multilayer spectrum in (a) also shows the increase of
the atomic fingerprint at 689 eV, but to a lower extent. This can be under-
stood in terms of the ordering of the layers: In the monolayer, the molecules
are standing approximately upright (see section 5.2.1), and the light vector
of the exciting radiation is almost parallel to the C-F bond axis, which leads
to a very effective population of the anti-bonding σ∗ resonances. Conversely,
the molecules are randomly oriented within the multilayer, and no special
enhancement under this excitation geometry is expected.

To unambiguously identify the dissociation product as atomic fluorine and to
support the previously drawn conclusions, the photon stimulated desorption
(PSD) technique was applied to the system. Figure 5.12 (b) shows the exper-
imental setup: The sample is irradiated with linearly polarized radiation and
simultaneously, the F+ fragments desorbing from the surface are monitored
using a quadrupole mass spectrometer (QMS). Scanning the photon energy
over the resonance yields the intensity of the fragment yield (F+ in this case)
versus the energy of the exciting radiation.

The experimental results for the PSD experiment of the 4-FTP monolayer
are shown in Figure 5.12 (a, top), together with the corresponding NEXAFS
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Figure 5.12: (a) PSD (top curves) and NEXAFS (bottom curves) spec-
tra of a 4-FTP monolayer on Ni(111) shown for two different polarizations.
According to the maxima in the PSD yield, an assignment of antibonding
σ∗ resonances and π∗ resonances in the NEXAFS spectrum is facilitated.
(b) Schematic experimental setup for PSD measurements, where frag-
ments desorbing from the sample are detected with a quadrupole mass
spectrometer (QMS) while the photon energy is varied.
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spectra (a, bottom) for two different polarizations. The maximum of the
PSD yield occurs at hν=689.1 eV, independent of the polarization vector and
in excellent agreement with the interpretation of the decay spectra presented
above. Furthermore, three distinct resonances can be identified from the PSD
spectra with maxima at 689.1 eV, 690.5 eV and at 692.5 eV, which can also
be correlated with maxima of the NEXAFS spectra. Another effect becomes
apparent when comparing the PSD spectra of 7◦ (angle between light vector
and surface normal) and 90◦: The intensity of the 7◦ PSD curve is much
higher compared to the 90◦ curve. This dichroism is due to fact that the
excitation under 7◦ selectively promotes electrons into the antibonding σ∗

orbitals that are oriented mainly along the C-F bond axis, whereas excitation
into non-dissociative π∗ orbitals is favored under 90◦ polarization. These
results also enabled the determination of the resonance characters earlier in
Section 5.2.1, as indicated in Figure 5.12.

Another important aspect concerns the timescale of the dissociation process:
The excitation of an electron into a [F1s]σ∗ resonance projects the molecule
onto a different potential curve, which is in this case, due to its Ne-like be-
havior of F∗ in the Z+1 approximation, highly repulsive. While the molecule
stays in the excited state, it keeps gaining energy from the elongation of
the C-F bond until the excitation decays and the molecule reaches its final
(core-excited) state. Depending on the energy gain during the lifetime of
the resonance, the molecule will either end up in a dissociated or intact final
state. Since here, an intense PSD signal of atomic fluorine in combination
with atomic Auger features in the electron decay spectra are observed, we
infer that the dissociation process must take place before the resonance is
depopulated. The time necessary to depopulate the resonance is the charge
transfer time τct, which shall be investigated in detail in the following sec-
tion.

5.2.4 Charge Transfer Dynamics

The study of charge transfer dynamics of the 4-FTP/Ni system is interesting
by itself, since the F1s resonance has shown a quite complex behavior that
can be reflected in the dynamics of the electron injection into the substrate as
well. Furthermore, as mentioned above, it will help to determine the timescale
of the dissociation process.

The starting point for evaluating the charge transfer process are again the
decay spectra shown previously in Figure 5.10, but now with emphasis on
the decay channels originating from the intact molecule. A distinct difference
between the monolayer and multilayer spectra is the additional broadening

65



Chapter 5 Self-Assembled Monolayers on Ni(111)

of the main resonance for the monolayer compared to the multilayer data.
This broadening can originate from the presence of both autoionization and
Auger decay channels in the monolayer, whereas for the multilayer, only the
resonant decay is an effective de-excitation mechanism due to the missing
coupling to the substrate. Therefore, the multilayer decay spectra serve as a
reference for the lineshape of the “pure-autoionization” decay channel; a role
similar to that of C16CN in Section 4.4.1.

The process for extracting the charge transfer times is identical as in Sec-
tion 4.4.1: The decay spectra of the monolayer can be reconstructed by a
pure autoionization and a pure Auger lineshape, with corresponding weighting
factors. Here, the multilayer decay spectra represent the pure autoionization

part (Sauto), and the Auger decay following non-resonant excitation of the
monolayer at 705 eV corresponds to the pure Auger part (SAuger). Applying
a linear combination of these two contributions with the respective weighting
factors Iauto and IAuger, the monolayer decay spectrum can be reconstructed
and the charge transfer time follows from: τCT = τcore (Iauto/IAuger) [74],
with 3 fs for the lifetime τcore of the F1s core hole [172].

Figure 5.13 shows the reconstruction procedure for two photon energies, (a)
on the maximum of the resonance at 690 eV, and (b) at 691.5 eV. The mea-
sured decay spectrum of the monolayer (blue circles) is represented by a lin-
ear combination (red line) of the pure autoionization (green dash-dotted line)
and the pure Auger (black dashed line) lineshapes. Prior to the reconstruc-
tion procedure, the non-resonant background (recorded at hν = 680 eV) as
well as a Shirley-type background has been subtracted from all decay spec-
tra and the spectra have been normalized to unit area. To obtain a good
agreement between measured and reconstructed spectrum, the weighting fac-
tors were optimized until the sum of squared residuals has reached a global
minimum. Is should be noted that the atomic decay features could not be
reproduced adequately, because, as shown in Section 5.2.3, dissociation plays
a minor role at hν = 705 eV, the energy where the Auger spectra were ac-
quired.

In Figure 5.13 (a), corresponding to the maximum of the NEXAFS resonance,
the autoionization part (0.64) is apparently larger than the Auger (0.36) frac-
tion, resulting in a charge transfer time of 5.3 fs, whereas the situation is
quite the opposite at a higher excitation energy of 691.5 eV, resulting in a
much faster charge transfer of only 1.3 fs. Figure 5.14 shows the evaluation of
the weighting factors (top panel) and the corresponding charge transfer times
(bottom panel) for different photon energies across the resonance width. The
error bars in Figure 5.14 result from the uncertainty of the reconstruction
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Figure 5.13: Reconstruction (red line) of the monolayer decay spec-
tra (blue circles) by a linear combination of the pure resonant (green
dash-dotted line) and pure non-resonant (black dashed line) lineshapes
as described in the main text. Decay spectra on the resonance maximum
at 690 eV (a) and at a photon energy of 691.5 eV (b) are shown. The
resulting weighting factors and charge transfer times are also given in the
respective plots.

procedure, whereas the error of the core hole lifetime has not been taken into
account.

An overall trend of the charge transfer dynamics is the decrease of the CT
time from 8 fs at the leading edge of the resonance to about 1 fs close to the
ionization threshold at 691.75 eV. This decrease can be tentatively explained
in terms of a lowering of the effective tunneling barrier with increasing exci-
tation energy [60,63], but it should be noted that the available free density of
states and the overlap of the initial and final state wave functions can have a
larger influence on the charge transfer times, as seen in Section 4.4.1. Also,
the overlapping contributions of σ∗ and π∗ orbitals complicate a detailed anal-
ysis of the charge transfer dynamics. Interestingly, the charge transfer times
show a maximum of 9.5 fs at 689 eV, which coincides with the maximum of
the PSD yield. Since a longer lifetime of the resonance leads to a higher
probability for dissociation (as discussed in 5.2.3), this explains the energetic
position of the dissociation maximum, which does not simply coincide with
the adsorption maximum at hν = 690 eV, but rather with the state associated
with the longest charge transfer time.

Summarizing, these results show that the charge transfer from the core-
excited fluorine to the nickel substrate takes place on an ultrafast timescale
of only a few femtoseconds, which is in good agreement with similar aromatic
self-assembled monolayers on gold [45]. This ultrafast process can be under-
stood by the good conductivity of the aromatic system [35] and the rather
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high-lying resonance (2 eV above EFermi at hν = 689 eV) and furthermore
shows the efficient coupling provided by the thiolate-nickel bond.

These findings also open up a route towards spectroscopic access to spin-
dependent charge transfer dynamics in self-assembled monolayers: Once a
monolayer of 4-FTP is grown on a magnetized thin film of nickel, spin-
dependent detection of the decay electrons would allow one to determine
charge transfer times that depend on the relative orientation of the spin of the
excited electron and the magnetization direction of the substrate. This is pos-
sible, since the spin of the excited and detected electron are related for KLL
Auger transitions, due to the prevalence of spin-singlet final states [174]. Due
to the different available density of states for majority and minority carriers in
ferromagnets, a significant difference in these transfer times can be expected,
which would result in an organic spin-valve type behavior.

5.2.5 Conclusions for 4-FTP/Ni(111)

One of the main results of our study is that well-defined monolayers of 4-FTP
can be prepared on Ni(111) under UHV conditions up to sample temperatures
of 200K. Below this temperature, the layers form thiolate bonds to the
nickel surface and adapt an almost upright orientation, with the phenyl ring
tilted about 30◦ away from the surface normal and the fluorine tailgroup
exposed to the vacuum-monolayer interface. Annealing the layer to higher
temperatures leads to a conversion from thiolate to atomic sulfur and the
surface composition is no longer well-defined.
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Analyzing the electron decay spectra following resonant F1s excitation re-
vealed that the promotion of electrons into empty σ∗ orbitals results in the ul-
trafast dissociation of the molecule. PSD measurements unambiguously iden-
tified F+ ions as the dissociation product and enabled an assignment of the
resonances observed in the fluorine K-edge NEXAFS spectrum. Furthermore,
the charge transfer dynamics after resonant F1s excitation was studied and
electron delocalization times between 10 and 1 fs could be obtained, thus illus-
trating the good conductivity of 4-FTP adsorbed on Ni(111).
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5.3 3- and 4-Fluorobenzoic Acid SAMs on Ni(111)

In this section, 3- and 4-fluorobenzoic acid monolayers on Ni(111) will be in-
vestigated with regards to bonding character, molecular orientation, thermal
stability and charge transfer dynamics. The main difference compared to 4-
Fluorothiophenol is the different anchoring or headgroup: The thiol moiety is
changed to a carboxyl group. This is motivated by the fact that 4-FTP mono-
layers on Ni(111) showed C-F bond scission for temperatures above 200K,
which hinders the use of such layers for, e.g. molecular electronic devices or
well-defined surface protection coatings for nickel. In contrast to that, pre-
vious investigations of Neuber et al. have shown that benzoic acid (BA),
C6H5-COOH, monolayers adsorbed on Ni(110) are stable even at elevated
temperatures of 350K [123]. The carboxyl group adsorbs on most transition
metal substrates with the molecular plane perpendicular to the surface, as,
e.g. in formic acid (H-COOH) [123]. Upon adsorption of formic acid on
Ni(111), the molecule undergoes O-H bond scission and adsorbs as formate
(H-COO-) on the surface in a bidentate configuration, i.e. with two chem-
ically identical oxygen atoms [175, 176]. The same mechanism is proposed
for the adsorption of BA on Cu(110) [177, 178] and Ni(110) [123], leading
to the formation of dense packed layers with the molecules in an upright
geometry.

Here, two different precursor molecules with the fluorine either in the para
(4)- or meta (3)-position of the phenyl ring of the fluorobenzoic acid will be
investigated upon adsorption on Ni(111).

5.3.1 Electronic Structure and Adsorbate Geometry

A saturated monolayer of 4-FBA and 3-FBA on Ni(111) can be easily prepared
by dosing1 the molecules for 5 minutes through a gate valve and a stainless
steel tube directly onto the 80K cold sample, followed by annealing to 300K.
This leads to desorption of the multilayer (as monitored by, e.g. XPS, TPD)
and leaves a saturated monolayer behind, which will be the starting point for
the following discussion.

Figure 5.15 shows the XPS spectra of O1s, C1s and F1s acquired for the 4-
FBA (top) and 3-FBA (bottom) monolayers on Ni(111).

1Due to the high vapor pressure of 4-FBA and 3-FBA, they can be directly sublimated
from the solid phase without using a heated evaporator.
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Figure 5.15: XPS spectra of 4-FBA (top) and 3-FBA (bottom), fea-
turing the raw data (circles) and corresponding curve fits (solid lines) to
facilitate the peak separation. The inset in the middle spectrum shows
the origin of the different C1s emission lines from the adsorbed molecules.
The energy positions of the main peaks and corresponding shifts are de-
picted with vertical lines.

XPS of 4-FBA First, the spectra for 4-FBA will be discussed, beginning
with the O1s spectrum, which shows a pronounced maximum at a binding
energy of 531.2 eV together with a weaker feature at 533.0 eV. The existence
of mainly one peak points towards two chemically equivalent oxygen atoms
in contact with the nickel substrate, following deprotonation of the carboxyl
group and subsequent formation of a symmetrically bonded carboxylate [123,
179]. Nevertheless, the O1s binding energy of 531.2 eV is by 1.7 eV larger
compared to the observed value of 529.5 eV for benzoic acid on Ni(110) in Ref.
[123], whereas the binding energy of the carboxylate species for terephtalic
acid (TPA) on Cu(100) is 531.4 eV [180], namely very close to our observed
value. This illustrates that the binding energy of the chemisorbed carboxylate
oxygen is very sensitive to the exact bonding geometry, which can be different
for a hexagonal close packed (111) surface, compared to the more “open” (110)
surface. The small O1s component at 533.0 eV can therefore be attributed
to 4-FBA adsorbed with non-equivalent oxygens or in a minority adsorption
site [123,179], however it only contributes with 7% to the total oxygen signal
and therefore represents a minority species.

In the top middle panel of Figure 5.15, the C1s XPS shows the main emis-
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sion peak at 284.6 eV, characteristic for the C-H carbon in the phenyl ring,
whereas the peak at 286.8 eV can be assigned to the carbon of the phenyl ring
bonded to fluorine, similar to the case of 4-FTP/Ni(111) (see 5.2.1). The small
shoulder of this peak at an even higher binding energy of 278.4 eV is due to
emission from carbon bonded to the two oxygen atoms [123], as indicated
in the inset of Figure 5.15. The low apparent intensity of the C-OO carbon
emission is presumably due to the attenuation of the photoelectrons originat-
ing from the carbon closest to the surface, an attenuation that is very strong
at the chosen 100 eV kinetic energy of the outgoing photoelectrons [155,156].
Finally, the F1s XPS spectrum in the right part of Figure 5.15 shows a single
emission line at 687.3 eV, comparable to the value of 687.0 eV for fluorine in
4-FTP/Ni(111) and thus indicating an intact molecule with the fluorine not
in direct contact with the surface.

XPS of 3-FBA The binding energy of the main O1s emission line of 3-
FBA shows no difference compared to 4-FBA, indicating a similar carboxylate
formation and bonding mechanism as in 4-FBA. However, the intensity of the
high binding energy peak at 532.7 eV is now larger by a factor of 2, suggesting
that in the 3-FBA monolayer, 14% of the molecules are in a different chemical
state other than that of the majority species as far as the oxygen atoms are
concerned. This could be realized by a configuration where only one oxygen
atom undergoes bond formation with the substrate and the other stays in its
hydroxylated form.

In the C1s spectrum, the main emission line from the C-H aromatic carbon
is now at a slightly lower binding energy of 284.5 eV, whereas the relative in-
tensity of the C-F carbon has decreased by almost a factor of 2 compared to
4-FBA. This decrease in relative intensity can be understood by the substitu-
tion of the fluorine in the meta-position, which is, in an upright molecular ge-
ometry, less exposed (see NEXAFS section below) for 3-FBA than for 4-FBA.
Following this discussion, the binding energy of the F1s level in 3-FBA is with
687.2 eV also lower than in 4-FBA, which is most likely due to the different
electron densities of the phenyl ring at the para (4-FBA) and meta (3-FBA)
positions, with respect to the carboxyl group [181].

The binding energies and relative intensities of the two systems together with
the uncertainties derived from the curve fitting and energy calibration pro-
cedures are summarized in Table 5.2. When comparing the relative inten-
sities of the C1s emission features from 4- and 3-FBA, it seems as if the
C-F and C-OO components decrease by about 50% from 4-FBA to 3-FBA.
This apparent change could be related to the different position of the fluorine
atom, which attenuates the C-H emission more efficiently in 4-FBA than in
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3-FBA. Therefore, the different relative intensities are most likely due to a
normalization artifact and do not reflect the “true” chemical composition.

Table 5.2: Binding energies and relative intensities of the C1s, O1s and
F1s XPS core levels for monolayers of 3- and 4-FBA on Ni(111) together
with the uncertainties in the binding energies. The percentages are given
with respect to corresponding core level.

4-FBA 3-FBA
Core Level Type BE (eV) % BE (eV) %

C1s
C-H 284.6 ±0.05 77 284.5 ±0.05 87
C-F 286.8 ±0.10 18 286.7 ±0.20 10
C-OO 287.4 ±0.20 5 287.0 ±0.20 3

O1s
O-Ni 531.2 ±0.05 93 531.2 ±0.05 86
OH 533.0 ±0.20 7 532.7 ±0.20 14

F1s F 687.3 ±0.05 100 687.2 ±0.05 100

To obtain more detailed information on the bonding geometry and adsorption
angles for the two systems, x-ray absorption spectra at the carbon, oxygen
and fluorine K-edges have been acquired under three different polarizations
(angle of electric field vector 7◦, 50◦ and 90◦ with respect to surface normal).
A typical set of partial electron yield NEXAFS spectra for the two systems
is shown in Figure 5.16, where only spectra taken at 7◦ and 90◦ are plotted
to improve the visibility of the absorption features.

NEXAFS of 4-FBA The low-energy range of the carbon K-edge spectrum
for 4-FBA is dominated by 3 sharp peaks (labeled 1-3 in Figure 5.16) at
285.0 eV, 287.1 eV and 288.1 eV, which are most intense for 90◦ polarization.
They can be mainly attributed to π∗ resonances originating from excitations
of the C-H, C-F and C-OO carbon, respectively, into the 1π∗ orbital [182].
Excitations from the C-H carbon into the 2π∗ are energetically very close to
the 1π∗ excitations [182] and can therefore not be resolved in the presented
spectra, whereas excitations into the higher-lying 3π∗ orbital are present at
289.3 eV (peak 4). An additional excitation from the C-H carbon into the low-
est 1σ∗ orbital is possible at nearly the same photon energy as the C-F→ 1π∗

excitation, resulting in a crossing point of the spectra with different polariza-
tions. Above 290 eV, broad σ∗ resonances dominate the spectrum, which shall
not be further discussed here. The energetic positions and assignment of the
NEXAFS resonances are summarized in Table 5.3. The small dip in the car-
bon spectra at 284.0 eV is due to contaminations on the beamline optics [77]
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and could not be removed by the normalization procedure as described in
Section 3.4, however it does not influence the quantitative determination of
the adsorption angle within the given error bars of ±10◦.

Furthermore, the NEXAFS spectra for the carbon K-edge also show a pro-
nounced linear dichroism, with the π∗-derived resonances almost vanishing
for 7◦ polarization, indicating an upright geometry of the phenyl ring with
respect to the underlying surface. Quantitative analysis of the absorption
spectra yields an adsorption angle of the phenyl ring of 20± 10◦. Due to the
aforementioned partially mixed π∗ and σ∗ resonances above 286 eV, only the
most intense C-H→ 1π∗ resonance was used for determining the adsorption
angle.

The main structure in the oxygen K-edge spectrum acquired at 90◦ polariza-
tion is dominated by two sharp resonances at 532.3 eV and 535.0 eV, labeled 1
and 2 in Figure 5.16, respectively. Excitations from the symmetrically bonded
carboxylate oxygen into the 2π∗ orbital are responsible for the largest reso-
nance 1 [123], whereas promoting electrons from the intact hydroxyl group
into the same unoccupied 2π∗ orbital gives rise to the second resonance 2 [183].
Above photon energies of 537 eV, mainly broad σ∗ resonances dominate the
x-ray absorption profile [123]. The occurrence of the resonances 1 and 2
also support the assignment of the chemically different oxygens in XPS (cf.
fig. 5.15). The NEXAFS spectrum recorded for 7◦ polarization shows a strong
suppression of the two π∗ resonances, which points towards an almost upright
standing carboxyl group. Accordingly, the adsorption angle for the plane of
the carboxyl group with respect to the surface normal is calculated to 5±10◦.
Considering the dotted lines in the oxygen NEXAFS spectrum, which illus-
trate the Fermi step, it is apparent that the step for 7◦ polarization is shifted
to lower excitation energies compared to the step for the 90◦ curve. The ap-
pearance of a step-like behavior before the main resonance can be interpreted
as an excitation of electrons to molecule-metal hybrid states above the Fermi
level, which is typical for adsorbates that interact strongly with the metal
substrate [77], and also in accordance with results of BA/Ni(110) [123]. Since
the intensity of the step depends on the number and symmetry of electronic
levels near the Fermi level in both adsorbate and metal surface [77], a po-
larization dependent difference of theses properties could explain the shift of
the Fermi step. If, e.g. the density of available metal-molecule hybrid states
near the Fermi level is larger for states with dz-character (where z points
along the surface normal) compared to in-plane orbitals, a more intense and
even shifted Fermi step associated with a resonance could be observed for
7◦ polarization. However, further experiments are needed to validate this
hypothesis.
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Inspecting the fluorine K-edge spectrum, the similarity in lineshape and
dichroism compared to 4-FTP/Ni described in Section 5.2.1 is apparent, and
thus the peak assignment is analogous as well. This is justified by the fact
that the fluorine substituent is hardly affected by the different headgroups,
and the same holds for the unoccupied orbitals on the phenyl ring in the
vicinity of the fluorine. Since the σ∗ resonances are most intense for 7◦, the
C-F bond follows the orientation of the phenyl ring and is almost parallel to
the surface normal. However, a quantitative analysis of the F1s NEXAFS
spectrum is hindered by the fact that it consists of several overlapping π∗

and σ∗ resonances (cf. section 5.2.1).

Table 5.3: NEXAFS resonance energies and assignments for monolayers
of 3- and 4-FBA on Ni(111).

Edge hν (eV) No. Assignment

C-K

285.0 1
C-H→ 1π∗

C-H→ 2π∗

287.1 2
C-F→ 1π∗

C-H→ 1σ∗

288.1 3 C-OO→ 1π∗

289.3 4 C-H→ 3π∗

O-K
532.3 1 OO-Ni→ 2π∗

535.0 2 OH→ 2π∗

F-K

688.3 1 F→ π∗

689.5 2 F→ σ∗

690.5 3 F→ σ∗

691.3 4 F→ π∗

693.0 5 F→ σ∗

NEXAFS of 3-FBA The C1s NEXAFS spectrum for 3-FBA in Figure 5.16
is very similar to that previously shown for 4-FBA, with the only apparent
changes being the different linear dichroism and the less clear separation of
the peaks labeled 2 and 3 for 90◦ in the 4-FBA spectrum. Evaluating the
polarization dependence results in an adsorption angle belonging to the phenyl
ring of 30± 10◦, which means the molecules are slightly more tilted towards
the horizontal plane than 4-FBA, but still in an overall upright configuration.
Since peak 2 has also σ∗ contributions, which are more pronounced at this
adsorption angle at 90◦ polarization, the separation between the resonances
2 and 3 gets less pronounced, thus resulting in the rather broad peak around
287.5 eV.
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The oxygen K-edge spectrum is very similar to the one discussed for 4-FBA,
with a resulting adsorption angle of the carboxylate group of 7 ± 10◦ and a
comparable shift of the Fermi step.

Finally, the F1s NEXAFS spectrum shows distinct changes, compared to 4-
FBA, among which the weaker and reversed dichroism is the most prominent
one. Here, the overall intensity belonging to the 90◦ curve is slightly larger,
in contrast to 4-FBA, thus suggesting an approximately 45◦ alignment of the
C-F bond to the surface plane. This can be understood as a consequence of
the fluorine substitution in the meta position, which results in a 60◦ angle
of the fluorine with respect to the vertical axis of the phenyl ring in the gas
phase.

The positions and assignments of the NEXAFS resonances for 4-FBA and
3-FBA adsorbed on Ni(111) are summarized in Table 5.3. A model of the ad-
sorption geometry as derived from the NEXAFS data is shown in Figure 5.17.
In the presented model, only the adsorption angle is realistic, since NEXAFS
without further theoretical modeling is not capable of obtaining reliable in-
formation on, e.g. adsorption sites. Furthermore, due to the 3-fold symmetric
Ni(111) surface, no information on the azimuthal orientation of the molecules
with respect to the substrate can be extracted. However, the observed, mostly
upright geometry of both molecules is in good agreement with investigation
of benzoic acid (BA) on Ni(110), where the tilt angle of the molecule was
determined to be 30◦ with respect to the surface normal [123]. According
to that, the substitution of a hydrogen with a fluorine in the meta or para
position of the phenyl ring does not seem to influence the resulting adsorption
geometry, at least as long as the polar angle is concerned.

70° 60°

(a) (b)

Figure 5.17: Proposed model of adsorption geometries for (a) 4-FBA
and (b) 3-FBA on Ni(111) derived from the NEXAFS data. The adsorp-
tion angles of 70◦ for 4-FBA and 60◦ for 3-FBA are given with respect
to the surface plane.
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5.3.2 Thermal Stability of the SAMs

In this subsection, the thermal stability of 3- and 4-FBA on Ni(111) will be
discussed, using fast-XPS to follow the changes during annealing. In fast-
XPS, the temperature of the sample is linearly increased (2 K/s in this case)
while, simultaneously, XPS spectra with about 10 s acquisition time are ac-
quired. This allows a direct monitoring of the temperature dependent evo-
lution of core level XPS spectra, without the necessity of carefully selecting
the temperature steps before acquiring the corresponding spectra. For each
presented temperature-dependent core level spectrum, a new preparation cy-
cle was performed. Figure 5.18 shows the fast-XPS spectra for 4-FBA (top
panels) and 3-FBA (bottom panels) in the temperature range of 300 to 750K
using a color-coded 2-D representation. Apparently, the set of spectra for
4-FBA and 3-FBA is very similar, therefore we will first focus the discus-
sion on the spectra acquired for 4-FBA and address possible differences later
on.
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XPS signals as a function of binding energy and sample temperature.
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Firstly, all three (C1s, O1s and F1s) spectra do not show major changes below
380K, in intensity as well as peak shape, which implies that the molecules
are thermally stable, even at relatively elevated temperatures, in contrast to
the thiolate-coupled 4-FTP/Ni (cf. 5.2.2). The first changes appear simulta-
neously in all spectra slightly above 400K, with the most notable change in
the oxygen and fluorine 1s spectra. Considering the F1s emission, the overall
intensity decreases dramatically, resulting in a complete disappearance of flu-
orine at 500K. During the decrease of the F1s intensity, the lineshape of the
emission signal stays almost constant, indicating no chemically different in-
termediate product and suggesting a direct dissociation of the C-F bond with
subsequent desorption of fluorine. A different scenario could involve atomic
fluorine directly adsorbed on the metal surface as a result of the C-F bond
scission, but apart from a minority species (see below), this is not the main
decomposition channel.

Inspecting the traces of the O1s emission, a similar behavior as for fluorine
is observed: small variations in lineshape and intensity below 440K, but a
significant change starting at higher temperatures. Similarly to the F1s spec-
tra, the intensity of the O1s emission shows a strong decrease starting around
450K, which is completed at 530K. This also suggests that the oxygen is split
off from the phenyl ring at elevated temperatures and finally desorbs, which
is the dominant desorption channel for this fragment. Since desorption of CO
from BA/Ni(110) does not occur below 500K [123], we also conclude that the
oxygen does not desorb as CO, but rather as O2. Nevertheless, the O1s spec-
tra show some intensity at a lower binding of 529.3 eV, with a maximum at a
temperature around 500K. According to the binding energy, this photoemis-
sion signal originates from oxygen that is chemisorbed on the nickel surface,
namely as NiO [184]. This intermediate species disappears at temperatures
above 530K, most likely due to diffusion into the bulk.

The evolution discussed so far can also be followed by analyzing the C1s
contour plot in Figure 5.18 for 4-FBA (top left). No apparent change is vis-
ible below 380K, in very good agreement with the previously analyzed F1s
and O1s XPS spectra. Beginning at 380K, the intensity of the main carbon
emission at 284.5 eV as well as the C-F and C-OO carbon signals at higher
binding energies start to decrease, indicating C-F and C-OO bond scission
as well as decomposition of the phenyl ring. Since the intensity of the C-H
carbon has decreased by about 80% at 480K, a first decomposition reaction
seems to be completed. For comparison, (deuterated) benzene on Ni(111)
shows an onset of the D2 desorption around 380K followed by a maximum
at 450K and a weaker, broad tail up to temperatures of 700K which was
interpreted as the stepwise dehydrogenation of the phenyl ring [185]. Simi-
larly, BA/Ni(110) does not desorb intact, but undergoes decomposition and
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shows a maximum of phenyl desorption around 545K [123]. Above 500K, the
main species on the surface in our case are hydrocarbon fragments, since the
XPS emission lines of fluorine and oxygen have vanished almost completely at
this temperature. These fragments finally disappear at temperatures above
780K, most likely by diffusion into the bulk, thus completing the decomposi-
tion reaction. Another intermediate carbon product appears at temperatures
around 600K, at a binding energy of 283 eV, and vanishes above 650K. Ac-
cording to the low binding energy, it is most likely due to a nickel-carbide
species [186].

The discussion above applies to both 4-FBA and 3-FBA, with only minor
differences between the two systems. Nevertheless, close inspection of the
F1s trace of 3-FBA reveals a new species at a binding energy of 684 eV, with
a maximum intensity around 420K, that is not present in the corresponding
4-FBA spectrum. This species is likely to be atomic fluorine chemisorbed
onto the nickel surface, according to the low binding energy [187]. It is only
present up to 450K, above this temperature desorption lead to the disappear-
ance of this intermediate species. Due to the low intensity of this emission
signal, only a very small amount of fluorine is adsorbed directly on the sur-
face for 3-FBA, in contrast to 4-FBA, where this species is not present at
all. This could be understood from the closer proximity of the fluorine to
the surface in 3-FBA compared to 4-FBA, which will increase the probabil-
ity of this channel. Apart from this effect, the decomposition reactions of 3-
and 4-FBA do not show major differences and are thus considered to be very
similar.

Summarizing these results, the monolayers of 3- and 4-FBA are stable up
to approximately 380K. Above this temperature, fluorine and oxygen ab-
straction, accompanied by a stepwise decomposition of the phenyl ring at
higher temperatures, leads to the complete dissociation of the molecules on
the surface. The most striking difference compared to the 4-FTP monolayers
on Ni(111), is the increased temperature stability by approximately 180K,
achieved by changing the headgroup from a thiolate to a carboxyl group. In
a simple chemical picture, this can be understood by the different coupling
strengths of the thiolate-nickel and carboxyl-nickel bonds. Assuming that
the thiolate bond is stronger than the carboxylate bond (c.f. Section 2.1.1),
less electron density remains for the bond to the phenyl ring, thus making
it more susceptible for bond dissociation [134, 135, 188]. In the following
subsection, the charge transfer dynamics of the carboxyl-coupled monolay-
ers will be investigated and compared to the results obtained for 4-FTP in
Section 5.2.4.
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5.3.3 Charge Transfer Dynamics

Figure 5.19 shows the decay electron spectra following resonant F1s excita-
tion for monolayers of 4-FBA (top panels) and 3-FBA (bottom panels) as a
function of the excitation energy in a 2D contour plot diagram. For both
systems, two excitation geometries were chosen to investigate possible polar-
ization dependent effects of the charge transfer dynamics, as already observed
for SAMs on gold (cf. Chapter 4 and Refs. [45,94]). For the panels labeled (a)
and (c), the polarization vector is tilted 20◦ from the surface normal, whereas
for (b) and (d), the angle between polarization and surface normal was 20◦,
as indicated in the insets of Figure 5.19.
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Figure 5.19: Decay electron spectra following resonant F1s excitation as
a function of the excitation energy for monolayers of 4-FBA (top) and 3-
FBA (bottom) on Ni(111). Shown are contour plot representations of the
normalized 2D datasets, where dark red (dark blue) corresponds to the
highest (lowest) intensity. The insets indicate the adsorption geometries
as derived from NEXAFS, together with the different polarizations used
in the experiment, as detailed in the main text.

The contour plot (b) of 4-FBA is very similar to that shown in Figure 5.10 for
the monolayer of 4-FTP, with the main features assigned analogously. The
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channel labeled (1) is the normal Auger decay band at constant kinetic en-
ergies, (2) denotes the channels arising from Auger decay of atomic fluorine
after dissociation (cf. Section 5.2.3) and (3) can be identified as the par-
ticipator decay of the intact molecule. Differences are found however, when
comparing the spectra acquired for 4-FBA with two polarizations, as shown in
panels (a) and (b). For 90◦ polarization, the decay spectra are dominated by
an Auger like channel centered around 656 eV, whereas resonant participator
decay features are missing or strongly suppressed. This is consistent with the
observation that for (a), the kinetic energy distribution of the decay electrons
on the main resonance (688 eV to 694 eV) is very narrow, basically resembling
the Auger channel, in contrast to (b), where an admixture of autoionization
channels leads to a broadening of the resonance. Hence, the charge transfer
for 90◦ polarization seems more efficient, since channels, which represent no
charge transfer (autoionization channels) are strongly suppressed compared
to 20◦ polarization.

On the contrary, the corresponding spectra for 3-FBA (lower panels in Fig-
ure 5.19) show only very subtle differences depending on the polarization.
This can be understood by considering the different adsorption and molec-
ular geometries for 3-FBA (inset in fig. 5.19), where the C-F bond is tilted
by ∼45◦ with respect to the surface normal, thus minimizing the differences
between 20◦ and 90◦ polarization. This is also supported by the fluorine K-
edge NEXAFS spectra of 3-FBA, which showed almost no linear dichroism
(cf. Section 5.3.1). Therefore, the decay spectra for 3-FBA can be seen as a
superposition of spectra (a) and (b). Nevertheless, the appearance of partici-
pator decay bands, as well as the overall slightly broader (in terms of kinetic
energy) resonance for 20◦ polarization, point towards a less efficient coupling
to the substrate and therefore longer charge transfer times than for excitation
under 90◦.

To investigate the charge transfer times quantitatively, an analysis of the 2D
decay spectra within the core hole clock framework was performed, analo-
gously to the procedure described for 4-FTP in Section 5.2.4. Due to un-
available 3- and 4-FBA multilayer decay spectra, we used the multilayer data
acquired for 4-FTP (cf. Figure 5.10, panel (a)) throughout the analysis. This
is motivated by the fact that the different headgroups should only marginally
influence the decay spectra following resonant excitation in the multilayer. It
is also common practice in the CHC analysis of SAMs on gold to use differ-
ent molecules (e.g. C16CN vs. C2CN) for obtaining “pure” autoionization
spectra [41, 44,45, 94,110].

Figure 5.20 shows the obtained2 Auger ratios (
IAuger

Iauto
) and corresponding

2For a detailed description of the fitting procedure and extraction of the Auger ratios
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Figure 5.20: Auger fractions (top) and charge transfer times (bottom)
obtained for 4-FBA (left) and 3-FBA (right) monolayers on Ni(111) for
resonant F1s excitation. Values for excitation with the electric field vector
20◦ (90◦) with respect to the surface normal are shown with blue squares
(red circles). The vertical bars in the charge transfer time plots mark the
ionization threshold. Error bars have been omitted for the sake clarity,
the ranges of the errors are similar as in Figure 5.10.

charge transfer times for the 4-FBA (left panels) and 3-FBA (right panels)
monolayers on Ni(111). Depending on the polarization, the CT times ob-
tained for 4-FBA show remarkable differences, with overall larger CT times
for 20◦ polarization in the region below 689 eV. At 687.5 eV excitation energy,
the CT time for 20◦ is 18 fs, in contrast to only 2 fs for 90◦ polarization. With
increasing photon energy, the transfer times for both polarizations decrease
until they finally converge around 690 eV, advancing the ionization threshold
and showing no more polarization dependence. Focusing on 3-FBA (right
panels), the situation is quite different. As already suspected from the decay
spectra, the obtained CT times are similar for the two polarizations, with
slightly larger values for 20◦ polarization, but the same overall trend. Apart
from the distinct dependence on the polarization, the charge transfer times
for 4- and 3-FBA show similarities and both lie between 18 fs to 1 fs in the
range of the main resonance.

In the following, the peculiar dependence of the CT times on the polarization
will be discussed, focusing on 4-FBA, where the contrast is the strongest. The
much faster CT times for 90◦ polarization suggest a very efficient coupling
of the resonance to empty metal states. As previously discussed (cf. Sec-

and charge transfer times, refer to Section 5.2.4.
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tion 5.3.1), the F1s x-ray absorption spectrum consists of several overlapping
σ∗ and π∗ states that are populated during the excitation step. Previous in-
vestigations have shown that the charge transfer times in adsorbate/substrate
systems depended mainly on three parameters: the energy position of the res-
onance relative to the Fermi level, the coupling of the populated resonance
to the empty states [45, 94] and the available empty density of states (DOS)
together with the band structure of the metal [63].

The first parameter, the resonance energy, has direct impact on the effective
tunneling barrier, since an increase of the resonance energy leads to a de-

crease of the effective barrier height and therefore results in a faster charge
transfer. The overall almost exponentially decreasing CT times for 20◦ po-
larization of 4-FBA and both polarizations of 3-FBA could be explained by
this parameter, in contrast to the polarization dependence, which is present
at the same excitation energy. Nevertheless, investigations of charge transfer
dynamics of argon on metal surfaces have shown that often the inverse be-
havior is observed: Increasing the excitation energy leads to an increase in
CT time [63]. In this case, the explanation is based on the available DOS
and band structure of the adsorbate/substrate system. This explanation is
also unlikely since the overall empty density of states is not affected by the
polarization of the radiation, when keeping the photon energy constant3. The
situation is different when the coupling of the resonance to the substrate is
investigated. Here, it has been shown that the overlap of the resonantly pop-
ulated states with the mediating phenyl backbone [45] or methylene units (cf.
Chapter 4) and the anchoring group is essential for the efficiency of the charge
transport. Excitation of the F1s resonance in 4-FBA with 20◦ polarization
leads to a population of mainly σ∗-type orbitals, according to NEXAFS data
(see section 5.3.1), whereas 90◦ polarization populates π∗-type states. Since
the conjugated π electron system of the phenyl backbones is important for the
charge transport [35], a more efficient transfer can be expected for promoting
the electron into a π∗-type states with 90◦ polarization. Conversely, the cou-
pling of σ∗ resonances with the π electron system of the ring can be expected
to be poor; therefore the larger CT for 20◦ polarization can be explained
using this simple model. Furthermore, the similar behavior of the CT times
for 3-FBA can be understood by considering the simultaneous population of
σ∗ and π∗ type resonant states, due to the different structure and adsorption
geometry of the molecule.

3It should be noted that the possibility of more available empty metal states with mainly
dz character exists, as discussed in Section 5.3.1. However, since here the excited
fluorine is located rather far away from the metal and therefore not directly hybridized,
a purely substrate dependent effect seems unconvincing.
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5.3.4 Conclusions for 3- and 4-FBA/Ni(111)

Summarizing these results, deposition of 3- and 4-FBA onto the Ni(111) sub-
strate leads to the formation of well-defined self-assembled monolayers that
are stable at room temperature and even above, in contrast to thiolate-bonded
monolayers (cf. Section 5.2.2). Bonding of the molecules to the surface is
accomplished by deprotonation of the carboxyl group and subsequent forma-
tion of a symmetrically bonded carboxylate. The adsorption geometries of 3-
and 4-FBA are both upright, with similar angles between phenyl rings and
surface normal of 30◦ and 20◦, respectively. Detailed investigations of the
thermal stability have shown that both systems stay intact up to tempera-
tures of 380K, whereas above that temperature, the molecules do not desorb
intact but they rather undergo a stepwise decomposition with fluorine and
oxygen abstraction as the starting processes. Apart from minor differences,
the thermal behavior of both systems is very similar and mostly affected by
the headgroup-substrate binding mechanism.

Examination of electron decay spectra following resonant F1s excitation re-
vealed an interesting polarization dependence of the charge transfer times.
For 4-FBA, excitation with the polarization parallel to the surface normal
resulted in delocalization times between 18 to 2 fs, whereas perpendicular
excitation yielded in faster times always below 3 fs. This effect was shown
to be related to the predominant population of either σ∗ or π∗ type reso-
nances, which couple differently to the phenyl backbone, depending on the
polarization.

5.4 Conclusions

The adsorption of two types of aromatic precursor molecules with thiol and
carboxyl headgroups on Ni(111) was investigated by means of angle-resolved
NEXAFS spectroscopy, TPD, XPS, UPS, PSD and resonant Auger spec-
troscopy. Both systems form well-defined self-assembled monolayers, in which
the molecules adopt an almost upright adsorption geometry. The main differ-
ence between 4-FTP and 3/4-FBA is the thermal stability: Whereas 4-FTP
dissociates above 200K by S-C bond cleavage, 3- and 4-FBA monolayers stay
intact up to temperatures of 380K. This behavior could be explained with
the different coupling strengths of the thiol and carboxyl groups to the nickel
surface. Furthermore, all investigated system showed evidence for ultrafast
C-F dissociation upon resonant excitation of a F1s electron into unoccupied
σ∗ orbitals of the molecule. This behavior also enabled the assignment of

85
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the resonances in the fluorine K-edge NEXAFS spectrum, which consists of
several overlapping σ∗ and π∗ resonances.

The charge transfer dynamics following the resonant F1s excitation showed
similarities in all systems, with charge transfer times in the low femtosecond
regime. Differences in the delocalization times measured for 3- and 4-FBA
could be explained by the different position of the fluorine atom and the
therefore different population of σ∗ or π∗ type resonances. Nevertheless, the
charge transfer from 4-FTP to the substrate was overall faster compared to
4-FBA measured with the same polarization. This points towards a stronger
coupling of the thiolate-bonded molecules compared to the carboxyl-bonded
entities, similar to what has been observed on gold [189]. With regard to po-
tential applications, carboxyl-coupled SAMs were shown to be superior to the
conventional, thiolate-bonded monolayers due to their enhanced temperature
stability.
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Abstract Resonant photoemission
spectroscopy has been used to inves-
tigate the spin-dependent electron
transport from core excited argon
monolayers to ferromagnetic sub-
strates with sub-femtosecond preci-
sion. Three systems have been stud-
ied to examine the dependence of

the charge transfer times on the spin of the resonantly excited electron:
Ar/Fe(110), Ar/Co(0001) and Ar/Ni(111). For argon adsorbed on iron and
cobalt, a significantly faster charge transfer is found for minority electrons,
whereas no evidence for a dependence on the electron’s spin is seen on nickel.
The results are explained considering the different empty densities of states
of the metals for minority and majority electrons.

This chapter will be submitted as Ref. [190].
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6.1 Introduction

Charge transport through atoms or molecules is important for redox reac-
tions in chemistry and electrochemistry [98–100], the creation and cleavage of
bonds by electronic excitations [191], ranging from unwanted beam damage in
spectroscopy and microscopy [102] to sophisticated beam induced patterning
of thin films [192], and the atom-selective bond modification by core-electron
excitations [101]. Charge transfer reactions between atoms or molecules, and
continua of states coupled to them, e.g. the occupied and unoccupied band
states of metallic or semiconducting substrates at interfaces, are an important
subset of these reactions. These processes are exceptionally important for dye-
sensitized solar cells [104, 105], the entire field of DIET (desorption induced
by electronic transitions) [193,194] and molecular electronics [35]. Recently it
was recognized that the spin, apart from charge, bears additional information,
stimulating widening of the field of molecular electronics to molecular spin-
tronics [49, 50, 53]. Like molecular electronics, molecular spintronics requires
coupling of molecular entities to electrodes for the communication with the
macroscopic world; in this case, however, not only the transfer of charge, but
also that of spins is an important topic.

As yet, most experiments on spin transport between electrodes and atoms or
molecules have been performed by coupling two electrodes to the particle un-
der investigation, typically such of ferromagnetic materials, and by recording
the current through this arrangement as a function of applied voltage and
magnetization of the two terminals [48, 195]. However, from a microscopic
point of view, this approach has the disadvantage that always convolutions of
effects from both electrodes are recorded, implying that electrode effects can
cancel out. Consider, e.g. a non-magnetic molecule embedded between two
electrodes of magnetized 3d metals, where transport data will yield conduc-
tance as a function of applied voltage and parallel or antiparallel electrode
magnetization. However, it does not reveal the orientation of the traveling
spins, i.e. it will not discriminate between tunneling of rather localized d elec-
trons that cause the itinerant magnetism of these materials, or sp electrons,
which have far reaching wave functions that support tunneling and transfer
despite their lower density of states. Theoretical work for alkali atoms ad-
sorbed on iron surfaces predicts prevalence of transport by coupling to sp

states with different spin orientation than the d states over the entire energy
range [196].

A method with direct access to the spin orientation inside the electrode and
within the molecules is therefore necessary. We show that the core hole clock
(CHC) approach is well suited for this purpose [74, 108, 109]. CHC uses the
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known lifetimes of innershell vacancies (= core holes) as a time-ruler for the
investigation of electron dynamics. A core electron is resonantly excited to
an empty but bound electronic level, and the core-decay spectra are recorded.
Depending if the core decay precedes or follows the delocalization of the res-
onantly excited electron in time, autoionization spectra with one-hole and
two-hole one-electron final states (Iauto), or Auger-like spectra (IAuger) with
two-hole final states are obtained, respectively. Disentangling the measured
data into these two contributions and taking the lifetime of the core-hole τC
as a time standard yields the lifetime of the resonance, i.e. the delocalization
time of the electron as τCT = (Iauto/IAuger) × τC . As an innershell-related
technique CHC is atom-selective and, by excitation with narrow bandwidth
photons of well-defined energy and polarization, also orbital selective [45,94],
for atoms as well as for molecules, covering time scales from sub-femtoseconds
(fs, 10−15 s) to ∼100 fs.

In this Letter, we demonstrate that CHC can successfully be used for inves-
tigations of spin transport dynamics between a particle and a ferromagnetic
substrate. We investigate monolayers of Ar on in-plane magnetized thin films
of Ni(111), Co(0001) and Fe(110) on a W(110) substrate. We have chosen
physisorbed Ar because it has been a model system in the development of
CHC; its behavior is known in great detail [59–65, 197]. It is worth noting
that spin selective CHC of adsorbates on magnets can be done in different
ways. In this Letter we demonstrate CHC by spin polarizing the resonantly
excited electron and recording the autoionization/Auger fractions for paral-
lel and antiparallel alignments of photon spin and film magnetization. A
suggestion for an alternative approach, based on spin resolved detection of
the decay electrons rather than spin-polarized excitation, is presented in the
outlook.

6.2 Experimental Methods

The experiments were performed under ultrahigh vacuum conditions at the
undulator beamline UE56/2-PGM2 of the synchrotron facility BESSY II in
Berlin. The ferromagnetic films were grown on a freshly cleaned W(110)
surface, while their thickness (25-30 Å) was monitored during growth by a
quartz microbalance. After subsequent annealing according to standard pro-
cedures [198–200], the film quality was checked by x-ray photoelectron spec-
troscopy (XPS) and low energy electron diffraction (LEED); the films were
then magnetized in-plane by applying a magnetic field of 250 mT for 2 sec-
onds. X-ray magnetic circular dichroism (XMCD) spectra were recorded at
the L2,3 edges of Ni, Co and Fe to verify the magnetization of the layer (see
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Appendix C). For the experiments, the W[110] direction was aligned within
±15◦ parallel to the incoming photon beam, which results in a polarization ef-
ficiency above 96%. Afterwards, a multilayer of argon was adsorbed onto the
sample at 15 K and subsequently annealed until only a monolayer remained,
as verified by XPS. X-ray absorption (XAS) spectra of the [Ar2p3/2]4s reso-
nance were acquired in the partial electron yield mode to determine the exact
position of the resonance maximum, which is independent of the substrate
at Eres = 244.63 eV. Taking into account the binding energy of the Ar2p3/2

core level, the position of the Ar 4s resonance with respect to the Fermi level
results in values of 2.97, 3.11 and 3.14 eV above EF for Fe, Co and Ni, respec-
tively. We note that the resonance position was not affected by the helicity
direction of the circularly polarized radiation.

Electron decay spectra were then recorded for both parallel (I+) and an-
tiparallel (I−) alignment of photon spin and sample magnetization, where
both magnetization and direction of helicity were changed independently to
eliminate systematical errors. Due to the selection rules for a p → s tran-
sition with right- (σ+) and left- (σ−) circularly polarized radiation, a spin
selective population of the [Ar2p3/2]4s resonance is accomplished with an
efficiency of 3:1 [201]. For, e.g. parallel film magnetization and photon prop-
agation direction, σ+ radiation will predominately populate the Ar 4s res-
onance with “spin-down” electrons, which are in this case, referring to the
density of states (DOS) of the underlying magnetized film, majority electrons.
Briefly, I+ excitation conditions result in a population of the resonance with
majority electrons, whereas I− excitation favors minority electrons1. This
method enables us to control the spin of the electron in the resonance with
respect to the spins of the ferromagnetic film, and therefore allows to inves-
tigate the spin-dependent charge transfer dynamics within the CHC frame-
work.

6.3 Results and Discussion

Figure 6.1 shows a set of typical decay electron spectra of the three investi-
gated systems for I+ (solid line) and I− (dashed) excitation conditions. In-
specting the traces belonging to the decay spectra measured on Fe and Co, a
clear difference between I+ and I− excitation is present, most notably within
the kinetic energy range of 216 - 220 eV. In both cases, the intensity of the
decay spectra measured with I+ excitation is significantly higher compared
to I− within that region. This suggests that the cross-section of the different

1We use the convention according to Refs. [82,202] for defining the directions of helicity,
photon spin and magnetization throughout the manuscript.
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Figure 6.1: Electron decay spectra of an argon monolayer deposited on
in-plane magnetized Fe(110), Co(0001) and Ni(111) thin films following
resonant [Ar2p3/2]4s excitation. Depicted are the intensities for parallel

(I+) and antiparallel(I−) alignment of photon spin and substrate magne-
tization.

decay channels (autoionization vs. Auger) depends on whether the electron
in the resonance possesses majority or minority spin. In contrast to that, no
apparent difference is visible for the Ar/Ni system, thus indicating no depen-
dence of the decay channels on the excitation conditions.

To quantify the changes in the respective decay channel intensities, the spec-
tra were decomposed into the separate final state contributions by a fitting
routine. Prior to that, the non-resonant background, recorded with an exci-
tation energy 10 eV below the resonance, was subtracted from the spectra. A
combination of asymmetric Voigt peaks was used to model the contributions
of the different final states, with all lineshape parameters (relative height,
width, position and asymmetry) kept fixed for the two different excitation
conditions. The only varied parameter between the fitting of I+ and I− spec-
tra was the ratio of autoionization intensity to Auger intensity, resulting in a
very robust fitting procedure.

Figure 6.2 shows an exemplary fit of the decay spectra recorded for Ar/Co
with two magnetization/photon spin combinations. The final states of the
Ar 4s decay can be decomposed into two main groups: the autoionization
states (orange) at highest kinetic energies and the Auger final states (blue),
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which are shifted to lower energies. According to previous literature [59–65],
each group consists of 3 (resolvable) multiplet configurations, as assigned
in Figure 6.2, giving rise to the rather complex form of the decay spectra.
At lowest kinetic energies, an additional group of peaks is visible, which is
due to satellites (light orange) of the autoionization group and therefore also
contains autoionization intensity [59,64]. Integrating the extracted Auger and
autoionization intensities yields the ratio Iauto/IAuger, and, together with the
core hole lifetime of 6 fs [62], the charge transfer time.

For the representative case presented in Fig. 6.2, the charge transfer time for
I− excitation, i.e. for minority electrons, calculates to 2.94± 0.05 fs, whereas
the majority electrons tunnel within 3.28 ± 0.05 fs into the substrate. This
implies that the delocalization process for minority electrons is about 10%
faster than for majority electrons. The error range given above is mainly due
to systematic errors, whereas most error sources cancel when only the differ-
ences in charge transfer times for one preparation are considered. We also
note the excellent reproducibility of our results: The standard deviation of
the delocalization times extracted from 6 independent preparations of Ar/Co
are below 0.04 fs.

Figure 6.3 shows the charge transfer times in dependence of the spin of the
resonantly excited electron for all three investigated systems, which were de-
rived analogously to the above described procedure. Argon adsorbed on iron
shows overall smaller CT times than on cobalt, but minority electrons also
delocalize faster by 0.32± 0.05 fs, thus very similar to the difference derived
for Ar/Co. These results are further supported by an analysis of the width of
the [Ar2p3/2]4s XAS spectra on Fe and Co: The full width at half maximum
(FWHM) is larger by ∼5% for excitation of minority electrons compared to
majority electrons. This also points towards a shorter lifetime of the reso-
nance and a corresponding faster charge transfer time (see Appendix C for
details).

Considering nickel as a substrate, the quantitative analysis confirms the ini-
tial expectation derived from Figure 6.1: There is no difference at all for the
transfer times of minority and majority electrons for Ar/Ni. Compared to the
work of Föhlisch et al. in Ref. [63], the delocalization times for Ar/Ni(111) ob-
tained in this work are smaller by ∼1.5 fs. Preliminary investigations showed
that this difference might be a result of the different excitation geometries
(direction of electric field vector with respect to the surface) used in [63]
and this work. Since here, the focus is on the differences in charge trans-
fer times depending on the spin, we will not further detail the origin of this
effect.
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Figure 6.2: Exemplary decomposition of decay spectra for Ar/Co into
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orange) final states by a strongly constrained fitting routine. Evaluation
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times as indicated in the figure. The final states of the decay are assigned
in the top spectrum and discussed in the main text.
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Figure 6.3: Comparison of spin-resolved charge transfer times for an
argon monolayer adsorbed on thin films of Fe(110), Co(0001) and Ni(111).
The direction of the spin of the excited electron and the magnetization of
the layer are indicated with arrows in the figure. ∆ denotes the difference
of charge transfer times for parallel and antiparallel configuration of spin
and magnetization.

In order to elucidate the mechanism that is responsible for the different charge
transfer times, we will focus on the density of states (DOS) of the adsor-
bate/substrate system. Different CT times for Ar/Cu(111) and Ar/Cu(110)
have been theoretically explained by differences in the projected electronic
band structure of the two surfaces [64]; also for Ar/Ru(0001), detailed first-
principle calculations showed that the unoccupied DOS and the coupling of
the resonance to these empty states determines the charge transfer times [66].
As already mentioned in the introduction, recent theoretical work predicted
different charge transfer times for majority and minority electrons of core-
excited Cs/Fe(110) [196]. Mũino et al. explained the faster charge transfer
of majority electrons with the fact that, despite the larger DOS for empty d

states (“minority” states) at the resonance energy, the coupling of the core
excited state is more efficient to empty sp states. Since the magnetization of
d and sp states is opposite [58], this results in a faster charge transfer time for
majority electrons, in contrast to our results. However, Mũino et al. note that
this behavior is system-dependent and not a general result.

According to these findings, we plot the calculated empty DOS, at the Ar 4s
resonance energy, of the d and sp states of iron, cobalt and nickel in Figure
6.4. For Fe and Co, the overall unoccupied DOS for minority electrons is
larger than for majority electrons, due to the higher DOS of the d states. As
discussed above, the sp states show a reversed behavior, with more available
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Figure 6.4: Spin-resolved, empty density of state of iron, cobalt and
nickel at the Ar 4s resonance energies. The data were taken from [58].

states for majority electrons, in accordance with Ref. [196]. The same trend
is also observed for nickel, but to a much smaller extent. These (limited)
calculations provide the basis for understanding our findings: The difference
between empty d states for minority and majority electrons of iron and cobalt
seems to be responsible for driving the charge transfer, whereas this differ-
ence is very small (also the relative difference) for nickel, therefore leading to
identical charge transfer times for both types of electrons.

These findings imply a more efficient coupling of the Ar 4s resonance to the
empty d states for iron and cobalt. However, we stress that detailed theoreti-
cal investigations are needed for a quantitative understanding of the observed
effects. We further note that this experimental approach is suitable for a va-
riety of adsorbate/substrate system and not limited to adsorbed rare gases.
Nevertheless, the possibility of spin-polarizing the resonance with circularly
polarized radiation is mandatory, thus limiting the systems to a class with
accessible, well-resolved spin-orbit split core levels to start from. For many
organic systems of interest, which mainly consist of carbon, nitrogen and
oxygen like molecular nano-structures on ferromagnetic substrates, no such
initial states are available. Concerning these types of systems, which have
possible technological applications as, e.g. organic spin vales [56], we propose
a different type of experiment: Following the excitation of a s→ p type reso-
nance (e.g. [N1s]π∗), the decay electrons can be recorded using a spin-sensitive
detector. Since the spin of the detected decay electron and the spin of the
transferred electron are correlated for many elements of interest [174, 203],
spin-dependent charge transfer investigations also become feasible for this
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large and interesting class of materials.

6.4 Conclusions

In summary, we have shown that resonant photoemission spectroscopy can
be utilized for investigating the spin-dependent charge transport from a rare
gas adsorbate to a ferromagnetic substrate with sub-femtosecond precision.
Our results showed that the charge transport process of core-excited argon
is about 0.3 fs faster for minority electrons compared to majority electrons
on iron and cobalt, whereas the delocalization times do not depend on the
spin for argon on nickel. These findings were explained by considering the
empty DOS of the substrates, where a more efficient coupling of the resonance
to metal d states seems responsible for the faster charge transfer times for
minority electrons.
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Chapter 7

Summary, Conclusions and Outlook

Within this thesis, the electronic and structural properties of self-assembled
monolayers and physisorbed noble gas layers have been explored by means of
synchrotron-based electron spectroscopy methods. Understanding the bond-
ing mechanisms of chemical entities to surfaces and the resulting formation of
ordered nanostructures enables the identification of suitable molecular build-
ing blocks, which can then be used to create systems with tailored properties.
Furthermore, the adsorption of molecules or atoms onto ferromagnetic sub-
strates, rather than the more inert coinage metal surfaces, offers new exciting
possibilities such as the spectroscopic investigation of spin-dependent electron
transport.

In a first set of experiments, the core hole clock method has been used to
extract subtle differences in the electron transfer times from cyano-terminated
alkanethiolate monolayers on gold as a function of the initially populated
resonance. In the case of these C2CN monolayers, two nearly-degenerate
[N1s]π∗

1,2 resonances exist, which cannot be separated by simple energetic
selection. Therefore, linearly polarized synchrotron radiation was used to
selectively populate these two resonance states, which showed significantly
different charge transfer times for electron tunneling into the substrate. Faster
charge transfer times were obtained for excitation of core electrons into the
π∗

1 orbital, despite its lower resonance energy compared to the π∗

2 orbital.
Theoretical calculations identified the different extension of the resonances
onto the molecular backbone and the anchoring thiol group as the dominant
factor responsible for the different electron transfer times. This experiment
illustrated the potential of the CHC method as an orbital and symmetry
selective probe, as well as the importance of these parameters for ultrafast
charge transfer processes.

To further extend the well-established concepts of self-assembled monolayers
on coinage metals to ferromagnetic substrates, different types of precursor
molecules have been used to prepare SAMs on Ni(111) under UHV condi-
tions in the second set of experiments of this thesis. The first precursor
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molecule was 4-fluorothiophenol, which was shown to form a thiolate bond
to nickel at temperatures below 200 K. In this state, the molecules form a
well-defined monolayer, standing almost upright on the surface and exposing
the fluorine tailgroup. Based on this stable configuration, the tailgroup-to-
substrate charge transfer was investigated by means of the CHC method.
The electron transfer times after resonant F1s excitation were examined and
found to lie in the low femtosecond regime, illustrating the good conductivity
of the molecule due to its aromatic backbone and the efficient coupling to
the substrate. Furthermore, it could be shown that the resonant F1s excita-
tion is accompanied by an ultrafast dissociation process, which results in the
desorption of F+ ions. A major difference to thiolate-bonded SAMs on gold
was found after annealing the monolayer to room temperature: S-C bond
scission led to the formation of atomic sulfur on the surface and “destroyed”
the initially well-defined layer. This effect was understood by considering the
higher reactivity of nickel compared to the reasonably inert gold surface and
the increased strength of the thiolate-metal bond. Furthermore, some con-
flicting evidence in prior literature concerning the stability of wet-chemically
prepared thiolate-bonded SAMs on nickel could be resolved, and the neces-
sity of high-resolution spectroscopy for investigating these systems could be
emphasized.

Motivated by the thermal decomposition for thiolate-coupled SAMs on Ni(111)
at room temperature, carboxyl-substituted entities were used as precursor
molecules in the subsequent set of experiments in the effort to create SAMs
with enhanced thermal stability. 4- and 3-fluorobenzoic acid monolayers on
nickel were prepared by sublimation in UHV, resulting in a carboxyl-metal
bond and well-defined, upright standing monolayers, similar to 4-FTP. Anal-
ogous charge transfer investigations of 4-FBA monolayers resulted in CT
times of 18 to 2 fs, and 3 fs for polarization parallel and perpendicular to
the surface normal, respectively. These differences were explained by the
polarization-dependent population of σ∗ or π∗ type resonances, which couple
differently to the phenyl backbone. Compared to the CT times obtained for
4-FTP under the same excitation conditions, the values for 4-FBA are larger
throughout the resonance, which was ascribed to the less effective coupling
of the carboxyl group to the substrate. The most striking difference, com-
pared to 4-FTP, is the thermal stability of both 3- and 4-FBA on nickel:
Annealing up to temperatures of 380K does not result in a dissociation of
the molecules. Only temperatures above 400K lead to a stepwise decom-
position of the layer, as monitored by fast-XPS and explained by the effect
of the different headgroup-substrate interaction. Therefore, 3- and 4-FBA
monolayers on Ni(111) are more suitable systems for possible applications
in molecular electronics, thanks to their superior stability in comparison to
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thiolate-bonded SAMs. Moreover, they also exhibit ultrafast charge trans-
fer; at a price of an only slightly slower charge transfer process compared to
thiolate-coupling.

The results obtained for the charge transfer dynamics of 4-FTP and 3- and
4-FBA on Ni(111) raise the question of spin-dependent electron transport
from adsorbates to ferromagnetic substrates. This is further motivated by
the significance of spin transport within the emerging field of molecular spin-
tronics. Therefore, physisorbed argon on ferromagnetic layers was used as
a model system for investigating the spin-dependent adsorbate-to-substrate
charge transfer with the core hole clock method in a proof-of-principle exper-
iment. By selectively populating the [Ar2p3/2]4s resonance with minority or
majority electrons by means of circularly polarized radiation and by monitor-
ing the decay electrons, spin-dependent electron transport could be observed
with resonant photoemission spectroscopy. Minority electrons were found to
delocalize about 10% faster than majority electrons for argon adsorbed on
Fe(110) and Co(0001), which could be understood by the larger available un-
occupied density of states for minority electrons. This also suggested a more
efficient coupling of the resonance to empty d states, instead of sp states.
For Ar/Ni(111), no such contrast was observed, which is consistent with the
almost equal unoccupied DOS for minority and majority electrons at the res-
onance energy. Therefore, this experiment proved the capability of the CHC
method to accurately resolve spin-dependent differences in charge transfer
dynamics.

In conclusion, the toolbox of the core hole clock method could be extended to
resolve polarization and spin-dependent differences in charge transfer dynam-
ics with sub-femtosecond precision. Moreover, two systems of self-assembled
monolayers were successfully prepared on the reactive nickel substrate and
investigated in detail. Future research could apply a slightly altered spin-
dependent CHC approach to these monolayers, namely spin-selective detec-

tion instead of excitation, and obtain interesting insight into electron- and
spin-transport through molecular entities. Furthermore, the identification
of candidate systems for applications in molecular spintronics might become
possible.
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Appendix A

Partial Electron Yield Detector Appendix

Calculation of White Noise Current of the OP-Amp For OP-Amps of this
kind (Dielectrically Isolated FET or DIFET OP-Amps), the input current
noise is dominated by the white shot noise of the amplifier’s bias current for
frequencies below approximately 10 kHz. For higher frequencies that are not
relevant here, the noise current increases with frequency (see, e.g. Ref. [204]
for the shape of the input current noise spectral density of this OP-Amp type).
For the OPA 129 in our design we obtain for the typical bias current of 30 fA
[89] a noise current density of

√
2eIbias = 1×10−16 A/

√
Hz, i.e. the value given

in the datasheet [89]; where e is the elementary charge.

Noise Current Produced by the Capacitance The noise current by this
source is the amplifier noise voltage multiplied by the capacitive conduc-
tance of C1+C2. Up to ∼300 Hz the voltage noise spectral density shows
the f−1/2 frequency dependence of flicker noise with a value of 85 nV/

√
Hz

at 10 Hz corresponding to 270 nV/
√
Hz at 1 Hz (see data on “voltage noise”

and “input voltage noise spectral density” in Ref. [89]). In combination with
our C1+C2 value of 70 pF and averaging from 0 to 10 Hz we obtain for the
related current noise spectral density:

2π

10Hz
· 270 nV√

Hz
· 70 pF

∫ 10Hz

0

f√
f
df = 2.4× 10−16 A/

√
Hz (A.1)

Electron Transmission of the Grids The real transmission of the grids in
a retarding assembly can deviate from the optical transmission due to sec-
ondary electron emission from the grids [205] and due to lens effects by the
grid meshes [206], the latter particularly for narrow electron beams as in
LEED. This modulation of the transmission function depends on the en-
ergy and angular distribution of the decay electrons. Because these quanti-
ties are not available without further, very detailed spectroscopic investiga-
tions, and because we believe that the error introduced by this modulation
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is smaller than the uncertainty of the photon flux (see above), we neglect
it.

Noise Coupled in From the Retarding Voltage Supply The capacitance C2

between retarding grid and collector is 15 pF in our assembly. To keep ca-
pacitive pick-up currents at 10 Hz within the same order of magnitude as the
amplifier noise, the noise of the retarding voltage should not exceed 1 to 2 µV.
For this purpose we use passive RC filters with low cut-off frequencies of 0.1 Hz
mounted directly at the electric feedthrough. Batteries as voltage source per-
form best, but low noise power supplies can also be used.
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Appendix B

Determination of Polarization Ratios and
Correction of Charge Transfer Times

The measurement geometry together with a schematic sketch of the molecule
and the CN π1,2 orbitals is shown in Figure 4.1 (b). The angle βCN describes
the tilt angle of the CN group with respect to the surface normal (z-axis),
whereas the angle γ is defined as the twist of the backbone. We employed two
polarizations in our experiment, realized by rotating the sample with respect
to the incoming radiation. The E vector of the Axy polarization lies in the
xy-plane (in fig. 4.1 (b) parallel to the x-axis), the vector of the Az polarized
light lies in the yz-plane and is tilted by 10◦ with respect to the surface nor-
mal. Az light therefore nearly exclusively excites the π1 resonance, whereas,
due to the random orientation of the substrate domains (different azimuthal
angles ϕ), Axy light has a lower polarization contrast. Since this effect results
in a mixture of the measured charge transfer times for both polarizations,
we calculated the excitation efficiencies in both geometries and corrected the
charge transfer times for this effect. We define the excitation efficiencies Si

(resp. Pi) as the azimuthally integrated, squared dot product of the normal-

ized polarization vector ~Ez ( ~Exy) and the vector of the πi(ϕ, βCN , γ) (i=1,2)
orbitals:

Si =

∫ 2π

0

( ~Ez · πi(ϕ, βCN , γ))
2 dϕ; (B.1)

Pi =

∫ 2π

0

( ~Exy · πi(ϕ, βCN , γ))
2 dϕ; (B.2)

Si and Pi are proportional to the respective transition dipole moment (TDM)
and therefore a measure of the x-ray absorption efficiency, i.e. S1 is propor-
tional to the TDM of an excitation into the π1 orbital with Az polarized light.
The excitation efficiencies are then evaluated with a numerical routine using
an azimuthal angular step width of 1◦ after the tilt and twist angles have
been set. Figure B.1 (top) shows the calculated excitation efficiency ratios
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Figure B.1: Excitation efficiency ratios (top) and corrected CT times
(bottom) as a function of the tilt and twist angles as calculated with the
above mentioned corrections.

S1/S2 (a) and P2/P1 (b) in dependence of the tilt and twist angle. For 60◦

tilt and 0◦ twist, we calculate excitation ratios of S1/S2 = 49/1 and P2/P1
= 4/1, which turn into S1/S2 = 2.3/1 and P2/P1 = 1.9/1 for the 60◦ tilt and
30◦ twist configuration.

The normalized excitation efficiencies are calculated as:

S′

i =
Si

S1 + S2
(B.3)

P ′

i =
Pi

P1 + P2
(B.4)

Due to the different excitation efficiencies, the measured CT times τ̂z and τ̂xy
are connected to the “real” values τz and τxy via the following transforma-
tion:
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(

τ̂z
τ̂xy

)

=

(

S′

1 S′

2

P ′

1 P ′

2

)

·
(

τz
τxy

)

(B.5)

Using the inverse of the above transformation, we can then extract the real
CT times for given tilt and twist angles. Figure B.1 (bottom) shows the
dependence of the calculated corrected CT times τz (c) and τxy (d) on the
tilt and twist angle. Employing the experimentally obtained tilt angle of 60◦

and a reasonable twist angle of 30◦, the measured CT times of τ̂z = 16.5 fs
and τ̂xy = 21.0 fs turn into 11.7 fs and 26.0 fs, respectively.
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Appendix C

XMCD and XAS Spectra of Ar/Ni,Co,Fe

XMCD Spectra of Thin Ferromagnetic Films Figure C.1 shows the XMCD
spectra of the nickel (left), cobalt (middle) and iron (right) thin films pre-
pared on the W(110) substrate. The top panels depict the x-ray absorption
intensity as a function of the excitation energy and the magnetization/photon
spin alignment, whereas the bottom panels show the difference spectra and
illustrate the achieved film magnetization.
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Figure C.1: XMCD spectra of the prepared thin ferromagnetic films. In
the top panels, the black (red) line corresponds to the x-ray absorption
intensity for parallel (antiparallel) alignment of magnetization direction
and photon spin. The difference spectra are shown in the bottom panels.
The directions of magnetization and photon helicity are defined according
to Ref. [83].

NEXAFS Spectra of Ar[2p3/2]4s Resonance Figure C.2 shows the x-ray
absorption spectra of the Ar[2p3/2]4s resonance for a monolayer of argon
adsorbed on an in-plane magnetized cobalt film as a function of the alignment
of magnetization direction and photon spin. The procedure for extracting the
full width at half maximum (FWHM) of the resonance is also indicated in
Figure C.2, as well as the obtained FWHMs of 268 meV and 283 meV for I+

and I− excitation, respectively. We note that plotting the spectra on top of
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each other would obscure the comparably small difference of 15 meV in the
FWHMs.
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on Co(0001)/W(110)

243.8 244 244.2 244.4 244.6 244.8 245 245.2

Photon Energy (eV)

I+

I−

FWHM = 268 meV

FWHM = 283 meVX
A

S
 S

ig
n
a
l 
(a

rb
. 
u
n
it
s
)

Figure C.2: X-ray absorption spectra of an argon monolayer adsorbed
on a thin film of cobalt. Black (red) curve shows the absorption profile
for parallel (antiparallel) alignment of magnetization direction and pho-
ton spin. The procedure for extracting the full width at half maximum
(FWHM) is indicated in the figure.

The same procedure results in values of 312 meV and 331 meV for Ar/Fe
with I+ and I− excitation, respectively. For Ar/Ni, no absorption spectra
with suitable quality for a reliable extraction of the FWHMs have been mea-
sured.
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[183] U. Hergenhahn, A. Rädel, K. Maier, A. Bradshaw, R. Fink, and A. Wen,
“The resonant auger spectra of formic acid, acetaldehyde, acetic acid
and methyl formate,” Chem. Phys., vol. 289, no. 1, pp. 57–67, 2003.

[184] P. Norton, R. Tapping, and J. Goodale, “A photoemission study of
the interaction of Ni(100), (110) and (111) surfaces with oxygen,” Surf.

Sci., vol. 65, no. 1, pp. 13–36, 1977.

127



Bibliography

[185] H.-P. Steinrück, W. Huber, T. Pache, and D. Menzel, “The adsorp-
tion of benzene mono- and multilayers on Ni(111) studied by TPD and
LEED,” Surf. Sci., vol. 218, no. 2-3, pp. 293–316, 1989.

[186] T. Nakayama, K. Inamura, Y. Inoue, S. Ikeda, and K. Kishi, “Ad-
sorption of benzonitrile and alkyl cyanides on evaporated nickel and
palladium films studied by XPS,” Surf. Sci., vol. 179, no. 1, pp. 47–58,
1987.

[187] F. Blobner, “Adsorbat-Substrat-Ladungstransferdynamik von atom-
aren Phosphorschichten auf Metalloberflächen,” Master’s thesis, Tech-
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