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Deutsche Zusammenfassung

In dieser Arbeit werden mit dem Rastertunnelmikroskop (STM) molekulare Nanostruk-
turen und einzelne adsorbierte Atome auf einer Metalloberfläche charakterisiert. Dabei
wird das Mikroskop nicht nur zur topographischen Abbildung verwendet, sondern ins-
besondere die elektronischen Eigenschaften werden mittels der Rastertunnelspektroskopie
(STS) und der relativ neuen Methode der Punktkontaktspektrosopie (PCS) untersucht.
Des Weiteren wird das Mikroskop zur räumlichen und chemischen Manipulation von Ad-
sorbaten eingesetzt.
Das organische Molekül 4-[trans-2-(Pyrid-4-yl-vinyl)] Benzoesäure (PVBA) wird mittels
Molekularstrahlepitaxie im Ultrahochvakuum auf eine Cu(111) Oberfläche aufgedampft
und anschließend bei 6 K im STM untersucht. PVBA besteht aus zwei funktionellen End-
gruppen: einem Pyridylring und einer Benzoesäure. Diese sind über eine Vinylgruppe
miteinander verbunden. Diese vielfältigen Gruppen eröffnen mehrere Möglichkeiten der
Wechselwirkung mit der Oberfläche und anderen Adsorbaten.
Die Adsorption des Moleküls auf der Oberfläche wird zunächst untersucht. Dabei wird
speziell auf den prochiralen Charakter des Moleküls eingegangen. Die Prochiralität ist eine
Eigenschaft von Verbindungen, die eine Vorform der Chiralität enthalten. Sie besitzen eine
Symmetrieebene, die den Raum um das Molekül in zwei spiegelbildliche - nicht identische -
Halbräume teilt. Durch Änderung jeweils eines Halbraumes, zum Beispiel durch Adsorp-
tion an eine Oberfläche, wird das Molekül chiral und zwei zueinander spiegelbildliche,
sogenannte Enantiomere entstehen. Diese zeigen eine unterschiedliche geometrische Aus-
richtung zum Substrat und insbesondere werden ihre elektronischen Eigenschaften studiert.
Neben den einzelnen Molekülen entstehen supramolekulare Strukturen auf der Oberfläche.
Die am häufigsten vorkommenden werden als metallorganische Komplexverbindungen iden-
tifiziert. Diese bestehen aus zwei PVBA Molekülen, welche mit der Stickstoff terminierten
Seite über ein Kupferatom verbunden sind. Ihre Entstehung und ihre elektronischen Eigen-
schaften werden diskutiert. Insbesondere lassen sich mittels STS Molekülorbitale abbilden,
welche die supramolekulare Chiralität direkt visualisieren.
Weiterhin ist die Molekül-Substrat-Grenzfläche im Fokus der Untersuchungen. Durch Ad-
sorption des Moleküls auf der Metalloberfläche ändert sich die Austrittsarbeit im Vergleich
zur reinen Oberfläche des Substrates. Die Änderung wird durch Variation des Spitze-
Probe Abstandes bei gleichzeitiger Messung des Stromes bestimmt. Es zeigt sich eine
positionsabhängige Änderung im sub-molekularen Bereich welche diskutiert wird und in
Beziehung zu den internen Eigenschaften des Moleküls und der Wechselwirkung mit dem
Substrat gesetzt wird. Des Weiteren lassen sich von bevorzugten Adsorptionsrichtungen
des Moleküls auf der Oberfläche Rückschlüsse auf die Wechselwirkung mit tiefer im Sub-
strat liegenden Atomlagen ziehen. An Oberflächen können Elektronen in Oberflächen-
zuständen gebunden sein, welche zur Ausbildung eines quasi zwei-dimensionalen Elektro-
nengases führt. Diese Elektronen werden an Adsorbaten gestreut. Es bilden sich charak-
teristische Interferenzmuster, welche studiert und in Beziehung zur internen Struktur der
Adsorbate gesetzt werden. Im Speziellen wird auf chirale Streuer eingegangen und mögliche
langreichweitige Wechselwirkungen diskutiert.



Mittels der Nutzung des STMs als Manipulationswerkzeug werden neue Strukturen erzeugt.
Ein einzelnes Kupferatom wird auf der Oberfläche bewegt und in Kontakt mit einem
Molekül gebracht. Der entstehende metallorganische Komplex wird auf seine elektronischen
Eigenschaften untersucht und mit den selbstorganisierten Nanostrukturen verglichen.
Des Weiteren lassen sich durch das Anlegen einer Spannung zwischen der STM-Spitze
und der Probe die Moleküle chemisch verändern. Insbesondere wird das räumlich und
zeitlich aufgelöste reversible Verhalten bei der Entstehung und Brechung einer Metall-
Ligand-Bindung, welche in den Metallkomplexen vorkommt, gezeigt. Bei relativ großen
Spannungen (>2 V) wird eine irreversible chemische Modifikation des Moleküls beobachtet.
Außerdem wird der Einfluss des elektrischen Feldes zwischen Spitze und Probe auf die Dif-
fusion von einzelnen adsorbierten Atomen studiert.
Neben der Untersuchung der Elektronen, welche durch die Potentialbarriere zwischen Probe
und Spitze tunneln, kann man die Spitze soweit an die Probe bringen, dass diese Barriere
überbrückt wird und einen Kontakt mit dem Adsorbat bildet. Einzelne adsorbierte Kobalt-
atome werden mit dieser Methode auf der Kupferoberfläche untersucht. Diese eignen sich
im Besonderen, da sie ein magnetisches Moment besitzen und den Kondoeffekt zeigen.
Dabei schirmen die umgebenden Leitungsbandelektronen des Substrats den Spin des Atoms
ab. Dieser Effekt ist abhängig von der Position der Nachbaratome. Somit kann der Ein-
fluss der Geometrie beim Punktkontakt genau untersucht werden. Des Weiteren werden
Resultate aus Punktkontaktexperimenten auf dem PVBA Molekül und Metallkomplexen
beschrieben.
Ein Großteil der experimentellen Ergebnisse wird durch Rechnungen mit der Dichtefunk-
tionaltheorie in Kooperation mit Theoretikern unterstützt.
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Chapter 1

Introduction

Since the end of the 20th century the advent of new tools of nanotechnology has led to
a surge in both the synthesis and investigation of different kinds of nanoscale structures.
This advancement is driven by technological demands and fundamental scientific interest.
In the range of a few Angstrom to 100 nanometers quantum mechanical effects play an
increasingly important role. Understanding phenomena at these length scales will help us
to gain insight of the different chemical, biological, and physical processes. Furthermore
the assembly and control of the properties of nanoscale objects is of paramount importance
in technology. For example the state of the art integrated circuits used in computers (2010)
are produced in the 45 nm process and the production following the 32 nm process, having
a gate length of 30 nm is on its way [1]. These patterning is achieved by a lithographic
method, which represents a top down approach, i.e. fabricating small structures from
large ones. Ultimately, an atomic scale control would be desirable as the atoms present
the smallest units and provide the fundamental limit in structuring matter. Therefore,
it is interesting to explore phenomena that become important at that scale. However,
the top down approaches reaching the atomic limit is still questionable. Hence, alterna-
tively bottom-up approaches are required where atoms and molecules are assembled to
form larger units. Understanding matter at the atomic limit also opens a path to a deeper
understanding of the macroscopic world.
In order to observe structures down to the atomic limit the most prominent technique,
which has been developed by Binnig and Rohrer in the early 80’s [2, 3], is the scanning
tunneling microscope (STM). It allows to investigate atomic and molecular structures on
conducting substrates with sub-Angstrom resolution. Electronic properties, specifically
electronic states at energies around the Fermi level, can be probed locally by scanning
tunneling spectroscopy [4]. Furthermore, the STM has proven to be a tool to manipulate
atoms and molecules allowing the precise control of artificial and the mimicking of natu-
ral occurring structures [5, 6]. Given this versatility it provides a large playground at the
nanoscale. The reduced complexity of the experimental parameters, where the structural
and electronic properties are defined mostly by only a few atoms, makes the obtained in-
formation directly comparable with ab-initio calculations [7].
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To achieve an environment that allows to address single molecules and small assemblies of
molecules ultra-high vacuum conditions are ideally suited. Furthermore, the use of low-
temperatures offers high energetic resolution and stable conditions. In the scope of the
STM, the growth, morphology and electronic properties of the molecular nanostructures
can then be investigated [8, 9].
An exciting class of molecules are chiral molecules. Their atomic geometry exists in two
mirror symmetric forms (enantiomers), which are non-superposable by rotation or trans-
lation. In living organisms many chemical processes are carried out by these type of
molecules. The consequences of choosing one or the other enantiomer to the interaction
with other molecules may be substantial. Whereas one enantiomer may cure a disease, the
other may be harmful [10]. To understand the underlying mechanisms the characterization
of the morphological and electronic properties of such molecules is required.
Another important class of molecules are metal-organic complexes, which contain metal
atoms. About one third of proteins found in biological systems need metal atoms to carry
out their function. For example in oxygen transport and photosynthesis the relevant pro-
cesses are forwarded by metal complexes. The investigation of metal-organic bonds is a
prerequisite to understand such complicated processes.
Besides patterning surfaces down to the atomic scale [11,12] via for example self-assembly,
it is desirable to control the properties locally. By depositing oxygen on metal-organic
networks containing iron as nodes and molecules as linkers the magnetic properties of the
metal atoms were altered [13]. Nevertheless, a direct control on the local scale is tempting,
as has been shown for example for an array of molecules, where each individual molecule
could be modified on demand [14].
Compared to the gas phase the electronic properties of molecules may be altered due to the
adsorption onto a surface [15] which can even lead to chemical modifications [16]. Further-
more, the work function of the surface is modified by the adsorbates. Molecules attached
to the metal surface can be regarded as metal-organic nanocontacts. Spectroscopic tech-
niques such as photoemission studies allow to investigate the averaged properties of the
surface [17–19]. However, for a microscopic understanding it is interesting to explore the
local phenomena as for example, how specific molecular groups can alter the potential bar-
rier. For this the STM is ideally suited, as the tunneling current depends on the potential
barrier height between tip and sample, and position dependent variations may be revealed.
In creating molecular based electronic devices the contacts between molecules and the
metal play an important role. Whereas the STM relies usually on the quantum mechan-
ical tunneling effect only, measuring electronic transport properties through atomic sized
contacts formed by the metal electrode (STM-tip), adsorbates and the surface is also pos-
sible. So far these measurements have been mainly done by mechanically controlled break
junction [20–22] or electromigration [23]. However, these studies lack the reproducibility
and information about the precise atomic arrangement of the contacts. Here now, the use
of STM opens a new avenue, which can overcome these constraints.
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In this thesis single molecules, metal-organic complexes and single adatoms are char-
acterized on a metal surface by means of STM. Specifically the organic molecule 4-[trans-
2-(pyrid-4-yl-vinyl)] benzoic acid (PVBA) is primarily in the focus. The molecule has two
functional groups, a pyridyl and a carboxylic group connected by a vinyl group giving
rise to versatile electronic properties and interaction mechanisms. The PVBA molecules
are deposited by molecular beam epitaxy on a Cu(111) substrate. Furthermore, Co is
deposited on Cu(111) to study the properties of a single magnetic atom on the surface and
in contact with the tip. The experimental studies are supported by calculations performed
in collaboration with theoretical groups and are reported here to strengthen the interpre-
tation of the experimental results allowing an enhanced view of the investigated structures
from a different perspective.
In Chapter 2 an overview of the theoretical background on scanning tunneling microscopy
and spectroscopy is given. Other important spectroscopic techniques employed in this
study, such as time resolved and point-contact spectroscopy are introduced. Besides an
explanation of the experimental setup, a short introduction to density functional theory is
given.
In Chapter 3 the adsorption and electronic properties of single PVBA molecules and self-
assembled supra-molecular structures are investigated by scanning tunneling microscopy
and spectroscopy. Specific emphasis is given to the chiral nature of PVBA on the surface.
In Chapter 4 the molecule-surface interface is investigated in detail. Measuring the current
vs. tip-sample distance allows to unravel information about the potential barrier on and
surrounding a molecule. Another aspect of this interface is the direct interaction of the
molecules with the substrate. The adsorption geometry of PVBA serves to reveal informa-
tion about the interaction with the substrate and the role of sub-surface atomic layers is
explored. On surfaces such as Cu(111), a surface state exists, which lets electrons behave
as a nearly free two-dimensional electron gas. Such electrons can scatter at adsorbates,
such as single atoms or molecules. Due to the particle-wave duality this results in a char-
acteristic interference pattern surrounding the adsorbate. The correlation between these
patterns and the internal structure of adsorbed scatterers, such as molecules and metal-
organic complexes, is presented, whereas specific emphasis is devoted to chiral scatterers.
In Chapter 5 the use of the scanning tunneling microscope as a nanotool to manipulate
adsorbates on the surface is reported. Two main techniques are employed to generate a
displacement and modification of the adsorbates. Whereas in one case the adsorbate, such
as a single adatom, is moved mechanically with the apex of the tip, in the other cases
controlled voltage pulses are applied to manipulate and chemically modify single atoms
and molecular structures. The formation of a metal-ligand bond of a single Cu atom and
a PVBA molecule is explored. Furthermore, a transitory bond, where the bonding state
varies as a function of time, is found for a self-assembled metal complex consisting of two
PVBA molecules and one Cu atom. This is characterized spatially and temporally and
the results are compared to the electronic structure measurements of the complex given in
Chapter 3. By applying large voltages the molecule is subject to chemical changes. Several
processes will be identified ranging from deprotonation, dehydrogentaion to a decomposi-
tion of PVBA. At the end of this chapter the formation of Co dimers is investigated by
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applying an electric field leading to an enhanced lateral movement of single atoms on the
surface, which drives the system towards the formation of dimers.
In the last Chapter investigations of operating the microscope in the point contact regime
are reported. This regime is accessed by bringing the tip much closer to the surface than
in the tunneling regime. As an example for single atom contacts, individual Co adatoms
on Cu(111) are studied. Because Co atoms are single magnetic impurities with a localized
spin, the itinerant electrons of the supporting non-magnetic metal surface can lead to a
new many-body ground state in which the localized impurity spin is screened. This so
called Kondo effect is sensitive to the geometry of the surface [24] and serves to investigate
the role of the atomic arrangement in the contact. The point contact experiments are
expanded to single molecules and molecular structures. The contact of an STM tip to the
adsorbates and the resulting conductance behavior is explored. Furthermore, a procedure
is developed that allows to pick-up a molecule onto the tip and to measure the transport
characteristics through the entire molecule.



Chapter 2

Techniques

2.1 Basics

In the year 1982 Binnig and Rohrer [2,3] developed the first scanning tunneling microscope
(STM). Its working principle relies on the quantum-mechanical tunneling effect. With a
certain probability particles can go through (tunnel through) a potential barrier, which has
a greater height than the total energy of the particle itself. This behavior is forbidden within
the framework of classical mechanics. In the case of the STM electrons tunnel from one
electrode to another electrode through a vacuum barrier. A metal tip is brought sufficiently
close (5-10 Å) to a conducting sample. By applying a voltage between tip and sample (see
Fig. 2.1) the so called tunnel current flows, which is typically in the pA to nA regime.
The tunnel current depends exponentially on the distance, i.e. within one Å it changes by
about one order of magnitude. Thus, the current flow is dominated by only a few atoms
at the tip apex allowing for atomic resolution. When scanning, the tip is moved relative
to the sample row by row across a section (approx. 1 nm2 to 1 µm2) of the surface (see

Figure 2.1: Principle of scanning tunneling microscopy
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Fig. 2.1). The movement is controlled by applying voltages to piezoelectric crystals placed
either at the tip or the sample holder. Two main types of operation are distinguished:
On one hand the constant-height mode in which only a lateral movement occurs, while
the current is simultaneously recorded. And on the other hand, the more commonly used,
constant-current mode. Thereby, the tunnel current is adjusted with a feedback loop to
a constant value by applying an additional voltage to piezoelectric elements controlling
tip-sample distance. This voltage is proportional to the height. The obtained image of the
current from the first mode as well as the image of the height from the second mode depends
strongly on the local density of states of the surface and hence indirectly to the position
of the atoms in the surface. For a proper description of the tunnel current several theories
exist, which apply differently good to the studied systems. For the understanding of most
scenarios the Tersoff-Hamann theory, which stands out due to its simplicity, has proven to
deliver a good description and will be used in this work. Additionally to measuring the
tunnel current the STM can be used to probe electron transport properties. The tip is in
this case brought much closer, beyond the tunnel regime, to the surface forming a contact.
The current that flows is typically in the order of several nA up to µA. The behavior of
the electrons in the contact regime differs from the tunnel regime. The so called ”point
contact spectroscopy” will be discussed separately at the end of the spectroscopic part.
First of all the description of the basic theory for tunneling conditions will be explored.

2.1.1 The Tersoff-Hamann theory

The Tersoff-Hamann theory is based on the transfer Hamiltonian approximation developed
by Bardeen in 1961 [25] determining the current between two planar electrodes separated
by an insulating medium. The probability for an electron to travel from one side to the
other is given by Fermi’s Golden rule. The current reads then [26]:

I(V, T ) = 2e
∑
µ,ν

2π

h̄
jMµν j2δ(Eµ � eV � Eν)�

(f(Eµ � eV, T )[1� f(Eν , T )]� f(Eν , T )[1� f(Eµ � eV, T )]) (2.1)

where f(E) is the Fermi-Dirac distribution, E the energy with respect to the Fermi-level, V
the applied voltage, T the temperature, Mµν the tunnel matrix element between the states
Ψµ and Ψν of the electrodes with their respective energies Eµ and Eν . The matrix-element
can be written as:

Mµν = � h̄2

2me

∫
dS � (Ψ�νrΨµ �ΨµrΨ�ν)

where the integral is taken over the whole area of the barrier region and the term in brackets
formally denotes the quantum mechanical current operator. This approach for the current
was applied to the STM by Tersoff and Hamann [27] taking the special geometry of the tip
into account. To incorporate the fact that the exact tip geometry is not known, a locally
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spherical tip was assumed and an s-wavefunction is used to describe the apex of the tip.
For the current one obtains then:

I(V, T, x, y, z) /
1∫

�1

dEρt(E � eV )ρs(E, x, y)τ(E, V, z)[f(E � eV, T )� f(E, T )] (2.2)

where ρt denotes the density of states of the tip, ρs the position (x,y) dependent density
of states of the sample (local density of states (LDOS) ) and z refers to the distance be-
tween tip and sample. The tunneling-transmission factor τ is, by neglecting the parallel
component of the momentum of the electrons in Mµν , given by:

τ(E, V, z) = exp

(
�2z

√
me

h̄2

√
φt + φs � 2E + eV

)
(2.3)

here φt and φs are the work functions of tip and sample. For small voltages the dependence
on the voltage and the energy can be neglected and written before the integral. Further-
more, in the limit of low-temperatures the Fermi-Dirac distributions can be approximated
by a step function. These approximations lead to:

I(V, x, y, z) / exp

(
�
√

4me

h̄2

√
φt + φsz

)
�

eV∫
0

dEρt(E � eV )ρs(E, x, y) (2.4)

The first term describes the exponential dependence of the tunneling current from the
distance. The second term is the convolution of the density of states of the tip with the
density of states of the sample. Applying a positive voltage on the sample, electrons can
tunnel from occupied states of the tip to unoccupied states in the surface. For negative
voltage the behavior is opposite and electrons from occupied states of the sample tunnel
into unoccupied states of the tip (see Fig. 2.2).

Figure 2.2: Energy level diagram of sample and tip for negative bias voltage
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Deriving equation (2.4) with respect to the voltage V and assuming that the density of
states of the tip is constant over the energy range of interest, one obtains

dI

dV
(V, x, y) / ρs(eV, x, y) (2.5)

The derivative of the current with respect to the voltage is hence proportional to the local
density of states and leads to information about the local electronic structure of the sample.
In equation (2.4) the temperature was assumed to be zero. For finite temperatures the
Fermi-Dirac distribution is broaden and results in a limited energy resolution. A Delta
function, for example, appears as a smeared out Gaussian like peak in the dI/dV-signal
with a width of (∆E)T � 3kBT . At room temperature T=300 K this leads to a maximum
energy resolution of �80 meV. At temperatures of 6 K the energy resolution is drastically
improved to 1-2 meV. Spectroscopic measurements demand therefore for most cases the
use of low temperatures.

2.1.2 Imaging of surfaces

For imaging the morphology of the surface, there exist, as already mentioned, two modi.
The constant-current mode which was mainly used in this work will be now explained in
more detail. Converting equation (2.4) after z, one obtains:

z(V, x, y) = z0 +
1

2
√

me
h̄2 (φt + φs(x, y))

� ln

(∫ eV
0

dEρt(E � eV )ρs(E, x, y)

I0

)
(2.6)

i.e., for constant current z depends on the local density of states of the sample. Contri-
butions from work function changes across the sample have only minor influences on the
apparent height. The local density of states is determined by the arrangement of atoms
in the surface leading to the possibility of obtaining atomic resolution. Furthermore the
local density of states is influenced by the chemical properties of the atoms, surface states
and further electronic effects, which have to be taken into account for interpretation of
the STM images. For imaging adsorbates like adatoms or molecules the interaction with
the surface can lead to changes in the electronic structure. Therefore not only the elec-
tronic properties of the free adsorbate but the complete adsorbate-surface system has to
be considered carefully for interpretation.

2.2 Spectroscopy

The STM is a versatile tool not only to get information about the geometry of a surface,
but also about the electronic structure and dynamic processes. In general the following
parameters can be measured and controlled: current (I), bias voltage (V ), tip-sample
distance (z), time (t) and the position on the sample (x, y). Depending, which parameters
are kept constant and which ones are varied several different physical properties of the
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surface can be derived. The measurements can be performed on a single point, along a line
or also on a grid of points. In the following the theoretical background will be expanded
and the experimental realizations will be explored.

2.2.1 Scanning tunneling spectroscopy

The most common spectroscopy mode is the determination of the derivative of the current
with respect to the voltage. As one can see from equation 2.5 the dI/dV gives information
about the density of states at a particular point on the sample (local density of states
(LDOS) ). In principle, the measurement of the I(V ) dependence would suffice followed by
a numerical derivation. The quality of the signal is, however, much improved by using a
lock-in amplifier allowing a direct measurement of the first and also the second derivative,
which will be explained later. By modulating the bias voltage V with a small sinusoidal
voltage Vmod of frequency fmod the current gets modulated. The Taylor expansion of the
current I, where ωmod = 2πfmod, leads to

I(V0 +Vmod � cos(ωmodt)) = I0 +
dI(V0)

dV
�Vmod � cos(ωmodt)+

d2I(V0)

dV 2
� V

2
mod

2
� cos2(ωmodt)+ . . .

(2.7)
As the lock-in measures the signal at a certain frequency, by tuning the reference frequency
with respect to the modulation frequency different orders can be sampled:

VLock�In Signal =
1

T

t∫
t�T

sin(ωref � t0 + φ)Vin(t0)dt0 (2.8)

where ωref = 2πfref and Vin(t0) = GainI�V�converter � I(V0 + Vmod � cos(ωmodt0)). Tuning
parameters are the modulation Voltage Vmod, the modulation frequency fmod, the phase φ
and the time constant T , which determines the time over which the signal is averaged.
As one can see from 2.7 tuning wref to the modulation frequency or to twice the mod-
ulation frequency1 allows to measure the first (dI/dV ) or second derivative (d2I/dV 2)
of the current. The second derivative gives information about inelastic tunneling or in-
elastic electron transport properties [28]. The modulation voltage decreases the energy
resolution by (∆E)LI = 2.5eVmod, where e is the elementary charge. The total energy res-
olution, including the thermal broadening at the Fermi levels of tip and sample, amounts
to ∆E �

√
(3kBT )2 + (2.5eVmod)2.

Typically, for spectroscopic measurements at low voltages (< j3V j) the feedback loop is
opened. This is in particular necessary when crossing V= 0, where no tunneling current
flows, which would cause a feed back controlled tip to crash inside the surface. For larger
voltage ranges and higher voltages the current may vary over several orders of magnitude.
This cannot be captured by the electronics within one voltage sweep. In these cases, for
example when measuring image-potential states [29], the feedback loop is closed.

1 cos2(ωmodt) = (cos(2ωmodt) + 1)/2
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When acquiring topographic measurements it is possible to simultaneously measure a spec-
troscopic signal with the lock-in amplifier. Typically spatially resolved maps of the con-
ductance dI/dV are obtained with this method.
Another important spectroscopy mode is the measurement of the current versus tip-sample
distance I(z), which allows to determine the apparent local barrier height between tip and
sample. By considering only the z-dependent part of equation 2.4, which is valid for small
voltages and low temperatures, one obtains

I(z) = C � exp

(
�
√

4me

h̄2

√
φt + φsz

)
(2.9)

or after taking the natural logarithm

ln(I(z)) = ln(C)�
√

4me

h̄2

√
φt + φsz = ln(C)� κ � z (2.10)

The first term on the right hand side results in a constant offset of the current and can be
neglected. The value of κ, which is the exponential decay of I(z), is given by:

κ =

√
4me

h̄2

√
φt + φs (2.11)

Thus the apparent local potential barrier height φabh=(φt+φs)/2 can be determined by
measuring κ and reads:

φabh =
φt + φs

2
=
κ2h̄2

8me

(2.12)

It is not possible to measure the absolute barrier height of the surface φs because the
barrier height of the tip φt is not known. The relative barrier height with respect to the
clean surface, however, can be derived by:

∆φs(x, y) = 2 � (φabh(x, y)� φabh(xref , yref )) (2.13)

where φabh(x, y) denotes the spatially dependent measured apparent barrier height and
φabh(xref , yref ) is the reference measurement taken with the same tip at a clean area of the
surface. ∆φs(x, y) is thus independent of tip conditions and gives information about local
variations of the potential barrier height of the sample with respect to the clean surface.
Adsorbates such as single adatoms or molecules and geometrical anomalies such as step
edges lead to local variations of the potential barrier height with respect to the bare surface.

2.2.2 Point contact spectroscopy

In point contact spectroscopy the tip is brought close, beyond the tunneling regime, to the
surface. This movement is done in open feedback loop conditions. The speed of approach
was typically a few Å/s or faster. In the contact regime the current can reach values of up
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to the µA range. To measure such large currents the I(V)-converter (provided by Femto)
is adjusted to lower gains (lowest used was 105V/A). In the point contact regime the
current follows a different behavior than in the tunneling regime. The typical exponential
dependence of the current with distance (see Eq. 2.4) observed for the tunneling process
changes upon getting sufficiently close (in the range of a bond length) to the surface or
the adsorbate. For example for single adatoms the current reaches a plateau (see [30] and
Chapter 6.1), when approaching the tip close enough. Furthermore, the electron transport
behavior in point contact differs from electron transport in a wire of sufficient diameter.
At macroscopic length scales the conductance G of a wire is given by

G = σA/L (2.14)

where σ is the material dependent specific conductivity, A is the cross-section of the con-
ductor and L the length of the wire. This breaks down when the dimensions of the contact
or the conductor become smaller than the mean free path Lm and the phase-relaxation
length LΦ of the material. Typical values for these constants are in the order of 100 Å for
metals [31, 32]. The extension of the point contact area is typically much smaller in the
order of one or a few atoms. In Fig. 2.3 a scheme of an experimental realization with an
STM tip in point contact to an adsorbate on a surface is displayed. Utilizing the STM

Figure 2.3: Sketch of an STM tip in contact with an adsorbate on a surface.

for point contact spectroscopy has the advantages that compared to other methods such
as break junction measurements [20–22] or electrochemical migration [23] a much more
precise lateral control of the electrodes is achievable and the contact area can be imaged
with atomic precision before and after the measurement has been taken.
To theoretically describe the electron transport process for mesoscopic and nanoscopic sys-
tems several formalism are available. At first the ballistic conductor, which is a conductor
with no scattering, will be described (see sketch in Fig. 2.4a). The current in the contacts
(i.e outside the bridging conductor) is carried by an infinite amount of transverse modes.
However, inside the junction only a few modes are available for the transport of charge.
Hence at the interface a redistribution of modes takes places, which is responsible for an
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Figure 2.4: a) Sketch of a ballistic conductor connected to two wide contacts. b) Dispersion
relation inside the contacts (left and right) and inside the conductor (middle) having two
modes. The contacts have a specific electrochemical potential µ1 and µ2. The grey shading
indicates a very high density of transverse modes in the contacts, which is in contrast to
the narrow conductor holding only a few modes.

interface resistance. Each mode follows a dispersion relation En(k) with a cut-off energy
below which electrons cannot propagate. Each electron is described by a wave vector k,
which defines the direction of motion of the electron. Electrons entering from the left
will have a positive k vector and will exit on the right reflectionless. Similarly electrons
entering from the right will have negative k vector and exit on the left reflectionless. To
calculate the total current each current flow per transverse mode is evaluated separately
and summed up. The k+ states of a single transverse mode are occupied according to a
distribution f+(E). For a uniform electron gas with an electron density n and an average
velocity v the current per unit area is env, where e is the elementary charge. In a conductor
of length L the electron density of a single k-state is 1/L. The current reads then

I+ =
e

L

∑
k

vf+(E) =
e

L

∑
k

1

h̄

∂E(k)

∂k
f+(E)

where the velocity v is given by the group velocity of the wave package v = ∂ω
∂k

= 1
h̄
∂E(k)
∂k

which can be derived from the dispersion relation multiplied by the inverse of the reduced
Planck constant h̄. Assuming periodic boundary conditions (k = n(2π

L
), where n is an

integer), taking into account the spin (factor 2) and converting the sum into an integral
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leads to
∑

k ! 2� L
2π

∫
dk. The expression for the current for one mode is then

I+ =
2e

h

1∫
E0

f+(E)dE

The extension to a multi-mode waveguide is

I+ =
2e

h

1∫
�1

f+(E)M(E)dE

where M(E) denotes the sum of the number of available modes (i.e. with a cut-off energy
lower than E) for the transport at an energy E. This is a general result independent of
the actual dispersion relation of each mode.
For a constant number of modes M in the energy range µ1 > E > µ2, where µ1 and µ2 are
the electrochemical potentials of each contact, the current reads

I =
2e

h
M(µ1 � µ2) =

2e2

h
M
µ1 � µ2

e
) Gc =

2e2

h
M

The prefactor 2e2

h
is called one quantum of conductance G0 and the difference in the

electrochemical potentials is given by the applied voltage V = µ1�µ2

e
. The contact resistance

is then

Rc = G�1
c �

(µ1 � µ2)/e

I
=

h

2e2

1

M
� 12.9kΩ

M
So far an infinite amount of states is used to describe the electron reservoirs of the contacts.
Using a finite amount of states N the above relation reads

G�1
c =

h

2e2

[
1

M
� 1

N

]
For N = M there is no contact resistance and for N = 1 one obtains back the above
relation. This is an important concept as it shows that the contact resistance is given
by the difference in the number of modes inside the contacts and the conductor being
quantized in steps of the conductance quantum.
To account for any additional losses for example due to scattering Landauer introduced
the transmission probability for an electron entering at one side of the conductor that it
will exit at the other (see Fig. 2.5 and [33]). The conductance formula is then written as

G =
2e2

h
MT

Treating the electrons as classical particles neglecting any quantum interference effects the
transmission T can be expressed as

T =
L0

L+ L0
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Figure 2.5: a) Sketch of a conductor with transmission T coupled via two leads to two
contacts. b) Dispersion relation inside the leads. The total current is given by I =
I+

1 � I�1 = I+
2 = 2e2

h
MT µ1�µ2

e
where I�1 = 2e2

h
M(1�T )µ1�µ2

e
is the current that is reflected

back due to a transmission T lower than 1.

where L0 is in the order of the mean free path and L is the length of the conductor. The
longer the mean free path, i. e. the average distance an electron can travel without loosing
momentum, and the shorter the conductor the higher the transmission probability. Using
this expression the familiar Ohm’s law (see Eq. 2.14 ) can be derived. Thereby the number
of modes M in a conductor, which is proportional to its width d (M / kF d

π
), is taken into

account.
Considering that each mode can have its own transmission probability the conductance is

G =
2e2

h

M∑
i=1

Ti (2.15)

This can be expanded to multi-terminal devices (more than two contacts) referred to
as the Landauer-Büttiker formalism [34], which is occasionally interchangeably used for
the Landauer approach explained so far. The transmission elements are given by the
summation over all transmission probabilities of the modes of the respective leads

Tpq =
∑
m2q

∑
n2p

Tnm
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The transmission probabilities can be calculated via a scattering matrix (S-matrix), which
essentially takes into account the quantum mechanical scattering behavior. It relates the
response at one lead to an excitation at another lead. The outgoing amplitudes (final
states) are coupled to incoming amplitudes (initial states) via

b = Sa

where a is the column vector holding the elements of the amplitudes of the waves of each
mode and b the amplitudes of the outgoing waves. The elements of the S-matrix can
be obtained by solving the Schrödinger equation for the system. Each element of the
scattering matrix2 is related to a transmission probability via

Tnm = jsnmj2

A compact formulation of the transmission elements is given by

Tpq = Tr[ΓpG
RΓqG

A]

where the Green’s function3 describes the dynamics of the electrons inside the conductor
(taking the leads into account) and Γ describes the strength of the coupling of each lead
to the conductor and Tr is the trace over this product of matrices. These theoretical
results are based on the scattering theory. Here the Green’s function is merely a method
to describe the results in a more compact form. The formalism is well suited for coherent
transport and gives a rigorous framework for calculating the conductance in mesoscopic
systems. For the case of measuring electron transport with the STM, there are typically
two terminals: one is given by the tip and the other by the surface. These two are coupled
to an adsorbate corresponding to the conductor.
Considering interactions, leading to a change in energy of the charge carriers, the above
model is only valid, if the net vertical current flow is zero. That is, if for any electron
going from one mode to another, there is another electron, which replaces it. In this
view electrons are transmitted via independent conductance channels. If these conditions
are not met, such that there is a finite vertical flow of electrons the formalism is insuffi-
cient and more sophisticated methods need to be applied. One example is the so called
non-equilibrium Green function (NEGF) method. Interactions such as electron-electron
and electron-phonon interactions can be properly treated with this approach. These in-
teractions give rise to excitations within the conductor and the use of Green’s function

2Each element of the S-Matrix is given by the Fisher-Lee relation

snm = �δnm + ih̄
p
vnvm

∫ ∫
χn(yq)[GR

qp(yq, yp)]χm(yp)dyqdyp

where n and m refer to the final and initial mode and v is the velocity and GR the retarded Green function
and q and p refer to the leads and χ is the transverse part of the total wave function ψ.

3G = [E � H � iη]−1 where H is the Hamilton operator, the + sign refers to the retarded and the -
sign to the advanced Greenfunction and η incorporates the boundary conditions.
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becomes essential. The Greens function gives the response at any point (inside or outside
the conductor) due to an excitation at any other. Therefore any inelastic processes [28]
occurring inside the conductor can be included. For no interactions this formalism reverts
to the Landauer-Büttiker formalism described above. The NEGF method includes the
correlation function, which accounts for the phase correlation. Other important terms are
the self-energy 4 Σ describing the coupling to the leads. Using this approach it has been
suggested - for molecules bridging two metal contacts - that the conductance channels
arise as a linear combination of molecular orbitals [35] and the corresponding eigenvalues
determine their contribution to the electron transport. A good overview of the here given
formalisms and others can be found in [36]. The basic theory for quantum transport is
still an active field, due its complexity, where also many body effects have to be taken into
account, and convergence is aimed by comparing the theoretical models to experimental
results.

2.2.3 Time resolved spectroscopy

For measuring time dependent events the value of interest is recorded as a function of
time. Here the current is measured in open feedback loop conditions as a function of time.
From an analysis of the current vs. time traces, information of the average life-time of
certain atomic or molecular states and configurations can be obtained. Additionally, the
probability to trigger a transition per tunneling electron (quantum yield) can be extracted.
Typically such processes are caused by an energy transfer from one or several tunneling
electrons to the investigated object. Transitions caused by electric field effects have been
observed as well. Parameters that may influence these processes are the position of the tip
with respect to the sample laterally and/or vertically (i.e., different set-point currents) and
the applied bias voltage. As these processes may occur at very short time-scales the time
resolution of the electronics and the software needs to be taken into account. The current
to voltage converter (provided by Femto) has a bandwidth of 1 kHz, 7 kHz, 50 kHz and 200
kHz for gain 109,108,107 and 106V/A, respectively. The software and electronics (provided
by Createc STMAFM 2.0) allows a maximum of 50000 points to be recorded per second.
In the present setup the maximum time resolution is hence limited by the digitalization
unit to 20 µs.

2.3 Low-temperature scanning tunneling microscope

In order to achieve high spectroscopic resolution, high lateral resolution, high cleanliness
and low diffusion a low-temperature scanning tunneling microscope operating in ultra-high
vacuum (UHV) was employed. The home-built system [37,38] consists of a preparation and

4The self-energy is given by rewriting the Green function to G = [E � Hc + Σ]−1, where Hc is the
Hamilton operator of the isolated conductor.
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Figure 2.6: Sketch of the low-temperature scanning tunneling microscope system. The
UHV housing consists of a preparation and an STM chamber separated by a gate valve.
The principle of the used Besocke type STM is shown in the top right.

an analysis chamber separated by a gate valve (see Fig. 2.6). The preparation chamber
is equipped with standard sample preparation techniques: A sputter gun, gas inlets, a
mass spectrometer and molecule as well as metal evaporators. For sample preparation
the sample rests on a rotatable manipulator, where a filament is placed for annealing
the sample. The manipulator and hence the sample can be cooled by liquid helium or
liquid nitrogen allowing deposition of atoms or molecules at temperatures lower than room
temperature.

In order to achieve UHV the preparation chamber is equipped with a differentially
pumped turbo molecular pump and an ion pump. The base pressure of the preparation
chamber is about 1− 2� 10−10mbar. The insertion of the sample into the UHV is possible
via a differentially pumped load-lock. After sample preparation the sample is transferred
with a wobble stick into the STM chamber. The STM chamber is equipped with a garage
allowing storage of up to three samples. With the wobble stick the sample is inserted
into the STM cooled by a cryostat. The base pressure in the STM chamber is below
1 � 10−10mbar held by cryogenic pumping and an ion pump. The cryostat has an outer
shield used for thermal isolation filled with liquid nitrogen (8 l) and an inner part operating
with liquid helium (40 l). The STM head is coupled to the cryostat and operates typically
at temperatures between 6 and 10 K. The STM is of a Besocke type [39, 40]. A disc
with helical ramps rests on top of three ruby balls connected with piezoelectric ceramics.
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By applying defined voltages on the piezos the disc can be rotated resulting in an up
or down movement of the connected tip (coarse movement). The STM tip, made from
electrochemically etched tungsten wire, is fixed inside the scanning piezo, which allows for
lateral and precise vertical movement with respect to the surface. The area that can be
covered by the scanning piezo is about 0.6�0.6 µm2. For the scanning a high mechanical
stability is necessary. The vibration isolation is achieved by two passive damping stages
(provided by Newport) and an active damping stage (TMC). The achieved stability is
below 300 fm. This is in the range of the bit-noise of the used electronics (provided by
Createc) operating at gain 10.

2.4 Sample Preparation

The Cu(111) single crystal (provided by MaTeck) is hut shaped and is clamped to the
sample holder. The cleaning of the sample is done by repeated cycles of sputtering and
annealing. For sputtering Ar+ ions are used at a pressure of 3 � 10�7mbar. The gas inlet is
differentially pumped. The sputter current is the range of 0.3 to 0.7 µA. The annealing is
done by electron bombardment using a tungsten filament directly below the sample. Typ-
ically the sample is annealed to temperatures in the range of 800 to 900 K. As evaporants
metals and molecules are used. For the evaporation of Co, a Co wire wound around a tung-
sten wire is heated by drawing a current of 4-4.5 A through it. The wire is placed inside
the STM chamber enabling deposition at sample temperatures of about 20 K. Evaporation
of the molecules is done using a home-built two storage evaporator. The organic molecule
4-[trans-2-(pyrid-4-yl-vinyl)] benzoic acid (PVBA) was synthesized in the group of Mario
Ruben (FZ Karlsruhe). The evaporation temperature of PVBA at T=456 K is electroni-
cally stabilized by a feed back temperature controller (provided Eurotherm) allowing for
reproducible deposition conditions. The sample temperature during deposition was held at
77 K, 126 K, 300-330 K, and 450 K. The two lowest temperatures are achieved by cooling
the manipulator holding the sample with liquid helium or liquid nitrogen respectively. A
post-annealing to 450 K was done in some cases.

2.5 Density functional theory

Since part of the experimental data is supported by theory a small introduction to the used
methods will be given here. In order to calculate quantum mechanical properties of matter
the Schrödinger equation must be solved. Whereas this is strictly possible only for H-like
atoms, in many-electron systems approximations must be introduced. The most important
is the Born-Oppenheimer approximation [41], which allows to separate the Hamiltonian
into nuclear and electronic terms. However, even this simplification proves inadequate to
treat large scale system due to the complexity of the integrals describing the electron-
electron interaction. A way to circumvent this problem was first proposed by Thomas [42],
Fermi [43] and Dirac in the late 20th of the last century. The accuracy of their approach
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was however too low. In 1965 Kohn and Sham [44] developed then a new method using
functionals of the electron density (hence the name density functional theory (DFT)), which
has since then been refined and widely applied and is also used here. Their approach to
describe the ground state properties of an N-atom system was to replace the wavefunction
(depending on 3N variables) with the electron charge density, which only depends on 3
variables. In fact, the Hohenberg-Kohn theorems [45] state that: 1) the energy and all
observables of the ground state of a multi-electron system are functionals of the electron
density, and 2) the minimization of the energy with respect to the electron density yields
the actual ground state energy of the system. Furthermore, Kohn and Sham proposed a
method to minimize the energy functional by treating the electrons in the system as if they
were non-interacting. This leads to the Kohn-Sham equation(

� 1

2
r2 + Veff (r)

)
ϕj(r) = εjϕj(r) (2.16)

where the Schrödinger equation is scaled down to a system of single-particle equations.
The density is obtained by the sum over electron densities:

n(r) =
N∑
j=1

jϕj(r)j2 (2.17)

The effective potential depends on the density

Veff (r) = V (r) +

∫
n(r)

jr� r0j
d3r0 + Vxc(n(r)) (2.18)

V denotes the external potential given by the nuclei, the second term describes the elec-
trostatic interaction between the electrons and the last term is the so called exchange-
correlation term. As the effective potential depends via the density (2.18) on the electron
density (2.17), which in turn depends on the effective potential (2.16) the solving of the
Kohn-Sham equation has to be done in a self-consistent (i.e. iterative) way. Typically one
starts with a guess for the density n(r), calculates the effective potential Veff (r) and then
solves the Kohn-Sham equations for ϕj(r). The obtained ϕj(r) are then used to calculate
a new density. This procedure is repeated until convergence is reached. A major challenge
in using DFT is the proper treatment of the exchange-correlation term. This term depends
not only on the electron density on the point r, but in fact on all points. An approximation
of this term nevertheless leads to satisfactory results. The two mainly used methods are the
local density approximation (LDA) and the generalized gradient approximation (GGA). In
LDA the functional depends only on the density at the coordinate where the functional is
evaluated:

Vxc(r) =

∫
vxc(n(r))n(r)d3r (2.19)

The local character is also present in GGA - additionally the gradient of the density is
taken into account:

Vxc(r) =

∫
vxc(n(r),rn(r))n(r)d3r (2.20)



20 Techniques

Both methods have their own advantages and disadvantages. For example in LDA typically
the bond lengths are underestimated, whereas GGA corrects that, but has a tendency to
overcorrect leading to an overestimation of the bond length. In general, LDA and GGA
give typically a lower and upper bound for the value of interest.



Chapter 3

Direct expression of molecular- and
supramolecular chirality in the
electronic structure

Chirality refers to an object or a system, which is non-superposable by rotation or trans-
lation on its mirror image. In chemistry a molecule is referred to as chiral, if its atomic
arrangement in space exists in two mirror-image forms (enantiomers) that cannot be su-
perimposed. Despite having the same chemical formula and atomic connectivity the two
enantiomers of a chiral molecule may interact differently with other molecules and physical
stimulations such as light. For example one special property of a chiral molecule is its
optical activity. Polarized light is rotated differently for the two enantiomers. Another
example are chiral recognition [46] processes, which are important not only in chemistry,
but also in biology and pharmaceutics. A large portion of biological processes are mediated
by molecules, which are chiral. This has consequences for example in drug usage. Whereas
one enantiomer cures a disease the other may be harmful. Hence knowing which enan-
tiomer is present is of great importance. The STM has been used to characterize chiral
species adsorbed on a surface. From the orientation of the molecules with respect to the
substrate the chirality was deduced [47]. These observations are based on the different
atomic arrangement of the chiral species. However, their distinct geometry is expected to
give rise to an enantiomer specific electronic structure. Therefore, a more clear picture of
the electronic properties of each enantiomer is desirable. This may foster the understand-
ing of the above mentioned processes and aid in determining the chirality. In this chapter
the direct expression of molecular- and supramolecular chirality in the electronic structure
will be demonstrated by means of scanning tunneling spectroscopy. The organic molecule
4-[trans-2-(pyrid-4-yl-vinyl)] benzoic acid, which is employed in this study, is prochiral and
becomes chiral upon 2D-confinement on the surface. It consists of a pyridyl- ring and a
benzoic acid moeity bonded by a vinyl-group (see Fig. 3.1). The molecules are deposited
on a Cu(111) surface following the recipe given in the experimental section.

21
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Figure 3.1: Molecular structure of 4-[trans-2-(pyrid-4-yl-vinyl)] benzoic acid: Protonated
(δ and λ) (left) and deprotonated (δ and λ) (right) (PVBA). The structures have been ob-
tained within the Parameterized Model number 3 (PM3) quantum calculation implemented
in the software ArgusLab [48].

3.1 Single PVBA molecules on Cu(111)

Fig. 3.2 shows typical STM topography images taken at 0.1 V of isolated single PVBA
molecules on Cu(111). PVBA appears as two protrusions in the middle and depressions of
different strength at the ends. The strongest depression is associated to the oxygen side,
enabling to attribute a direction to the molecule (see also Chapter 5.3). The shape of the
depression is a result of the deprotonation of PVBA occurring due to the high reactivity
of the carboxylic group towards the Cu surface [16]. The protrusion near the strongest
depression is hence assigned to the phenylene ring of the benzoic-acid moiety and the other
one to the pyridyl ring. The distance between the protrusions (see inset Fig. 3.2) is com-
parable to the 6.62 Å distance between the center of the aromatic rings of the free molecule
(see Fig. 3.1), suggesting a planar configuration. Both protrusions have different apparent
heights and a slightly triangular shape, differing from PVBA on Pd(110) [50]. The special
appearance observed here gives rise to two mirror symmetric motifs in the topographic
images (Fig.3.2): One kind is shaped like an S (inset left), whereas the other like a Z (inset
right). Both motifs occur equally often, which suggests that they represent the two chiral
species of PVBA.
Before exploring their electronic structure the relation with the substrate will be utilized
to verify the chiral nature of the observed species. The experimental data shows that the
molecules with the S-motif are oriented with an angle of +4� 2� and the others displaying
the Z-motif, with an angle of −4�2� with respect to all of the six < 2̄11 > high-symmetry
directions of Cu(111). The molecular orientation was determined by passing a line through
the center of the two depressions and relating it to atomically resolved images of the copper
surface (see Chapter 6.2).
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Figure 3.2: STM topography images of PVBA molecules on Cu(111) taken at Bias = 0.1 V.
Two single PVBA molecules with different chirality are visible. Image size: 55.3 x 72.3 Å2.
Inset top: Height profile of a single PVBA molecule. Inset bottom: Topography images of
the two observed motifs. In this representation of the data different colors correspond to
different heights to enhance the contrast [49]. Color scale ranges from -0.2 to 0.6 Å. Image
size insets: 27.2 x 23.2 Å2.

Figure 3.3: Density functional theory calculation of deprotonated PVBA on Cu(111) for
the δ- and λ- chiral motif.
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The adsorption behavior and specifically the orientation will be now compared with density
functional theory calculations of both chiral species on the surface. The molecules are found
to stabilize in a planar configuration in accordance with the experiment (see Fig. 3.3). The
aromatic rings of the molecules are aligned with the < 2̄11 > high-symmetry directions.
However, due to the kinked vinyl moiety, a small angle of the molecular axis (defined by the
line of the N atom to the carboxyl C atom) with respect to the high-symmetry direction is
actually present. For the δ-PVBA this angle amounts to +7� corresponding to a clockwise
rotation. For the λ-PVBA the angle has opposite sign -7� related to a counter-clockwise
rotation of the molecular axis with respect to the high-symmetry axis. These values match
pretty well the experimental results. Hence, the chirality of the observed molecules can
be assigned based on their adsorption angle. The molecules rotated in a clockwise fashion
are δ-PVBA species and molecules rotated in a counter-clockwise orientation with respect
to the high-symmetry direction are λ-PVBA species. Having established this assignment,
the chirality of the molecules can, moreover, be directly determined by the distinct topo-
graphic appearance of the two enantiomers. Each orientation and hence each enantiomer
corresponds to a specific topographic motif, which is mirror-symmetric with respect to
the other. The S-motif originates from δ-PVBA molecules and the Z-motif from λ-PVBA
molecules.
From a calculation point of view the < 2̄11 > directions identify mirror symmetry planes
orthogonal to the surface. The adsorption energy is then independent of the chirality, so
that the two enantiomers are expected to occur with equal probability, which is confirmed
by the experiment.

The experimentally obtained electronic structure of the molecule will be discussed now.
Topographic images at various voltages have been acquired. Examples at specific voltages
are shown in Fig. 3.4. The scale for all images is the same as depicted in the right. The
insets are representations of the same data in a different color code to enhance special fea-
tures. A quantitative treatment of the apparent height of various positions on the molecule
as a function of voltage is shown in Fig. 3.5. For the full negative range down to -4 V
(lowest measured value) and up to low positive bias voltages the qualitative appearance
of the molecule remains almost constant (see Fig. 3.4) and resembles the picture at 0.1 V
shown earlier. The small relative height increase of the central part (black line) associated
with the vinyl group may originate from a slightly larger density of states at this energy.
Starting from the Fermi energy the depressions (blue and red line) vanish at some point in
the positive voltage range. For voltages above 1 V, PVBA is imaged as one large elongated
protrusion (see Fig. 3.4). Whereas a distinction between the chiral species was possible
due to the shape associated with the vinyl group at lower voltages, above 1 V this distinc-
tion is no longer possible. The apparent height increases drastically with higher positive
voltages to 2.5 Å at 2.4 V. Above this voltage the molecule dissociates (see Chapter 5).
Similar values for the apparent height for the low- and high-bias regions have been ob-
tained for pentacene, an organic molecule consisting of several aromatic rings, adsorbed on
Cu(111) [51]. From the calculations a molecule-substrate distance of 2.1 Å was estimated.
This value is quite close to the value found experimentally, suggesting that the molecule
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Figure 3.4: Topography images of a PVBA monomer taken at different voltages. The
height scale applies to all large images. The small images in the insets are optimized in
contrast for better visibility. Image sizes: 25 x 38 Å2.

Figure 3.5: Apparent height of selected positions on a PVBA molecule as a function of
voltage. Image in inset taken at 0.1 V.



26 Direct expression of molecular- and supramolecular chirality

Figure 3.6: Differential conductance maps of both chiral species of PVBA on Cu(111)
taken at constant current. For 0.35 V the chiral signature for δ- and λ- PVBA is revealed,
whereas at 1.7 V a distinction is not possible. Image sizes: a), b) 19.6 x 21.5 Å2

becomes fully conducting at high positive bias voltages. The slightly smaller theoretical
height could be explained by the fact that the LDA approach overestimates the van der
Waals interactions leading to a shorter bond length of the molecule with the substrate.
As the topographic image is an integration over all density of states from the Fermi level
to the applied voltage value (Eq. 2.6), it is desirable to get the density of states at a
specific energy. For this aim scanning tunneling spectroscopy measurements have been
performed. In Fig. 3.6 maps of the local density of states at two different voltages have
been obtained for both chiral species. The images were acquired under closed feedback
loop conditions using a lock-in amplifier set to measure the derivative of the current. At
0.35 V the differential conductance maps show an internal structure and a clear distinction
between the two chiral motifs can be achieved based on the local density of states. At 1.7 V
only one protrusion spanning the whole molecule in the conductance maps is observed. A
distinction between the two chiral species and the directionality is lost. This shows, that
even though the two species differ in chirality their resemblance vanishes at a certain energy,
suggesting implications on energy dependent chiral identification and recognition.
It is instructive to look at a larger voltage range. For this purpose the scanning tunneling
spectra have been taken across the molecule. At each point the feedback loop was opened
and the voltage was ramped, while the lock-in amplifier was recording the dI/dV -signal.
Single spectra taken on selected positions on the molecule and the substrate are shown in
Fig. 3.7. The spectrum on the substrate shows the characteristic onset of the surface state
at -440 mV [52]. On the molecule this state is quenched, visible as a flat region at the
expected energy position.

The spectra on the molecule show a strong continuous increase in the intensity for large
positive voltages of up to 2.4 V. The rise is associated with electronic states deriving from
an unoccupied molecular orbital. The rest of the spectrum is rather featureless not dif-
fering significantly from the spectrum taken on Cu(111). Bias voltages close to the Fermi
energy result in a finite non-zero density of states. The latter and the fact that the spectra
show no clear peak like feature, suggests that the molecule is strongly hybridized with the
surface. This fact will become important in the next chapter.
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Figure 3.7: STS on selected points on a PVBA monomer including a spectrum on the
Cu(111) surface. The colors correspond to the positions indicated in the inset displaying a
topograph of a monomer taken at 0.1 V. Set-point: Bias = 1.7 V, I = 1 nA . Modulation
amplitude: 20 mV.

Figure 3.8: Grid STS measurement on the single PVBA molecule. a) Scheme of the data
volume of this kind of data acquisition (see text). b) Constant energy cuts (left) and a
cut along the center of a single PVBA molecule (right) of the grid STS measurement are
displayed. The energy range close to the Fermi level (-0.6 V to 0.6 V) has been taken
from a second set of measurements. The color code refers to dI/dV/(I/V ). In panel c)
the same data is shown, however, the background has been subtracted. The insets display
the molecular structure of PVBA drawn to scale and its topographic image. Due to the
division of the current to voltage ratio the values around the Fermi level are subject to
singularities and are therefore not displayed.
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In order to observe the internal electronic structure of the molecule in contact with the
surface scanning tunneling spectra have been taken on a grid of points on the molecule (see
Fig. 3.8). During the measurements each set-point for spectroscopy was kept at the same
bias and current value. One advantage of this spectroscopy method is that conductance
maps of constant energy can be acquired with a set-point chosen at a different energy,
ideally where the topography image is rather smooth. The obtained three-dimensional
data-set (as sketched in Fig. 3.8a) can be displayed as cuts of constant energy (horizontal)
or cuts along a defined line in space (vertical). Spectra along the center of the long axis
of the molecule are shown in Fig. 3.8b (right). For a better comparison the spectra are
displayed in (dI/dV )/(I/V ) [53]. It can be seen, that for positive voltages the density
of states smoothly increases almost equally for all positions on the molecule. For nega-
tive voltages faint differences between specific positions are visualized. To see the relative
contribution of the states with respect to the surface, the background (spectra taken far
away from the molecule on the Cu(111) surface) has been subtracted (see Fig. 3.8c). It
can be seen that the unoccupied states found above the Fermi level, are contributing much
stronger to the tunneling current than the occupied states. To visualize the spatial depen-
dence of the spectroscopic signal across the plane of the molecule cuts through the grid
data at certain energies are displayed in the left of panel b). These cuts show the internal
electronic structure of the molecule. At low positive voltages and most prominently around
-1 V the structure has no mirror axis, which shows that the local density of states depends
on the chirality of the molecule and hence both enantiomers can be distinguished.
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3.2 PVBA complexes on Cu(111)

Additionally to the single molecules supra-molecular structures have been observed (see
also Appendix A). In the following the most frequently observed ones - self-assembled
metal-organic complexes, consisting of two PVBA molecules and a central Cu atom - are
described. In Fig. 3.9 an STM image taken at a sample bias of 0.1 V is shown. Elongated
structures in three directions with approximately 120� to each other are visualized. Their
length is about twice as long as for a single PVBA molecule, which has been imaged simul-
taneously in the bottom left of Fig. 3.9. At their ends depressions are visualized, similar
to the depression on the monomer, which had been attributed to the oxygen side. Two
PVBA molecules are then facing each other with their nitrogen terminated side pointing
towards the center and the oxygens outwards. Compared to the height profile of a single
PVBA molecule (inset in Fig. 3.9) the apparent height is increased. Furthermore only one
smooth protrusion prevails for each side, contrary to the monomer where two protrusions
can be distinguished. A change in the appearance in STM topography images is most
often due to either structural or electronic modifications. Here, the main contribution is
attributed to an electronic effect caused by the coupling of the PVBA molecules. Both
molecules are suggested to bond towards one Cu adatom. The metal-ligand bonds cause a
change in the electronic structure [54] letting the PVBA molecules in the compound appear
differently than their isolated ones. The self-assembled symmetric structures are accord-
ingly assigned to metal-organic complexes Cu(PVBA)2, consisting of two PVBA molecules
and one Cu atom (see sketch in Fig. 3.9). The Cu atom originates from the adatom gas,
which is present on the surface at elevated temperatures [55,56]. For higher temperatures
the adatom gas pressure is known to increase. Indeed we find that after annealing the
sample to 425 K the concentration of the complexes is increased with respect to the room
temperature case (see Appendix A).

The two molecules in the complex can be either of the same (homochiral complex) or
different chirality (heterochiral complex). The determination of the enantiomeric composi-
tion of supra-molecular structures is not straightforward. For single molecules it is typically
achieved via the angle of the molecule with respect to the substrate. In supra-molecular
structures the arrangement of the molecules with respect to each other may result in chiral
superstructures such as observed in [57], where enantiopure domains can be distinguished.
In Fig. 3.9 the two sides of the complex appear basically the same at the given voltage. A
hint towards their composition gives their angular relation with each other and with the
substrate. Whereas the top left complex has a kinked shape the others have a boomerang
like shape. The relation with the substrate registry of each PVBA molecule in the com-
plex was determined by using simultaneously found single PVBA molecules with known
adsorption angle. For each side of the complex a line was placed through the center of
the protrusion and the depression. The molecules in a complex are adsorbed with a small
positive and negative angle with respect to the < 2̄11 > direction. From this a correlation
with the chirality of the molecule could be deduced. However, this signature is relatively
weak and occasionally even modified by specific arrangements of the two molecules with
respect to each other. Hence a more clear picture is desirable.
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Figure 3.9: Topography image (STM) of Cu(PVBA)2 complexes on Cu(111): a) Scheme
showing the λ- and the mirror symmetric δ-PVBA bonded to a Cu atom forming the
metal-organic complex Cu(PVBA)2 b) STM topography image taken at Bias= 0.1 V.
Three PVBA complexes are shown representative of the three possible orientations found
on Cu(111). In the bottom left a PVBA monomer is imaged. The inset shows a height
profile of a complex (green line) and the height profile of the PVBA monomer (grey line)
for comparison. The dotted white line separates an area of the image, which has been
taken on another place on the surface under the same tunneling conditions.

Scanning tunneling spectroscopy measurements have therefore been performed in anal-
ogy to the single PVBA molecule in order to get insights into the electronic structure. In
Fig. 3.10 conductance maps for selected energies are displayed. It becomes apparent that
there are two kinds: One, with a point symmetric appearance with respect to the center
and the other one with a mirror symmetric appearance (mirror axis passes perpendicular
to the long-axis through the center of the complex). The symmetry is preserved at various
voltages. The point symmetric appearance of the local density of states leads to a direct
visualization of the chirality of PVBA molecules of a homochiral complex. The mirror
symmetric appearance of the local density of states allows to directly identify this molec-
ular structure as a heterochiral complex. Two classes of complexes can thus be identified.
The first one with point symmetry consists only of enantiomers of the same kind (λ ,λ) or
(δ, δ). The second class of complexes, showing a mirror symmetry, consists of two kinds
of enantiomer (λ,δ) or (δ,λ). The two classes are then accordingly called homochiral and
heterochiral.
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Figure 3.10: Direct expression of supramolecular chirality of PVBA in a complex by scan-
ning tunneling spectroscopy: For comparison a) and b) show topographic images of a
homochiral (δ,δ) and a heterochiral (δ,λ) complex. c)-h) are conductance maps taken at
various energies displaying characteristic molecular orbitals for a homochiral c),e) and g)
and the heterochiral case d), f) and h). Size of images: 52 Å x 30 Å. Lock-in amplifier
settings: sensitivity 30 mV, modulation amplitude 30 mV, time constant 3 ms.
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Figure 3.11: Spatial mapping of the energy dependent LDOS of a hetero- and a homochiral
PVBA complex. Spectra have been acquired along the long-axis of the complex as indicated
in the conductance maps. In the panels of the spectra the colored lines mark the energy
of the conductance map (magenta) and the onset of the surface state on Cu(111) (grey
broken line). The red lines denote the central position of the complex for the spectra taken
along the bottom.
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Figure 3.12: Density of states on specific positions on the complex obtained from STS:
Scanning tunneling spectra are taken on a homochiral (δ,δ) complex at the position which
are shown in the inset. Clear peaks at 0.9 V, 1.1 V and 2.15 V are observed in the positive
voltage region, which are related to unoccupied molecular orbitals. The negative bias
region taken up to -2 V does not reveal any states. For comparison the off-spectrum on
the Cu(111) surface is shown. Size of image in the inset: 45 Å x 19 Å (taken at Bias=
0.1 V). Lock-in amplifier was set at a modulation amplitude of 20 mV.
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From a statistical analysis it is found that both are equally distributed over the surface.
Hence no selectivity of the chiral species is present, as was shown for PVBA on Au(111)
and Ag(111) [58, 59]. This is rationalized through the fact that here the formation of the
bond is independent of the chiral specificity.

In Fig. 3.11 scanning tunneling spectra dI/dV along the long-axis of the hetero- and
homochiral PVBA complex are displayed revealing the spatial and energetic evolution
of the electronic structure. Each line is composed of about 60 single spectra. For the
heterochiral complex spectra along the top, middle and bottom of the complex are shown.
The color code represents the intensity of the local density of states: Red areas correspond
to a high density of states and violet areas to a low density of states (see legend). For
negative voltages the density of states is low and only a weak pattern is visible. The
highest density of states is obtained at positive voltages, where a clear energy and position
depended pattern is recognizable. At all positions (top, middle and bottom) and energies
the local density of states is mirror symmetric with respect to the center for the heterochiral
complex. Together with the spatial maps this leads to the fact that by passing a plane
through the center perpendicular to the long axis of the molecule, the density of states is
mirror symmetric. This picture differs for the homochiral complex. It can be seen that
the spectra along the the bottom are not mirror symmetric. Whereas the left part still
corresponds to the left part of the bottom line of the heterochiral complex, the right part
corresponds to the right part of the top line of the heterochiral complex. In other words the
right part is flipped leading to a point-symmetric appearance of the local density of states
with respect to the center of the complex. The right part of the homochiral complex thus
resembles a PVBA molecule with opposite chirality compared to the one for the heterochiral
complex at this half. This shows that both enantiomers in the homochiral complex must
have indeed the same chirality. These measurements demonstrate that the two different
symmetries of the complexes, reflecting their chiral nature, are not only given at selected
energies (see Fig. 3.10), but for the entire measured spectrum, with the strongest signature
at positive bias voltages.
In Fig. 3.12 scanning tunneling spectra dI/dV taken at positions indicated in the inset are
reported. Depending on the location on the complex, several peaks have been observed.
The energetically lowest peak in the positive range at 0.9 V is tentatively assigned to the
lowest unoccupied molecular orbital (LUMO) of the complex. Peaks at higher positive
voltages (1.1 V, 2.15 V) are assigned to higher order LUMO’s. These numerous features
are in strong contrast to the case of a single PVBA molecule, where a smooth increase of
the conductance for higher positive bias voltages was observed (see Fig. 3.7). The density
of states has therefore been strongly modified by the bonding of two PVBA molecules to
a Cu atom. The bonding character can be described by a coordinate covalent bond. The
lone pairs of electrons at the N-atom of the pyridyl-rings [60,61] are donated to the central
Cu atom. This sharing of electrons leads to hybridization of states of the molecule and the
metal atom (see also Chapter 5). For metal atoms attached to molecules, such as CuPc
(Cu-Phthalocyanine) and Pentacene at Au atoms [62,63], shifts in the energy or lifting of
degeneracy of molecular states as well as additional states deriving from molecular states
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Figure 3.13: DFT calculations of the adsorption geometry of a PVBA complex on Cu(111):
a) and b) are top views of the energetically most stable configuration of the homochiral
(δ,δ) and heterochiral (δ,λ) case. Two PVBA molecules bond via the nitrogen of the pyridyl
group to a central Cu-atom. In c) a sideview of a heterochiral (δ,λ) dimer is shown. The
nitrogen as well as part of the pyridyl group get lifted from the surface in contrast to the
bonding of a single PVBA molecule, where the nitrogen is much closer to the surface (see
Fig. 4.9).

have been reported. Given the fact that the spectrum of the PVBA monomer does not
reveal clearly the energetic position of the molecular states (Fig. 3.7) a relation to the
states in the complexes is difficult. However, possible scenarios or a mixture of them are
the following. The observed states for the complex may originate from energetically higher
lying orbitals of the PVBA molecule, which are downshifted by the bonding to the Cu
atom. Alternatively, the states arise from previously strongly hybridized orbitals with
the surface, which were not visible in the case of the monomer, but become accessible in
the complex, due to the rearrangement of electrons by the reaction with the Cu atom.
Compared to other metal-molecule systems [62, 63] this change in the electronic structure
is substantial. Whereas for these systems the orbitals of the metal-molecule compounds
do resemble electronic features of the molecules, in the present case no such similarity is
found. This significant modification is attributed to the covalent character of the metal-
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ligand bond. The different conductance behavior for the monomer and the molecules of the
complex bonded to a Cu atom also explain their different appearance in the topographic
images (see Fig. 3.9).

In order to verify the experimental observations and to get a more profound under-
standing of the bonding mechanism density functional theory (DFT) calculations have
been performed. Two examples of the lowest energetically most favorable adsorption ge-
ometries of the complex are shown in Fig. 3.13. The direction of the molecules are in
accordance with the experiment. The step like as well as the boomerang like shape of
the homochiral and the heterochiral complex are fitting with the experimentally obtained
topographic appearance (see Fig. 3.10 a) and b) ).
The central Cu atom is calculated to occupy a bridge position and the PVBA molecules
occupy similar positions with respect to the surface to those when they are adsorbed as
monomers. One PVBA resides on the most favorable adsorption site, where the N atom of
the pyridyl group is in the vicinity of an hcp-hollow site. The N atom of the pyridyl group
of the other molecule is in the vicinity of an fcc-hollow site. The two molecules composing
the complex are hence exposed to a slightly different structural environment. Whereas it
is almost the same for the first Cu layer it strongly differs for the second Cu layer. The
influence of subsurface layers on PVBA and the PVBA complex will be discussed in section
4.2 and 5.2. The total length of the complex taken from the center of the oxygens of one
molecule to the center of the oxygens of the other molecule is about 27.3 Å. Experimen-
tally a length of 31�3Å was observed, when measured from depression to depression. The
larger observed length is attributed to the fact that the depression for a monomer was
found slightly away from the oxygen and this is expected to be the similar case here. From
the calculations a N-Cu bond length is estimated to be 1.84 Å, which is in agreement with
values found in literature [64] for N-Cu bonds. The two-fold coordination of a Cu atom was
suggested previously for another aromatic molecule consisting of pyridyl end groups [64],
which was adsorbed on Cu(100). In Fig. 3.13 c) a side view of the molecular structure
shows that part of the pyridyl group is lifted from the surface in order to form a bond
with the central Cu atom. The bonding is not linear, but follows a slight arc, as a result of
the competition between the metal-ligand bonding, metal-metal bonding and geometrical
constraints.

In summary the molecular and supra-molecular chirality of single molecules and self-
assembled metal-organic complexes consisting of two PVBA molecules and a Cu adatom
could be directly expressed via topographic and spectroscopic imaging. The results are
important for a direct determination of chirality of molecules and may foster the under-
standing of the distinct interaction of enantiomers with the environment based on their
different electronic structure.



Chapter 4

The molecule-surface interface

4.1 Portrait of the potential barrier

The electronic structure at the interface between a bulk metal and an organic semicon-
ductor thin film has been extensively studied [17, 65, 66] and is commonly described in
the framework of a band alignment model at the interface. In the single molecule case,
however, this model faces its limits. Chemical bonding between an organic molecule and
a metal surface can result in significant charge transfer and rearrangement, which depend
critically on the local atomic geometry [67, 68]. In this situation of a strongly hybridized
electronic system a good indicator of the physical and chemical processes determining the
molecule-metal contact is the work function which for metal substrates is defined as the
energy difference between the vacuum level far above the surface and the Fermi level (see
also Fig. 4.1) [69].

The formation of induced dipoles at the interface due to the bonding of molecules can
substantially modify the work function, which thereby provides valuable information on
the degree of charge reorganization at the interface [69–71]. Photoemission experiments,
often used to determine the averaged, coverage dependent work function of a surface [17–
19], have generated considerable progress in understanding the formation of the interface
potential. However, these experiments cannot provide any information at the molecular
length scale. Lateral resolution can be achieved by photoemission of adsorbed Xe, scanning
tunneling or Kelvin probe measurements [69,72–74]. These experiments have revealed local
modifications of the work function but could not probe a single molecule contact with sub-
molecular resolution. A quantity closely related to the work function is the local potential
energy barrier experienced by tunneling electrons during STM measurements. This barrier
can be used to measure a ”position dependent work function” [69,72,75].

To obtain information about changes in the surface potential the current was recorded
as a function of tip-sample distance z in open feedback loop conditions. In Fig. 4.2a
spectra are shown on selected positions of the PVBA molecule on Cu(111) (Fig. 4.2b). In
the limits of low-voltages (V� ΦLBH) and low-temperatures the tunneling current is given

37
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Figure 4.1: Sketch of the work function of a clean metal (blue arrow) and at a conducting
metal-organic interface (red arrow). The potential barrier is modified by two mechanisms:
the formation of local dipoles and Pauli repulsion. The first is associated with chemisorp-
tion. If charge accumulates above (below) the surface, this opposes (favors) the withdrawal
of an electron from the surface and results in an increase (decrease) of the work function of
the system. In case of weak metal-organic coupling, Pauli repulsion between the electrons
of the molecule and those of the metal surface is effective. This limits the spilling out of
electrons into the vacuum region and the electron density above (below) the metal surface
moderately decreases (increases).

by
I / exp(−2

√
2mΦLBH/h̄� z)

where m is the electron mass and ΦLBH the apparent local barrier height between tip and
sample. Fitting the measured current vs. z curves with this relation gives ΦLBH . In the
case of a trapezoidal barrier, the height is given by the work functions of tip and sample

ΦLBH = (Φtip + Φsample)/2

As the exact shape of the barrier and the work function of the tip is not known, the absolute
value of Φsample is not accessible. The change in the surface potential can, however, be
determined by

∆Φsample(x, y) = 2(ΦLBH(x, y)− ΦLBH(xCu, yCu))

where ΦLBH(xCu, yCu) is a reference value of the local barrier height of a clean area of
the Cu surface and ΦLBH(x, y) is the measured local barrier height. In such a way the
obtained value is independent from tip conditions. In Fig. 4.3b a map of the measured
local barrier height across a PVBA monomer is shown. This was obtained by taking a
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Figure 4.2: Current dependence vs tip displacement. a) The natural logarithm of the
tunneling current at the positions indicated by the circles in the topographic image b) along
the molecular axis. The tip is moved towards the surface for 1.5 Å in each measurement.
The curves are offset for a better visualization.

spectra at each point of the image. It can be seen that the barrier height is not uniform.
On the molecule a characteristic spatial dependence is evident. Furthermore, surrounding
the molecule a lowering of the barrier is present (green rim in Fig. 4.3b). In Fig. 4.3c the
change in the surface potential is plotted along a line over the center of the molecule. By
comparing the topographic image (Fig. 4.3a) with the extracted barrier height, the spatial
variation can be correlated to different parts of the molecule. An increase in the barrier is
found on top of the aromatic rings, whereas a decrease is observed close to the oxygen of
the deprotonated PVBA.

In order to correlate these findings with the molecular structure, the interaction of a
single PVBA molecule with the supporting metal was modeled by means of DFT calcula-
tions. The calculations indicate that a substantial rearrangement of the electron density
distribution on the molecule and its proximity to the surface is induced. This provides
the most robust indicator of local modifications of the surface dipole and of a modulation
of the local potential barrier. The electron density rearrangement of two planes parallel
and orthogonal to the surface is shown in Fig. 4.4a and b respectively. Areas of electron
accumulation are shown in red and areas of electron depletion are marked in blue. As
can be seen the charge rearrangement is modulated over the molecular body with a partial
electron accumulation on the molecule. Surrounding the molecular ends, areas of depletion
are observed more extended at the carboxyl end of the molecule.
The experimental observation of a modulated higher potential barrier in the region above
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Figure 4.3: a) STM image of a deprotonated PVBA molecule adsorbed on Cu(111) mea-
sured in constant current mode (image size: 33 x 25 Å2; tunneling conditions 0.1 V; 0.5 nA).
A stick-and-ball model of the molecule is superimposed on the image. b) Simultaneously
acquired map of the potential barrier across the molecular plane averaged between tip and
sample. c) Work function variation along the molecular axis.

the (hetero)-aromatic groups surrounded by a lower rim region is naturally interpreted on
the basis of this electron density rearrangement. Namely, if at least part of its electronic
charge is retained upon deprotonation, the adsorbed molecule will be overall negatively
charged, and an increase of the tunneling barrier with respect to the bare Cu(111) surface
will be expected. The results reveal a net negative electric dipole distribution aligned with
the z-axis and located on the aromatic groups region. Integration over this region gives
an estimated total dipole of -0.47 Debye. This also allows estimating the excess effective
charge of the molecule as about 0.1e−. Using the dipole value and modeling the molecule as
a flat capacitor [76] the potential energy drop across the interface is estimated as 0.23 eV,
in fair agreement with the observed work function increase. This result may appear to be
surprising considering the lowering of the work function observed on adsorbed benzene on
the same surface [18,19]. This, however, is not in contrast given the different charge state
and the functional group structure of the deprotonated PVBA molecule. In the case of the
neutral, non reactive benzene molecule the observed decrease is mainly determined by the
Pauli repulsion (”pillow effect”) [18,19].

The second major feature of the molecule-substrate interaction is the formation of an
extended electron depletion region surrounding the molecule. This is interpreted as a
screening effect originating from the net negative charge distribution associated with the
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Figure 4.4: Charge transfer map of deprotonated PVBA absorbed on Cu(111). a) Side view
(projection on a plane passing through the N-Cu and O-Cu bond). b) Top view (projection
on a plane at halfway between the molecule and the surface). Blue areas represent electron
depletion; red areas electron accumulation. The color scale shows the variation of the local
electron density displacement in units of Å�3. c) Averaged electron density displacements
along the z direction, calculated at different positions around the O-Cu bond (as indicated
by the numbers in panel a). These are obtained by averaging the electron density in slices
(0.5 x 7 Å2) in the xy plane as indicated in panel b. The vertical lines denote the position
of the atoms.
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molecule. The depletion is more significant in the vicinity of the electronegative oxygen
atoms bonded with the metal substrate. The lower potential barrier observed in front of
the carboxyl group reflects the strong chemical interaction between the surface and this
group which is the major anchoring point on the substrate for the adsorbed molecule.
Taking the neutral deprotonated PVBA molecule and the bare surface as reference reac-
tants, electrons from the metal region must be provided to form a σ-bond with the oxygen
atoms. An area of charge depletion is clearly visible in the map of the electron density
displacement on the surface around the deprotonated carboxyl group (Fig. 4.4b). The
electron density displacement ∆ρ as a function of the z coordinate, calculated for different
positions along the molecular main axis (x direction) is reported in Fig. 4.4c. The main
positive and negative modulations of the electron density displacement are as expected
on the O and Cu atoms participating in the bonds (curves 1 and 2). However, profiles
indicating pure electron depletion are obtained in a region of the surface extending up to
2.5 Å from the carboxyl group (curves 3 and 4). This effectively determines a positive
vertical dipole density consistent with the lower potential barrier experimentally measured
in the rim region of Fig. 4.3b. The effect is most pronounced in the area surrounding the
Cu-O bond (curve 3) in agreement with the barrier minimum position in Fig. 4.3c.

Simply assuming the oxygen atoms to be negatively charged would suggest a work
function increase in their proximity, since the lower electrostatic potential would make the
tunneling barrier on average higher. Any such effect is however, strongly reduced by the
net polarization associated with bond formation. In particular, the electron density on
the oxygen atoms moves towards the surface in order to form the Cu-O bond, showing
that bond formation is associated with a positive electric dipole, screening the effect above
Fig. 4.3c. In order to study how local charge rearrangements can be manipulated mea-
surements on a Cu(PVBA)2 complex, where two PVBA molecules are coordinated to a
central Cu atom, have been carried out. The profile of the work function variation along
the long axis of the complex is shown in Fig. 4.5c. The drop of the barrier height at the
oxygen terminated side of the complex resembles the one observed for the single PVBA
monomer. However, a very significant decrease of the work function of about 1.4 eV is
now visible at the center of the metal-organic complex where the Cu adatom is located.
For the complex the calculated electron density displacement map is shown in Fig. 4.3d
supporting the experimental evidence. At the Cu atom charge accumulation (red) and
depletion areas (blue) (not visible at the height position of this projection) indicate the
presence of a positive induced dipole associated with electron density transfer from the
molecule through the bridging Cu atom. Upon the formation of a metal-organic bond at
the N termination of PVBA, a charge reorganization occurs at the molecular backbone.
This lowers substantially the effective electronic potential energy at the pyridine group
with respect to the clean copper surface.

It is instructive to compare the topography and potential barrier profiles of a monomer
and a PVBA complex (Fig. 4.6). Differences between the two type of profiles become
apparent suggesting that the measured work function is not an effect of the topographic
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Figure 4.5: Manipulation of the potential barrier by coordination bonding a) Sketch of
the Cu(PVBA)2 structure: two PVBA molecules are coordinated by a single Cu atom at
the N terminations. b) STM topographic image of the coordination compund on Cu(111).
c) Variation of the work function difference ∆Φ measured along the long axis. d) Charge
transfer map of the complex.
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Figure 4.6: Comparison between topography a) and b) and change in work function c) and
d) along the PVBA monomer and the PVBA complex, respectively. The sketch for the
monomer is drawn to scale. The vertical lines relate special features of the two profiles to
the structure of the molecule.

Figure 4.7: PVBA complex: a) Topography and respective apparent height profile b) along
the black line. c) Barrier height measurement and change in work function along the red
line d).
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corrugation. For example the minima obtained in the vicinity of the oxygens are displaced
by about an Angstrom for the two profiles. Also the smooth shape on the molecular bod-
ies of the complex differs significantly with respect to the work function variation profile,
where a minimum is observed for the central part of the molecule.
The barrier profiles along several monomers measured with “microscopically” different tips
have shown the same results. However, on the complexes occasionally different line shapes
could be obtained. An example is shown in Fig. 4.7. The local barrier height profile (see
Fig. 4.7d) shows a maximum on one of the coordinating molecules. The profile is thus
asymmetric, in contrast to the symmetric topographic profile (see Fig. 4.7b). Considering
that the topographic appearance is very similar to the one obtained in Fig. 4.6 the differ-
ences in the barrier height are surprising. Tentatively, subsurface effects or slight variations
in the adsorption geometry may be accounted for these differences.
So far, in the measured z range only minor changes in the extracted barrier value occurred.
Extending the measurements over a much larger z range may deliver even deeper insights
on the potential landscape above a molecule adsorbed on the surface.
The experimental and theoretical findings shown here revealed a substantial unprecedented
modulation of the apparent local barrier height in the sub-angstrom region. Relating the
chemical bonding of PVBA to Cu(111) with the potential barrier profile measured by STM,
may apply more generally to the formation of a potential barrier at the contact between an
organic molecule and a metal electrode. Besides illustrating these relations for a specific
model system, the studies show that the potential barrier can be monitored and manipu-
lated in a controlled and defined way with atomic precision.
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4.2 Symmetry breaking in adsorption of large organic

molecules on close-packed surfaces:

PVBA on Cu(111)

In the following the specific adsorption geometry of PVBA will be explored, which reveals
peculiar insights into the molecule-substrate interaction. In general adsorption of molecules
on surfaces is a delicate process involving specific interaction mechanisms, such as charge
transfer and van-der-Waals interactions. The drive of finding the energy minimum of
the molecule-metal interface is leading to preferential adsorption sites. The adsorption is
influenced by the crystallographic specificity of the substrate as well as by its chemical com-
position. For example on (110)-surfaces the first layer atoms are aligned in rows parallel to
each other guiding the growth and the adsorption. On closed-packed surfaces, such as the
Cu(111), atoms display a six-fold symmetric pattern and one naturally would expect adsor-
bates to follow this structure. However, every hollow-site in the first layer of such surfaces
is distinguishable by being either a hexagonal-close-packed (hcp)- or a face-centered-cubic
(fcc)-site. A site selection originating from the influence of lower lying layers has been
experimentally and theoretically demonstrated in detail for single adatoms [77–79]. For
single molecules studies have been carried out on simple highly symmetric cases such as
CO, benzene or pentacene [51]. The latter has been shown to locate preferentially on top
of hcp sites, however, due its two-fold symmetry, still six equivalent adsorption directions
were observed. As such the PVBA molecule due to its non-symmetry is an interesting
candidate to investigate sub-surface effects.
The angular distribution of the molecules shows that each enantiomer adsorbs predomi-
nantly in only three directions separated by 120� (see Fig. 4.8a and also Appendix A for an
overview image) . Considering the six-fold symmetry of the top layer of Cu(111) and the
non-symmetry of the molecule an adsorption every 60� was expected. These values would
correspond to molecules facing opposite to each other. An unequal amount of molecules in
direction I with respect to direction II indicates a breaking of the symmetry. An example
of a molecule in the unfavoured adsorption orientation is shown in the top right corner of
Fig. 4.8b. A statistical analysis of the occurrence of configuration I and molecules facing
the opposite direction configuration II is shown in Table 4.1. The values show a strong
preference of one direction over the other.
To explain such symmetry breaking the second Cu layer must be taken into account, which
differentiates the hollow-sites of the first layer into alternating hcp (Cu atom in the second
layer) and fcc sites (vacancy in the second layer) imposing inequivalent directions I (fcc
to hcp) and II (hcp to fcc). A visual schematization of the orientation arrangement is de-
picted in the scheme of Fig. 4.8c. The symmetry of the landscape of the Cu(111) surface
is lowered from six-fold to three-fold considering the second Cu layer. The predominant
three-fold arrangement of PVBA is, therefore, highlighting a strong influence of the second
Cu layer (i.e., subsurface atoms) to the adsorption.

In general the ratio between favored and unfavored adsorption sites follows typically
the Boltzmann statistics as was shown for single adatoms [79]. As neither diffusion or
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Figure 4.8: STM topography images of PVBA molecules on Cu(111) taken at Bias =
0.1 V on the same area of the surface are shown in panel a). In panel b) two PVBA
molecules in orientations opposite to each other are displayed (bottom left configuration I
and upper right configuration II). c) Scheme illustrating the adsorption angle with respect
to the surface. For clarity only one of three directions for the favored I and unfavored II
configuration is shown. The green arrow denotes molecules with the S-motif (δ-PVBA)
and the blue one molecules with the Z-motif (λ-PVBA). For each configuration both chiral
species occurred equally often. As such, the appearance of the upper right molecule is due
to the chirality and not a matter of orientation (see also Fig. 3.2). Image size: 51.8 x 39.4
Å2

STM DFT ∆ E (meV)
I II

84 5 47

Table 4.1: PVBA on Cu(111): Number of molecules found in certain adsorption configu-
rations (left), calculated energetic difference (right)

rotation of the molecules was observed at 6 K, the molecules and hence the ratio between
the two sites at that temperature are a frozen image of those achieved at some temperature
during the cooling down process from the deposition temperature1 (�300 K). The transition
between configuration I and II requires an in-plane rotation of the molecule of 60�, which is
associated with an energy barrier. For a translational movement a value of about 0.42 eV
was calculated. For a rotational movement a lower value is expected2. The thermal energy
of the molecule must consequently be sufficiently high to efficiently allow transitions from
one configuration to the other. At the deposition temperature this condition is expected
to be met and both orientations are assumed to occur on the surface with a ratio following
their relative energy difference. By cooling down, the thermal energy will progressively

1The simultaneous formation of metal-organic complexes will not alter the ratio of I to II as these
structures are mainly constituted of two molecules facing opposite directions. For deposition below room
temperature, deprotonation was less frequently observed, hindering a temperature depended study.

2Manipulation experiments revealed, that the molecules are more easily rotatable around the oxygen
side, then inducing a translational movement.
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Figure 4.9: Calculation of PVBA (deprotonated) on Cu(111) showing in a) and b) the
favored I and the unfavored II adsorption configuration for δ-PVBA. c) Sideview of δ-PVBA
for case I. PVBA is adsorbed in an almost planar configuration with a slight apparent arc,
where the nitrogen-side and oxygen-side are by 0.11 Å and 0.25 Å closer to the surface
than the central part. d) Sideview of δ-PVBA for configuration II.

become too low for molecules in the lowest energy configuration to overcome the barrier. On
the contrary, the process is still accessible for molecules in the higher energy configuration,
until they eventually get trapped in the energetic lower configuration. The observed ratio
at low temperatures is hence an interplay between the reaction kinetics upon temperature
dropping and the energetic difference of the adsorption sites.

In order to get a deeper understanding of the adsorption of PVBA on Cu(111) the
system was modeled by Density Functional Theory calculations by means of the Quan-
tumEspresso package and treating the electronic exchange and correlation terms within
the local density approximation (LDA) (see Appendix). The molecule is found to adsorb
mostly planar to the surface (see Fig. 4.9) in agreement with the experimental observa-
tions. The functional groups at the ends of the molecule are slightly closer to the surface
(see Fig. 4.9c and d) than the aromatic backbone as a consequence of their strong bonding
character [80]. Previous reports have shown, that these groups may even force a molecular
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backbone in an upright or tilted configuration [61, 81]. In Fig. 4.9 relaxed structures of
the two most stable arrangements, corresponding to configuration I and II are reported.
The differences of configuration I and the experimentally less frequently observed configu-
ration II will now be examined in detail. The energetic difference between the stabilized
geometries I and II amounts to 47 meV. Configuration I has the lowest energy and is
assigned to molecules oriented in the direction which is predominantly observed. In config-
uration I (see Fig.4.9 a) the nitrogen atom of PVBA is located almost on top of a Cu atom,
with a slight shift in the < 2̄11 > direction towards a nearby hcp-hollow site. Rotating
the molecule in-plane by -60�, +60� or 180� should result in the same adsorption behavior
considering only the first layer. However, the position of the molecule with respect to the
second metal layer is not equivalent by symmetry to the original one. Indeed, for example
the hcp-hollow site below the N atom has switched to an fcc-hollow site and no second
layer Cu atom is now present below the N atom anymore. Hence, the difference in energy
is ascribed to the different stacking layout of subsurface metal atoms.
This finding is significantly strengthened by an analysis of the different relaxations and
screenings calculated for the two configurations. Close inspection reveals that the two
relaxed adsorption geometries differ noticeably in the arrangement of the molecule with
respect to the first Cu layer. Whereas in configuration I the nitrogen is closer to the on top
site, it lies laterally 0.32 Å further away for case II resulting in an overall rigid displacement
of the molecule along the < 2̄11 > direction. In both conformations, the center of the aro-
matic rings are slightly displaced from first layer bridge sites, so that more of the ring lies
above a second layer hcp-site. Theoretical calculations of benzene on Cu(111) [82] suggest
that benzene prefers the hcp-site over the fcc-site. This tendency could then be responsible
for some of the driving force associated with the shift along the molecular axis obtained in
the calculations. Indeed, the distance between the rings in PVBA matches very well the
one between two geometrically equivalent hollow-sites (either hcp or fcc). This allows the
two aromatic rings to experience the same substrate environment which could reinforce any
effect predicted for a single aromatic ring. The molecule is chemically bonded to the sur-
face in both configurations, with almost identical Cu-N and Cu-O bond lengths. To allow
for a displacement under these constraints, slight local relaxations of surface atoms and
molecule atoms occur. Specifically, in configuration I the oxygen atoms are 0.13 Å closer to
the surface than in configuration II (see Fig. 4.9c and d). By contrast, the nitrogen atom,
more rigidly coupled to the pyridine ring, sits similarly close to the surface in the two cases.
To preserve the Cu-N bond length the first layer Cu atom is, therefore, lifted by 0.14 Å
in configuration II, which is energetically costly. So far, the adsorption of PVBA seems
to be governed by an interplay between the interaction of the aromatic groups with the
surface mediated by anchoring bonds through the N and O atoms. The driving force for
the relaxation is the tendency to achieve the ”correct” stacking of aromatic rings over hcp
sites. To this point, the energy difference is ascribed to subtle differences in the relaxation
pattern due to different geometries, constrained by equivalent chemical bonds. This view
is further supported by a projected density of states (PDOS) analysis. This reveals almost
no difference for the carbon atoms between configuration I and II, consistent with the fact
that the C atom adsorption sites are similar in the two cases. For the N-atom and the
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Figure 4.10: Map of the differential adsorption charge transfer ∆∆ρ(r) between configura-
tion I and II of PVBA on Cu(111). Considering the more stable configuration I as reference,
red areas denote larger negative charge accumulation, blue areas larger positive charge ac-
cumulation (e.g. electron depletion). The projection is on a plane between the molecule
and the surface. The inset shows a second projection of the same area taken above the
molecule. The larger electron accumulation around the pyridyl ring and the larger deple-
tion around the carboxyl region denote a more efficient screening of the horizontal PVBA
dipole for configuration I over configuration II.

O-atoms slight differences in the occupied densities of in-plane p-states (px,py) are found,
while the vertical pz-states are not significantly altered. These findings are consistent with
the fact that no noticeable change could be detected in the appearance in STM images
(see Fig. 4.8b).

A further difference between the two configurations is, however, found while investi-
gating the different screening properties of the two substrate geometries. Deprotonation
of an adsorbed PVBA molecule is associated with the formation of a horizontal dipole
aligned with the molecule and pointing away from its negative carboxylate end [80]. This
implies an image charge electrostatic response by the metal substrate. The difference of
such response between configuration I and II can be readily investigated by the following
procedure. First, the electron density displacement ∆ρI(r) is evaluated for configuration I
by subtracting the neutral density of the separated molecule and substrate from the total
(“interacting system”) density obtained for the relaxed structure. Neglecting the small lat-
eral displacement of the PVBA molecule, configurations I and II only differ by the position
of the second and third copper layer. By swapping hcp- and fcc-sites, which corresponds to
a rotation of 180� of the subsurface layers, a second density displacement ∆ρII(r) is calcu-
lated. This is associated with the molecule in configuration II. Finally, the difference of the
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two quantities ∆∆ρ(r) = ∆ρI(r)-∆ρII(r) can be safely inspected in the molecule and first
layer region to investigate the coupling between substrate stacking and screening response
(performing the same procedure starting from configuration II yields almost identical re-
sults). Plots of ∆∆ρ(r)are reported at two heights above the surface in Fig. 4.10 (between
molecule and surface in the main image and above the molecule in the inset). A larger
electron density depletion is obtained below the carboxylate group for the more stable
configuration I, accompanied by a larger electron density accumulation below the pyridine
ring. This is what is expected for a surface screening an adsorbed horizontal dipole. To
screen a molecular dipole pointing from the partially negatively charged carboxylate group
towards the pyridyl group, electrons must withdraw from the carboxylate and accumulate
around the pyridyl group. The calculated electron density difference pattern shows that
configuration I allows such redistribution more efficiently than configuration II. The fea-
tures reflect the location of a Cu atom in the second layer of configuration I. Thus one can
speculate that hcp stacking promotes a slightly better screening of the molecular dipole,
resulting possibly from the larger amount of valence charge available for polarization at
the required second layer locations directly underneath the adsorbed molecule.
In summary, single PVBA molecules are, in contrast to the six directions given by the top
layer of the Cu(111) surface, oriented predominantly in only three major directions. This
break of symmetry is induced by the influence of the second layer of Cu playing a major
role in the bonding of a large organic molecule. These results may have general validity
for all close-packed metal surfaces and are important for the understanding of adsorption
phenomena of single molecules as well as the formation of supra-molecular assemblies on
this type of surfaces.
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4.3 Scattering of surface state electrons at single

molecules and metal-organic complexes

In an ideal infinite crystal electrons are described by periodic wavefunctions (Bloch-waves),
which are solutions to the Schrödinger equation in a periodic potential. Due to the normal-
ization condition complex Bloch vectors are forbidden as the corresponding wavefunctions
would rise exponentially. On a semi-infinite crystal the translation symmetry perpendicu-
lar to the crystal-vacuum interface is broken. This leads to a complex Bloch vector in the
direction perpendicular to the surface. Parallel to the surface the two-dimensional trans-
lation symmetry remains. Therefore, electronic states, the so called surface states, exist,
which are characterized by an in-plane Bloch vector kk. Usually, the surface state bands
lie in projected bandgaps of the crystal, i.e. at the position, where no volume states exist.
For Cu(111) the surface state lies in the bandgap that exists along the Γ-L line of the bulk
band structure. Electrons occupying such states are bound in the direction perpendicular
to the surface, and behave as a nearly free two-dimensional electron gas parallel to the
surface. They can be described with a parabolic dispersion relation:

E(k) = E0 +
h̄2k2

k

2m�
(4.1)

where E0 is the energy of the bandedge of the surface state and m� the effective electron
mass. The bottom of such a surface state band appears in the dI/dV signal as a step (see
Fig. 3.7). Electrons having this energy or greater can occupy the surface state. These can
originate either from the tip (positive applied bias) or from the substrate itself (negative
bias). Injecting electrons into the surface state at the position of the STM tip leads to
a circularly symmetric electron amplitude. This amplitude spreads as a wave radially
outward from the tip until it encounters a defect (such as an adsorbate) on the surface or
a step edge, at which time it scatters. Part of this amplitude is reflected back to the STM
tip (possibly scattering several more times along the way from different scatterers) and
interferes with the outgoing amplitude. This leads to fluctuations in the LDOS, and hence
the tunneling current, as a function of position. The fluctuations are a result of the coherent
part of the backscattered amplitude. The resulting interference pattern can be measured
with the STM by a spatial map of the LDOS. Examples of scattering patterns obtained
from different kinds of scatterers are reported in [52, 83, 84]. In STM, the amplitude of
the wave is not measured directly, but the square jψ(E)j2. Alternating bright features
correspond then to half the wave length. The wave length is given via λ(E) = 2π/kk(E),
where kk is the wave vector following the dispersion relation (Eq. 4.1). At the Fermi energy
EF the wave length for the Cu(111) surface state electrons, where E0 = �440 meV and
m� = 0.38 me [52], is λF � 30Å. Recalling optics it is known that two points in space can
be resolved if they are separated by more than λ/2 (Abbes Diffraction limit). However,
considering that in STM only half the wave length is measured and by fitting the data of
an interference map a much greater spatial resolution can be achieved. For example the
interference pattern of artificially created quantum corrals made of adatoms arranged in a
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stadium like shape has been measured [85]. For the theoretical fits the exact positions of
the atoms had to be taken into account to yield best agreement with the experiment as
the adatoms must register to the triangular grid of allowed binding sites on the Cu(111)
surface. A resolution smaller than the lattice spacing of 2.55 Å has therefore been achieved.
In the case of a molecule, which is composed of several atoms, the scattering is expected
not to be point like, but will reveal a pattern reflecting its internal structure. Evaluating
surface state wave patterns originating from the molecule could then become a useful tool
to reveal information about the geometry of the molecule and the interactions of different
parts of the molecule with the surface state electrons. This was first demonstrated for the
so called Lander molecules adsorbed on Cu(111) [84], which are composed of flat lying
and tilted aromatic rings with respect to the surface. For the planar rings electrons were
scattered, whereas for the tilted rings no scattering was observed. This was rationalized
by the different orientation of the π-orbitals, inducing local dipoles, at which surface state
electrons could be scattered.
A good indication if a molecule is able to scatter is the disappearance of the surface state
signature in the dI/dV spectrum at the position of the molecule. For PVBA the surface
state feature is quenched (see Fig. 3.7) letting expect the molecule to scatter surface state
electrons.
To measure the interference pattern around the PVBA and other molecular structures
consisting of PVBA dI/dV -maps have been acquired. For a δ- and λ- PVBA monomer, a
CuPVBA and a CuPVBA2 complex these maps, taken at a bias above the surface state
onset, are shown in Fig. 4.11 and Fig. 4.13. Bright features correspond to a greater
occupation probability of the electron at the given energy E. In all measured structures
a characteristic pattern is evident. For the monomer an interference pattern can be seen,
which may originate from the two aromatic rings. In the case of the CuPVBA a modified
pattern is present due to the additional Cu atom. For CuPVBA2 the pattern is further
modified showing several interference effects.
To calculate the interference pattern for single and multiple scatterers (i.e. atoms in a
molecule) let the Hamiltonian of an electron on the surface be Ĥ = Ĥ0 + V , where Ĥ0 is
the Hamiltonian describing free propagation in the surface states and V̂ accounts for the
spatially local and separate potential perturbations due to the atoms on the surface. The
amplitude to propagate from point r to point r0 in time t on the surface is given by the
retarded Green’s function

Gret(r0, r, t) = �iΘ(t)
∑
ν

hr0je�iĤt/h̄jri (4.2)

= �iΘ(t)
∑
ν

hr0je�iEνt/h̄jΨνihΨν jri (4.3)

where Θ(t) is the step function. The eigenstates of Ĥ are the scattering eigenstates of the
particle in the presence of the potential V̂ . Inserting a complete set of eigenstates (see Eq.
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4.3) and taking the Fourier transform of this, one obtains

Gret(r0, r, E) =
∑
ν

Ψ�ν(r)Ψν(r
0)

E � Eν + iδ
(4.4)

To interpret the STM measurements one is interested in the part that backscatters to the
tip - thus r=r0. The imaginary part of the diagonal amplitude is proportional to the local
density of states

LDOS(r, E) =
�1

π
� Im(Gret(r, r, E)) =

∑
ν

jΨν(r)j2δ(E � Eν) (4.5)

The derivation of the Green’s function is explained in [86]. First the system is treated as a
single scatterer and then expanded to multiple scatterers. In two dimensions the outgoing
Green’s function propagator from a point source is

GPro(Ri, r, E) = �i � m
�

2h̄2 � [J0(k(E)jr�Rij)� iY0(k(E)jr�Rij)] (4.6)

which is used as the incident amplitude emanating from the tip. J0 and Y0 denote the
Besselfunction of the first and second kind, respectively and Ri is the position of the i-th
atom. Following the formalism each scatterer is assigned the potential

Vi = Vspecies �
(
e2i�δsca � 1

2

)
where Vspecies = Eelectronaffinity � πr2 is the estimated potential of each atomic species and
δsca is the phase shift that occurs at the scatterer.
To calculate the LDOS the energy (i.e. eVBias), the positions and the potential of the
atoms are included. The phase shift is an adjustable parameter. The positions of each
atom in the measured structures are taken from the DFT calculations.

The experimentally obtained interference patterns for the δ- and λ-PVBA are shown
in Fig. 4.11 (top). The scattering pattern shows an oval shape. The long axis is oriented
slightly away from the [2̄11]-axis. For the δ-PVBA it is turned a few degrees clockwise, with
respect to the high-symmetry direction. For the λ-PVBA it is turned into the opposite
direction (counter clockwise). This angular difference reflects the different orientation the
two enantiomers have with respect to the substrate. This is rationalized by the fact, that
the pyridyl ring is slightly offset (1.1 Å), due to the vinyl moiety, with respect to the phenyl
ring. The vinyl group in fact defines the prochiral character of the molecule. The den-
sity of states along the oval shape is not uniform, but shows local extrema approximately
positioned on a line passing through the center of the molecule perpendicular to its long
axis. This indicates constructive and destructive interference. The interference is expected
to originate predominantly from the scattering of the two aromatic rings. The repeating
pattern of enhanced maxima and minima is also inclined by an angle, which is specific
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Figure 4.11: (top) dI/dV maps of δ- and λ-PVBA. The interference pattern differs for
the two enantiomers. The insets show the topography image of each species. (bottom)
respective calculations of the LDOS for δ- and λ-PVBA. Image sizes: 101 x 101 Å2.
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to the enantiomer. The different obtained scattering patterns of the two enantiomers of
PVBA adsorbed on Cu(111) suggest that they reflect the chiral nature of the molecules,
whereby this information is mediated away from the molecule.
In order to simulate these patterns the above deduced routine has been applied to the
atomic structure of the PVBA. The calculation of the LDOS pattern has been optimized
with respect to the measured LDOS. Thereby the calculated image was subtracted from the
measured one and the minimum of the difference was obtained by adjusting the parameters.
These are the rotation and lateral-position of the molecule, the electron affinities of each
atom and the phase. The such optimized picture is displayed in Fig. 4.11 (bottom). The
agreement with the experimental results is very good. The main features, such as the oval
shape of the pattern and the interference maxima and minima at the center of the molecule
are well reproduced. When passing a line (see dashed line in Fig. 4.11 (bottom) ) through
the interference maxima it is tilted with respect to the two slightly offset aromatic groups,
which are each aligned parallel to the high-symmetry direction (white line). Depending on
the chirality of the molecule its long-axis is either oriented clockwise or counter-clockwise
with respect to the high-symmetry direction of the substrate (see Chapter 3). This is in
close relation with the observed and calculated tilted interference patterns, which reflect
then the chirality of the adsorbed molecule.
Before the implications of the combined system “molecule and substrate” are discussed,

the effect of neglecting the molecule-substrate interactions is explored. Suppose the mole-
cules were free to move and rotate in any direction and angle. Any difference in the scat-
tering pattern would then be purely attributed to the chiral specific arrangement of atoms
of the molecules. To quantify this, the measured dI/dV-map for a λ-PVBA molecule in
Fig. 4.11 (top right) was also fitted with a δ-PVBA molecule, with translation and rotation
as free parameters. The fits converged to about the same quality value for both species.
At a first glance no significant differences in the resulting scattering patterns are apparent
(compare panel a and b of Fig. 4.12). Nevertheless, by subtracting both images (see panel
c) ) differences can be visualized, which originate from the chiral nature of the two species.
Note that the contrast had to be enhanced by a factor of ten compared to panel a and
b. The difference is not large, being in the order of a few percent of the amplitude of the
oscillations. This is traced to the fact that in the case of PVBA the positions of atoms of
one motif almost overlap with the positions of atoms of the mirror symmetric motif (see
Fig. 4.12 bottom right). When neglecting the substrate geometry the differences in the
scattering patterns are hence only small, but nevertheless present, which shows that the
chiral information is imprinted in the surface state waves. When including the substrate
registry, a much clearer distinction between the scattering patterns is evident (compare left
and right of Fig. 4.11). The substrate induces discrete angles between the chiral species,
which enhances the chiral signature.

What are the implications of the differently appearing scattering patterns of the enan-
tiomers adsorbed on a surface? First, with a priori knowledge of the substrate registry the
chirality of the molecule can be determined far away from the molecule by inserting elec-
trons at a distance and measuring their response by the scatterer. The chiral information,
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Figure 4.12: LDOS fits of the scattering pattern of a λ-PVBA molecule a) and a fit to the
same experimental data set (see Fig. 4.11 top right) with a δ-PVBA molecule (panel b) ).
The difference of a) and b) is displayed in c). The intensity in c) is multiplied by a factor
of ten for better visualization. An overlay of the atomic positions of both chiral species is
shown in the bottom right. Image sizes: 101 x 101 Å2.
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dominated by the relation of the molecule with the substrate, is mediated via the surface
state electrons far away from the molecule.

The second issue is the question if there is any long range effect concerning chiroselec-
tivity? So far chiroselectivity has been reported only in terms of short range forces in
the order of a few bond length [46, 87, 88]. However, cases such as extended homochiral
twin chains of PVBA let one ask the question if a preselection may take place already at
large adsorbate separations [59]. For single adatoms on noble metal surfaces long-range
interactions have been shown [89,90]. A scatterer of only a single adatom produces a fully
radially symmetric scattering pattern. Between two such scatterers this leads to a radial
potential modulation, which oscillates with a periodicity of half the Fermi wavelength λF .
The interaction potential is in a few tenth of a meV regime. The strength decays with
/1/d2 and was measurable for separations d of up to 70 Å. For the case of a more complex
scatterer, which gives rise to an anisotropic scattering pattern, an interaction potential
can be expected which not only depends on the distance between the center of mass of the
molecules. This would lead to a structured potential map. Diffusing adatoms and compli-
cated structures may occupy preferred positions differing from a simple radial arrangement.
The potential not only varies with distance, but also with the angle and specific arrange-
ment of the atoms of the structures with respect to each other. This allows the structural
identity of the molecule to be transmitted. It has to be noted that in the near field, this
will appear much stronger than in the far field, where scatterers appear more point-like. A
simple estimation already gives some hints to a possible interaction mechanism propagated
by the surface state electrons. Calculating the interaction potential between two rows com-
posed of equally spaced scatterers reveals that the potential varies with the angle between
the rows. For example for a parallel arrangement the potential minimum was larger and
a slightly lower separation of the center of masses of the rows was found compared to the
perpendicular arrangement. However, in this treatment the interactions of the scatterers
within the rows was neglected. A more elaborate calculation taking all interactions into
account, using the structures of the molecules and importantly their orientation with the
substrate is worthwhile to quantify interactions of enantiomers for large separations.

In the following the influence on the scattering pattern by additional atoms and molecules
attached to the PVBA is explored. In Fig.4.13h)-i) calculated interference patterns of var-
ious molecular structures are displayed and are compared to the PVBA case g). For the
single coordinated CuPVBA complex h) best agreement is achieved by adjusting the phase
shift. Interestingly, subtracting the interference pattern of the PVBA monomer from the
respective CuPVBA, the scattering occurs not from the additional Cu atom, but from a
region close to the oxygens (not shown). A simple addition of the Cu atom, providing
an additional scattering site with an individual scattering potential, may, however, not be
sufficient. The Cu atom modifies the electronic structure of the molecule (see Chapter 5),
which may cause a change in the scattering properties of the atoms of the molecule that
has to be taken into account. For the Cu(PVBA)2 complex, so far, the calculated LDOS
is shown in Fig.4.13i revealing a reasonable good agreement with the experimental results.
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Figure 4.13: Topography images a)-c) and corresponding dI/dV maps d)-f) of a PVBA
monomer, a CuPVBA and Cu(PVBA)2 complex all taken at comparable bias voltages
(0.35 V for the monomer and 0.4 V for the complexes). The scattering pattern of the
surface state reflects the interaction of the species with the surface. The insets in e) and f)
show the central part of the molecular structures at a different contrast. Calculated LDOS
images are shown in g) to h) for the respective structures. g) has been fitted directly to
the data. h) and i) are optimizations by eye yielding a qualitative agreement with the
measurements. Phase shift for the monomer 25� and for the complex 165�. Image sizes:
82.4 x 81.1 Å2.
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Figure 4.14: a)-d) Topography and corresponding dI/dV maps of a PVBA monomer with
an impurity attached (see arrow). e)-h) A PVBA monomer at the same conditions for
comparison. The scattering pattern is modified upon attachment of the impurity (compare
panel d) and g); the difference is displayed in the inset). At voltages (-0.2 V) closer to the
onset of the surface state the difference is not pronounced (see c) and h) ). Image sizes:
102 x 102 Å2.

Additionally, the scattering has been experimentally determined on PVBA molecules
with an attached impurity. This impurity structure has been observed repeatedly. The
shape of the depression in the topographic images characteristic of the carboxylate group
appears now asymmetric and enlarged. This is caused by an adsorbate diffusing on the
surface and getting attracted by the PVBA molecule. It can attach to either side of the
oxygens and even to both sides simultaneously. In the overview image of Appendix A
several PVBA molecules with and without this impurity are visualized. Compared to the
“clean” surface the number of isolated impurities has decreased upon deposition of PVBA.
The carboxylate group of PVBA may thus act as a potential trap for certain impurities.
Isolating this impurity from the PVBA molecule and performing inelastic electron tunnel-
ing spectroscopy indicates that it is most likely a CO molecule. DFT calculations indicate
an energy lowering of the CO molecule close to the PVBA. Conductance maps visualizing
the scattering pattern of PVBA with an attached impurity are shown in Fig.4.14c and d.
For comparison the patterns of the pristine PVBA are shown in Fig.4.14g and h. Whereas
at the energy of -0.2 V no differences between the two structures become apparent, a dis-
tinct pattern is visualized at higher energies (1 V). At this higher energies the wavelength
is reduced allowing a larger structural resolution. In this case the pattern shows a bump at
the position of the impurity, whereas it is elliptic like around the pristine PVBA molecule.
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Initial calculations of the LDOS pattern reveal no apparent modification of the scattering
pattern with respect to the PVBA. However, this may be achieved by increasing the scat-
tering probability at the position of the impurity.

In an advanced treatment of the experimental data, an iterative calculation could be
used to simulate the dI/dV-images. From an initial guess of the positions of the atoms of
the adsorbate - the exact locations and other parameters such as the phase shift are free
to adjust until convergence is reached with the experimental data.
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Chapter 5

Manipulation of atoms and molecules

Controlling matter at the atomic scale allows to unravel the principles of natural occur-
ring chemical and physical processes and may open pathways for designing components
for nanoscale functional devices. Recently impressive progress has been made in modify-
ing the position, charge state and conformation of atoms and single molecules adsorbed
on a surface by external stimuli such as light, temperature, electric fields or tunneling
electrons [14, 63, 91–102] . For the investigation of such nanoscale systems the STM has
proven to be a versatile tool as it provides a high level of spatial resolution in addressing
and modifying adsorbed chemical species and determining their electronic structure. For
example the movement of single adatoms by STM, first demonstrated by Don Eigler and
co-workers [5], shows how atoms can be positioned at defined places on the surface. In
his case, Xe atoms, deposited on a metal surface, were arranged to display the letters
“IBM”. Since then, the STM has been utilized for numerous atomic scale manipulation
experiments. Some of which, including also vertical manipulation of adsorbates, are out-
lined in Ref. [6]. For the lateral manipulation, as used by Eigler, the tip is typically
brought close to the adsorbate and then moved along a desired trajectory. Depending on
the adsorbate-substrate interaction and the conductance several kinds of movements are
distinguished [103]. For example the adsorbates can be pulled, pushed or follow a sliding
motion.
Another way of manipulation of nanostructures is by simply applying a voltage between
tip and sample. The resulting electric field and/or the injected tunneling electrons can lead
to a displacement or chemical modification of the adsorbate. Manipulation thus reveals
information about the interaction of atoms and molecules with each other and the surface.
Using the STM allows to explore these mechanisms and the design of new structures, which
may serve as a model system. Importantly, the morphology and electronic properties of
reactants and products can be accessed by acquiring topographic and conductance maps
before and after a reaction was triggered. In the following, the formation and time de-
pendent behavior of chemical bonds between a metal adatom and an organic molecule is
reported. Additionally, chemical modification of the molecule is shown and at the end of
this Chapter, an alternative way to laterally move adatoms on the surface is presented.

63
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5.1 Formation of a metal-ligand bond with Cu and

PVBA

Metal-ligand bonds are important and frequently observed in nature. Typical examples
are metal-organic complexes, where a central metal-atom or ion is coordinated by either
several molecules and/or by a polydentate ligand, which offers multiple binding sites. Com-
plexes are abundant in the human body, where about one third of proteins require metal
ions to carry out their function. For example the haemoglobin molecule, which is an iron-
containing metalloprotein, is responsible for the oxygen transport in the blood. In this
case the central metal atom is held in a heterocyclic ring, known as a porphyrin, coor-
dinated to four N-atoms. The bond strength of a metal-ligand bond is larger than pure
electrostatic interactions and can be as strong as in covalent bonds. In general the num-
ber of coordinating ligands is given by the electronic properties of the central atom and
geometric constraints. In solution or gas phase two- to nine-fold coordination is possible.
On the surface the number of ligands and possible binding sites to coordinate to an ad-
sorbed metal atom is reduced. Surface supported coordination has been shown to lead
to supra-molecular structures [11] (see also Chapter 3 and Appendix A). Metal-complexes
with only one metal-ligand bond were, however, not found in nature. Creating such a
structure artificially would be interesting as it provides the basic unit in the formation of
metal-organic coordination networks. It is known that the STM can be utilized to form
chemical bonds between adsorbates on the surface as has been reported in [54,62]. In the
following it will be shown that a single coordinated complex can be created by moving a
Cu adatom with the tip of an STM towards a PVBA molecule.

The single Cu atoms have been obtained by the following procedure: First, the electro-
chemically etched tungsten tip has been dipped into the Cu surface several times covering
the apex of the tip with Cu. Second, the tip was dipped again into the surface, however,
in this last step with a high bias voltage (5 V). This resulted in single adatoms on the
surface. To verify that indeed the found atoms are Cu, the spectroscopic signature of the
adatom was investigated, which showed the characteristic surface state localization peak as
described in [104]. Additionally the topographic height profile was compared with previous
measurements on Cu/Cu(111). In Fig. 5.1a a topographic image of a Cu adatom and a
PVBA molecule adsorbed on Cu(111) is shown. The manipulation of the Cu atom has
been done by positioning the tip above the Cu adatom, then reducing the tip-adsorbate
distance and moving the tip along a desired trajectory under constant current conditions.
This caused the adatom to move across the surface. The manipulation pathes are indicated
by black lines in Fig. 5.1a and b. In an initial step the adatom was moved to the vicinity
of the PVBA molecule. In the final step the adatom was moved towards the N-terminated
side of the PVBA molecule. This resulted in the structure shown in Fig. 5.1c. A strong
change in the apparent height is visible (see line profiles along the long axis). The appar-
ent height is increased with respect to the PVBA monomer and only one large protrusion
becomes apparent. This cannot simply be explained by a superposition of the apparent
height of a single Cu adatom and the PVBA molecule. Instead, the electronic structure of
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Figure 5.1: Formation of a one-fold coordinated metal-organic complex using STM for ma-
nipulation. a) Topography image of a PVBA molecule and a Cu adatom. The Cu adatom
has been moved by the tip along the red line obtaining the image b). b) Manipulation of
the Cu adatom towards PVBA. c) A metal-organic complex has been formed as a result of
the manipulation. Below the images are line scans across the long axis of the structures.
V = 10 mV, I = 0.5 nA for all images.
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Figure 5.2: Tip-displacement profile along the manipulation path (black line) in Fig. 5.1.
From the profile the position of the Cu adatom with respect to the substrate can be
identified. At the end of the manipulation path a sudden change of the tip-displacement
is visible (indicated by red arrows). Manipulation parameters are V = 8 mV, I = 200 nA
(G = 0.3 G0), Gain of preamplifier 107 V/A and lateral speed of the tip= 30 Å/s.

PVBA has been altered indicative of the formation of a chemical bond. In fact, the height
profile is matching one side of the metal-organic complex introduced in Chapter 3. For the
bond formation no high voltage pulse was necessary, as has been used for attaching a Au
atom to a Pentacene molecule on NaCl/Cu(111) [63]. A close look at the tip height profile
during the lateral manipulation of the adatom towards the molecule (see Fig. 5.2) indicates
that at the end a sudden drop in the vertical tip-displacement occurred (marked by red
arrows). This is interpreted as lateral jump-to-contact of the adatom towards the molecule.
The profile of the whole path differs also from the lateral manipulation curves obtained by
moving single adatoms [103]. The difference is ascribed to the large conductance (0.3 G0)
at which the manipulation has been done, suggesting a different movement of the adatom
similar to the movement of a Co atom on Cu(111) reported in [105]. Knowing the orienta-
tion of the molecule with respect to the substrate the lateral manipulation path is assigned
along one of the [2̄11]-high symmetry directions. From the positions at which the maxima
and minima in the height profile occur one can deduce the position of the Cu adatom
during the manipulation according to the substrate symmetry. The strongest minima are
assigned to a top site, the maxima to hollow-sites and the intermediate minimum to a
bridge site. Based on the above assignment, the Cu adatom just before contact formation
jumps from one hollow-site towards the final position. The final position is a hollow-site,
which is suggested by the DFT calculations (see Fig. 5.3) of the adsorption model of
CuPVBA. The average distance between the occurrence of the jump and the estimated
position of the N-atom of the PVBA molecule is 3.0 � 0.5Å. This is slightly larger than
the Cu-N bond distance of 1.91 Å. Attractive forces acting between the Cu atom and the
N-terminated side of the PVBA may be responsible for this.
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Figure 5.3: Adsorption model of a CuPVBA complex calculated by density functional
theory. a) Top-view, and b) Side-view.

To investigate the electronic structure of the formed complex scanning tunneling mi-
croscopy measurements were performed. In Fig. 5.4 spectra taken on the complex (black
line) and for comparison on the PVBA molecule are shown (grey line). A pronounced peak
at around 0.8 V can be seen. This is in strong contrast to the smooth spectrum on the
PVBA molecule. This change signifies a strong modification of the electronic structure by
bonding a Cu atom to the molecule. However, besides an only small shift to lower energies
the peak is close to the energetic position of the observed state denoted as the lowest un-
occupied molecular orbital for the metal-organic complex Cu(PVBA)2, where two ligands
are attached to the Cu atom (see green line in the inset and Chapter 3). Also the shape
of the peak observed for both metal-coordination structures agrees well. The peak is then
assigned to the lowest unoccupied molecular orbital of the CuPVBA complex. The small
feature at negative voltages is attributed to a residue of the surface state onset of Cu(111).
To gain insights on the spatial dependence of this peak conductance maps have been ac-
quired (see Fig. 5.5 top). Several pronounced maxima, contrasting the smooth maximum
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Figure 5.4: Scanning tunneling spectrum on the CuPVBA complex (black line) taken at
the position marked by a black cross in Fig. 5.5. For comparison the spectrum for the
PVBA monomer (grey line) and the Cu(PVBA)2 complex (inset: green line) are displayed.
Lock-in settings: modulation amplitude 20 mV.

of the single molecule (see Chapter 3), are observed. The local density of states compares
nicely with the one of the Cu(PVBA)2 complex (Fig. 5.5 (bottom) displayed here for direct
comparison). Besides this, a further support for the similarity with the two-fold coordi-
nated complex is revealed by taking conductance maps at various other energies (Fig. 5.5).
This comparison shows that the electronic structure of the single coordinated PVBA is in
strong resemblance to the one for the two-fold complex.

The electronic structure just above the Fermi level is attributed to delocalized orbitals
across the complex deriving from the π-electron system. In order to gain a more clear
picture density functional theory calculations have been performed. However, the calcu-
lated density of states do not match with the measured local density of states. Possible
reasons are the intrinsic challenge for DFT to predict the unoccupied orbitals correctly
and the strong hybridization of molecular orbitals with the electronic structure of the sur-
face, which is difficult to grasp via theoretical estimations. On a qualitative level one
finds that the atomic orbitals of the Cu adatom hybridize with the ones of the molecule-
surface system (for a more detailed discussion on the Cu atomic orbitals see Appendix
B). At the molecule the largest difference of states occurs at the N-atom. Specifically,
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Figure 5.5: Measured LDOS of a one-fold PVBA complex at the indicated energies (top).
The black cross denotes the position of the tip for the acquired spectrum displayed in
Fig. 5.4. For comparison the images in the bottom show the LDOS of a two-fold PVBA
complex obtained at the same energies. The insets display sketches of the respective
structures drawn to half the scale (CuPVBA)(top) and to scale (CuPVBA2)(bottom) of
the measured images. Image sizes: 25 x 25 Å2 (top), 52 x 30 Å2 (bottom).

the p-orbital aligned along the bond is modified shifting to lower energies. The theoretical
considerations suggest the hybridization of orbitals of the transition metal adatom with the
organic molecule. Thereby, the electron lone pair at the N-atom [60,61] of the pyridyl-ring
promotes the bonding to the Cu adatom. The electrons are donated to the metal atom,
however, still being associated with the N-atom. Only a partial positive charge (below 0.1
e) is generated at the N terminated side of the molecule and consequently only a small
negative charge at the Cu atom. The largest electron density is found along the direction
of the bond. The bonding character between Cu and N is hence described as a σ-bond
with only a weak π-back donation.

Comparing the CuPVBA and the Cu(PVBA)2 complex, it is interesting to note that
the number of ligands doesn’t play a significant role in the electronic structure. Whereas
for the CuPVBA only one ligand is attached in the case of Cu(PVBA)2 two ligands are
attached. Both configurations lead to basically the same electronic structure.

The measurements on the CuPVBA complex substantiate not only the proposed model
of the structure of two PVBA molecules connected to a central Cu atom, but furthermore
show how chemical bond formation leads to a different electronic signature. Additionally,
the bonding of a metal adatom to a molecule is remindful of the basic units in metal-organic
coordination networks [11].
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5.2 Actuated transitory metal-ligand bond as tunable

electromechanical switch

Chemical reactions typically result in well-defined chemical bonds between reactants. In
the last section Cu atoms were mechanically moved towards the PVBA to form a CuPVBA
complex mimicking a chemical reaction. This caused a substantial change in the electronic
structure of the single components compared to the product [54, 62, 94]. Other structures
created by manipulating adsorbates on a surface by means of STM have been reported
in literature. The reactants were brought close together [62] and in some cases this was
followed by applying a voltage pulse [106]. Cases of non-reversible reactions have been
characterized [106] and recently a subsequent breaking of an artificially created bond has
been shown [94] by applying a voltage pulse. However, a study on the nature and efficiency
of both reaction pathways of a reversible metal-ligand bond is still missing.
Additionally, as the electronic structure of reactants and products typically differs (see
previous section), a controlled alternation between these, would allow to select and switch
between specific conductance states. Compared to artificially created molecular systems a
control of individual bonds in a self-assembled formation is desirable in view of creating
large arrays of functional units [11,14]. By applying a voltage (up to 2 V) on the CuPVBA
complex the complex remained unchanged. However, for the self-assembled Cu(PVBA)2

complexes (introduced in Chapter 3), consisting of two PVBA molecules and one central
Cu atom, this differs. Applying an electrical bias acts as an external stimulus, which leads
either to a bond formation or a bond breaking. A so called transitory chemical bond, i.e. a
bonding state which varies with time, between a copper adatom and coordinating organic
molecules adsorbed on a metal surface has been discovered and is characterized in detail.
A typical STM topography image of a self-assembled Cu(PVBA)2 complex acquired at a
sample bias of -0.1 V is shown in Fig. 5.6b. In Fig. 5.6c a topograph of the same complex
taken at a higher bias voltage (0.8 V) is displayed. It can be seen that one side of the
metal-organic coordination compound shows a “fuzzy” appearance. This is indicative of
an instability of the imaged structure triggered by inelastic tunneling electrons [92,99].

In order to understand this behavior, the tunneling current was measured in open feed-
back loop conditions as a function of time. Current traces recorded in the fuzzy area show
an oscillation between two values (see Fig. 5.7a), which are labeled as low- and high-
conductance state. The high-conductance state can be easily imaged at low voltages (see
Fig. 5.6b). The low-conductance state, instead, can be accessed, if the applied sample
bias overcomes a threshold voltage. This causes the system to alternate between the low-
and high-conductance state. A slow reduction of the voltage allows the system to relax
and to restore the high-conductance state suggesting this to be the most preferable state.
However, by fast (almost instantaneously) reducing the voltage, the bistable behavior can
be quenched and the complex is blocked in the low-state. The system remains then stable
until a sufficiently large voltage reactivates the bistable fluctuations showing that the pro-
cess is fully reversible.
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Figure 5.6: STM topography images of a self-assembled nanoswitch and schemes illus-
trating the mechanism. a) Scheme of the metal-organic complex Cu(PVBA)2. b) High-
conductance state of the complex measured at low voltage (-0.1 V). c) same area as b)
imaged at a higher voltage (0.8 V). One side appears fuzzy, which is characteristic of rapid
changes in the conductance. d) Read out of the low-state at the same voltage as b). Prior
to imaging the low-state, the complex in the high-state was brought into the low-state
by applying a sufficiently high voltage on the fuzzy area (see text). In the low-state one
PVBA molecule is decoupled from the central Cu atom. Images are 51 by 22 Å2. e)
Comparison of the apparent height profiles of the high- and low-state with the profile of
a single PVBA molecule and a single PVBA molecule bonded to a Cu adatom fabricated
by single-molecule chemistry using the STM (see previous section) (all profiles taken at
comparable voltages across the long-axis).
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As the metal complex can be either in a naturally occurring high-conductance state or
been quenched in a low-conductance state, topographic images of both states can be taken
(see Fig. 5.6b and d). Their appearance clearly indicates that the molecular configura-
tion differs in the two cases. The apparent height profiles across the long axis in the two
conductance states are shown in Fig. 5.6e. The high conductance state (green line) shows
a symmetric line profile expected for Cu(PVBA)2 where two PVBA molecules are coordi-
nated to a central Cu atom. The profile along the low-state (blue line) differs from the
previous as the apparent molecular height is reduced on the ”fuzzy” side. To rationalize
the profile of the low-state, it is compared with the one of a single PVBA molecule and
a PVBA molecule with a single Cu atom attached to the nitrogen side (grey and black
line in Fig. 5.6e). The sum of these two line profiles (red line in Fig. 5.6e) reproduces
the one achieved of the structure in the low conductance state. The apparent height of
the low-state resembles thus an electronically decoupled PVBA monomer and an only one-
fold CuPVBA complex. These observations let conclude that by applying a voltage large
enough a transitory metal-ligand bond is induced by attaching or detaching one PVBA
molecule to or from the central Cu atom. As will be explained in more detail later, this
process is largely governed by an asymmetric movement of the central Cu atom (see insets
in Fig. 5.6b to d). In a broader sense the high-state visualizes a closed and the low-state
an open metal-organic nanocontact.

The bistable behavior of this metal-ligand bond can be controlled by several parameters.
These are the tip-sample distance (i.e. setpoint current), bias voltage, and position of the
tip across the plane of the complex. By analyzing the resulting characteristic current
fluctuations the switching rate R as well as the lifetime τstate, the probability pstate and
the quantum yield of each state can be obtained (Fig. 5.7 and 5.8). The switching rate,
which is the number of complete switches per second, depends linearly on the tunneling
current. This is experimentally confirmed for currents up to 10 nA and for various positive
(Fig. 5.7c) and negative voltages (not shown). This indicates that it is a one electron
process [92]. By recording the tunneling current for a sufficiently long time, histogram plots
can be obtained as reported in Fig. 5.7b. These show two characteristic peaks, whose areas
represent the time spent by the complex in the high- or in the low-conductance state. In
other words the ratio of these areas, obtained from Gaussian fits, with respect to the total
area defines the probability pstate to find the complex in one of the two conductance states.
In Fig. 5.7d this is plotted as a function of bias voltage. It can be seen that for voltages
around the Fermi level the compound stabilizes preferably in the high-conductance state.
By increasing the absolute value of the applied bias above a threshold value the probability
of the low-state increases smoothly. For negative voltage beyond -2 V it approaches unity
becoming the preferred state. Acquiring a topographic image at these voltages provides
then an alternative method to read out the low-state. For positive voltages the probability
of the low-state smoothly increases till it reaches a maximum around 1 V before it decreases
again. This trend was observed on all two-fold complexes investigated.

In the following the response of the complex to tunneling electrons is related to its
electronic properties. A good indicator of the bistable behavior is the quantum yield (see
inset Fig. 5.7e), which is the probability of a transition (from high- to low- or low- to high-
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Figure 5.7: Analysis of current versus time series. a) Current as a function of time measured
in open feedback loop conditions on top of one side of the complex showing the telegraph
noise. (Bias = -1.3 V, Setpoint: 0.1 V, I= 0.1 nA). b) Corresponding histogram of the
current distribution. c) Switching rate as a function of current. d) Probability of occupation
of the low- and high-state as a function of bias voltage. e) Lifetime of each state versus bias
voltage. Inset shows the quantum yield for each transition in the positive voltage range. f)
Scanning tunneling spectra on the PVBA complex, an isolated PVBA monomer and the
bare Cu(111) surface for comparison.
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state) per tunneling electron and is given by Re/(pstateIstate), where e is the elementary
charge and Istate denotes the value of the measured current in the respective state. In
Fig. 5.8a and b we report the quantum yield for the two transitions mapped at the voltage
corresponding to the peak observed in the LDOS on Cu(PVBA)2 (Fig. 5.7f). At each point
marked by a cross a time series was taken and evaluated in terms of the quantum yield. The
resulting contour plots indicate that the quantum yield is not uniform in space and is more
prominent on the molecular ligand. As a consequence the formation of a coordination bond
to the copper adatom can hence be triggered several angstrom away from the bonding site.
Additionally, the spatial dependence of the quantum yield for the forward and backward
reaction differs significantly on the molecular plane. Whereas for the transition from the
low- to the high- state one clear maximum (red area) is found, several maxima at different
positions are observed for the transition from high- to low-state. This can be understood
by comparing the quantum yield to the local density of states. To measure unambiguously
the density of states a prerequisite is that the structure remains stable. This condition
is met for a PVBA monomer and the other half of the PVBA complex. Their spatially
resolved density of states are reported in Fig. 5.8c and d. Since in the low-state the PVBA
molecule is electronically decoupled from the central Cu atom as has been shown in Fig.
5.6d and e, the quantum yield for the low- to the high-state (Fig. 5.8a) is consequently
compared to the electronic structure of an isolated PVBA monomer (Fig. 5.8c). Similar
to the yield, the density of states shows one maximum. The quantum yield of the high- to
the low-state (Fig. 5.8b) is compared with the more stable half of the complex (Fig. 5.8d),
where the PVBA is bonded to the central Cu atom. Several maxima are observed in the
conductance map, whose shape resemble the one in the yield map. Thus, both comparisons
reveal clearly that the spatial dependence of the density of states matches the one of the
quantum yield of each transition.

The average lifetime of each state, obtained by dividing the relative occupation of
each state by the switching rate τstate = pstate/R is shown in Fig. 5.7e as a function of
voltage. For negative voltages the lifetime of the high-state covers a broad range extending
over several order of magnitude from below 0.1 ms to above 10 s, whereas the lifetime of
the low-state remains roughly constant. The dependence for positive voltages differs as
the lifetime for the high-state is reaching a minimum and then increases again reflecting
the influence of the LDOS. The switching rate, which is the inverse of the sum of the
lifetime of each state, ranges from a few events per minute to well above 1 kHz. For the
higher frequencies the time resolution of the electronics > 20µs limits the measurability of
shorter lifetimes and hence higher frequencies. Nevertheless, the measured switching rate
in the kHz-regime shows that it is a fast process compared to other known molecular-based
functional units adsorbed on a surface [14,98]. The quantum yield is also appreciable; the
highest measured quantum yield was in the 10�6 range. Similar values have been achieved
only for an electron induced lateral movement of a single cobalt atom attached to a Cu
chain [92]. Compared to molecular systems [95,96], this is up to three orders of magnitude
higher.

Given the symmetry of the metal complex (Fig. 5.6a) it may be surprising that only
one of the PVBA molecules shows the described bistable behavior (see Fig. 5.6 and 5.8).
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Figure 5.8: Spatial correlation of quantum yield and the local density of states. a) and
b) contour plot of the quantum yield on the complex for the two different transitions
low- to high- and high- to low- state. Red areas denote the largest quantum yield per
tunneling electron. In the white area surrounding the colored area no switching events
were observed. The grey crosses indicate positions where the current traces were taken
(Bias = 0.9 V, Setpoint: 0.1 V, I= 0.1 nA). The sketches of the molecules are drawn to
scale. c) and d) are maps of the LDOS measured on an isolated PVBA monomer and on
a PVBA complex at the same bias voltage (0.9 V). Given the molecular bistability the
LDOS can be better visualized at the stable side of the molecule. Measuring the LDOS at
conditions of low switching rates confirms a similar density of states at both sides of the
complex. The dotted square in b) and d) is a guide for the eyes for easier comparison of
the features seen in the quantum yield with the LDOS. All panels are 51 by 22 Å2.
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The asymmetry can be explained by taking the Cu substrate into account. A large-scale
STM topography image shown in Fig. 5.9 illustrates that the long axis of the complex on
Cu(111) follows well defined orientations. Notably, the “fuzzy” appearing half is always
facing in one specific direction as indicated by the arrows. Figure 5.9b reveals that the
adsorption geometry of the two halves, calculated by means of density functional theory
(DFT), differs with respect to lower lying Cu layers. This demonstrates that the second
and subsequent layers affect the bonding of the complex at the surface and consequently
the bistability of the metal complex.

The structural model also provides the basis to rationalize atomic scale movements of
the molecular switch. As has been indicated by the insets in Fig. 5.6b to d the bistable
behavior can be assigned to a movement of the Cu adatom. The Cu atom is assumed to
switch between the bridge position being bonded to both ligands and a nearby hollow site
(favored for a single Cu adatom [79]) being bonded to only one. Following the displacement
of the metal adatom, both PVBA molecules are slightly relaxed towards new energetically
preferred positions. These are expected to be similar to adsorption positions of one single
PVBA molecule and one CuPVBA compound. Whereas the actual displacements are
too small to be detected, the breaking of the chemical bond can be visualized via the
conductance change. Metal-ligand bonds have generally precise bond length differing by
only a few tenth of an angstrom [64]. Once the Cu adatom is in the hollow-site this geometry
allows the bonding to one PVBA molecule only, whereas the distance to the other molecule
is too large to form a bond. If the adatom resides in the bridge position bonding can occur
to both molecules. The bistability can hence be ascribed to a competition between preferred
adsorption positions of the single components and the whole metal-organic complex. The
switching between both configurations is steered by tunneling into electronic states of the
respective chemical species.

The investigated bistable nanoscale molecular system offers interesting prospects for de-
signing large scale assemblies of functional units. It provides a highly localized switch with
a tunable rate up to the kHz regime. Furthermore, nanoelectromechanical devices could be
envisioned based on injecting electrons with defined energies into bistable configurations
triggering an opening or closing of a nanocontact.
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Figure 5.9: The role of the substrate in the switching mechanism. a) Overview STM
topography image showing several complexes in different orientations (Bias = -1.7 V).
The arrows indicate directions from the quiet side to the fuzzy side. Their distribution is
three-fold symmetric. Image is 101 by 101 Å2. b) Model of a PVBA complex on Cu(111)
obtained from density functional theory calculations (see Chapter 3) showing that the
second atomic layer of the substrate imposes an asymmetry to the molecular structure.
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5.3 Dehydrogenation, decomposition and deprotona-

tion of PVBA

For simple molecules such as benzene, pyridine or biphenyl it has been shown that hydro-
gen atoms can be kicked off by a controlled voltage pulse [61,107]. Here, dehydrogenation,
deprotonation and additional dissociation processes are explored for the PVBA molecule
adsorbed on Cu(111). Dehydrogenation refers to a chemical reaction that involves the
elimination of hydrogen (H2). In the case of deprotonation only one proton is removed
from the compound.
Upon adsorption the molecules are subject to deprotonation at the carboxlyic group at
elevated temperatures (room-temperature and above) due to reacting with the Cu-surface.
At first, these molecules are studied in view of further decomposition processes by apply-
ing a voltage. Later it will be shown how the initial deprotonation can be hindered by
depositing the molecules at low-temperatures and how the deprotonation can afterwards
artificially be initiated by a voltage pulse.
In Fig. 5.10 (top) topography images of the two prochiral representations of the PVBA
molecule are shown after deposition at room-temperature. The symmetric depression (dark
area) at the oxygen terminated side indicates the deprotonated species. For the manipu-
lation the tip is placed above the molecule in the vicinity of the pyridine ring (see green
cross) and the feedback loop is opened. Then the voltage is ramped. After an abrupt
change in the current (see Fig. 5.14a) the molecule is modified. In the bottom panel of
Fig. 5.10 topography images of the modified PVBA are shown. It can be seen, that the
apparent height of the pyridine ring has increased by a few tenth of an Ångstrom (see also
the profile along the line marked in the image). Furthermore, the minimum in the vicinity
of the N-atom that appeared for the intact PVBA molecule has vanished (see arrow in the
line profile (top) ). The rest of the molecule remains unchanged. The modified protrusion
has an elongated shape and is aligned parallel to the close packed direction of Cu(111).
Notably, the orientation of the protrusion of the different chiral species differs by 60�. The
specific alignment and the increase in height suggests a dehydrogenation process. Two
hydrogen atoms are kicked-off forming molecular hydrogen. The unsaturated C-bonds of
the pyridine ring bind directly to the Cu, causing an upright positioning of the ring. This
causes also a modification of the bond of the N-atom to the Cu-surface. The vanished
minimum in the vicinity of the N-atom (see Fig. 5.10 (bottom) ) is then attributed to
this changed interaction with the surface. Initial DFT calculations of the dehydrogenated
PVBA are shown in Fig. 5.11a and b. From an analysis of the voltage ramps (see 5.14a)
taken on several PVBA molecules an average value, at which the jump in the current
occurs, of 2.6�0.2V is found. This compares well to the values reported for detaching
H-atoms from a pyridine (3.0V�0.1V) or a benzene (2.9V�0.1V) molecule adsorbed on
Cu(100) [61]. Applying high positive or negative voltages again on the modified structure
never led to the original PVBA molecule, giving further evidence that it is an irreversible
process.
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Figure 5.10: Topography images before and after applying a voltage pulse at the point
marked by a green cross on the two PVBA species on Cu(111). Line profiles across the
molecule before and after the manipulation are shown on the right. Image sizes: 24 x 37
Å2.

Figure 5.11: a) Initial calculations for dehydrogenated PVBA (top-view) b) side-view.
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Figure 5.12: Consecutive topography images of an originally single PVBA molecule. After
each scan a voltage pulse was applied at the position marked by the green cross. This
resulted in a further decomposition of the molecule. Initially the molecule was dehydro-
genated by the procedure described in Fig. 5.10, which represents the starting configuration
a) (compare with bottom panel of δ-PVBA in Fig. 5.10). The following images show the
results of voltage pulses below (a-c) and above 3 V (d-e). The line profile along the final
decomposition product is shown in the bottom right. Image sizes: 24 x 35 Å2. Bias =
0.1 V, I = 0.1 nA.
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Figure 5.13: Deprotonation of PVBA by applying a voltage in the area close to the
carboxylic-group (green cross). Topography images were taken before a) and after b).
The inset in b) shows a PVBA molecule obtained after room-temperature deposition for
comparison. The bright spot in b) is attributed to an impurity getting attached during
the manipulation process (see spike in 5.14c). Panel c) and d) show charge transfer maps
of the protonated and deprotonated PVBA. Image sizes: 24 x 35 Å2. Bias = 0.1 V, I =
0.1 nA.

Applying additional voltage ramps further modifications of the molecule occur, which are
interesting to investigate. A series of such changes is shown in Fig. 5.12 starting with
the dehydrogenated structure. Till panel c only small modifications occurred. The max-
imum applied voltage for these manipulations was lower than 3 V and correspondingly
the current-jumps occurred also in that voltage range. By ramping the voltage above 3 V
considerable changes of the molecule occur. In panel d depressions are visible till finally
only a large depression remains (see also line profile along the line marked in panel e). The
corresponding I(V) characteristics are displayed in Fig. 5.14b. Dissociation of decaborane
molecules on Si(111) has been shown to also yield depressions afterwards [108]. However,
this may also be caused by destroying the silicon surface underneath, which for the case
of Cu(111) is not expected for voltages used here. A chemical analysis of the dissociation
products with STM is difficult. One can speculate, that the remaining species have de-
hydrogenated further and the molecule is disintegrated and a destruction of the aromatic
rings has taken place.

By depositing PVBA at the surface held at T=77 K the temperature activated de-
protonation [16] is hindered and PVBA has still a carboxylic group. An image of such a
molecule is shown in Fig. 5.13a. One can clearly see that the depression is asymmetric.
By comparing this with a charge transfer calculation of the neutral molecule (Fig. 5.13c),
one can assign the depression to the oxygen and the other side to the OH-group of the
carboxylic group. Placing the tip above this chemical group (green cross in Fig. 5.13a) and
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Figure 5.14: Characteristic I-V curves for a) dehydrogenation, b) decomposition and c)
deprotonation of PVBA on Cu(111). The diagonal arrows indicate the direction of the
voltage sweep. The vertical arrows mark the energy position at which a change of the
molecule took place. b) Voltage sweeps corresponding to displayed transitions in Fig.
5.12. The spike in panel c) is attributed to an atom or molecule leaving the tip, which
resulted in the small spot appearing higher in Fig. 5.13b compared to the unmodified
molecule. This is rationalized by the fact that the value of the current smoothly continues
after the spike. The time for one sweep direction was a) 4s, b) and c) 2s.
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ramping the voltage leads to the structure shown in (Fig. 5.13b). The depression has now
a symmetric shape, which resembles the picture obtained for PVBA molecules adsorbed
at room temperature (see inset in Fig. 5.13b). The symmetric shape is revealed in the
charge transfer map for a deprotonated PVBA (Fig. 5.13d), leading to the conclusion that
a deprotonation reaction has in fact occurred. Additionally, in the topographic image the
height of the pyridine ring appears slightly decreased. The difference is assigned to minor
charge rearrangements upon deprotonation.
The threshold voltage to initiate the deprotonation, visible as a step in the I(V )-curve, is
0.6 V (see Fig. 5.14c). This is considerably lower compared to the other processes, such
as dehydrogenation and decomposition. One can conclude, that these require more energy
due to the detachment of more than just a proton and further restructuring.
The natural occurring deprotonation reaction, specifically changing a carboxylic to a car-
boxylate group, was thus triggered by using the STM and may lead to a more profound
understanding of this process. The low threshold voltage for example may explain that
deprotonation occurs already at moderate temperatures.
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5.4 Field induced formation of Co dimers

So far the formation of bonds by manipulation of atoms and molecules has been performed
by lateral movement of the atoms (see section 5.1) or by tunneling electrons (see section
5.2). In order to probe electronic properties of larger units containing several atoms it is
desirable to form dimers, trimers, and so on. However, initial attempts to merge Co atoms,
using the lateral manipulation technique as described in 5.1 or [109], didn’t result in bond
formation. Atoms could still clearly be separately visualized. This is rationalized by the
fact that during the manipulation typically a voltage of only 10 mV was applied. It has
been reported that for distances below approximately seven Angstroms repulsive interac-
tions between adatoms dominate on the Cu(111) surface [89, 90]. Whereas Co atoms can
freely diffuse already below 20 K, the formation of dimers starts to occur only above 20 K.
This corresponds to an energy threshold of about 10-16 meV, which needs to be overcome.
Increasing the voltage during the lateral manipulation, however, causes vibrational heating
effects (onset in the range of 10 meV [105]), that can lead to uncontrolled hopping of the
adatoms to neighboring hollow-sites.

Figure 5.15: Formation of Co dimers by a controlled voltage pulse of the STM. a) shows
a topograph displaying four Co monomers (protrusions) and one defect (depression). b)
Topograph after the voltage pulse has been applied on top of one Co adatom. The white
circles indicate the original positions of the Co monomers. The circle with a green cross
indicates the atom on which the tip was positioned during the voltage pulse. The insets
in a) and b) show a line scan across a monomer and a dimer with the corresponding
fits. c) Formation of another dimer following the same procedure. (Scan parameters:
Bias= 10 mV, I= 0.2 nA)
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Therefore, a different way of merging two Co atoms is demonstrated here. Additionally,
it will be shown that this process leads to long-range movements of the adatoms by more
than 50 Angstrom. In Fig. 5.15a a topography image of several Co adatoms on Cu(111)
is shown. By positioning the tip on top of a Co atom, decreasing tip-sample distance -
using low bias and high current values - and then applying a voltage pulse (Bias= 3 V, t=
50 ms) two adatoms could be merged together. The resulting compound is shown in Fig.
5.15b.
The fabricated structure appears higher than the monomer and has an elongated shape.
Its height profile along the long axis was fitted by two Gaussian curves, whereby the width
was held constant for both curves at the value obtained from fitting a monomer (see inset
in Fig. 5.15). The fits reveal a separation of the atoms of 3.6� 0.3Å and proof that indeed
a Co dimer has been formed.
Remarkably, during the voltage pulse, one of the two atoms to form the dimer, gets moved
a distance of many lattice constants over the surface. In the presented cases the distance
between the adatoms was initially 53 Å (panel b) and 24 Å (panel c). By applying only
one pulse the atoms traveled these large distances to bond to the other atom. Far reaching
effects are responsible for this mechanism, which can be either field induced or propagated
via the surface state. An electric-field induced mechanism has been shown in [6, 110]
for the diffusion of Cs atoms on GaAs(110) and may be at the basis of the mechanism
reported here. Interestingly, an impurity present at all images has not moved during both
manipulations. Subtle effects of adsorbate-substrate interactions and the presence of local
dipoles may play a role in this process.
In Fig. 5.15a and b it can be seen that one adatom, which appears as two segments, has
been displaced also while scanning. This movement, which has been observed also for
other Co adatoms, is attributed to vibrational heating [105] causing a jump to neighboring
hollow-sites.
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Chapter 6

Point contact spectroscopy

The electron transport in a circuit, whose dimensions are reduced to single atom or molecule
contact, is dominated by the quantum character of matter [111] and requires a deep under-
standing of its nanometer scale properties. Additionally, the electron transport through
such a junction is strongly influenced by the coupling of the electrode orbitals to the
bridging molecule or atom [112]. Accessing the correct information of the geometrical ar-
rangement of the contact is fundamental for the interpretation of the experimental data.
This is often challenging, despite the continuous progress in understanding the electron
transport through nanometer scale junctions [20–23,30,113–116]. Among other techniques
such as mechanical controlled break junction [20–22] or electromigration [23], a junction
achieved with the tip of an STM on a metal surface [30,114,115,117] has been proven as a
valuable tool to target and select the substrate configuration before and after the contact
is formed. Nonetheless, a general picture on the influence of atomistic order and molecular
structures on the electron conductance at nanometer scale junctions is, at present, still
missing. In the following sections electron transport measurements on single atoms and
molecules adsorbed on a surface will be shown, supported in part by theoretical investiga-
tions.

6.1 Kondo effect in single atom contacts: The impor-

tance of the atomic geometry

Co adatoms on copper surfaces constitute an ideal system for studying the electron trans-
port through nanometer scale junctions. The interaction of the unpaired electrons of single
Co atoms with the free electron states on copper surfaces leads to the formation of a narrow
electronic resonance at the Fermi level known as the Kondo resonance. This has been exten-
sively characterized in tunneling conditions [24,118,119]. One main result of these studies
is the evidence that on different supporting surfaces the width of this resonance coincides
with a change of the occupation of the d electron levels of the Co adatom [24]. This inher-
ently reflects a varied coupling of the magnetic impurity to the metal substrate. Indeed,
a simple model has been suggested to relate the energy position of the electron d levels of
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Figure 6.1: (a) Conductance vs. tip-sample displacement and topography images of a Co
adatom on Cu(111) before (b) and after the point contact (c) Image sizes: 50 x 40 Å2.
Bias = 10 mV, I = 5 nA.

the impurity and the atomic arrangement in close proximity of the Co adatom [24, 119].
Specifically, a narrower Kondo resonance is observed for Co adatoms on Cu(111) than
on the Cu(100) surface in agreement with a shift in energy of the d levels, i.e., with an
increase in their occupation from the first to the second surface [24, 119]. Because of this
dependence, the width of the Kondo resonance is then a good reference parameter to char-
acterize the influence of the tip at reduced distances. However, it is a priori not evident
if the width of the Kondo resonance will follow a trend similar to the one observed in
tunneling configuration on various surfaces also when the tip is approached to the point
contact configuration. In order to address this question the current-voltage characteristics
were measured at different tip-sample distances ranging from tunneling to point contact on
individual Co adatoms on a Cu(111) surface. As will be shown in the following, the width
of the Kondo resonance is practically constant on this surface at all tip-substrate distances
in an apparent contradiction with the previously reported results on Cu(100) [114]. Ab
initio theoretical calculations aimed to determine the electronic and magnetic properties
of these two systems reveal that the opposing results observed on the two copper surfaces
are not contradicting but demonstrate nicely the determining influence of the local atomic
structure on the transport properties of a nanoscale junction. Fig. 6.1a shows the conduc-
tance of a single Co adatom at various tip-substrate displacements. This has been achieved
by recording the current while approaching the tip towards the atom, in open feedback
loop conditions. As the tip-substrate distance is reduced the current increases smoothly
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Figure 6.2: Conductance and dI/dV spectra for isolated Co atoms on a Cu(111) surface
achieved at different tip-substrate distances ∆z from tunneling to point contact. Prior
to the point contact measurements the tip was stabilized at a defined sample distance,
setting the tunneling conditions at 8 meV and 5 nA. In the inset a representative current
vs tip displacement is shown. dI/dV spectra have been recorded at the positions indicated
by circles in the inset. The curves are normalized to the tunneling current at the tip
height location and a vertical offset has been added for a better visualization. The Kondo
temperature TK given on the right side of the image has been obtained fitting the curves
with a Fano line shape (light line).
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from the tunneling to the point contact regime following the exponential dependence with
the tip-substrate distance (z) characteristic of the electron tunneling process. Fitting the
experimental curve, an apparent barrier height of 5 eV is obtained, which is larger than on
the clean Cu(111) surface.

As the point contact regime is reached the current is found to exhibit a characteristic
quantization plateau with only a weak dependence on the distance. The plateau is observed
to be 1 G0 where G0 is the conductance quantum in agreement with studies on Co/Cu(100)
[114]. Topographic images acquired before and after the tip was approached and retracted
from the point contact configuration confirm that the contact region as well as the tip
have not changed during the tip displacements (see Fig. 6.1 b and c). Care has to be
taken that the tip is positioned directly on the center of the adatom before approaching.
A slightly off center positioning leads to a self-centering mechanism as has been suggested
by Bürgi [30]. The adatom jumps underneath the apex of the tip visible as a jump in the
current signal and in images taken afterwards. This motion is suppressed, when the chosen
voltage during the approach was below a few mV.
Information on the Kondo resonance has been obtained recording the dI/dV spectra on
top of the Co adatom at various tip-substrate displacements. In Fig. 6.2 spectra obtained
at the tip-substrate separation indicated by the circles in the inset are reported. The
current versus voltage is measured with a lock-in amplifier applying a voltage modulation
in the range of 1 to 0.1 mV (rms). All the curves obtained in the range from the initial
tunneling (∆z = �2Å) to the point contact (∆z = 0.2Å) condition show a characteristic
dip in the local density of states at an energy close to the Fermi level. This dip, which is
due to the Kondo resonance, can be characterized according to ∆E (Half Width at Half
Maximum), which is proportional to the Kondo temperature TK , ∆E = kBTK , where kB
is the Boltzmann constant [24,118]. The Kondo temperature can be extracted from these
curves by fitting the experimental spectra with a Fano line function according to

dI/dV / (q + ε)2/(1 + ε2)

with ε = (eV � εK)/kBTK where q and εK define the asymmetry of the curve and the
energy position of the resonance with respect to the Fermi energy [120]. The obtained
Kondo temperature TK is reported in Fig. 6.2 for each sampled tip position. As can
be seen, the Kondo temperature for the Co on Cu(111) system is constant, within the
experimental error, from the tunneling to the point contact regime. These results have been
reproduced with different tips and different tip treatments which assured a spectroscopic
featureless tip in the energy range of the Fermi level. The observed behavior of the Kondo
temperature on the Cu(111) surface contrasts with the behavior previously reported for
the Co/Cu(100) system, where a considerable increase of the Kondo temperature (from
70–90 K in tunneling to 150 K in point contact) was observed [114]. As will be shown
below this difference can be ascribed to the sensitivity of the Kondo effect to the local
atomic geometry.

To obtain a physical understanding of the structural sensitivity the atomic relaxation
in the single Co atom junction was modeled under the influence of the tip proximity and
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Figure 6.3: Atomic relaxation at the single Co atom junction as a function of the tip
displacement. The initial tip-adatom distance (H) is the same for Cu(111) and Cu(100)
surfaces. The adatom-substrate (L) distances for Co adatom on the two surfaces is shown
in panel (b). The dashed lines show the Co-substrate distance in point contact conditions.
(A), (B), and (C) indicate the position where the LDOS shown in Fig. 6.4 have been
calculated; the values in the parentheses are the tip-substrate distances for these three
positions.
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Figure 6.4: Influence of the tip proximity on the d levels of Co atoms on Cu(111). a) Spin-
polarized LDOS for the d levels. The curves are calculated for tip-substrate displacements
as denoted in Fig. 6.3. b) Energy position of the occupied d-band center on Cu(111) and
Cu(100) at different tip-substrate positions. The lines connecting the points are a guide
to the eye.

then its consequences on the electronic structure were considered. Indeed, reducing the
tip-substrate separation can induce a local perturbation in the atomic ordering at the
junction which can affect the coupling between the orbitals of the electrodes and of the
Co atom and consequently the electronic and the magnetic properties of the system. To
simulate the nanoscale-junction on the atomic scale, molecule static (MS) calculations
were performed with many-body interatomic potentials fitted to the spin-polarized ab
initio calculations [121]. In these simulations the tip has been represented as a pyramid
consisting of 10 Cu atoms arranged in fcc(111) stacking (see sketch in Fig. 6.3). Figure 6.3
shows the variation of the tip-adatom and the adatom-substrate separations during the tip
displacement (panels 6.3 a and b, respectively). On a first glance one can see that beside
an initial region, the tip-Co adatom as well as the Co adatom-substrate distances are not
linearly proportional to the tip displacement. As the tip-substrate distance is reduced,
the atomic order at the junction relaxes: the atoms of the tip, the Co impurity as well
as the atoms of the substrate move to new equilibrium positions. The real tip-substrate
distance is then a dynamic variable according to the specific location of the tip and to
its attractive and repulsive interaction with the surface and the impurity. Specifically,
up to the minimum distance of 5.3 Å, the tip-Co adatom distance is almost linear with
the tip displacement. Approaching further, the distance between the opposite sides of
the nanometer scale junction is reduced to a larger extent than the effectively applied tip
displacement due to an attractive interaction (up to 4.7 Å). By reducing the tip-substrate
distance below 4.7 Å, the interaction becomes repulsive. At this tip proximity, the adatom-
substrate distance, defined as the vertical distance between the Co adatom and its first
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nearest neighbor, is strongly reduced while the distance between the tip and adatom is
only slightly decreased. This implies that the Co adatom shifts towards the substrate.
As a consequence when the point contact configuration is reached, the Co-Cu(111) surface
distance compares to the equilibrium distance predicted for the tunneling condition (dotted
line in Fig. 6.3b ). Figure 6.3 compares also the atomic relaxation process on the two
copper surfaces. The general trend of attractive and repulsive interaction of tip-atom and
surface can be observed in both cases. However, differences in the atom dynamics under
the influence of the tip and in the Co-surface distance are obvious. Specifically, under
the influence of the tip the Co impurity is pushed deeper into the Cu (100) surface in
point contact configuration (dotted line in Fig. 6.3b) than it is in tunneling conditions.
Therefore, it can be expected that the stronger interaction with the surface increases on the
Cu(100) substrate the hybridization of the d levels of the Co adatom with the sp states of
the surface. This and its consequence on the magnetic properties of the junction at various
tip proximity can be understood by calculating the local density of states (LDOS) of the
Co adatom. Spin-polarized calculations were performed within the linear combination of
atomic orbital formalism by means of density functional theory implemented in SIESTA
[122]. The geometry was optimized by SIESTA until all residual forces on each atom
are smaller than 0.01 eV/Å (for more details about the calculations see Appendix B.2).
In Fig. 6.4 the d levels of Co/Cu(111) are shown for different tip-substrate separations
(denoted A, B, and C in Fig. 6.3) with the energies given with respect to the Fermi level.
It can be seen that only the occupied density of states of the Co adatom on Cu(111) are
slightly affected by the tip-substrate distance. Moreover, the energy differences between
the center of the occupied spin-up band (or majority states) and the center of the partially
unoccupied spin-down band (or minority states) U for three tip-substrate separations are
close. Consistently, also the magnetic moment of the Co adatom at these three tip-substrate
separations (1.99µB, 1.96µB, and 1.78µB, respectively) are only slightly affected by the tip
proximity. On the contrary a large energy shift of the d levels was reported for Co adsorbed
on Cu(100) surface [114,123]. A comparison of the energy position of the occupied d levels
is shown in Fig. 6.4b. On both surfaces the position of the occupied d levels shifts towards
higher energies under the influence of the tip proximity. On the Cu(111) surface this shift
is, however, much smaller. On Cu(100) the substantial change in the occupation of the d
levels is reflected in the increase of the Kondo temperature in point contact. The difference
in the behavior of the Kondo temperature on Cu(111) and Cu(100) is caused by different
atomic relaxations which occur on both substrates. For all tip positions the distance
between the Co adatom and Cu(111) is significantly larger than that on Cu(100) (see
Fig. 6.3). Therefore the hybridization of d states of Co adatoms with sp electrons of the
substrate is weaker on Cu(111). As the result, only very small changes in the LDOS of Co
adatoms are found on Cu(111). Accurate calculations of the Kondo temperature for this
system are, however, not straightforward [114]. Nonetheless, the theoretical predictions
and the experimentally observed Kondo temperature in the point contact regime follows
the trend described by the model proposed by Wahl et al. [24] for the tunneling regime.
The increase of the occupation of the d level effects sensibly the Kondo temperature on
Cu(100) and almost negligibly on the Cu(111) surface.
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Figure 6.5: Tip contributions in the dI/dV spectra for isolated Co atoms on a Cu(111)
surface. The Kondo resonance at different tip-substrate distances ∆z from tunneling to
point contact is measured with two different scanning tunneling tips: a) a spectroscopic
featureless tip; b) with a tip showing a non constant dI/dV spectrum in the energy range
of the Fermi level (off-spectrum). The width of the Kondo resonance is constant in the first
case at all the given tip-sample distances. In panel b, the observed width of the Kondo
resonance increases while reducing the tip-sample distance. This indicates that the tip
contributions to the spectra are not negligible and contribute more at reduced distances.
All the curves are normalized to the tunneling current at the tip height location. A vertical
offset has been added for a better visualization.

The local atomic geometry plays a major role in the electron transport properties of
nanoscale junctions. The tip proximity in the point contact regime influences the atomic
relaxation in the single atom junction and thereby determines the lattice equilibrium posi-
tion. These structural relaxations induce a modification of the sp-d hybridization between
the electrode surface and the bridging atom. While on the closed packed Cu surface the
impurity d level is less affected, it shifts substantially on the open (100) surface. This
explains the striking difference observed in the behavior of the Kondo temperature of Co
adatoms upon point contact formation on Cu(111) and Cu(100).

In these kind of experiments special attention has to be paid to the conditions of the
tip. Different atomic arrangements of the tip may influence the electron transport be-
havior in the point contact. For the presented experiments the tip was electrochemically
etched from a tungsten wire and treated in vacuo by electron field emission and soft tip
indentations into the copper surface. This protocol was repeated till a spectroscopic fea-
tureless tip in the region of the Fermi level was obtained. In Fig. 6.5a a second series of
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dI/dV spectra obtained on top of a Co adatom adsorbed on Cu(111) surface at different
tip-substrate distances is shown. The spectra reveal the characteristic Kondo resonance at
the Fermi level whose width is constant at distances ranging from tunneling to the point
contact regime. The observed Kondo temperature is 51 K, in agreement with the spectra
shown in Fig. 6.2. It is worth underlying that the reproducibility of these spectra has
been assured by the tip preparation described before and showing a featureless spectrum
on the copper substrate (off-spectrum). In case these spectroscopic conditions of the tip
are not satisfied, a broadening of the Kondo resonance is observed. Representative spectra
are shown in Fig. 6.5b. While the Kondo temperature in tunneling conditions is only
moderately broadened (61 K), in the point contact regime the Kondo resonance is sensibly
affected. This leads to an apparent increase of the Kondo temperature to about 110 K.
As a general trend it is observed that the broadening of the Kondo resonance increases
by reducing the tip-sample distance. However, the observed Kondo temperature is not
reproducible and depends on the details of the tip spectroscopic conditions. Tip-features
in the energy range of the Fermi level, which in tunneling conditions induce in most of the
cases only a minor broadening of the Kondo resonance, dominate in the spectra achieved
in point contact regime. Additionally to the shown comparison of Co on Cu(100) and
Cu(111), this reflects the importance of the atomic arrangement in the electron transport
through nanoscale junctions.
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6.2 Metal-molecule-metal contacts:

PVBA on Cu(111)

In the following the electron transport at the nanoscale will be expanded to transport
through molecules. This is of fundamental scientific interest and is important for future
based molecular electronics. The PVBA molecules described in detail in the tunneling
conditions in previous chapters were employed. It has been shown that on Cu(111) the
molecules adsorb in a planar configuration (see Chapter 3). To perform electron transport
measurements the tip was positioned in tunneling conditions above the molecule. Then
the tip-substrate distance was reduced in open feedback loop conditions while the current
was simultaneously recorded. For acquiring these spectra the gain of the current-voltage
converter was switched from 108 V/A for the set-point to typically 107 V/A or 106 V/A. This
ensured on one hand stable set-point conditions and on the other hand the possibility to
measure higher currents. The speed of approach was a few Angstrom per second or faster.
In contrast to the I(z) measurements on the single atom a large variety of qualitatively
different curves were obtained. Examples of some I(z) curves are displayed in Fig. 6.6 and
6.7. In Fig. 6.6 it can be seen that approaching the tip towards the molecule leads at some
tip-sample distance to a jump in the conductance. Notably, the exponential dependence
characteristic of the tunneling regime is still present after the jump in the conductance
occurred. This is in striking contrast to the plateau that is reached, when the tip is
approached to a single atom (see previous section). The critical tip-sample distance for the
conductance jump varies for different parts of the molecule. For example for the pyridyl
ring this happens a few tenths of an Angstrom earlier than for the phenyl ring. This
difference can in part be explained by the different apparent heights across the molecule.
For the two aromatic rings this amounts to about 0.1 Å. The remaining difference may be
due to a position dependent tip-molecule interaction or other electronic effects inherent to
the molecule. The inset in Fig. 6.6 shows a zoom-in to the region around the point where
the conductance jumps occur for several approach and retraction spectra. It can be seen
that the jumps occur in a certain range of tip-sample distances. Furthermore, within one
sweep the conductance fluctuates till the final value is reached. This is attributed to an
instability at the given tip-sample distance.

Another type of current vs. tip displacement curves is shown in Fig. 6.7. During the
first approach of the tip towards the molecule a sudden jump in the current occurs. After
this jump the curve doesn’t revert back to the initial conditions, when the tip is retracted
again. Instead, a higher current value is obtained. Further approach and retraction curves
all overlap following a new path, differing strongly to the first approach transient. These
spectra are indicated by the double sided arrow in Fig. 6.7.
In an initial region of the first approach a similar behavior is observed as displayed in
Fig. 6.6. However, after the jump in the conductance occurs, the conductance can either
increase (left and right panel of Fig. 6.7) or decrease (middle panel). Once this jump oc-
curred the slope of the exponential is lowered with respect to the initial tunneling regime.
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Figure 6.6: Current vs tip-sample displacement obtained at different positions on the single
PVBA molecule (see topography image in the inset (image size: 27.9 � 19.5 Å2 ). The
upper panels show each an approach and a retraction curve taken at 40 mV . The small
offset between the curves is due to the electronics. In the bottom right panel (Bias=50 mV )
a series of several approach and retraction curves is displayed.

Figure 6.7: I(z) curves obtained on different positions on the single PVBA molecule. After
an initial approach the current to tip-sample distance characteristic changes leading to a
different current at the original set-point conditions. The inset in the right shows a close
approach to the surface, where a conductance increase can be observed.



6.2. Metal-molecule-metal contacts: PVBA on Cu(111) 99

Figure 6.8: Sketch of the PVBA molecule on the surface with the tip in close proximity
a). b) Possible lift up mechanism of the molecule towards the tip.

In some cases, during the first approach, only one jump in the conductance is observed
leading immediately to a different dependence of the current with respect to the tip-sample
distance as can be seen in the right panel. In the new curves their slope in the logarithmic
plot is not constant, but changes, deviating from an purely exponential behavior. In some
cases, additional steps in the conductance are observed (see central panel for one example
of such a step). These happen at a much greater tip-sample distance, then the initial jump.
The observed type of curves in Fig. 6.7 is attributed to a jump to contact mechanism of
the molecule towards the tip. As soon as the molecule is bonded to the tip it stays there
and is lifted by retracting the tip further from the surface (see also sketch in Fig. 6.8b).
Similar curves have been obtained for the PTCDA molecule on Au(111) [124], which were
also attributed to a partial lifting of the molecule from the surface. The conductance is
ranging from 0.01 G0 to 0.1 G0. The value of the conductance is substantially lower than
that for a single metal atom (see previous section and [30]) or metallic wires [125]. Previous
studies on another molecule have indicated this phenomenon [126].

After the I(z) measurements the feedback loop is switched on again. However, in cases
the current has a larger value at the initial set-point conditions, the tip will be retracted
further in order to reach the original set-point current. After this retraction three possible
scenarios are observed. In the simplest case the molecule and the tip were found to be
intact. Therefore, the molecule-tip bond ruptures and the molecule and the tip revert back
to the initial conditions. In cases, where the bond doesn’t initially break, the molecule
can be moved. For a movement typically the molecule was rotated around the carboxylate
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group. This can be seen by comparing the topography images before and after the spectra
were taken. The rotation is favored due to the strong anchoring of the carboxylate group
towards the surface (see Chapter 4 and [80]). In the last case the molecule can, beyond
being only temporarily attached to the apex of the tip, be permanently attached [127].
The results with such a molecule modified tip are shown in the following.
Imaging the surface after a pick-up of the molecule to the tip shows a strong change in
contrast with respect to the clean tip. Atomic resolution is easily obtained at moderate
tunneling conditions typically used (see Fig. 6.9). An inspection of the area, where the
molecule had been adsorbed, reveals that the molecule has vanished. These observations
indeed indicate the presence of the molecule on the tip. At the original position of the
molecule a depression is typically observed. This is attributed to a Cu vacancy. It is located
in the vicinity at the former position of the carboxylate. This indicates that the oxygens
of the carboxylate group bind strongly to atoms of the Cu surface [80], such that a Cu
atom is pulled out. The atomic resolution indicates a substantial difference in tunneling
probabilities with respect to the clean tip. The observed corrugation of the surface at the
same tunneling conditions was below a pm for the clean tip and amounted to a few pm and
up to almost an Angstrom (see Fig. 6.10). For atomically resolved images with a moderate
corrugation the molecule has typically been picked up at the carboxylate end. For this case
the molecule is pointing with the pyridyl ring towards the surface (see Fig. 6.12a). The
high resolution is then attributed to the lone pair of the N-atom [60, 61]. This leads to a
smooth corrugation profile (see Fig. 6.10a). However, for the large corrugation the profile
has sharp minima (see Fig. 6.10b). This profile can be rationalized by assuming a small
molecule-surface distance, so small that the molecule is occasionally in contact with atoms
of the surface (see sketch Fig. 6.12b). While the tip moves along the surface the molecule
gets alternatingly attached and detached to Cu atoms. Once the molecule is attached the
profile is smooth during the time the tip moves until the molecule-surface bond breaks,
visible as a sharp minimum, and the molecule snaps to the next Cu atom. This process is
then repeated leading to the atomic resolution.
Having the molecule attached to the tip the extension of the piezo scanner is significantly
reduced with respect to the clean tip for the same tunneling conditions. For the modified
tip, the same tunneling current is achieved already several Angstrom away from the original
position of the unmodified tip. For several pick up events on different molecules with
“microscopically” different tips this increase in the apparent height is displayed in Fig.
6.11. As can be seen, a small range of values is obtained, whereas the average and most
often observed value lies between 6-7 Angstrom. This value is much lower than the length
of the molecule (11.5 Å). There are two possible reasons: First, the molecule is not directly
attached to the apex of the tip, but sideways and in a tilted configuration. Secondly, besides
geometrical considerations electronic effects play a role. The charge transport through
the molecule is different from a tip simply extended by several additional metal atoms.
Additionally, the overlap of wave functions of the molecule acting as a tip apex is different
than with a metal tip, which has only metallic states. Along a molecule composed of
aromatic rings, which have alternating single and double bonds, the transport is described
via an off-resonant tunneling mechanism. The conductance scales inversely proportional
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Figure 6.9: Topographic images of a PVBA before (a and c) and after picking the molecule
up to the tip (b and d). Atomic resolution is readily obtained at moderate tunneling
conditions Bias=0.35 V, I=0.5 nA. In the region of the original position of the molecule a
depression is observed. Image sizes: 101 x 81 Å2 (top) and 25.4 x 20.6 Å2 (bottom).
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Figure 6.10: Atomic resolved STM images of the Cu(111) surface with a modified tip.
Corrugations differing by an order of magnitude have been observed, a and b. In a) the
molecule was picked-up at the carboxylate group and in b) at the pyridyl group. Imaging
conditions: a) 0.35 V, 0.5 nA b) 0.2 V, 1 nA.

Figure 6.11: Histogram of several pick up events displaying the decrease in the extension
of the piezo scanner after the pick up.



6.2. Metal-molecule-metal contacts: PVBA on Cu(111) 103

Figure 6.12: Sketch of a PVBA molecule attached to the tip of an STM. The molecule is
drawn to scale to the Cu(111) surface. The blue area indicates the lone-pair of the N-atom
of the pyridyl-ring.
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Figure 6.13: I(z) curves obtained while approaching and retracting the tip with an attached
molecule towards and away from the surface. The same spectra are displayed in linear a)
and logarithmic scale b). Two regimes become apparent, which are separated by the
vertical dotted line in b). The inset in a) shows a zoom-in of the first region. In b) the
dashed line denotes the expected tunneling behavior for a “clean” tip for comparison. For
an explanation of the two regimes see text. In c) a second measurement set taken in the
first regime is shown.
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to the exponential of the length of the molecule [128]. Using this damping prefactor as
shown in [129] would result in lowering of the conductance by two orders of magnitude
along the whole PVBA molecule. The apparent length is then reduced by approximately
two Angstrom (see Eq. 2.4) with respect to the original length of PVBA. This is in quali-
tative agreement with the observed lower values of the length.
To measure the transport through the molecule attached to two electrodes (here, tip and
surface) the tip, holding the molecule, is brought closer to the surface. Two regimes be-
come apparent: First, for an initial distance of several Ångstroms the current, besides
some small jumps which will be explained below, doesn’t change significantly and stays
within one order of magnitude (see Fig. 6.13 a) (linear scale) and b) (logarithmic scale) ).
Approaching the tip closer to the surface a second regime is reached, where the current
follows an exponential behavior as a function of tip-sample distance. The onset of this
regime is denoted by the dotted vertical line in Fig. 6.13.
The first regime is in strong contrast to the tunneling behavior with a “clean” tip, where
an exponential dependence persists up to large tip-sample separations (see dashed line in
b) ). At the distance furthest away (corresponding to the set-point conditions marked by
the zero value of ∆z in the plot) a current of few orders of magnitude lower would be
expected provided only tunneling from tip to surface occurs. As the measured current
is significantly higher an additional contribution given by the current flow through the
molecule is present. This amounts to a value of about � 10−4G0, which can be considered
as the conductance through the molecule.
Furthermore, in the first regime small jumps in the current occur at intervals of the order
of an Ångstrom. Typical distances between atoms on the surface are on the same length
scale. Therefore, one can speculate, that the small jumps in the conductance occur due
to a sliding of the molecule along the surface during the approach. The jumps reflect then a

Figure 6.14: Possible scenario of the electron flow after the molecule has been picked
up onto the apex of the tip followed by a lowering of the tip to the surface again. If
the tip apex is far away from the surface electron flow is dominated through the molecule.
Upon approaching the tip towards the surface the molecule slides across the surface and/or
structural changes occur. For closer distances the tunneling current will dominate.
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bonding of the molecule to a new atomic site of the surface. Possible structural distortions
of the molecule and other electronic effects [124] may further lead to discontinuities in the
current vs. tip-sample distance curves. These jumps have been observed repetitively as
shown for example in a second measurement set (Fig. 6.13 c) ).
In the second regime, where an exponential behavior is observed, the slope, visualized in
the logarithmic plot, is lower than for a “clean tip” (dashed line). This effect is attributed
to a lowering of the work function by the attached molecule onto the tip.
The total picture that develops is illustrated in the schematic of Fig. 6.14: In the initial
region, the current is dominated by the flow of electrons through the molecule, with only
a weak dependence in the absolute value of the current on the tip-sample distance. Small
jumps that occur in that region are attributed to bonding to new atomic sites, while the
molecule slides across the surface (panel a and b). Once the tip is brought sufficiently close
the tunneling between tip and sample will dominate (panel c). In this second regime, the
current follows an exponential behavior as a function of tip-sample distance. The potential
barrier in this case is lowered with respect to the “clean” tip, due to the presence of the
molecule at the tip.

Additionally, to the single molecule point contact spectroscopy measurements have been
performed on the metal-organic complex Cu(PVBA)2. Several different characteristic I(z)
dependencies become evident.
In some cases, a sudden jump of the current during the approach and the following retrac-
tion of the tip occurs. Sample spectra are shown in Fig. 6.15. The transition region is
characterized by one single jump for each forward and backward spectrum (left panel). It
can be seen that the position of the jump depends on the direction of the movement of the
tip (see also right panel for a series of spectra taken at the same position). By approaching
the tip towards the surface (black curve) the jump occurs at a closer proximity of the tip
to the surface than for the retraction (grey curve). This indicates that during the approach
part of the complex gets lifted and for the following retraction the reverting back to the
original position is postponed until the forces become strong enough for the detachment.
This behavior is similar to the observations on the monomer. The slope of the logarithm
of the I(z) curve after the jump occurred is slightly lowered, indicating a lowering of the
potential barrier.

However, in contrast to the monomer also other qualitatively different I(z) spectra have
been obtained. Some are displayed in Fig. 6.16. At close enough tip-molecule distance a
smooth change in the exponential characteristic is evident. After this transition the cur-
rent increases, stays constant, or even decreases when approaching further. These approach
transients are interpreted as the onset of contact formation of atoms of the tip apex with
the molecule of the complex. This also indicates that conditions exist that prevent a lifting
of the molecule. The additional bonding to the Cu atom, besides the anchoring via the
oxygen atoms, is accounted for this stabilization. The typical values for the conductance
in the contact region is about 0.1 G0 up to a few tenths of G0, which is larger than for the
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Figure 6.15: I(z) spectra taken at the molecular side of the Cu(PVBA)2 complex. The
forward and backward spectrum (black and grey line) correspond to a decrease or increase
of the tip-sample distance. The set-point was at 0.08 V and I= 5 nA; measurement was
taken at 0.3 V. The inset displays the topographic image of the complex with the indicated
position of the tip during the approach and retraction.

Figure 6.16: I(z) spectra taken at the molecular side of the Cu(PVBA)2 complex (see insets
bottom right). The insets in the top left represent a cut out region of the spectra in linear
scale. A bias of 0.08 V was used for the set-point (I= 1 nA) and during the measurement.

Figure 6.17: I(z) spectra at the center of the Cu(PVBA)2 complex. In the transition region
fluctuations are apparent. In the graph on the right a zoom-in into this region for a forward
and backward spectrum is shown.
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monomer. This increase of conductance can be explained by the larger density of states
of the complex compared to the monomer as seen by the increased apparent height in
topographic images. A possible additional conducting path through the central Cu atom
towards the surface could be envisioned.
The measured conductance characteristic as a function of tip-sample distance at the cen-
tral Cu atom is shown in Fig. 6.17. Compared to the single adatom a lower value of the
conductance is obtained (about 0.2 G0). This is rationalized by an electronic modification
due to the attached ligands. In the transition region - from the exponential dependence
to an almost constant current value - fluctuations of the current are evident for a range
of about a tenth of an Ångstrom. A zoom-in is displayed in the graph on the right. In
contrast to the measurements on the ligands the current switches back and forth between
the values indicating the contact and the non-contact configuration. Possible movements
of the central atom between different sites may be responsible for this.
The variety of point contact spectroscopy curves measured in the case of the single molecules
and in the one for the supra-molecular structures shows the complexity encountered in these
type of measurements. Nevertheless, several key behaviors could be identified: Besides a
smooth transition to the contact, fluctuations, and jumps have been observed in the I(z)
spectra. These are ascribed to lateral and vertical movements of the adsorbates.
Furthermore, the measurements on the metal-organic complex in comparison to the ones
obtained on the monomer and adatoms demonstrate how local chemical modification can
be used to manipulate the conductance.



Chapter 7

Summary and outlook

In this thesis a scanning tunneling microscope operated in ultra-high vacuum and at low
temperatures (6 K) has been used to investigate molecules, supramolecular structures and
atoms on a metal surface. The morphology and the electronic properties in tunneling and
in point contact conditions have been examined. Specifically, PVBA molecules and Co
atoms were studied on Cu(111), which were deposited by molecular beam epitaxy on the
metal surface.
PVBA is a prochiral molecule becoming chiral upon adsorption and was thus a good candi-
date to study molecular chirality. The molecules are found to follow well-defined adsorption
positions on the substrate specific for each enantiomer. From the topographic images and
scanning tunneling spectroscopy measurements their chiral nature has been directly de-
termined and visualized. Furthermore, the scattering patterns arising from surface-state
electrons have been evaluated in terms of a mediation of the chiral information further
away from the molecule. Whereas, for the direct comparison only a minor difference be-
tween the two enantiomers was calculated, due to their distinct adsorption orientation a
sizable difference between the two species was observed. Possible far reaching chiroselective
interactions are anticipated.
Besides the single molecules, self-assembled supramolecular structures were observed. Among
them the ones that occurred in the majority of cases were identified as Cu(PVBA)2 com-
plexes. Two PVBA molecules are bonded with their nitrogen terminated side towards a
Cu atom, which originates from the adatom gas present at elevated temperatures on the
copper surface. The two PVBA molecules of the complex have either the same (homochi-
ral) or the opposite chirality (hetereochiral). This was shown by STS measurements, which
revealed the molecular orbitals and allowed to assign the supramolecular chirality.
In view of molecular based electronics the interface between the molecule and the surface
is important. One aspect is how easy electrons can be extracted. Here, it was made use
of the fact that the tunneling current depends on the potential barrier height between tip
and sample. The apparent barrier height can be extracted by measuring the current as a
function of tip-sample distance. The measurements revealed an unprecedented resolution
of the local apparent barrier height above and surrounding the molecule. Charge rearrange-
ments at the molecule and the surface lead to the formation of local dipoles which were

109



110 Summary and outlook

accounted for the observed submolecular variations. Additionally, this technique has been
used to investigate the self-assembled metal-organic complexes. Compared to the single
molecules different variations have been observed, demonstrating the local manipulation
of the barrier height.
The specific adsorption behavior of PVBA gives further insights into the molecule-surface
interaction. Contrary to the six-fold symmetry of the top atomic layer of the Cu(111)
surface, the asymmetric PVBA molecule was found only in three preferred orientations.
Among the two possible directions along the < 2̄11 >-high-symmetry axis it chooses one
over the other. This break in symmetry is attributed to the influence of sub-surface Cu
layers to the bonding of the molecule with the substrate. Local relaxation phenomena and
screening effects were found to be responsible for this site selection.
To mimic natural occurring reactions is tempting in order to gain a more detailed under-
standing of them. Here, the STM was utilized to form a metal-organic complex. A Cu
atom was moved towards the N-terminated side of the PVBA molecule to create a metal-
ligand bond. This led to a significant change in the electronic structure of the molecule.
Hybridization of atomic and molecular orbitals were accounted for this modification. The
observed local density of states resembles one half of the self-assembled Cu(PVBA)2 com-
plex.
Changing the conductance at will is desirable. The two-fold metal-organic complexes
Cu(PVBA)2 revealed a transitory metal-ligand bond. By applying a voltage the chemical
bond between the central Cu atom and one of the ligands was continuously formed and bro-
ken. Given the distinct electronic structure of the bonded and non-bonded configuration
the conductance was switched on demand. The rapid alternations occurred on a time-scale
down to milliseconds. The quantum yield for the reactions was experimentally determined
from time-serieses taken at defined positions on the complex, revealing a strong correlation
with the local density of states of the respective molecular structures. This opened a local
view into the nature and efficiency of a chemical reaction, specifically showing the distinct
properties of the forward and backward reaction.
Whereas this system is reversible, other chemical reactions were induced by applying suf-
ficiently high voltages, which are non-reversible. The change of the structures was in-
vestigated by taking topographic images before and after the reactions. Several processes
were identified such as deprotonation, dehydrogenation and decomposition of the molecule.
Interestingly, when the molecule was adsorbed at low temperatures it stayed intact and
only by applying a voltage pulse to the carboxylic group a deprotonation occurred with a
substantial lower activation energy, than necessary for the other processes.
Finally, electron transport has been measured by point contact spectroscopy of single mag-
netic adatoms and PVBA molecules. The measurements on the cobalt atoms revealed that
the precise atomic geometry in the contact plays an important role in the electron trans-
port. This was based on monitoring the Kondo feature in tunneling and in point contact
conditions and comparing it to recent measurements of Co on the Cu(100) surface, where
four instead of three neighbor atoms are present. Measurements on single molecules show
that the conductance is by about one order of magnitude lower than 1 G0, which is the value
typically found on adatoms. Furthermore, a routine has been developed to reproducibly
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pick-up the PVBA molecule, thereby functionalizing the apex of the tip. This allowed
to resolve the surface with atomic resolution at moderate tunneling conditions. Bringing
the modified tip into contact with the surface enabled to measure the electron transport
through a single molecule. The point contact measurements showed that the molecule is
not always stable, but lateral and vertical movements were accounted for the shape of the
I(z) curves. Compared to measurements on single molecules the metal complexes reveal
different spectroscopic signals, demonstrating that the conductance can be altered by local
chemical modifications of the molecule.

The studied systems provide interesting aspects to be further investigated by different
scientific analysis techniques. For example to study the chemical state of the metal-organic
complexes X-ray photoelectron spectroscopy (XPS) measurements may provide useful in-
formation about charge transfer processes especially by evaluating the oxygen and nitro-
gen peaks. Additionally, the combined usage of STM and AFM may reveal insights on
the forces encountered in the lateral and vertical movements of the molecule during point
contact spectroscopy.
The mediation of chiral information far away from the molecule could be systematically
studied by deposition of the molecules at temperatures as low as 6 K, where they are ex-
pected to be fixed to the substrate. Subsequently, increasing the temperature large enough
to induce diffusion, but low enough to hinder chemical reactions will cause the molecules
to freely move on the surface. A statistical analysis on the number of molecules in certain
orientations and separations could proof chiral specific long-range interactions.
The fitting of the characteristic scattering patterns of adsorbates obtained in the dI/dV-
maps allows to directly link their atomic structure to the simultaneously acquired images
of the topography. This method might become a useful tool to determine the precise po-
sition of any adsorbed molecule on the substrate and correlate the position of its atoms
with spectroscopic measurements.
As the formation of the metal-organic complexes occurred due to the presence of Cu in the
adatom gas of the Cu surface it might be interesting to deposit PVBA on various other
metal surfaces and co-deposit Cu. This may lead to different metal-organic complexes than
found on Cu(111). Specifically, the different lattice constants for example of Au(111) or
Ag(111) lets expect a different behavior for the metal-complexes.
The described controlled formation of a metal-ligand bond via lateral manipulation can be
expanded to a variety of combinations. Possible alternative metal atoms are for example
Fe or Co or other transition metals and the effect of hybridization could be studied as a
function of these elements. On the other hand, the molecule and the functional group can
be varied. Instead with a pyridyl-end, other groups or molecules of the spectrochemical
series could be used.
The shown bistable behavior for the Cu(PVBA)2 complexes is a prototype for electri-
cally switching between two conductance states. These nanoelectromechanical elements
are found disordered and separated on the substrate. Linker atoms or molecules could
be used to lead to an ordered array of the complexes, whereby care has to be taken that
the functionality remains. A possible candidate are Cs atoms. They have been shown to
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connect molecules comprised of deprotonated carboxylate groups via electrostatic interac-
tions. This has the advantage that the bonding strength is large enough to attract the
units, but possibly weak enough to not perturb the bistable behavior.
As has been shown the apex of the tip can be modified. Functionalizing the tip may provide
distinct ways to unravel the electronic properties of a surface. Furthermore, the modified
tip can be approached to adsorbates on the surface allowing to study interactions on the
picometer scale.
The role of molecular end-groups contacting the surface is important with respect to the
electron extraction and the contact resistance. Using varying functional-groups, such as
carboxyl, pyridyl, cyano or thiol groups at the ends of one kind of molecular backbone,
effects, such as the contact resistance can be explored. The pentacene molecule, which
is currently one of the main choices for molecular based electronics as well as the DNTT
molecule, which is an at the central benzene ring modified pentacene, could be further can-
didates to be investigated by point contact spectroscopy and potential barrier mapping.
In cases where in fact a decoupling is desired the leakage currents, which presently lower
device functionality, may be of interest to investigate, in view for example of the role of
impurities leading to additional unwanted conductance.

The shown various aspects of molecular and supramolecular chirality, metal-organic com-
plexes, chemical reactions, the molecule-surface interface as well as the electron transport
through point contacts to name a few might be further expanded by a proper choice of
the components and might open new prospects for the understanding and development of
nanosized as well as macroscopic systems.



Appendix A

Growth of PVBA on Cu(111)

Growth of PVBA has been studied on several metal-substrates in the past. Depending
on the molecule-surface and molecule-molecule interaction various structures have been re-
ported ranging from double chains on Ag(111) and Au(111) [58,59], molecular and metal-
organic networks on Cu(100) [57, 130], single and pairs of molecules on Pd(110) [50] and
Pd(111) [131], chiral step-faceting Ag(110) [132], to the observation of dendritic structures
after deposition at low temperatures [133].
Here, a detailed study on Cu(111) is presented expanding and complementing earlier stud-
ies [58]. The PVBA molecules have been deposited on a Cu(111) substrate held at different
temperatures. The molecules self-assemble and show distinct structures.

An overview topographic image taken after deposition at room temperature is shown
in Fig. A.1. Single molecules (see small red circle), two-fold PVBA complexes (large red
circle) and agglomerated structures consisting of several molecules are observed. In the
top right the longest chain found made up of five PVBA molecules is displayed.
Besides the two different topographic appearances of PVBA - one the single molecule and
the other in the complexes - a third type becomes apparent. This other appearance is
revealed by molecules bonded additionally to the complexes. In these cases the apparent
height of the two aromatic rings has changed. The depression, though, is still visible and
allows to assign the direction of the molecule. For the single molecule the protrusion, next
to the depression, assigned to the phenyl ring is largest. For the attached molecules the
opposite is observed and the highest protrusion is assigned to the pyridyl ring. The change
in appearance is rationalized by the bonding towards the other molecules. The bonding is
suggested via hydrogen bonding. The interaction of the pyridyl-group towards the surface
is weakened and more charge is expected to remain above the surface inducing an increase
of the apparent height. Whenever a molecule is attached in the direction towards another
one the “docking position” shows no depression. This suggests that the carboxylic group
of this molecule is still intact. Numerous molecules of this type are found, which shows,
that not all the molecules have deprotonated after deposition at room temperature.
Postannealing the sample up to 425 K for 5 min. leads to the formation of mainly two-fold
PVBA complexes (see Fig. A.2). There are two reasons for the increased proportion of
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Figure A.1: Large scale image of PVBA adsorbed at room-temperature. The red circles
indicate a PVBA monomer and a PVBA complex. The area in the upper right corner was
taken at a different position on the surface and shows the longest chain of PVBA molecules
that was observed. Bias= 0.1 V.



115

Figure A.2: Topography images of PVBA after postannealing to T=425 K for 5 min. a)
1500 x 1500 Å2, Bias = 1 V. b) 800 x 800 Å2 (inset: 200 x 200 Å2), Bias = 0.1 V.

complexes at higher temperatures: First, at higher temperatures deprotonation is occuring
with a higher probability and second, the adatom gas needed to form the complexes has
increased in pressure making more adatoms available. In the bottom right of Fig. A.2 a
step edge is visualized. As can be seen the molecules decorate the step edge, which has
been observed also at room temperature deposition, demonstrating a sufficient mobility
of the molecules at these temperatures and shows that the step edge is providing possible
binding sites.

Depositing the molecules onto the substrate held at temperatures lower than room-
temperature deprotonation is expected to be suppressed as well as the number of adatoms
to be decreased. Images taken after deposition at 144 K are shown in Fig. A.3 and Fig. A.4.
Dendritic structures consisting of PVBA molecules are observed. Much longer chains
running along high-symmetry directions are formed. These structures are in line with the
expected suppression of deprotonation and the lack of available Cu adatoms. Nucleation
of the structures occurs on terraces and step edges. The step edges are, however, contrary
to the high temperature cases, not fully decorated. The molecules in the dendrites occur
typically as two protrusions of different height, similar to attached molecules in the room-
temperature case. Notably, numerous other appearances are observed visible in the zoom
in images. Additionally, at the intersections of the dendrites three molecules are connected
with each other. Contrary to former reports [58] no single protrusions have been observed
at low temperatures. Measuring at large positive voltages leads to an increased apparent
height and a smoothing of the features resolved at low voltages.
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Figure A.3: Topography images of PVBA deposited on a Cu(111) sample held at T= 144 K
a) Overview image, b) and c) Zoom-in taken at Bias= 0.1 V and Bias= 1V, respectively.
Image sizes: a) 800 x 800 Å2, b) and c) 200 x 200 Å2.

Figure A.4: Topography images of longer chains of PVBA molecules obtained after a low
temperature deposition. a) and b) taken at 0.1 V. c) same as b) taken at 1.6 V. Image
sizes: 200 x 200 Å2
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Details of the density functional
theory calculations

B.1 PVBA and PVBA complexes on Cu(111)

The structural optimizations and the local dipole calculations have been carried out with
the density functional theory method within the plane-wave framework, by means of the
Quantum-ESPRESSO package [134]. The Cu(111) surface was modeled by means of a slab
consisting of three (in the case of the energy calculations four) metal layers with coordinates
of the deepest kept fixed to mimic the bulk arrangement. The adsorption was carried out
on only one side of the slab, avoiding spurious dipole effects by means of the technique
described in Ref. [135]. Vanderbuilt ultrasoft pseudopotentials with a plane-wave kinetic-
energy cutoff of 25 Ryd were used. Due to the large lateral cell dimensions, Brillouin
zone sampling was limited to the Γ point. The convergence threshold for the residual
forces during atomic structure relaxation was set at 0.007 eV Å�1; electronic exchange
and correlation were treated within the local density approximation (LDA) approximation
(for more details see also [80]). For the PVBA monomer a computational (6 x 6) triclinic
supercell with 16.71 x 16.71 Å2 surface area was used, allowing 12 Å of vacuum between
periodic images along the z axis (orthogonal to the surface) to avoid spurious interactions.
For Cu(PVBA)2 an orthorombic cell with a=c= 19.91 Å and b= 17.26 Å was used and due
to the large cell only two metal layers were employed. For intermediate sized molecular
structures for example the CuPVBA complex the used cell sizes were in between the two
given ones.

The following theoretical investigations focus on the changes of the electronic structure
of the Cu adatom upon complexation with PVBA. The ground state electron configuration
of single Cu atoms is [Ar]3d104s1. For a single Cu adatom on Cu(111) the spectroscopic
signature has been reported in [104]. In the positive voltage range one pronounced peak
at approximately 3.3 V was observed. This is denoted to a spz hybrid atomic orbital at
2.7 eV with strong coupling to the surface. The energy shift in the experiment is a re-
sponse to the applied electric field at high biases. At negative voltages a resonance at
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Figure B.1: Density of states of the Cu d-orbital obtained by density functional theory.
Inset shows the contribution of the dz2 orbital.

-1.9 eV is predicted by theory with dz2 character. This state, however, is reported to be
not experimentally accessible by STS owing to its strong spatial localization [104]. Nev-
ertheless, it is instructive to compare the electronic properties of a single Cu atom and a
Cu atom attached to the molecule. For this purpose also the single Cu adatom has been
calculated by the same method described above. Similar to the reported values [104], the
3d-orbital is found at -1.7 eV and an sp hybridized orbital at energies above the Fermi level
is calculated. The d-orbital of transition metal atoms is held largely responsible for the
arrangement of molecular ligands around the metal center. The partial density of states
denoted to the d-orbital for the Cu as an adatom and in the complex is displayed in Fig.
B.1. The Cu dz2 orbital, which has the largest contribution to the total d-orbital, broadens
and is shifted by 0.3 eV to lower energies (see inset in Fig. B.1). Similar behavior can be
observed for the other symmetries of the d-orbital, so that the total contribution of the
d-orbital is shifted to lower energies and broadened. This shows that the atomic orbitals of
the Cu get hybridized with the ones of the molecule. Above the Fermi level s- and p-states
dominate (not shown), which get also hybridized, but their signature is not as clear as for
the d-orbital owing to the strong hybridization of the adsorbate states with the surface.

B.2 Co on Cu(111)

Local density approximation approaches have been used for the exchange and correlation
potential, and a 250 Ryd energy cutoff is used to define real-space grid for numerical cal-
culations involving the electron density. Core electrons of all elements are replaced by
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nonlocal norm-conserving Troullier-Martins pseudopotentials. Valence electrons of the Cu
substrate are described using a double-ζ plus polarization atomic orbital basis set, and a
triple-ζ plus polarization atomic orbital basis set for the Co adatom. For the three chosen
different tip-substrate distances (denoted A, B, and C in Fig. 6.3) a full relaxation by
SIESTA code was performed. The displacements of the Co adatom at these positions cal-
culated by the molecule static (MS) method are 0.02, 0.21, and 0.05 Å, respectively. These
are 0.01, 0.26, and 0.08 Å obtained from SIESTA code, coinciding with the MS results very
well. Relaxation of the atoms in the tip was also taken into account in the calculations.
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Braun, J. Dokić, T. Klamroth, P. Sallfrank, and J. I. Pascual, J. Phys. Chem. C
111, 14843 (2007)

[100] J. Repp, G. Meyer, F. E. Olsson, and Mats Persson, Science 305, 493 (2004)

[101] S. W. Wu, N. Ogawa, and W. Ho, Science 312, 1362 (2006)

[102] M. Alemani, M. V. Peters, S. Hecht, K.-H. Rieder, F. Moresco, and L. Grill, J. Am.
Chem. Soc. 128, 14446 (2006)

[103] L. Bartels, G. Meyer, and K.-H. Rieder, Phys. Rev. Lett. 79, 697 (1997)

[104] F. E. Olsson, M. Persson, A. G. Borisov, J.-P. Gauyacq, J. Lagoute, ans S. Fölsch,
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Artur Küster, Christian Riedl, Ulrich Starke, and Christina Gómez-Navarro I thank for
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