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Chapter 1 Introduction

1.1 General

Single molecules and organic layers on well-defined solid surfaces have attrac-
ted tremendous attention owing to their interesting physical and chemical
properties. The attention also arises from their potential applications in a
wide range of technological areas, for instance biosensing, corrosion inhibition,
surface patterning and biomimetics. The ultimate aim would be to realize
electronic circuits based on a single molecule or a small assembly of mo-
lecules.1,2 This field is referred to as molecular electronics. In order to achieve
this, single or a single layer of molecules (i.e. a self-assembled monolayer
(SAM)) have to behave like electronic components such as diodes, resistors,
transistors, switches, memories etc.3–5

There are several methods to investigate the structural and electronic
properties of single molecules and organic layers. Molecular break junctions
are used for conductance measurements of single molecules. A molecular break
junction consists of two sharp electrodes where the spacing and the voltage
drop can be adjusted. In this way an I(V) measurement can be realized from
which the conductance of a single molecule can be extracted.6–9 To probe
organic layers, methods such as conductive probe atomic force microscopy
(CP-AFM), EGaIn junctions and Large Area Molecular Junctions (LAMJ),
are very suitable. For CP-AFM, a conductive AFM tip is brought into contact
with a SAM, where the normal force feedback circuit of the AFM controls
the microcontact while the I(V) characteristics are recorded.10 With EGaIn
an eutectic alloy of gallium and indium, abbreviated as EGaIn, is used to
make a top contact on a SAM without damaging it.11,12 The alloy remains
liquefied because of the low melting temperature of GaIn, which allows one to
contact SAMs under ambient conditions and to measure I(V) curves. LAMJ
follows the same approach, with the only difference that the top electrode is
a solid material instead of a liquid.13,14 With this approach it is possible to
produce stable junctions in large numbers.15

A powerful and versatile technique to image and contact molecules is
based on the scanning tunneling microscopy (STM).16–22 The STM has the
capability to image single molecules or organic layers on surfaces and to study
their electronic and dynamic properties using scanning tunneling spectroscopy
(STS). A brief introduction of STM and STS is given in section 1.2.1. Using
the STM break junction approach (STM-BJ) as introduced by Xu et al.,23
it is possible to measure the conductance of molecules.23–25 An STM-BJ is
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1.2 Experimental techniques

realized by moving an STM tip into contact with a conducting substrate within
a solution of the desired molecules.23,26 Subsequently, the tip is retracted
while the current is recorded. This results in the creation of a molecular
junction. This is also possible in a non-liquid environment by chemisorption
or physisorption of the molecule between the tip and the surface.27,28 The
electronic properties of molecules can also be studied using STS or by pushing
the STM tip into a SAM.

Besides the capability to "catch" a molecule between the tip of an STM
and the surface or by performing STS, an STM is also capable to image single
molecules or a molecular assemblies on surfaces. The latter allows one to
obtain information about the exact adsorption configuration of the molecules.
The adsorption configuration of the molecule on the surface strongly affects
the electronic as well as the structural properties of the molecules. Even
after a molecule is adsorbed onto a substrate, it can still exhibit dynamic
behavior.29–33 The ultimate utility of single molecules or SAMs for potential
applications, with respect to the reproducibility and the stability of devices,
is critically dependent on the structural, electronic and dynamic properties.
Therefore is it important to study the structural and electronic properties
as well as the dynamic processes of single molecules and organic layers on
surfaces.

1.2 Experimental techniques

1.2.1 Scanning tunneling microscope

The scanning tunneling microscope (STM) was invented by Binnig and Rohrer
in 1981 at IBM Zurich and gave a massive boost to research of metal and
semiconductor surfaces on the nanoscopic scale.34,35 With the invention of
STM, exploration of the atomic scale realm of surfaces in real space has become
feasible. STM relies on the principle of quantum mechanical tunneling (see
next section 1.2.2), which makes it possible to resolve a surface down to
the atomic scale. What sets STM apart from most other surface sensitive
techniques, is its ability to investigate structural as well as electronic properties
of a surface with a high spatial resolution.

In STM, an atomically sharp metal tip is brought at a distance of about
1 nm from a surface. Both the tip and the surface act as an electrode across
which a voltage difference is applied, i.e. the bias voltage V, that results
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Chapter 1 Introduction

in a tunneling current I. In this way, the wave functions of the conducting
sample and the tip exhibit some overlap and an electron can tunnel from
one electrode to the other. Electrons will tunnel into empty (filled) states
of the sample if a negative (positive) bias voltage is applied to the tip. The
exact magnitude of the current depends on several parameters, but the most
commonly used and simple equation is the Simmons equation36–38

I ∝ V ρ

z
e−κz (1.1)

Here I is the tunneling current, V the applied bias voltage, ρ the density of
states (DOS), κ the inverse decay length (also often labeled as β) and z the
tip-sample separation distance (also labeled as d). Equation 1.1 shows that
the tunneling current is strongly dependent on the tip-sample separation and
the inverse decay length, which is related to the tunneling barrier height φ
via κ = 2

√
2mφ
h̄

. The inverse dependence on z in the prefactor is occasionally
omitted due to its limited effect as compared to the exponential dependence.

The STM can operate in two different modes:

• constant current mode
• constant height mode

In the constant current mode, the tip scans across the surface and a regulation
system, i.e. feedback loop, attempts to keep the current constant by varying
the tip-sample distance z. The tunneling current is compared to the setpoint
value by the feedback loop and the tip position and height is adjusted via
piezo elements. The vertical displacement is recorded as a function of the
lateral displacement and is converted to a value of the z-coordinate in the
image (see Figure 1.1). When the STM is operated in constant height mode,
the tip remains at the same z-position during scanning while the current is
measured. Considering the risk to crash the STM tip when scanning non-
atomically flat surfaces, the constant height mode is not as popular as the
constant current mode. In addition to imaging, the STM is also capable of
manipulating atoms,39,40 measure dynamic events on a surface,41–43 induce
dynamics events on a surface29,33,44,45 or measure electronic properties using
spectroscopic tools.46–48 The latter will be addressed in section 1.2.3.
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1.2 Experimental techniques

Figure 1.1: Schematic diagram of an STM. In constant current mode, the
feedback loop keeps the current between tip and sample constant. The vertical
displacement of the tip is recorded as a function of the lateral position of the
surface.

1.2.2 Quantum mechanical tunneling

In contrast to other transport mechanisms, such as diffusion and drift, which
can be described on the basis of classical physics, quantum mechanical tunnel-
ing can only be understood in terms of quantum theory.38 Consider a sheep
and a fence, as an analogy to an electron and a potential barrier. From the
classical viewpoint, the sheep will never be able to traverse the fence when the
fence is too high. However, in quantum mechanics it is possible for the sheep
to go through the fence without damaging it. Because of the wave-particle
dualism of a microscopic particle, a particle may in fact traverse the barrier.
There is a finite probability of finding the particles at the other side of the
barrier because of the wave nature of these microscopic particles. In this case
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Chapter 1 Introduction

the particle has tunneled through the barrier.
The above-mentioned principle is used in STM. When two electrodes, i.e.

tip and sample, are placed in very close proximity of each other, electrons may
transfer from one electrode to the other via quantum mechanical tunneling.
In this case the vacuum gap between the electrodes can be considered as a
potential barrier because there are no energy states available in this gap. The
current that flows between the electrodes depends on the energy difference
between the Fermi levels (EF). When both electrodes are connected with
each other without an applied bias voltage, the Fermi levels are balanced and
no net tunneling current will flow. However, when a positive bias voltage is
applied to the first electrode, the Fermi level of the other electrode is shifted
by -eV. This leads to a net flow of electrons from the filled states of the second
electrode to the unoccupied states in the first electrode. Applying a negative
bias voltage to the first electrode will shift the second electrode by eV causing
the electrons from the occupied states of electrode 1 to flow to the unoccupied
states of electrode 2.

In general, there are two approaches to derive an equation for the tunneling
current in STM. One is based on the scattering theory and is able to yield
accurate expressions.38,49 Usually, however, a modified Bardeen approach is
used which is based on perturbation theory.50 The first theoretical description
of the tunneling process in STM was presented by Tersoff and Hamann using
Bardeen’s approach.51 In this theory, the wave functions of the tip and sample
are considered as separated, undisturbed systems leading to the following
equation

I = 4πe2

h̄
V ρS(E − F )ρT(EF) |M |2 (1.2)

which is only valid for small bias voltages V. Here, e is the electon charge, h̄
the reduced Planck constant, ρS and ρT are the density of electronic states of
the tip and sample, respectively, EF the Fermi energy and M the transition
probability matrix. Assuming a spherical tip having s-like wave functions and
a constant ρT around EF, Tersoff and Hamann38,51 reduced equation 1.2 to

I ∝ e−κz (1.3)

in other words, the tunneling current falls off exponentially with the increasing
tip-sample distance z with a certain decay length κ, where κ is given by 2

√
2mφ
h̄

.
Unfortunately, this interpretation is no longer valid in the high bias regime
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1.2 Experimental techniques

and for tip wave functions with a non-zero angular momentum.38,52 Therefore
the Wentzel-Kramer-Brillouin (WKB) approximation is applied, which gives

I =
∫ eV

0
ρSρTT (E,V , z)dE (1.4)

where ρS and ρT are the DOS of the tip and sample, respectively, and with
an energy- and bias-dependent transmission function T given by

T (E,V , z) = e
−2z
√

2m
h̄

√
φS+φT

2 + eV
2 −E (1.5)

with m the electron mass, φS and φT are the work functions of tip and
sample and E is the energy. Later Chen used more directional tip-orbitals to
model the wave function of the tip which allowed a better description of the
experimental observations.53,54

1.2.3 Scanning tunneling spectroscopy

As mentioned previously in section 1.2.1, STM is a very powerful tool to
image surfaces at an atomic scale, with a spatial resolution of approximately
1 Å and a vertical resolution in the pm range. However, one of the most
fascinating aspects of the STM is its capability to obtain spectroscopic data
with atomic resolution. This allows the STM to measure, in addition to
topography imaging, information about chemical, electronic and dynamic
properties of a surface. This spectroscopic technique is commonly known as
scanning tunneling spectroscopy (STS), and is often indicated in an X(Y)
format, indicating that parameter X is measured as a function of Y, with all
the other parameters constant. Common spectroscopic tools are:

• I(V): current-voltage spectroscopy
• I(z): current-distance spectroscopy
• I(t): current-time spectroscopy

The common spectroscopic tools are briefly explained in the following sections.
In addition to the "standard" spectroscopic tools, other modes of STS have
been developed, such as inelastic electron tunneling spectroscopy (IETS),48
transition voltage spectroscopy (TVS),55 κ-spectroscopy,56 z(V) spectro-
scopy,57,58 local barrier height spectroscopy59 or using Gundlach oscillations
to measure the work function of a material.60
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Chapter 1 Introduction

I(V) spectroscopy

Current-voltage spectroscopy is the most frequently used spectroscopic tool
and determines the electronic properties of the probed surface. The current
(I ) is recorded when the voltage (V ) is ramped between two values in small
increments. During this process, the feedback loop is disabled which means
that the tip is at a fixed tip-sample distance. The curves always collapse at
the setpoint, defined by the setpoint current and the bias voltage before the
feedback loop is disabled. The measured current values are thereby expressed
relative to the setpoint current and bias voltage; this comprises an important
experimental detail that should always be considered when comparing STS
data. Metals typically show a linear I(V) relationship with a non-zero slope
around the Fermi level, i.e. 0 V, while semiconductors show no current in the
band gap region.46,47,61–64

Often I(V) spectroscopy is used to determine the local density of states
(LDOS) of the surface46,47,62–65 and is given by

dI/dV
I/V

(1.6)

According to equation 1.4, the current changes are associated with the
LDOS of the surface, ρS. To a good approximation ρS is proportional to dI

dV
assuming that the DOS of the tip (ρT) is constant or slowly varying as a
function of energy.63,64 The negative bias reflects the occupied states of the
LDOS while the positive bias probes the unoccupied states.66,67

When I(V) STS is combined with STM, the I(V) curves themselves can be
examined to reveal the spatial localization of spectral features, or images can
be produced by plotting the measured current at any voltage. Furthermore,
differences between current images at voltage intervals can be plotted to
enhance the spectral resolution.47,64,68,69 The same result can be obtained
using a lock-in amplifier. By applying a sinusoidal modulation voltage to the
bias, a lock-in amplifier can be used to directly measure the spatially resolved
derivatives of the tunneling current.70–74

A third possibility to extract the LDOS of a surface is z(V) spectroscopy, i.e.
voltage-distance spectroscopy. The voltage (V ) is ramped between two values
in small increments and the tip-sample distance (z) is measured while the
feedback loop is enabled. The main advantage of keeping the tunneling current
constant during the measurement is the reduced risk of tip deformation due
to changes in the electric field between the tip and sample. The disadvantage
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1.2 Experimental techniques

Iz It0
t0+tI

V

CA B

Figure 1.2: Illustration of (A) I(V) spectroscopy,(B) I(z) spectroscopy and
(C) I(t) spectroscopy, respectively. The current is measured as a function of
the voltage, tip-sample distance or time.

is that only one polarity can be measured at a time, unlike I(V) spectra which
can be measured through V = 0 without issues.57,58,66,67,75,76

I(z) spectroscopy

Current-distance spectroscopy is performed with a disabled feedback loop.
The current (I ) is measured as a function of the tip-sample distance (z)
while the bias voltage is kept constant. The tip can manually be moved
towards or away from the sample with respect to the initial tip height. The
initial tip height is defined by the setpoint current and the bias voltage. I(z)
spectroscopy can be used to measure the local tunneling barrier φ. From
equation 1.1 is immediately clear that there is a exponential dependence
between φ and the distance z. Plotting ln(G) = ln

(
I

V

)
, versus z yields a

straight line with a slope from which the value of φ can be extracted.56,77–79

It is also possible to make spatial resolved dI
dz maps, in which a spatially

variation of the work function can be easily noticed.56,79 z(V) spectroscopy
can also be used to extract the local tunneling barrier.58,67,80–82

I(t) spectroscopy

Current-time spectroscopy makes it possible to study dynamic processes down
to the level of a single atom.29,33,44,45,83–86 After the tip is positioned above
the desired position of the surface, the feedback loop is disabled and the
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Chapter 1 Introduction

current (I ) is recorded as a function of time (t), i.e. the bias and tip-sample
distance remain constant. When the feedback loop is enabled, z(t) traces can
be recorded. Any dynamic event in the proximity of the tip that changes the
effective tip-sample distance or the barrier height is reflected as a variation in
the current. Disabling the feedback loop enhances the temporal resolution by
orders of magnitude,87 thus greatly increasing the sensitivity for dynamics
on the molecular or atomic scale.87–89 The time resolution is now limited to
the bandwidth of the I-V converter, instead of the bandwidth of the feedback
loop. However, an open feedback loop can cause lateral and vertical drift of
the tip leading to additional variations in the tunneling current.

1.3 Substrates

In this dissertation mainly two types of surfaces are used: (1) the Au(111)
surface and (2) Pt- and Au-induced nanowires on Ge(001). In Chapter 3
self-assembled monolayers (SAMs) are formed on the Au(111) surface, while
in Chapter 6 the Au(111) surface is used to demonstrate a novel method to
measure the thermovoltage with high spatial resolution. The Pt-modified
Ge(001)surface serves as a nanotemplate to study properties of single molecules
(see Chapter 4), whereas in Chapter 5 copper-phthalocyanine (CuPc) molecules
are adsorbed in a "molecular bridge" configuration on the Au-modified Ge(001)
surface to characterize the dynamic behavior of these molecules.

1.3.1 Au(111)

The Au(111) surface exhibits a peculiar reconstruction with a large unit cell
referred to as the herringbone reconstruction. The (22 ×

√
3 ) unit cell is based

on a uniaxial compression of the top layer along the <11̄0> direction, where
23 surface atoms occupy 22 bulk lattice positions. Along the direction of the
compression, the stacking sequence changes from fcc to hcp to fcc separated
by bridge regions with a periodicity of 63 Å. This reconstruction has been
thoroughly investigated by scanning tunneling microscopy (STM),59,90–92 and
its stability has been confirmed by various theoretical calculations.93–97 The
bridging rows are stacking faults and partial dislocations of the compressed
topmost layer, also termed soliton walls, and show up in images as elevated
ridges aligned along the <121> directions98 (see Figure 1.3). The surface
is therefore non-planar, having a corrugation of 0.2 Å. The orientation of
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1.3 Substrates

the reconstruction depends on the surface stress, which can be interpreted
as a topological soliton.98,99 For the Au(111) reconstruction it is the balance
between two contributions: (1) the top layer favors a uniform contraction
owing to a variation in the electronic structure as compared to the bulk,
whereas (2) the underlying bulk layer tends to bind the surface atoms to the
bulk positions. The compromise between these two contributions leads to the
creation of the soliton.

1.3.2 Nanowires on Ge(001)

Ge(001)

Germanium is a semiconductor and has a diamond cubic crystal structure,
which is composed of two interpenetrating fcc sublattices displaced with
respect to each other along the body diagonal of the cubic cell by a quarter
length of the diagonal, i.e., the origins of the two fcc sublattices lie at (0,0,0)
and (1/4,1/4,1/4). If the diamond lattice is cut along the (001) plane, the
surface atoms are left with two broken, i.e., dangling, bonds.100 Dimerization
will reduce the number of dangling bonds from two to one per surface atom
to minimize the surface free energy.101–103 This gives rise to different surface
reconstructions, where an alternatingly buckled dimer configuration provides
the highest energy gain.104

Pt-modified Ge(001)

The Pt-modified Ge(001) (Pt/Ge(001)) surface has been extensively studied
over the past 10 years because of the presence of well-ordered atomic chains
that have a cross section of only one atom, are kink free and virtually defect
free (see Figure 1.4A).70,105–110 After deposition of a monolayer of Pt on a clean
Ge(001) surface followed by a subsequent annealing, the Pt-modified surface
shows two distinct phases; an ordered phase (β-terrace) and a disordered phase
(α-terraces).105,111 The α-terraces are normal Ge(001) terraces that contain
a rather high concentration of missing dimer defects caused by Pt atoms
that sit at subsurface positions and due to their composition the α-terrace
cannot host nanowires. The bare β-terrace exhibits nanocavities112 and short
strain induced line defects and can be covered with atomic chains ranging
from single atomic chains to densely packed patches of nanowires. The Pt
atoms in the atomic chains dimerize with their dimer bond aligned along
the [110] and [11̄0] directions along the Ge(001) dimer rows and the most

11



Chapter 1 Introduction
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Figure 1.3: (A) STM image (50×50 nm2) of the Au(111) surface recorded
at a sample bias of 0.2 V and a setpoint current of 300 pA. The herringbone
reconstruction is clearly visible. The bright ridges are the bridge regions
between the fcc and hcp regions. (B) The height profile measured along the
line in (A).

common separation between the atomic chains is 1.6 nm.70,105,111Because of
the metallic character and structural properties, the Pt/Ge(001) system serves
as an excellent nanotemplate to study single molecule properties.18,28,113–115
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1.3 Substrates

A B

 4 nm 4 nm

Figure 1.4: (A) 3D STM image of Pt-induced nanowires on Ge(001) recorded
at a sample temperature of 77 K, with a bias voltage of 1.5 V and a set point
current of 0.5 nA. (B) 3D STM image of Au-induced nanowires on Ge(001)
recorded at the same settings as in (A). Both insets show a 2D representation
of the previously mentioned systems. Both systems have 1.6 nm spacing
between the wires, however, the Au ridges are relatively broader and contain
Ge-Ge dimers at the top. The corrugation is 5 Å for the Au-induced wires
compared to 1.5 Å for the Pt-induced wires.

Au-modified Ge(001)

Au-induced nanowires (Au/Ge(001)) were first reported by Wang et al.116 and
appear at first sight much like the aforementioned Pt/Ge(001) system (see
section 1.3.2). Both systems exhibit well-ordered chains which are kink free
(see Figure 1.4B). Both types of wires run along the [110] and [11̄0] directions of
the Ge(001) substrate and their length is limited by the width of the terrace.
Even the separation between the wires is similar (in both cases 1.6 nm).
However, both the structural as well as the electronic properties between of the
systems is significantly different, leading to extensive investigations.72,117–126
As mentioned before the separation between the Au-induced nanowires is 1.6
nm, comparable with the Pt/Ge(001) system, but their height is at least 6 Å,
compared to 1.3 Å for the Pt/Ge(001) system. Van Houselt et al.118 proposed
a structural model where the ridges of the Au-induced nanowires consist of
regular Ge dimers, whereas the trenches are composed of small Ge(111) facets
decorated with Au atoms. The zigzag appearance of the nanowires is due to
the fact that adjacent dimers prefer to buckle in opposite direction.122 Later,
Berkelaar et al.127 and Kuzmin et al.128 used this system to isolate the copper
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Chapter 1 Introduction

core of a CuPc molecule and investigated the influence of the substrate on the
electronic and structural properties of the molecule. This will be discussed in
further detail in Chapter 5.

1.4 Scope and outline

Chapter 2 provides an introduction to the equipment used to obtain the data
presented in this thesis. Chapters 3 and 6 describe the work that is performed
on an RHK UHV variable temperature STM. The first Chapter deals with
the Au(111) surface to study the dynamics of the different phases that coexist
in a decanethiol self-assembled monolayer (SAM). in the second Chapter
the Au(111) surface is used to demonstrate a newly developed technique to
measure the thermovoltage. The Omicron Low Temperature STM is used in
Chapters 4 and 5 to realize a molecular switch and molecular transistor and
to probe the dynamic properties of a copper-phthalocyanine (CuPc) molecule
on a Au/Ge(001) surface.

Chapter 3 described the dynamics of a decanethiol SAM on a Au(111)
surface using time-resolved STM, i.e. I(t) spectroscopy, at room temperature.
Different phases of decanethiol SAMs coexist at room temperature depending
on the coverage and the temperature. In the first part of this Chapter the
different phases are characterized using I(t) spectroscopy, which provides
additional information on already existing models of the various phases.
In the second part the boundary free energies between the ordered and
disordered phases are studied using a statistical analysis of the thermally
induced meandering of the domain boundaries.

In Chapter 4 a single octanethiol is trapped between the apex of an STM
tip and a Pt/Ge(001) surface which makes it possible to measure the transport
properties of the molecule. Based on this knowledge a molecular switch and
a molecular transistor have been realized. The molecular switch is stable in a
broad temperature range and can be opened and closed by carefully adjusting
the voltage or the tip-sample distance. The molecular transistor works via
mechanical gating, i.e. stretching and compression of the octanethiol. By
varying the tip-sample distance, the conductance of the junction can be
systematically adjusted.

Copper-phthalocyanine (CuPc) molecules deposited on a Au/Ge(001) sur-
face adsorb in a "molecular bridge" configuration, where the CuPc molecule
is trapped between two adjacent Au-induced nanowires. In this configuration

14
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the copper core of the CuPc molecule is electronically as well as structurally
decoupled. In Chapter 5 the dynamics of different lobe states is probed and
characterized by using spatially resolved I(t) spectroscopy combined with I(z)
spectroscopy. By precisely adjusting the tip-molecule distance, the switching
frequency of the lobes can be accurately tuned.

The last Chapter describes a novel method to measure the thermovoltage
with a high spatial resolution using the lift-mode in a standard STM. The
lift-mode makes it possible to measure the topography and the thermovoltage
quasi-simultaneously. The thermovoltage arises from a temperature difference
between the STM tip and sample and is very sensitive to small variations of
the local density of states in the vicinity of the Fermi level. Friedel oscillations
are observed near the step edges while for the herringbone reconstruction
small variations in the local work function are measured.
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Chapter 2 Experimental setup

2.1 RHK UHV Variable Temperature STM

The experiments on self-assembled monolayers (Chapter 3) and the thermo-
voltage setup (Chapter 6) are performed on an RHK Technology UHV3000
variable temperature STM with an RHK SPM1000 control system such as the
one shown in Figure 2.1. The temperature range of the STM is approximately
from 40 K (cooling with LHe) up to 1000 K (heating with a filament in the
sample holder). The STM consits of the following key components (also
labeled in Figure 2.1):

(I) The main chamber, which houses the actual STM module (see inset of
Figure 2.1).

(II) The loadlock for introducing samples and tips.

(III) I-V converter and amplifier which also contains the thermopower module
(see Chapter 6 for more information).

(IV) Flow cryostat, which can be used to cool the system down to approxim-
ately 40 K using LN2 or LHe.

(V) A sputter gun using high energy Ar+ ions to bombard the sample.

(VI) The sample and sample holder both located in the main chamber.

(VII) The tip and the beetle type scanner.

The base pressure of the main chamber is kept below 1× 10−10 mbar,
while the pressure in the loadlock is 1× 10−9 mbar. The loadlock is used
to introduce samples and tips into the STM without breaking the vacuum
and therefore the main chamber and loadlock have a separated system of
vacuum pumps. The main chamber is pumped by an ion pump equipped with
a titanium sublimation pump, while the loadlock is pumped by a turbo pump.
The sputter gun, located in the loadlock, is used to bombard substrates with
high energy Ar+ ions in order to remove the top layers of the substrate.

The RHK UHV 3000 has a beetle type scanner (see inset of Figure 2.1)
which is thermally as well as mechanically stable. In this configuration the
scanner piezo is located on top of the sample while the three outer piezos are
positioned on the ramp of the sample holder. By applying a sawtooth voltage
ramp to the three piezo legs, a stick-slip like motion is induced leading to the
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Figure 2.1: The RHK STM setup used for the experiments performed on
self-assembled monolayers. The system consists of the following parts: (I) Main
chamber housing the STM, (II) loadlock, (III) I-V converter and amplifier
(also includes the thermopower setup (see Chapter 6)), (IV) flow cryostat and
(V) a sputter gun. The inset shows the STM which is situated in the main
chamber with (VI) the sample and sample holder and (VII) the tip.
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scanner piezo being moved closer to or further away from the sample. The
scanner is thermally isolated from the sample stage as well as the sample
holder allowing a great flexibility to perform variable temperature STM
measurements. The scanner design includes an internal spring suspension
system and eddy current damping to prevent vibrational coupling to the STM
and disrupting the measurement process. In addition the beetle configuration
provides an excellent optical access to the tip sample positioning.

The combined I-V converter and amplifier is located outside of the main
chamber which makes it very easy to replace it by another amplifier. This
provides flexibility in the type of experiment that can be performed. The
standard amplifier can than be replaced, for example, by a variable gain
current amplifier (DLPCA-200, Femto, Germany) with a gain range from
1kV/A to 100GV/A or by a home-made I-V converter and amplifier (see
Chapter 6).

There are two types of sample holders, one with a filament for high tem-
perature measurements and one with the possibility for direct current heating
of semiconductor substrates. Both sample holders contain a K-type chromel-
alumel alloy to measure the temperature of the sample during heating or
cooling. With the Cryo Industries RC-102 UHV flow cryostat, the sample
can be cooled down to approximately 40 K using LHe or to approximately
90 K using LN2. With help of the ITC503S temperature controller, also
intermediate temperatures can be reached.

The control system of the STM is an RHK SPM1000 module. The module
incorparates high voltage outputs for the control of the four piezos, as well as
numerous in- and outputs for spectroscopic measurements. The module is
controlled by the XPMpro software which also reads out basic topography and
spectroscopic measurements as well as more complex combined measurements.

2.2 Omicron Low Temperature UHV STM

The single molecule experiments (Chapters 4 and 5) are performed on the low
temperature STM (LT-STM) with MATRIX electronics and software, both
supplied by Omicron NanoTechnology GmbH. The LT-STM system contains
the following parts (labeled in Figure 2.2):

(I) The main chamber, which houses the actual STM module (see inset of
Figure 2.2).
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2.2 Omicron Low Temperature UHV STM

(II) A home-built preparation chamber.

(III) The Omicron SPM PRE 4 preamplifier.

(IV) A sputter gun using high energy Ar+ ions to bombard the sample.

(V) A Knudsen cell evaporator.

(VI) A Pt and Au evaporator.

(VII) Connection for the mass spectrometer.

(VIII) The sample and sample holder.

(IX) The tip in the single piezo tube scanner.

(X) Cryostat.

In contrast to the RHK STM, the LT-STM consists of three chambers:
(1) the main chamber, which houses the actual STM, (2) the preparation
chamber and (3) the load lock. The base pressure of the main chamber
is 1× 10−11 mbar and is maintained using a ion getter pump equiped with
a titanium sublimation pump, while the turbo pump in the preparation
chamber ensures a pressure of approximately 3× 10−11 mbar. The extra
chamber between the load lock and main chamber, which is absent in the
RHK STM, ensures that the pressure in the main chamber remains low.

The LT-STM has a single piezo tube scanner (see inset of Figure 2.2), with
one electrode on the inside and four electrode stripes running along the length
of the tube on the outside. When a voltage is applied between the inner and
outer electrode, the material between the electrodes stretches/compresses
in the tube’s longitudinal direction. Applying a voltage to all four outer
electrodes, the whole tube can be streched/compressed. Bending of the
scanner is achieved by applying a voltage to one of the outer segments only.
The whole scanner is spring suspended and located inside two concentric bath
cryostats. The outer cryostat is filled with LN2 for thermal shielding while
the inner cryostat can be filled with LN2 or LHe to cool down the scanner
to 77 or 4 K, respectively. Intermediate temperatures can be achieved by
counter heating using a filament located inside the scanner.

The preparation chamber contains a sputter gun, a mass spectrometer
connection, a Knudsen cell to deposit molecules with a low vapor pressure
and two metal evaporators. The sputter gun uses high energy Ar+ ions to
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Figure 2.2: The Omicron LT-STM setup used for the experiments performed
on single molecules. The system consists of the following parts: (I) Main
chamber housing the STM which is enclosed by two cryogenic baths, (II)
preperation chamber, (III) I-V converter and amplifier, (IV) sputter gun, (V)
Knudsen cell, (VI) Pt and Au evaporator and (VII) connection for a mass
spectrometer. The inset shows the STM which is situated in the main chamber
with (VIII) the sample and sample holder and (IX) the tip.
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bombard the substrate and to remove the top layers. The Ar atoms are
introduced into the system via a mechanical leak valve and ionized as well
as accelarated by the sputter gun. Evaporators are used to deposit metals
(Pt and Au) on surfaces making use of a W wire with a Pt (or Au) wire
wrapped around it. By applying a high current through the W wire, Pt or Au
atoms are evaporated onto the substrate. Molecules with a low vapor pressure
(like copper-phthalocyanine molecules, as in Chapter 5) are deposited on the
surface using a Knudsen cell. By heating the cell to approximately 350 °C,
copper-phthalocyanine molecules are evaporated onto the surface. A leak
valve (as the one used for the sputter gun) is used to deposit molecules with
a high vapor pressure (such as the octanethiols used in Chapter 4).

The LT-STM uses an external Omicron SPM PRE 4 preamplifier that is
able to amplify the current up to 333 nA. The tip of the STM is biased and
the sample at ground potential. The LT-STM is controlled by the MATRIX
control system which incorparates the high voltage output for the piezo and
several in- and outputs for spectroscopic measurements. The MATRIX control
system is controlled by the MATRIX software, which allows either using the
standard software or by using scripts in the MATE editor.

31





3
Dynamics of a decanethiol self-
assembled monolayer on Au(111)*

∗Based on H. Wu, K. Sotthewes (co-first author), A. Kumar, G.J. Vancso, P.M. Schön and
H.J.W. Zandvliet, Langmuir 29, 2250 (2013) and K. Sotthewes, H. Wu, A. Kumar, G.J.
Vancso, P.M. Schön and H.J.W. Zandvliet, Langmuir 29, 3662 (2013)



Chapter 3 Dynamics of a decanethiol SAM on Au(111)

3.1 Introduction

The self-assembly of organosulfur molecules on Au(111) surfaces has been
a topic of intense research during the last few decades. Organosulfur self-
assembled monolayers are easy to prepare and are of great interest for many
technological applications ranging from molecular electronics and immobiliza-
tion of biological molecules to surface functionalization.1–7 In order to incor-
porate self-assembled monolayers (SAMs) into functional electronic devices,
a fundamental and detailed understanding of the structural and electronic
properties, dynamics and molecular interactions is required. The most popular
model systems for self-assembly are alkanethiols on Au(111) substrates.8–16
Many techniques, including scanning probe microscopy, second harmonic
generation, near-edge X-ray absorption fine-structure, quartz crystal microbal-
ance, and several diffraction techniques have been applied to investigate the
formation process of the SAMs of alkanethiolates.1,17–25

In particular, decanethiol SAMs have been extensively studied as a model
system of alkanethiols.9,11,17,18,20,22,23,26–28 It was found by Poirier et al.20
that the ordering of decanethiol SAMs depends strongly on the coverage.
Using STM (for more information see Chapter 1) they found that decanethiol
SAMs on Au(111) exhibit six different phases depending on the coverage: four
stable (α,β,δ and φ) and two metastable (χ, ε) phases were observed after
gas-phase deposition in ultra-high vacuum (UHV) at different exposures.27
In addition, it was shown that structural changes of the SAMs occur upon
annealing.11,28,29

As the vast majority of the alkanethiol SAMs are produced via the liquid
deposition method, it is very important to clarify the self-assembly process
of the alkanethiols SAMs in solution and compare these results with the
UHV deposition method. Poirier et al.30 mentioned that striped phases of
decanethiol molecules are found when Au(111) substrates were dipped into
dilute solutions for a short period. In-situ STM observations of the self-
assembly process of decanethiol in solution have been carried out by Yamada
et al.9,31 They found the formation of (

√
3×
√

3)R30◦ ordered domains in the
upright configuration.

Although numerous studies have been performed with alkanethiol SAMs,
a full understanding of the self-assembly process has not been achieved yet.
The goal of this study is to investigate the structure, dynamics and thermal
stability of the different ordered phases of a decanethiol SAM on Au(111).
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3.2 Experimental

The dynamic behavior of the decanethiols in the different phases is explored
by using I(t) spectroscopy (see section 1.2.3) while the thermal stability of
the phases is analyzed by analyzing the thermally induced meandering of the
phase boundaries using the deviation-deviation correlation function.

3.2 Experimental

Experiments were performed with an RHK UHV variable scanning tunneling
microscope (for more information see section 2.1). Substrates were purchased
from Arrandee (Werther, Germany) and contain a 250 nm Au/2nm Cr layer
on borosilicate glass. Au(111) samples were obtained by annealing these
substrates in a high purity H2 flame for 5 minutes. Prior to use, these
substrates were cleaned in a piranha solution (7:3 H2SO4:H2O2 by volume),
followed by rinsing with Milli-Q water and ethanol and dried in a nitrogen
stream. Following the protocol described by Love et al.7 decanethiol SAMs
are obtained at room temperature by chemisorption from a 1 mM ethanolic
solution onto freshly prepared Au(111) substrates for 24 hours. This procedure
leads to a densely packed SAM where the decanethiol molecules form a
standing up phase.7,32 In order to reduce the coverage, the sample is immersed
in a pure ethanol solvent for one hour.

To pre-check the presence of the SAMs on the Au(111) surface, contact
angle measurements were carried out using ultrasonically degassed Milli-Q
water. The values of the advancing and receding contact angles were 92◦ and
80◦, respectively. This result is in agreement with the observations of Li et
al.33

3.3 Structural properties of a decanethiol SAM on
Au(111)

In Figure 3.1A an STM image of a self-assembled decanethiol monolayer on
Au(111) is shown. Four phases are observed in the image: three ordered
phases (β,δ and χ∗) and one disordered phase (ε). In addition to the different
phases, the SAM also exhibits several characteristic defects, such as substrate
steps, domain boundaries, and vacancy islands.18 The β phase is a (11×

√
3)

striped phase where the decanethiol molecules lie flat down on the surface
in an alternating head-to-head and tail-to-tail registry. The β phase shows
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Figure 3.1: (A) STM image (100×100 nm2) of a reduced coverage decanethiol
SAM on Au(111) at room temperature (293 K). The sample bias is 1.2 V
and the tunnel current is 190 pA. The surface exhibits three ordered phases
(β,δ and χ∗) and one disordered phase (ε). (B) STM image (100×100 nm2)
of a densely packed decanethiol SAM on Au(111) at room temperature. The
sample bias is 1.2 V and the tunnel current is 190 pA. Small domains of
consisting of decanethiols molecules aligned in the upright configuration (φ
phase). (C,D) Line profiles taken across the β and δ phases, respectively. The
stripe widths are (C) 3.3 nm and (D) 2.2 nm.

a 0.49 nm periodicity along the stripes and an interstripe spacing of 3.3 nm
(see Figure 3.1C). The sulfur atoms appear brighter than the the alkyl chains
in the β phase, because of the mixing of molecular orbitals between the
sulfur atoms and the gold surface.34 The upper image in Figure 3.2 shows
a schematic diagram of the β phase. The cartoon shown in Figure 3.2 is
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β

δ

χ

Figure 3.2: Schematic representation of top and side views of β, χ and δ
phases. The exact nature of the Au-decanethiol complex is not yet known and
for the sake of simplicity represented here by a simple bond between a sulfur
atom and a Au atom of the Au(111) substrate.

simplified and the Au-S complex is represented by the light yellow circle while
the white circles refer to the regular Au atoms. The white and gray circles
refer to hydrogen and carbon atoms, respectively.
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According to the structure models of striped phases, the S atoms of the
molecule are adjacent to each other,27,33,35,36 as shown in Figure 3.2. However,
recent experiments have confirmed the existence of Au adatoms that remain
at the S-Au interface.37–41 Therefore two different adsorption models are
proposed: RS-Au (thiolate-gold), and RS-Au-SR (thiolate-gold-thiolate). In
the RS-Au model, the S atom is located on top of the gold adatom, and
the entire RS-Au unit structure is located on the hollow site of the gold
surface.38,40 In comparison, in the RS-Au-SR model, two alkyl mercaptides
are connected to one Au adatom, where the adatom is located on the bridge
site of the Au(111) and the two S atoms are absorbed on the top sites of
the Au(111) surface.14,41,42 Unfortunately the long alkyl chains prohibit to
obtain direct experimental evidence from STM measurements. Therefore,
the general agreement of the adsorption model of alkanethiol molecules on
metal surfaces is still under discussion. The formation of a self-assembled
monolayer is explained through a two-step mechanism, S-H bond breaking and
Au-S bond formation.43 When the hydrogen atom is released, the decanethiol
becomes a decanethiolate. However, in the remainder of this Chapter, we
refer to decanethiol, where it is formally a decanethiolate molecule.

The δ phase which has an out-of-plane interdigitation configuration is very
comparable to the β phase; however, the tails of the molecules are lying
partly on-top of each other, leading to a smaller stripe width of 2.2 nm and a
unit cell of (15×

√
3) (see bottom image of Figure 3.2 and Figure 3.1D).11

Alternative unit cells have been used to describe the same structure, for
example the h(5

√
3 ×
√

3)30◦, to indicate the hexagonal symmetry of the
substrate.9,17,26 As mentioned previously, for alkanethiol molecules that lie
flat on the surface, the sulfur atoms appear brighter in an STM image than
the alkyl chains. However, in the case of the δ phase, the sulfur atom is
blocked by the alkyl chain and therefore the STM mainly images the states
localized at the terminal methyl groups of the decanethiols.34

The χ phase consist of a perfect array of alternating β and δ stripes.27
Toerker et al.,28 and later Li et al.33 found in the low coverage regime a new
phase, which was referred as the χ∗ phase. The χ∗ phase is also composed of
β and δ domains; however, in contrast to the χ phase, the width of the β and
δ domains varies from location to location. The χ∗ phase shows switching
behavior between the stripe segments, suggesting that this phase is highly
dynamic at room temperature.28 The disordered ε phase does not exhibit any
structure and behaves as a two-dimensional liquid.
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Figure 3.1B represents a STM image of a densely packed self-assembled
monolayer on Au(111) showing small domains consisting of decanethiol mo-
lecules aligned in an upright configuration (φ phase). The packing arrangement
follows a (

√
3×
√

3)R30◦ lattice referenced to the Au(111) surface.9,17,21,26–28

3.4 Dynamics of a decanethiol SAM on Au(111)

Figure 3.3 shows a series of consecutive images of the same region recorded
with time intervals of 7 minutes. It reveals that the lower terrace remains
unaltered during imaging, while the upper terrace is very dynamic. Well-
ordered phases undergo significant changes, rendering the transition between
various phases, including the disordered phase. The vacancy islands are also
dynamic; the islands grow and shrink in size and occasionally they merge
together. The vacancy islands prefer a triangular shape and have a depth of
exactly one Au layer. In the vast majority of cases, one finds a well-ordered β
phase in the vacancy islands.

In order to better understand the dynamics of the various phases, I(t)
spectroscopy (see section 1.2.3) measurements were carried out at different
locations. The set points were fixed at 200 pA and 1.2 V, respectively. Figure
3.4D shows the I(t) traces performed on the disordered phase. The most
remarkable feature in these I(t) traces is the high current level. As pointed
out by Kockmann et al.,44 such high current values can only occur if the
tail of the decanethiol molecule flips up and makes contact with the tip. In
this case the electrons tunnel through the molecular backbone rather than
through vacuum.

For the β phase, I(t) spectroscopy is performed on the bright stripes, i.e.
the sulfur atoms, as well as the dim stripes, i.e. the alkyl tails. The I(t) traces
recorded on top of the bright stripes of the β phase reveal a two-level switching
process (see Figure 3.4A and Figure 3.5A). In Figure 3.5A an I(t) trace is
shown with a setpoint current of only 50 pA. The distribution of residence
times τ is plotted on a semi-logarithmic scale in Figure 3.5B. It shows a linear
dependence, characteristic for a random, i.e. stochastic, process.45–47 The
observed random telegraph noise is caused by a switching process between
two well-defined states.

The origin of the fluctuations in the current can be attributed to several
dynamic processes, such as diffusion of the molecules or wagging of the alkyl
tails. If it is a wagging of the alkyl tail, larger current fluctuations are
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Figure 3.3: (A-D) Sequence of STM images (100×100 nm2) showing dynamic
behavior of a decanethiol SAM on the Au(111) at room temperature (293 K).
The surface exhibits three ordered phases (β, δ and χ∗) and one disordered
phase (ε). The solid line marks a domain boundary between the ordered
β phase and the disordered ε phase, while the dashed line marks a χ∗ − ε
domain boundary. The sample bias is 1.2 V and the tunnel current is 190 pA.
The time lapse between consecutive images is 7 minutes.

expected.44,48,49 Due to the exponential dependence of the current upon the
tip-sample distance, a small variation in the tunnel distance results in a large
variation of the tunnel current. The fluctuations observed in this system are
approximately 200 pA, which is too small to be caused by the wagging of

40



3.4 Dynamics of a decanethiol SAM on Au(111)

I [
nA

]
I [

nA
]

I [
nA

]
I [

nA
]

0
0.1
0.2
0.3
0.4
0.5

0
0.1
0.2
0.3
0.4
0.5

0
0.1
0.2
0.3
0.4
0.5

0
2
4

6
8

C

A

B

D

0 1.50.5 1 2
t [s]

Figure 3.4: I(t) spectroscopy performed on (A) the β phase, (B) the δ phase,
(C) the φ phase and (D) the disordered ε phase. The setpoint values are
200 pA and 1.2 V. The cartoons are simplified and the Au-S complex is just
represented by the light yellow circle while the dark yellow circles refer to the
regular Au atoms. The white and gray circles refer to hydrogen and carbon
atoms, respectively.
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Figure 3.5: (A) I(t) spectroscopy on the sulfur atom of the β phase stripes.
The tunnel current and the bias voltage are 50 pA and 1.2 V, respectively. (B)
A semi-log plot of the residence time of the "up" state.

the alkyl tail and therefore has to be ruled out. Also in the case of diffusion,
in which a molecule moves outside the probed surface, larger current jumps
are observed.50 A system where the same kind of current fluctuations are
observed, is the rotation of a phthalocyanine molecule.51–54 The fluctuations
are due to changes of molecular configurations. The molecule does not diffuse
away from the tip, but simply another part of the molecule is probed. As can
be seen in Figure 3.3, the decanethiol SAM is very mobile. Therefore it is
very likely that the decanethiol SAM is diffusing as a blanket underneath the
tip. Thus, the variation of the tunneling current could be attributed to the
contribution from different parts of the decanethiol molecule, i.e. from the
sulfur to the alkyl tail.

Due to the intermolecular van der Waals forces the alkyl tails in the β phase
do not have many degrees of freedom, and therefore the I(t) traces only exhibit
relatively small jumps in the current due to the local changes of the SAM.
The I(t) spectroscopy of the δ phase is very comparable, but the current
jumps are on average a little lower than in the β phase (see Figure 3.4B).
This is a result of an even smaller configuration difference when the molecules
slide underneath the tip. Because the tails are covering the sulfur atoms, the
STM mainly images the states localized at the terminal methyl groups of
decanethiols which results in a smaller change in the current.
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The I(t) traces recorded at the densely packed φ phase (Figure 3.4C) have
a substantial noise band, but well-defined current jumps are absent. The
molecules in the φ phase all have the same configuration, which will result
in almost no variation in the current when the decanethiol SAM is moving
underneath the tip. However, I(t) spectroscopy performed on the disordered
phase exhibits a rich dynamical behavior and extremely high current values
(see Figure 3.4D). The molecules diffuse very rapidly within the disordered
phase. When the alkyl tail of the molecule flips up and makes contact with
the apex of the tip, the current jumps to a value of several nanoamperes. As
has been shown by Kockmann et al.44 an explanation for these high current
values is a physical contact between the substrate and the tip. The current
values measured in the decanethiol SAM are somewhat lower than current
values measured by Kockmann et al. because they used octanethiol molecules,
whereas in the current system decanethiols are used. The I(t) traces shown
in Figure 3.4 should be considered as fingerprints for the different decanethiol
phases found on Au(111).

The observed dynamics, in the images as well as in the spectroscopy,provides
evidence in favor of the existence of RS-Au and/or RS-Au-SR complexes.
When an alkanethiol molecule is adsorbed on a Au surface, a strong covalent
Au-S bond is formed.43,55 In order to measure dynamics in a SAM, i.e.
movement of the alkanethiols, the strong covalent S-Au bond needs to be
broken, which is very unlikely.43,55 When a RS-Au or RS-Au-RS complex is
formed, the interaction between the Au surface and the RS-Au or RS-Au-RS
complex is much weaker as compared to that of the Au-S bond,25,56 and
therefore the diffusion energy is substantially lower, explaining the observed
dynamics in the SAM.

3.5 Thermal stability of a decanethiol SAM on
Au(111)

Figure 3.3 shows four consecutive STM images of the same region of a
decanethiol SAM on Au(111). The images reveal that the lower terrace
remains unaltered during imaging, while the upper terrace is very dynamic.
The only low-density ordered phases adjacent to the ε phase are the β and
χ∗ phases. The absence of domain boundaries between the δ and ε phases
at room temperature suggests that this boundary free energy vanishes at a
temperature below room temperature.22,27 This does not necessarily imply
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that the phase is completely absent on the surface, since δ phases encapsulated
between other ordered domains and/or steps can still be stable.

A straightforward way to characterize an order-disorder phase transition is
via the boundary free energy. At zero temperature, it costs energy to create
a domain boundary. With increasing temperature, kinks will be thermally
generated in the domain boundary, leading to an increase of the meandering
of the boundary. The creation of a kink will cost energy, but the kink can
be generated in many different ways, resulting in an increase of the entropy
and thus a decrease of the free energy. The order-disorder phase transition
occurs at a temperature where the boundary free energy vanishes. The
domain boundary free energy can be extracted from a statistical analysis of
the thermally induced meandering of the domain boundary.

The Au(111) surface has a hexagonal structure with 3-fold symmetry.
This 3-fold symmetry shows up in all ordered phases, and therefore the
meandering of the domain boundaries will be analyzed within the framework
of a simple triangular lattice with a nearest-neighbor distance ann and an
isotropic nearest-neighbor interaction energy E.57,58

First an expression for the partition function, Z, of an elementary boundary
segment has to be derived. The total partition function of the boundary
consisting of N elementary boundary segments, is Ztotal = ZN . The boundary
free energy is defined as

Ftotal = −kBT ln(Ztotal) = −kBT ln(ZN ) = −NkBT ln(Z) = NF (3.1)

where F is the boundary free energy per elementary boundary segment, kB is
the Boltzmann constant and T is the temperature.

The formation of an elementary boundary segment with unit length ann
√

3/2
along one of the three high-symmetry directions involves the breaking of two
nearest-neighbor bonds (see Figure 3.6). For the sake of simplicity, a is now
defined as ann

√
3/2 as the elementary length unit. The formation energy of an

elementary boundary segment is therefore 2
(
E/2
)

= E. The formation energy
of a single kink in the boundary also costs energy E. A double kink costs
energy 2E, a triple kink 3E, etc. The partition function for an elementary
boundary segment unit with length a is given by summing over all possible
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Figure 3.6: (–) Schematic diagram of a domain boundary of a triangular
lattice with isotropic nearest-neighbor interaction E. The nearest-neighbor
distance of the atoms is ann. The length of an elementary boundary segment
along the horizontal direction is ann

√
3/2. (- -) Domain boundary at T = 0 K.

boundary configurations:57,59,60

Z =
∑
i

e
−
Ei
kBT

= 2e
−

E

kBT + 2e
−

2E
kBT + · · ·

=
∞∑
n=1

2e
−
nE

kBT

= 2

e

E

kBT − 1

(3.2)

The factor of 2 originates from the degeneracy of the pathways since kinks
can point to the right or to the left. The boundary free energy per unit length
a = ann

√
3/2 is given by

F = −kBT ln
(

2

e
E
kBT − 1

)
(3.3)
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The order-disorder phase transition temperature can be found by setting
the boundary free energy equal to 0, resulting in TR = E/kB ln(3). As shown by
Wannier,61 this is precisely the phase transition temperature of the isotropic
triangular 2D Ising spin-lattice.

The probability to find a kink depends on its length: the longer the kink,
the lower its probability of occurrence. In order to analyze the thermally
induced meandering of the boundaries, it is very helpful to introduce the
mean-square kink length62 〈n2〉, which is defined as

〈
n2〉 =

∞∑
n=−∞

n2Pn

=
∑∞
n=−∞ 2n2e

−
nE

kBT

∑∞
n=−∞ 2e

−
nE

kBT

=
e
−

E

kBT

(
e
−

E

kBT + 1
)

(
1− e

−
E

kBT

)2

(3.4)

where Pn is the probability of finding a kink with length n. The summation
runs over all the possible kink configurations. The mean-square kink length is
the expectation value of the square kink length and can be considered as the
diffusivity of the domain boundary.63,64 The value

〈
n2〉 can be immediately

extracted from the distribution of kinks and kink lengths. At the phase
transition temperature, exp(−E/kBTR) = 1/3 and thus the mean square kink
length is exactly 1 at the phase transition temperature.

The mean-square displacement or deviation-deviation correlation function
of a boundary is given by61

〈
(hr − h0)2〉 =

〈
n2〉 r

a
(3.5)

where r is the position along the boundary and hr the deviation measured in
a direction perpendicular to the boundary. The mean-square displacement,〈
(hr−h0)2〉, can be extracted from the STM images by determining the mean-
square displacement of the step with respect to its "mean" direction. This mean
direction is always aligned along one of the three high-symmetry directions
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Figure 3.7: Mean-square displacement
〈
(hr − h0)2〉 of (©) β − ε domain

boundary and (4) χ∗ − ε domain boundary versus the position r measured
along the domain boundary.

of the underlying Au(111) substrate (see Figure 3.3). There is no need to
measure the domain wall position r and the mean-square displacement with
atomic or molecular resolution, in units of a. Here the positions are measured
in nanometers, which is perfectly fine since the mean-square displacement
scales linearly with the position measured along the domain wall (see Figure
3.7). The slope of the curve is just the mean-square kink length

〈
n2〉.

In Figure 3.7 a plot of the mean-square displacement as a function of r for
both the β and χ∗ domain boundaries are shown. The mean-square length〈
n2〉 at room temperature is 0.83 and 0.97 for the β and χ∗ domain boundaries,
respectively. The experimental data reveals an almost exact linear relationship,
which implies a random distribution of kinks in the domain boundaries. In
addition, the slopes of both curves are a little smaller than 1, suggesting that
the actual temperature is very close to the phase transition temperatures.
From the slopes in Figure 3.7 the nearest-neightbor interaction energies can
be extracted. These are Eβ = 30 meV/nm and Eχ∗ = 28 meV/nm. The
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Figure 3.8: Domain boundary free energies of (–) β − ε domain boundary
and (- -) χ∗ − ε domain boundary versus temperature. The phase transition
temperatures are 295 and 325 K, respectively.

boundary free energies are plotted in Figure 3.8. The transition temperatures
are 325 and 295 K for the β and χ∗ domain boundaries, respectively. The
transition temperature of the χ∗ phase is close to room temperature, which
means that at room temperature domain boundaries can easily be generated
since their formation free energy is almost 0. For the β phase the phase
transition temperature is somewhat higher, and therefore this phase appears
more stable at room temperature. These findings are consistent with previous
observations of Poirier27 and Toerker et al.28 Both observed that the χ∗
phase is metastable at room temperature, while the β phase remains stable
at temperatures up to 325 K.

3.6 Conclusion

The dynamics of decanethiol self-assembled monolayers on Au(111) surface
has been investigated by time-resolved scanning tunneling microscopy at room
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temperature. In agreement with Poirier27 five different phases have been
found: 4 ordered phases (β, χ∗, δ and φ) and one disordered phase (ε). I(t)
spectroscopy recorded on the Au-sulfur end of the decanethiol displays a fully
stochastic two-level switching process. The two-level process is attributed to
the diffusion of the Au-thiol complexes that move as a group underneath the
tip. I(t) traces recorded on the tails of the decanethiol molecules in the ordered
β and δ phases exhibit rich dynamics. The disordered phase is characterized
by huge current jumps, which indicate that the tail of the decanethiolate flips
up and makes contact with the tip. The I(t) traces provide additional evidence
for models of the various phases that have been put forward by Poirier27 and
is also in favor with the structural model for an Au-RS or RS-Au-SR complex.

By analyzing the thermally induced meandering of the domain boundaries
between the β − ε phases and the χ∗ − ε phases, the domain boundary free
energies were determined. This makes it possible to extract the phase diagram
of the system. The β − ε and χ∗ − ε domain boundaries vanished at 295 and
325 K, respectively. These findings are in very good agreement with the phase
diagram put forward by Poirier et al.20
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Chapter 4 Single molecule electronics

4.1 Introduction

Molecular electronics is the research field that deals with the design and
implementation of electronic devices that rely on a single or a few molecules.
The idea to use single molecules as elementary electronic building blocks
has been put forward in 1974 by Aviram and Ratner in a seminal paper.1
It is evident that a proper understanding of the properties of an individual
molecule is of utmost importance for molecular electronics. The transport
properties of a single molecule are evidently the most relevant properties for
basically all molecular electronics applications.2–8 During the last few decades,
several research groups have successfully managed to trap a single molecule
between two electrical contacts.3,9–21 The available methods to capture an
individual molecule between two electrical contacts can roughly be divided
into two approaches. In the first approach one uses a quantum mechanical
break junction to capture a single molecule.9,10,20–22 In a quantum mechanical
break junction experiment a thin metallic wire with an incision is carefully
stretched by using piezo actuators. During stretching the wire gets thinner
and thinner until it eventually has a cross section of only one atom and
breaks. After breaking one usually attempts to capture a single molecule
from either the gas or the liquid phase. Unfortunately, it is rather difficult to
figure out whether only a single molecule or a bundle of molecules is captured
between the electrical contacts. Since the electrical contacts are mounted
on piezo actuators one can easily "repair" the break junction by moving
both electrodes towards each other. By repeating this process many times a
conductance histogram can be obtained that provides valuable information
on the preference for certain conductance values.

The second method makes use of a scanning tunneling microscope or
an atomic force microscope and a substrate.3,7,11–19,23,24 A small number of
molecules is deposited on a well-defined single crystal surface and subsequently
imaged with the scanning probe microscope. One can attempt to pick up a
single and pre-selected molecule by parking the scanning probe microscope tip
on top of the molecule, open the feedback loop and move the tip towards the
surface. In close vicinity of the molecule one usually applies a short voltage
pulse to the tip in the hope that the molecule is picked up by the apex of
the tip. After this picking up attempt one has to scan the same area again
in order to check if the molecule has really been picked up by the tip of the
scanning probe microscope. If this is not the case, one has to repeat the same
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procedure again. Molecules that have well-chosen end groups that can anchor
to the substrate and tip respectively are the molecules that can be captured
most easily. The end groups are often chemisorbed to the electrical contacts
usually resulting in stable contacts with low contact resistances.

In this Chapter, first the physical ingredients that are useful to understand
electronic transport through nanoscopic systems are addressed. Subsequently,
transport through a single octanethiol molecule and two elementary molecular
electronic devices are discussed: a single molecule switch and a single molecule
transistor.

4.2 Transport properties of nanoscopic systems

4.2.1 Quantization of conductance

Ohm’s law states that the resistance R of an object is given by V/I, where V
is the voltage applied across the object and I the current that flows trough
the object. The resistance of a macroscopic metallic wire of length L, cross
section A and specific resistance ρ is given by

R = ρL

A
(4.1)

The resistance of such a macroscopic wire scales linearly with the length
of the wire. One would naively assume that this relation holds down to the
nanoscale. However, this is not necessarily true. in the case that the mean
free path between successive collisions of the charge carriers λ is larger than
the length of the wire, the resistance turns out to be quantized in units of
h/2e2 and independent of the actual length of the wire, at least as long as
the condition λ > L is satisfied.

It is not so difficult to derive this result. Consider a one-dimensional
wire that adiabatically connects two reservoirs with chemical potentials µ1
and µ2, respectively (see Figure 4.1). The connections are assumed to be
non-reflecting. The current, I, that flows through the wire is given by

I = −nevF = −evF(µ1 − µ2)D(EF) (4.2)

where vF is the Fermi velocity of the electrons, n the electron density, e the
charge of the electrons and D(EF) the density of states at the Fermi level.
The difference in chemical potential, i.e. (µ1 − µ2) amounts to -eV. Equation
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} -eV
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2

Figure 4.1: Energy diagram of two reservoirs with chemical potentials µ1
and µ2, respectively. The two reservoirs are adiabatically connected via a
one-dimensional wire.

4.2 represents the current per mode. The voltage difference V between the
two reservoirs could involve more modes. The current is equally distributed
among the N modes. This equipartition is due to the fact that electrons at
the Fermi level in each mode have different group velocities. However, this
difference in group velocities is canceled by the density of states, which is
inversely proportional to the group velocity. The density of states D(E) is
given by

D(E) =
2
( 1

2π

)
(
dE

dk

) = 2
hv

(4.3)

In expression 4.3, a factor of 2 for the spin degeneracy has been taken into
account. The current I per carried mode is then

I = e2vFV
2
hvF

= 2e2

h
V (4.4)

The total current is found by summing over all modes,

I = N
2e2

h
V (4.5)

The resistance quantum is h/2e2, where the spin degree of freedom is included.
The conductance quantum is e2/h per channel and per spin. Interestingly,
the conductance quantum is independent of the material properties.
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4.2 Transport properties of nanoscopic systems

A conductor is referred to as ballistic if the mean free path of the charge
carriers is larger than the length of the conductor. The conductance of a
ballistic wire is quantized in units of e2/h. Since no scattering takes place in
a ballistic conductor, it is a natural question to ask what the actual cause of
the resistance is. It turns out that the quantum resistance is in fact a contact
resistance because the incoming electron waves have to "find" the entrance
of the wire. Only a small integer number N ≈ 2w/λF of transverse modes
can propagate at the Fermi level (λF is the Fermi wavelength and w is the
width of the wire). In experiments, small deviations typically of the order
of 1%, are caused by the series resistance of the contacts and backscattering
at the entrance and exit of the wire. It should be pointed out here that the
deviations in the quantization of the Hall conductance are much smaller, i.e.,
deviations as small as 0.00001% can be achieved.

The first experimental evidence of the quantization of the conductance
came from papers in 1988 by a paper from a Delft-Philips collaboration25

and a paper from a Cambridge team.26 These authors realized a quantum
point contact in a two-dimensional electron gas. By tuning the width of the
construction using a split gate they could show that the conductance is indeed
quantized in units of e2/h. In molecular transport, one typically deals with
only one, or at most a few conduction channels.

4.2.2 Coherent and incoherent transport

The transport through a one-dimensional wire can be described within the
framework of the Landauer theory. In 1957, Landauer proposed that electrical
transport in a one-dimensional system could be considered as a transmission
problem.27 An incoming electron wave has a probability T to be transmitted
through the one-dimensional channel. The probability that the electron wave
is reflected is represented by R (T + R = 1). Since a molecule that is
contacted by electrical contacts can be considered as a quasi one-dimensional
object, its conductance is given by

G = 2e2

h
T (4.6)

where T represents the average probability that an electron injected at one
end of the molecule will make it to the other end of the molecule (for the
sake of simplicity, a single conduction channel is assumed in this problem)
and 2e2/h = 77.5 µS. In the case of perfect transmission, i.e. T = 1, the
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Chapter 4 Single molecule electronics

transport medium is a ballistic conductor. Thus a ballistic conductor has a
non-zero resistance even though there are no impurities. This key result is at
variance with the classical picture where one expects infinite conductance in
the absence of impurity scattering.

A wire with several scattering centers is a good starting point for an
electrode-molecule-electrode junction. In practice both ends of the molecule
need to be connected to macroscopic electrical contacts and therefore the
total conductance of a metal-molecule-metal junction depends on at least
three transmission probabilities, the transmission probabilities of the left (TL)
contact, the right contact (TR) and the molecule itself (TM). In the case
of incoherent transport the phase information is lost during the transport
through the molecule. For the sake of clarity only two incoherent scattering
centers with transmission probabilities T1 and T2 are present. One might
naively assume that the total conductance is given by 2e2

h
T1T2. However, this

is wrong since multiple scattering events, where the incoming electron wave
bounces back and forth between two scattering centers, also contribute to the
total transmission (see Figure 4.2). The total transmission is given by

G = 2e2

h

[
T1T2 + T1T2R1R2 + T1T2

(
R1R2

)2 + T1T2
(
R1R2

)3 + · · ·
]

(4.7a)

= 2e2

h

[
T1T2

1−R1R2

]

where R1 = 1 - T1 and R2 = 1 - T2 are the reflection probabilities. Equation
4.7a can be written as

G = 2e2

h

[
T1T2

T1 + T2 − T1T2

]
(4.7b)

For three incoherent scattering centers in series one finds

G = 2e2

h

[
TLTMTR

TLTM + TLTR + TMTR − 2TLTMTR

]
(4.8)

In the case of coherent scattering, the total transmission also depends on the
phase difference between both scattering centers. The complex transmission
and reflection coefficients are t1,2 = |t1,2|eiθ1,2 and r1,2 = |r1,2|eiθ1,2 ,where θ1,2
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T1 T2 Ttot

Figure 4.2: Two incoherent scattering centers in series. The total transmission
is given by Ttotal = T1T2 + T1T2R1R2 + T1T2

(
R1R2

)2 + T1T2
(
R1R2

)3 + · · ·

T1 T2

L

Figure 4.3: Two coherent scattering centers in series.

is the phase. The transmission probability of the first and second scattering
centers is T1,2 = |t1,2|2. The total transmission is then,

G = 2e2

h

[
|t1|2|t2|2

1 + |r1|2|r2|2 − 2|r1||r2| cos(θ)

]
(4.9)

where θ = 2kL+θ1 +θ2, with k the wave vector and L the separation between
the scattering centers (see Figure 4.3). Interestingly, the total transmission
probability can become unity despite the fact that both scattering centers
have a transmission probability smaller than 1. A total transmission of unity
(i.e., resonant coherent transport) is achieved for a phase difference that is
integer multiple of 2π, i.e., θ = 2πn, irrespective of the actual values T1 and
T2. For three scattering centers in series, one can derive a similar, albeit a bit
more difficult, relation.
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Chapter 4 Single molecule electronics

4.2.3 Coulomb blockade

In this section, another transport mechanism that is applicable to a subset of
molecules is briefly covered. There are molecules, such as metal phthalocy-
anines, that have a metallic core surrounded by an organic shell.28–35 Electrons
that are transported through these molecules can reside on the metallic core
leading to charging of the molecule. The charging energy of such a small entity
is usually large since the capacitance with respect to its environment can be
very small. These charging effects will only show up in the current-voltage
I(V) curves if the charging energy exceeds the thermal energy. In case the
latter condition is satisfied, the transport through the molecule will be fully
blocked if the energy of the electrons is insufficient to overcome the charging
energy.

In order to explain the essence of this transport mechanism, a simple system
is considered that consists of two tunnel junctions in series (see Figure 4.4).
The tunneling resistances of these junctions, R1 and R2, are assumed to be
substantial, i.e., much larger than the quantum resistance. Furthermore, we
assume that the total capacitance of the region in between the two tunnel
junctions, C = C1 +C2, is small enough so that the charging energy, e2/C, is
larger than the thermal energy kBT . We apply a voltage V = V1 + V2 across
both junctions and assume that at V = 0 the region in between the two
tunnel junctions does not contain any charge. Upon increasing the voltage V,
electrons will tunnel across junctions 1 and 2. The total number of electrons
that have passed junction 1 is denoted by n1, whereas the total number of
electrons that have passed junction 2 is denoted by n2. The total charge on
the region between the two tunnel junctions (from now on referred to as the
quantum dot) Qdot = −n1e+ n2e = −ne, where n = (n1 − n2) is the number
of electrons on the quantum dot. The voltage drops across junction 1 and 2
are given by

V1 =
(
C2V + ne

)(
C1 + C2

) (4.10a)

V2 =
(
C1V − ne

)(
C1 + C2

) (4.10b)

The total static energy stored in the quantum dot, ES , can be written as

ES = 1
2C1V

2
1 + 1

2C2V
2

2 = C1C2V
2 + n2e2

2
(
C1 + C2

) (4.11)
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V1 V2

R1C1 R2C2

Figure 4.4: Two tunnel junctions in series with tunneling resistances and
capacitances R1,2 and C1,2, respectively.

In addition to this static energy, the energy transferred by the voltage
source should be taken into account too. The voltage source provides not
only the energy to transfer an integer number of electrons across the tunnel
junctions, but it also provides the energy that is required to compensate for
the polarization charge when an electron tunnels across one of the junctions.
In order to derive the total energy of the system we consider an electron
on its journey from electrode 1 to electrode 2. When the electron tunnels
across junction 1, the total charge on the quantum dot increases from −ne =
−
(
n1 − n2

)
e to −

(
n + 1

)
e = −

((
n1 + 1

)
− n2

)
e. Due to the transfer of

an electron across junction 1, also the voltage drop across junction 2 will
change with an amount ∆V2 = − e(

C1 + C2
) . This potential change leads to a

polarization charge flow given by ∆Q2 = − eC2(
C1 + C2

) . In order to transfer n1

electrons across junction 1 and n2 electrons across junction 2, an energy of
EV is required.

EV = −
eV
(
n1C2 + n2C1

)(
C1 + C2

) (4.12)

The total energy of the system Etot
(
n1,n2

)
is then,

Etot
(
n1,n2

)
= ES − EV = C1C2V

2 + n2e2

2
(
C1 + C2

) +
eV
(
n1C2 + n2C1

)(
C1 + C2

) (4.13)

To transfer an electron across junction 1, the following requirement should be
met:

∆E±1 = Etot
(
n1 ± 1,n2

)
− Etot

(
n1,n2

)
≤ 0 (4.14)
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After some simple math this leads to

V = ∓ e

C2

(1
2 ± n

)
(4.15)

Similarly for the second junction one finds,

V = ∓ e

C1

(1
2 ∓ n

)
(4.16)

In the case C2 > C1 the first electron will tunnel through junction 1,
whereas the first electron will tunnel through junction 2 if C1 > C2. It is
clear that the largest capacitance will determine the size of the Coulomb gap.
Lets assume, for the sake of simplicity, that C1 = C2 = C and T = 0 K. For
|V | < e/2C, transport through the quantum dot is fully blocked. This regime
is referred as Coulomb blockade. For |V | > e/2C there is a net current flowing
through the quantum dot. Under certain conditions, a Coulomb staircase
can be observed. In order to observe Coulomb blockade, the charging energy
should be larger than the thermal energy, i.e.,

e2

2C > kBT (4.17)

However, there is another important requirement that should be fulfilled; the
tunneling resistance should be larger than a certain threshold value. This
threshold value can be determined using Heisenberg’s uncertainty relation.

∆E∆t ≥ h̄

2 (4.18)

The energy spacing between subsequent energies is ∆E = e2/2C and the
tunneling time ∆t = RC. Inserting ∆E and ∆t gives

R ≥ h̄

e2 (4.19)

In order to resolve the energy levels, the tunneling resistances must be larger
than h̄/e2. If requirement 4.17 and 4.19 are fulfilled, the Coulomb gap will
be observed. The Coulomb staircase can only be observed for asymmetric
junctions, i.e., R1C1 6= R2C2 (see Figure 4.5). So, one of the tunnel junctions
should be the rate-limiting step in the transfer of electrons.
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Figure 4.5: Schematic I(V) curves of a double tunnel junction at T = 0 K. Left:
asymmetric junction, R1C1 6= R2C2 (Coulomb staircase). Right: symmetric
junction, R1C1 = R2C2 (only Coulomb gap).

The last aspect of Coulomb blockade that is addressed, deals with the
fractional charge. Due to polarization effects the net charge on the quantum
dot is not necessarily an integer value of e. The presence of a fractional charge,
δe, will shift the Coulomb gap and Coulomb staircase. Assume a quantum
dot has a fractional charge, δe, with -1 < δ < 1. The energy of the quantum
dot that contains n electrons and a fractional charge is given by

En =
(
n+ δ

)2
e2

2C (4.20)

When an additional electron is added to the quantum dot, the energy increases
with an amount,

∆E = En+1 − En =
2
(
n+ δ

)
e2 + e2

2C (4.21)

An additional electron will be added to the quantum dot for ∆E = eV . The
threshold voltages for transferring an additional electron to the quantum dot
are

V = e

2C
(
2n+ 2δ + 1

)
(4.22)
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Figure 4.6: Coulomb staircase of a quantum dot that has a fractional charge
δ at V = 0 (T = 0 K).

A fractional charge will shift the Coulomb gap from
[
− e

2C , e

2C

]
to
[
−(

2δ − 1
)
e

2C ,
(
2δ + 1

)
e

2C

]
, but the size of the Coulomb gap remains unaltered

(see Figure 4.6).

4.3 Transport mechanisms in molecules

There are several conduction mechanisms for molecules, such as resonant and
non-resonant coherent tunneling, incoherent tunneling, thermally induced
hopping, Fowler-Nordheim tunneling and thermionic emission.2,6,9,10,20,36–40
The properties of the electrical contacts can affect the transport through the
molecule significantly.41 Electrical contacts can be chemically attached to
the molecule or physisorbed. Chemical binding leads to hybridization of the
molecular orbitals with the electronic states of the contact. This affects the
position of the molecular orbitals, which, in turn, can influence the transport
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EF1 EF2

LUMO

HOMO

φ}

Figure 4.7: Schematic energy diagram of a molecular junction. The metallic
electrodes constitute a continuum of electronic states filled with electrons up
to the Fermi level. The Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO) bands of the molecule are
shown.

through the molecule. Physisorbed contacts lead to less interaction and only
to minor changes in the positions of the molecular orbitals.

4.3.1 Coherent tunneling

Coherent or classical tunneling dictated by quantum mechanics relies on the
probability of an electron to tunnel through a barrier. The rate of coherent
tunneling decays exponentially with the width of the barrier. The current I is
given by equation 1.1. Quantum mechanical tunneling (or direct tunneling) is
temperature independent and the phase of the electron is preserved during the
tunneling process.36,42,43 The inverse decay length κ is ∼2 Å−1 for tunneling
between two metal electrodes in vacuum. However, the inverse decay length
of molecules is usually much smaller, i.e. for alkenthiols κ is ∼0.5-1.5 Å−1.
This value is smaller than the typical Highest Occupied Molecular Orbital
(HOMO)-Lowest Unoccupied Molecular Orbital (LUMO) gap of alkanethiols,
which amounts to approximately 8 eV (see Figure 4.7).43 An effect that can
lower the tunnel barrier and reduces its width is the presence of an image
charge. When a potential is applied across two electrodes, the resulting
electric field distorts the potential barrier. For a junction with a width z and
an applied voltage V , the potential barrier at position x is given by

φeff = φ0 − eV
x

z
(4.23)
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Figure 4.8: The effective barrier decreases with increasing bias voltage,
φ = φ0 − eV

2 . The reduction of the effective barrier height and the reduction
of the effective width of the tunneling barrier due to the image charge are not
shown.

where the presence of an image force potential is disregarded.44,45 The effect
of the image potential is a reduction of the effective trapezoidal barrier height,
resulting in an increase of the current flow between the electrodes. The
effective barrier, including the image potential is described by44,45

φeff = φ0 − eV
x

z
− 1.15 e2 ln 2

4πε0εrz
z2

x(z − x) (4.24)

where ε0 and εr are the permittivity of the vacuum and the relative dielectric
constant, respectively. It should be pointed out here that the formulas that
we used for the image charge effect assumes that we are dealing with two
planar electrodes, which is of course not correct for a scanning tunneling
microscopy junction. The results obtained here should therefore be considered
as an upper bound for the image charge potential.

Another aspect of molecular transport is quantum interference. Quantum
interference can occur if the length scale of the molecule becomes comparable
to the electronic phase coherence length. In case that the electron wave
arrives at a joint, where it can propagate via two (or more) different routes
that eventually cross each other again, constructive or destructive interference
effects can severely affect the conductance.24,46,47 The length of these paths
should of course be smaller than the electronic phase coherence length. For
example, quantum interference can substantially lower the conductance of a
cross-conjugated molecule when compared to its linearly conjugated configur-
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ation. The reduction of the conductance of the cross-conjugated molecule is
due to an anti-resonance in the transmission function.24

4.3.2 Hopping

Hopping is an Arrhenius activated process and thus strongly temperature
dependent.48 Hopping involves electron motion over the barrier, while tunnel-
ing involves electron transport through the barrier. Since hopping involves
a series of transfers between relatively stable sites, it does not exhibit an
exponential distance dependence characteristic for coherent tunneling, but
instead varies as 1/distance, i.e.

I = GV

z
e
−

E

kBT (4.25)

where E is the diffusion barrier for hopping, T the temperature, kB the
Boltzmann constant, and G a constant.36 Because of the temperature depend-
ence, hopping conductance is likely to happen at elevated temperatures.

4.3.3 Thermionic emission

A barrier (usually referred to as a Schottky barrier) can arise due to partial
charge transfer from one phase to another phase at the interface, resulting
in a depletion layer and an electrostatic barrier (as in semiconductor/metal
contacts).49 This electrostatic barrier is affected by the local (applied) field
leading to a non-linear I(V) characteristic. The Schottky-Richardson relation
has been invoked to explain the I(V) characteristic of a few molecular junc-
tions.50,51 Thermionic emission plays an important role for high temperatures
and low barrier heights. The Schottky-Richardson relation is given by

I = AT 2e
−

φ

kBT e

(
B
√
V

kBT
√
z

)
(4.26)

where A and B are constants.

4.3.4 Fowler-Nordheim tunneling or field emission

Fowler-Nordheim tunneling occurs when the applied voltage exceeds the
barrier height. In field emission, electrons tunnel through a potential barrier,
rather than escaping over the barrier as in thermionic emission. The effect
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is purely quantum-mechanical, with no classical analog. Due to the applied
voltage, the barrier, which is rectangular for V = 0, has a triangular shape
facilitating the tunneling of the electrons. The field emission process is
temperature independent and decreases exponentially with distance,36

I = DV 2e
−
(
Fφ3/2

V

)
d

(4.27)

where D and F are constants. An elegant approach to obtain more detailed
information on the transport process in a molecular junction is transition
voltage spectroscopy (TVS).38,39,52–57 To extract meaningful information from
the high-bias regime, it is useful to linearize equation 4.27:

ln
(
I

V 2

)
∝ D − Fφ3/2d

1
V

(4.28)

Plotting ln
(
I

V 2

)
versus 1

V
, a so-called Fowler-Nordheim plot, will show a

linear decay in the high-bias regime. Equation 1.1 gives the relation for the
low-bias regime and when it is rewritten and simplified in terms of ln

(
I

V 2

)
and 1

V
one finds

ln
(
I

V 2

)
∝ ln

(
1
V

)
− βd (4.29)

where β is the inverse decay length. Equation 4.29 exhibits a logarithmic
dependence in the low-bias regime and therefore a transistion is observed which
corresponds to the voltage where the barrier transforms from a trapezoidal
(low-bias regime) to a triangular shape (high-bias regime). The transport
mechanism changes from quantum-mechanical tunneling (low-bias regime)
to field emission (high-bias regime). The transition point is referred to
as the transition voltage (VT ) and gives an experimental estimate of the
energy spacing between the Fermi-level and the LUMO (or HOMO for hole
tunneling) orbital, i.e. the barrier height φ. The specific value for the transition
voltage remains a crude estimate because the original tunneling equation
does not explicitly account for voltage drops across the contacts, image
potential, potential profile across the junction and symmetry/asymmetry in
the molecular junction.58–60 Although the exact interpretation is still under
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debate,61,62 it is clear that TVS is an interesting spectroscopic tool in the field
of molecular electronics. In vacuum tunnel junctions, field-emission typically
occurs at voltages that exceed the work function, i.e., at voltages larger than
4-5 V. In z(V) and I(V) traces well defined oscillations or resonances can be
observed, which are interpreted as electronic standing wave patterns that can
occur in triangular shaped potential wells. These field emission resonances
are sometimes referred to as Gundlach oscillations, after Gundlach who first
discussed these resonances in 1966.63,64

4.4 Molecular devices

4.4.1 Experimental and computational

The experiments were performed in the low-temperature scanning tunneling
microscope (LT-STM, see section 2.2). The Ge(001) substrates were cut
from nominally, single-side-polished n-type (25 cm) wafers mounted onto Mo
holders. The Ge(001) crystals are first outgassed for approximately 24 hours
at a temperature of about 800 K. Subsequently, the Ge(001) substrate is
cooled down and cleaned by several cycles of 500 eV Ar+ ion sputtering and
annealing via resistive heating at 1100 K. Pt was evaporated on the Ge(001)
substrate at room temperature, by resistively heating a W wire wrapped with
high purity Pt (99.995%). After the Pt deposition, the sample was annealed at
a temperature of 1050 K and then quickly quenched to room temperature. The
octanethiol molecules (98.5% pure, purchased from Sigma-Aldrich, Germany)
were deposited on the Pt/Ge(001) substrate by introducing the molecules into
a separate UHV chamber for 20-60 s at a pressure of 2.5× 10−10 mbar via a
leak valve before placing it into the LT-STM for cooling to 77 K and imaging.

Full and constrained geometry optimizations on free alkanethiols were
performed at the B3LYP/6-31g(d,p) level with Gaussian 09 .65 The geometry
of alkanethiolate on Pt(111) was optimized by applying periodic boundary
conditions on a three-layer-thick platinum system with sufficient distance
between the slabs in the normal direction, at the level of density functional
theory (DFT) local density approximation (LDA) with a DZP basis set on the
molecule and a SZP basis set on the metal (ATK2008.10 package). Even when
the relaxation of the upper platinum layer was allowed, its reconstruction
was negligible, so for electrostatic potential evaluations all Pt atoms were
kept at their crystal positions. The electrostatic potential was calculated
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classically from the electron density in real space obtained from a periodic
calculation, but restricted to one unit cell with the nuclei as point charges.
In order to eliminate end effects and to get close to the situation of a single
molecule being chemisorbed at a virtually infinite surface, the electron density
of a free platinum surface was subtracted from that of the same surface with
a molecule. The Pt nuclei were discarded. In this way, the electrostatic
potential of the molecule was obtained.

4.4.2 Contacting a single octanethiol molecule

3 nm3 nm

A B

Figure 4.9: (A) STM image (12×12 nm2) of a Pt-modified Ge(001) surface.
The sample bias is -0.23 V and the tunnel current is 0.41 nA. (B) STM image
(10×10 nm2) of a Pt-modified Ge(001) surface after an exposure of 10 L
octanethiols. The sample bias is -1.5 V and the tunnel current is 0.5 nA. The
three large protrusions (outlined by circles) are octanethiol molecules adsorbed
on the Pt chains.

In Figure 4.9A an STM image of a Pt-modified Ge(001) surface is shown.
In the STM image several Pt atom chains, running from top to bottom, are
present. The Pt atom chains are comprised of Pt dimers that have their bond
aligned in a direction along the chain. The Pt chains are completely free of
kinks and only contain a very low concentration of defects and impurities.
Figure 4.9B shows an STM image of a Pt-modified Ge(001) surface on which
a small amount of octanethiol molecules are adsorbed. The vast majority
of these octanethiol molecules adsorb onto the Pt atom chains. The thiol
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head of the octanethiol molecule binds to a Pt atom, the hydrogen atom of
the S-H bond is released and a strong covalent Pt-S bond is formed. When
the hydrogen atom is released, the octanethiol becomes an octanethiolate.
However, in the remainder of this Chapter, we refer to an adsorbed octanethiol,
where it is formally an octanethiolate.

At low coverages (octanethiol molecules are effectively isolated from each
other) it is energetically favorable for the carbon tail of the octanethiol to lie
flat on the substrate. In an attempt to measure the wagging of the carbon
tail, we performed I(t) spectroscopy (see section 1.2.3).15 A typical current-
time trace, recorded at 77 K, is depicted in Figure 4.10. Initially the tunnel
current remained constant around its setpoint value of 1 nA, but after a few
seconds the tunnel current jumped to a much higher value of about 11-12 nA
(see Figure 4.10A). Several seconds later the current jumps back to its original
setpoint value of 1 nA. The large current jump cannot be explained by wagging
of the insulating tail of the octanethiol molecule. The only viable explanation
for this change in the tunnel current is that the tail of the molecule flips up
and makes contact with the apex of the STM tip (see Figures 4.10B and C).
The length of the tail is about 1 nm and fits well into the vacuum gap between
the substrate and the apex of the STM tip. In the high current state, the
current flows through the molecule rather than through the vacuum gap. The
measured resistance is about 110-150 MW and compares favorably with the
resistance of a single octanethiol molecule.5,36,66,67 A remark is in place here.
The conductance found for a single octanethiol molecule (∼7-8 nS), is about
two orders of magnitude larger than the value reported by Haiss et al.68 It
might be that the contact geometries in both experiments are different, or that
the effective tunneling pathway is much shorter in our case. In principle this
system behaves as a single molecular switch. However, one should realize that
the switching events are random, i.e. there is no control over the switching
process in this configuration.

4.4.3 Single molecule switch

In a second series of experiments we attached the thiol end of the octanethiol
molecule to the apex of the STM tip rather than to the substrate.67 In order
to attach the molecule to the tip, the tip is parked on top of the molecule.
The feedback loop is opened and the tip is brought only a few Ångströms
away from the molecule before a voltage pulse of several volts is applied. After
such a pick-up event, the surface is imaged to verify if the molecule is removed
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Figure 4.10: (A) Current-time trace recorded on top of an octanethiol mo-
lecule at 77 K. The sample bias was 1.5 V and the tunnel current 1 nA. The
cartoons in (B) and (C) show the octanethiol molecule adsorbed at a Pt atom
chain and an octanethiol molecule captured between a Pt atom chain and the
apex of an STM tip.

from the substrate and is attached to the tip. The success rate for attaching a
single octanethiol molecule to the apex of the STM tip is rather low, but once
the molecule is picked up it usually remains there for a long time. With the
molecule attached to the apex of the tip, I(z) spectroscopy combined with I(V)
spectroscopy (see section 1.2.3 for more information) is performed in order
to investigate the dynamic behavior in more detail. I(V) traces from 1.5 V
to -1.5 V are recorded at different tip-sample separations (see Figure 4.11).
We started with a tip-sample separation slightly larger that the length of the
octanethiol molecule. In increments of 50 pm the tip-sample distance was
decreased and after a few of these steps the octanethiol molecule immediately
jumped into contact at the initial sample bias of 1.5 V. This opening and
closing of the molecular junction is highly reproducible, as indicated by three
superimposed series of measurements, shown in Figure 4.11.

The moment that the molecule jumps into contact, the tunnel current is
always in the range of 35-40 nA, i.e. about three times larger than when
the thiol end of the molecule was attached to the substrate (see Figure 4.10).
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Figure 4.11: A set of three I(V) curves (middle graph: red, blue and green
curves) recorded in series, at varying tip-sample interspace with the feedback
loop disabled. The top graph shows the relative position of the STM tip with
respect to the setpoint current. A positive value means a smaller tip-sample
distance. The bottom graph shows a series of voltage ramps from +1.5 V to
-1.5 V at different substrate-tip separations. Traces in 1 are taken at a tunnel
current of 0.2 nA and a bias voltage of 1.5 V. Traces in 2-6 are recorded at
the same tunneling parameters but, respectively, closer to the substrate.

Probably this difference is caused by a slightly different tunnel path. In the
latter case (thiol end attached to the substrate) the current flows through
one C-C bond less than in the former case (thiol end attached to the tip).
Since the conductance increases by roughly a factor 3 per C-C bond,69 it is
most probable that the physisorbed contact with the substrate involves two
C atoms rather than one.

The molecule always jumps into contact at a positive bias voltage and
jumps out of contact when the bias reaches zero. It seems counterintuitive
that the switching is triggered at a positive sample bias, i.e. the alkyl end
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of the chemisorbed octanethiol is attracted by a positively charged surface.
One expects that for a free octanethiol, the dipole moment vector points
from the more negatively charged sulfur atom to the more positively charged
alkyl group. Prior to the jump into contact with the surface, the octanethiol
is chemisorbed at the STM tip. Single alkanethiol molecules on surfaces
are more stable in a horizontal geometry,70 rather than standing upright
(as in a self-assembled monolayer). Jumps into contact can then be due to
reorientation of the molecule that stands up from the surface (or tip) into an
upright position.
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Figure 4.12: (A) Free octanethiol molecule and (B) octanethiol molecule
adsorbed on a Pt(111) surface. Lower panels: schematic representation of
the position of the molecule with respect to the underlying substrate. Upper
panels: electrostatic potentials of molecules at different positions.

Calculations were done to confirm if there is a charge redistribution within
the molecule due to the chemisorbed S-bond. Instead of focusing on dipole mo-
ments that can fully characterize neutral electron density distributions as seen
from a long distance, the electrostatic potential created by electrons (whose
charge density is taken from a calculation) and nuclei in rather close vicinity to
the molecule are considered. The calculations confirm that for an octanethiol,
even at a close distance from the surface, but without being chemisorbed, the
electrostatic potential, at a distance of a fraction of a nanometer from the
molecule, is indeed more positive at its methyl end (Figure 4.12A). However,
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when the molecule jumps into contact, the octanethiol is chemisorbed at
the tip. For a chemisorbed octanethiol lying flat on a Pt(111) surface, the
electrostatic potential shows that it is the thiol head that can be considered
as the more positive end of the molecule (Figure 4.12B). Apparently as a
consequence of the release of the hydrogen atom and its interaction with
the metal, the alkyl end is negatively charged and therefore attracted to a
positively charged electrode. In a third series of experiments the previously
described molecular switch was used to measure the conductance of a single
molecule over a wide temperature range from 4 K all the way up to room
temperature.19 In Figure 4.13A the individual I(z) curves are presented, while
in Figure 4.13B the conductance of the single octanethiol molecule versus
temperature is depicted. The conductance was determined shortly after the
molecule had jumped into contact with the substrate. All curves are corrected
for the temperature-dependent response of the z-piezo. The conductance is
temperature independent, indicating that the transport mechanism of the
octanethiol molecule is quantum mechanical tunneling.
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Figure 4.13: (A) I(z) spectroscopy recorded without (dotted line) and with
(solid line) an octanethiol molecule attached to the apex of the STM tip. The
sample bias was 1.5 V, the tunnel current 0.5 nA and the temperature 77 K.
(B) Conductance of a single octanethiol molecule trapped between the apex of
a STM tip and a substrate versus temperature.

From the experimental data, supported by the calculations, it is immedi-
ately clear that this electrode-molecule-electrode configuration behaves as an

77



Chapter 4 Single molecule electronics

ideal/deterministic single molecular switch that can be opened and closed at
will by carefully adjusting the voltage and the tip-sample distance.

4.4.4 Single molecule transistor

In order to realize a single molecule transistor in principle one needs a third
electrode which allows to apply a gate voltage that regulates the current
flowing from source to drain. As one can imagine, adding a third electrode
to a single molecule junction is far from trivial. Another method to create
a gate on a molecule is via mechanical gating, i.e. compressing or stretch-
ing of the molecule, instead of using a conventional gate electrode. An
electrode-molecule-electrode junction, where one of the electrodes is an STM
tip, can easily be mechanically gated by carefully adjusting the tip-sample
distance.8,20,71–75

In Figures 4.14B and 4.14C I(t) spectroscopy combined with I(z) spec-
troscopy traces are depicted (B) for an octanethiol molecule, attached to
an STM tip and (C) for a normal vacuum gap, respectively. In case of the
electrode-molecule-electrode system, four curves are presented where the point
of contact (p.o.c.) is varying from 160 pm to 190 pm. The current signal is a
result of the z-piezo displacement of the tip, presented in Figure 4.14A. In
the case of the vacuum junction, the tunnel current scales exponentially with
the tip-sample distance. Initially, a similar dependence is also observed for
the junction with an octanethiol attached to the tip (see Figure 4.14B), but
once the molecule jumps into contact with the substrate, the tunnel current
increases linearly with decreasing tip-sample distance (regime 1, left of the
solid black line). After a compression of approximately 100 pm, a pronounced
kink in the I(z) curve is observed. In the second regime (regime 2, right of the
solid black line), the current still increases linearly with decreasing tip-sample
distance, albeit with a substantially larger slope.

To elucidate what could be the origin to the existence of two linear re-
gimes, rather than one, the conformation of an octanethiol molecule upon
compression is simulated with help of quantum-chemical modeling. The
most stable configuration of alkanes is all-trans (fully extended) and the first
conformational gauche defect is about 24 meV higher in energy, according to
previous simulations.76 Given that the experiments are performed at 77 K
(kBT ≈ 6.6 meV), the assumption is made that the molecule is initially in
the all-trans conformation. In the calculations, the starting configuration is
when the molecule is fully relaxed. Then the conformation is re-optimized
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of a single octanethiol molecule junction for different points of contact; and
(C) I(z) spectroscopy of a vacuum junction. All I(z) traces are recorded at
77 K. The current in the vacuum junction exhibits an exponential behavior,
which is a hallmark for tunneling. The current in the molecular junction
initially shows the same exponential behavior, until the molecule jumps into
contact (here blue: 160 pm, red: 170 pm, green: 180 pm, and black: 190 pm).
Upon further reducing the tip-sample distance the conductance first marginally
increases (left of the black solid line, regime 1) followed by a steeper, but still
non-exponential increase (right of the solid black line, regime 2). The dashed
line (inset) refers to a model that involves a tunable image charge effect.

79



Chapter 4 Single molecule electronics

by imposing a shorter molecular length (in practice, the sulfur-last hydrogen
distance in the octanethiol). The conformation remains all-trans-like (all the
C-C-C-C torsion angles are approximately 180◦), the entire backbone is bent,
and the molecular energy increases until the contacts interspace is shortened
by ∆z ≈ 65 pm (red curve in Figure 4.15). At this point, the somewhat
extended conformation, bearing a single gauche defect (one torsion angle is
approximately 60◦), becomes more stable than the bent all-trans conformation,
i.e. the alkane chain adopts a kink resulting in a shortening of the projected
length of the molecule along its central axis (the black curve in Figure 4.15).
Note that this qualitative stepwise conformation transition takes place within
the same range of compression as in the experiment. Therefore, we suggest,
that the linear regimes 1 and 2 refer to different molecular confomations:
(1) the all-trans conformation at small compression and (2) the gauche defect
conformation at larger compressions, respectively.

In spite of varying the tip-sample distance, electron transport occurs
predominantly through the bonds of the molecule, and since all the covalent
bond lengths remain essentially unaltered as the molecule is bending and
twisting, an exponential I(z) dependence is indeed not expected. A remark
concerning this scenario would be in order here. As already noted, while in the
bent all-trans conformation compression increases the energy, the formation
of a gauche defect would lead to spontaneous shrinking of the molecule, as
the energy decreases until the equilibrium for the gauche-defect conformation
is attained: the contact could then be lost. As this is not observed in the
experiment, probably the alkyl end remains attached to the metal due to the
applied bias voltage.

The reason for the observed linear dependence in both conductance regimes
can be understood by an image charge effect; due to a reduction of the
tip-sample separation, the effective barrier height that the electrons (or holes)
encounter is reduced. This effect of mechanical gating is significantly larger in
regime 2 than in regime 1, which we ascribe to the reduction of the effective
barrier width when the molecule undergoes the bent all-trans to gauche-defect
transformation. For the remainder of the Chapter, the focus is on regime 2.

The height of the tunnel barrier is a key parameter determining the decay
rate of the wave function of the electrons traversing the barrier. For a small
vacuum gap between two metal electrodes, the height of the tunnel barrier is
determined by the work function of both metals. As described in section 4.3.1,
the potential barrier including image charges is given by equation 4.24. If we
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Figure 4.15: Calculated conformational changes of an octanethiol molecule
upon compression (B3LYP/6-31g(d, p)). (A) The energy needed to compress
the molecule and (B) the torsion angle of the molecule for the given conforma-
tion. Initially the octanethiol molecule remains in its lowest energy all-trans
conformation (black curve), until after a compression of about 65 pm the
formation of a gauche defect becomes energetically favorable (red curve). For
comparison, the blue curve shows the torsion angle scan (one torsion angle
imposed, all the rest is optimized).

assume a symmetric junction with its maximum potential barrier height at x
= 1/2z and z is equal to the length of the molecule L (in this experiment the
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length in the gauche configuration is 1.1 nm), equation 4.24 can be written as

φeff = φ0 −
eV

2 − 1.15 e
2 ln 2
πε0εrz

(4.30)

the dielectric constant of an octanethiol molecule is 2.1.77 The effective barrier
height for an electrode-octanethiol-electrode junction is given by

φeff = φ0 −
eV

2 −
eC

z
(4.31)

where C = 2.18× 10−9 Vm. It should be pointed out that for an asymmetric
junction the prefactors of the second and third terms of Equation 4.31 are
slightly different, however the z-dependence remains unaltered. The conduct-
ance G is given by rewriting equation 1.1 using the simple relation G = I/V .
When the effective barrier height is then filled in, the conductance G of the
single molecule junction can be written as

G = Ae
−2
√

2me

h̄
z
√
φeff (4.32)

where A is a constant, me is the effective electron mass, L is the length of
the molecule and h̄ is the reduced Planck constant. The effective mass of the
electron, for tunneling through alkanethiols, is in the range of 0.16-0.42m,
where m is the rest mass of the electron. Here we will take an effective mass
of 0.28m as reported by Akkerman et al.77

In the inset of Figure 4.14B the second linear portion of the combined
I(t) and I(z) curve is shown in more detail. The solid lines represents the
experimental data and the dashed line is the proposed model, i.e. equation 4.32.
The best agreement between the experiment and the model is achieved by
taking an effective potential barrier height which varies between 1.7 eV and
1.85 eV upon compression. Due to the relatively small range of compression,
i.e. 100 pm, the variation of the φeff is linear and amounts to 1.5 meV/pm.
In principle, mechanical gating provides a way towards the realization of a
two terminal single molecule transistor. This approach is very robust and is
reproducible, however the amplification factor is limited.

Figure 4.14B shows four different traces where the point of jump into
contact slightly varies from 160 pm in steps of 10 pm to 190 pm. Probably the
variation in the jump into contact position is intimately related to the exact
adsorption geometry of the molecule at the apex of the STM tip. Interestingly,
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Figure 4.16: (A) The length of regime 1 (the linear part in the current versus
distance after jump into contact) versus the point of contact (p.o.c.) and
(B) the amplitude of the triangular current modulation as a function of the
point of contact.

the molecule always has to be compressed by 100 pm before the bent all-
trans to gauche-defect transformation occurs (see Figure 4.16A). In addition,
also the actual value of the maximum conductance, which always occurs at
∆z = 0.35 nm, depends critically on the exact position at which the molecule
jumps into contact. The latter makes sense since a molecule that jumps
into contact at 0.16 nm (0.19 nm) transforms from the bent all-trans to the
gauche-defect conformation at 0.26 nm (0.29 nm) and can thus be compressed
by 0.09 nm (0.06 nm). The amplitude of the triangular modulation of the
current (∆I2) as a function of the point of contact (p.o.c.) is plotted in Figure
4.16B. As expected the amplitude of the triangular modulation of the current
decreases when the molecule jumps into contact later. The slope, i.e. ∆G/∆z
for regime 2 remains unaltered and does not depend on the p.o.c.
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4.4.5 Conclusion

In summary, the transport properties of a single octanethiol molecule trapped
between the apex of an STM tip and a substrate have been systematically
studied. By adjusting the tip-sample distance or the bias voltage it is pos-
sible to controllably attach and detach the molecule to the substrate. This
configuration behaves as a perfect single molecular switch, which has an "on"
and "off" state. In the "on" state it is possible to measure the conductance
of the molecule as a function of the temperature revealing a temperature
independent transport mechanism. With the help of current-time spectro-
scopy in combination with current-distance spectroscopy, the conductance of
the molecule can be controllably adjusted. In principle this single-molecule
junction behaves as a two-terminal single-molecule transistor, where the gate
electrode is replaced by a mechanical gate.
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Chapter 5 Dynamics of copper-phthalocyanine molecules on Au/Ge(001)

5.1 Introduction

It is well-known that the electronic and structural properties of a molecule on
a surface are strongly affected by the exact adsorption configuration. Metal-
phthalocynanine (MPc) adsorbed on a metal or semiconductor surface is one
of the many examples where the exact electronic structure is strongly affected
by the substrate and the adsorption configuration.1–5 MPc molecules are
composed of a metal atom surround by a ligand ring. Because of the rich
variety of metal atoms that can be placed in the center of the phthalocyanine
ring, these molecules are very appealing from a technological point of view
for use in, for example, organic solar cells,6 organic field effects transistors
and catalysis.7

Different adsorption configurations do not only affect the electronic char-
acter of the MPc molecule but also the dynamic properties. Even after the
molecule is adsorbed onto a substrate, it can still exhibit dynamic beha-
vior.8–12 This dynamic behavior can be due to diffusion,13,14 flipping,13,15,16
switching,17 or rotation8,9,18–21 of the molecule. Current-time spectroscopy,
i.e. I(t) spectroscopy, makes it possible to study these dynamic processes
down to the level of a single molecule.8,9,11,22 Most of the dynamic processes
are either thermally induced23,24 or induced by electrons injected from the
tip of a scanning tunneling microscope (STM).9,11,12,21 The latter allows to
controllably manipulate atoms and molecules. The acquired knowledge is
essential for further advances of molecular electronics.

Recently, Schaffert et al. observed a frustrated rotation of a single copper-
phthalocyanine (CuPc) molecule on Cu(111) induced by tunneling electrons
from a STM.9,18 It is noteworthy to mention that only two of the four
lobes actually show rotational motion, whereas the other two lobes are not
dynamically active.

In this Chapter, low-temperature STM measurements are performed on
CuPc molecules adsorbed onto Au-induced nanowires on Ge(001) at 77 K. A
detailed description of the Au-induced nanowires on Ge(001) can be found
in section 1.3.2. The vast majority of CuPc molecules adsorb in a bridge-
like configuration where the molecule makes contact with two neighbouring
nanowires.4,25 In this configuration, the Cu atom is fully decoupled from
the underlying surface. Three different lobe configurations are observed: a
dim lobe, a bright lobe, and a fuzzy lobe. Using spatially resolved current-
time spectroscopy combined with current-distance spectroscopy, the dynamic
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behavior of all three types of lobes is investigated.

5.2 Experimental

Experiments were performed with an Omicron low-temperature scanning
tunneling microscope (LT-STM) (for more information see section 2.2). The
Ge(001) substrates were cut from nominal, single-side-polished n-type (25 cm)
wafers mounted onto Mo holders. The Ge(001) samples were cleaned by
several cycles of 500 eV Ar+ ion sputtering and annealing via resistive heating
at 1100 K. After several cleaning cycles, the Ge(001) samples host large
atomically flat terraces. Au was evaporated on the cleaned Ge(001) substrate
by resistively heating a W wire wrapped with high purity Au (99.995%). After
the Au deposition, the sample was annealed at 650 K for 2 min and then
cooled down to room temperature. Using a Knudsen cell, CuPc molecules
were deposited onto the Au/Ge(001) substrate before placing it into the
low-temperature STM for cooling to 77 K and imaging. All measurements
were performed at this temperature.

5.3 Results

Figure 5.1A shows a typical STM image (obtained at 77 K) of CuPc molecules
adsorbed on a Au-modified Ge(001) surface. The vast majority of molecules
are found in a "molecular bridge" position where the molecules bind with two
benzopyrrole rings (lobes) to one nanowire and with the other two lobes to an
adjacent nanowire (see Figure 5.1B).25 The ridges of the Au-induced nanowires
consist of Ge dimers which have their dimer bonds aligned perpendicular to
the direction of the nanowire.26 The dimers prefer to buckle alternatingly
leading to a zigzag-like appearance.27 The trenches in-between the nanowires
are Au-decorated Ge(111) facets. The CuPc molecule is about 1.4 nm×1.4
nm in size, while the separation between adjacent nanowires is 1.6 nm. It is
therefore very likely that the lobes of the CuPc molecules are anchored at
the "inner" Ge dimer atoms that form the ridges of the Au-induced nanowire
(please note that the dimer bond length is approximately 0.235 nm). The
copper core of the CuPc molecule is invisible in the STM images, due to
the fact that it is structurally as well as electronically decoupled from the
underlying substrate.4
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Figure 5.1: (A) STM image (30×30 nm2) of CuPc molecules adsorbed on the
Au-induced nanowires on Ge(001) recorded at 77 K, 1.5 V and 0.2 nA. The lobes
of the molecules show up as bright protrusions. Different configurations are
observed, such as the previously reported four-lobe bridge configuration, a two-
lobe configuration as well as a three-lobe configuration. (B) A 3D illustration
of a CuPc molecule in the molecular bridge position. (C) A high resolution
image (6×6 nm2) of a CuPc molecule in the three-lobe configuration. A fourth
lobe is present; however, its appearance is rather fuzzy. ((D)-(I)) Schematic
representation of the different adsorption geometries of CuPc molecules on top
of the buckled Ge dimers as in (A).25 The large and small black dots refer to
the up- and downward buckled Ge atoms of the Ge dimers, respectively.
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Frequently, a difference in brightness of two diagonally positioned lobes as
compared to the other two lobes is observed. The difference in brightness of
CuPc on metal systems can be attributed to the adsorption on the underlying
substrate often resulting in a reduction of the symmetry.1,2,9,28 The reduction
from a fourfold symmetry to a twofold symmetry is due to the splitting of the
CuPc’s two lowest unoccupied e2g molecular orbitals (LUMOs), each located
at the two opposite lobes of the molecule.1–3,18,28 The asymmetry in this
system is caused by a slight rotation of the molecule relative to the nanowire,
allowing two of the lobes to bind to the down-buckled atoms of the Ge dimer,
whereas the remaining lobes only have a weak interaction with the other two
down-buckled atoms (see Figure 5.1E).

Furthermore, we observed that a fraction of the CuPc molecules adsorb
with only two lobes on the nanowires, while the other two lobes are hanging
freely in the troughs between the nanowires (see Figures 5.1F-5.1H).25 In
Figure 5.1H, the CuPc molecule only binds to one nanowire and therefore
no bridge is formed between the two adjacent nanowires. Two lobes bind to
the nanowire and the other two lie in the trench in-between. Occasionally,
a one-lobe configuration is found where only one lobe is adsorbed on the
nanowire, while the other three lobes lie in the trench (Figure 5.1I). In the
latter two configurations, the CuPc molecule adsorbs a little closer to one
of the nanowires (Figures 5.1H and 5.1I). In addition to the known one-,
two- and four-lobe configurations, a three-lobe configuration can be found in
approximately 5% of the cases (blue square in Figure 5.1A). A zoomed-in
high resolution image of the three-lobe configuration, as shown in Figure
5.1C, reveals a single fuzzy lobe alongside three static lobes indicating that
it is in a non-stable configuration. Features that appear noisy in STM can
be an indication of electron induced changes such as diffusion, rotation and
flipping.4,25,29 A fuzzy lobe is only observed when (1) the molecule is in the
molecular bridge configuration and (2) the molecule is slightly rotated relative
to the nanowire (the configuration as shown in Figure 5.1E).

For the four-lobe configuration, three types of lobes are observed: a bright,
a dim and a fuzzy lobe, as can be seen in Figure 5.1C. Spatially resolved
current-time spectroscopy (see section 1.2.3), combined with current-distance
spectroscopy has been performed on the aforementioned configurations in
order to study the dynamic behavior in more detail. Figures 5.2C-E show
typical time traces of a bright, a dim and a fuzzy lobe, respectively. The bias
voltage was changed from 1.5 V to 2.5 V before the feedback loop was turned
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off and the tunnel current was measured as a function of time. Instead of
maintaining a constant tip-sample distance, the gap width was changed as a
function of time in an oscillating manner with an amplitude of 2.5 Å, as can be
seen in Figure 5.2A. After four oscillations, the feedback loop was re-engaged
in order to check if any changes had occurred to the configuration of the
CuPc molecule. Because the tunneling current is exponentially dependent on
the distance between the tip and the surface any variation in the tunnel gap
causes a substantial change in the tunnel current. When dealing with tunnel
junctions without the presence of CuPc molecules, the tunnel current scaled
exponentially with the tip-sample distance with no additional features (see
Figure 5.2B).

A characteristic current-time trace for a bright lobe is shown in Figure 5.2C.
Besides the exponential dependence of the current due to the linear variation
of the tunnel gap, also a noise band is observed. We would like to emphasize
that the noise level is substantially larger as compared to a junction without
a CuPc molecule. Figure 5.3 shows the current response for a bright lobe
of a CuPc molecule when the tunnel gap is varied. The bias voltage was
altered from 1.5 V to 1.8 V, 2.1 V, or 2.5 V, respectively, before the feedback
loop was turned off and the tip-sample distance was varied. The noise level
increases with increasing tunneling current. In order to compare the noise
levels of different experiments, the mean noise level 〈|∆I|/I〉 is introduced.
Figure 5.4 shows the mean noise amplitude for a bright lobe as a function
of the bias voltage. A clear transition is found at 1.8-2.1 V which cannot be
explained by shot noise. An increase in the mean noise level (i.e. 〈|∆I|/I〉) as
a function of voltage (and thus current) is observed, which indicates that shot
noise has to be ruled out. The increase of the mean noise level is probably
related to the opening of an additional tunneling channel resulting in a higher
oscillation amplitude. The research group of Ho et al. investigated several
adsorption configurations of CuPc molecules on Au nanowires and on an
Al2O3 film grown on NiAl(110).1,2,30 For a CuPc molecule in an asymmetric
configuration, they found that the LUMO is located in the energy range
of 0.6 and 1 eV and that the LUMO+1 is located around 1.8 V. Berkelaar
et al.25 also found that for a CuPc molecule on Au/Ge(001), the LUMO is
located around 0.8 V. Therefore, we propose that the increase in amplitude is
associated to tunneling of electrons from the tip into the LUMO+1.

When the tip is positioned on-top of a dim lobe of the CuPc molecule in
the molecular bridge configuration, a regular expontential I(z) dependence
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Figure 5.2: The current response of a CuPc molecule in the four-lobe bridge
configuration when the tunnel gap distance is altered. (A) Corresponding
change in tip height for all measurements. (B) Response of a normal vacuum
junction, (C) bright lobe, (D) dim lobe and (E) fuzzy lobe. The sample
bias was 2.5 V and the initial tunnel current was 0.2 nA. The current in the
vacuum junction exhibits an exponential dependence, which is a hallmark for
tunneling. The bright lobe shows the same exponential dependence, only with
an additional noise band. For the dim and fuzzy lobes, telegraph noise is
observed. The position of each measurement is indicated by a blue circle in
the insets.
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Figure 5.3: The current response of a the bright lobe of a CuPc molecule in
the four-lobe bridge configuration when the tunnel gap distance is altered. (A)
Corresponding change in tip height for all measurements. (B) Current response
of the bright lobe at different voltages and an initial tunneling current of 0.2 nA.
The current in the vacuum junction exhibits an exponential dependence, which
is a hallmark for tunneling. An offset of 5 nA is added between the curves for
the sake of clarity.

is observed, i.e. comparable to that of a standard vacuum tunnel junction.
However, in addition, we found several peaks in the current that are super-
imposed on the exponential character of the I(z) traces (see Figure 5.2D).
The distribution of residence times τ is plotted on a semi-logarithmic scale
in Figure 5.5A. It shows a linear dependence, characteristic for a random,
i.e., stochastic process.9,12,13,22,28,29 The observed random telegraph noise is
caused by a switching process between two well-defined states. From the
slopes of the two curves, the average residence time 〈τ〉 can be extracted. The
average residence times are 5 ms and 30 ms for the "up" and "down" states,
respectively.
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Figure 5.4: Action spectroscopy on the bright lobe of a CuPc molecule in
the molecular bridge position. The mean noise level 〈|∆I|/I〉 as a function of
the voltage reveals a jump around 1.8-2.1 V.

More information regarding the switching process that is responsible for the
observed dynamics is directly obtained from the telegraph signal by plotting
the switching frequency as a function of current. The result is depicted
in Figure 5.5B. The switching frequency shows a linear relationship with
the current, revealing that we are dealing with an inelastic single electron
process.8,9,19,31,32 The switching efficiency is extracted from the slope of the
curve and amounts to approximately 7× 10−10 switching events per electron
per second. Moreover, the linear relationship intersects at the origin of the
graph, indicating that there is no residual thermally induced motion of the
CuPc molecule. The switching process of the CuPc molecule increases with
increasing tunnel current (the tunnel current increases as the tip is brought
closer to the molecule). The linearity also demonstrates that changes in the
electric field, due to a decreased tip-surface distance, have no significant effect
on the switching frequency of the CuPc molecule.

Current-time spectroscopy in combination with current-distance spectro-
scopy performed on a fuzzy lobe results in similar characteristics as compared
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Figure 5.5: (A) A semi-log plot of the residence time of the "up" and "down"
states of the CuPc molecule’s dim lobe in the four-lobe bridge configuration.
The dashed line shows the curve of a random process, which has a characteristic
exponential dependence. (B) Measured switching frequency of the dim lobe
as a function of current. The frequency is linearly dependent on the current
implying a single electron process.

to the dim lobe. It shows an exponential dependence on the tunnel current
with superimposed telegraph noise; however, the height of the current jumps
as well as the frequency is substantially larger as compared to that of a dim
lobe. The residence time for the "up" and "down" states are 5 and 9 ms,
respectively (see Figure 5.6). The switching efficiency of the fuzzy lobe is
2× 10−10 per electron per second, which is smaller than for the dim lobe (see
Figure 5.5).

As mentioned before, the dynamics are most likely induced by electrons
that tunnel into the LUMO+1. The LUMO+1 has the same spatial electronic
distribution as the LUMO, including π∗ states which can be assigned to orbitals
located on the pyrrole and benzene parts of the CuPc molecule.33,34 Inelastic
tunneling of the electrons into the LUMO+1 induces dynamic processes due
to the excitation of a vibrational mode, leading to current peaks in the I(t)
spectra. The origin of the fluctuations in the current can be attributed to
several dynamic processes, such as diffusion, flapping or planar rotation of the
lobes. When a planer rotation is observed, the changes in the tunnel current
are rather moderate.8,9,23 However, in our case the observed current jumps of
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the CuPc molecule are very large (from 0.2 nA to 20 nA, or more, see Figures
5.2D and E) thus ruling out a rotation of the lobes. In the case of diffusion,
current jumps of 20 nA have been observed as well.19 However, when the
CuPc molecule was imaged after the measurement, no changes were observed
in the configuration and therefore diffusion of the molecule has to be ruled
out. Flapping or switching of a molecule is another mechanism where large
current jumps are reported.15,16 Due to the exponential dependence of the
current on the tip-sample distance, a small variation in the tunnel distance
results in a large variation of the tunnel current. Flapping of a lobe will
decrease the tip-sample distance, leading to an increase of the tunnel current.

The difference in the type of dynamics in the spectrum of the bright lobe,
in comparison with the dim and fuzzy lobes, can be explained by splitting
of the e2g π

∗ orbitals which are mainly located on the lobes. Due to the
splitting, the shape of the orbitals is significantly changed18 and as a result,
the contributions of the two non-degenerate orbitals are different, leading to
a different response of the lobes. This also explains why the dim and fuzzy
lobes show similar dynamics, since these lobes share the same orbitals. The
small differences between the dim and fuzzy lobes are most likely caused by
minor change in the interaction with the Ge dimers. The dim lobe has a
stronger interaction with the Ge dimer as compared to the fuzzy lobe and
consequently, no dynamics are observed when the dim lobe is imaged (see
Figure 5.1). This is supported by the clear preference for the "down" state.
The stronger interaction also supports the observation of smaller current
fluctuations in the I(t) spectra. Due to the stronger interaction, the dim lobe
is less mobile and thus exhibits a smaller flapping amplitude of the lobe. A
lower flapping amplitude implies a smaller difference in the tunnel distance,
i.e. smaller current fluctuations. The fuzzy lobe is less hindered to flap
and therefore, larger current jumps are measured. However, the efficiency of
inducing motion is slightly higher for the dim lobe.

5.4 Conclusion

In summary, the dynamics of different lobe configurations of CuPc molecules
adsorbed in a molecular bridge position on a Au-modified Ge(001) surface
have been investigated using current-time scanning tunneling spectroscopy in
combination with current-distance spectroscopy. Some of the CuPc molecules
are found in a three-lobe configuration, where in addition to a dim and a
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Figure 5.6: (A) A semi-log plot of the residence time of the "up" and "down"
states of the CuPc molecule’s fuzzy lobe in the four-lobe bridge position.
(B) Switching frequency of the fuzzy lobe as a function of current.

bright lobe, also a fuzzy lobe is observed. The dim and fuzzy lobes show
well-defined switching between two levels caused by flapping of the lobe. The
flapping process is induced by electrons that tunnel into the LUMO+1 and
are subsequently able to excite a vibrational mode of the CuPc molecule. The
switching frequency of the lobes can be tuned accurately by precisely adjusting
the tip-molecule distance. The ability to controllably induce dynamic processes
of molecules will provide information on the level of a single molecule that is
otherwise difficult to access.
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Chapter 6 Measuring the thermovoltage with a high spatial resolution

6.1 Introduction

Since its introduction, the scanning tunneling microscopy (STM) has been
used extensively for research of a large variety of surfaces. In addition to the
ability to image conducting substrates, other modes of scanning tunneling
microscopy and spectroscopy (STS) have been developed, such as scanning
tunneling potentiometry,1 inelastic electron tunneling spectroscopy,2 spin-
polarized STM3 etc.4–9

Thermovoltage mapping is one of these techniques. This technique makes
use of the fact that a thermovoltage Vth arises between a tip and a surface if
a temperature gradient is applied across the STM tunneling junction. The
difference in temperature shapes inequalities in the Fermi-Dirac distributions,
as well as differences in the density of states (DOS) at the Fermi levels of
the two electrodes. This results in a net tunneling current of thermally
excited electrons and a voltage difference between the tip and sample, even
when there is no bias voltage applied. The thermovoltage results from the
balance between forward and backward tunneling. This effect was first
demonstrated by Williams and Wickramasinghe on a MoS2 surface.10 Many
examples of thermovoltage studies followed, including quantitative analysis of
standing waves of electronic surface states scattering from steps and defects
on noble metals,4,11–13 domain boundaries,14–16 semiconductor surfaces15,17
and graphene.18

Within the Tersoff-Hamann19 approximation for the tunneling current,
Støvneng and Lipavský20 derived the following expression for Vth

Vth =
π2k2

B
(
T 2
T − T 2

S
)

6e

[ 1
ρS

∂ρS
∂E

+ 1
ρT

∂ρT
∂E

+ z

h̄
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2m0
φ

]
EF

(6.1)

where kB is the Boltzmann constant, h̄ is the reduced Planck constant, m0
is the electron mass, e the electron charge, φ is the work function, z is the
tip-sample distance, ρT and ρS are the density of the electronic states of the
tip and sample, respectively, TT and TS are the temperature of tip and sample
and E is the energy. The thermovoltage is the sum of three contributions: (1)
the derivative of the electronic density of states of the tip to the energy, (2) the
derivative of the electronic density of states of the sample to the energy and
(3) a term containing the tip-sample distance and the work function. Because
the thermovoltage depends very strongly on the density of states of both tip
and sample, information about the density of states of the sample can be
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obtained with greater accuracy as compared to standard scanning tunneling
spectroscopy.11–13 However, the absolute magnitude of the thermovoltage is
still not quantitatively understood because of the difficulty to access the first
and second terms of equation 6.1.11,15,18,21,22

In this chapter, a novel method is introduced to measure the spatially
resolved thermovoltage quasi-simultaneously along with the topography. In
comparison to previous techniques it is possible to measure the thermo-
voltage directly at zero bias voltage and zero tunneling current, resulting
in an improved signal to noise ratio. In addition, the tip-sample distance
can be adjusted easily independent of the topography scanning parameters,
which makes it possible to enhance the thermovoltage signal. The whole
thermovoltage setup can be included in any standard STM setup enabling
lift-mode, which is now-a-days a standard option. This makes it possible to
perform standard STM and STS quasi-simultaneously with a thermovoltage
measurement.

6.2 Experimental

Figure 6.1 shows a schematic diagram of the experimental thermovoltage setup.
The experiments are performed in an RHK Technology UHV3000 variable
temperature STM (for more information see section 2.1). In order to obtain a
temperature difference between tip and sample, the sample was cooled down
using LN2. By using a counter heater any desired sample temperature between
100 K to 300 K can be achieved. Since in vacuum the thermal coupling between
tip and sample is negligible compared to the thermal conductance of tip and
sample,23 the temperature difference is constant throughout the experiment.

The thermovoltage is measured quasi-simultaneously with the topography
by using an I-V converter and a voltage amplifier (see Figure 6.1). The sample
is connected to ground and a relay is used to connect the tip to either the I-V
converter (connection b in Figure 6.1) or the voltage amplifier (connection
a in Figure 6.1). Since the sample is connected to ground, a biased I-V
converter is needed with which all the standard constant current topography
measurements and standard scanning tunneling spectroscopy, such as I(V),
z(V), I(z) and I(t),24–28 can be performed. The second circuit only contains an
instrumentation amplifier to measure the thermovoltage across the junction,
which is generated by the temperature difference between tip and sample.
To measure the thermovoltage, a two-pass technique, also referred to as
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Figure 6.1: Schematic diagram of the experimental setup to measure the
spatially resolved thermovoltage. The setup can be implemented in a standard
scanning tunneling microscope. The topography and the thermovoltage are
measured quasi-simultaneously.

lift-mode,6,29 is used which enables a separation of topography and another
signal, here the thermovoltage. The voltage resolution is 20 nV/

√
Hz at room

temperature and the bandwidth is 2000 Hz. The lateral resolution is given by
the lateral resolution of the STM.

The time sequence of the measurement is displayed in Figure 6.2. The
sequence can roughly be split in four sections: (I) a forward topography scan,
(II) a backward topography scan, (III) a forward thermovoltage scan and
(IV) a backward thermovoltage scan. In the first pass of the lift-mode a line
is scanned (forward and backward) as in the normal STM mode, where the
tip height is adjusted by the feedback loop to maintain a constant tunneling
current from which the topography of the surface is obtained (see Figure
6.2A and sections (I) and (II) in Figure 6.2C). With the second pass, the
previously acquired topographic trace is used to track the tip over the surface
at an elevated or reduced tip-sample distance (see Figure 6.2B and sections
(III) and (IV) in Figure 6.2C). As the feedback loop is not needed during
the lift, experiments are performed with a disabled feedback loop. The RHK
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SPM1000 controlling electronics provides an external triggering signal which
enables the possibility to switch between the two different modes. When the
STM changes from standard imaging mode to lift-mode, a pulse is generated
which triggers the relay to switch between the two electronic circuits. Between
section (II) and (III) the STM changes from normal scanning mode to lift
mode and the thermovoltage module is enabled. In section (III) and (IV)
the tip follows the recorded topography, i.e. tip-sample distance is constant,
and the tip records the thermovoltage. Because the tip-sample distance
remains unaltered, all changes in the thermovoltage can be directly related to
variations of the density of states of the sample or the work function of the
sample (see equation 6.1) assuming a constant DOS of the tip.

In contrast to previously developed techniques to measure the thermo-
voltage,4,7,11,16,18,21 which often make use of a second feedback loop, the setup
presented in this chapter measures the thermovoltage line by line rather than
pixel by pixel. The advantage is that the tip only has to stabilize once every
line, rather than every pixel, which improves the scanning speed (at a scan
time per line of 0.8 s and an image resolution of 256×256 pixels2, the total
scan time is approximately 15 minutes). Tip stabilization is needed when the
feedback loop is switched off, to ensure steady state conditions. Additional
advantages of using the lift-mode technique are: (1) the thermovoltage is
measured at zero applied bias, (2) the tip-sample of the topography scan and
thermovoltage scan can be varied by a well-defined and tunable offset and (3)
the thermovoltage and topography can be mapped quasi-simultaneously for
both the forward as well as backward scanning directions.

6.3 Results

In Figure 6.3 a conventional STM image and a spatial resolved thermovoltage
image of a Au(111) surface are shown. The surface exhibits the character-
istic Au(111) herringbone reconstruction and substrate steps (see Figure
6.3A).8,30–32 In the thermovoltage map (see Figure 6.3B) the step edges show
up as 1 mV high peaks with respect to the average thermovoltage value of the
terrace, most probably caused by a difference in electronic structure between
step and terrace in both the work function and the LDOS contributions.11,15
In the vicinity of step edges the thermovoltage shows a spatially decaying
oscillating behavior, which can be attributed to electronic standing waves.
These Friedel-oscillations show up at step edges and defects because the
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Figure 6.2: The time sequence of a topography and thermovoltage measure-
ment. (A) Normal STM mode and (B) lift-mode. (C) First the topography is
measured in the constant current mode at a chosen bias voltage and chosen
setpoint current. Both a forward and backward scan are made while the topo-
graphy (z) is measured. Then the bias voltage is set to zero and the recorded
topography (zrec = z) is played back in order to maintain a constant tip-sample
distance. During the "playback" of the topography, the thermovoltage (Vth)
is measured. The sequence is divided in four parts: (I) Forward topography
scan, (II) backward topography scan, (III) forward thermovoltage scan and
(IV) backward thermovoltage scan.
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reflection of electrons at a monoatomic step leads to a coherent superpos-
ition of incident and reflected waves, leading to a stationary interference
pattern.4,7,8,11,12,15,33–35 The observed wavelength is approximately 1.8 nm,
which corresponds to half the Fermi wavelength of the Au(111) surface-state
electrons.12,35,36

One of the drawbacks of the earlier developed methods is the difficulty to
access the tip-sample distance, which is probably the reason why there is a lim-
ited amount of studies on the distance dependence of the thermovoltage.11,21,22
A clear advantage of the lift-mode is the possibility to vary the tip-sample
distance. Figure 6.4 shows the Au(111) surface where the herringbone recon-
struction is visible in both the topography as well as the thermovoltage. The
line profiles (Figure 6.4C) show that the observed herringbone pattern in the
thermovoltage and topography are inverted.

In order to explain the observed herringbone reconstruction in the thermo-
voltage, equation 6.1 is used. Equation 6.1 is composed of three terms, (1) the
DOS of the tip, (2) the DOS of the sample and (3) a term that contains the
tip-sample distance and the work function. Throughout the experiment the
same tip is used and no remarkable changes were observed during scanning
and therefore we conclude that the DOS of the tip can be considered as
constant. The herringbone reconstruction has a (22 ×

√
3) unit cell where 23

atoms of the first layer are placed on 22 atoms of the second layer (see section
1.3.1).30–32 Along the direction of the compression, the stacking sequence
changes from fcc to hcp to fcc separated by bridge regions with a periodicity
of 63 Å. Chen et al.32 investigated the difference in the DOS between the
fcc and hcp regions of the Au(111) surface using dI/dV spectroscopy and
found that near the Fermi level the two reconstructions have an identical DOS.
However, the thermovoltage is dependent on the derivative of the DOS and
therefore even a relative small change can result into a significant difference
in the thermovoltage between the fcc and hcp stacking regions.

Another possibility that might explain the observed herringbone pattern
in the thermovoltage measurement is the third term of equation 6.1. The
third term of equation 6.1 contains the tip-sample distance and the work
function. When the lift-mode is used, the tip-sample distance remains constant
throughout the whole measurement and cannot contribute to a difference in
the thermovoltage either. Aoki et al.8 investigated the surface-reconstruction-
induced potential of the Au(111) surface using site-specific barrier height
measurements. They found that the work function has the same appearance

113



Chapter 6 Measuring the thermovoltage with a high spatial resolution

0 4 8 12 16 20 24 280

0.2

0.4

0.6

0.8 -0.6

-0.9

-1.2

-1.5

-1.8

C

A

B

H
ei

gh
t [

nm
]

Distance [nm]

V
th  [m

V
]

15 nm

15 nm

Figure 6.3: (A) STM image (100×25 nm2) of Au(111) recorded at a sample
temperature of ∼ 100 K, a sample bias of 0.4 V and a setpoint current of
400 pA. (B) The thermovoltage image of the same area as in (A). The tip is
brought 5 Å closer to the surface relative to the setpoint current. (C) The
height (left) and Vth (right) profile measured simultaneously along the line
in (A) and (B). The Friedel-oscillations observed in the thermovoltage image
have a periodicity of 1.8 nm.
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Figure 6.4: (A) STM image (50×50 nm2) of Au(111) recorded at a sample
temperature of ∼ 100 K, a sample bias of 0.4 V and a setpoint current of
400 pA. (B) The thermovoltage image of the same area as in (A). The tip
is brought 2.5 Å closer to the surface relative to the setpoint current. (C)
The height (top) and Vth (bottom) profile measured simultaneously along the
line in (A) and (B). The herringbone reconstruction is observed in both the
topography as well as the thermovoltage measurement, albeit the latter signal
is inverted with respect to the former signal.
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Figure 6.5: Measured thermovoltage Vth as a function of the variation in the
tip-sample distance ∆z obtained on a Au(111) terrace with a cooled sample
(∆T ∼ 100 K). ∆z = 0 nm corresponds to the tunneling parameters of 0.4 nA
and 0.4 V. A negative ∆z means a smaller tip-sample distance. The dashed line
represents the expected dependence according to equation 6.1 with φ = 4.5 eV
and TS ∼ 190 K.

as the herringbone reconstruction, having maxima in the work function at
the bridge positions, minima at the fcc positions and local minima at hcp
positions. The third term in equation 6.1 states that the thermovoltage is
inversely proportional to the square root of the work function, which explains
the inverted herringbone pattern in the thermovoltage image (Figure 6.4B
and C). Further research is needed to conclude if the herringbone pattern in
the thermovoltage is caused by the first, third, or both terms of equation 6.1.

The tip-sample distance z determines how large the effect of the third term
is on the total thermovoltage Vth. To investigate the influence of the third term
on the total thermovoltage, a distance dependent thermovoltage measurement
is performed. An example of such a measurement on a terrace of the Au(111)
surface is shown in Figure 6.5. Multiple thermovoltage images were acquired,
in which the tip is brought 5 Å closer relative to the setpoint distance in small
increments. As can be seen in Figure 6.5, the Vth − z dependence follows a
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linear trend, as predicted by equation 6.1. The measured slope is 3 mV/nm
at a temperature difference of approximately 100 K. The work function φ
can now be extracted from equation 6.1 and is approximately 4.5 eV which
is equal to the work function of Au(111).8,11 By changing the tip-sample
distance, the thermoelectronic contrast can be enhanced or reduced, which
enables resolving features which otherwise remain hidden.

6.4 Conclusion

In summary, a novel method has been developed to measure the thermovoltage
using a standard STM. By using the lift-mode it is possible to measure the
topography and the thermovoltage quasi-simultaneously. The measuring time
for a set of two topography images, i.e. forward and backward, and corres-
ponding thermovoltage data at a resolution of 256 ×256 pixels2 is of the order
of 15 min. The setup can be applied to any commercial STM that exhibits
the lift-mode option. In the vicinity of Au(111) steps, Friedel-oscillations are
observed in the thermovoltage image, while on the terraces the herringbone
reconstruction of Au(111) can be resolved. The observed herringbone recon-
struction in the thermovoltage can be explained by a difference in the work
function, which can be easily accessed by varying the tip-sample distance.
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Summary

Single molecules and organic layers on well-defined solid surfaces have attrac-
ted tremendous attention owing to their interesting physical and chemical
properties. The ultimate utility of single molecules or self-assembled monolay-
ers (SAMs) for potential applications is critically dependent on the structural,
electronic and dynamic properties. Therefore is it important to study the
structural and electronic properties as well as the dynamic processes of single
molecules and organic layers on surfaces.

Scanning tunneling microscopy (STM) is a powerful and versatile technique
to image and contact single molecules. In STM, an atomically sharp metal
tip is brought at a distance of about 1 nm from a surface. Both the tip and
the surface act as an electrode across which a voltage difference is applied
that results in a tunneling current. In this way, the wave functions of the
conducting sample and the tip exhibit some overlap and an electron can
tunnel from one electrode to the other. Using a feedback loop, the current
is kept constant, while the resulting vertical displacement is recorded as a
function of the lateral displacement from which a three-dimensional image
of the surface can be constructed with nanometer precision. The STM has
the capability to image single molecules or organic layers on surfaces and
to study their electronic and dynamic properties using scanning tunneling
spectroscopy (STS).

The structural and thermal properties as well as the dynamics of a decane-
thiol SAM on Au(111) surfaces investigated using STM is described in Chapter
3. Five different phases are observed: four ordered phases (β, χ∗, δ and φ)
and one disordered phase (ε). In the β, δ and χ∗ phase the molecules are
lying down on the surface in a stripe-like appearance. In the φ phase, the
decanethiol molecules are aligned in an upright configuration.Current-time
spectroscopy (i.e. I(t)) recorded on the β phase display a fully stochastic
two-level switching process. The two-level process is attributed to the diffusion
of the Au-thiol complexes, rather than the diffusion of individual decanethiol
molecules. The disordered phase is characterized by large current jumps,
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which indicate that the tail of the decanethiol flips up and makes contact with
the tip. The I(t) spectroscopy provides additional evidence for the structural
models of the various phases and is also in favor of the existence of Au-thiol
complexes. In addition, the thermally induced meandering of the domain
boundaries between an ordered and a disordered phase is investigated using
a statistical analysis. The boundary free energies were determined, which
enables extracting and confirming the phase diagram of the decanethiol on
Au(111) system.

In order to design and realize single-molecule devices it is essential to obtain
a good understanding of the properties of an individual molecule. In Chapter
4, the transport through a single octanethiol molecule trapped between an
STM tip and a Pt/Ge(001) substrate is systematically studied. After the
molecule is picked up from the surface, the dynamic behavior of the molecule
is investigated using a combination of current-distance (i.e. I(z)) and current-
voltage (i.e. I(V)) spectroscopy. By adjusting the tip-sample distance or the
bias voltage it is possible to controllably attach and detach the molecule to
the substrate. This configuration behaves as a perfect single molecular switch,
which has an "on" (molecule in contact with the substrate) and "off" state
(molecule out of contact with the substrate). In the "on" state it is possible
to measure the conductance of the molecule as a function of the temperature
revealing a temperature independent transport mechanism. With the help
of I(t) spectroscopy in combination with I(z) spectroscopy, the conductance
of the molecule can be controllably adjusted. Via mechanical gating, i.e.
compressing or stretching of the octanethiol molecule, the conductance of
the junction can be systematically adjusted. In principle this single-molecule
junction behaves as a two-terminal single-molecule transistor, where the gate
electrode is replaced by a mechanical gate.

In Chapter 5, spatially resolved I(t) spectroscopy combined with I(z)
spectroscopy has been used to characterize the dynamic behavior of copper-
phthalocyanine (CuPc) molecules adsorbed on a Au-modified Ge(001) surface.
The analyzed CuPc molecules are adsorbed in a "molecular bridge" configura-
tion, where two benzopyrrole groups (lobes) are connected to a Au-induced
nanowire, whereas the other two lobes are connected to the adjacent nanowire.
The Cu core of the molecule is now structurally as well as electronically
decoupled from the underlying substrate. Some of the CuPc molecules are
found in a three-lobe configuration, where in addition to a dim and a bright
lobe, also a fuzzy lobe is observed. The dim and fuzzy lobes show well-defined
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switching between two levels caused by flapping of the lobe. The flapping
process is induced by electrons that tunnel into the LUMO+1 (Lowest Unoc-
cupied Molecular Orbital) and are subsequently able to excite a vibrational
mode of the CuPc molecule. The switching frequency of the lobes can be
tuned accurately by precisely adjusting the tip-molecule distance.

Chapter 6 describes a new approach to measure spatial maps of the ther-
movoltage with a high spatial resolution using a STM. A thermovoltage arises
between a tip and a surface if a temperature gradient is applied across the
STM tunneling junction. The difference in temperature shapes inequalities in
the Fermi-Dirac distributions, as well as differences in the density of states
(DOS) at the Fermi levels of the two electrodes. This results in a net tunneling
current of thermally excited electrons and a voltage difference between the tip
and sample, even when there is no bias voltage applied. The thermovoltage
results from the balance between forward and backward tunneling. The new
method relies on an approach where we record quasi-simultaneously the nor-
mal topography as well as the thermovoltage by switching the feedback and
sample bias on and off. This setup can be combined with standard scanning
tunneling microscopy and scanning tunneling spectroscopy techniques. The
thermovoltage is very sensitive to small variations of the local electronic
density of states in vicinity of the Fermi level. In the vicinity of Au(111) steps,
Friedel-oscillations are observed in the thermovoltage image, while on the
terraces the herringbone reconstruction of Au(111) is resolved. The observed
herringbone reconstruction in the thermovoltage is explained by a difference
in the work function, which can be easily accessed by varying the tip-sample
distance. By changing the tip-sample distance, the thermoelectronic contrast
can be enhanced or reduced, which enables resolving features which otherwise
remain hidden.

The bulk part of this thesis describes the dynamics of SAMs or single
molecules that interact with a surface using different scanning tunneling
spectroscopic tools. Deep insights discovered in the dynamics of the SAMs
down to the single molecular level were obtained. In addition, the conductance
of an octanethiol and the switching frequency of a CuPc molecule can be
accurately adjusted by precisely adjusting the tip-molecule distance. The
work in this thesis further enhances the knowledge of dynamic processes
in SAMs and other molecular systems induced by the interaction with the
surface.
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Samenvatting

Enkele moleculen en organische lagen op goed gedefinieerde oppervlakken
hebben enorm veel aandacht getrokken vanwege de interessante fysische en
chemische eigenschappen. De uiteindelijke bruikbaarheid van enkele mo-
leculen of zelf-georganiseerde monolagen (Eng: self-assembled monolayer, of
SAM) voor potentiële toepassingen is sterk afhankelijk van de structurele,
elektronische en dynamische eigenschappen. Daarom is het belangrijk om
de structurele en elektronische eigenschappen en ook de dynamische pro-
cessen van afzonderlijke moleculen en organische lagen op oppervlakken te
bestuderen.

De rastertunnelmicroscoop (Eng: scanning tunneling microscope, of STM)
is een krachtige en veelzijdige techniek om enkele moleculen af te beelden of te
contacteren. In een STM wordt een atomair scherpe metalen naald op ongeveer
één nanometer van het te onderzoeken oppervlak gebracht. Zowel de naald
als het oppervlak fungeren als een elektrode waarover een spanningsverschil
wordt aangelegd welke resulteert in een kwantummechanische tunnelstroom.
Doordat de golffuncties van het geleidende oppervlak en de naald enige overlap
vertonen, kan een elektron "tunnelen" van de ene elektrode naar de andere. Via
een terugkoppellus (Eng: feedback loop) wordt de stroom constant gehouden,
terwijl de resulterende verticale verplaatsing wordt geregistreerd als functie
van de horizontale verplaatsing. Hieruit wordt een driedimensionale afbeelding
van het oppervlak geconstrueerd op atomaire schaal. Naast de mogelijkheid
om met STM een weergave te maken van enkele moleculen of organische
lagen op oppervlakken, heeft de STM ook de mogelijkheid om elektronische of
dynamische eigenschappen te meten door middel van rastertunnelspectroscopie
(Eng: scanning tunneling spectroscopy, of STS).

De structurele, thermische en dynamische eigenschappen van een decaan-
thiol zelf-georganiseerde monolaag wordt bestudeerd met een STM in Hoofd-
stuk 3. Vijf verschillende fases zijn waargenomen: vier geordende fases (β,
χ∗, δ and φ) en een wanordelijke fase (ε). In de β, δ and χ∗ fases liggen de
moleculen op het oppervlak in een streepachtige verschijning. In de φ fase zijn
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de decaanthiol moleculen uitgelijnd in een staande configuratie. Stroom-tijd
spectroscopie (I(t)) opgenomen op de β fase vertoont een volledig stochastisch
schakelproces tussen twee niveaus. Het uit twee niveaus bestaande schakelpro-
ces wordt toegeschreven aan de diffusie van Au-decaanthiol complexen, en
niet aan de diffusie van individuele decaanthiolen. The wanordelijke fase
wordt gekenmerkt door grote stroomsprongen, die aantonen dat de staart
van het decaanthiol molecule omhoog beweegt en contact maakt met de
naald van de STM. De I(t) spectroscopie levert aanvullend bewijs voor de
structurele modellen van de verschillende fases van het decaanthiol op Au(111)
systeem en geeft een indicatie voor het bestaan van Au-decaanthiol complexen.
Daarnaast zijn de door temperatuur geïnduceerde slingeringen van de domein-
grenzen tussen de geordende en wanordelijke toestanden bestudeerd middels
een statistische analyse. Hieruit zijn de vrije energieën van de domeingrenzen
bepaald. Op basis van deze resultaten is het mogelijk om een nauwkeurige
voorspelling en bevestiging te geven van het tweedimensionale fasediagram
van het decaanthiol/Au(111) systeem.

Om elektronische componenten te ontwerpen en realiseren die bestaan uit
een enkel molecuul is het essentieel de eigenschappen van een enkel molecuul
te begrijpen. In Hoofdstuk 4 wordt de geleiding systematische bestudeerd
van een enkel octaanthiol molecuul gevangen tussen de naald van een STM
en een Pt/Ge(001) oppervlak. Nadat het octaanthiol molecuul door de naald
is opgepakt van het oppervlak, is het dynamische gedrag van het molecuul
bestudeerd door middel van een combinatie van stroom-afstand (I(z)) en
stroom-spanning (I(V)) spectroscopie. Door de naald-oppervlak afstand of de
instelspanning aan te passen, is het mogelijk om op controleerbare wijze het
molecuul in en uit contact te brengen met het oppervlak. Deze configuratie
gedraagt zich als een volmaakte enkele moleculaire schakelaar, die een "aan"
(het molecuul is contact met het oppervlak en de tunnelstroom wordt hoger)
en "uit" -toestand (het molecuul maakt geen contact met het oppervlak en
de tunnelstroom is aanzienlijk lager) heeft. Wanneer het molecuul zich in de
"aan"-toestand bevindt is het mogelijk om de geleiding te meten als functie
van de temperatuur. Deze serie van I(z) spectroscopie metingen laat zien dat
de geleiding van deze junctie onafhankelijk van de temperatuur is. Met behulp
van een combinatie van I(z) en I(t) spectroscopie kan de geleiding van het
molecuul controleerbaar worden aangepast. Gebruikmakende van mechanische
poortsturing (Eng: gating), in andere woorden het samendrukken of uitrekken
van het octaanthiol, kan de geleiding van de junctie systematische worden
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aangepast. In principe gedraagt deze enkele-molecuul junctie zich als een
transistor met twee aansluitingen, waarbij de poortelektrode wordt vervangen
door een mechanische poort.

In hoofdstuk 5 is ruimtelijk opgeloste I(t) spectroscopie gecombineerd met
I(z) spectroscopie toegepast om het dynamische gedrag van koper-ftalocyanine
(CuPc) moleculen geabsorbeerd op een Au/Ge(001) oppervlak te karakteris-
eren. De geanalyseerde CuPc moleculen zijn geabsorbeerd in een “moleculaire
brug” oriëntatie, waarin twee benzopyrrool groepen (lobben) zijn verbonden
met de Au-geïnduceerde nanodraad terwijl de andere twee lobben zijn ver-
bonden met een nabijgelegen nanodraad. De koperen kern van het molecuul
is nu zowel structureel als elektronisch ontkoppeld van het onderliggende
oppervlak. Naast de moleculaire brug oriëntatie worden CuPc moleculen ook
gevonden in de drie-lobben configuratie, waar naast een schemerige en felle
lob, ook een wazige lob wordt waargenomen. De schemerige en felle lob tonen
een goed gedefinieerd schakelgedrag tussen twee niveaus, hetgeen veroorzaakt
wordt door het klappen, of het op en neer bewegen, van de lob. Het klap
proces wordt geïnduceerd door elektronen die tunnelen in de op één na laagste
onbezette toestand (LUMO+1) en welke vervolgens in staat zijn om een
vibratietoestand van het CuPc molecuul aan te slaan. De schakelfrequentie
van de lobben kan nauwkeurig worden afgestemd door precieze aanpassingen
van de STM naald-molecuul afstand.

Hoofdstuk 6 beschrijft een nieuwe benadering om de ruimtelijk opgeloste
thermospanning te meten met een hoge ruimtelijke resolutie gebruikmakende
van een STM. Een thermospanning ontstaat tussen de naald van een STM
en een oppervlak wanneer er een temperatuurgradiënt over de STM junctie
wordt aangebracht. Het verschil in temperatuur veroorzaakt ongelijkheden in
de Fermi-Dirac distributies alsmede in de toestandsdichtheid (Eng: density of
states, of DOS) rond het Fermi-niveau van de twee elektrodes. Dit resulteert
in een netto tunnelstroom van thermisch geëxciteerde elektronen en een
spanningsverschil tussen de STM naald en het oppervlak, zelfs wanneer er
geen instelspanning is aangebracht over de junctie. De nieuwe werkwijze
berust op de benadering waarbij de topografie quasi simultaan wordt gemeten
met de thermospanning door middel van het aan- en uitschakelen van de
terugkoppellus en de instelspanning. Deze opstelling kan worden gecombineerd
met standaard STM en STS technieken. De thermospanning is erg gevoelig
voor minieme variaties van de lokale toestandsdichtheid in de nabijheid
van het Fermi-niveau. In de nabijheid van Au(111) stappen zijn Friedel-
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oscillaties waargenomen in de thermospanning meting, terwijl op de terrassen
de visgraat (Eng: herringbone) reconstructie van het Au(111) oppervlak
is opgelost. De geobserveerde visgraat reconstructie in de thermospanning
kan worden verklaard door een verschil in de werkfunctie tussen de twee
stapelingen (hcp en fcc), welke makkelijk toegankelijk is door het variëren
van de naald-oppervlak afstand. Door het veranderen van de naald-oppervlak
afstand kan het thermo-elektrisch contrast worden versterkt of verzwakt,
hetgeen identificeren van verborgen bijzonderheden mogelijk maakt.

Het merendeel van deze dissertatie beschrijft de structurele, elektronische
en dynamische eigenschappen van SAMs of enkele moleculen die interactie
hebben met een oppervlak met behulp van verschillende rastertunnelspec-
troscopische instrumenten. Diepere inzichten zijn verkregen op het gebied
van de waargenomen dynamica in SAMs. Bovendien kan de geleiding van
een octaanthiol molecuul en de schakelfrequentie van een CuPc molecuul
nauwkeurig worden ingesteld door de STM naald-oppervlak afstand te ver-
anderen. Het werk zoals beschreven in deze dissertatie vergroot de kennis van
dynamische processen in SAMs en andere moleculaire systemen veroorzaakt
door interactie met het oppervlak, hetgeen relevant is voor technologische
toepassingen.
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Een promotietraject heeft als functie dat een student met een mastergraad
wordt opgeleid tot een beginnend onderzoeker. Na vier jaar onderzoek weet
ik dat dit maar een gedeelte is van dit traject. Naast beginnend onderzoeker
ben ik nu ook echtgenoot, "groot"grondbezitter en vader. De afgelopen vier
jaar zijn voorbij gevlogen en daaruit kan ik alleen maar concluderen dat ik
het heel erg naar mijn zin heb gehad. Dit hoofdstuk, tevens het laatste en
best gelezen, wil ik dan ook gebruiken om iedereen te bedanken die direct of
indirect heeft bijgedragen aan de totstandkoming van dit proefschrift.

De eerste persoon die ik graag wil bedanken is natuurlijk Harold. Nadat
ik was afgestudeerd bij de Physics of Interfaces and Nanomaterials (PIN)
groep, heb je gevraagd of ik geïnteresseerd was om aan een promotietraject
te beginnen. Van deze keuze heb ik nooit spijt gehad. Je onuitputtelijke
enthousiasme is aanstekelijk en motiverend. Of het nu het buurten in het
lab is, het discussiëren over de nieuwste resultaten of het corrigeren van een
artikel, ondanks de grote werkdruk maak je hier altijd tijd voor. Daarnaast
denk je ook altijd in oplossingen in plaats van problemen, of het nu werk- of
privégerelateerd is. Ook de vele dansjes die je uitvoerde als je binnenkwam
op mijn kantoor zal ik niet snel vergeten. De muziek die ik draaide kwam
inderdaad niet in de buurt van jouw zwijmelmuziek.

Bene, jouw duidelijk uitgesproken mening heb ik altijd gewaardeerd. Naast
de wetenschappelijke discussies heb ik ook erg veel plezier beleefd aan onze
gesprekken over voetbal. De maandag was niet compleet zonder een complete
analyse van het afgelopen voetbalweekend. Ik hoop wel dat in de nabije
toekomst onze beide clubs beter gaan presteren.

Stefan, de manier waarop jij wetenschap en je privéleven combineert kan
op veel sympathie rekenen van mijn kant. Daarnaast heb ik ook altijd met
veel interesse en genoegen gediscussieerd over een heel scala aan onderwerpen,
zoals de gang van zaken binnen de universiteit of wat nou een goede whisky
is. Je oog voor (grammaticale) details heeft er voor gezorgd dat er minder
fouten in mijn dissertatie staan. Bedankt voor alle tijd die je in het corrigeren
van mijn proefschrift hebt gestoken.
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Ik wil ook graag de leden van mijn promotiecommissie bedanken voor
het plaatsnemen in mijn commissie en de investering van tijd en moeite die
hiermee gepaard gaat.

Maar mijn meeste dank gaat uit naar de voltallige PIN groep. De geweldig
motiverende en vriendelijke atmosfeer in de groep maakt het mogelijk om het
beste uit jezelf te halen. Of het nu op het werk, in de kroeg of bij iemand
thuis was, ik heb mij geen moment verveeld.

Simone, bedankt voor alle administratieve hulp tijdens mijn promotie. Of
het nu om declaraties, het boeken van vluchten of het opsturen van mijn
proefschrift ging, je was er altijd om mij te helpen. Ook heb ik samen met jou
en Stefan, vier jaar lang de uitjescommissie gevormd. Ik heb dit altijd met
heel veel plezier gedaan met als hoogtepunt ons “wetenschappelijk” uitje naar
Dresden. Ook al zeg ik het zelf, dat was toch voortreffelijk georganiseerd.

CR 2.219 is natuurlijk de belangrijkste kamer op de gehele campus. Herman,
Hans en "Magic" Martin, wat zou onderzoek zijn zonder de juiste ondersteuning.
Herman, bedankt voor al het gesleutel aan de STM. Dankzij jou heeft de STM
altijd gewerkt tijdens mijn promotietraject. Een goed werkende experimentele
opstelling is het halve werk. Hans, voor bestellingen en problemen met de
vacuümpompen kon ik altijd bij jou terecht, waarvoor dank. Verder hoop ik
dat je weer helemaal de oude wordt, sterkte! Daarnaast wil ik jullie beide
bedanken voor het vele gekuier aan de koffietafel. Doo-t hènig an!.

"Magic" Martin, hoewel je pas in het tweede deel van mijn promotie bij
de groep bent gekomen, staat er toch een dikke stempel van jou op mijn
proefschrift. Geef jou een paar elektronische componenten en een soldeerbout
en jij maakt er iets geniaals van. Ik heb met heel veel plezier samen de
thermospanning module gebouwd. Het moment waarbij we voor het eerst
Friedel-oscillaties zagen op het Au(111) oppervlak is toch wel één van mijn
hoogtepunten tijdens mijn promotie. Ook je imitatie van Gollum zal me altijd
bijblijven.

Ik heb het voorrecht gehad om twee roadtrips te mogen maken door de
Verenigde Staten. Echter, zonder het geweldige gezelschap waren het nooit
zulke onvergetelijke reizen geworden.

Patrick, tijdens mijn afstudeeronderzoek was jij mijn begeleider en heb ik
geleerd wat het inhoudt om onderzoek te doen. Zonder jouw begeleiding was
mijn promotie nooit zo goed begonnen. Ook je kunde met Matlab en andere
programmeertalen en je passie om dit te delen hebben mij erg geholpen. Ook
buiten het werk heb ik altijd veel plezier beleefd aan onze vriendschap. Lidewij
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natuurlijk ook bedankt en veel succes en geluk met jullie gezinsuitbreiding.
Robin, hoeveel tijd hebben wij wel niet samen gespendeerd met het kijken

naar de Tour de France of andere wielerrondes, het WK schaken, of zelfs
naar het KLM open? Ook de gezellige gesprekken op de fiets naar huis of in
het kantoor hebben voor welkome afleidingen gezorgd. Daarnaast was je ook
een uitermate geschikte sparringpartner om wetenschappelijke problemen te
tackelen. Ik wens jou en Leonie natuurlijk heel veel geluk met jullie huwelijk.

René, jouw gevoel voor humor is geweldig. Of het nu tijdens de vele uren
achter de STM was, op kantoor, bij je thuis of in het café, jij krijgt altijd
iedereen weer aan het lachen met je droge humor. Ook je handigheid met de
STM is vele malen van pas gekomen. Het stoeien met de MATE software
staat ook nog steeds in mijn geheugen gegrift. Verder wil ik je bedanken voor
de vele gesprekken over alle facetten van het leven. Ik wens jou, Rebecca en
Markus dan ook veel geluk toe.

Chris, ondanks dat wij qua karakter erg van elkaar verschillen heb ik erg
veel plezier beleefd aan onze samenwerking. Ook je droge humor en zelfspot
hebben voor veel vertier gezorgd. Op wetenschappelijk niveau heb ik veel
geleerd van onze discussies. De meeste dank krijg je echter voor het maken van
de PIN Promotion Package. Dit heeft mij heel veel werk en stress bespaard.

Pantelis, tijdens onze rondreis door het noordoosten van de VS heb ik
je beter leren kennen. Vooral van jouw kritische houding ten opzichte van
onderzoek heb ik veel geleerd. Bovendien heb ik geleerd dat ik dit stukje
in het dankwoord gewoon in het Nederlands kan schrijven. Succes met het
vertalen!

Daarnaast zijn er ook nog vele collega’s die ik graag wil bedanken voor de
fijne tijd tijdens mijn promotieonderzoek.

Erik, dat wij ongeveer tegelijkertijd promoveren, heeft het schrijven van
een thesis toch een stuk makkelijker gemaakt. Veel dank voor het helpen met
LATEX. Ook de gesprekken over bier en whisky en natuurlijk ook het proeven
ervan waren altijd vermakelijk.

Hairong mag ik natuurlijk niet vergeten in mijn dankwoord. De hoeveelheid
werk dat jij hebt verzet tijdens je promotie is bewonderingswaardig. Ook aan
de samenwerking met jou heb ik veel plezier beleefd. Een dag meten achter
de STM ging toch een stuk sneller als jij mij gezelschap hield. Ook van de
systematische en schone manier van werken heb ik veel geleerd. Bedankt voor
alle gezellige momenten, wetenschappelijke discussies en natuurlijk voor het
Chinese diner.
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Avijit, bedankt voor het introduceren en leren van de STM. Door jou had
ik een vliegende start tijdens mijn promotie. Dank aan Nis voor de goede
samenwerking met de ferroceen SAMs en voor al het werk dat jij en je collega’s
uit Singapore hebben gestopt in het artikel.

De filmploeg (vooral Robin, Patrick, René, Stefan, Martin, Erik, Herbert en
Majiec) wil ik bedanken voor het maken van verscheidende promotiefilmpjes.
Het is toch fantastisch om te zien wat voor een professionalisering slag we
hebben doorgemaakt in vier jaar. Vooral door Robin is het maken van een
promotiefilmpje toch wat uit de hand gelopen.

Natuurlijk moet ik mijn "dram"-maatjes en paranimfen bedanken, Werner
en Tom. Sinds het begin van onze studententijd hebben wij veel meegemaakt
en ik ben dan ook erg verheugd dat ik ook dit hoofdstuk kan afsluiten met
jullie aan mijn zijde. Elke pauze (behalve woendag) waren jullie er weer om
te discussiëren over van alles en nog wat. Jullie zorgden er altijd weer voor
dat als ik in een dip zat, ik daarna toch weer gemotiveerd aan het werk ging.
Werner en Marije, veel succes met jullie gezinsuitbreiding.

Maikel mag ook niet ontbreken in dit hoofdstuk. Maikel bedankt voor al
het werk dat je hebt verzet tijdens je afstudeerperiode. Ondanks dat de data
niet te bewonderen is in dit proefschrift, heb je mij erg geholpen. Ook op
persoonlijk vlak heb ik veel met je gelachen en hoop ik dat ik jou in ieder
geval iets heb bijgebracht. Veel succes bij de Rabobank.

Graag wil ik mijn huidige en voormalig kamergenoten Chris, Vasilisa,
Daniel, Rik en Norah bedanken voor de fijne tijd.

Arie, Raoul (succes met je bedrijf!), Herbert, Jeroen, Tijs, Ali, Maciej,
Edwin, Adil, Lijie, Qirong, Norah, Caspar, John, Makis, James, Wojtek en
de rest van de PIN groep, heel erg bedankt voor de vele discussies in de labs
of tijdens de maandagmorgen en voor het deelnemen aan de vele activiteiten.

De practicumstaf op vloer vier wil ik ook graag bedanken voor het helpen
realiseren van een nieuwe practicum opstelling, maar vooral voor de leuke
conversaties. Ben en Henk, ik heb veel geleerd van jullie over het "student-
proof" maken van lab-apparatuur.

De "PIN-ladies" verdienen natuurlijk ook een bedankje voor het organiseren
van vele leuke activiteiten. De faculteitsraad wil ik bedanken voor twee
plezierige en leerzame jaren over medezeggenschap en de vele ontwikkelingen
binnen de universiteit.

Behalve het leven op de werkvloer is er natuurlijk ook een leven buiten de
werkvloer en ook hier zijn er vele mensen die ik graag wil bedanken voor hun
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(in)directe bijdrage aan dit proefschrift.
Jeroen bedankt voor de jarenlange vriendschap en natuurlijk voor onze

woensdagavond. Er is geen betere manier om de week doormidden te zagen.
Samen met Lauret ook bedankt voor de vaak met bordspellen gevulde avonden.
Ook veel dank gaat uit naar Marco & Kristel en Joyce voor alle gezelligheid
op (bier)festivals, terras bezoeken en andere ontspannende gelegenheden.

De "Belgische bootcamp" clan (Wouter & Annefleur, Koen & Lien, Eelke
& Sintha, Koos & Ilse en Koen & Jeroen) moet ik natuurlijk bedanken voor
jullie sportieve ondersteuning. Zonder de training en gesprekken had ik in
sommige gevallen het werk aan het einde van de dag niet zo snel naast me
neer kunnen leggen. Vooral Koen verdient daar een pluim voor. Ook de
vrimibo’s waren een goede gelegenheid om de gedachten even te verzetten.

Benjamin en Henk-Jan, bedankt voor het gezelschap op de vele festivals en
de bierdrinkavonden. Niels en Nienke, bedankt voor de vele gezellige avonden.
Vooral de BBQ-avonden waren erg smakelijk.

Uiteraard was dit alles niet mogelijk geweest zonder de steun van mijn
(schoon)familie die altijd weer oprecht hun interesse in mijn onderzoek toonden.
Ook al werd de uitleg soms iets wat te gecompliceerd, jullie bleven altijd
geïnteresseerd. Pa en ma, jullie hebben mij altijd gestimuleerd om mijn
best te doen. Bedankt voor jullie steun, vertrouwen en liefde. Mats &
Thomas, bedankt voor de interesse die jullie altijd hebben getoond voor mijn
promotieonderzoek. Connie & Rudy, bedankt voor alle steun en hulp. Ook
Leroy & Carrie bedankt. Benno & Renate bedankt voor alle steun. Erwin
natuurlijk bedankt voor alle jaren samen op de tribune bij de plaatselijke FC.
Annette, Jona en Jodi bedankt voor de gezelligheid samen.

De laatste en meest belangrijke persoon die ik graag wil bedanken is
natuurlijk mijn vrouw Shirley! Shirley, jij hebt mij altijd gesteund in alle
facetten van mijn promotieonderzoek, maar vooral daar buiten. Niks van
dit alles was mogelijk geweest zonder jouw onvoorwaardelijke steun en liefde.
Samen met Felien weet je alles in het juiste perspectief te zetten en zorgde
jullie voor nodige afleiding. Dankzij jullie was het altijd weer een feest om
thuis te komen na het werk.

137


	Cover_Online

