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Gold nano-catalysis reminds me of the alchemists’ search for the
Philosopher’s stone as they tried to use it to transform base metals
into noble ones. The irony of the story is that nowadays we try
to use their unachieved goal (gold) as a tool to transform chemi-
cal “waste” materials such as carbon dioxide into chemically useful
species such as carboxylates or oxalates.






Abstract

Electron quantization is a fundamental phenomenon that accompanies the
transition from bulk metals to nanoclusters. The associated opening of an
energy gap at the Fermi level crucially affects various properties of the nanos-
tructures such as their electrical and optical behavior as well as their perfor-
mance in catalytic reactions. Low-temperature scanning tunneling microscopy
and spectroscopy has been employed to analyze the formation of quantum well
states in two-dimensional gold nanostructures on Magnesium oxide ultrathin
films, concentrating on the size regime between 50 and 300 atoms where the
metal to nonmetal transition takes place.

Starting with the investigation of gold clusters with arbitrary shape, the
discrete electronic structure is rationalized by simple particle-in-a-box models.
Additional density functional tight-binding approaches accounting for the true
atomic structure of the aggregates corroborated the experimental findings. On
the basis of statistical relevant single-island experiments, general conclusions
on the dependence of the energy gap on the cluster size and shape, and the
real confinement potential depth are drawn.

Subsequent comparison experiments of gold nanostructures grown on thin
Magnesium oxide and thick Calcium oxide films reveal the role of a permanent
charge transfer into ad-particles, that is associated to an enhanced chemical
reactivity of the metal-oxide systems. The excess charges primarily localize
at the rim of the clusters and originate either from electron shuttling from
the underlaying metal support, or by charge donation from single-ion impu-
rities embedded in bulk-like oxides. Both processes result in the formation of
charged nanoparticles with identical properties, such as pronounced electron
confinement effects, monolayer island-growth and characteristic depressions in
the oxide regions surrounding the particle.

Finally the impact of molecular adsorption on the quantized electronic
structure of individual oxide-supported metal particles is investigated. For
this purpose, isophorone and carbon dioxide, as prototype molecules for ph-
ysisorptive and chemisorptive binding, were dosed onto the gold nanostruc-
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tures. The molecules exclusively agglomerate at the rim of the nanoparticles
in accordance to the high localization extra charges. The gold quantum well
states experience distinct energy shifts upon adsorption of molecules, whereby
adjacent states move apart in the carbon dioxide case but squeeze together
in isophorone-covered islands. With the help of supporting infrared reflection
absorption spectroscopy and density functional theory calculations the bind-
ing mechanism of both molecular entities is clearly identified and renders the
investigated system as a well-suited model catalytic system to study reactions
at surfaces.



Zusammenfassung

Der Ubergang von metallischen Festkorpern zu Nanoclustern geht mit einer
Quantisierung der elektronischen Struktur einher. Das damit verbundene
Auftreten einer Energieliicke am Ferminiveau beeinflusst grundlegende Eigen-
schaften von Nanostrukturen, wie z.B. deren elektrisches und optisches Ver-
halten sowie ihre Performance in katalytischen Reaktionen. In dieser Arbeit
wird die Bildung von Quantentrogzustanden in zweidimensionalen Goldnano-
strukturen auf ultradiinnen Magnesiumoxidfilmen mittels der Tieftemperatur-
Rastertunnelmikroskopie und -spektroskopie erforscht. In den Experimenten
wurde sich vor allem auf das Gréflenregime von 50 bis 300 Atomen konzen-
triert, genau dort wo der charakteristische Metall-zu-Nichtmetall Ubergang
auftritt.

Zunéchst stehen unregelmafBig geformte Goldcluster im Mittelpunkt der
Forschung. In einem ersten Schritt wird die experimentell beobachtete, diskrete
elektronische Struktur durch einfache Teilchen-im-Kasten Modelle angenéhert.
Zusétzliche Berechnungen mit einer Dichtefunktional-Tight-Binding Methode,
welche die genaue Atomanordnung in den Aggregaten beriicksichtig, bestéti-
gen die experimentellen Ergebnisse. Auf der Grundlage statistisch relevanter
Experimente an einzelnen Goldinseln konnten allgemeine Schlussfolgerungen
sowohl zum Verhalten der Energieliicke in Abhéngigkeit von der Clustergrofie
und -form als auch zur wahren Tiefe des Potenzialtopfes getroffen werden.

AnschlieBende Experimente vergleichen Goldnanostrukturen auf dinnen
Magnesiumoxid- und dicken Calciumoxidfilmen und identifizieren die Rolle
eines permanenten Ladungstransfers in die Cluster. Der Ladungsfluss ist fiir
eine erhohte chemische Reaktivitat der Metall-Oxid Systeme verantwortlich.
Die Uberschussladungen lagern sich vorrangig am Rand der Cluster an und
resultieren entweder aus dem darunter befindlichen Metalltrager oder aus elek-
tronenreichen Dotanden in volumenédhnlichen Oxiden. Beide Prozesse fithren
zur Bildung von geladenen Nanopartikeln mit identischen Eigenschaften, wie
z.B. ausgeprigten Quantisierungseffekten, Monolagen-Inselwachstum und dem
Auftreten charakteristischer Mulden im Oxidbereich um die Cluster.
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viii Zusammenfassung

Im letzten Teil der Arbeit werden die Auswirkungen von molekularer Ad-
sorption auf die quantisierte elektronische Struktur in individuellen, oxidgetra-
genen Metallpartikeln erforscht. Zu diesem Zweck wurden Isophoron und
Kohlendioxid, als zwei Prototypmolekiile fiir Physisorption und Chemisorp-
tion, auf die Goldpartikel adsorbiert. Die Molekiile lagern sich, in Uberein-
stimmung mit der erhéhten Lokalisierung von Zusatzladungen, ausschliefilich
am Rand der Nanoteilchen an. Die Quantentrogzustdnde weisen eine charak-
teristische Energieverschiebung unter der Adsorption von Molekiilen auf, wobei
im Kohlendioxidfall benachbarte Zustande auseinander driften, wahrend sich
die Zustédnde im Isophoronfall verdichten. Mit Hilfe zusétzlicher Infrarot-
Reflexions-Absorptions-Spektroskopie und Dichtefunktionaltrechnungen kon-
nten die Bindungsmechanismen der Molekiile eindeutig bestimmt werden. Die
erzielten Ergebnisse identifizieren das untersuchte System als ein ideales Mod-
ellsystem zur Untersuchung katalytischer Reaktionen an Oberflachen.
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Chapter 1

Introduction

Small metal particles on oxide surfaces are pivotal elements in heterogeneous
catalysis as they serve as active centers in catalytic reactions [1-4]. For in-
stance small gold particles no larger than 3 to 4nm deposited onto titania show
a high catalytic reactivity for interesting chemical reactions as e.g. the carbon
monoxide (CO) oxidation to carbon dioxide (CO,) already at room tempera-
ture (RT) [5, 6]. The investigation of such systems is very difficult because the
metal clusters exhibit their highest reactivity in the so-called “non-scalable”
size regime [7, 8], where the physical properties are very sensitive to the atom
number and change drastically by adding one atom to the nanostructure. The
non-scalable regime is also the range in which the interesting metal to non-
metal transition takes place. By reducing the number of atoms in a metal to
a few hundreds, the periodic band structure breaks down and the electronic
structure develops into a set of quantized discrete states, the so-called quan-
tum well states (QWS) [9-11]. Those states are no longer defined by distinct
wave vectors, as the translational symmetry of the system is lost [10, 12-14].

The new geometry and specific electronic properties of the metal parti-
cles arising from their limited spatial dimensions lead to a distinct chemical
and adsorption behavior. The large number of low-coordinated atoms in the
nanostructures results in a different binding behavior for molecules as com-
pared to compact surfaces. For instance the development of van-der-Waals
forces, which result from the spontaneous polarization of atoms or molecules,
is reduced in smaller cluster as the number of polarizeable units reduces. On
the other hand, the creation of stable, covalent bonds with adsorbates is fa-
vored in smaller clusters due to the lower coordination number of their surface
atoms. Another example for the distinct chemical properties is the possible
communication between different cluster facets, owing to the reduced distances
of neighboring facets in smaller clusters and hence the enhanced ability for
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moving adsorbates between the facets [15].

Besides the intrinsic particle properties, substrate effects play a major role
for the catalytic reactivity. Up to now, clusters have been mostly investigated
in gas phase experiments concentrating mainly on size-selected clusters with
less than 100 atoms. In this regime, a mass selection is possible with ac-
ceptable yields and ensemble effects can be neglected [16, 17]. However, the
gas phase situation is unrealistic because substrates play a decisive role in all
chemical applications. It is therefore important to investigate clusters in com-
bination with substrates and particularly with oxide substrates. For instance
the cluster geometry and charge state depend on the interaction of the cluster
with the substrate [18-22]. Moreover, the small metal particles try to adopt
the symmetry of the oxide support in order to interact in an optimum way
with the substrate.

For the investigation of nanoparticles and molecular adsorption on them
exist in general two experimental approaches: local and non-local ones. Non-
local surface science techniques include infrared reflection absorption spec-
troscopy (IRAS) and electron energy loss spectroscopy (EELS), used to mea-
sure the vibrational modes of molecules on surfaces and to identify their bind-
ing sites [23]. With temperature programmed desorption (TPD) and calori-
metric techniques adsorption/desorption energies of adsorbates can be mea-
sured [24-26]. The usage of electronic methods, as x-ray photoelectron spec-
troscopy (XPS/UPS) gives only statistical informations while x-ray diffraction
(XRD) is limited to crystalline surfaces [27-29]. All these techniques have in
common that they average over a macroscopic area of the sample surface, i.e.
above millions of clusters, and they are not suitable to eliminate ensemble
effects as the cluster size and shape distribution. Hence the individuality of
clusters gets lost. Therefore, it is of utmost importance to use local surface
science approaches for the investigation of metal clusters and their interac-
tion with molecules. Prominent examples are scanning probe techniques such
as scanning tunneling microscopy (STM) [30, 31] or atomic force microscopy
(AFM) [32], and scanning electron microscopy [33]. Thereby, the investigated
sample surface is scanned and imaged at the sub-nanometer length scale ei-
ther with the help of the quantum mechanical tunneling current or a focused
electron beam, respectively, and structural and electronic information of local
surface areas are gained [34].

Those local approaches are not appropriate for real catalysts that comprise
an oxide support with very inhomogeneous properties. However, these local
approaches are well suited for catalytic model systems. Especially clusters
on thin oxide films brought onto a metal substrate are suitable as (catalytic)



model systems [3, 35-42]. Usually, the thin oxides are insulators and decouple
the cluster from the metal substrate. Nonetheless charges can be transfered
from the underlying metal to the cluster in three ways. First, free electrons
from the substrate can tunnel through the oxide into the cluster as it is the
case for gold (Au) particles on magnesium oxide (MgO) ultrathin films grown
on a silver Ag(001) support [18]. Second, oxygen vacancies in the oxide layers,
being generated by reduction reactions, can supply electrons to be transferred
into the cluster [43, 44]. A last possibility is charge donation from self-doped
single-ion impurities embedded in bulk-like oxides as for instance from molyb-
denum donors in calcium oxide (CaO) on a molybdenum Mo(001) support
[21, 22]. Here, charge transfer from the doped oxide is enough to activate
oxygen molecules on the surface [45]. By combining the three tools — model
systems plus metal particles plus a local methodology — the working principle
of catalysts can be determined by putting special emphasis on the size and
shape dependence of chemical reactivity; and chemical activation of molecules.

This thesis aims to go one step closer to a real catalytic reaction and focuses
on the adsorption of molecules onto a model catalytic system and the associ-
ated change of the electronic structure. Thereby, the following questions have
tried to be answered: Can molecules be chemically activated on supported
metal particles in order to use them for chemical reactions? What is the bind-
ing mechanism behind this process and is there a charge transfer involved?
What is the impact of adsorption on the electronic structure of the quantum
systems? For this purpose, Au clusters have been deposited onto MgO ultra-
thin films grown on Ag(001). Already in the past, this material system has
been subject to various catalytic research projects as it is the prototype model
for heterogeneous catalysis. This was expressed by Prof. Joachim Sauer from
the Humboldt University Berlin who stated “...MgO is for surface science
what the hydrogen atom is for atomic and molecular physics...” [46]. The
key role arises from its simplicity, which helps generating theoretical models,
and its comparability to experiments. Two main objectives were addressed
in the thesis. Firstly, to check whether the electronic structure in the Au
nanoparticles changes upon molecular adsorption. Secondly, whether it is
possible to chemically activate CO, at the Au nanoparticles and in this way,
transforming this stable molecule into useful chemicals. This goal is of high
economical, environmental and political relevance because in this way the in
abundance existing greenhouse gas can be reduced.

The organization of the thesis is as follows: In a first step, gold clusters
with arbitrarily shape have been prepared on the MgO/Ag(001) ultrathin
film. After controlling the film quality, the influence of the cluster size and
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shape on their electronic properties and hence, on the catalytic reactivity, has
been analyzed (chapter 4). In chapter 5 two charging mechanisms of gold
nanostructures on oxide surfaces are investigated, which are (i) electron tun-
neling through ultrathin MgO layers on a Ag(001) support and (ii) charge
donation by single-ion impurities embedded in bulk-like CaO/Mo(001) ox-
ides. In both cases excess charges get transfered to the clusters leading to
their two-dimensional (2D) growth and an improved catalytic activity. The
last and most important experiments shown in chapter 6 deal with molecular
adsorption on the with Au nanoparticles-adsorbed MgO/Ag(001) ultrathin
film by means of weakly bound isophorone and chemisorbed CO,. Subse-
quently, a decisive and different change of the electronic structure of the Au
clusters was observed. In combination with IRAS measurements and density
functional theory (DFT) calculations the activation of COy molecules at the
nanostructures was shown and the binding mechanism of both molecules has
been identified.



Chapter 2

Methods and Experimental
Setup

This chapter gives a short introduction to the applications of a scanning
tunneling microscope (STM) regarding the presented work. For a detailed
overview over the broad range of capabilities of the STM the reader is re-
ferred to the wealth of literature which can be found e.g. in [17, 47-49]

2.1 Scanning Tunneling Microscopy

2.1.1 Introduction

Based on the phenomena of the quantum mechanical tunneling, G. Binning
and H. Rohrer invented the STM in 1982 [50] for which they were awarded the
Nobel prize in physics only four years later in 1986. This technique permits the
investigation of geometrical and electronic properties of surfaces with a very
high spatial resolution at the atomic scale. Further developments have led
to STM-based spectroscopic methods which allow for local studies of sample
properties. Fascinating examples are scanning tunneling spectroscopy (STS),
[51], inelastic electron tunneling spectroscopy (IETS) [52] and photon emis-
sion scanning tunneling microscopy (PSTM) [53-56]. STS and differential
conductance (dI/dV) mapping reveal the local density of states (LDOS) of
surfaces and adsorbates on surfaces and are used, for instance, to determine
surface states [57] and interface states [58], band gaps of semiconductors and
insulating thin films [51, 58, 59] or to visualize the discrete electronic structure
of atoms and clusters on surfaces [10, 60, 61]. These results represent a direct
confirmation of basic principles in quantum mechanics [62-67|. IETS provides
vibrational spectra of single adsorbed molecules on surfaces or on clusters on

bt
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surfaces [52, 68-70] which are not obtainable otherwise. Since molecules are
characterized uniquely by their vibrational spectra, the measurement of IETS
spectra represent a reliable possibility to characterize molecules on surfaces.
PSTM is carried out with a special photon STM and is used to investigate
optical properties of surfaces as plasmon resonances of single metal clusters
[56] or exciton mediated [71] photon emission from semiconductors and oxide
surfaces [72] and supported molecules [73, 74]. The emitted light gives infor-
mation about the interplay between morphology, defect structures, adsorption
and the optical properties of surfaces. By operating a STM in external mag-
netic fields with appropriate tips, spin-polarized tunneling and mapping of
magnetization are possible [75-77]. A further key feature of the STM is the
possibility of manipulating single atoms and molecules, a technique with high
potential in the emerging research field of molecular electronics [67, 78, 79].

2.1.2 Principle and Theoretical Description

Electron tunneling is determined by the electronic density of states (DOS) of
the tip and the sample but also depends on the sample bias V;, the distance
d between tip and sample and the tip shape. Fig. 2.1 shows a scheme of a
STM setup. It consists of a metallic tip that is brought into a distance d to a
conductive sample surface. The working principle is based on the quantum-
mechanical tunneling, i.e. electrons can overcome a finite energy barrier even
if their potential energy is less than the height of the barrier. In practice
this barrier consists of the vacuum distance between the metallic tip and the
conductive sample, i.e. the width as well as the height of the barrier. If a
voltage V; is applied between tip and sample a tunneling current Ip flows
between tip and sample. I decreases exponentially with the distance d. For
typical distances d of a few angstrom a typical tunneling current I from a few
picoampere to some nanoampere is detected. Such small absolute distances
and controlled vertical and lateral displacements of the tip can be achieved
with piezo ceramics. A possible arrangement of piezo ceramics is shown in
Fig. 2.1 (others exist). Here, the so called z-piezo is responsible for the height
adjustment whereas the z- and y-piezos regulate the scanning of the surface
area. A STM can be operated in two modes. In the first one, the constant
current mode, the tunneling current I is kept constant via a feedback loop
and the varying distance d between tip and sample surface is detected by
the z-piezo during the scanning process. This is the preferred STM operation
mode because it avoids crashes of the tip with the sample. In the second mode,
the constant height mode, the distance d is kept constant during scanning and
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changes in I7 are measured. Using this mode makes faster scanning possible
which is important for the investigation of dynamic surface processes.

(x,y) scan
control

z piezo |
X piezo 2 computational

data processing
|

feedback loop,
z control

tunneling
current |,

sample
bias Vg

Fig. 2.1: Schematic design of a scanning tunneling microscope.

An exact theoretical description of the STM is extremely difficult due to
the broken translational symmetry in the tunnel junction and the variety of
unknown factors contributing to the non-equilibrium conditions. Therefore,
the following gives only an initial idea of the tunneling process and the reader
is referred to further literature for a deeper understanding of the STM [47, 48,
80, 81]. Furthermore, each description of electron tunneling has to distinguish
between elastic and inelastic processes. In the first case, the energy of the
electron is conserved and thus equal before and after the tunneling process.
In the second case the electron gains or looses energy due to excitations in
the gap such as plasmonic or phononic excitations. In the following, only the
case of elastic electron tunneling is considered.

In order to introduce the basic idea of electron tunneling, we start from the
idealized case of one electron with the energy E and the mass m penetrating
through a rectangular, one-dimensional (1D) potential barrier with the height
Vo > E and the width d as it is shown in Fig. 2.2. The time-independent
Schrodinger equation that describes the system is

2m

[’i ; V(x)] b(2) = Bb(a) (2.1)

Here, ¥ (x) is the wave function of the electron, A is the Planck constant and
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Fig. 2.2: Scheme of an 1D tunneling process. Figure taken from ref. [82].

V(z) is the potential:

~JO0  forx ¢ [0,d]
Vi) = {Vg for z € [0, d] (22)

The wave functions that solve equation 2.1 have the form (not normalized)

ethr  for x
w<x>o<{ forz ¢ 0,4] (23)

et for z € [0,d]

with the wave vectors

k(z) = 27;‘2]5 (2.4)
and
K(x) = W (2.5)

in the respective regions. The incoming wave function is partly reflected at
the potential barrier and partly transmitted through the barrier. In order to
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ensure that the wave function is continuously differentiable everywhere, the
solutions of the Schrodinger equation and their derivatives have to be equal
at the points © = 0 and = = d. The transmission coefficient 7" through the
barrier is the quotient of the transmitted and the incident current density and
can be written as [48]:

1
T= Vi sinh? (kd)

= (2.6)
L+ 4E(Vo—E)

In the limit of large barriers kd >> 1, expression 2.6 simplifies to the following.

_I6E(Ve = B)

T
%2

(2.7)

The transmission coefficient T" depends exponentially on the barrier width d
which is a typical feature for electron tunneling independent of the actual
barrier shape.

Many approaches for the tunneling process through a three-dimensional
3D potential barrier refer to a theoretical description by Bardeen [83]. There,
he described the electron tunneling in a layered junction, consisting of metal
and superconductor separated by a thin insulating film, as a many body prob-
lem with the time-dependent perturbation theory of first order. As Bardeen
pointed out, his theory "...can also be used for calculating the tunneling current
between the valence and conduction bands of a semiconductor, as observed in
the Esaki diode..." [83]. The two electrodes are considered to be independent
from each other with known eigenfunctions. The electron tunneling between
the two electrodes is described as a transition from an initial state |i) to a
unperturbated final state |f). The constant, energy-independent transition
rate T;; between the two states is obtained by applying Fermi’s Golden Rule

Ty = T\ (F1V10) PO(E: — Ey) (2.9

with V' as the perturbation operator. By integration over the full energy
interval, equation 2.8 can be written as

2
Tiy = 1M py (2.9)

with p as the energy density of the final states. M;r = (f [V |4) is the tunneling
matrix element between the initial state |i) and the final state |f) which are
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described by the wave functions 1; and 1, respectively. The absolute square
value of the tunneling matrix elements |M;|* gives the transition probability
from [i) to |f). According to Bardeen, M, is the quantum mechanical current
operator:

h2

M= ——

o [ S (viVu; ;) (2.10)

with the integral over the surface S lying entirely within the vacuum barrier
separating the two electrodes. The quantum-mechanical current J; flowing
between |i) and | f) is the product of the electron charge e and Tjy: J; = e- Tjy
[84]. In order to get the total tunneling current Ir, one has to sum over all
states i,f with the same energy and consider the Fermi distribution. From
equation 2.8 one obtains the following expression for the tunneling current I

[83]

_ 2me Zf F(Es + eVi)] | Mif[28(E; — E) (2.11)

where f(F) is the Fermi function, V; the applied voltage and E; is the energy
of the state |i) in absence of tunneling. The delta-function § maintains the
conservation of energy for elastic tunneling processes.

Tersoff and Hamann extended Bardeen’s theory to the specific case of the
STM. The initial states are represented by the tip and the final states are
located in the sample surface. In the limit of small applied voltages (Vs — 0)
and low temperatures (7" — 0), where the Fermi function has a step-like shape
and only energy levels near the Fermi energy Er are important, equation 2.12
simplifies to following expression. (Note the change of inidices ¢ — ¢ (tip) and
f — s (sample).)

27re
Ir = ==V, > [My|*6(E, — Ep)d(E, — Er) (2.12)

t,s

Vs is the applied sample bias, F, and F; the energy of the unperturbed sample
and tip states, respectively. In general, the structure and therefore the wave
functions of the tip-apex are not known which makes the calculation of the
tunneling matrix elements M;; impossible. Therefore, Tersoff and Hamann
assumed the tip to have a locally spherical potential which means a s-wave
symmetry [80, 81]. In this way they could calculate the transition matrix
elements and show that the tunneling current is proportional to the LDOS
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of the sample py at the tip position ry and near the Fermi level for small
tunneling bias.

I < eVips(ro, Er) (2.13)

The main restriction of their model is the limitation to tips with s-wave char-
acter which means an angular momentum [ = 0. Regardless of the broad
application of the model it fails for instance to correctly describe the high
corrugation observed for some metal surfaces [47]. Therefore further models
have been developed considering p, and d.2» states of the tip which enabled a
better description of STM images [47, 84].

2.1.3 Tunneling Through Thin Oxide Films

Many oxides are insulators. They are characterized by sometimes large energy
gaps of 3 to 5 eV between the filled valence band (VB) and the unoccupied
conduction band (CB), with the Fermi level Ef lying in between the two
bands. If insulators are exposed to electrons they tend to charge due to their
dielectricity and electron tunneling cannot be observed. In general, oxide
materials are only suitable for STM investigations if the dielectric sample
charging can be avoided and the electronic conductivity is sufficiently high in
order to overcome the band gap. This condition is fulfilled for bulk oxides
at elevated temperatures [85, 86] or for bulk conductive materials as titania
[87] where the electronic conductivity arises from defects. In order to enable
tunneling in oxides with wide band gaps they can be grown as thin films on
conductive substrates [59, 88, 89]. In this situation, charging of the oxide can
be avoided if the electrons overcome the oxide barrier with a sufficiently high
probability. This implies that the film thickness is limited to a few monolayers
(ML). The influence of the film thickness on electronic and imaging properties
has been studied systematically for several systems, e.g. for sodium chloride
(NaCl) films on aluminum Al(111) and Al(100) [90] and for MgO films on
Ag(001) [58] and on Mo(001) [91]. According to the results, band gaps as large
as in the corresponding bulk oxide are already reached for film thicknesses
of 2-3 ML. These thin films are still conductive and can often be imaged
with atomic resolution [92]. Nonetheless, a detailed theoretical description of
tunneling processes on thin oxide films is still missing.

Fig. 2.3 shows the scheme of a tunneling junction of a thin oxide layer on
top of a metal substrate. It consists of two electrodes, a metallic tip and a
metal substrate, which are separated by two barriers, the vacuum and the thin
oxide film. The oxide layer can be considered as perfect dielectric which means
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Fig. 2.3: Energy scheme of a tunneling junction for thin oxide films on a metal substrate.
The tunneling barrier consist of the vacuum barrier and the oxide layer. Figure modified
from ref. [93].

that the absolute value of the electric field E can be estimated as the ratio
between voltage drop in the oxide and film thickness, normalized by the oxide
dielectric function e. The field therefore depends linearly on the sample bias
V, across the layer [94]: |E| o V;/d. The reduction of the electric field results
in a bending of the valence band (VB) and conduction band (CB) of the oxide
towards the Fermi level of the tip (Fig. 2.3) [95-97]. Phenomenologically, two
different scenarios of electron tunneling can be distinguished. Firstly, if the
scanning bias is chosen within the oxide band gap close to the Fermi level
of the metal substrate Ers as shown in Fig. 2.3 (a), oxide states do not
contribute to the tunneling current and the STM is only sensitive to states
of the metal substrate and the metal-oxide interface. This assumption seems
to be supported by the observed reduction of the apparent thickness of oxide
films for small biases [98]. Secondly, if Vj is chosen outside the oxide band
gap, as shown in Fig. 2.3 (b), oxide states are directly accessible by STM and
the apparent height of the film is in the range of the real film thickness [98].
Usually, no atomic resolution can be obtained under these tunneling condition
because of the large distance between tip and sample.

2.1.4 Tunneling Through Oxide-Supported Metal Clus-
ters
3D metal clusters on thin oxide films can be considered as adsorbates with a

large corrugation. Due to the fact that STM images represent a convolution
of geometric and electronic tip and sample properties, the tip shape strongly
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influences the apparent lateral size of adsorbates on the surface and an extrac-
tion of geometrical parameters has to be done carefully. The tip convolution
effect is schematically shown in Fig. 2.4 for 3D metal clusters with a (a) hemi-
spherical and a (b) prism shape. The real cluster diameter d. is not imaged

(a) (b)

ES

>

Fig. 2.4: Scheme of the tip convolution effect when tunneling on oxide-supported (a)
hemispherical and (b) prism-shaped metal cluster. The cluster height can be measured
reliably but the apparent cluster size deviates from the real one. Figure taken from ref.
[93].

correctly because electrons tunnel from different parts of the tip depending on
where the tip is placed with respect to the cluster center. Thus, the apparent
cluster diameters d} measured by STM depend on the tip radius r; (assuming
a spherical tip geometry at the edge). The exact knowledge of d. is often
essential for e.g. a proper description and understanding of the electronic
properties of clusters. However, the tip radius r; is usually unknown which
makes the corrections of the measured cluster diameters d} often difficult and
imprecise. One possibility is to compare the amount of deposited metal with
the amount determined from STM images. In this case clusters are assumed to
have the same shape and the volume is calculated by using the measured val-
ues h. and d}. The correction factor g = g—g can be determined by comparing
the apparent and real metal coverage. Contrary to the determination of the
cluster diameters the cluster height h. can be determined without problems.
As it is seen in Fig. 2.4 if the tip is placed above the clusters, the tunneling
process takes place only between the lowest part of the tip and the highest
part of the cluster and is happening directly. However, h. is bias dependent
for substrates with a band gap [98] as it is the case for most thin oxide films.
Therefore, the sample bias has to be chosen outside the band gap in order to
measure h, correctly.
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2.2 Scanning Tunneling Spectroscopy

Keeping the tip of a STM at a fixed position over the surface and sweeping
the bias voltage, one can record the /-V characteristics. This technique is
called synonymously scanning tunneling spectroscopy or dI /dV spectroscopy.
The first derivative of the current to the voltage dI/dV gives information
about the LDOS of the substrate, assuming that the tip has a featureless
DOS. Differentiating equation 2.13 with respect to the sample bias leads to
following expression. (Note the change of indices: Iyt — I, Vy — V)

5—‘1/ x eps(ro, EFr) (2.14)
The differential conductance dI/dV is direct proportional to the LDOS of the
sample pg at the position of the tip rg. Therefore, it is an ideal technique to
measure the local electron distribution at surfaces and in surface near regions.
A weak point of STS is that it is not possible to accomplish angle-resolved
studies since this techniques has no resolution in the complete k-space as the
component perpendicular to the surface cannot be measured. Furthermore,
it is limited to those states only, that extend sufficiently into the vacuum.
Hence, it is often difficult to study occupied states which are more contracted
than unoccupied ones.

Experimentally, various modes have been proposed to measure the differ-
ential conductance. All of them have in common, that they use a lock-in-
amplifier, which adds a small modulation voltage V,,,q to the sample bias to
detect the conductance. This technique was established first by Feenstra et al.
[51]. The difference in various STS operation modes concerns the adjustment
of the tip-sample separation, which can be kept constant [51] or varied in a
specific way (linear ramp, constant gap resistance, constant current). Advan-
tages and disadvantages inherent to each method can be found for instance in
ref. [59]. All dI/dV spectra presented in this work re recorded with disabled
feed-back loop at constant tip-sample distance. This permits to take spectra
across the Fermi level Er = Vi = 0. The lock-in amplifier was typically oper-
ated with a small modulation bias between 10 and 30 mV root mean square
(rms) value, and typical modulation frequency around 1 kHz.

An important point to consider when using STS is the spectral resolution.
The experimental peak width AV consists of mainly three components. These
are the intrinsic peaks width AV}, the peak broadening due to finite temper-
ature AVp and due to a bias modulation AVy, . [99-101]. The total peak
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width AV is calculated as follows [93, 102]

AV = \/(AV)? + (AV7)? + (AR, )? (2.15)

whereby each width corresponds to the full width at half maximum (FWHM)
of the individual contributions. AV; is mainly determined by the natural line
width and by tip-induced broadening [103, 104]. The influence of the latter
factor can be estimated by comparing spectra recorded with different tips. The
thermal broadening AVy can be derived from equation 2.11 with the Fermi
function f(E) = [exp(E — Ep/kgT) +1]" reflecting the energy distribution
at a finite temperature 7. The derivative dI/dV can be approximated by a
Gaussian distribution with a FWHM of 20 = 3kgT'/e [105] which leads to the
following expression.

AVy = 3kgT /e (2.16)

Considering the working temperature of the microscope (5 K) in equation
2.16, it results in a negligibly small thermal broadening of AVy = 1.3 mV.
From an analysis of the amplifier signal as demonstrated in [106], one gets
a FWHM of the broadening function of around 0.87 V,,, whereby V,,, is the
peak-to-peak voltage of the modulation. This corresponds to a rms-value of

2-0.87v/2V, 04 = 2.5V,n0a and hence:
AVy, =25 Vied (2.17)

Typical modulation voltages used in the following work are between 10. . .30
mV, which lead to a peak broadening of 25...75 mV. The total peak broad-
ening is therefore

V =V (AV)? + (3kpT/e)? + (2.5Vinoa)? (2.18)

and arises mainly from the intrinsic peak width and the modulation voltage
leading to the experimental peak width in our system of typically 500 meV.

2.3 Conductance Imaging

Conductance imaging or alternatively conductance mapping consists of scan-
ning a certain surface area and recording the dI/dV value at each point at one
specific bias. This results in a map of the LDOS of the surface. Experimen-
tally, a small modulation voltage of about 30 mV is added to the chosen sample
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bias and the dI/dV value is detected via a lock-in-amplifier. The sample bias
is kept constant and the feed-back loop closed during the scanning process
which enables the recording of constant current topographic and dI/dV im-
ages simultaneously. A main application of this method is the investigation
of standing wave patterns resulting from electron confinement on terraces, ar-
tificial quantum structures, clusters or islands [14, 62, 63, 66, 67, 107, 108].
Furthermore, dI/dV mapping is a valuable technique to study the electronic
structure in the environment of local defects (point or line defects) or adsor-
bates on the surface [109, 110].

2.4 Coulomb Blockade and Coulomb Staircase

When electron tunneling is performed on oxide supported metal clusters, the
effect of Coulomb charging or Coulomb blockade plays an important role.
Fig. 2.5a shows a cartoon of a typical tunneling junction consisting of two
barriers between tip and substrate, the vacuum and the insulating oxide film.
Each of the barriers in this double barrier tunneling junction (DBTJ) can be
represented by a combination of a capacitance C; and a resistance R; (Fig.
2.5b). Furthermore, three electrodes are depicted in the electric circuit: (i) the
tip, (ii) the metal cluster and (iii) the metal support. The Coulomb blockade
or Coulomb staircase [112, 113] refers now to modifications of the tunneling
curves I7(V') which occur in DBTJs with sufficiently low capacitances, so that
the charging energy of a single electron when entering the central electrode is
large enough to play a major role in the tunneling process. If the electrostatic

(2) (b)

oxide layer

substrate

Fig. 2.5: (a) Cartoon of a Coulomb blockade setup consisting of a metal cluster on top of
an insulating oxide film on a metallic substrate. (b) Scheme of the electric circuit for the
double barrier tunneling junction with each barrier represented by a set of capacitors and
resistors. Figure adapted from [111].
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Coulomb energy of an electron exceeds the thermal energy, i.e.

62

—— > kT 2.19
2(Cy+Cy) ~ P (2.19)

the number of electrons on the center electrode (metal cluster) remains un-
changed for a constant bias. (Cf. Fig. 2.5: €} and Cy refer to the tip-
cluste and cluster-support capacitance, respectively.) When applying an ex-
ternal voltage V', the capacitances C; charge up to certain threshold volt-
ages before the tunneling process takes place. Two phenomena may result
from the Coulomb charging depending on the ratios of the time constants
T;)T; = (R;C;)/(R;C;). First, if the time constants 7T; for electron tunneling
through the barriers are of the same order, a characteristic dip around the
Fermi level is observed in the dI/dV spectrum [114] (see black, red, green
curves in Fig. 2.6b). Second, if the time constants R;C; are very different,
the center electrode (metal cluster) is charged quickly to its equilibrium level
by tunneling through one junction, but releases charges through the other
junction comparably slow. The successive charging of the center electrode
by individual electrons opens new tunneling channels and, hence, leads to
an increased conductance in the DBTJ in a quantized fashion with respect
to the bias and hence, to a stepwise increase of the tunneling current (see
marine, blue and magenta curves in Fig. 2.6a). First experimental results
regarding Coulomb blockades, gaps and staircases were observed in planar
tunneling junctions in the late 1960s [115, 116]; theoretical descriptions for
these nanoscopic junctions followed in the late 1980s [114, 117-119] and has
been confirmed by STM measurements in the same decade [120].

In the following is given a short overview about the orthodox theory of
the Coulomb blockade, a precise description can be found in [119, 121]. It is
aimed to develop an expression for the tunneling current as a function of the
sample bias and the tunneling rate I'F(n) of electrons:

1 ~AEF
) =5 (1 —exp (EF /k:BT)> (220

with AFE as the energy difference when an electron tunnels across the barrier.
The sign, + or -, refers to electron tunneling into or from the cluster, respec-
tively. The index i refers to the two barriers in the DBTJ (cf. Fig. 2.5). The
center electrode (metal cluster) carries the excess charge () which consists of
an integer and fractional part @)y, Q = n-e + (). The energy change in the
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two barriers calculates as

AEE = (/fz {[e (ne — QO)} + O,V } (2.21)
AES = sz {[ + (ne — QO)} FOV } (2.22)

with Oy = > C; being the total capacitance over the two barriers. The
tunneling current is than:

Ir(V) = e Z a(n)- (T3 (n) — T3 (n)) (2.23)
—e Z ~T7(n)) (2.24)

o(n) represents the ensemble distribution of the number of electrons on the
electrode. Equation 2.24 can be solved numerically considering that (i) the
net probability for a transition between adjacent states is zero, i.e.

o(n) (Tf(n)+T5(n)) =cn+1)- (Iy(n+1)+T5(n+1)) (2.25)

and that (ii) the ensemble distribution o(n) is normalized

o0

> o(n)=1. (2.26)

n=—oo

The simulation of the tunneling current and corresponding dI/dV spectra
using equation 2.24 is shown in Fig. 2.6. The time constants 7; are in the
same range for the lower curves. For the upper curves the ratio Ryac/ Rozide 1S
decreasing and with it the ratio of the time constants Ty../Torige at constant
capacity values, resulting in a Coulomb gap (bottom curve) which changes
gradually into a Coulomb staircase (top curve). In the case of metal clusters on
ultra-thin MgO/Ag(001) film, an electron transfer of about 0.2e per Au atom
from the substrate Fermi sea into the metal clusters via tunneling through the
oxide layer is guaranteed. This effect is independent of the Coulomb response
and controls only the fractional part of the cluster charge value )y which is
therefore not zero. The resistivity of the substrate Ry is mainly given by the
thickness of the insulating oxide layer. Since the layer is a few ML, it leads
to a highly decreased resistivity R, in the tunneling barrier and, hence to
an increasing ratio of time constants Tyue/Tppige — 00. Furthermore, Ry is
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adjustable via a variation of the film thickness. From equation 2.24 is seen
that in this case the tunneling current I is loosing its step-like increase and
the Coulomb gap in the dI/dV spectrum is very small (cf. black curve in Fig.
2.6). Hence, the effect of Coulomb charging is negligible in our investigated
sample system.

3
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Fig. 2.6: Simulation of the (a) tunneling current and (b) corresponding dI/dV spectra
of a Coulomb island using equation 2.24. Only the vacuum resistivity R,q. is modified
whereas the other parameters in the DBTJ are fixed. From bottom to top is shown the
evolution from a Coulomb blockade (gap) to a Coulomb staircase, which can be achieved
by approaching the tip (i.e. increasing set point current at fixed bias values) during spectra
measurements. Figure adapted from [122].

2.5 Experimental Setup

This chapter contains a brief overview of the custom-built LT-ST) at the Fritz-
Haber-Institut (FHI) at which the experiments were performed. For a more
detailed description, the reader is referred to the references [93, 123, 124].

2.5.1 Low-Temperature Ultrahigh Vacuum System

The experiments have been performed with a custom-built LT-STM [123-126]
which is operated in ultra-high vacuum (UHV). It consists of three parts: (i) a
main chamber, (ii) a preparation chamber and (iii) a STM chamber equipped
with a pendulum that accommodates the microscope. The preparation cham-
ber is used for sample preparation and sample storage. It is equipped with a
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Fig. 2.7: Scheme of the low-temperature UHV chamber housing the custom-built STM.
Picture taken from ref. [128].

turbopump, an ion getter pump, an argon (Ar) sputter gun, a sample heater
based on electron bombardment, an Omicron evaporator EFM3T, a gas sup-
ply and a low energy electron diffraction (LEED). The LEED can be used
to check the cleanness and crystallographic structure of the sample surface.
The main chamber has a separate pumping system consisting of an ion getter
pump. The base pressure during STM operation lies in the range of 1-1071°
mbar at RT. A bellow connects the main chamber with the STM chamber
which consits of a pendulum accommodating the microscope head. The sam-
ple transport between the three chambers is performed with a mechanical
transfer system. A scheme of the STM chamber is shown in Fig. 2.7. The mi-
croscope is situated inside a liquid helium dewar which contains an exchange
gas canister filled with gaseous helium. The helium gas provides first, a good
thermal coupling between the microscope and the liquid helium reservoir; and
second, it isolates the microscope against vibrations from the outside. This
kind of design was firstly realized by FEigler et al. [127]. A main advantage
of this setup is its high stability against vibrational perturbations (see below)
due to the low eigenfrequency of about 1 Hz of the pendulum. The STM can
be cooled down to approximately 5 K. Depending on the desired measuring
temperature in the STM, the dewar can be filled either with liquid nitrogen
(boiling temperature at standard pressure: 77 K) or liquid helium (boiling
temperature at standard pressure: 4 K). In this range the temperature can be
adjusted by varying either the helium pressure in the exchange gas chamber
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[126] or by warming up the microscope to a well-defined value between 5 and 80
K via the resistive heating of a filament inside the microscope. The latter one
provides usually a faster temperature equilibrium than the method mentioned
before. The sample temperature is measured via a silicium diode attached to
the sample holder. In order to double-check the temperature another diode is
mounted outside of the vacuum on top of the microscope flange. In thermal
equilibrium, both sensors display nearly the same temperature indicating the
good thermal connection in the microscope.

Vibrational isolation is a crucial issue in high-resolution tunneling mi-
croscopy. The damping system of the setup consist of several parts inside
and outside the UHV system. Each device covers a specific frequency region.
The penetration of acoustic waves (10-1000 Hz) is efficiently reduced by (i) a
massive acoustic chamber encapsulating the whole instrumentation. To sup-
press low frequency noise (0.1-10 Hz) mainly transmitted through vibrations
of the building, the whole UHV system is mounted onto (ii) a laser table which
stands on four pneumatic damping units. Further damping devices are (iii)
an additional support plate that is connected to the laser table via four active
piezoelectric damping feet. The only further connection to the UHV chamber
is (iv) another bellow that is nearly perfectly vibrationally isolated. All stiff
connections of the mechanical tip and sample approaches (see below) must
be decoupled carefully in order to obtain a good vibrational isolation of the

pendulum. A quantitative characterization of the damping performance can
be found in [123].

The electronics used for operating the STM are the Nanonis SPM Control
System Base Package commercially available from the company Specs. It
consists of a Realtime Controller (RC4), a Signal Conditioning unit (SC4)
and the Nanonis software for the PC. To detect the differential conductance
as needed for STS and conductance imaging, an external lock-in amplifier
of the type EG&G 7260 was connected to the Nanonis electronics. It can
be operated in a range between 0.001 Hz and 250 kHz with a the voltage
sensitivity of 2 nV to 1 V.

2.5.2 Microscope Head

The FHI custom-built STM consists of a horizontally aligned tip and a sample
opposite of it as it is shown schematically in Fig. 2.8. The approach consists
of a coarse and a fine approach between tip and sample. The coarse approach
is used to reduce the rather large distance of a few millimeters between tip
and sample until both are in tunneling contact. It is realized mechanically
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and has the advantage of being reliable in a broad temperature range; on the
other hand it is slower than piezo-based approaches. The tip is mounted onto
a plate which can be moved linearly in z-direction, i.e. toward the sample. In
contrast, the plate carrying the sample performs an eccentric motion which
leads to a displacement in z-direction and at the same time, an elliptical
motion parallel to the sample surface, hence in z-y plane. Both, the sample
plate and the tip plate are moved with ultra-fine threaded axes which are
driven by motors from outside the UHV chamber. A detailed description of the
coarse approach can be found in [123, 125]. The fine approach is responsible
for the tip motion during image acquisition and is performed with a piezo
tripod scanner. It consists of three PZT (lead zirconia titanate) tubes which
are glued together that they are oriented along the z-, y-, and z-direction. The
z-piezo is equipped with a Macor plate containing a cannula for plugging in
the STM tip. The tubes have an outer diameter of 6.13 mm, a wall thickness
of 0.4 mm and 24.5 mm length (with 10 mm clamped). The application of a
voltage leads to an extension of the piezo tubes along their respective axes.
A field strength of 2 kV/mm leads hereby to an expansion of 0.15 % of their
respective length at RT. At lower temperatures the extension becomes smaller
and the maximum area which can be scanned in x, and y direction at 5 K has
a size of about (240 nm?. Depending on the particular experimental situation
(e.g. studies of magnetic properties, scanning on metal or oxide surfaces etc.)

|_Sample
holder
plate

~ Sample

Sample coarse
approach and
excentric bearing

Piezo tripod scanner
Linear tip approach

Fig. 2.8: Scheme of the microscope head of the custom-built low-temperature STM.
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various materials are suitable for STM tips. Among the most common tip
materials is tungsten. Tungsten tips show good mechanical properties [47] and
are easy to prepare by etching in an aqueous sodium hydroxide. On the other
hand, they get easily covered by an insulating oxide layer and are therefore not
suitable for the investigation of oxide surfaces. The tip material of choice in
this study was gold. Since it is a noble metal it is very inert toward oxidation.
The tip is prepared by etching a commercially purchasable gold wire in an
3:1 solution of hydrochloric acid and ethanol. A good description for the
preparation of STM tips and the resulting shapes can be found in [129, 130].
Once the tip is mounted into the STM, it can be prepared in situ by (i) poking
which means a controlled crash with a gold sample or into gold clusters or by
(ii) field emission where a high electric field between 10-30 V/nm is applied
between tip and sample (positive sample bias). This leads to evaporation
of admaterials from the tip and therefore to a cleaning of the tip. In order
to limit the current and protect the electronics, a high resistance of about
10 MS) is integrated into the electric circuit. Moreover, the I-V converter is
disconnected.

2.6 Sample Preparation

The samples in our studies have been silver single crystals with a diameter
of about 1 ¢m and a thickness of about 2 mm. They were cut and polished
according to its respective crystallographic plane in the crystal laboratory of
the FHI. The single crystals were mounted onto a 15 x 20 x 2 mm?® sapphire
plate as it is shown in Fig. 2.9. The sapphire plate is equipped with two
molybdenum bars and two tantal sheets which fix the crystals to the plate.
This kind of mounting serves the sample transfer and guarantees a good ther-
mal and electric connection in the microscope. The crystal can be heated
via electron bombardment from the backside through a hole of about 8 mm
diameter in the sapphire plate. The sample temperature is measured with a
thermocouple consisting of a nickel/chromium-nickel wire pair twisted into a
small hole in the upper part of the crystal and then separated and contacted
trough small holes in the sapphire plate. The Ag(001) single crystals were
cleaned by repeated cycles of Argon sputtering and annealing via electron
bombardment. In order to avoid thermal tensions in the crystals during the
annealing procedure that might lead to structural defects, damage or cracks,
the temperature gradient has been kept small with a cooling rate not exceed-
ing 20 K per minute. The mono- and bilayer MgO films were deposited by
reactive physical vapor deposition (PVD) of magnesium (Mg) atoms onto the
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Ag(001) surface in an oxygen (O) environment of 5- 10~7 mbar at 550 K [58].
The film quality was pre-checked with LEED and STM, revealing the sharp
(1x1) square pattern of the (001) rocksalt plane in diffraction and extended,
atomically flat oxide terraces in microscopy. The ultrathin nature of the film
was verified with dI/dV spectra, exhibiting a distinct shoulder at 1.7 V inside
the MgO band gap arsising from a Ag-MgO interface state (see chapter 3.1.2).

molybdenum bars

thermocouple

sample

tantal sheets sapphire plate

Fig. 2.9: Foto of the sample holder with mounted Ag single crystal. The molybdenum
bars and tantal sheets serve for accurate fixing of the crystal.

Deposition of Gold Atoms and Clusters

The preparation of Au clusters on the MgO film has been done in two dif-
ferent ways. Firstly, in the preparation chamber at RT by evaporating gold
from a tungsten crucible onto the oxide surface. Secondly, single Au atoms
could be deposited inside in the STM by heating of a gold-covered filament.
When heating the sample up to about 80 K, Au clusters were formed due to
the temperature induced thermal mobility on the sample surface. Different
cluster sizes and shapes were achieved via a variation of the sample tempera-
ture during the deposition procedure and the amount of deposited metal. The
metal clusters were characterized by topographic and spectroscopic methods
in the STM.

Deposition of Molecules

Molecules were adsorbed onto the MgO surface and Au clusters in the main
chamber. Isophorone (0.5 L) was dosed at RT from a flask containing the
liquid compound, while COy (5 L) was supplied by backfilling the chamber
with 1-10~7 mbar for 50 s at 250 K sample temperature. Subsequently, the
samples were quickly transfered to the liquid helium reservoir in the STM to
avoid contamination from the rest gas. A typical transfer took 7 to 8 minutes,
while cooling down to liquid helium required about 30 to 45 minutes.



Chapter 3

Sample Systems

3.1 MgO Thin Films

3.1.1 General Aspects and Properties

MgO is a prototype material for wide band-gap insulators [131, 132]. It has a
simple atomic configuration, consisting of two atoms in the unit cell of cubic
rock salt structure (cf. Fig. 3.1). The bulk band gap is 7.9£0.7 ¢V at 0
K [133]. This properties make MgO to a ideal system to be studied both
experimentally and theoretically, and further, it represents a good starting
point to approach more complex materials. Additionally, MgO is gaining more
and more attention in fields like heterogeneous catalysis as bare oxide [134-
136] and as support for metal particles [137-141], in photocatalysis [142] and
as magnetic tunnel junction in spintronics [143, 144]. Analyzing the surface of
thin films grown on metal substrates has the advantage of avoiding electrical
charging due to the metallic support, an effect hat would be encountered
during experiments on MgO single crystals [37]. The film thickness has been
recognized as an important parameter to tune properties of the thin films
and adsorbates [4, 146, 147]. In an ideal preparation technique, the surface
structure of the thin films is identical to those of single crystals due to epitaxial
growth. However, the preparation of such thin layers is a complicated task
and many parameters have to be controlled [148]. The main issue is the
selection of a suitable metal substrate on which the thin film is grown. This
should have (i) a similar lattice constant as the MgO (i.e. a small lattice
mismatch) in order to minimize epitaxial strain, (ii) a low affinity to oxygen,
and (iii) a rather high melting temperature to allow annealing to improve the
film quality. The simple rock salt structure allows the growth of epitaxial
films on a variety of substrates as long as the lattice mismatch with the MgO

25
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Fig. 3.1: Crystallographic structure of bulk MgO. The O ions form a fcc structure with Mg
ions in half a lattice constant distant. The center of the fcc unit cell inherits an octahedral
fcc network of oxygen ions neighbored by Mg ions forming a rock salt structure. Figure
taken from ref. [145].

does not exceed 5-7 %. So far MgO films have been deposited on Ag(001)
[58, 110, 149, 150], Fe(001) [143, 144] and Mo(001) [91, 151-153] substrates.
For the three substrates the lattice mismatch with MgO is 2.9 % [154], 3.5 %
[143] and 5.3 % [145], respectively. Therefore, the Ag(001) support seems to
be most suitable. However, this is only the case in the ultrathin film limit,
ie. 1 to 8 ML [18], since the low melting temperature of silver prevents
from annealing thicker films and thus from a thermally-driven improvement
of the film structure. Concerning the annealing point, Mo(001) substrate
suits better because of its higher melting temperature of about 2900 K [155].
Theoretical and experimental studies showed that MgO thin films exhibit
the same chemical features as MgO single crystals [156] but differ in certain
properties as for instance the CO binding energy on the surface due to the
high concentration of defects in the films [157], or the shape of deposited Au
nanoparticles [18, 158, 159] due to electron transfer from the substrate.

3.1.2 MgO Thin Films on Ag(001)

The epitaxial growth of MgO thin films on metal single crystals depends
strongly on the lattice mismatch between oxide and chosen support. A small
lattice mismatch reduces substrate induced strain effects and therefore, im-
proves the film quality. As mentioned above, MgO is preferably grown on
the Ag(001) surface due to the comparably small lattice mismatch of 2.9
% between the Ag and MgO (nearest neighbor (NN) distance for Ag(001):
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dag—ag=2.89 A, and MgO: drrg—nig=2.98 A). The MgO film grows in the
Frank-van-der-Merve mode on top of the fcc (face center cubic) Ag(001) sub-
strate [1, 160]. The O anions are located on the Ag top sites and Mg cations
prefer fourfold hollow sites with respect to the Ag layer as derived from DFT
calculations [160]. This is in agreement with calculations of Smoluchowski
from the year 1941 [161] where he had shown that the electron gas of a clean
metal tends to move into the holes between the surface atoms which are,
therefore, the preferred binding sites for cations. The mean interfacial dis-
tances between the MgO overlayer and the surface as calculated by DF'T are
for Mg and O 2.55 A and 2.46 A, respectively [162]. Experimentally deter-
mined interface distances of 2.53 4+ 0.05 A and 2.39 £ 0.06 A have been found
by extended x-ray absorption fine structure (EXAFS) [163] and LEED [164]
measurements, respectively.
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Fig. 3.2: Model of the rock salt MgO lattice grown on fcc Ag(001) in (a) top and (b) side
view. O atoms sit on top of Ag; Mg atoms on the hollow sides between the Ag. In (a)
is pointed out the Ag unit cell length 1,=4.08A, the NN distance of Ag [;=2.89A and the
Mg-O bonding length I,=2.04A. Figure taken from ref. [165].

Another issue in MgO thin films is rumpling! [166]. For a monolayer
MgO film the surface corrugation due to rumpling is about 0.1 A and results
from a release of compression energy which has been formed due the MgO-Ag
lattice mismatch. Already for the second ML of MgQO, the interface rumpling
decreases by a factor of three to a value of only 0.03 A between anion and
cation positions [162]. The average distance between the first and the second
layer of the supported MgO bilayer film is elongated in comparison with that
of bulk MgO by 3 % [162]. An elongation of 3.6 % is reported experimentally

'Rumpling describes the different relaxation (change in inter-plane spacings) of anions and
cations in z-direction.
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for 3 ML MgO films and a complete recovering of the bulk value occurs in
6 ML films [149, 167]. The topmost Ag layers are also affected by the MgO
overlayer. Their positions change by -0.027 A and -0.055 A [162] for a mono-
and bilayer MgO film, respectively, as compared to the clean and relaxed Ag
surface.

Especially interesting is the bonding and the related change in the elec-
tronic structure of the noble metal - inert oxide interface. The bonding
mechanism as well as the electronic structure of the MgO/AgO(001) inter-
face have been studied by various surface science techniques as high reso-
lution electron energy loss spectroscopy (HREELS), LEED and TPD [151];
Auger electron spectroscopy (AES), UPS and XPS [168]; and STM/STS
[58, 59, 169]. Associated to the experiments, theoretical calculations con-
tributed immensely to the understanding of decisive parameters determining
the interface [58, 160, 162, 164, 168, 170]. From the UPS spectrum of a 10
ML MgO film (Fig. 3.3a) is seen that the valence band maximum is fixed at
about 4 eV below the Fermi level® [171]. An EELS spectrum of the same film
(Fig. 3.3b) shows the energy losses corresponding to the interband transitions
in the inner part of the MgO and at the surface of 7.8V (B) and 6.2¢V (S), re-
spectively [151, 172, 173]. From both spectra one can deduce the energy level
scheme shown in Fig. 3.3c. Fig. 3.3d shows a STS spectrum of a monolayer
MgO/Ag(001) film [58]. In the negative bias regime (tunneling from occupied
electronic states in the sample) the LDOS increases at around -4 V| whereas at
positive sample bias (tunneling into unoccupied electronic states in the sam-
ple), two structures are detected at 1.7 V and 2.5 V. Between -4 V and 1.7 V,
the dI/dV signal is constant which indicates an unchanged finite tunneling
current. The peak at 2.5 eV is independent of the film thickness and, hence
associated to the MgO empty conduction band [172, 174, 175]. The intensity
of the LDOS peak at around 1.7 V observed in STS in monolayer MgO films
diminishes for bilayer films and is not detectable anymore for film thicknesses
of 3 ML and more (not shown here). This feature is attributed to a MgO-Ag
interface states [168]. Combining STS with conventional electron spectroscopy
leads to the conclusion that at 3 ML MgO coverage the electronic structure
at the MgO surface shows no contribution from interface states, but corre-
sponds to the electronic structure of an MgO(001) single crystal surface. The
experimental findings on the MgO-Ag interface state have been subsequently
confirmed by DFT calculations [58]. Furthermore, the Schneider group [58, 59]

2In photoemission as well as STS the Fermi level is fixed by the metallic substrate. Tip-
induced band bending is comparably small as long as the LDOS of the metal substrate is
“leaking”through the MgO film.
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Fig. 3.3: Electronic structure of a 10 ML stoichiometric MgO/Ag(001) film as determined
by (a) UPS and (b) EELS. In (a) the valence band onset is indicated. The (b) EELS
spectrum indicates the Ag-MgO interface plasmon excitation (P) [118, 134], the inter-
band transition at the MgO(001) surface (S) and bulk (B). (c) The resulting MgO(001)
energy level scheme is derived and can be compared with the (d) STS spectrum of a 1 ML
MgO/Ag(001) film. Figure adapted from [59].

has investigated the field emission resonances (FER) of monolayer MgO films
and Ag substrates. They report a shift of 0.4 eV toward lower energies for the
MgO FER compared to the Ag ones, consistent with a reduced oxide work
function as observed in UPS for the monolayer MgO film. For more details
the reader is referred to [58, 59].

The lowest ionization states of MgO have mainly O 2p character. Hence,
the interaction with the Ag support is expected to result mainly from O 2p
states coupled to Ag 4d and Ag 5sp orbitals. However, XPS measurements
have shown that the O 2p states hybridize strongly with the Ag 5sp but
show only a weak interaction with the Ag 4d states [168]. With respect to
unsupported MgQO, the hybridization of the O 2p with the Ag 5sp states is
responsible for a shift of the oxygen DOS toward the Fermi level [160, 162].
These states are often called metal induced gap states (MIGS) and are a
general feature of metal-oxide interfaces [176-178]. MIGS are mainly localized
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at the metal-oxide interface which is corroborated by calculations showing that
a second oxide layer does not contribute significantly to the MIGS [58]. As
the MIGS lie in the band gap, they have a characteristic damping length [179]
which reaches its maximum in the middle of the gap. Assuming an exponential
decay of the charge density in z-direction [160]

p(z) = a-exp —2z/A (3.1)

with A being the decay length of the initial charge density «. The decay length
has been determined as A = 1.19d, which for a mean interplanar distance of
d=2.5 A between Mg and O atoms leads to a decay length of A=2.98 A. Hence,
the MIGS are mainly present in the first ML of MgO; weakly interact with
the second ML; and vanish for further increasing film thickness. This result
is in excellent agreement with the measurements of the Schneider group [58]
showing the existence of the MgO/Ag(001) interface state in the first two ML
only.?
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Fig. 3.4: (a) Topographic image and (b) corresponding dI/dV map of a MgO/Ag(001)
film with 1 to 2 ML thickness at 1.7V (70 x 40 nm?, 30 pA). (c¢) STS spectrum for a 1
ML MgO film with the MgO-Ag(001) interface state (IS) located at 1.7 V, indicated by the
black arrow. With the help of the IS, it is possible to distinguish between regions of mono-
and bilayer films (bright contrast) from regions with thicker films and bare metal substrate
(dark contrast) in the dI/dV map in (b).

3Note that the MgO/Ag(001) interface state at 1.7 eV might have its origin in a MIGS.
Another possible interpretation may be a split-off state, which is separated from the un-
occupied Mg-induced conduction band [59, 180].



3.1 MgO Thin Films 31

3.1.3 Comparison with MgO Films on Mo(001) and
Fe(001)

MgO on Mo(001) supports is prepared in a similar way as MgO on a Ag(001)
support: via a reactive deposition of evaporated Mg in an oxygen environment
of about 1-10~7 mbar at RT. The main difference is that due to the much
higher melting point of Mo compared to Ag, the as-grown oxide film can be
post-annealed up to about 1100 K [145]. This leads to an improved film crys-
tallinity and a lower defect density. The advantage of the high-temperature
annealing step is partly compensated by the enhanced lattice mismatch of
5.3 % between the MgO and Mo(001), as compared to Ag(001). The lager
lattice mismatch induces a complex relaxation behavior as a function of the
MgO thickness, which induces various morphological stages [91, 145]. In the
submonolayer regime close to 1 ML, the MgO film consists of larger holes that
are confined by polar [110] and non-polar [100] oriented edges (cf. Fig. 3.5a).

Fig. 3.5: Topographic images of MgO/Mo(001) films: (a) 150 x 150 nm?, 0.85 ML MgO,
the inset shows a 25 x 25 nm? zoom of the observed square pattern of the same sample.
(b) 100 x 100 nm?, 1.75 ML MgO; (c) 100 x 100 nm?, 7 ML MgO, the inset shows screw
dislocations which typically occur for film thicknesses of 5-10 ML MgO; (d) 100 x 100 nm?,
18 ML MgO. Picture taken from ref. [91].
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These holes were observed also for MgO/Ag(001) thin films. They reflect the
first stage of overcoming the metal-oxide misfit strain [181, 182]. Further-
more, a regular square pattern appears with a mean size of 55 A which was
identified as a coincident lattice arising from the mismatch between MgO and
Mo(001) (18 MgO unit cells on 17 Mo cells along MgO[110]). In addition to
the lateral displacement, a tilting of the grown overlayer by 1-5° is observed
to compensate the misfit strain.* The surface Moiré pattern, resulting from
a superposition of the squared MgO and Mo(001) lattices with slightly differ-
ent atomic distances, vanishes between 8-10 ML film thickness. The dominant
structural features are now dislocations lines, step edges and rectangular holes
of about 30A diameter (cf. fig. 3.5b). At 7 ML film thickness, the oxide film
closes indicating a good layer-by-layer growth accompanied by a gradual flat-
tening of the surface roughness (cf. fig. 3.5¢) and the appearance of screw
dislocations (cf. Fig. 3.5¢, inset). Above 18 ML thickness, STM experiments
become difficult due to the vanishing conductivity between tip and sample, as
a result of the insulating character of oxides (cf. fig. 3.5d).

MgO films grown on Fe(001) are especially interesting because they can
be used as magnetic tunnel junctions, where the insulating oxide separates
the magnetic substrate from a magnetic ad-film or ad-particle. A structural
model has been derived from X-ray measurements [143]. Here, MgO/Fe(001)
has been epitaxially grown by electron beam deposition of Mg from a poly-
crystalline rod in UHV. A layer-by-layer growth was observed up to 5 ML
oxide thickness. The layer-by-layer growth is however not perfect because the
third (second) layer starts to grow before the second (first) one is completed.
X-ray investigations gave direct evidence that a FeO interface layer between
the Fe electrode and the MgO barrier is formed before the MgO growth starts.
The vertical distance of the first MgO layers is slightly enhanced compared
to bulk MgO due to the compensation of the 3.5 % lattice mismatch between
the grown oxide and substrate, which in turn laterally compresses the film.
By RT-STM experiments, the electronic properties and defect landscape have
been investigated [144]. Mather et al. [144] have prepared MgO films on 4
nm thick Fe(001) which was perfectly grown on gallium arsenide substrates.
Better films have been synthesized via a two-step sputtering procedure where,
firstly, Mg atoms are sputtered onto the Fe surface in an argon Ar environ-
ment, followed by a reactive oxygen sputtering to oxidize the Mg layer. The
post-annealing process turned out to be important for significantly increas-
ing the band gap (compared to the non-annealed film) that varied with film

1A detailed analysis of the complex relaxation structure on MgO/Mo(001) can be found in
ref. [145].
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thickness from 0.5 V for 2 ML up to 1.5 eV for 8 ML film thickness. For films
of comparable thickness, a band gap of 7.5 eV was observed for MgO/Ag(001)
reported by the Schneider group [58]. From XPS measurements a shift toward
lower binding energies indicate the presence of negatively charged Mg vacan-
cies besides the oxygen defects. The vacancies were ascribed to the strain
arising from the lattice mismatch between the MgO and the Fe. The defect
density reduces with increasing film thickness as a progressive stress relaxation
takes place away from the interface.

In summary, due to the possible post-annealing step in the preparation
procedure of the MgO/Mo(001) films, they have a better film crystallinity up
to many ML thickness and already the first ML is closed. Therefore this film
is better suited for the investigation with averaging methods where global film
properties are in the focus of study as for instance XPS and UPS for structural
and electronic properties, and IRAS, EELS and TPD for adsorption experi-
ments on the MgO surface. In contrast, such investigations are hardly possible
for MgO/Ag(001) films. Due to the missing post-annealing step in the prepa-
ration, a closure of the film with a high crystallinity over several micrometers
is not possible. In comparison, MgO/Ag(001) films have a smaller lattice
mismatch which makes them flat already in the ultra-thin and submonolayer
regime, with only small vertical displacement in z-direction. This advantage
is absent for the MgO growth on Mo(001) due to the enhanced strain in the
first few ML, resulting in a patch-like structure and a strong tilt of the film in
z-direction. Therefore, the Ag(001) is the support of choice for investigations
of ultra-thin MgO films via local scanning probe methods such as STM-STS
or AFM [169, 183, 184]. Furthermore, ultrathin films can be scanned at very
low bias voltages, enabling STM-STS investigation of the electronic structure
around the Fermi energy. This allows to explore surface states, QWS, or de-
termining the size of the energy gap between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) in metal
deposits (see next chapter). Since flat MgO films on Mo(001) are only ob-
served for thicknesses above 6 ML, the scanning bias in STM experiments
needs to be higher than 2.5 V as a result of the insulating oxide properties.
MgO/Fe(001) films are preferentially used for the investigation of magnetic
tunneling barriers when depositing magnetic ad-particles. Here, the MgO
plays the role of a non-magnetic spacer between the magnetic Fe substrate
and magnetic adsorbates. This property makes Fe unique with respect to Ag
and Mo. A good film crystallinity and sufficient similarity to the bulk MgO
band gaps are already achieved for thicknesses of 8 ML.
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3.2 Metal Particles on Surfaces

3.2.1 General Aspects

Metal particles on surfaces consisting of only a few hundred atoms are confined
quantum systems. When reducing the atom number from 10?* per cm? in
a bulk metal to several hundred atoms, the transition from a bulk system
into a molecule-like system takes place accompanied by a break down of the
periodic band structure into a set of quantized states (cf. Fig. 3.6). This
metal to non-metal transition is characterized by a change of the size of the
HOMO-LUMO gap as the intrinsic parameter describing the performance in
chemical/catalytic reactions. In general, the HOMO-LUMO gap is decreasing
with increasing atom number [10] and irregular shape of the cluster [61], and
the molecule-like behavior of the nanostructures vanishes. These features
make metal particles deposited on surfaces one of the most interesting and

manifold systems in science.
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Fig. 3.6: Band gap scheme of a metal depending on the atom number. The electronic
structure develops from localized states for molecules and metal clusters into a periodic
band structure for the bulk material characterized by its conduction (CB) and valence
band (VB).
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An assembly of many low-coordinated atoms is called cluster. From a
physical point of view these nanostructures do not represent a cutout of the
respective bulk crystal but show completely new chemical, electronic and op-
tical properties which depend strongly on the number and arrangement of the
individual atoms. Small clusters consist of many surface atoms and, there-
fore, have a high surface-to-volume ratio. For example in a Au cluster of the
magic size of 13 atoms, 92 % of all atoms are located on the surface while for
a cluster consisting of 1415 atoms, only 35 % of all atoms are surface atoms
(assuming an icosahedron cluster geometry). The general shape of oxide-
supported metal clusters can be derived from an evaluation of the free energy
balance [1]. It is mainly a competition between the surface free energies of the
oxide support 7,., the dominant particle facet 7,,. and the interface energy
Yme—ox Detween the two (cf. Fig. 3.7b). If the free surface energy of the oxide
support is larger than the sum of the free surface energy of the metal and
the metal-oxide-interface Vo, > Yme + Vme—or then the metal wets the oxide
surface and forms large 2D islands (Frank-van-der-Merwe growth) via a layer-
by-layer growth. In contrast, if the oxide free surface energy is smaller than
the sum of the free surface energy of the metal and the metal-oxide-interface
Yor < Yme + Vme—oz, & Wetting is thermodynamical prohibited and the metal
deposit grows 3D (Vollmer-Weber growth) as it is observed for most metal
deposits on oxide surfaces (cf. Fig. 3.7). In general, the surface free energies
of metals (and especially of transition metals) are larger than for oxides [36].
This means that a layer-by-layer growth is an exception for metal particles
on oxide surfaces and that the growth of 3D particles is very likely which
is confirmed by several former studies [35, 36, 38, 186-188]. In the case of
the Vollmer-Weber growth, a so-called Wulff polyhedron is formed [189] (Fig.

Particle

Support

Fig. 3.7: (a) Atomically resolved STM image of a 3D Pd cluster (10 x 10 nm?) with two
different facets (picture taken from ref. [185]). (b) shows a scheme for the construction of
a Wulff polyhedron.
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3.7b). It becomes more and more flat with increasing metal-oxide interaction,
i.e. with increasing adhesion energy. Thereby, the particle truncation Ah at
the interface is given with respect to the height h; of the particular facet above
the particle center by the relation [1, 38]

Ah o Ean

3.2
hi VYme,i ( )

with E,q, being the adhesion energy and 7., the free energy of the metal
facet 7. Assuming the system to be stabilized in thermodynamic equilibrium,
the complete cluster geometry can be found by a Wulff construction [38].
In a third growth mode, the first layer of the metal wets the oxide surface
completely due to a strong interface adhesion whereas additional material
grows 3D (Stranski-Krastanov growth). This 2D to 3D growth transition is
governed by a large lattice mismatch between the wetting metal layer and
the bulk-like surface material, avoiding further layer-by-layer growth. With
the exception of some thin oxide films such as the growth of Au clusters
on MgO/Ag(001), the Stranski-Krastanov regime is mainly observed for the
opposite case, i.e. the growth of oxides on metal surfaces [190, 191].

3.2.2 Quantization of Electronic Structure

In the limit of single atoms and small aggregates up a few hundred atoms,
quantum mechanics plays the dominant role and the electronic properties are
governed by discrete states [16, 192]. If small metal particles are deposited
onto oxide surfaces, as it has been experimentally realized for Au on Alumina
[11], MgO/Ag(001) [10, 61, 193] or on Si(557) [194], QWS are formed. The ge-
ometrical arrangement of the cluster atoms plays a major role in this scenario
because it determines the symmetry of the confining potential on the surface.
In general, the cluster growth happens in a 3D fashion, referring to the Wulff
polyhedron shown in Fig. 3.7. In these systems, the electronic states quantize
in all three dimensions, making the understanding rather complicated. How-
ever, if depositing only a small amount of metal atoms on oxide surfaces or if
a sufficiently high transfer of extra charges is guaranteed from the underlying
support into the cluster, the cluster growth may occur in a 2D fashion. This
behavior has been observed for Au clusters on MgO/Ag(001). The MgO film
in the ultrathin limit permits an electron transfer via tunneling from the Ag
support through the oxide film into the Au deposits. This electron exchange
is a cooperative effect between the low MgO/Ag workfunction and the high
electronegativity of gold [195]. For single Au atoms this leads to an extra
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charge resulting in Au~ anions [43], and resulting in clusters with various
shapes but only of monolayer height [18, 19]. The Au anions in the cluster
experience thereby an enhanced bonding to the oxide film, which is mediated
by Coulomb and polaronic interactions with the MgO surface and renders a
2D growth energetically preferred [158]. Due to the Coulomb repulsion, the
extra charges localize at the cluster perimeter leading to the development of
additional edge states [193]. The same effect has been observed for Au clus-
ters deposited on self-doped CaO films on a Mo(001) substrate [21, 22]. In
this case, extra charges are provided by electron rich Mo dopants in the ox-
ide film that can travel to the surface and make the clusters grow in a 2D
pancake shape of monolayer height. In the case of clusters with monolayer
height only lateral quantization of electronic states is observed, simplifying
the problem significantly. The symmetries of metal deposits on surfaces range
from linear chains on metals [196-198] and oxide supports [11, 19], over spher-
ical clusters [10], up to triangular [61, 199, 200] and hexagonal structures on
metals [66, 201] and oxide surfaces [202] or to characterize clusters with total
arbitrary shape [61].

In order to obtain the dispersion relation of electronic states for metal clus-
ters on oxide surfaces, one has to solve the stationary Schrédinger equation
(SGL, from German “Schrédinger Gleichung”) (cf. equation 2.1). Depending
on the particular cluster shape, an adequate analytical expression for the clus-
ter potential that confines the electron system is difficult to obtain. In general,
the SGL can only be solved numerically. However, there are a few examples
where the SGL has an analytic solution which makes the interpretation and
understanding of the observed phenomena quite convenient. The simplest
model to characterize such electronic systems is a rectangular “particle-in-a-
box” (PIB) model. Referring to the examples shown in Fig. 3.8, one can
estimate the potential for (a) a linear chain by a 1D box potential; (c) a
triangular cluster by an isosceles, right-angled triangular box potential (as a
special case of a rectangular 2D box potential); and (d) a hexagonal cluster
by a hexagonal box potential. For sake of simplicity, in a first approximation
the box potential can be assumed to be infinitely deep. For the case shown in
Fig. 3.8b, it has been shown that the shape of the nanostructure’s electronic
orbitals could be well described by a particle in a harmonic potential [10]. For
the dispersion relation, one can say in general: as long as the problem can
be separated into independent 1D cases, the E(k) (or E(n)) relation shows a
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Fig. 3.8: Measured topographic and dI/dV maps (top row) with corresponding theoretical
calculations (bottom row) of (a) a linear Auy chain on Alumina [11], (b) a spherical Au;g
cluster [10], (c) a triangular Auy7o and (d) a hexagonal Ausgg cluster on MgO/Ag(001) thin
films. In (a) and (b), the dI/dV maps correspond to the HOMOs and LUMOs; in (c) to the
3rd and 4th states of a particle in an isosceles, right-angled, triangular box potential; in (d)
to the 10th and 16th state for a particle in a (ideal) hexagonal box potential. Calculations
in (d) are taken from ref. [66].

quadratic dependence and can be expressed by [203]

B, = Eo+ ;:fi 3 (%) (33)

7

with ¢ = x,y, the quantum number n, L; being the length in the respective
direction, mess the effective mass of the electron system, Ej the onset energy.
In the other cases, i.e. when a separation into 1D problems is not possible, the
dispersion relation shows a linear dependence with respect to k (or n). This is
the case for spherical clusters described by a particle confined in a harmonic
potential, in circular [64, 204, 205] or hexagonal box potentials® [66, 201]. A
next step towards real cluster potentials is to reduce the height of the potential
box from infinite to a finite value V4. In this case, the wave functions spill out

5The dispersion relation for a particle in an ideal hexagonal box is technically speaking
non-analytic but one can obtain a quasi-analytic dispersion relation in first approximation
as it is shown in ref. [202].
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into the barrier region where they decay exponentially. This is accompanied
by a reduction of the eigenenergies of the individual wave functions.
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Fig. 3.9: Cartoon for the quantization of electronic states of a particle in a 1D rectangular
potential well of infinite (left) and finite (right) depth.

The precise characterization of the QWS in Au clusters on MgO/Ag(001)
thin films turns out to be a key feature in the investigation of the electronic
interaction between this model catalytic system and adsorbed molecules. One
hypothesis is that in the adsorption process charge transfer occurs between the
two chemical species. In a first Gedankenexperiment, one can imagine to use
the Au nanoparticle shown in Fig. 3.8b to quantify the exact charge transfer
by counting the individual electrons in the cluster. As it has been shown by
X. Lin et al. [10], the electronic system of the Auyg cluster contains 22 elec-
trons (18 coming from the Au 6s' orbitals of the individual cluster atoms and
four extra electrons from the support). The corresponding level scheme for a
particle in a harmonic potential is shown in Fig. 3.10a, depicting the 1G-like
HOMO (left picture) and 1G*-like LUMO (right picture). If a molecule that
either has the tendency to donate or accept electrons adsorbs on the cluster,
its electronic structure can be changed intentionally due to the difference in
electronegativity between the gold and the ad-species. Adsorbing an electron
donor (e.g. hydrogen, sodium, lithium) to the cluster, a charge transfer from
the adsorbate toward the cluster occurs accompanied by a change of the clus-
ter valence states (cf. Fig. 3.10 b). The former LUMO would become the
new HOMO (unchanged 1G-like shape; indicated by the red arrow) while the
former LUMO+1 would become the new LUMO (new 2D-like orbital shape).
In the opposite case, i.e. upon adsorption of an electron acceptor (as oxygen,
chlorine, fluorine, COs) to the cluster (cf. Fig. 3.10 c), the former HOMO
would become the new LUMO (unchanged 1G-like orbital; indicated by blue)
and the former HOMO-1 the new HOMO (2P-like shape). First related ex-
periments have been performed with CO at Au clusters on NiAl(110) [108]
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and MgO/Ag(001) [206]. In addition, Repp et al. [60] have shown that the
adsorption of an individual gold atom on a pentacene molecule leads to a

change of the HOMO and LUMO.
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Fig. 3.10: (a) Level scheme of the spherical Au;g cluster on ultra thin MgO/Ag(001) shown
in fig. 3.8b [10]. Upon adsorption of an (b) electron donor or (¢) acceptor, the HOMOs
(indicated by red) and LUMOs (indicated by blue) change accordingly. (Remark: Transfer
of two electrons is assumed between molecule and cluster.)



Chapter 4

Electron Quantization in
Arbitrarily Shaped Gold
Clusters

The following chapter presents the effect of the cluster size and shape on the
electronic structure of ultrasmall Au particles. Therefore, three model clusters
with an approximately rectangular, triangular and quasilinear symmetry are
chosen. The electronic structure, rationalized by a PIB model, is compared
with electronic density calculations performed via a density-functional-tight-
binding (DFTB) code.! The final part of this chapter elucidates two general
features for quantization effects in Au nanostructures. These are (i) the gen-
eral dependence of the HOMO-LUMO gap on the cluster size and shape and
(ii) the estimation of the real cluster potential using a PIB model with finite
potential well depth instead of an infinite one. The HOMO-LUMO gap is an
intrinsic parameter for the performance in chemical reactions.

4.1 Characterization of the Sample Surface

Fig. 4.1a shows a topographic overview of the sample surface. According
to chapter 3.1.2, the ultrathin nature of the MgO was verified with dI/dV
mapping at 1.7 V (Fig. 4.1b) revealing characteristic bright contrast regions
on the surface arising from the Ag-MgO interface state located inside the

I'DFTB calculations are calculations based on density functional theory but including elec-
tronic densities from a superposition of atomic orbitals, as they are obtained by the linear
combination of atomic orbitals or tight-binding approach. For more information, the reader
is refereed to ref. [207, 208].

41
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Fig. 4.1: (a) Topographic image and (b) corresponding dI/dV map of a 2 ML
MgO/Ag(001) film covered with Au islands (50 x 50 nm?, 1.7 V, 100 pA).

oxide band gap. Darker regions are ascribed to uncovered silver and thick
oxide patches. Gold with 0.05 ML nominal thickness was deposited onto the
oxide film at L'T and ad-atom diffusion and formation of metal aggregates was
provided by annealing the sample to 80 K directly inside the cryogenic STM.
The resulting metal islands of monolayer height appearing as protrusions on
the surface (Fig. 4.1a) typically comprised 50-200 atoms, and were found
to nucleate both on pristine MgO terraces and step edges. In addition, the
quantization patterns of the metal nanostructures become nicely discernible
in the conductance maps shown in Fig. 4.1b.

4.2 Rectangular Gold Clusters

The first example is an Au cluster with an approximately rectangular shape
and a size of 7.5 x 3 nm?. By filling the surface area with a hexagonal close-
packed arrangement of Au atoms with a NN distance of 2.89 A, which is similar
to the lattice parameter in the Au(111) surface, a structure model of the island
could be obtained (cf. Fig. 4.2a, inset). Thereby, a 5 A wide rim has been kept
open at the island perimeter to account for the tip convolution effects of the
STM. The total number of atoms is estimated to be 130. Uncertainties in this
procedure limit the accuracy of our model structure to about 20% (roughly
one atom row along the island perimeter). The valence electronic structure in
the cluster is governed by the formation of QWS. Their exact energy position
and spatial localization were measured by STS and dI/dV mapping, respec-
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tively. In Fig. 4.2a are shown dI/dV spectra of the Au island. Both spectra
can be divided into two parts: (i) a negative one for the filled states that
exhibits only weak spectral modulations and (ii) a positive one characterized
by strong unoccupied-state resonances. This pronounced difference is based
on the impact of extra electrons shuttled from the Ag support into the cluster
[195]. The amount of extra charge is 0.2]e| per atom [10] (or 26 electrons
for the total nanoisland). In order to minimize the internal Coulomb repul-
sion between electrons, the electrons preferentially localize along the cluster
perimeter [19, 193]. Consequently, the filled-state density is pushed from the
island interior to its outer regions and only small dI/dV signals are detected
in the center of the nanostructure. Contrarily, high intensity is found at the
island perimeter as observed in dI/dV maps taken around the Fermi level in

~
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Fig. 4.2: (a) STS spectra taken in the center (blue) and lower part (orange) of a rectangular
Au cluster shown in the inset (setpoints: -2.0 and +2.5 V for negative and positive polarity,
respectively). The insets (from left to right) show a topographic image, a structure model
and the quasi-rectangular outline of the island (7.5 x 7.5 nm?, -0.1 V, 250 pA). The orange
and blue dots indicate the tip position during STS. (b) dI/dV maps of the occupied states
in the cluster with bias values corresponding to the arrows in the spectra.
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Fig. 4.2b. The edges of the negatively charged Au island appear bright over
a relatively broad bias window which indicates an enhancement of the filled-
state density at the perimeter. The spectral intensity becomes maximal at the
low-coordinated kink and corner atoms where the extra charges preferentially
localize due to their larger distance to adjacent charge centers along the edge.
Only a weak comparable effect is observable for the unoccupied states. There
is only a weak indication for a Coulomb repulsion is observed and, hence, for
a charge-redistribution toward the edges. As the effect of the edge states on
negatively charged Au clusters is discussed in detail by X. Lin et al. [193].
This work focuses on the empty-state spectra.

Fig. 4.3a shows a dI/dV spectrum of the unoccupied cluster states. The
most pronounced peaks are detected at bias values between 1.0 and 2.5 V.
According to previous DF'T calculations they correspond to the energy window
of the Au 6p, orbitals [11]. The energy region below is governed by Au 6s-
like QWS states that feature already high quantum numbers with numerous
nodes in the orbital plane and are, therefore, difficult to observe in the STM
[210]. On the other hand, the region above 2.5 V is governed by a strong
overlap between Au QWS and MgO CB states and later with vacuum states
in the tip-sample gap. This makes the identification and interpretation of
the genuine Au states difficult. For the rectangular cluster depicted in Fig.
4.2 at least six dI/dV maxima can be identified lying at 1.05, 1.25, 1.45,
1.7, 2.0 and 2.3 V above the Fermi energy, all of them belonging to the Au
6p. manifold (Fig. 4.3a). The energy position of the peaks is approximately
constant across the island, reflecting their delocalized character. The exact
peak positions were extracted by a deconvolution of the dI/dV spectrum into
six Gaussians (gray curves). The very good match between the data and
sum of Gaussians (orange curve) is also reflected by the good reliability factor
x? = 2.4-10~*. The nominal peak width is 0.25 eV and might be explained
by the presence of vibronic sidebands dressing the actual electronic resonance
[103, 104, 211]. In contrast, the intensity of the dI/dV peaks sensitively
depends on the tip position above the island as it is expected from the nodal
structure of the underlying electronic states. The respective symmetry of
the QWS has been revealed from dI/dV maps where the dI/dV signal was
detected at selected bias voltages across the entire island (Fig. 4.3b). The
lowest Au 6p.-type QWS at 1.05 V is characterized by an almost uniform
intensity in the lower island part and a negligible signal in the upper half. For
the second state at 1.25 V, the intensity pattern reverses and the upper part
of the island turns bright. The QWS at higher energy are always governed
by nodal planes, i.e. by dark stripes along the xz- and y-direction in the
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Fig. 4.3: (a) Empty-state spectra taken in the center of the cluster shown in Fig. 4.2.
(b) corresponding dI/dV maps (7.5 x7.5 nm?) measured at bias positions indicated in (a),
and (c) corresponding states within the PIB model. (d) DFTB calculations showing the
local-state density in the cluster [209]. Remark: The second and third maps result from a
superposition of two closely spaced eigenstates of the system.
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Fig. 4.4: Dispersion relations for the (a) rectangular (cf. Fig. 4.2), (b) triangular (cf.
Fig. 4.5), and (c) quasi-linear cluster (cf. Fig. 4.6). The measured bias values are plotted
against the squared quantum numbers of the corresponding PIB models.

d1l/dV maps reflecting the quantization of electronic states in two dimensions.
For instance, the third and fourth QWS display one and two vertical nodes
perpendicular to the z-axis, whereas the fifth and sixth states show additional
nodal planes perpendicular to the y-axis (cf. Fig. 4.3b). A simple PIB model
is already sufficient to reproduce the sequence of the measured QWS. In first
approximation, the cluster is treated as a ideal rectangular box with infinitely
high walls. Hence, the wave functions and quantization effects are separable
along the two orthogonal axes, x and y, and equation 3.3 changes to

h2 72

0T o L2

(n2 + *n?) (4.1)
with the measured aspect ratio ¢ = L, /L, = 2.5. The eigenstates of the rect-
angular box can be fitted to the STS data (Fig. 4.4a). This yields an onset
energy for the Au 6p, quasiband of Ey = 0.75¢V and an effective electron
mass of mess = 0.18m,. The latter value is comparable to the effective mass
of the Au(111) surface state (0.22 m,) [212] but is 2.5 times smaller than in
monatomic Au chains on NiAl(110) (0.5 m,) [67]. This discrepancy may be
explained by the reduced dimensionality and the large interatomic spacing
in 1D gold chains. In addition, the QWS symmetry predicted by the PIB
model qualitatively matches the experimental results (Fig. 4.3b, ¢). In both,
simulation and experiment, the first four eigenstates are characterized by 0-3
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vertical nodes (n, = 1,2,3,4), whereas the fifth and sixth experimental states
exhibit an additional horizontal node together with one (2,2) and two (3,2)
vertical nodes, respectively. This interpretation implies that two intermediate
states, (1,2) and (5,1), are not resolved by the STM. Their overlap with neigh-
boring QWS of different symmetry may cause this effect. Not surprisingly, a
more precise analysis highlights substantial differences between the measured
dI/dV maps and ideal PIB states which are a consequence of inhomogeneities
in the cluster shape and hence cluster potential. A better match between
theory and experiment can be achieved by calculating the lower-energy QWS
by a DFTB approach [207] considering the exact atom configuration depicted
in Fig. 4.2a. The computed LDOS maps shown in Fig. 4.2d reproduce the
main features seen in experimental dI/dV maps. The first two eigenstates are
confined to the lower and upper halves of the Au cluster, while the third state
exhibits a pronounced nodal plane. The fifth and sixth state are characterized
by an additional long-axis node. The remaining discrepancies are related to
irregularities in the cluster shape that are not captured in the structure mod-
els derived from the STM images. It is especially difficult to define a precise
edge configuration, although the nature of the edge may have a substantial
influence on the overall electronic structure of the cluster. Furthermore, up to
now a defect-free MgO film is assumed, neglecting possible perturbations due
to defects such as oxygen vacancies [41]. A more reliable structure determina-
tion based on atomically resolved STM images as they could be obtained in
later experiments (cf. Fig. 5.2) might lead to an even better match between
experiment and theory.

4.3 Triangular Gold Clusters

The second sample cluster chosen in this work is an Au island of triangular
shape with an edge length of 55 A and an estimated atom number of 170 (cf.
Fig. 4.5a, inset). In first approximation, the nanostructure can be described
by an isosceles, right-angled triangle. This is the only triangular potential
symmetry that analytically solves the Schrodinger equation and therefore en-
ables an exact modeling of the experimentally observed QWS. In fact, the
right-angled isosceles symmetry can be treated as a square potential cut along
its diagonal. Therefore, the wave functions and quantization effects are fully
separable along the orthogonal axes, z and y, with the additional boundary
condition of inequality of quantum numbers n, # n,. The similarity to the
rectangular box becomes evident also from the expression of eigenenergies
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Fig. 4.5: (a) Empty-state spectra taken in the upper (orange) and lower (blue) parts of the
triangular Au cluster shown in the inset and (b) corresponding dI/dV maps (8 x 8 nm?)
taken at the bias values indicated by arrows in the spectra. The symmetry of the QWS
can be explained either with (c¢) the eigenstates in an isosceles, right-angled triangular
box potential or with (d) DFTB calculations performed on a structure model of the Au
island [209]. Here, the symmetry of the third, fourth, and fifth d7/dV maps result from a
superposition of two adjacent eigenstates.
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obtained from expression 3.3 [213]:

22

Enpn, = Eo+ (n2 +n2) (4.2)

2mepy Ly
In the dI/dV spectra and maps shown in Figs. 4.5a and b five maxima could
be detected in the energy range of the Au 6p, state manifold lying at 0.9, 1.05,
1.25, 1.55 and 2.05 V. As above, the exact peak positions are obtained by a
spectral deconvolution into Gaussians (not shown here). Plotting the peak
energies vs. teh squared sum of quantum numbers in Fig. 4.4b yields the
dispersion of states in the triangular nanoisland. The band onset energy of
FEy = 0.6 eV and an effective electron mass of m.ss = 0.2 m, are similar to the
values obtained for the rectangular box. Moreover, the low-energy eigenstates
exhibit well-defined symmetries in the respective dI/dV maps and can be re-
produced within the PIB model (Figs. 4.4b, ¢). A good qualitative match
is given between the experimental dI/dV maps and the calculated pattern,
representing the main maxima. While the ground state shows a homogeneous
intensity distribution, two and three maxima are resolved for the second and
third QWS. The fourth and fifth states show more complex intensity patterns
which are characterized by a sequence of dark and bright spots. A further
comparison shows the respective LDOS patterns computed with the DFTB
approach in Fig. 4.4d. Especially, the first three QWS show a good match
with the dI/dV maps, indicating the suitability of our theoretical approach to
capture the physics of electron quantization. The third and fourth state can
be convincingly reproduced by a superposition of two adjacent eigenstates, ac-
counting for the fifth QWS in a reasonable manner. The good correspondence
underlines the quasi-free electron character of the Au QWS, which renders
them insensitive to small irregularities in the potential as a result of a much
larger wavelength (about 30 A) of the quantum mechanical wave function
compared to a single Au atom (3 A).

4.4 Quasilinear Gold Clusters

The last example discussed in detail is an elongated-curved Au island that may
be considered as a model for a quasilinear quantum well. Its main axis (8.3
nm) is roughly three times longer than its short one (2.6 nm). The number of
atoms is approximately 130 (cf. Fig. 4.6a, inset). As before, several dI/dV
peaks are detected at positive bias lying at 1.0, 1.1, 1.2, 1.4, and 1.9 V (cf.
Fig. 4.6a). The QWS can be compared with the eigenstates of a 1D PIB
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Fig. 4.6: (a) STS spectra taken in the center of the curved-linear cluster shown in the inset
(9 x 9 nm?). The first five maxima, obtained from a Gaussian deconvolution, are marked
by arrows. (b) dI/dV maps (9 x 9 nm?) taken at the determined bias positions indicated by
arrows in the spectrum, (c) the eigenstates in an ideal 1D PIB model and (d) the respective
LDOS maps calculated by a DFTB method. The third and fourth maps are superpositions
of two adjacent states.
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potential with infinitely high walls that depends anly on a single quantum
number n [203]:

2,2
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(4.3)
A linear fit of the exact peak position obtained from a Gaussian-deconvolution
of the dI/dV spectrum (not shown here) to the squared quantum number
n? yields a parabolic dispersion with an onset energy of Ey, = 1.0 eV and
an effective electron mass of mesr = 0.2 m, for the QWS 6p, manifold in
the nanostructure (Fig. 4.4c). The density-probability distribution in an
ideal, linear 1D box potential is described by charge-density waves with an
increasing number of maxima and minima along the main axis with increasing
quantum number n [203]. Thereby, the quantum number n equals the number
of maxima as calculated for the ideal case in Fig. 4.6c. Despite obvious
deviations from a truly 1D potential, this scheme can be still recognized at
least for the lowest five QWS in the experimental dI/dV maps. Whereas the
first two states show dI/dV intensity mainly in the lower part of the cluster,
the signal localizes also in the upper part at around 1.2 V for the third QWS.
With increasing bias, additional maxima and minima are detected along the
main axis and the pattern becomes more complex. No horizontal nodal planes
are observed up to the highest resolved state, reflecting the pseudo-1D nature
of the confinement potential. As for the two other sample clusters, a better
reproduction of the experimental dI/dV maps can be achieved by calculating
the LDOS using a DFTB approach in Fig. 4.6d. The corresponding LDOS
maps clearly reveal the increasing number of nodal planes along the cluster’s
main axis with increasing energy and quantum number n.

4.5 General Properties of Quantum Well States

A fundamental property of confined electron systems, represented here by
small metal clusters, is the HOMO-LUMO gap. It is an intrinsic parameter
describing the performance of nanocatalysts in chemical reactions and gives a
measure for the metallicity [7, 192] of the clusters. Goodman and co-workers
[5] showed for the first time for the LT CO oxidation to CO2 on Au clusters
on Titania, that the catalytic activity depends on the cluster size showing a
maximum at 3.5 nm in the investigated size range of 1 to 6 nm. This sensitivity
of the reaction results from quantum size effects in the supported Au clusters,
as it is exactly the range where the metal to non-metal transition takes place.
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The enhanced catalytic performance can be attributed to so-called resonance
states that get optimally occupied at around 3.5 nm cluster size [214]. If
the HOMO-LUMO gap gets too large (smaller clusters) or too small, i.e. too
“metallic”(larger clusters), these resonance states are not sufficiently occupied
and the catalytic activity drops below its optimal value.

4.5.1 Dependence of the HOMO-LUMO Gap on Clus-
ter Size and Shape

To analyze now the interplay of the geometry and the electronic structure
of planar Au clusters on MgO(001) thin films, a large data set of dI/dV
spectra for various cluster shapes has been analyzed. The region of zero
conductance around the Fermi level gives thereby the size of the HOMO-
LUMO gap. As expected, the gap size decreases with increasing island size,
a trend that becomes evident when plotting the dI/dV gap as a function of
the estimated atom number n per island (cf. Fig. 4.7a). The observed trend
has been reported before for clusters with circular shape [10]. There, the
HOMO-LUMO gap exceeds 1.0 eV for clusters containing less than 20 atoms,
and gradually decreased with increasing cluster size until it becomes zero for
atom counts above 100 [10].> The weak point of this data set is that they have
chosen clusters with only one fixed geometry, neglecting possible effects of the
cluster shape on the HOMO-LUMO gap. Whereas the overall size evolution
is easily visible in Fig. 4.7a, the data points exhibit a substantial scattering,
especially in the region around 130 atoms. A functional relationship cannot
be found easily. Obviously, the atom number is not the only parameter that
influences the HOMO-LUMO gap and other properties such as the shape or
non-monotonous shell-closing effects [192] have to be taken into account.

In a simplified picture, the shape effect may be explained by the difference
in wave function overlap in compact (spherical) clusters as compared to open,
elongated structures. In compact clusters, the number of interacting atoms in
a fixed radius is larger which promotes faster gap closing. On the other hand,
in elongated islands the number of NN is small, and the gap remains open for
much larger sizes. This trend might be counterbalanced by symmetry effects,
as highly symmetric clusters feature a quite large degeneracy of electronic
states within a certain energy interval. If one imagines a more irregular shape

2The A values can differ with respect to reference [10] due to a different definition of the
band gap. Whereas X. Lin et al. [10] estimated A directly from the zero-bias gap in the
dI/dV spectra, A is defined here as the distance between HOMO and LUMO level, as
extracted from spectral deconvolution into Gaussian curves.
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then the degeneracy of states is partially lifted which leads to a larger number
of states with different energies in the same energy interval and, consequently,
to a reduced energy distance between the individual states. Hence, symmetry
effects inhibit gap closure. Furthermore, symmetry effects are closely related
to the presence of magic cluster sizes that are characterized by closed-shell
configurations and pronounced HOMO-LUMO gaps. For gas-phase clusters,
an oscillatory behavior of the gap has been revealed with cluster size, a trend
that could not be reproduced for supported nanoparticles so far [192, 215].

To account for the interplay between size/shape and the HOMO-LUMO
gap, a suitable descriptor that catches the relevant geometric properties of
the 2D clusters has to be found. In former experiments, the size dependence
has been investigated [10] and the trend of a decreasing gap with increasing
cluster size is reproduced in the present data set (Fig. 4.7). Furthermore,
four sample clusters of the same size (130 atoms) have been selected in Fig.
4.9, ordered from (a)-(d) from high to low symmetry. The broadest data
scattering for the energy gap A as a function of the number n of atoms in
the cluster A-n is observed exactly for these clusters, showing the strong
influence of the cluster shape on the electronic structure. As shown in Fig.
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Fig. 4.7: Size and shape dependence of the HOMO-LUMO gap in Au clusters.
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Fig. 4.8: Approximation of arbitrarily cluster shapes by an ellipse (center) or parabola
(right), characterized by their semimajor and semiminor axes L, and L,, respectively. The
linear eccentricity e gives the distance between focal and center point.

4.8, clusters with arbitrarily shape can be approximated in general as an ellipse
or parabola, which are similar objects from a mathematical point of view. The
only difference is that a parabola has a negative focal length whereas an ellipse
has a positive one. A first parameter describing the cluster shape is the ratio
of long and short axis L, /L, as a direct measure of the island shape. Plotting
the HOMO-LUMO gap as a function of this parameter in Fig. 4.7b does
not satisfactory reduce the scattering of data points with respect to the A-n
diagram. This is due to the fact that the axis ratio neglects the island size. For
example, a cluster of twice the size has an identical ratio 2L, /2L, = L, /L,
although the number of interacting atoms increases. Other shape parameters,
such as the ratio between perimeter length and island area, do not improve
this correlation (not shown here). In a next step, the linear eccentricity e, i.e.
the distance between the focal and center point of an ellipse, calculated as

1
=513 (4.4)

has been chosen as a descriptor for the HOMO-LUMO gap. It suits well
since it contains both size and shape elements and carries the dimension of
a length. Moreover, it is a common parameter to analyze the asymmetry of
gas-phase clusters [215]. Plotting the A-e dependence shown in Fig. 4.7c
leads to an almost perfect linear relationship with negligible scattering of
the data points. The good correlation with the gap value suggests that the
linear eccentricity can be used to predict HOMO-LUMO gaps in metal clusters
without measuring their particular gap size via STS. However, a disadvantage
of this descriptor is its purely empirical character that lacks any insight into
the quantum mechanical nature of the problem.

A microscopic parameter that may capture the origin of the gap is the
atom coordination number, i.e. the number of first, second, third, etc. NN
atom pairs in the island. Intuitively, one would expect that an increase in
coordination enhances hybridization among the atoms and results in a more
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rapid crossover into a metallic ground state. To analyze this effect, the pair-
correlation functions (PCF) for four sample clusters have been calculated and
are shown in Fig. 4.9. The different shape of the sample clusters becomes
visible in the tail of the PCF, i.e. by the pairs with relatively large distances.
Contrarily to this, the number of NN and next-NN pairs depends only weakly
on the cluster shape. Using the PCFs a definition of a mean coordination
number ¢, for each island was possible:

ey = Z N(d)-e M

with N being the number of neighbors with distance d. The decay constant
A has been determined by searching an adequate linear relationship between
A and \. Even for the best parameter A=1-10"% A, the correlation between
the size of the HOMO-LUMO gap and the coordination number remains poor
(cf. Fig. 4.7d). It seems that hybridization between the atoms is not the only
nanoscopic reason for a gap closure in the clusters which may be explained
by the fact that symmetry and shell-closing effects are neglected. Obviously,
the empirical parameter of the linear eccentricity catches these features with
respect to the gap size better than the coordination number. However, further
work is needed to identify an adequate quantum mechanical parameter that
mediates cluster geometry and gap size in Au nanostructures.
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Fig. 4.9: Pair correlation functions of four sample clusters with arbitrary shape
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4.5.2 Estimation of the Confinement Potential

Up to now only potential wells with infinite depth were assumed. This facil-
itates an analytical description but oversimplifies the experimental situation.
Whereas in bulk gold the real potential depth of the Fermi electron gas is de-
termined by the workfunction [155], this value becomes smaller for Au clusters
of finite size. The following gives a realistic estimation of the potential depth
by analyzing the spillout of Au QWS beyond the geometrical boundaries of
the nanoparticle.

As discussed in chapter 3.2.2 and shown in Fig. 3.9, the density probability
of electrons [|? decays exponentially when moving beyond the island edge of
the cluster (here y, referring to Fig. 4.10):

dl/dv(y) = |¢egcp(y)|2 x e 2y (4.6)

In the experiments, this behavior is governed by two decay contributions,
Qs and gy, related to the QWS and the STM, respectively. They sum
up to the total decay observed in the STM: o* = ayyus + Qsm. Whereas the
STM contribution ag, accounts for the in-plane decay of the wavefunction
overlap between the tip and sample, the QWS decay length «y,s is a direct
consequence of the finite potential depth. The latter provides a direct measure
of the true potential height V7 (according to equation 2.5):

2m(Vy — Egus
ozqws:\/ (0h2 aus) (4.7)

with E,,s being the eigenenergy of the state as determined from the dI/dV

spectra. Analyzing now the wave function decay of the sample cluster shown
in Fig. 4.10 in y-direction, one can identify two dI/dV maps having the
same quantum number n, = 1 (Fig. 4.10b,c). The spill-out of the square
wave function beyond the boundaries of the cluster is clearly seen. By an
exponential fit of the decay in the two dI/dV maps, the equation system

11y = Q1) + Asim

o1y = Q(2,1) + Astm

can be solved with help of equation 4.7 by eliminating ., via subtraction
of both equations. This leads to the following expression for V{* which can be
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solved numerically.

h

5 (0t = afon) =V — B =V — B (4.8)

Hence, the potential depth of the finite well can be calculated as V| = 3.75 eV
Adding the onset energy Ey = 0.75 eV of the cluster as obtained from the
dispersion shown in Fig. 4.4a, the upper edge of the confinement potential
is estimated to be 4.5eV above the Fermi level. This value is 0.6 eV smaller
than the workfunction of bulk gold (5.1 €V) which may have two reasons:
(i) Au islands in the investigated size regime are too small to develop their
own vacuum energy and still feel the reduced workfunction of the surrounding
MgO/Ag(001) film (3.5 e€V)[183]. (ii) The Au electrons may escape the po-
tential well by moving into the MgO conduction band and hence, the cluster
potential is defined by the oxide electronic structure rather than the vacuum
energy.

TOPO dr/dv:1.1V dl/dv: 1.2V
)™ .. (0)

.
......

(neny) (L1 2.1)

Fig. 4.10: (a) Topographic image of the rectangular cluster in Fig. 4.2 with its geometrical
boundaries indicated by the white hexagon. dI/dV maps of the (b) first and (c) second state
consisting of equal quantum number n, = 1. The line along which the decay parameter has
been fitted is indicated by green.

4.6 Conclusions

In this chapter, the electronic structure of planar, monolayer-high Au clus-
ters on MgO/Ag(001) ultrathin films containing between 50 and 200 atoms
has been analyzed. A series of pronounced peaks in STS detected above the
Fermi level has been assigned to QWS arising from the of Au 6p, manifold of
the individual atoms. Their energy position and node structure was convinc-
ingly reproduced with simple PIB models of rectangular, triangular and linear
symmetry. This agreement despite obvious irregularities in the cluster shape
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reflects the free-electron character of the Au conduction electrons, which ren-
ders their properties insensitive to details of the potential. An even better
reproduction of the experimental data was achieved by modeling the Au elec-
tronic structure with a parameterized DFTB approach that takes into account
the true atom configuration as estimated by STM topographic measurements.
On the basis of the experimental results, an empirical relationship between
the size and shape of Au nanoislands and the HOMO-LUMO gap was estab-
lished, using the linear eccentricity as a descriptor. With this scheme, it is
now possible to predict the “metallicity” of oxide-supported Au nanoparticles
only by measuring the cluster’s topography and hence an important factor in
evaluating their performance in chemical reactions.



Chapter 5

Substrate versus
Dopant-Induced Charging of
Gold Clusters

A permanent charge transfer into metal nanoparticles on oxide supports has
been associated with a number of unusual morphological, electronic and cat-
alytic properties of these systems. Two fundamental charging routes have
been identified so far: (i) electron tunneling through ultrathin oxide layers on
metal supports and (ii) charge donation by single-ion impurities embedded in
a bulk-like oxide. In this chapter, it has been investigated in detail whether
both routes result in the formation of charged nanoparticles with identical
properties. For this purpose, Au nanoislands were prepared either on 1-2 ML
thin MgO/Ag(001) or 25 ML thick CaO/Mo(001) films doped with Mo impu-
rities. The experiments on the CaO film have been performed by Dr. Yi Cui in
another STM at the FHI’s Chemical Physics department. The morphological
and electronic properties of the Au islands observed in the STM, show in both
cases pronounced electron confinement effects that arise from the quantization
of one and the same Au electronic band. Moreover, clear experimental sig-
natures for a substrate-driven charge transfer were observed on the two oxide
films, such as a monolayer growth of the Au ad-islands and a characteristic
contrast reversal in the oxide region surrounding the charged islands. The
results provide evidence that charged nanostructures feature identical proper-
ties independent of the origin and nature of the transfer-electrons, indicating
that ultrathin oxide films may be used as model systems for doped bulk oxides
as used in heterogeneous catalysis.

29
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5.1 Structural properties

In the following, Au islands with similar size and shape on (i) ultrathin MgO
films and (ii) thick CaO films are compared. Atomically resolved images of
different Au islands typically reveal a hexagonal atom arrangement with a
periodicity 2.9 A, indicating that the exposed Au layer is of (111) type and
does not adopt the square symmetry of the oxide lattice (Fig. 5.1, 5.2). The
threefold lattice symmetry of Au(111) also dictates the hexagonal equilibrium
shape of the ad-islands. A comparison of hexagonal Au clusters of 5-7 nm
diameter (corresponding to 200-400 atoms) on both oxides exhibits similari-
ties in the overall shape but displays pronounced differences in the structural
and electronic properties of the Au clusters. The CaO-based islands show
pronounced stripe patterns with 7.5 A spacing that appear in three orienta-
tions rotated by 120°. The pattern is ascribed to a hexagon-on-square Moiré
structure, in which six Au rows along the CaO[100] direction overgrow three
unit cells of oxide support (Fig. 5.1c) [217, 218]. The crests of the pattern
are formed by Au atoms in calcium (Ca) top positions. The valleys of the
structure are governed by Au atoms in O top and various hollow sites. As two
crests exist in each Moiré cell, the distance between adjacent stripes (7.5 A)
is only half of the unit cell length (15 A). By contrast to this, no superstruc-
tures are observed for Au islands on MgO. The theoretical Moiré periodicity
in this case would be of the order of 20 A, corresponding to eight Au rows
overgrowing five MgO unit cells. The invisibility of the Moiré pattern on MgO
can be explained by the flatness of the potential landscape for adsorption on
the MgO monolayer, for which almost identical binding properties have been
calculated for Au atoms on Mg / O top and hollow sites, respectively [195].

Fig. 5.1: Pseudo-3D STM topographic images of (a) several (40 x 40 nm?) and (b) a single
Au monolayer-island (12 x 12nm?) on a 20 ML, Mo-doped CaO film (4.0 V, 15 pA). The
stripes in (b) are assigned to a Moiré pattern formed between the hexagonal Au(111) and
the square CaO(001) lattice, as modeled in (c). [216]
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Moreover, a Moiré periodicity that comes close to the lateral dimensions of
the Au cluster makes its observation difficult.

Apart from the internal structure revealing a hexagonal atom arrangement
(cf. Fig. 5.2e), also the general appearance of the Au islands with respect to
the surrounding oxide displays pronounced, bias-dependent differences. On
both supports, the Au nanosheets undergo a contrast reversal from protruding
islands at negative and small positive bias (cf. Fig. 5.2b) to faint depressions
at elevated positive voltage (cf. Fig. 5.2¢) [22]. The Au islands appear bright
as long as the imaging bias lies inside the oxide band gap and below the
vacuum states above the oxide surface. At around 3.5V, the contrast reverses
as the conductivity through the Au islands drops below the one of the pure
film. The conductance drop can be explained with the high workfunction of
the Au islands with respect to the oxide films that shifts the highly conductive
vacuum states [219] out of the accessible bias window for electron transport
between tip and sample [22]. The change in contrast is enhanced especially at
the cluster perimeter. While the island rim appears brighter than the interior
in the low-bias regime, reflecting the presence of low-lying edge states at the
under-coordinated Au atoms [193], it turns dark when crossing the conduction
band onset of the oxide film at higher bias. The troughs surrounding the Au
nanostructures are hereby much deeper and broader on the CaO than on the

Fig. 5.2: (a) Pseudo-3D STM topographic overview image (80 x 80 nm?, 1.7V) and topo-
graphic images of a single Au monolayer-island (12 x 12 nm?) at (b) 1.0 V and (d) 3.4 V
on a 2 ML MgO film (1.7 V, 15pA). (d) Approximation of the atom count in the island by
filling its area with a hexagonal closed packed pattern of 2.89A spacing, as in bulk Au(111).
The atom number has been determined to be 319. (e) shows an atomically resolved image
on top of an Au cluster on the MgO/Ag(001) ultrathin film revealing a hexagonal atom
arrangement.
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MgO supports. This effect can be understood by the local band bending in
the oxide film in presence of the charged Au deposits.

5.2 Electronic properties

Both, the MgO and CaO-supported Au islands are characterized by a quan-
tized electronic structure that dominates dI/dV spectra and spectroscopic
maps of the nanostructures [10, 61]. For a MgO-supported Au island with
approximately 300 atoms, a series of dI/dV maps probing the unoccupied
LDOS at positive sample bias is shown in Fig. 5.3. Starting from 1.0 V,
the initially featureless conductance behavior exhibits concentric rings that
are increasing in number with bias voltage. Particularly nice examples can be
found at 1.0, 1.6 and 2.0 V, when one, two and three dark rings become visible
around the center (Fig. 5.3b). The rings exhibit also a radial fine-structure,
characterized by nodal planes that cut thorough the island center and again
increase in number with increasing bias. Similar conductance patterns have
been revealed for hexagonal metal islands on thin oxide films [10], but also on
bulk metal crystals before [66]. The features have been interpreted as stand-

Fig. 5.3: (a) Topographic and (b) conductance maps of an Au island taken at different
bias voltages on MgO/Ag(001) ultrathin films (1 2x 12 nm?). Note the bias-dependent
evolution of a standing wave pattern inside the island.
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ing wave patterns that arise from a confinement of the Au 6sp electronic band
in the metal nanostructures. The quantization phenomenon can be described
analytically for a hexagonal potential well with infinitely high walls, yielding
a linear energy dependence of the eigenenergies on the quantum number n
[201]:!

E, = Eo+ QL (5.1)

Meyy

Here, Ey and m.ss are onset energy and effective mass of electrons in the
Au 6sp band, respectively, while Q* = ©/10.8 denotes the area of the 2D
nanoisland.? To compare experimental and theoretical dispersion relations
of the quantized electron band, the energy position of the Au energy levels
is determined by measuring the distance of maxima/minima of cuts through
the bias-dependent dI/dV maps. Thereby, a characteristic wavelength Ag7/av
and the associated wavenumber k = /\d;dv as a function of bias have been
extracted. * In this way, the k-value of the particular state is extracted.
By analyzing the data one finds a linear dispersion for the electronic band
underlying the observed standing wave pattern. The band onset was fitted to
0.1 eV, while its slope, accounting for the mobility and localization of electrons
in the band, has been determined to be 0.69Vnm (cf. Fig. 5.4a). Both values
agree well with earlier results acquired for single-layer Au islands on thin MgO
supports discussed in chapter 4 and ref. [61]. Moreover, the respective band
can be located directly in the band structure of bulk gold, as calculated with a
RFPLO* approach by Hékkinen [220]. The (111) surface, representing our Au
islands in real space, converts into a hexagonal plane centered on the L point in
the irreducible Brillouin zone shown in Fig. 5.4d. The quantized band in this
study proceeds from the zone center towards the edge, which means along the

'Ref. [201] describes electron confinement in a hexagonal Ag island on an Ag(111) surface.
The quantization of the electronic structure arises thereby from a surface state located
inside the band gap. This state is hence electronically decoupled from the substrate. The
dispersion for the ideal hexagon is expressed by E,, = Ey+ #fo In first approximation,
the eigenenergies \,, can be linearly fitted by n = 10.8n+5.9 yielding to the equation used
in the text.

2In ref. [201] are used atomic units, here are used SI units.

3Remark: The dI/dV signal measured in the STM is proportional to |1)|?. Consequently,
phases of the wave functions are not observable in the STM and the intensity minima in
dI/dV maps indicate the nodal planes of the wave function. As a result, the measured
wave length is half of the real wave length, Agr/qy = 1/2- Aear, resulting in the expression
used in the text.

4RFPLO refers to a relativistic full-potential local-orbital approach used in the DFT cal-
culations.
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Fig. 5.4: (a-c) Experimental dispersion relations of QWS in three differently sized Au
clusters on MgO/Ag(001) ultrathin films. The approximate atom count in the islands
decreases from 300 in (a) to 200 and 44 in (b,c). The data for cluster (a) has been derived
from dI/dV maps shown in Fig. 5.3. (d) shows the irreducible Brillouin zone in reciprocal
space and (e) the calculated band structure for bulk gold, taken from ref. [220]. The
electronic band that experiences lateral quantization in the clusters is marked by a blue

ellipse. The band properties in both, bulk gold and monolayer islands, agree to a large
extent.
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LW direction in reciprocal space. The calculated band structure in Fig. 5.4e
contains indeed a band in the expected energy range with properties largely
following the signatures of the experimental state manifold. As expected, the
band is of Au 6sp character, i.e. parabolic at the band onsets and almost
linear in the intermediate regions. Its dispersion in the linear region can be
approximated by a slope of 0.6 Vnm which is comparable to the measured
value of the cluster. The main deviation between experiment and theory
concerns the band onset, which is at -1.3 V in the RFPLO calculation [220],
but close to the Fermi level in our STM study. This discrepancy can be
assigned to a quantum size effect since the band onset scales directly with
the diameter of Au islands on the MgO support. The trend is exemplified
with the three dispersion relations measured for differently sized Au islands.
While the smallest one (44 atoms, Fig. 5.4c) has a band onset at 0.6 €V,
this value shifts to 0.2 and 0.1 €V in islands containing 200 and 300 atoms,
respectively (Figs. 5.4a, b). Apparently, the depth of the quantum well is still
governed by the finite atom number in the deposits, i.e. it approaches and
finally crosses the Fermi level with increasing island size. Interestingly, the
effective electron mass and hence the overlap of the adjacent Au electronic
states, does not depend on the island size and remains constant in all three
cases. Moreover, the absence of atomic planes below and above the monolayer
islands (2D material) seems not to have drastic consequences on its in-plane
electronic structure, as the derived band properties are well reproduced by
the calculations for bulk gold (3D material).

In analogy to MgO-supported nanostructures, the electronic properties of
Au islands grown on CaO supports are discussed in the following. Just to
recall, the main difference between both oxide systems is the film thickness
which is about 20 times larger in the case of CaO. The deposits are both
expected to be electron-rich as a flow of electrons is guaranteed towards the
nanogold either from the Ag(001) support below the ultrathin MgO film or
from Mo donors embedded in the CaO matrix. Furthermore, CaO-supported
clusters display characteristic standing wave patterns as well (cf. Fig. 5.6).
However, the quality and clearness of dI/dV maps is significantly lower due
to the limited transmissibility of the thick oxide for electrons. In fact, dI/dV
mapping can only be performed at bias voltages close or above the onset of
the oxide conduction band. For bias voltages lying inside the oxide band
gap a high-quality data acquisition is hardly possible due to the unstable
tunneling conditions. Despite the higher level of disorder, the wave patterns
on CaO-supported Au islands can be analyzed in a similar manner as for the
MgO via a extraction of A\j;/qy and correlated bias-dependent k-values. The
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Fig. 5.5: (a) Topographic and (b) dI/dV maps of an Au cluster taken at different bias
voltages on self-doped CaO/Mo(001) films (12 x 12 nm?). Note the bias-dependent evolution
from a standing-wave into a Moiré pattern on top of the island. [216]

so determined dispersion relation for the quantized band in CaO-Au islands
shown in Fig. 5.6a deviates clearly from the one of the MgO-Au system
discussed before. Firstly, the obtained fit values for band onset (1.5 V) and
effective electron mass (0.8 Vnm) are much higher than for the MgO-supported
islands (0.1 €V, 0.66 Vnm), although clusters of similar dimension were chosen.
Secondly, the dispersion relation is linear only up to a critical bias value of 4.2
V and becomes constant at higher voltages. The kink in the £ — k diagram
occurs at k=3.8 nm™!, which corresponds to the inverse periodicity of the
Moiré pattern. It seems that the electron waves lock into the topographic line
pattern observed on the CaO-Au islands. In other words, the topographic
constraints on the Au surface result in a new boundary of the Brillouin zone
that sets an upper bound for the k-vector of the Au 6sp electronic band
[221, 222]. Given the rather large differences in the Au electronic properties
with respect to the MgO support the question arises whether both systems
can still be described within the same physical frame.

The following paragraph addresses the apparent deviation in the electronic
structure which can be traced back to the better electronic screening of the
CaO- versus the MgO-supported Au islands and leading to reversible shifts of
the Au electronic states in the tip-electric field. In general, STM experiments
on insulating oxide films involve electron transport through a double barrier
junction, consisting of the vacuum gap between tip and ad-island and the
oxide gap underneath the gold [94]. The two barriers give rise to a voltage
division in the junction V,../V,, that can be calculated by the film thickness
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and dielectric response of the dividing gaps [95, 97]:

VU ac dOCE E’UGC
V;x 603} dvac

(5.2)

Consequently, only a fraction of the applied bias drops in the vacuum barrier
of the STM, while the substantial part decays in the oxide film by bending its
electronic bands towards the Fermi level of the tip (cf. Fig. 5.6b). The Au
electronic system floats now between the two junctions and internal energies
of the system, as the band onsets, cannot be defined on an absolute scale
anymore. In order to compare directly the MgO and CaO-supported clusters,
the measured energies have to be corrected for the band-bending effects by
inserting the mean thickness of 2 ML MgO (4 A) and 25 ML CaO films
(50 A) as well as the oxide dielectric constant of e,, = 10 into the above
equation. The width of the vacuum gap was set to approximately 8 A by
assuming negligible changes in the tip-sample distance in the scanning range
of the bias from 1.0 to 3.0 V. While corrections are minor for the ultrathin
MgO layer (Voz/Viae = 0.05), they become significant for the 25 ML thick
CaO spacer (Vo/Viee = 0.62) for which more than one third of the total
voltage drops in the oxide barrier (cf. Fig. 5.6b). After a renormalization
of the dispersion, the band properties for the Au clusters on thick CaO films
converge against the ones obtained for the ultrathin MgO layers (cf. Fig.
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Fig. 5.6: (a) Experimental dispersion relation of QWS in the CaO-supported Au cluster
shown in Fig. 5.5 (200 atoms). After the correction for tip-induced band bending, the
eigenenergies shift downward and approach the values obtained for MgO-supported Au
islands. Above a critical wavenumber of k=3.8 nm~!, the wave pattern locks into the
periodicity of the Moiré pattern and becomes constant. (b) Potential diagram of the STM
junctions containing either a thick CaO or a thin MgO film. Band bending effects are
relevant only for the highly polarizable CaO spacer layer.
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5.6a). While the band onset shifts downwards to 0.7 V, the slope reduces to
0.55Vnm. Note that error bars in the CaO-based experiment are generally
larger due to the lower quality of the measured standing wave patterns and
the additional renormalization error based on the assumed constant tip-sample
distance. In this regard, the experimental results obtained for Au clusters on
both oxide films match in a reasonable manner, suggesting that one and the
same gold band experiences electron confinement in both cases. The remaining
deviations might be due to differences in the experimental situation. For
instance, the magnitude of electron transfer may be larger for MgO since the
Ag(001) single crystal underneath is a quasi-infinite electron reservoir, whereas
the number of accessible Mo donors in the doped CaO is finite. On the other
hand, the expanded CaO lattice with respect to MgO may increase the spacing
between the Au atoms, which reduces the overlap of the Au orbitals and
increases the effective electron mass of the corresponding band, and therefore
lower the slope of the dispersion relation. Nonetheless, the general electronic
properties of the ad-islands are very similar on both oxide supports.

The following paragraph discusses further experimental evidences for the
charge promotion via the two different oxide layers into the Au ad-islands.
In the case of ultrathin MgO/Ag(001) film, the electrons originate from a
metal support, while for the 25 ML CaO/Mo(001) film the charging is based
on electron exchange with single Mo ions inside the oxide matrix. If both
charging routes converge to the same final state, the common use of ultrathin
oxide films as model systems for heterogeneous catalysis and chemical sensing
gets validated once again [223]. The obtained knowledge on the electronic
structure of Au islands supported on thin and thick oxide films enables us to
address this point with high accuracy. (i) The growth shape of the Au clusters
gives a first indication for the presence of excess electrons. Au clusters on both
oxides grow in a monolayer fashion and no 3D deposits are observed on either
surface. The 2D growth regime of gold has safely been connected with a charge
transfer into the ad-material and is explained with a stronger Coulomb and
polaronic interaction of Au anions with respect to their neutral counterparts
[18, 19, 158, 224]. Furthermore, it has been shwon that the 2D growth regime
breaks down when the MgO thickness exceeds the tunneling length of electrons
[18] or when the donor concentration in the CaO matrix becomes insufficiently
low [21, 22, 225]. In both cases, electron transfer into the ad-islands becomes
ineffective and forces the gold to return to its usual 3D growth. The clear
prevalence of 2D growth on both oxide films thus provides evidence for a
robust and sufficient charge transfer into the gold islands (cf. Figs. 5.1,
5.2). (ii) A second hint for an electron flow into the gold is deduced from the
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upshift of field-emission resonances (FERs) on top of the metal nanostructures
as compared to the bare oxide (Fig. 5.7). FERs are vacuum states that
develop in the classical part of the tip-sample cavity and govern the electron
transport in STM junctions at high biases [219]. The lowest FER marks the
approximate position of the vacuum energy of the system, while higher levels
are additionally influenced by the tip-electric field. On both oxide supports,
the FERs continuously shift to higher energies when moving the tip from the
bare oxide towards the Au islands (from 4.0 to 6.0 V for the first FER, Fig.
5.7). The upshift indicates a higher surface potential above the nanogold,
reflecting the effect of electron accumulation inside the islands but also the
higher workfunction of gold (5.2 eV) as compared to the oxide films (4.0 V)
[22]. (iii) A third and last evidence for charge accumulation in the ad-islands is
the pronounced negative contrast around the island perimeter and surrounding
oxide, especially at high bias (cf. Fig. 5.8). As it has been explained in
chapter 3.2, the extra electrons mainly localize along the cluster perimeter.
In this way, they maximize their mutual distance and minimize their electron-
electron repulsion inside the nanostructures [193]. Moreover, additional states
are localized in the low-coordinated edge atoms that can be easily populated
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Fig. 5.7: Series of dI/dV spectra taken along a path from bare CaO onto an Au cluster
as shown in the inset (11 x 25 nm?). The high-bias dI/dV oscillations are FERs that shift
up in energy when approaching the gold due to a repulsive effect induced by the excess
electrons in the nanostructure. The spectral region marked by the dashed box covers the
Au QWS before correction for band bending effects. [216]
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Fig. 5.8: (a) STM topographic image (12 x 12 nm?) and (b) respective height profiles across
an Au cluster. (c) Structure model of a negatively charged Au island grown on self-doped
CaO/Mo(001). (d) STM tip-height calculated for the approximate charge distribution
across the island as shown in (e) (black). The corresponding shift of the CaO conduction
band is depicted above (blue). Solid and dashed curves are representative for a weakly and
strongly charged island, respectively.

by the transferred electrons. The dark appearance of the electron-rich island
perimeter now reflects a polarization effect of the oxide layer below the metal
island, as it is demonstrated with the following simulation for the CaO-Au
sytsem. A simple 1D model, in which edge atoms are negatively charged
while inner ones are neutral, shall account for the charge distribution ¢;(z;) in
the island (Fig. 5.8¢). Due to its poor screening ability, the electronic states of
the oxide respond sensitively to the presence of extra electrons on the surface
and experience an up-shift in energy [11]. The destabilizing impact of the
excess electrons on the oxide bands can be modeled with a screened Coulomb
interaction:

4di
V(fl?()) X Z W (53)

7

Here, 7y = \/ (xo — 24)? + 2o is the distance between the extra electron in the
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gold and a position (xg, zg) in the oxide film. The computed up-shift of the
oxide bands peaks directly below the electron-rich island edges, but further
extends into the oxide film (cf. Fig. 5.8e). The impact of the band shift on the
STM image contrast shall be modeled by treating the oxide conduction band
as main final states for incoming electrons from the tip. This is a reasonable
assumption at the elevated positive bias used in the experiment. The stabi-
lizing current Iy in the STM is proportional to that part of the conduction
band that spans from its onset valence conduction band (VCB) to the bias
set point Vs inside the band:

vs

]T(V) X e_ﬁzptip/ pcaodE X ptippoe(‘/s - %b)e_’iz (54)
veh
Here, pyp is the state-density of the tip and s the decay constant of wave-
functions in the vacuum that can be determined directly from experimental
current-distance plots [47]. Solving the formula for z gives a qualitative ex-
pression for the tip-sample distance when scanning the negatively charged
island (cf. Fig. 5.8d):
1 I(V)

z=—1In
Kk prppoe(Vs — Vi)

(5.5)

When approaching the island, the tip-height gradually decreases, because neg-
ative excess charges on the gold shift the oxide bands to higher energies and
therefore diminish the state-density that is in reach for the tunneling elec-
trons [11]. Directly at the edge, the tip-sample distance runs through a min-
imum and returns to an intermediate value inside the island. The reverse
sequence is revealed when the tip moves away from the metal sheet, cross-
ing the electron-rich brim again. This simulated height profile qualitatively
captures the experimental behavior, i.e. the gradual contrast reduction when
approaching the island, the dark ring at the island perimeter and the plateau
region in the island interior. The zone of negative contrast around the islands
can thus be taken as direct evidence for a charge accumulation at the island
perimeter. Evidently, the dark rings are more pronounced around gold islands
on the CaO than the MgO films, reflecting the enhanced polarizability of the
thicker oxide. A direct correlation between the spatial extension of the dark
ring-zone and the number of excess electrons in the ad-islands can therefore
only be obtained on films of equal thickness.
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5.3 Conclusions

Both, a thin MgO film on Ag(001) and a thick CaO film on Mo(001) doped
with Mo donor-ions were found to induce a considerable electron flow into
Au nanostructures deposited on their surface. The charge transfer was unam-
biguously revealed from a number of experimental signatures. Gold deposition
on the two oxide surfaces leads to the exclusive formation of monolayer Au
islands, indicative for a reinforced metal-oxide adhesion in presence of the
excess charges. In both cases, the Au electronic structure experiences lateral
quantization effects, arising from electron confinement in one and the same Au
6sp-type band. In the MgO-case, the Au quasi-band arising from the in-plane
quantization of the cluster’s electronic states could be correlated to the LW
band of bulk gold. Surprisingly, the electronic structure of the Au 2D material
(monolayer islands) agrees already to a large extent to the one of Au 3D ma-
terial (bulk) although the atoms in the third dimension are missing. Finally, a
pronounced dark rim around the islands as well as a characteristic up-shift of
vacuum states when approaching the island perimeter provide unique evidence
for the accumulation of extra electrons in the low coordinated edge atoms de-
limiting the gold nanostructures. Within the accuracy of our measurements,
we find identical properties of MgO and CaO-supported Au deposits, indicat-
ing that nature and magnitude of the substrate-mediated charge transfer are
the same. Evidently, the two charging routes explored here, namely electron
transfer from a bulk metal below an ultrathin oxide spacer and charge dona-
tion from impurity ions dispersed in a thick oxide matrix, give rise to a similar
final state for gold ad-particles bound to the two oxide surfaces. On the basis
of this correspondence we argue that ultrathin oxide films, as often used in
surface science experiments, are well suited to model the situation in doped
bulk oxides, being widely employed in real catalysis. This conclusion empha-
sizes the significance of fundamental, atom-scale experiments for elucidating
general principles of the surface chemistry of supported metal catalysts.



Chapter 6

Changing Quantum Well States
in Gold Clusters upon
Molecular Adsorption

The following chapter describes for the first time the influence of molecules
onto the local electronic structure of metal clusters. The model system con-
sists of monolayer Au islands grown on MgO/Ag(001) ultrathin films that
exhibit a quantized electronic structure, accessible to LT-STM imaging and
spectroscopy. The alteration of the model systems after molecular adsorption
has been investigated for two entities, isophorone (CoH140) as weakly inter-
acting organic molecule and CO, as a typical Lewis acid. The former one is
a prototype oxygenate molecule which is not specifically known for a strong
interaction with noble metals. Due to its relatively large size and good visi-
bility in the STM, it serves as ideal sample molecule to monitor physisorption
processes with the STM. In the second case, CO, as a molecule of general sig-
nificance has been adsorbed on the sample surface. A nanocatalytic activation
of COs is of importance in chemistry because it would enable the conversion of
a chemically worthless species into a precursor for further reactions, e.g. the
production of hydrocarbons. The simultaneous reduction of the in abundance
existing greenhouse gas is further of high environmental and political interest.
The two species have a different impact on the intrinsic QWS structure of the
metal nanoparticles which reflects differences in their binding behavior.
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6.1 Precharacterization of the Surface

In a first step, isophorone has been deposited onto the pristine MgO/Ag(001)
surface. The molecules were dosed at RT from a flask containing the lig-
uid at 0.5 L (107" mbar for 5 s). After exposure, circular protrusions of
about 8 A diameter appeared on the clean MgO and have been correlated
to isophorone. Three main observations have been realized: (i) Isophorone
decorates the MgO-Ag edges (Fig. 6.1a); (ii) the first ML of MgO gets cov-
ered with molecules while the second ML remains pristine (Fig. 6.1a); and
(iii) the molecules agglomerate into “magic arrangements” (Figs. 6.1b,c). Fig.
6.1d shows some of those sample agglomerations that can be observed on the
surface and consist of double, triple, quadruple and hexamer clusters. Note
that each configuration displays a number of isomer structures (cf. Fig. 6.1d).
Contrarily, if isophorone covers the bare silver substrate it arranges in perfect
hexagonal patterns (Fig. 6.1e).

Fig. 6.1: Topographic images of (a-d) the MgO/Ag(001) ultrathin film and (e) bare Ag
substrate after exposure to isophorone (a,b: 30 x 30 nm?, ¢ (12x 8 nm?, d: 12x 7 nm2).
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Fig. 6.2: (a) Topographic image and (b) corresponding dI/dV map of the MgO/Ag(001)
ultrathin film after codeposition of Au atoms (blue arrows) and isophorone (black arrows)
(18 x 18 nm?, 50 pA). A partial formation of Au-isophorone pairs (green arrows) could
be observed. Sequences of dI/dV maps at different biases of (c¢) single and (d) multiple
Au-isophorone hybrid structures.

In a next preparation step, single Au atoms have been added to the sample
surface at LT (15 K), leading to a coexistence of Au atoms and isophorone
molecules. During scanning at higher bias both species appear as circular
protrusions with approximately the same diameter of 6 to 8 A and cannot be
distinguished. However, when reducing the scanning bias to values between
0.5 and 0.8 V, one of the species becomes surrounded by a ringlike depression.
Such a sombrero type depression has been observed before for Au atoms on
3 ML MgO/Ag(001) films [43] and on 2 ML NaCl/Cu(111) film"' [226]. The
effect is attributed to a negative charging of the atoms that are stabilized on

!Here, the charging of the neutral Au atoms was induced by a voltage pulse applied to the
STM tip.
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the surface by a strong polaronic distortion of the oxide substrate leading to
the ringlike depression. The second species maintains its protrusive character
and is hence related to isophorone. Beside this fact, both species are clearly
distinguishable in dI/dV maps taken at 0.5 V. The Au atoms show a dark
contrast whereas the isophorone shows a weak, almost negligible contrast in
comparison to the oxide.

Furthermore, hybrid structures consisting of Au and isophorone could be
detected. For instance Fig. 6.2c shows a single hybrid structure composed of
one Au atom (upper protrusion with dark ring) and a single molecule (lower
protrusion). By taking conductance maps in the range of 1 V around the Fermi
energy, different behaviors of both ad-species become visible. The species
associated with the Au is characterized by a fairly dark contrast at 1.1 V
whereas the molecule shows a weak contrast. At -0.8 V, the upper species
turns bright while the lower one keeps its weak contrast. The two dI/dV
maps taken close to the Fermi energy at 0.2V and -0.3 V are characterized
by a sequence of dark and bright stripes cutting perpendicular through the
pair structure. This gives a strong indication for the formation of a chemical
bond between both entities. In addition, multiple hybrid structures have been
observed (Fig. 6.2d) consisting of roughly three Au atoms in their center and
two (upper complex) and three molecules (lower complex) attached to their
surface. Also here, a distinct electronic behavior is discernible in the sequence
of dI/dV maps.

6.2 Isophorone-Adsorbed on Gold Clusters

In a next preparation, MgO films with Au clusters have been prepared at 300
K and were subsequently dosed with isophorone. Fig. 6.3 shows topographic
and dI/dV images of a surface with Au clusters after isophorone exposure.
The scans were taken at 1.7 V, as the high conductivity associated to the pro-
nounced metal-oxide interface state at this energy clearly distinguishes MgO
mono- and bi-layers from uncovered Ag and thick oxide patches. Hexagonal
Au clusters of 15-35 nm? average sizes are found on top of the wide oxide
terraces. They are readily identified due to their bright contrast in the topo-
graphic channel and a pronounced quantization pattern in the corresponding
dI/dV maps [61]. After isophorone exposure, circular protrusions of 8 A di-
ameter appeared on the Au islands. Remarkably, the gold-bound molecules
were found exclusively along the island perimeter and no features have been
detected in the interior. Along the island edges, the molecules have a regular
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Fig. 6.3: (a) Topographic image and (b) corresponding dI/dV map of the MgO/Ag(001)
ultrathin film after isophorone exposure (60 x 60 nm?, 1.7 V, 50 pA). The quantization
pattern of the monolayer islands is clearly discernible in (b). Topographic images of (c)
isophorone and (d) COy molecules bound to Au clusters and the MgO surface (15 x 15 nm?,
0.3V, 50 pA).

spacing of about 8 A, a value that matches the diameter of isophorone. Each

Au nanostructure therefore provides room for 10-15 edge-bound molecules
(Fig. 6.3c).

Fig. 6.4a shows a sample cluster adsorbed with isophorone. The influence
of molecular adsorption on the cluster’s electronic structure is revealed by com-
paring dI/dV data-sets taken on one and the same Au island with molecular
species and after desorbing them. The successful removal of the 15 molecules
becomes evident in the topographic image in Fig. 6.4c, whereby a few un-
defined residuals always remained on the surface. Pronounced modifications
after molecular desorption were detected in the electronic channel as well. Fig.
6.4b shows dI /dV spectra taken at two points within the isophorone-adsorbed
cluster exhibiting pronounced conductance peaks. By a deconvolution of the
spectra into Gaussians (not shown here) in analogy to chapter 4, five QWS
could be extracted. The states are localized at 0.7, 0.8, 1.1, 1.4 and 1.6 V
and were assigned to eigenstates of the Au 6p, manifold. The symmetry of
the quantization patterns was revealed from dI/dV maps (Fig. 6.4a). They
display a series of bright and dark ellipses that appear in the island center and
propagate outwards with increasing energy. While the lowest QWS at 0.7 V
exhibits a uniform dI/dV intensity throughout the entire cluster, higher states
are characterized by alternating dark and bright contrast in the center region
and the development of up to three protruding rings when moving towards the
rim. The intensity pattern of the second state shows a minimum in the center
while the outer regions of the cluster remain bright. The third df/dV map
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Fig. 6.4: Topographic and dI/dV maps of an Au island (a) with and (¢) without isophorone
molecules bound to its perimeter (11 x 8 nm?, 70 pA). (b) and (d) associated STS spectra
taken in the center (blue) and the left part (red) of the island as indicated in (a) and (c).
Gaussian fitting revealed five QWS that are marked by arrows. Their bias positions match
the ones used for dI/dV imaging in (a) and (c).

reveals bright inner and outer regions that are separated by a dark ring. The
fourth and fifth state display one and two dark spots in the cluster center,
respectively, followed by a sequence of bright-dark-bright rings towards the
outside. The intensity patterns match the eigenstates of a hexagonal poten-
tial well, as it has been described in chapter 5 and ref. [201, 202]. Moreover,
their bias evolution is in line with the energy of the QWS derived in the spec-
troscopic regime. In a second step, the molecular species have been desorbed
one by one from the cluster via bias pulses applied to the STM tip. The re-
moval of the molecules was reproducibly performed at around 4.5 V without
substantial changes of the island perimeter. This procedure is rather difficult
since the STM tip needs to be in stable conditions during the long period of
measurements. The overall electronic behavior of the Au island, as the num-
ber and symmetry of the QWS, remains unchanged. However, a closer look
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into the dI/dV data reveals a characteristic energy shift of the eigenstates.
The overall trend is discernible best in the conductance maps in Fig. 6.4c.
For example, the second intensity pattern, characterized by a central maxi-
mum and a single dark ring, appears at 1.1V in the presence of edge-bound
isophorone, but moves to 1.2V after desorption of the molecules. Similarly,
the fifth QWS, displaying two central minima, experiences an upshift from 1.6
to 1.7 V after removal of the molecules.

To analyze the adsorbate-induced electronic perturbation and quantify the
respective energy shift, the QWS structure was rationalized by a PIB model
for a hexagonal potential well with infinite high walls, referring to chapter
5.2. The model is obtained by cutting the hexagonal Au potential well along
a characteristic line that runs through the cluster (Fig. 6.5) and describes the
quantization of electronic states depending on one quantum number n. The
resulting dI /dV curves can then be interpreted as standing wave patterns that
result from an energy overlap of neighboring states with finite width (cf. Fig.
6.5). The obtained conductance graphs reflect amplitude modulations of the
squared wave functions in the quantum well and are most pronounced when
the bias voltage matches the energy of an eigenstate. Following the procedure
in ref. [197], the exact bias positions of the QWSs were determined by a fit
of the experimental dI/dV line plots as a function of sample bias by (with
kn=n-k=n-7):

ﬂ(m, V) = c1(V) cos®(kx) + co(V) sin®(2kz) + (6.1)

v
+c3(V) cos®(3kx) + c4(V) sin® (4kx) + . ..

Each summand consists of a squared cosine or sine and represents one QWS
depending on whether intensity maxima or minima are localized in the cluster
center, respectively. The bias-dependent coefficients ¢, (V) account for the
spectral weight of the different wave functions in the experimental spectrum
[227]. The bias evolution of the coefficients ¢, (V') for the sample cluster with
and without isophorone is shown in Fig. 6.5. It follows a Gaussian behavior

Tab. 6.1: Bias-dependent coefficients ¢, (V') of the squared wave function and the energy
shift AU = Uei4mot — Uqr for one Au cluster with and without isophorone.

Left side of cluster Right side of cluster
C1 Cc2 Cc3 C4 C5 C1 Cc2 Cc3 C4 C5

Ucitmot [V] 0.63 0.81 1.12 1.42 1.64 0.61 0.78 1.08 1.46 1.61
U, [V] 0.53 0.84 1.1 1.54 1.79 0.53 0.84 1.19 1.51 1.74
AU V] +0.10 -0.03 -0.07 -0.12 -0.15 | +0.08 -0.06 -0.11 -0.15 -0.13
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with the maximum value giving the center position of the corresponding energy
state F,. The respective values, analyzed spearately for the left and right side
of the cluster, are summarized in Tab. 6.1. Furthermore, the energy shift of
states with the same quantum number n, AU = U.ypma — Ua, is calculated.
Both sides of the cluster agree nicely with each other and therefore only the
left side of the cluster is considered in the further analysis.

Left side Right side
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Fig. 6.5: Evolution of the bias-dependent coefficients ¢, (V') of the squared wave functions
as obtained by fitting dI/dV plots at different bias (lower left diagram). These are analyzed
separately for the left and right side of the cluster.

The FE-n dispersion for the cluster’s electronic system with and with-
out isophorone is plotted in Fig. 6.6a. Moreover, the energy shift of the
QWS, AF = e AU = Eyimo — Eg, is visualized depending on the quan-
tum number n (Fig. 6.6b). While the first QWS slightly lowers its energy
position, the following ones shift upwards. The energy difference follows a
nearly linear relationship as function of the quantum number n, according to:
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E, = E, pare — 0.07n. Although details of the energy shift vary slightly from
cluster to cluster, the general perturbation of QWS upon molecular adsorption
has been reproduced in several cases. From equation 5.1 results the general
dependence of the eigenenergies for hexagonal potentials with infinite walls:

1

FE, o
" Q*meff

(6.2)

The linear E-n dispersion expected for hexagonal wells is undoubtfully repro-
duced in the present data. Evidently, the molecular interaction affects the
slope of the dispersion curve, hence either the effective electron mass or the
size of the confining potential. In a qualitative picture, the observed electronic
trends can thus be traced back to the impact of gold-adsorbate interaction onto
these key quantization parameters as discussed in section 6.4.
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Fig. 6.6: Dispersion relation (left) and peak shift AU = Ug1s0 — Uy (right) of QWS in
an Au island with and without isophorone.

6.3 Carbon Dioxide-Adsorbed Gold Clusters

A similar picture as for isophorone-covered clusters emerged after dosing CO»
onto the Au/MgO surface by filling the chamber with a back pressure of 1- 107
mbar for 50 s (5 L) at 250 K sample temperature (6.3d). Also here, molecular
adsorbates were exclusively observed along the cluster rim, while no indica-
tion for adsorption was revealed in the interior. In contrast to isophorone,
much less CO, was observed on the bare MgO surface, indicating a weaker
adhesion to the oxide (or a fainter topographic signature of the molecule in
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Fig. 6.7: Topographic (insets in b and ¢) and dI/dV images of Au islands (a) with and (c)
without CO2 molecules bound to their perimeter (8 x 8 nm?, 70 pA). (b) and (d) respective
STS spectra taken in the center (blue) and lower part (red) of the island. Gaussian fitting
revealed four characteristic QWS that are marked by arrows. The identified bias positions
match the ones used for dI/dV imaging in (a) and (c).

STM). The 15 COg species at the Au-MgO boundary show a regular spacing,
however with a reduced periodicity of about 5 A as compared to isophorone
which is in agreement with the smaller size of COy molecules (cf. Fig. 6.7a).
Whereas removal of isophorone was rather easily performed at 4.5 V with-
out substantial changes of the island perimeter, a reliable tip-induced CO,
desorption was impossible even at high bias conditions. The manipulation
experiments sometimes even drastically changed the character of the island
boundary. Consequently, we have referenced the dI/dV data of COy-covered
islands to spectra taken on bare Au clusters of similar size and shape measured
before the dosage of molecules. This approach is justified, as the interrelation
between geometry and electronic properties of 2D Au quantum systems has
been analyzed in detail in chapter 4.

Fig. 6.7b shows two dI/dV spectra taken at a COs covered island. By
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a deconvolution of the spectra into Guassians (not shown here), four QWS
could be extracted. The QWS are localized at 0.75, 0.9, 1.2 and 1.5 V and
are assigned to eigenstates of the Au 6p, manifold. In spite of the lower
dl/dV data quality as compared to isophorone, the symmetry of states has
been recognized again from conductance maps shown in Fig. 6.7a. The lowest
QWS at 0.75 V is characterized by a uniform dI/dV intensity throughout
the entire cluster. The second and third state show one and two minima
in the cluster center, respectively, whereas the outer region of the cluster
maintain its bright contrast. The highest state exhibits an intensity maximum
in the center, enclosed by a dark and bright ring. Due to the impossibility of
desorbing the CO, molecules from the island rim, a pristine cluster of similar
size and shape was chosen in order to compare the electronic structure in both
nanostructures. As shown in chapter 4 and ref. [61], the electronic structure
of Au clusters depends sensitively on the cluster size and shape. Therefore,
the bare cluster needs to have a comparable size but also a similar shape as the
COy-decorated island (cf. Fig. 6.8). For comparison, the cluster dimensions in
the CO,-case were determined to be 5.6x4.2nm?, yielding a linear eccentricity
of e=1.85 (cf. equation 4.4). The pristine cluster is estimated to be 5.8x4.4nm?
in size, resulting in an eccentricity of e=1.89. A comparison of both values in
the A-e diagram in Fig. 4.7c gives a negligible deviation of the HOMO-LUMO
gap and hence of the electronic structure. However, the energy stretch of the
four eigenstates of the cluster is about 0.3 V larger in presence of COy than
without molecules. dI/dV maps of the bare cluster reveal the same sequence
and symmetry of QWS. For example, the second an third state, exhibiting
one and two dark spots in their center, can be found in the pristine cluster as
well but are shifted downwards about 0.1 and 0.2 V| respectively, compared to
the COs-case. The highest state, displaying a dark ring around bright center
and outer regions, shift from 1.5 to 1.2 V in the pristine case. To quantify
the exact change in the electronic structure upon CO,y adsorption, the QWS
structure was rationalized again by a PIB model for ideal hexagons. In the
same manner as in the previous section, the experimental dI/dV line runs
along the clusters’ center axes (cf. Fig. 6.8a) and was fitted as function of
sample bias by equation 6.2. The extracted bias-dependent coefficients ¢, (V')
shown in Fig. 6.8b provided the center position of the QWS and hence the
E-n dispersion for both cluster as well as the energy shift AE depending on
the quantum number (cf. Fig. 6.8¢). While the first state maintains its energy
position upon CO4, adsorption, the higher states shift upwards, in contrast to
the isophorone case. The energy difference follows a nearly linear relationship
as function of the quantum number n, according to: E, = E, pere + 0.10.
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Apparently, the CO4y perturbs the Au quantum system in a different manner
than isophorone, which provides unique insight into the nature of the gold-

molecule interaction.
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Fig. 6.8: (a) Topographic images and structure models of Au clusters with (left) and
without (right) CO4, showing the equality in shape and size the nanoislands. (b) shows the
bias evolution of the coefficients ¢, (V') of the squared wave functions as obtained by fitting
dI/dV line plots along the lines shown in (a). (¢) Dispersion relations (left) and peak shift

AU = Uy co2 — Uy (right) of QWS in both islands.

6.4 Binding Behavior of the Molecules:
Chemisorption versus Physisoprtion

A weak point of the STM is its missing possibility to acquire chemical infor-
mation of ad-species on surfaces. In order to get a chemical fingerprint of the
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molecular adsorbates on Au clusters, IRAS measurements on clean and Au
nanoparticle-covered MgO/Ag(001) ultrathin films adsorbed with CO, and
isophorone have been performed in a subgroup of the FHI’s Chemical Physics
department by Dr. Florencia Calaza. Thereby, the preparation procedure
of the Au/MgO system has been transfered to another chamber, equipped
amongst others with an IRAS spectrometer, a TPD and mass spectrometer.
The film characteristics and quality have been checked by XPS and LEED.
The MgO film was estimated to be 2 ML thick with 0.06 ML nominal cov-
erage of Au cluster, being in excellent agreement to the films prepared inside
the STM chamber. Subsequent DFT calculations performed in the research
group of Prof. Hannu Héakkinen from the University of Jyviskyla give addi-
tional insights into the binding configurations of the molecular species to the
Au nano-islands.

6.4.1 Chemisorption of Carbon Dioxide

IRAS experiments on isotope-labeled CO5 and MgO on clean and gold-covered
MgO/Ag(001) ultrathin films prove the electron transfer from Au clusters
into CO5 molecules. The top spectrum in Fig. 6.9a shows a clean MgO
film exposed to CO5 at 220 K, close to saturation coverage. The intensity of
the sole band at 1295 cm™! corresponds to a molecule coverage of 0.02 ML
as determined by calibration measurements on CO/Pd(111) and coverage-
dependent LEED data [228]. This coverage corresponds roughly to the density
of color (FT) centers on the MgO surface which are located specifically at
MgO edge sites as it was independently determined by STS measurements
in the past [110]. The observed frequency would be compatible with both,
carbonate (COy adsorbed on top of lattice oxygen) and carboxylate (CO5 on
top of oxygen vacancies or metal ions) [229]. By measuring IR spectra of
180-labeled MgO films, the formation of carbonates is ruled out as no shift of
the 1295 cm™! band is observed (cf. Fig. 6.9a). Molecular adsorbates which
bind to heavier oxygen in the oxide film would lower the frequency band.
If, on the other hand, CO, is either 80 or 3C labeled, the frequency of the
carboxylate shifts to 1259 cm ™! and to 1275 cm ™!, respectively, consistent with
an increased molecule mass (Fig. 6.9a). The observed frequency shifts and the
possible adsorption site on top of F* center is in line with calculations for the
CO; adsorption on bulk MgO(100) surfaces [230-232]. Note that the reported
results on bulk MgO(001) may not be directly applicable to thin films due to
the missing metal support, but a full study of COs on thin MgO/Ag(001) is
missing so far.
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Fig. 6.9: (a) Structure of neutral COz (left); carboxylate (center), and oxalate (right), i.e.
two carboxylate molecules together. Note the molecular bending in the carboxylate as a
result of its negative charging. IR spectrum for COy adsorption onto (b) a pristine and (c)
with Au clusters covered 2 ML MgO/Ag(001) films with saturation dose at 220 K.
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Tab. 6.2: Adsorption energies and charge transfer for COy adsorption on the Au/MgO
system as calculated by DFT. Taken from ref. [234].

‘AUCOQ AuCOz | AuzCO2  AuzCO2 | Au2C204  AuzC204

planar normal planar normal planar normal
E,as [eV] -0.58 -0.39 -1.24 -0.75 -0.95 -0.72
qau [lel] -0.73 -0.89 -1.04 -0.78 -1.59 -1.55

In a next step, COs is dosed onto MgO-supported Au clusters. Thereby,
two new vibrational modes, centered at 1220 cm™! and 1398 cm™!, are ob-
served with respect to the bare oxide film and are assigned to oxalate (Fig.
6.9b). The unchanged carboxylate band at 1295 cm™" serves as a calibration
standard in the following. A certain degree of heterogeneity is inherent in
those bands, as a result of the irregular rim shape of the Au clusters. The
amount of adsorbed molecules, as calculated from the Au covered regions on
the MgO surface with assumed cluster diameters of 4-5 nm, agrees well with
the observed intensities assuming 15 molecules per cluster. The basis for as-
signment of the molecules to oxalate species results from a comparison with
known oxalate - transition metal complexes [233], which exhibit two bands
with appropriate vibrational frequencies. Further evidence comes again from
isotope experiments shown in Fig. 6.9b. (i) By labeling the oxide film to
Mg!®0O, no band shifts are observed and thus ruling out the possibility that
oxygen atoms around the cluster perimeter are responsible for anchoring of the
CO,. (ii) For C'®04 labeling, the calibration band (1259 cm™') remains un-
changed compared to the bare MgO film, while the two oxalate bands shift to
lower frequencies, i.e. 1374 cm~! and 1210 ecm™!, respectively, consistent with
a higher molecule mass. (iii) Upon *CO; labeling the carboxylate standard
shifts as expected to 1275 cm~!, while the lower band at 1220 cm ™! remains
unchanged, and the upper one moves to 1360 cm™!. For the two oxalate
modes, a normal mode analysis, performed for a planar oxalate arrangement,
is available in literature [233] including calculations for the in-plane vibrational
frequencies. Those calculations reveal a predominantly C-O stretch and O-
C-O angle deformation character for the lower band at 1220 cm™!, while the
high frequency band at 1398 cm ™! exhibits predominant C-C stretches mixed
with some contributions of C-O stretches. The observed isotopic shifts are
fully consistent with the qualitative assignments and strongly support the as-
signment of the two peaks to oxalate species formed at the cluster perimeter.

Subsequent DFT calculations reveal the binding configurations for COq
and C,0y4 species on the Au/MgO surface and corroborate the experimental
results. Starting with a single Au atom on the surface, two configurations for
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AuCO, complex have been identified while no stable gold-oxalate complexes
could be found in the calculations. (i) The surface-planar configuration (Fig.
6.10a) is accompanied by an electron transfers of 0.7]e| from Au to COs, result-
ing in an adsorption energy of -0.58¢V. (ii) In the surface-normal configuration
(Fig. 6.10b), the charge transfer is slightly larger (0.9]e|) but the adsorption is
reduces (-0.39eV). Similar configurations have been found for CO, adsorption
onto Auy dimers (not shown) but with a clear increase of charge transfer and
binding energy, suggesting an even stronger binding of CO, to lager clusters
(see Tab. 6.2). In a next step Cy04 species have been investigated. Two
gas-phase configurations, cross and planar, were found with C-C bond lengths
of 1.61 and 1.70 A, respectively (Fig. 6.10c,d). The species were converged
to a stable minimum with a total charge of -1.8|e|, approximating closely the
full double anion. The oxalate can only be stabilized in a chemical bond in
the DFT calculations when using at least an Au dimer as binding partner on
the surface. Again two configurations were found with adsorption energies
of -0.95¢V for the “C-C surface-planar”configuration (Fig. 6.10e,f) and -0.7
eV for the “C-C surface-normal”one (Fig. 6.10g,h). The adsorption process
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Fig. 6.10: DFT calculations of CO; and C,02~ species on a MgO/Ag(001) bilayer film
[234]. Two configurations for AuCOy complexes are found in (a) surface-planar and (b)
surface-normal orientations. In the gas phase, oxalate exhibits two stable configurations,
(c) “cross” and (d) planar. (e,g) Side and (f,h) top views of AusC204 complexes consisting
of “cross” oxalate (shown in (c)) and having their C-C bonds oriented (e,f) planar and (g,h)
normal to the surface. (Colors: Mg: green, O: red, C: brown, Au: yellow, Ag: gray) The
blue italics denote atomic Bader charges (in |e|) and black roman numerals interatomic bond
lengths (in A) and bond angles. The gas-phase structures in (c) and (d) were converged for
the total charge of -1.8e].
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is accompanied by a reduction of the C-C bond length to 1.56 and 1.53 A,
respectively, and a positive charging of the neighboring Au atom leading to a
molecule charge of -1.59|e| and -1.55|e|, respectively (Fig. 6.10e,g). The cal-
culations suggest the formation of oxalate as a result of an activation process,
since the formation of the stable gold-oxalate complexes seem to depend sen-
sitively on the reaction coordinate. Further vibrational analysis performed at
AuyCy04 complexes show a good agreement between calculated (1228 cm™?,
1414 em™') and experimental values (1220 cm™!, 1398 ¢cm™!) for the “C-C
surface normal”configuration. This irreversible scenario can be excluded since
no CO or O desorption has been detected during TPD measurements.

By TPD experiments, only CO, was identified as desorbing species ex-
hibiting two desorption states. Carboxylate desorbs around RT (280 K) while
oxalate desorption was measured at 320 K (Fig. 6.11), revealing an entirely
reversible process:?

0,02 — 200, + 2e

One reason for the reversibility of the C204-CO, adsorption-desorption pro-
cess is the low oxo-philicity of Au, which hampers the formation of adsorbed
carbonate and hence an alternative reaction route. The experimental and
computational results strongly suggest the following scenario taken place at
the Au clusters supported on MgO/Ag(001) ultrathin films: The oxide film
shuttles electrons from the metal support into flat, raft-like Au nanoislands
with the transferred electrons located at the rim of the cluster: CO, adsorbs
at the cluster rim, transforms into carboxylate by electron transfer, and re-
acts further with another CO5 molecule to form oxalate. The formed oxalate
desorbs from the surface as CO, and the electrons are shuttled back to the
Au islands. The reaction is fully reversible.

COy + e —  CO; /Au,
CO; /Au, + CO; — (CO3); /Au,
(CO%)5 /Au, +e — Cy03 /Au,

C,037 /Au, —  2C04 + 2e

With the help of the experimental IRAS data and supporting DFT cal-
culations discussed above, the binding mechanism of COy molecules to Au
clusters on MgO/Ag(001) ultrathin films has been clearly identified. Electron

2The desorption process is by no means self-evident, as in former studies an alternative
oxalate decomposition has been proposed into carbonate, carbon monoxide and further
oxygen [235-237].
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Fig. 6.11: TPD spectra (44 amu) for CO2 desorption from the same pristine and with
Au clusters-covered bilayer MgO/Ag(001) film. While COs originating from carboxylate
species desorbs around RT, CO; arising from oxalate desorbs at approximately 320 K.

transfer from perimeter Au atoms into COy molecules explains the observed
reorganization of the Au QWS. The excess charges in the negatively charged
CO; ligands exert repulsive forces on the remaining electrons in the island
that, in turn, adopt a positive net charge upon electron transfer. Thus the
electron cloud in the gold island contracts and consequently the quantization
area decreases (Fig. 6.13c). Moreover, a higher electron density in the re-
maining volume facilitates exchange and hopping of the delocalized electrons,
which lowers the effective electron mass. Hence, the two key parameters, the
quantization area (2 and the effective electron mass m.ss, that govern the £-n
dependency (cf. Eqn. 6.2) are expected to decrease during COy adsorption.
Consequently the slope of the dispersion relation increases with respect to
pristine islands (cf. Fig. 6.8¢c).

6.4.2 Physisorption of Isophorone

[sophorone has a different impact on the cluster’s electronic structure than
COs,, as the slope of the dispersion curve decreases in the presence of the
organic molecules. Isophorone is not expected to interact strongly with gold.
Its terminal oxygen, as negative charge center of the polarized molecule, will
avoid the electron-rich island perimeter in order to minimize Coulomb repul-
sion. Conversely, the positive charge center that would benefit from Coulomb
attraction to the Au anions, is localized at the C=C double bond in the molec-
ular ring and any significant approach of the two charge centers is therefore
hindered by steric repulsion imposed by the molecular side groups. Substan-
tial Au-isophorone interaction is only expected for a dissociated molecules, i.e.
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when the molecular oxygen would be stripped off and replaced by an Au atom,
for instance by dissociation with an O vacancy [238]. However, IRAS data
were found to be identical on gold-covered MgO/Ag(001) ultrathin films and
pristine Ru(0001) that is known to bind the molecule in an associative manner
(Fig. 6.12b). All the main vibrations of isophorone are equal in both cases
implying that the molecule adsorbs intact, without significant dissociations.
Moreover, the frequency band at 1650 cm™! is assigned to the C=0 double
bond and remains clearly intact on both surfaces, giving a strong evidence
that the molecule does not dissociate at the terminal oxygen. In absence of
pronounced chemical or electrostatic interactions, the Au-molecule binding is
limited to van-der-Waals forces and hydrogen-bonding (Au®~—H’*). Support-
ing DFT calculations on an infinite Au stripe on a 1 ML MgO/Ag(001) film,
being the first approximation of a cluster rim, corroborate the assumption

(a) ISOphOl‘Oﬂe (b) Isophorone / Av / 2ML MgO
(2-cyclohexen-1-one) A
=
& Isophorone / Ru(0001)
o
Q
g x10
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o)
ES
I 2 C=0
1200 1400 1600 2600 2800 3000
wavenumber [1/cm]
J
(c) (d)
J

1990, 2=
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Fig. 6.12: (a) Structure and (b) IR spectra of isophorone adsorbed Au cluster on
MgO/Ag(001) ultrathin films at RT (black) and Ru(0001) at liquid nitrogen temperature
(gray). Similar vibrational modes are resolved in both cases, indicating that the molecule
adsorbs associatively on the two surfaces. DFT calculations of isophorone on an infinite Au
stripe on a 1 ML MgO/Ag(001) film in (c) top and (d) side view [238]. The orientation of
the molecule in (a) corresponds to that one shown in (d). (Colors: Mg: green, O: red, C:
dark gray, H: white, Au: yellow, Ag: gray)
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[238]. Here, isophorone physisorbs with a large separation between Au and
the molecule and its C=0 double bond oriented along the infinite edge of the
strip (Fig. 6.12 ¢,d). The adsorption energy is determined to be -0.38 eV and
no charge transfer between Au and isohporone is observed.

The general weakness of such a coupling is in agreement with the easy
removal of the organic molecules from the Au cluster edges, in comparison to
CO,. Furthermore, the observed alteration of the Au QWS structure points
to weak, mostly dispersive coupling between isophorone and the negatively
charged island rim. The decreasing slope in the E-n dispersion indicates a
larger quantization volume or a weaker electron coupling inside the island after
adsorption. Both trends can be connected to the polarization of the organic
molecules that weakens the repulsive impact of the negatively-charged island
perimeter and enables an expansion of the quantization region (Fig. 6.13a). As
a consequence, the electron gas spreads out beyond former boundaries, i.e. the
effective size of the potential well increases, which in turn reduces its effective
density and closely related the probability of hopping ad exchange processes,
hence the effective electron mass. Also more subtle effects may be at work, for
instance a change of the potential slope at the island boundaries or a lowering

(a) (b) (C) na Veos

Fig. 6.13: 1D scheme showing the electron confinement in (a) an Au island with isophorone,
(b) a pristine island and (c¢) an island with edge-bound COs,. Attractive Au-isophorone
forces promote electron spill-out in (a), which increases the size of the potential well and
causes the QWS to move together. Conversely, charge transfer into the COs generates a
repulsive rim around the island in (c¢) that results in a compression of the Au electron gas
and moves the QWS apart. In addition, molecular chemisorption influences the height of
the confining potential.
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of the potential walls that facilitates a spill-out of Au electrons in the presence
of isophorone. All these concepts are well established under the synonym
“interface damping” in the framework of plasmon theory, where they are used
to rationalize the redshift of particle plasmons in the presence of a ligand shell
[239]. The role of isophorone adsorption may thus be essentially reduced to
induce a dilution of the Au electron gas, as triggered by the expansion of the
confining potential. Observable consequence of this electronic perturbation
is a decreasing energy separation of the Au QWS in presence of the organic
entities in agreement with the decreased slope in the F-n diagram.

6.5 Conclusions

This chapter studied the binding behavior of two molecular entities to ultra-
small, oxide-supported Au clusters. Thereby, the quantized electronic struc-
ture of the nanostuctures has proven to be a sensitive indicator for adsorption
and charge transfer processes taking place at their surface. Strong binding
of molecular ligands in the case of chemisorbed CO, is associated with a
charge transfer out of the Au islands, resulting in a reduction of the effec-
tive confinement region of the electrons. Hence the eigenstates of the Au
electronic system move apart and the dispersion of the QWS increases. Con-
versely, mostly dispersive coupling was observed for physisorbed isophorone,
promoting electron spill out beyond former cluster boundaries. In this case,
the eigenstates are squeezed together resulting in a flatter F-n dispersion rela-
tion. The perturbation of a particle electronic system by molecular adsorbates
is not only of academic interest, but directly affects the understanding of het-
erogeneous catalysis. In many cases, ground state electronic properties are
used to analyze the role of catalytic particles in chemical reactions, although
their QWS structure considerably modifies during the adsorption process. The
experiments demonstrate the impact of molecules on the properties of metal
nanostructures on the single-particle level, providing mechanistic insight into
electronically-driven chemical processes. A chemical analysis performed via
IRAS elucidated further the transformation of the adsorbed gaseous CO, into
oxalate intermediates at the rim of the nanoparticle which have got verified
by supporting DFT calculations. Thus the reaction could be identified to be
completely reversible which renders the investigated system as a well-suited
model catalytic system to study reactions at surfaces.
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Chapter 7

Summary and Outlook

In this thesis the electronic properties of oxide-supported metal nanoparticles
have been exemplarily elucidated for Au clusters on MgO ultrathin films grown
on a silver Ag(001) support. Starting with the investigation of the electronic
structure of Au clusters with arbitrary shape, it is shown that not only the
number of atoms in the cluster but also the cluster shape is of importance for
the size of the HOMO-LUMO gap. Consequently, a controversially discussed
question among chemists, whether the shape of nanoparticles has an influence
on their reactivity, could be positively affirmed. In general, metal islands of
monolayer height can be described by an approximately elliptical or parabolic
shape. The linear eccentricity characterizing these mathematical objects can
be used as a reliable descriptor to characterize the gap size. The energy gap
decreases with increasing eccentricity and allows one to predict the gap size
only by measuring the cluster’s topography instead of the rather complex LT
conductance traces.

The chemical reactivity of Au nanoislands on MgO/Ag(001) ultrathin films
is attributed to excess charges shuttled from the underlying metal support.
An alternative charging route was identified for self-doped, bulk-like CaO
films containing Mo ion impurities diffused from the Mo(001) substrate. In
both cases, the metal islands grow in a 2D fashion due to an enhanced metal-
oxide adhesion resulting from extra electrons being localized in the cluster
rim. It has been shown that, although the charge transfer to clusters arises
from different origins, the overall phenomenology of clusters topography and
electronic structure, e.g. the monolayer growth, the electronic quantization
effects and the characteristic depression around the islands appear in a similar
fashion on both oxides. Additionally, in the MgO-case the discrete electronic
states in the Au nanostrcutures could be correlated to a large extent to the
band structure of bulk gold. The fitted slope in the E-n dispersion of the 2D

95
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material matches the one extracted for the LW band in the 3D band structure
of bulk gold. This is quite surprising since atoms in the third dimension
are completely missing in the 2D clusters. Still, the electronic properties are
already equal to a large extent to 3D bulk gold. Furthermore, for the first
time atomically resolved images of Au clusters on MgO/Ag(001) ultrathin
films could be obtained, verifying the hexagonal arrangement of atoms in a
Au(111) surface plane.

In the last chapter of the thesis, the precisely characterized QWS struc-
ture of the ad-islands were used as a “vehicle” to investigate changes in the
electronic structure upon molecular adsorption. In this way, a unique insight
into the nanoparticle-molecule interaction at the local level is obtained. For
the first time, the electronic structure of one and the same Au cluster with
and without molecules attached to its surface has been investigated. Two
molecular entities were used in the experiments, weakly bound isophorone
and chemisorbed CO,. In both cases, an opposing effect on the clusters elec-
tronic structure was observed from differential conductance spectroscopy and
conductance mapping data. For COy adsorption, in combination with IRAS
measurements and DFT calculations, the molecules were identified to be chem-
ically activated to oxalate species. This process is driven by a charge transfer
from the electron-rich cluster perimeter towards the molecules. The observed
energy stretch in the QWS structure results in a reduced effective electron
mass. This effect is attributed to a repulsive interaction between negatively
charged adsorbates and cluster electrons, leading to a compression of the elec-
tronic density inside the nanostructure and hence to a reduction of the effec-
tive quantization area. It consequently facilitates exchange and hopping of
the delocalized electrons inside the cluster and hence lowers the effective elec-
tron mass. In contrast, IRAS measurements of isophorone on MgO/Ag(001)
ultrathin films covered with Au clusters and bare Ru(0001) revealed an as-
sociative adsorption of the molecule indicating a physorptive coupling of the
molecules and cluster. Thereby, the molecules get polarized and increase the
effective quantization area of the nanostructure. Subsequently, the spill-out
of the electron cloud hinders exchange and hopping of the delocalized electron
and hence increases the effective electron mass.

In a perspective one could further use scanning probe methods, such as
[ETS, to locally measure the vibrational modes of molecules at the clusters
surface. Thereby, it should be possible to distinguish between mono-, bi- and
multi-molecular species with a clear chemical fingerprint. Furthermore, also a
tip-induced chemical engineering at the cluster perimeter could be accessible
in the future. For example urea could be produced via co-adsorbing ammonia
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and carbon dioxide having a great importance in chemical industry for the
fabrication of fertilizers, feed supplements or as starting material to manufac-
ture plastics and drugs. Moreover, the stable oxalate species may be brought
in reaction with hydrogen or water to transform them into hydrocarbons. Af-
ter upscaling the whole process to large scale industrial application, it would
be imaginable to reduce the amount of carbon dioxide from combustion pro-
cesses by transforming this unwanted greenhouse gas into useful chemicals.
The proposed pathway may therefore open a possible route to solve the most
dramatic environmental problem on earth in a near future.
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