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Abstract

The adsorption and layering of chloro[subphthalocyaninato]boron(III) (SubPc) on Ag(111)
has been studied in detail by means of Scanning Tunneling Microscopy (STM) and photo-
electron spectroscopy at room temperature. SubPc is a polar molecule with an aromatic
14-�-electron system. An interesting phase behavior is observed for the �rst molecular layer
of SubPc growing on Ag(111). At a coverage below � 0:2 monolayer (ML), only a two-
dimensional (2D) lattice gas is present, whereas at a coverage in the order of 0.2{0.5 ML
two-dimensional condensed molecular islands are in coexistence with the 2D lattice gas. In
these condensed islands, the molecules self-organize into well ordered overlayers with a hon-
eycomb pattern which has a low packing density. At a coverage of 0.6{0.9 ML the molecules
self-organize into a 2D hexagonal close packed (hcp) pattern. This hcp pattern is observed in
coexistence with a dense 2D gas phase. For the honeycomb and the hcp pattern, individual
molecules are imaged with sub-molecular resolution. Typically the molecules are imaged as
characteristic three lobes. The coexistence of the honeycomb pattern with the 2D lattice gas
is studied in detail. A dynamic equilibrium of the condensed honeycomb phase with its gas
phase by exchange of molecules is observed. The energy barrier for surface di�usion as well
as the condensation energy to form 2D islands is estimated and discussed.

Interesting and unusual features of the ordered molecular overlayers are observed. For
each pattern, the honeycomb and the hcp, only two di�erent orientations with respect to
the Ag(111) substrate exist. For the honeycomb pattern, the two di�erent orientations have
di�erent chirality, although the SubPc molecule itself is achiral. Not only single SubPc
molecules show di�usion but also whole ordered islands exhibit mobility. This becomes ev-
ident in the observed 
ipping process of overlayers, where whole condensed islands change
their orientation between the two stable orientations of the pattern. In the case of the honey-
comb pattern, this constitutes a transition between the two chiral layers. Phase transitions
from the gas phase to the condensed hcp phase and vice versa of whole overlayer islands
could be controlled by the STM tip. In vacancy islands of the Ag(111) surface produced
by sputter defects, it is possible to reversible change the phase of the con�ned molecular
overlayer by tip induced experiments. The two phases, the hcp phase and the gas phase,
exist at the same conditions at room temperature. Therefore one of these two phases is
thermodynamically not favored and in a metastable state. A microscopic model based on
the electric �eld between tip and sample is proposed for this tip-controlled phase transition.

In addition to the STM experiments the adsorption geometry and the electronic structure
of SubPc on Ag(111) is studied by means of photoelectron spectroscopy. It is observed that
the intact SubPc molecule is mainly physisorbed on the Ag(111) with the Cl towards the
Ag surface. The �-electron system of the molecule undergoes only slight changes upon
adsorption on the Ag surface. In general, the observed features of the molecular overlayers
are attributed to the charge distribution of SubPc and to its resulting dipole moment.

i





Contents

Abbreviations v

1. Introduction 1
1.1. Motivation and Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2. SubPc Molecule . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2. Experimental Methods and Set-up 5
2.1. Scanning Tunneling Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.2. Basic Theory of STM . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.3. Imaging Adsorbates with the STM . . . . . . . . . . . . . . . . . . . 8

2.2. Photoelectron Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3. UHV System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4. Molecular Deposition System . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.5. Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3. Superstructures and Phase Behavior of SubPc on Ag(111) 17
3.1. Honeycomb Pattern: A Chiral Structure Made of Achiral Molecules . . . . . 17
3.2. Hexagonal Close Packed Pattern . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.3. 2D Molecular Solid-Gas Equilibrium . . . . . . . . . . . . . . . . . . . . . . 24

3.3.1. Introduction to Surface Di�usion . . . . . . . . . . . . . . . . . . . . 24
3.3.2. Experimental Observation and Study of a 2D Molecular Solid-Gas

Equilibrium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.4. Proposed Phase Diagram for SubPc on Ag(111) . . . . . . . . . . . . . . . . 31

4. Adsorption Geometry and Electronic Structure of SubPc on Ag(111) 35
4.1. Adsorption Geometry and Binding of SubPc to Ag(111) . . . . . . . . . . . . 35
4.2. STM Images of SubPc Under Di�erent Tunneling Conditions . . . . . . . . . 42

5. Coordinated Change in Orientation of Whole Overlayer Islands 45
5.1. Introduction to Island Di�usion . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.2. Experimental Observation and Discussion of Coordinated Flipping of Over-

layer Islands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

6. Phase Transitions Locally Controlled by the STM-Tip 51

7. Conclusions and Outlook 57

iii



A. Double Row Pattern 59

Bibliography 61

List of Publications 68

Acknowledgements 70

Curriculum Vitae 71

iv



Abbreviations

2D Two dimensional
AES Auger electron spectroscopy
DFT Density functional theory
DOS Density of states
ESCA Electron spectroscopy for chemical analysis
hcp Hexagonal close packed
HOMO Highest occupied molecular orbital
HOPG Highly ordered pyrolytic graphite
LDOS Local density of states
LEED Low energy electron di�raction
LUMO Lowest unoccupied molecular orbital
MBE Molecular beam epitaxy
ML Monolayer
MPc Metal phthalocyanine
PEEM Photoemission electron microscope
PTCDA Perylene-tetracarboxylic-dianhydride
STM Scanning tunneling microscope
STS Scanning tunneling spectroscopy
SubPc Chloro[subphthalocyaninato]boron(III)
UHV ultra-high vacuum
UPS Ultraviolet photoelectron spectroscopy
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1. Introduction

1.1. Motivation and Outline

Richard P. Feynman gave a famous talk \There's plenty of room at the bottom { An invi-
tation to enter a new �eld of physics" in December 29th 1959 at the annual meeting of the
American Physical Society at the California Institute of Technology. In his talk he had the
vision to miniaturize machines and computers to the atomic scale and to \arrange the atoms
the way we want". This talk can be considered as the start of `nanotechnology'. Nanotech-
nology refers to the ability to control individual atoms and molecules, to build machines
or electronic devices in the nanometer scale. There is an increasing number of research
activities going on in nanoscale science and technology. Applications for nanotechnology
could potentially change a variety of �elds ranging from medicine, computers, machines to
materials and objects not yet imagined.

A primary motivation for nanotechnology stems from the desire to continue Moore's
law. Gordon E. Moore, co-founder of the Intel company, predicted already in 1965 that the
number of transistors per integrated circuit will double every couple of years [1]. Surprisingly,
he predicted this law only a couple of years after the invention of the �rst planar integrated
circuit and yet Moore's law kept valid till present with doubling the number of transistors
every 18 month. With conventional `top-down' methods in semiconductor industries, i.e.
lithography techniques, Moore's law will halt in about 10 years. Scaling down the lithography
process is not only a matter of fabrication costs, but also of reaching fundamental physical
limits [2, 3]1.

A new and promising approach to miniaturize the structures is the so-called `bottom-up'
technique. The `bottom-up' technique is based on the formation of functional devices by
special designed molecular building blocks. The ultimate limit of a functional device, e.g. a
switch or transistor, can be considered as a single molecule. Consequently, with molecular
electronics much smaller structures are feasible than with conventional semiconductor tech-
niques based on the `top-down' approach. A molecular recti�er has been proposed already
in 1974 [4] and single molecule transistors could be realized a few years ago [5, 6]. A recent
highlight in molecular electronics is the demonstration of logic circuits with �eld-e�ect tran-
sistors based on single carbon nanotubes [7]. However, the goals of the `bottom-up' approach
using molecular electronics are aiming very high and many diÆculties have to be solved to
achieve the goals. There are three major problems to tackle: designing the functional de-
vices, contacting these devices and arrange them in a controlled manner. A lot of progress

1The narrowest feature in silicon devices is the gate oxide. Fundamental physical limits are reached in
about 10 years when the thickness of the gate oxide is in the order of 1 nm. At this thickness, current
will penetrate though the gate oxide causing the chip to fail.
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1. Introduction

has been achieved in supramolecular chemistry in the last years [8, 9]. The basic concept of
supramolecular chemistry is to assemble molecular building blocks by intermolecular bonds.
With the use of supramolecular chemistry or specially designed molecules [10] functional
devices can be generated. Besides the necessity to contact and control a high number of
functional devices, single molecules can change their properties upon adsorption on surfaces,
e.g. porphyrin molecules undergo di�erent conformation on di�erent substrates [11]. The
contacting of a molecule in the nanometer scale can completely change the characteristics or
functionality of the molecule. This is for instance observed in the di�erent charge transport
behavior through a molecule depending on the metal-molecule contacts [12]. Therefore, the
functional devices have to be designed in such a way that they can be contacted without
disturbing their functionality. In other words the functional devices are the molecules in-
cluding the contacts. In order to obtain a high number of functional devices on a small area,
the arrangement of the molecular building block has to be controlled precisely. For this
purpose, molecular self-assembly is a very promising approach. Molecular self-assembly has
been de�ned by Whitesides as \the spontaneous association of molecules under equilibrium
conditions into stable, structurally well-de�ned aggregates joined by non covalent bonds"
[13]. Self-assembly is governed by the inter-molecular interactions, the molecule-substrate
interaction and the thermal energy. Therefore this process runs in parallel. Due to the
self-organization mechanism a high quality of the layers is achieved.

With the invention of the Scanning Tunneling Microscope (STM) in 1981 it became pos-
sible to study conducting surfaces in real space on an atomic scale. The STM is well suitable
for the investigation of molecular phenomena on surfaces, e.g. adsorption, thin �lm growth
and overlayer structures. Besides the imaging of surfaces, the STM also has the ability to
interact with the surface at the atomic scale. With the STM, Feynman's vision to \arrange
the atoms the way we want" has become possible, as shown by the manipulation of single
atoms [14] and molecules [15] on surfaces and the construction of arti�cial structures [16].
Large organic molecules are considered as potential building blocks for molecular electron-
ics. Therefore it is of high interest to investigate their behavior and properties on surfaces.
Copper-phthalocyanines are among the �rst organic molecules which have been studied with
the STM [17, 18]. In this PhD thesis, substituted phthalocyanine (SubPc), a polar molecule
with an aromatic 14-�-electron system, has been investigated in detail on Ag(111). Inter-
esting and unusual phase behavior is observed for the �rst monolayer (ML), as studied by
means of room temperature STM and photoelectron spectroscopy. Special experiments have
been carried out which address the nucleation and stability of the ordered layers. In account
of the permanent dipole moment of SubPc, new phenomena of overlayer islands are observed
upon investigation with the STM.

The outline of this thesis is as follows. In Chapter 2, the experimental methods and set-up
are described. A brief introduction into STM and photoelectron spectroscopy is presented.
The ultrahigh vacuum (UHV) system and particularly the molecule deposition system are
sketched. Finally, the sample preparation is described.

In Chapter 3, the di�erent overlayer structures are described and discussed. The chapter
starts with the description of the two ordered superstructures formed by self-organization.
These ordered structures coexist in a dynamic equilibrium with a molecular gas phase,
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1.2. SubPc Molecule

which is studied in detail. At the end of the chapter a phase diagram of SubPc on Ag(111)
is sketched.

Chapter 4 deals with the adsorption behavior of SubPc on Ag(111). The combination
of photoelectron spectroscopy and STM leads to a detailed understanding of the adsorption
geometry and mechanism. The appearance of the SubPc in the STM images for di�erent
tunneling conditions is discussed as well.

Chapter 5 reports on coordinated orientation changes of ordered overlayers. This chapter
starts with a brief introduction into island di�usion. The ability for the change in orienta-
tion originates in the balance of the inter-molecular interactions and the substrate-molecule
interaction in conjunction with the thermal energy at room temperature.

Chapter 6 deals with phase transitions from a molecular gas phase to a condensed phase
controlled by the STM tip. A model for this interesting and reversible tip-induced conden-
sation and evaporation is presented and discussed.

Finally, the main results are summarized and concluded in Chapter 7. This chapter ends
with a perspective to possible experiments proceeding this work.

In Appendix A an additional ordered superstructure of SubPc/Ag(111) is presented. This
pattern could not yet be reproduced and is therefore only presented in this appendix.

1.2. SubPc Molecule

In the following some of the properties of metal phthalocyanines (MPc) and chloro[sub-
phthalocyaninato]boron(III) (SubPc) in particular are presented. MPc are organic molecules
used as functional dye molecules [19, 20]. Regular MPc molecules consist of a four-fold �-
conjugated macrocyclic ring with four isoindoline groups. Copper Pc has already been
imaged in the very early stages of investigation of organic molecules with the STM [17,
18]. However, the SubPc molecule, which was studied in detail in this PhD project, di�ers
from the usual four-fold symmetric MPc. In the case of SubPc the central metal atom is
replaced by a boron-chlorine unit connected to three instead of four isoindoline groups [21{
24]. Therefore the molecule has a C3v symmetry with an aromatic 14-�-electron system.
The geometric and electronic structure of the SubPc molecule were calculated with ab-
initio density functional theory (DFT) by S. Ivan2. The calculations were performed with
the B3LYP exchange-correlation function and the 6-31Gd basis set using the Gaussian98
program package [25]. The calculations complete previous ones done by semi-empirical
Hartree-Fock calculations at the AM1 level [23, 26].

Figure 1.1 shows the shuttlecock shape of SubPc. The bond length between the central
B and axial Cl is 1.8 �A and the distance between the centers of peripheral benzene rings is
7.6 �A. The total height of the molecule is � 5 �A and the diameter � 13 �A. An excess of
negative charge is found on the electro-negative atoms which surround the electron de�cient
boron (Fig. 1.1d). This charge is compensated by an electron de�cit localized mainly at the
six central carbon atoms. Therefore the SubPc is a polar molecule with the negative charge

2The calculations were performed by S. Ivan in the group of Prof. B. Giese at the Institut f�ur Organische
Chemie, St. Johanns-Ring 19, CH-4056 Basel.

3



1. Introduction

Figure 1.1.: SubPc molecule. (a) Side view and (b) top view of the calculated geometric structure. The
scale bar is valid for (a) and (b). (c) Chemical Structure. (d) E�ective atomic charges
determined by a Mulliken population analysis.

at the Cl and the positive charge in the phthalocyanine core. This results in a calculated
axial permanent dipole moment of 1.0 e�A, which compares well to the experimental value
of 1.1 e�A [23]. All occupied molecular orbitals were calculated and additionally unoccupied
orbitals located up to several eV above the LUMO. The calculated HOMO-LUMO gap for a
SubPc molecule is 2.7 eV, where the HOMO-LUMO gap for SubPc measured by 
uorescence
in a dimethylholamide solution is 2.2 eV [26]. Thus, the 
uorescence of SubPc is in the visible
range of the spectrum.
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2. Experimental Methods and Set-up

In this chapter an introduction to the experimental methods and the experimental set-up
is presented. The STM was the main analytical tool in this PhD project for studying the
adsorption of SubPc on Ag(111). An introduction into STM is given in section 2.1. Chemical
analysis of the sample surface and measurements of the valence band were done by photoelec-
tron spectroscopy. In section 2.2, a brief introduction of the basic ideas of photoemission is
presented. All preparation and characterization steps of the samples were performed in-situ
in the NANOLAB at the University of Basel. This UHV system is described in section 2.3.
The deposition system for molecular layers, which was built-up at the beginning of this PhD
project is shown in more detail in section 2.4. Finally the preparation of the samples is
described in section 2.5.

2.1. Scanning Tunneling Microscopy

In the following a short introduction into the basic measurement principles of STM (sec-
tion 2.1.1), its theory (section 2.1.2) and its application for imaging of adsorbates (sec-
tion 2.1.3) is presented.

2.1.1. Introduction

Scanning tunneling microscopy was invented in 1981 at the IBM Research Laboratory in
R�uschlikon by Gerd Binnig and Heinrich Rohrer. In 1986 they were honored with the
Nobel Price for the invention of the STM. The basic principle of the STM is the quantum
mechanical tunneling of electrons through the potential barrier between the surface of a
conducting sample and a sharp metal tip at a distance around 10 �A [27]1. Applying a bias
voltage between the tip and the sample results in a net tunnel current. The corrugation of the
sample surface results in a variation of the tunneling current, while scanning the tip over the
surface by means of a piezo-electric tube. Two di�erent imaging modes are distinguished.
In the constant current mode, the tip sample distance is adjusted by a feedback loop in
order to keep the tunneling current constant. In this mode the z-displacement2 of the tip is
recorded and one obtains a so called topographic image3. In the constant height mode the
z-position of the tip is kept constant and the variation of the tunneling current is recorded.

1The STM had its predecessor in the Topogra�ner of R. Young et al. [28].
2z is de�nded as the direction perpendicular to the sample surface.
3The term topograhic image is misleading since one obtains rather a surface of constant local density of
states. Thus the image re
ects a mixture of the topography and the electronic structure of the sample
(section 2.1.2).
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2. Experimental Methods and Set-up

The constant height mode allows faster scanning, whereas the constant current mode usually
yields better resolution.

Binnig and Rohrer were the �rst to resolve with the STM monatomic steps and surface
reconstruction [29] and demonstrated as well that real space images with atomic resolution
can be obtained on metal [30, 31] and on semiconductor surfaces [32]. The invention of STM
marks a breakthrough for the investigation of surfaces and adsorbates on an atomic level.
In addition the STM is also useful to study dynamic processes, e.g. di�usion and thin �lm
growth. Apart from imaging, the STM tip is a tool for manipulation of single atoms [14]
and molecules [15] on surfaces and allows the construction of arti�cial nanostructures [16].

2.1.2. Basic Theory of STM

An exact theoretical description is extremely diÆcult or even impossible due to the low sym-
metry of the tip with its almost unknown shape and exact chemical composition. Therefore
it is a challenge to model the tip and sample states and their evanescence into the tunneling
gap accurately. An overview on the theory in STM can be found in textbooks [33, 34] or in
a recently published review article by Drakova [35].

Starting from the one-dimensional tunneling through a potential barrier one can already
explain the most important features of STM [33]. In quantum mechanics, an electron moving
with energy E in +z-direction into a classical forbidden region (z > 0) with potential V
(E < V ) is described by an exponentially decaying wavefunction

 (z) =  (0)e
��z; � =

p
2m(V � E)=~ (2.1)

Thereby, m is the electron mass and ~ the Planck constant. According to equation 2.1
there is a nonzero probability to penetrate a localized barrier, i.e. the well-known quantum
mechanical tunneling e�ect. In a next step we assume a one-dimensional metal-vacuum-metal
tunneling junction with work function � being the height of the potential barrier. Applying
a bias voltage U between the two metals results in a net tunneling current. The tunneling
current is directly proportional to the number of states on the sample surface within the
energy interval [EF � eU; EF ]

4 and their intensity at the location of the tip (z = d).

I _

EFX
En=EF�eU

j  n(d) j2 (2.2)

For low bias voltages U the tunneling current is given by:

I _ U�S(z = 0; EF )e
�2�d; � =

p
2m�=~ (2.3)

Here it is assumed that the density of states does not vary signi�cantly within the energy
interval [EF � eU; EF ] and can be written in terms of the local density of states (LDOS)
�S(z; E) at the Fermi energy EF . Equation 2.3 implies already the main features of STM.
The exponential decay of the tunneling current leads to the high resolution in the tip-sample

4EF is the Fermi energy.
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2.1. Scanning Tunneling Microscopy

displacement. Typically the current decays about one order of magnitude per �A. The other
important result derived from equation 2.3 is the following: For low bias voltages U a
constant current STM image is a map of the constant LDOS at the Fermi energy at the
position of the tip surface and thus re
ects the electronic structure of the sample surface.

Figure 2.1.: Schematic energy diagram for tunneling from tip to sample, which are separated by a distance
d, for a positive bias voltage U applied to the sample. The density of states for the tip and
the sample are indicated as �t, �s respectively. The size of the arrows in the gap indicates the
probability for a tunneling event depending on the transmission coeÆcient.

Already in 1961 Bardeen introduced a way to calculate the tunneling current between two
metal plates [36]. He solved the stationary Schr�odinger equation for the two subsystems and
calculated the transfer rate for an electron from one electrode to the other by time-dependent
perturbation theory. The concept from Bardeen was �rst applied to the tip-sample geometry
by Terso� and Hamann in the so-called s-wave approximation [37, 38]. Thereby the tip is
approximated by spherical symmetry and can be described by a s-wavefunction. Thus the
tunneling current is given by the following expression [39]:

I(U; d) _

Z
�s(E; z = 0)�t(E � eU)T (E;U; d)[f(E � eU)� f(E)]dE (2.4)

with the transmission coeÆcient

T (E;U; d) = exp(�2d
p
m

~

p
�s + �t � 2E + eU) (2.5)

Here �t is the density of states (DOS) of the tip, �s the LDOS of the sample at its surface
at the lateral tip position (x,y), d the tip-sample distance5 and f(E) the Fermi-Dirac distri-
bution6. Therefore the tunneling current is proportional to the convolution integral of the

5d is de�ned as the distance between the surface and the center of curvature of the tip.
6f(E) = [1 + exp((E �EF )=kT )]

�1
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2. Experimental Methods and Set-up

LDOS of the sample and the tip as expected from Fig. 2.1. For small bias voltages U � �s;t
and for an approximation of the Fermi-Dirac distribution as a step function7, equation 2.4
simpli�es to

I(U; d) _ U�t(EF )�s(EF ; z = 0)e�2�d; � =
p
m(�s + �t)=~ (2.6)

This equation is very similar to equation 2.3 and even the same result is obtained if the DOS
of the tip is constant around the Fermi energy EF . Consequently, also in the approximation
of Terso� and Hamann, a constant current STM image re
ects the surface of constant LDOS
of the sample. However, for metals the LDOS at EF generally re
ects the surface topology
in good agreement, whereas for adsorbates the LDOS can be completely di�erent than the
topology. On the other hand, the dependence of the tunneling current on the surface LDOS
can be used to obtain spectroscopic information on the local electronic structure of the
surface [35, 40]. Chemical sensitivity is revealed by resonant tunneling into (or out of)
characteristic electronic states of atoms or molecules of the sample surface. A review on
chemical imaging is given by Jung et al. in [41].

2.1.3. Imaging Adsorbates with the STM

A simple height interpretation of constant current STM images is not valid for many ad-
sorbates on surfaces. For instance, CO appears on Cu(211) as a protrusion or depression
depending on the proximity of neighboring molecules and the modi�cation of the tip with
CO adsorbed on it [42]. Also in the case of organic molecules with an extended �-electron
system the height interpretation is not necessarily straightforward. Porphyrin molecules are
imaged as protrusions or depressions depending on the substituents [43].

Before the �rst successful STM experiments with clearly resolved organic molecules were
reported [17, 18, 44], it was not sure whether molecular imaging is possible at all. As stated
in section 2.1.2, within the s-wave approximation of Terso� and Hamann, the tunneling
current is proportional to the LDOS at the Fermi energy. Since most organic molecules
have a large energy gap between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), one might expect that organic molecules are
not visible in the STM for low bias voltages. The pioneering work for the interpretation
of the contrast mechanism for a single adatom on a metal surface was performed by Lang
[45{47]. His results showed that the results from Terso� and Hamann are also valid for
an adsorbed adatom. Thus the adatom is imaged as a protrusion or depression depending
on its modi�cation of the LDOS at the Fermi level. Based on Lang's theory Eigler and
coworkers [48] for the �rst time quantitatively discussed what makes an \insulating" atom
visible with STM in the case of Xe adsorbed on Ni(110). The Xe is imaged as a 1.5 �A high
protrusion in the STM, although the gap between the highest occupied Xe5p states and
the lowest Xe6s states is approximately 12 eV in the gas phase. Physisorption causes weak
mixing of the Xe6s state with the metal substrate states, resulting in a strong broadening of
the atomic resonance. Nevertheless, the contribution to the density of states at the Fermi

7For not too high temperatures the Fermi-Dirac distribution can by approximated by a step function.
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2.2. Photoelectron Spectroscopy

level is low and can not explain the observed corrugation of Xe atoms in STM. However,
the Xe6s resonance extends considerably further out into the vacuum than the bare surface
wave functions, which leads to the \visibility" of the Xe in the STM.

A physisorbed molecule on a metal surface remains a potential well with its discrete
energy levels. Therefore the tunneling process through the molecule can be described in
terms of a double barrier model with the molecule as an additional potential well between
the tip and the sample [49]. An increased tunneling probability is expected when the LUMO
or the HOMO of the molecule are near the Fermi level of the tip and resonant tunneling
through the potential well of the molecule is possible. For calculating an STM image of an
adsorbate in general, the knowledge of the electronic structure of the sample surface and
the tip is a prerequisite. Various levels of approximation are used to calculate the electronic
structure and the resulting tunneling current.

A detailed discussion of di�erent theoretical approaches to the contrast mechanism of
adsorbates in STM is given in a recent review by Sautet [50].

2.2. Photoelectron Spectroscopy

In the following a brief introduction into photoelectron spectroscopy is presented. Photoelec-
tron spectroscopy is a complementary method to STM and provides additional information
about the electronic structure of the sample surface. In contrast to STM, photoelectron
spectroscopy is a method which integrates over the sample surface and therefore no lateral
resolved information is obtained8. The basic e�ect for photoelectron spectroscopy is the
photoelectric e�ect, i.e. the emission of an electron out of a material due to irradiation with
light. The photoelectric e�ect was already discovered in 1887 by Hertz [51] and theoretically
explained by Einstein in 1905 [52].

The kinetic energy Ekin of a photoelectron emitted from a solid is given by energy con-
servation:

Ekin = h� � Eb � � (2.7)

where h� is the energy of the incident photon, Eb the binding energy of the electron relative
to the Fermi energy and � the work function of the solid.

For photoelectron spectroscopy the sample is irradiated with monochromatic light. By
detecting the number of photoelectrons for each kinetic energy N(Ekin) one obtains a map-
ping of the occupied energy levels of the probed solid and therefore information about its
DOS (Fig. 2.2). Usually two energy regimes are distinguished. In X-ray photoelectron spec-
troscopy (XPS) the energy of the incident photon exceeds � 100 eV, whereas for ultraviolet
photoelectron spectroscopy (UPS) the photon energy is below � 100 eV. With XPS the
binding energies of the core levels are determined which allows the determination of the
chemical composition of the sample. Di�erent chemical environment of an adsorbate, or a

8XPS has an ultimate spatial resolution in the order of 1 �m and is therefore still integrating over many
molecules. The XPS system of the NANOLAB has a spatial resolution in the order of 4 mm in diameter.
With a Photoemission electron microscope (PEEM) a spatial resolution down to 20 nm is achieved, which
is still integrating over many molecules.
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2. Experimental Methods and Set-up

Figure 2.2.: Schematic diagram of the principle of photoelectron spectroscopy. The relation between the
occupied energy levels of a solid and the corresponding photoelectron spectrum is outlined
(from [53]).

species in general, leads to slightly di�erent binding energies of the core levels. This energy
di�erence is called a `chemical shift'. Consequently, information from the interaction of an
adsorbate with the substrate is obtained by measuring its chemical shift of the core levels
[54]. UPS is used to obtain information about the DOS of the valence band and states close
to the Fermi energy. Therefore the changes of the valence band upon adsorption of molecules
and the occupied molecular orbitals can be measured with UPS. The surface sensitivity of
photoelectron spectroscopy is given by the short mean free path of the photoelectrons which
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is for UPS 1{2 ML and for XPS in the order of 3{8 ML [55].
A detailed description of photoelectron spectroscopy is given in the book of H�ufner [54].

2.3. UHV System

All experiments presented in this PhD thesis were performed in the NANOLAB. The NA-
NOLAB is a versatile UHV system, which allows di�erent in-situ preparation and character-
ization methods. A sketch of the whole UHV system is shown in Fig. 2.3. In order to avoid
the coupling of oscillations of the building to the UHV system, the NANOLAB is located in
the basement of the Physics Department and the whole UHV system is mounted on pneu-
matic feet. The system consists of seven connected chambers, each with its own pumping
system comprising of a combination of turbo, ion getter and titanium sublimation pumps.
Depending on the chamber the base pressure is in the 10�11 mbar or in the low 10�10 mbar
range. The fast entry air lock allows to insert new samples into the UHV system without
breaking the vacuum in the main system. The samples are mounted on modi�ed VG stubs
and are transferable in the whole UHV system by a sophisticated transfer system. The single
crystals are mounted on stubs which are equipped with an internal �lament. These stubs
can be heated up to 1100 K.

For the preparation of the metallic substrates standard facilities for sputter/annealing
cycles and for the growth of metallic �lms by electron beam evaporation are existing. The
deposition system for the molecular layers, which was built within this PhD project, is
described in section 2.4 in more detail.

For the sample analysis di�erent methods are available. The prime instrument used in
this work was the STM, which is a powerful tool for investigating adsorbed layers in real
space. The home-built STM is working at room temperature and is described in more detail
in [56]. It is mounted on an Eddy-current damping system and is equipped with an in-situ
pre-ampli�er in order to keep the noise in the tunneling current on a low level. As scanning
tips electrochemically etched W-tips are used. The tips can be cleaned in-situ by electron
bombardment. The sample bias voltage is applied with respect to the tip i.e. negative
(positive) bias corresponds to tunneling from occupied (into unoccupied) electronic states of
the sample. All STM images presented in this thesis have been acquired in constant current
mode, recording the variation of the tip-sample separation, which is presented as greyscale
STM image. Analysis of the electronic structure of the sample surface is performed in a VG
ESCALAB MKII. The chemical composition of the sample surface is determined by core
level analysis with Auger electron spectroscopy (AES) or XPS. The X-ray source is a non-
monochromatized Mg/Al twin anode. The photon energies of the Mg K� and Al K� lines
are 1253.6 eV and 1486.6 eV, respectively. UPS is performed using a non-monochromatized
He gas discharge line source. The main line of the lamp is HeI� (21.2 eV) whereas the lamp
can be optimized to run with HeII� (40.8 eV). The electrons emitted from the sample are
detected in a spherical 150Æ analyzer with three channeltron electron counters. A commercial
rear view low energy electron di�raction (LEED) is attached to the UHV system for the
investigation of the crystallographic structure of the sample surface.

More details about the UHV system can be found in [57{59].
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Figure 2.3.: Schematic topview of the NANOLAB multi-chamber UHV system. Notation: molecular beam
epitaxy (MBE), electron spectroscopy for chemical analysis (ESCA).

2.4. Molecular Deposition System

At the beginning of this PhD thesis, the molecular deposition system was constructed and
attached to the existing UHV system. Figure 2.4 shows a sketch of the two UHV chambers
of the deposition system. The left chamber houses the evaporation stage and the quartz
micro balance, the right one a mass spectrometer for masses up to 100 atomic units. The
right chamber is also used to keep the substrate in a low pressure during adjustment of the
desired evaporation rate.

The evaporation stage, the quartz micro balance and the manipulator are custom built for
the special purposes of the deposition of sub-monolayers of molecules (Fig. 2.5). The stage
can be loaded with four molecule evaporators and thus with four di�erent kind of molecules.
It is possible to sublime the molecules simultaneously or successively. The evaporators are
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Figure 2.4.: Schematic side view of the molecule deposition setup. The deposition system is on the left
side connected to the `LEED Chamber'.

Figure 2.5.: Schematic sketch of the main parts for the molecule deposition, which are custom-built. For
evaporation onto the sample the manipulator is moved above the evaporation stage.

small button heaters with a crucible made of tantalum. The molecules are �lled as a powder
into the crucible and are sublimed by heating the button heater. The crucible collimates
the molecular beam in the direction to the sample. The manipulator is used for the transfer
of the samples to the LEED chamber as well as for the transfer of the molecule evaporators
from the fast entry air lock to the evaporation stage. In this way new molecules are brought
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into UHV without breaking the vacuum, allowing an eÆcient handling of various molecules
in UHV. The manipulator is equipped with two di�erent heating systems. One system uses
the internal �lament of the stub and reaches a temperature in the order of 1100 K. In this
case the temperature is measured by an optical pyrometer. The other heating system is
integrated in the front part of the manipulator and is used for the accurate heating of the
sample during deposition of the molecular layers. With this heating system a temperature
of 650 K can be reached while the temperature is measured with a thermocouple on the
manipulator close to the sample. Using liquid nitrogen the sample can be cooled down to a
temperature of 120 K. During molecule deposition the sample is placed with the rotatable
manipulator above the evaporation stage. The molecular evaporation rate is detected before
and after deposition onto the sample by means of the quartz micro balance. The water cooled
micro balance detects rates down to 0.1 nm per minute and therefore allows the reproducible
deposition of molecular layers with sub-monolayer coverage down to a few percent. The error
in the thickness of the molecular layers is in the order of 10{20% of the layer thickness.

2.5. Sample Preparation

Most of the experiments were performed with Ag(111) �lms as substrates. The Ag(111) �lms
were prepared by UHV sublimation of Ag onto cleaved mica [60]. The 120{150 nm thick Ag
layers were deposited at a rate of 0.1{1 nm per second onto the substrate held at 570 K. After
the deposition the Ag(111) �lms were annealed at 570 K for 60 minutes. The quality of these
�lms were checked by LEED, XPS and STM. From the LEED pattern it is apparent that
silver grows in the (111) direction with domains di�ering by the rotational orientation. The
contamination of the Ag(111) �lms was checked by XPS. The main contamination is carbon,
which is below 0.03 ML C. In STM images it is found that the �lms exhibit atomically

at terraces with a mean terrace width of 100{150 nm separated by monatomic step edges.
However, in some areas also higher roughness was found on the samples. The Ag(111) �lms
were used for several experiments in a row. Molecular layers were removed by cycles of
argon ion etching (600 eV, 1 �A, 18 minutes, 300 K) and annealing (570 K, 30 minutes) in
order to regain atomically clean Ag(111) substrates. For the experiments on the tip induced
phase transition (Chapter 6) sputter vacancies were introduced to the substrate. After
the usual cleaning procedure by sputter/anneal cycles as described above, the sample was
sputtered with 600 eV and a sample current of 1 �A for 90 seconds at a sample temperature
of T = 320 K without post annealing. This procedure leads to monatomic vacancy islands
with diameters in the range of 30{80 nm.

Some of the experiments were performed on a Ag(111) single crystal. The single crystal
was cleaned by cycles of argon ion sputtering (1 keV, 2.3 �A, 30 minutes, 300 K) and
annealing (800 K, 30 minutes). The last anneal cycle was kept shorter in time at a lower
temperature. The main contamination of the single crystal is carbon which is below 0.1 ML
C as determined by XPS.

The SubPc layers were deposited with a rate of 0.2{0.8 nm per minute while the Ag(111)
substrate was kept at room temperature. During the deposition of the SubPc layer the
pressure raised to 5 �10�9 mbar. For the STM measurements the thickness of the layers were
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kept below one monolayer whereas in photoelectron spectroscopy experiments also layers
with a thickness of several monolayers were studied.
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3. Superstructures and Phase Behavior of SubPc on

Ag(111)

In the following, the di�erent overlayer structures of SubPc on Ag(111) are presented. Two
di�erent ordered superstructures are observed for increasing sub-monolayer coverage: a hon-
eycomb pattern characterized by a low packing density (section 3.1) and a hexagonal close
packed (hcp) structure (section 3.2). This two ordered overlayers are in coexistence with
a 2D molecular gas phase. The coexistence is studied in detail for the honeycomb pattern
and its gas phase (section 3.3). Finally, a schematic phase diagram of SubPc on Ag(111) is
proposed (section 3.4).

3.1. Honeycomb Pattern: A Chiral Structure Made of Achiral
Molecules

STM measurements on samples with a SubPc coverage of approximately 20-50% of a hcp-
monolayer1 reveal 2D ordered islands. In these islands the molecules self-organize in a 2D
crystalline overlayer with a hexagonal honeycomb pattern characterized by a low packing
density (Fig. 3.1). The molecules are imaged as protrusions with a height of �4.5 �A for
positive sample bias voltages around 1 V. In high resolution STM images individual SubPc
molecules are resolved as triangular structures with characteristic three lobes. In Fig. 3.1b
the structure of SubPc is outlined within a 2D island as observed in the STM. The appearance
of the SubPc in STM images is discussed in more details in section 4.2, where the lobes are
identi�ed as the isoindol groups.

The inter-molecular distance of the honeycomb pattern measured from the STM images
is 17:9 � 1:0 �A leading to a packing density of 0.24 molecules/nm2. A full layer of the
honeycomb pattern corresponds to 0.7 ML of the hcp pattern. The inter-molecular distance
of the honeycomb pattern is much larger than the average inter-molecular distance of �7.8 �A
in a SubPc crystal [21, 22]. In Chapter 4 it is shown that the SubPc molecule adsorbs with
the Cl towards the Ag(111) substrate and the B-Cl axis perpendicular to the Ag surface.
In this con�guration an enlarged inter-molecular distance for a 2D layer compared to the
average distance in a 3D crystal is expected because of the asymmetry of the molecule
with its much larger width compared to its short height along the B-Cl axis. In addition
the repulsive interaction between the parallel dipole moments of adjacent SubPc molecules
further increases the inter-molecular distance. The dipole moment of an adsorbed SubPc is
perpendicular to the Ag surface and pointing away from it. The image charges of the SubPc
molecule which are formed in the metallic substrate lead to an image dipole. This image

1All SubPc coverage refer to the full monolayer of the hcp structure.
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3. Superstructures and Phase Behavior of SubPc on Ag(111)

Figure 3.1.: STM images of the 2D honeycomb overlayer of SubPc on Ag(111). (a) scan range 56x56 nm,
I = 10 pA, U = 1:2 V; (b) scan range 14x16 nm, I = 10 pA, U = 0:7 V. Single molecules
are observed with sub-molecular resolution. The internal structure of the SubPc molecules is
outlined at the bottom right (drawn to scale). The dark region in the center of the honeycomb
pattern represents the underlying silver substrate.

dipole has the same direction as the SubPc dipole and leads to a reinforcement of the total
dipole moment [61] and thus of the repulsive interaction of the adsorbed molecules.

Two di�erent orientations of the honeycomb pattern with respect to the Ag(111) sub-
strate are observed. Figure 3.2 shows a domain boundary between two domains of di�erent
orientations. The mismatch angle of these two orientations is 9Æ � 1Æ 2. The experimental
observation that only two di�erent orientations of the honeycomb pattern exist, implies that
besides the inter-molecular interaction also the molecule-substrate interaction is crucial for
the formation of this crystalline overlayer. In case of dominating inter-molecular interactions
and a negligible molecule-substrate interaction more equivalent orientations of the overlayer
pattern have to be observed than only two.

The two di�erent orientations of the overlayer structure have di�erent chirality although
the SubPc molecules and the Ag(111) surface are achiral. This becomes evident from high
resolution images resolving the individual orientation of SubPc molecules. It is important
to note that each molecule is rotated with respect to the honeycomb pattern which leads
to the observed chirality. The chirality of the two di�erent orientations is de�ned in the
text as follows: Left (right) chirality whether the `legs' (phenyl rings) of the molecules point
to the left (right) side of the central vacancy (Fig. 3.3). The domain on the left hand side
in Fig. 3.2 has right chirality and is the mirror domain of the one on the right hand side
which has left chirality. The observed structure in Fig. 3.1b is identi�ed as a domain with

2The error in the angle is estimated by taking advantage of the symmetry of the pattern and therefore of
known angles.
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3.1. Honeycomb Pattern: A Chiral Structure Made of Achiral Molecules

Figure 3.2.: STM image of a domain boundary of the two possible orientations of the honeycomb pattern
(range 39x32 nm, I = 30 pA, U = 1:3 V). The mismatch angle of the two domains is indicated
by the white lines. SubPc molecules simpli�ed as triangles are drawn into the image for both
domains showing that the two orientations of the honeycomb pattern are chiral.

left chirality. Consequently, the achiral SubPc molecules self-organize into islands which
have enantiomorphic structure. The inter-molecular distance of 17:9� 1:0 �A in the case of
SubPc on Ag(111) is larger than the inter-molecular distance of 13 �A which is observed for
the square lattice of SubPc on Cu(100) [62]. The larger inter-molecular distance in the case
of SubPc on Ag(111) and geometrical arguments exclude that the rotation of the SubPc
molecules with respect to the honeycomb pattern is caused by steric repulsion. In this
structure of the honeycomb pattern the distance between the `legs' of two adjacent SubPc
molecules is enlarged due to the rotation of the SubPc molecules. This is potentially caused
by the repulsive electrostatic interaction of the `legs', since their H-atoms carry positive
partial charges (Fig. 1.1). Furthermore, the N atoms of the phthalocyanine macrocycle carry
negative partial charges and therefore the rotation of the SubPc molecules is energetically
favored because the distance of the `legs' is enlarged and the `legs' get next to the N atoms.
Thus, the rotation of the molecules with respect to the honeycomb pattern can be derived
from the charge distribution of single molecules. Consequently, both interactions, the inter-
molecular and the molecule-substrate interactions, are crucial for the formation of the SubPc
honeycomb pattern on the Ag(111) surface. Self-assembly of achiral molecules into chiral
structures has been reported in recent STM studies for Langmuir-Blodgett �lms [63], liquid
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crystals [64] and for benzoic acids [65].
Figure 3.3 presents a proposed model of the superstructure of SubPc on Ag(111) which

is based on symmetry arguments. The molecules in the honeycomb pattern have the same
contrast and the same sub-molecular structure for both orientations of the overlayer. With
the assumption that each molecule is located at an equivalent adsorption site a model of
the molecular superstructure is proposed. From the STM measurements the inter-molecular
distance and the angle between the two possible orientations of the superstructure is used.
The resulting superstructure of SubPc on Ag(111) is a

p
111 � p

111R � 4:7Æ (2 SubPc)
overlayer, where the center of a molecule is located above a silver atom (on top site) and
the phenyl rings on hollow sites. Two SubPc molecules are needed for each unit cell in
order to represent the honeycomb structure. The two orientations of the pattern are �4:7Æ
rotated with respect to the [110] direction of the Ag(111) substrate. This proposed model
�ts very well with the experimental data: The inter-molecular distance is 17.7 �A and the
angle between the two domains is 9.4Æ, compared to 17:9�1:0 �A and 9Æ�1Æ measured in the
STM images, respectively. Also the rotation of each molecule within the proposed lattice
corresponds to the experimentally observed orientation.

Figure 3.3.: Proposed model of the honeycomb pattern. The basis consisting of two SubPc and the corre-
sponding Bravais vectors are drawn into the model for (a) the orientation with right chirality
and (b) for the orientation with left chirality. For the molecule at the bottom right the chiral-
ity is shown by an arrow. For right chirality (a) the `legs' of the molecule point to the right
hand side of the center of the honeycomb (marked by a cross) as indicated by the arrow. For
left chirality (b) the `legs' point to the left hand side.
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3.2. Hexagonal Close Packed Pattern

The SubPc molecules self-organize in a 2D hcp pattern for coverage in the order of 0.6{
0.9 ML. Figure 3.4 shows STM images of the hcp layer where individual SubPc molecules are
resolved with sub-molecular resolution. For positive sample bias around 1 V, the molecules
are imaged as protrusions consisting of three lobes with a height of � 4:5 �A exactly as they
are observed in the honeycomb pattern3. The inter-molecular distance measured from STM
images is 18:9� 1:0 �A and therefore slightly larger than the one of the honeycomb pattern.
The packing density for the hcp pattern is 0.34 molecules/nm2 which is 42% higher compared
to the honeycomb pattern. Two possible orientations of the hcp pattern with respect to the
Ag(111) substrate are observed, like in the case of the honeycomb pattern. The mismatch
angle of these two orientations is 15Æ� 1Æ. By a simple rotation of the overlayer pattern the
two orientations are brought to identity because the axis of the molecules are in line with
the axis of the hcp pattern. Consequently, the two superstructures have no chirality. From
the experimental observation that only two orientations of the hcp pattern with respect
to the Ag(111) substrate are observed, it is concluded that also for the hcp pattern the
molecule-substrate interaction plays an important role.

The di�erence between the honeycomb and the hcp pattern is more profound than just a
missing molecule in each `honeycomb'. The SubPc molecules in the hcp pattern are aligned
in rows where each SubPc is pointing with its `legs' to an outer N atom of the phthalocyanine
macrocycle of the next molecule. In this con�guration the distance between the repulsive
`legs' of two adjacent molecules is increased and the `legs' are pointing to the electron-rich N
of the phthalocyanine macrocycle of neighboring molecules. This con�guration is expected
to be energetically favored because of the charge distribution of the SubPc (Fig. 1.1d).
Consequently, the inter-molecular interactions and the molecule-substrate interactions seem
to be crucial for the formation of the hcp pattern as already observed in the case of the
honeycomb pattern.

Overview images (e.g. Fig. 3.4a) show many defects in the hcp layer. However, high
resolution STM images (Fig. 3.4b) show that these defects are not vacancies, but are �lled
with molecules of a di�erent apparent height. These molecules have the same shape as
the other molecules but approximately only half of their height. Therefore these molecules
are denoted in the following as `small' molecules. The reason for these `small' molecules is
attributed to a di�erent LDOS compared to the others. According to the theory of Terso�
and Hamann (section 2.1.2) a di�erent LDOS leads to a di�erent apparent height in the
STM image. The di�erence in the electronic structure is attributed to a slightly di�erent
bond of the molecule to the Ag substrate. The possibilities that the `small' molecules are
caused by imaging artefacts or decomposed molecules are ruled out. In Fig. 3.4b two real
vacancies are visible and exclude therefore that the `small' molecules are due to a double tip.
The same apparent height of the SubPc molecules for the hcp and honeycomb pattern rules
out the possibility of a double layer in the images of Fig. 3.4. Also a decomposition of the
SubPc molecules is unlikely, since the amount of `small' molecules is in the order of 5-12%
whereas the purity of the molecules is >99%. Furthermore, no `small' molecules are observed

3The appearance of the SubPc molecules in the STM images will be discussed in more detail in section 4.2.
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Figure 3.4.: STM images of the 2D hcp overlayer of SubPc on Ag111. (a) scan range 86x82 nm, I = 20 pA,
U = 1:0 V; (b) scan range 20x18 nm, I = 10 pA, U = 1:0 V. Individual SubPc molecules are
imaged with sub-molecular resolution. The internal structure of SubPc is outlined on the right
hand side. Note that there are only two vacancies in this image, where one of them is marked
by a white circle. The minor apparent height of some molecules is due to a local change of
their electronic structure. (c) Same STM image as (b), the black line shows the location of the
cross section shown in (d). (d) The di�erence in the apparent height for the `small' molecules
is clearly visible in cross sections.

in the honeycomb pattern. Therefore the di�erent apparent height of the `small' molecules
is attributed to a di�erent electronic structure, which is also supported by preliminary STS
measurements (dI/dU maps)4 at di�erent bias voltages. These measurements indicate that
the `small' molecules have a lower di�erential conductivity (lower LDOS) than the others.
The relative height di�erence between the `small' molecules and the others undergoes only
slight variations in the range of 0.3{2 V positive sample bias voltage. It is worth to note
that these `small' molecules are slightly rotated with respect to the molecular rows of the

4Scanning Tunneling Spectroscopy (STS) gives information about the sample LDOS by measuring the
di�erential conductance dI/dU [35].
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hcp pattern. This rotation of the `small' SubPc molecules along the B-Cl axis leads to a
slightly di�erent adsorption geometry (Fig. 3.5), which might cause the di�erent apparent
height. Stress relaxation in the molecular layer could be a possible reason for the rotation
of the `small' molecules. In the case of C60 on various metals di�erent apparent height for
the C60 have been observed [66{68]. This di�erence in the apparent height is attributed
to electronic di�erences caused by surface interactions, where a mixture of subtle di�erent
chemical bonding and adsorption geometry takes place [66{69]. A di�erent explanation for
the `small' SubPc molecules in the hcp pattern is that these molecules are located on a Ag-
vacancy site and are therefore topographically lowered. However, this explanation is very
unlikely since no `small' molecules are observed in the honeycomb pattern.

In overview images most of these `small' molecules show high mobility while some of them
are pinned to their adsorption site. In principle, there are two possible types of mobility of
the `small' molecules. One possibility is that the `small' molecules themselves are mobile and
di�use around. The second possibility is that all the molecules remain on their adsorption
site and only the di�erent bonding types di�use, causing always di�erent molecules to appear
as `small' molecules. For the second possibility no molecule transport is involved. However,
for small STM image frames5 the mobility of the `small' molecules is signi�cantly reduced.
Consequently, the di�usion of the `small' molecules is in
uenced by the STM tip, where a
small scan frame leads to less mobility.

It is interesting to note that the slight rotation of the `small' molecules with respect to
the molecular rows in the hcp pattern leads to a symmetry breaking of the two di�erent
orientations of the hcp pattern (Fig. 3.5). This symmetry breaking arises because all the
`small' molecules of one orientation of the hcp pattern are rotated to the same direction,
whereas the `small' molecules in the pattern with the other orientation are rotated exactly
to the other direction. Consequently, the two orientations of the hcp pattern have di�erent
chirality if the `small' molecules are taken into account.

In Fig. 3.5, a model of the superstructure of SubPc on Ag(111) is proposed. This model
for the hcp pattern is based on the same symmetry arguments as in the case of the honeycomb
pattern. From the STM measurements the inter-molecular distance and the angle between
the two possible orientations of the hcp pattern is used. The resulting superstructure of
SubPc on Ag(111) is a

p
43�p43R�7:6Æ overlayer. The two orientations of the pattern are

�7:6Æ rotated with respect to the [110] direction of the Ag(111) substrate. This proposed
model �ts very well with the experimental data: The inter-molecular distance is 19.1 �A and
the angle between the two domains is 15.2Æ, respectively 18:9� 1:0 �A and 15Æ� 1Æ measured
in the STM images. It is important to note that the proposed models for the honeycomb
and the hcp pattern are self consistent since the molecules are in both models on the same
adsorption sites.

A single molecule has threefold symmetry whereas the Ag(111) surface has six fold sym-
metry. This allows for the hcp pattern to nucleate in four possible orientations on the
Ag(111) surface: For each of the two experimentally observed directions of the pattern two
molecular orientations are possible. In Fig. 3.5 the molecules can not only have the indicated

5Image frames in the order of 30x30 nm or smaller.
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Figure 3.5.: Proposed model of the hcp pattern. The Bravais vectors for the two possible orientations (a)
and (b) are indicated. In (a) the `small' molecules are slightly rotated to the left side with
respect to the molecular rows. In (b) the `small' molecules are rotated exactly to the opposite
side with respect to the molecular rows. Therefore the hcp pattern exhibits chirality if the
`small' molecules are taken into account.

orientation but can also be turned 180Æ. Experimentally all these di�erent orientations are
observed.

3.3. 2D Molecular Solid-Gas Equilibrium

The SubPc molecules form islands with honeycomb (hcp respectively) pattern, but not all
the molecules condense to these islands. A fraction of the molecules remain mobile and form
a 2D molecular gas phase which is in coexistence with the condensed phase. In section 3.3.1 a
basic introduction in surface di�usion is presented. In section 3.3.2 the experimental �ndings
on the solid-gas coexistence of SubPc are discussed in detail.

3.3.1. Introduction to Surface Di�usion

The mobility and interactions of adsorbates on metal surfaces a�ect island nucleation and
layering and therefore in
uence the structure and properties of grown layers. The lateral
random-walk di�usion of a single adsorbate6 on a surface is determined by the corrugation
of the potential energy surface (surface potential) of the adsorbate-substrate complex and

6For single adsorbate di�usion often the term migration is used in stead of di�usion.
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by the kinetic energy available for hopping between stable adsorption sites [70, 71]. This
kinetic energy arises from thermal energy exchange with the substrate.

If the thermal energy of the adsorbed molecule is small compared to the corrugation of
the surface potential, one can consider the adsorbed molecule as localized in a minimum
of the surface potential. The locations of the minima form a regular lattice compatible
with the substrate symmetry. Each molecule has to overcome the energy barrier imposed
by the corrugation of the surface potential in order to hop to an adjacent minimum and
thus participate in the di�usion process (see �gure 3.6a). The lattice gas model has been
successfully used to represent adsorption in such systems [61, 72]. The hopping rate � of
isolated molecules depends on the temperature T and the energetic barrier between two
adjacent sites, i.e. the di�usion barrier Ed, via the Boltzmann factor:

� = �0 � exp
�
� Ed

kT

�
(3.1)

�0 is the attempt frequency for penetration of the barrier.

Figure 3.6.: a) Schematic potential energy surface experienced by an adsorbed molecule. The notation is as
follows: Ed energy barrier for di�usion, Eb adsorption energy (binding energy). b) Schematic
potential energy surface for an adsorbed molecule interacting with another molecule located
at the origin. Eaa is the inter-molecular interaction energy.

The potential energy surface for an adsorbed molecule in the presence of another adsor-
bate can be approximated as the superposition of the inter-molecular interaction and the
surface potential of the molecule-substrate complex (see Fig. 3.6b). As a consequence of these
deformations of the surface potential the di�usion barrier is locally reduced or increased in the
case of repulsive or attractive interaction, respectively. For simple cases this inter-molecular
interaction Eaa can be described by the two particle Lennard-Jones-Potential. This leads
to a 2D overlayer formation in the case of attractive interaction and Eaa signi�cantly larger
than the thermal energy kT .

Di�usion coeÆcients for individual adsorbates are experimentally accessible by di�erent
methods [70]. Using FIM it is possible to measure the migration of single adatoms [73], but
FIM is limited to very stable adsorbates due to the high electric �eld which is necessary for
imaging. The STM it is well suitable to study di�usion processes of individual adsorbates
on surfaces [74{77]. Here particular care has to be taken to eliminate the in
uence of the
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scanning tip on the observed mobility, for instance as shown in the case of Sb dimers on
Si(100) [74].

3.3.2. Experimental Observation and Study of a 2D Molecular Solid-Gas Equilibrium

In addition to the condensed honeycomb islands two more regions can be distinguished in
STM images. In Fig. 3.7 an STM image with a coverage of approximately 0.3 ML is shown.
On the terrace next to the condensed island noisy streaks appear in the scan direction.
The tip excursions perpendicular to the sample hint at a mobile adsorbate component. In
areas with mono atomic substrate steps bunched together (noted by s in Fig. 3.7) the SubPc
molecules are stably adsorbed in a less regular pattern. Most of the molecules adsorbed on
the step edges have round shape which implies slightly di�erent bonding to the substrate
compared to molecules of triangular shape on the terrace.

The noisy pattern next to the condensed islands corresponds to molecules on the same
terrace which exhibit mobility on the time scale of one scan line. This is supported by
Fig. 3.8: The height pro�les of the excursion of the tip scanning in constant current mode
are similar for condensed and mobile molecules. The similar widths of the pro�les leads
to the conclusion that the residence time for a mobile molecule is comparable to the time
required to scan over a molecule (roughly 10 ms). Therefore pushing and pulling of molecules
by the tip are not signi�cant. This is in contrast to the trapping mechanism of molecules
in the tunneling junction as observed by B�ohringer et al. for Anthracene and PTCDA7

on Ag(110) [78, 79]. Comparing subsequent scan lines reveals perfect correlation in the
condensed islands compared to essentially no correlation in the noisy regions. Therefore
we identify the observed regions with a 2D-condensed phase, a 2D-gas phase and molecules
pinned at step edges. According to the scan line analysis the molecules in the gas phase are
stably adsorbed for a certain time but tend to hop to nearby adsorption sites. Consequently,
the gas phase can be described in terms of the 2D lattice gas model. For symmetry reasons
it is expected that the molecules adsorb at equivalent sites with respect to the periodicity of
the Ag(111) lattice. This is consistent with our measurements since the molecules adsorb at
many equivalent sites, not only the honeycomb lattice sites, when observed in the gas phase.

Additional evidence for this 2D molecular lattice gas is obtained from time-lapse imaging
sequences. In the STM images of �gure 3.9 the time evolution of the border line of an
island is shown. This border moves as a function of time as expected for the condensed
phase being in dynamic equilibrium with the gas phase. However, the size of an island does
not signi�cantly change over several hours as observed in time-lapse imaging sequences of
whole islands. Coexisting islands and 2D gas phase have been observed for various scan and
tunneling parameters8. None of these parameters had an in
uence on the behavior of the
coexistence. Even after a few days the coexistence of the condensed phase and the gas phase
is still observed. Therefore, these two phases coexist in a 2D thermodynamic equilibrium
at room temperature. In addition it is observed that the gas phase is con�ned to terraces,

7PTCDA: Perylene-tetracarboxylic-dianhydride
8Scan parameters: scan range 13{120 nm, scan speed 65{260 nm/s; tunneling parameters: bias voltage
0.7{1.7 V, tunneling current 10{100 pA.
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3.3. 2D Molecular Solid-Gas Equilibrium

Figure 3.7.: (a) STM image showing the coexistence of di�erent patterns of SubPc adsorbed on Ag(111)
(scan range 54.3x44.0 nm; I = 12 pA, U = 0:85 V). On the left-hand side of the image a
condensed island with a honeycomb pattern (c) is present, whereas next to the condensed
island a noisy streak pattern (g) is visible. At the left bottom corner and in the top right
bunched step edges of the Ag(111) substrate (s) cross the image. These steps are decorated
by SubPc molecules which are pinned by the interaction with the steps. The dashed white
line represents the location of the schematic cross section shown in (b).

e.g. the noisy streaks in Fig. 3.7 are not crossing the decorated step edges. However, in
thermodynamic equilibrium of the 2D condensed phase and the 2D gas phase, also a gas
phase is present on top of the condensed phase in the second layer [80]. The ratio between
the densities of the two gas phases in the �rst and second layer, respectively, is given by [80]

n1
n2

= exp
Eb1 � Eb2

kT
(3.2)

where n1, n2 are the densities of the �rst layer and the second layer, respectively and Eb1,
Eb2 are the binding energies of the �rst and the second layer, respectively. According to
this formula, a slightly smaller binding energy of the second layer leads to a signi�cant lower
density. Consequently, it is expected that the gas phase in the second layer has a much lower
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Figure 3.8.: (a) Sub image taken from �gure 3.7a (scan range 38.4x18.9 nm; I = 12 pA, U = 0:85 V).
The white line shows the location of the cross section shown in (b). (b) Cross section in the
fast scanning direction (x direction). In this line section single molecules are clearly visible
and exhibit a characteristic shape which is similar for molecules in the condensed phase and
in the noisy pattern. This strongly suggests that in the latter case molecules hop to adjacent
adsorption sites but that the residence time on a particular adsorption site is comparable to
the time required by the scanning tip to pass over a single molecule.

density than the one in the �rst layer and is therefore not visible in STM images.
In contrast to the molecules in the lattice gas most of the molecules at the step edges

are stable adsorbed and did not move in time lapse imaging sequences. The step edges
are usually preferred adsorption sites due to charge redistribution inducing an electrostatic
dipole moment [81, 82]. This charge redistribution is called Smoluchovski e�ect [83]. Since
the SubPc molecules on the step edges are stably adsorbed in a less regular pattern the
molecule-substrate interaction plays a dominant role over the molecule-molecule interaction
and the thermal energy.

Semi quantitative conclusions can be obtained by comparing our experiments with the
lattice gas model. In the simplest case the probability P that a molecule remains at a given
adsorption site after a certain time � is

P� = exp(��s�) (3.3)

when no multiple jumps are taken into account [77]. In order to obtain the hopping rate �gs
for the SubPc gas phase a statistical analysis of the experimental data was performed. P�
for di�erent � is obtained from comparing the forward and the corresponding backward scan
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3.3. 2D Molecular Solid-Gas Equilibrium

Figure 3.9.: In this sequence of STM images the time evolution of a condensed molecular island is shown
as a function of time. The white line connects the outermost molecules and serves as a guide
to the eye. The images are taken one after the other with an interval time between two images
of 3 minutes 26 seconds (scan range 25.8x25.8 nm; I = 12 pA, U = 0:85 V).

lines close to the reversing point of the tip with respect to molecular jumps. 62 di�erent
molecular jumps have been analyzed, taking into account only molecules close to the reversing
point9 in order to decrease the systematic error due to multiple jumps. The hopping rate
of a SubPc molecule in the 2D lattice gas is determined to �gs = 31 � 10 s�1 at room
temperature. In these experiments the total surface coverage was in the order of 0.3 ML.
Therefore neighboring sites may be occupied and hinder random jumping of the molecules.
Thus the estimated hopping rate in the limit of coverage � ! 0 can be di�erent, particularly
for interacting molecules [84{86]. Using equation 3.1 for the hopping rate an estimate for the
di�usion barrier Ed is obtained. Assuming a standard attempt frequency �0 = 1013 s�1 [61]
the di�usion barrier Ed is calculated to Ed = 0:7� 0:2 eV. The relatively large error in the
di�usion barrier is due to the uncertainty in the attempt frequency for which a lower limit
of 1010 s�1 and an upper limit of 1016 s�1 were assumed [71]. This result for the di�usion
barrier compares to the one for decacyclene on Cu(110), where the di�usion barrier has been
determined to Ed = 0:74� 0:03 eV [77]. Thus, a reasonable value for the di�usion barrier is
obtained. Nevertheless, the result should be considered as semi quantitative due to the �nite

9Molecules close to the reversing point of the tip correspond to a small time frame.
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3. Superstructures and Phase Behavior of SubPc on Ag(111)

value for the coverage � and the use of a standard attempt frequency. Despite the solid-gas
coexistence is observed at di�erent tunneling and scan parameters tip artefacts can not be
ruled out. It is known from other examples that the scanning tip can a�ect the hopping rate
of adsorbates [74, 87, 88]. Also in the case of SubPc on Ag(111), tip induced experiments
have been successful in the case of higher molecular coverage (Chapter 6)10.

The condensation energy Econd is the energy di�erence for a molecule in the condensed
phase compared to the one in the gas phase. The entropy in the gas phase is higher than
in the condensed phase and hinders complete molecular condensation. The experimental
observations imply that molecules are exchanged between the condensed phase and the gas
phase, besides being in thermal equilibrium. The appropriate thermodynamic quantity which
takes this exchange and the entropy into account is the Gibbs free energy, which is equal in
the gas phase and in the condensed phase.

From a statistical analysis of a few STM images similar to the one described above the
hopping rate �cs for a molecule on the border of a condensed island (the molecules which are
marked by the white line in �gure 3.9) is determined to �cs = 0:019� 0:010 s�1. Assuming
that the attempt frequency �0 does not change for a molecule in the gas phase with respect
to the condensed phase, it is possible to get a rough estimate of the condensation energy:

Econd = kT � ln �
g
S

�cS
(3.4)

Thus the condensation energy Econd for a molecule on the border of the condensed phase is
Econd = 0:19� 0:02 eV, with a statistical error due to the error in the hopping rates. This
condensation energy Econd is in the same range as the calculated C60-C60 interaction. The
binding energy at the equilibrium distance for two C60 is calculated to 0.3 eV [89]. However,
this result for the condensation energy of SubPc has to be considered as semi quantitative
due to the �nite value of � and the approximation that the attempt frequency is the same
in both phases.

The relative values of the di�usion barrier, the condensation energy and the thermal
energy are crucial for the observed coexistence behavior. A much higher condensation energy
would cause complete condensation, e.g. no gas phase would be present. If the condensation
energy and the di�usion barrier are smaller than the thermal energy all the molecules would
form a 2D gas phase. In the case of SubPc adsorbed on Ag(111) the relative values of
the di�usion barrier and the condensation energy result in a phase equilibrium at room
temperature11.

2D solid-gas equilibrium and surface melting processes of adatom layers have previously
been reported [61, 72], also by STM studies [90{93]. Adsorbed molecules have additional in-
ternal degrees of freedom, which go beyond those of single atoms. However, in the condensed

10For a SubPc coverage of � 0:7 ML tip induced experiments have been successfully carried out. A reversible
phase transition of the hcp pattern and a 2D mobile phase could be controlled by the STM tip (Chapter 6).
In the case of the low coverage honeycomb pattern similar trials with tip-induced experiments have been
performed without success.

11Also the hcp pattern is observed in coexistence with a dense molecular gas phase. However, it was diÆcult
and sometimes even impossible to see single molecular events in the gas phase.
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phase the orientation of individual SubPc molecules is visible, and molecular rotation is there-
fore frozen. In the SubPc gas phase a rotation or other internal motions of the molecules can
not be ruled out [94]. In addition to possible changes of internal degrees of freedom upon
di�usion and condensation, changes in conformation are also possible [11]. One may foresee
that such additional degrees of freedom may cause characteristic deviations from the ideal
lattice gas behavior. Using temperature-dependent STM techniques, some of this behaviour
could be explored to give similar information about molecular adsorption and di�usion as
speci�c heat measurements have provided about phase transitions in bulk materials. The
system presented here, SubPc adsorbed on Ag(111), appears to be a good model system to
study such e�ects.

3.4. Proposed Phase Diagram for SubPc on Ag(111)

The SubPc overlayers with varying sub-monolayer coverage were measured by STM. For
instrumental reasons the studies presented in this thesis were restricted to room temperature.
Therefore the here presented STM results represent only a section taken at room temperature
from the phase diagram. In Fig. 3.10 the proposed phase diagram is sketched and shows
the features observed in the STM at positive sample bias. For coverage below � 0:2 ML
mobile molecules were observed to form a 2D lattice gas. A coexistence of the honeycomb
pattern with a 2D lattice gas is observed for coverage in the order of 0.2{0.5 ML, whereas for
coverage of 0.6{0.9 ML the hcp pattern is observed in coexistence with the 2D lattice gas.
Consequently, the hcp pattern in coexistence with the 2D gas phase is thermodynamically
favored at 0.7 ML compared to a full monolayer of the honeycomb pattern, which corresponds
to 0.7 ML of a hcp monolayer. It is quite possible that new phases will be observed at di�erent
temperatures than room temperature making the phase diagram more complicated than the
one sketched in Fig. 3.10. The exact phase behavior around 0.5 ML is still contradictory
and di�erent results were obtained on di�erent samples. It is not yet clear whether there is a
phase transition from the honeycomb pattern directly to the hcp pattern or, more likely, the
honeycomb pattern decays at � 0:5 ML to a 2D gas phase and at 0.6 ML the hcp pattern is
formed. On large terraces a coexistence of the honeycomb pattern and the hcp pattern was
never observed. On samples with many small terraces12 however hcp and honeycomb pattern
have been observed on di�erent terraces. The border e�ect of the step edges could lead to
a favored pattern depending on the width and form of the terraces. Furthermore, for one
single deposited SubPc layer a new overlayer pattern was observed even at room temperature.
This only once observed double row pattern is presented in appendix A and is not further
considered, since it could not yet be reproduced. This additional pattern implies that a more
complicated phase diagram has to be expected and that the formed molecular layers could
also depend on additional parameters than only the coverage � and the temperature. The
layers could also depend on the quality of the substrate, i.e. the impurities and defects, or
on the molecular rate during deposition. However, upon annealing the sample, the overlayer
pattern forms the thermodynamically favored phase13. For both patterns, the honeycomb

12Terrace width in the order of 30{40 nm
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and the hcp, no changes in the overlayer pattern were observed upon annealing to 360 K.
Consequently, these two layers are expected to be thermodynamically favored.

Figure 3.10.: Schematic sketch of the proposed phase diagram of SubPc/Ag(111) in the T{� plane. The
grey bar represents the studied regime at room temperature (RT). The reader should be
aware that the phase diagram presented here is only schematic and may not represent all the
features.

In order to determine the overlayer structure of the molecular layers LEED experiments
have been performed as well. But these experiments did not succeed and it was not possible
to determine the patterns. Di�erent problems arised when trying the LEED experiments.
The Ag(111) �lms were not single crystalline, which makes the interpretation of the LEED
pattern more diÆcult. Another problem is that for imaging the large structures of the
SucPc overlayers relatively small electron energies14 are needed [95], which is a high demand
on the LEED set-up. Another major problem is that the electron beam from the LEED
gun probably damages the molecules or the overlayer pattern. On one molecular sample
subsequent STM experiments have been performed and a destruction of the overlayer pattern
has been observed. Thus, for successful LEED experiments a good LEED set-up, which
allows the use of low electron energies and currents is a mandatory.

In lattice gas models the phase diagrams have been studied in detail by Monte Carlo
simulations as a function of di�erent pair and triple interactions [84{86, 96]. In models with
either attractive or repulsive nearest neighbor interaction, only one ordered phase is observed
for both cases [84, 85]. Ordered phases with distinctly di�erent symmetry are observed for
nearest neighbor repulsion in conjunction with next nearest neighbor attraction and three-
body interaction [96]. The system O/W(110) was extensively studied by experiments [97{99]
and by Monte Carlo simulations [100{102]. In the case of O/W(110) two di�erent ordered

13Provided that the molecules have enough thermal energy to overcome the activation barrier to form the
thermodynamically favored phase.

14In order to observe the �rst order of the di�raction pattern an electron energy of � 20 eV or below is
needed.
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layers are observed for increasing coverage. A combination of attractive and repulsive inter-
actions leads to this non-trivial phase behavior15. Also in the case of SubPc it is expected
that a combination of attractive and repulsive two and more-body interactions lead to the
observed phase behavior. In addition to the attractive van der Waals interaction, a re-
pulsive interaction due to the parallel dipole moments of adsorbed molecules takes place.
Furthermore, repulsive or attractive interactions occur depending on the relative angle of
two interacting molecules due to the inhomogeneous charge distribution. The interaction
between two molecules depends on their relative angle since the H atoms of the `legs' are
charged positive whereas the N atoms are charged negative (Fig. 1.1d). Consequently, the
`legs' repel each other and a favored position is found if the `legs' point to the N of the
neighboring phthalocyanine macrocycle. This con�guration is observed for the honeycomb
as well as for the hcp pattern. The balance between the condensation energy in the 2D
islands and the entropy in the 2D gas phase leads to the coexistence of these two phases at
room temperature.

The observed behavior of SubPc on Ag(111) di�ers from the one of C60 on Ag(111).
For C60/Ag(111) only one ordered phase is observed [67], whereas for SubPc/Ag(111) two
ordered phases are observed. This di�erence in the phase diagram is expected to arise from
the more complicated interactions between the SubPc molecules compared to the interactions
between the highly symmetric C60 molecules.

15In the Monte Carlo simulations it was found that attractive �rst and �fth neighbor interaction and repulsive
second neighbor, third neighbor and trio interactions give the best match with the experiments [100].
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4. Adsorption Geometry and Electronic Structure of SubPc

on Ag(111)

In the following the adsorption geometry of the SubPc molecules on the Ag(111) surface
is determined and possible binding mechanisms are addressed (section 4.1). In section 4.2
high resolution STM data of SubPc and STM images at di�erent tunneling conditions are
discussed.

4.1. Adsorption Geometry and Binding of SubPc to Ag(111)

XPS measurements on molecular �lms with various thickness ranging from sub-monolayer
coverage to several layers have been performed. In Fig. 4.1 the evolution of the Cl2p core level
peak for increasing �lm thickness is shown. Compared to the �lm with a thickness of 13 ML
a large shift of the Cl2p peak by 1.6 eV to lower binding energy is observed for the layer with
sub-monolayer coverage. The �lm with a thickness of 2.3 ML reveals a similar spectrum as
the one with a thickness of 13 ML. The main di�erence between the spectra obtained for these
two �lms is the small shoulder at 198 eV binding energy observed at 2.3 ML coverage. Thus,
for a layer thickness of 13 ML SubPc bulk-like signals are dominating the XPS spectrum due
to the surface sensitivity of XPS (section 2.2). As a consequence, the measured Cl2p peak
for the layer with 13 ML corresponds to the peak which would be obtained from bulk SubPc.
On the other hand, only 2D growth is observed in the STM experiments of sub-monolayer
coverage and therefore every SubPc molecule is directly adsorbed on the Ag(111). Thus, for
sub-monolayer coverage the XPS measurements are sensitive to the SubPc-Ag interaction.
Compared to the �lm with a thickness of 13 ML the C1s and the N1s core level peaks shift
only slightly to lower binding energies (shift of 0.2-0.3eV) at sub-monolayer coverage, which
is in contrast to the large shift of the Cl2p peak. The shift in the C1s and N1s peaks for the
thickness above 1 ML is mainly attributed to charging e�ects upon irradiation of the layers,
which will be discussed later on. Therefore, the observed core level shift of the Cl2p peak
for sub-monolayer coverage is attributed to a chemical shift due to an interaction of the Cl
with the Ag substrate. The binding energy of this peak is in good agreement with the one
obtained from Cl/Ag as measured by Briggs and coworkers [103]. Consequently, the Cl in
the SubPc interacts with the Ag substrate and therefore the SubPc is adsorbed with the Cl
towards the substrate. The chemical shift is attributed to a partial electron charge transfer
from the Ag substrate to the Cl of the SubPc as the peak shifts to lower binding energy by
the interaction with the Ag substrate. This is consistent with the chemical shift which is
expected from the respective electronegativities of Ag and Cl.

Complementary UPS measurements have been performed on SubPc layers with various
thickness. In Fig. 4.2 the evolution of the UPS spectra measured with HeI excitation is

35



4. Adsorption Geometry and Electronic Structure of SubPc on Ag(111)

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

208 206 204 202 200 198 196 194
Binding Energy [eV]

Figure 4.1.: XPS spectra of the Cl2p peak for increasing coverage measured with MgK� excitation. A
chemical shift to lower binding energy is observed for sub-monolayer coverage.

presented for di�erent coverage. In addition to the HOMO located around 1.8 eV binding
energy (denoted as HOMO in Fig. 4.2) molecular orbitals with a higher binding energy are
visible as well in the spectra. Besides the HOMO, the peak around 9 eV binding energy
(denoted as MO4 in Fig. 4.2) is easy to identify even for sub-monolayer coverage, since no
features of the Ag(111) valence band are located in this energy region. For the UPS spectra
below 1 ML the features of the Ag(111) substrate contribute signi�cantly to the spectra.
The main change in the UPS spectra with increasing layer thickness is the vanishing of the
Ag features and the shift of the peaks from the SubPc orbitals to higher binding energies, as
observed for the �lms with a coverage higher than 1 ML. However, the shape of the molecular
features in these spectra remain almost unchanged. Because of the high surface sensitivity
of UPS, only SubPc molecules without interaction to the Ag substrate are measured for the
�lm with a thickness of 13 ML. Thus the measured spectrum corresponds to the spectrum
which would be obtained from bulk SubPc. In Fig. 4.2b the shift of the di�erent spectra is
compensated in order to match the position of the HOMO for each coverage. In this �gure
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it is evident that only small changes in the SubPc features occur in the UPS spectra for the
di�erent SubPc coverage. In all the UPS spectra the energy di�erence �EHOMO�MO4 from
the HOMO to the MO4 are equal within their errors (table 4.1). Furthermore no partial
�lling of the LUMO upon adsorption of the SubPc on the Ag(111) surface could be observed.
This excludes a charge transfer from the Ag to the LUMO of the SubPc molecule. The partial
electron charge transfer from the Ag to the Cl of the SubPc, which is observed in the XPS
measurements seems to be localized at the Cl. The frontier orbitals of the �-electron system
appear not to be a�ected by this charge transfer and do not lead to a signi�cant change in
the electronic structure of SubPc. However, there is a hint for an interaction between the Ag
substrate and the SubPc: The main peak of the Ag4d valence band at 5 eV binding energy
vanishes to a greater extent than the two peaks around 6 eV binding energy1.
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Figure 4.2.: UPS spectra of SubPc on Ag(111) for di�erent thickness measured with HeI excitation. For
the clean Ag(111) substrate the Ag4d valence band is mapped. (a) A shift of the spectra
to higher binding energies is observed for higher thickness. This is attributed to charging
e�ects of the molecular layer. (b) The same spectra as in (a), but the shift is compensated
by matching the HOMO for all thickness. Apart from the disappearance of the Ag features
only small changes are observed for the di�erent layers. In particular, the energy di�erence
between the HOMO and the MO4 is equal for all layers. The binding energies are given with
respect to the Fermi energy EF .

It is expected that the observed shift of the binding energies of the molecular orbitals
for increasing coverage is not due to a charge transfer from the Ag(111) substrate to the

1For a layer having no interaction to the substrate, an uniform attenuation of the substrate features is
expected with increasing layer thickness.
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SubPc. UPS measurements are even more surface sensitive than XPS [55]. Therefore the
shift in the whole UPS spectra from the �lm with a thickness of 2.3 ML to the one with
13 ML can hardly account for the charge transfer from the Ag substrate to the molecular
�lm. The shift of the UPS spectra for the `thick' molecular layers can be explained by
the charge screening in the metallic substrate or by a charging of the molecular layer upon
irradiation. For molecular layers in close proximity of a metal surface a photoemission hole
in the molecular layer leads to an image charge in the metallic substrate, which screens the
initial hole. Bulk SubPc is non-conductive and therefore the screening of a photoemission
hole is poorer than for a thin molecular layer on a metal surface. As a consequence, higher
binding energies are observed for the orbitals of the bulk material compared to a thin �lm
on a metallic substrate. Such shifts due to screening e�ects in the photoemission spectra
are also observed for C60 on metallic substrates [104, 105]. In addition, the shift in the
UPS spectra could also arise from charging of the molecular layer upon irradiation. The
irradiation induced emission of photoelectrons leads to a positive charging of the sample and
thus to a shift of the peaks in the spectra to higher binding energies2.

There is no evidence for decomposition of the SubPc molecule upon adsorption on
Ag(111) as only small changes are observed in the UPS spectra for di�erent thickness. In
a `gedanken experiment' the decomposition of the SubPc due to a split o� of the chlorine
seems be a feasible process. Cl chemisorbs on the Ag substrate with a sticking coeÆcient
in the order of unity upon Cl2 exposure at room temperature [103]. Furthermore, ab-initio
DFT calculations reveal that the isolated SubPc molecule is stable as a cation without the
Cl, i.e. as a +1e charged ion (in the following denoted as [SubPc]+). The calculations for
the neutral SubPc without the Cl did not converge and thus no stable con�guration was
obtained. The calculations of the SubPc molecule without the Cl were performed by S. Ivan
with the Gaussian98 program package [25] (section 1.2). According to these calculations
all molecular orbitals of the [SubPc]+ shifted to higher binding energies, e.g. the shift of
the HOMO is 3.36 eV. Figure 4.3 shows the DOS of the calculated SubPc and [SubPc]+,
respectively and the binding energies of the di�erent molecular orbitals. Additionally, the
DOS graph obtained by broadening the orbitals by a Gaussian function is drawn into the
�gure. The width of the Gaussian function is chosen to be the same width as the one of the
HOMO in the measured UPS spectra. In these DOS graphs the HOMO and the MO4 can
clearly be identi�ed and related to those in the UPS spectra. Besides the shift of the orbitals
to higher binding energies in the case of the [SubPc]+, a characteristic decrease in the energy
di�erence �EHOMO�MO4 of 360 meV is calculated. In the UPS spectra neither a shift of the
spectra to higher binding energy, nor a decrease of �EHOMO�MO4 upon adsorption of SubPc
on the Ag substrate is observed (table 4.1). This is a clear evidence against a decomposition
of SubPc upon adsorption.

The change of the work function upon SubPc adsorption was determined by UPS with HeI

2Charging e�ects usually occur more pronounced in UPS than in XPS measurements. The X-rays penetrat-
ing through the thin Al-window in front of the X-ray source produce photoelectrons and thus secondary
electrons. A certain amount of these electrons hit the sample and partially compensate the charging
upon irradiation by the X-rays. In addition, the di�erence in the mean free path of the photoelectrons
for UPS and XPS can lead to di�erent charging e�ects.
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Figure 4.3.: Calculated density of states for (a) the SubPc and (b) the SubPc cation ([SubPc]+). The
calculated energies of the individual orbitals are indicated. The graph was obtained by a
convolution of the orbitals with a Gaussian function. The Gaussian function is chosen by
adapting the width of the calculated HOMO to the width of the HOMOmeasured by UPS. The
resulting structure is similar to the UPS spectra and the HOMO and MO4 can be identi�ed.

BE HOMO [eV] BE MO4 [eV] �EHOMO�MO4 [eV]
0.4 ML SubPc 1.78 � 0.03 8.90 � 0.10 7.12 � 0.10
1.2 ML SubPc 1.83 � 0.02 8.98 � 0.03 7.14 � 0.04
2.3 ML SubPc 1.93 � 0.02 9.09 � 0.03 7.16 � 0.04
13 ML SubPc 2.16 � 0.02 9.27 � 0.03 7.11 � 0.04

calculated SubPc 5.30 12.17 6.87
calculated [SubPc]+ 8.66 15.17 6.51

Table 4.1.: Binding Energies (BE) of the HOMO and the MO4 for di�erent coverage in comparison with
values calculated for SubPc. The energy di�erence �EHOMO�MO4 between the HOMO and
the MO4 is equal in all UPS spectra. For the SubPc cation a shift of the HOMO of 3.36 eV to
higher binding energy as well as a decrease of �EHOMO�MO4 by 0.36 eV is calculated. The
binding energies of the UPS measurements are related to the Fermi energy EF of the Ag(111),
whereas the binding energies for the SubPc and [SubPc]+ are calculated for the free molecule
and therefore relate to the vacuum energy EV .

excitation. The work function was measured by applying a negative voltage of U = �10 V to
the sample in order to cover the whole width �E of the spectra including the low energy cut
o� of the emitted photoelectrons. The work function is then determined using the Einstein
equation (equation 2.7).

� = h� ��E (4.1)

The obtained values are listed in table 4.2 and reveal a decrease of the work function upon
SubPc adsorption. An extrapolation of the values measured at sub-monolayer coverage
to 1 ML leads to a decrease in the work function of �� � �1 eV. This is in agreement
with the value observed at 1.2 ML under the assumption that the decrease is maximal at
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4. Adsorption Geometry and Electronic Structure of SubPc on Ag(111)

1 ML and that molecules exceeding 1 ML reduce the dipole moment of the molecular layer3.
A reduction of the work function is expected for the adsorption of the SubPc with the
chlorine towards the Ag substrate. In this con�guration the permanent dipole moment is
perpendicular to the Ag surface pointing away from it. Therefore, the surface dipole of the
metal is reduced leading to a reduction of the work function [61]. According to a simple
model where the dipoles of the adsorbed molecules are treated as a parallel plate capacitor,
the change of the work function is given by [106]:

�� = e � p �NA=�0 (4.2)

In this equation p is the dipole moment, NA the number of dipoles per surface area and �0
the permittivity of free space. The calculated dipole moment of SubPc is 1.0 e�A (section 1.2)
which leads to a decrease of �� = �0:58 eV for 1 ML using equation 4.2. However, an image
dipole is formed in the metallic substrate due to the SubPc dipole. Because the SubPc dipole
is perpendicular to the surface, the image dipole has the same orientation, which leads to
a reinforcement of the total dipole moment [61] (Fig. 4.4). Therefore the dipole moment
per molecule is doubled on a metallic substrate leading to a change in the work function
of �� = �2 � 0:58 = �1:16 eV. This value is in agreement with the measured reduction of
the work function of �� � �1 eV. For a more accurate treatment of the calculated change
in the work function one has to take into account that the electric �eld at the site of a
particular dipole is modi�ed by all the surrounding dipoles [106]. However, the deviation
of the experimental and the calculated changes in the work function could also be due to
the partial charge transfer from the Ag substrate to the SubPc molecule as observed in the
XPS measurements. This charge transfer leads to an induced dipole moment between the
transferred charge and its image charge. This resulting dipole moment points against the
surface (Fig. 4.4) and would therefore reduce the total dipole moment of the molecule. To
sum up, the work function measurements give additional evidence that the SubPc is adsorbed
intact with the Cl towards the Ag(111) surface.

� [eV] �� [eV]
Ag(111) 4.60 � 0.02

0.4 ML SubPc 4.22 � 0.02 -0.38 � 0.03
0.5 ML SubPc 4.13 � 0.02 -0.47 � 0.03
1.2 ML SubPc 3.77 � 0.02 -0.83 � 0.03

Table 4.2.: Work functions measured for SubPc layers on Ag(111). A decrease of the work function is
observed upon SubPc adsorption.

In summary, the intact SubPc molecule is mainly physisorbed on the Ag(111) substrate
with the Cl towards the Ag surface (Fig. 4.5). It is expected that the binding forces are due
to van der Waals interaction and the attractive force of the SubPc and its mirror charges in
the metal substrate. In addition there is a chemical bond between the Ag and the Cl of the

3This is assumed since bulk SubPc has a net dipole moment of zero [22].
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Figure 4.4.: Sketch of adsorbate dipole moments in the vicinity of a metal surface. The surface dipole
moment of the metal is indicated by the arrows on both sides of the sketch. The metal bulk
is shaded light grey and the image charges in the metal are drawn in grey. (a) The induced
image dipole reinforces the adsorbate dipole moment for a dipole aligned perpendicular to the
surface. (b) In case of a dipole moment parallel to the surface a counter dipole is induced in
the metal. (c) An electron charge transfer from the metal to the adsorbate induces a dipole
moment pointing towards the surface.

Figure 4.5.: Schematic sketch of the geometry of SubPc adsorption on Ag(111). The SubPc adsorbs with
the Cl towards the Ag surface. From symmetry arguments it is concluded that the molecule
adsorbs on an on-top site (Chapter 3).

SubPc. However, the frontier orbitels of the �-electron system of the molecule seems not
to be a�ected by this chemical bond, since no signi�cant changes in the UPS spectra were
observed, when going from sub-monolayer to multilayer coverage. Especially no partial �lling
of the LUMO is observed. In the case of C60 on Ag(111), the molecules are chemisorbed on
the surface which results in changes of the UPS spectra for sub-monolayer coverage compared
to multilayer coverage [107]. The charge transfer of about 0.8 e� per C60 leads to a partial
�lling of the LUMO, which is observed as a peak around the Fermi energy EF [107]. Thus,
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4. Adsorption Geometry and Electronic Structure of SubPc on Ag(111)

it is concluded for the SubPc on Ag(111) that the molecules are mainly physisorbed. The
center of the SubPc molecule (the Cl) is adsorbed on an on-top site of the Ag(111), as
deduced from symmetry arguments in Chapter 3. However, a modi�cation of the substrate
upon adsorption of the SubPc can not completely be ruled out. Due to the high stability of
silver chloride (AgCl), the Cl atoms could replace Ag atoms of the topmost surface layer. In
this con�guration the Cl would be surrounded by 9 silver atoms instead of only one in case
of an on-top adsorption. Reconstructions or modi�cations of the substrate upon adsorption
of an organic molecule were observed in recent studies for various molecule-metal systems
[11, 108, 109].

4.2. STM Images of SubPc Under Di�erent Tunneling Conditions

In STM images with positive sample bias in the order of U = 0:6{2 V the SubPc is imaged for
the honeycomb and the hcp pattern with an apparent height h � 4:5 �A. The apparent height
decreases for bias voltages smaller than 0.6 V. At a voltage below 0.2{0.3 V the molecules
are not imaged anymore and only noisy images are obtained4. The increase of the apparent
height at a voltage of 0.6 V is associated with resonant tunneling into the LUMO for higher
bias voltages. The HOMO-LUMO gap of the adsorbed SubPc molecule is therefore estimated
to 2.4 eV5, which is in agreement with the gap of 2.2 eV determined in a dimethylholamide
solution [26]. In high resolution data the SubPc molecules are imaged with sub-molecular
resolution. Each molecule is imaged as three protrusions having the same height with a
slight depression in the center of the molecule (Fig. 4.6). The distance between the center
of two protrusions is 8:3 � 1:0 �A as measured in the STM data. This corresponds to the
distance between the center of two phenyl rings in the SubPc which is 7.6 �A (section 1.2).
Consequently, these STM images support the �ndings from the photoemission data that the
SubPc is adsorbed with the Cl towards the Ag surface because the three `legs' are imaged
as protrusions and the center of the molecule as a slight depression. The same height of all
three protrusions suggests that the B-Cl axis is perpendicular to the Ag surface. However,
a wobbling of the molecule with the B-Cl axis to di�erent sides on a time scale much faster
than the one accessible by the STM can not be ruled out. This wobbling process would also
lead to protrusions with the same height in the STM images, if the B-Cl axis is perpendicular
to the Ag surface in time average6. The DFT calculations for the SubPc revealed that the
molecule has a small intensity from the LUMO at the Cl. Thus, in the case of the Cl pointing
away from the surface the molecule is expected to be imaged as a protrusion in the center
of the molecule for positive sample bias because of the tunneling into the LUMO. Yanagi
et al. found di�erent adsorption geometries for the SubPc on Si(111)-(7x7) [26]. In their
STM images they observed molecules with three protrusions and some with only one central
protrusion and attributed these di�erent shapes to Cl down adsorption, Cl up adsorption

4The apparent height and the critical voltages can di�er for di�erent tips.
5The binding energy of the HOMO of 1.8 eV (from UPS) and the location of the LUMO of 0.6 eV above
the Fermi energy (from STM) leads to a HOMO-LUMO gap of 2.4 eV.

6Such a time average of a dynamic process is for instance observed with STM for the Si(100) dimer buckling
[110].
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respectively.

Figure 4.6.: STM high resolution pictures of SubPc on Ag(111) in the case of the honeycomb pattern.
Individual SubPc molecules are imaged as three protrusions. The internal structure of the
molecule is outlined at the bottom right (scan range 14x16 nm; I = 10 pA, U = 0:7 V).

Figure 4.7.: STM image of SubPc on Ag(111) obtained by imaging with negative sample bias. In the
center of the image a small island with hcp pattern is present. Next to the island and on the
other terraces the molecules form a dense 2D gas phase (scan range 90x56 nm; I = �10 pA,
U = �1:5 V).

For negative sample bias voltages the behavior of the SubPc layers on Ag(111) changes
in the STM. The honeycomb pattern could only be imaged with a weak negative sample bias
between �0:1 and �0:3 V. For this bias range the same behavior with the coexistence of the
condensed honeycomb pattern and the 2D gas phase is observed as for positive sample bias.
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For higher negative sample bias (U < �0:3 V) no individual molecules could be resolved on
terraces anymore, where also by resonant tunneling out of the HOMO no ordered pattern
is obtained. The step edges remain decorated with single molecules being resolved, whereas
on terraces only a 2D gas phase is observed. It is important to note that the terraces are
neither empty nor the molecules \invisible" for the STM, although in some cases almost no
corrugation on the terraces is found. In Fig. 4.7 an image with negative sample bias in the
case for the hcp pattern is presented. A small island with the hcp pattern remained in this
image. From a height comparison of the hcp pattern and its surrounding, it is concluded
that the terraces are covered by a dense 2D gas phase and are not empty. It worked only in
a few cases to get images of stable hcp islands over a longer period of time. In most cases all
the islands with hcp pattern disappeared after scanning a few images with negative sample
bias and only 2D gas phase remained on the terraces.

The di�erent behavior of the SubPc layers for positive and negative sample bias is at-
tributed to the permanent dipole moment of the SubPc which experiences a force in the
inhomogeneous electric �eld of the tip. This force acting on the dipole moment of the SubPc
leads to directional di�usion towards or away from the tip depending on the polarity of the
applied bias voltage. This simple model is described in Chapter 6 and leads to a higher
mobility of the SubPc molecules in case of negative bias voltage.
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5. Coordinated Change in Orientation of Whole Overlayer

Islands

For the honeycomb and the hcp pattern a change in orientation of the overlayer pattern
between the two respective orientations is observed. In section 5.1 an introduction in the
microscopic mechanisms of island di�usion is presented. The experimental �ndings on the
change in orientation of the overlayer islands are presented in section 5.2.

5.1. Introduction to Island Di�usion

The adatom and island di�usion on surfaces are important for thin �lm and crystal growth.
An island migrates because statistic 
uctuations at its border cause shifts in the location of
its center of mass. Di�erent mechanisms for island di�usion in a lattice model are: perimeter
di�usion, evaporation-condensation of atoms on the border and migration of vacancies across
the island [111, 112].

In the perimeter di�usion mechanism, individual adsorbates move around the perimeter
of the island and cause center of mass di�usion. This behaviour is expected to be observed
at lower temperatures, where the di�usion barrier along the island periphery still permits
the adsorbate to move along the island, while a higher barrier prevents the adsorbate to
evaporate from the edge to free 2D motion. For systems which are in coexistence with
a 2D gas phase, the evaporation from the island is more favorable and the evaporation-
condensation of adsorbates may cause the island to di�use. The evaporation-condensation
process is also relevant for systems where the barrier for detachment from the island is low
compared to the perimeter di�usion barrier.

The di�usion coeÆcient D of an island with the number N of adsorbates can be described
by an Arrhenius law [112{115]:

D � N�� � exp
�
� Ea

kT

�
(5.1)

where Ea is the activation energy for island di�usion and kT the thermal energy. For the
island size a simple scaling law is valid [111, 112]. The temperature independent exponent
� depends on the di�usion mechanism: for perimeter di�usion � = 3=2, for evaporation-
condensation � = 1=2.

Island di�usion has been experimentally observed for instance for Ag clusters on Ag(100)
[116] as well as for vacancy island di�usion, for instance in the case of Ag(111) [117].
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5. Coordinated Change in Orientation of Whole Overlayer Islands

5.2. Experimental Observation and Discussion of Coordinated
Flipping of Overlayer Islands

In STM measurements of SubPc on Ag(111) the orientational change of whole overlayer
islands in the case of the hcp and the honeycomb pattern is observed. As discussed in
Chapter 3, for each pattern, the honeycomb and the hcp, only two stable orientations of
the superstructure are observed. The 
ipping process between the two orientations of the
SubPc islands occurs in a reversible manner. Figure 5.1 shows this 
ipping process for the
hcp pattern1. The orientation of the central island changed from Fig. 5.1a to the subsequent
image Fig. 5.1b. In Fig. 5.1c the 
ipping process occurred during scanning the image. The
time scale of the 
ipping process is usually in the order of one scan line and in this case in the
order of �ve scan lines (time per line 0.6 s). It is important to note that for this rotational

ipping each molecule has to move and to rotate in order to form the pattern with the new
orientation. For the hcp pattern a weak tendency is observed that small islands have a higher
probability for the 
ipping process. Besides the island size, the border e�ects of the island
and the step edges of the silver substrate seem to play an important role. A mis�t of the
molecular island and the step edges could lead to stress in the layer or to molecule positions
which are not favored by the pattern and the substrate. The shape of the step edges and
the molecular coverage can lead to a stabilisation or destabilisation of an adlayer through
registry e�ects at the boundary.

Figure 5.2 shows STM images of the orientation change for the honeycomb pattern.
The three pictures are obtained one after the other with an interval time of approximately 3
minutes. The 
ipping process in Fig. 5.2b occurred within one single scan line (0.3 s). In case
of the honeycomb pattern the 
ipping process is accompanied by a chirality change, since
the two orientations have di�erent chirality. Consequently, a change in orientation is a phase
transition between the two chiral layers. In Fig. 5.2a a vacancy in the molecular pattern is
visible which disappeared in the next image Fig. 5.2b. This vacancy gives additional evidence
for the high level of mobility in such layers. For the honeycomb pattern only very few islands
exhibited this 
ipping process and no characteristic tendency for the 
ipping probability as
a function of the size of the island could be observed.

Hardly any movement of the center of mass of the island in such a 
ipping behavior
is observed. However, it is a collective di�usion phenomenon and has to be treated as a
special case of island di�usion. In a 
oating layer model2 a substantial part of the central
island in �gure 5.2 would have to cross the step edge. This can not be supported from our
STM time lapse imaging series. Here inter-terrace di�usion would lead to correlated number
density changes on neighboring terraces. This has not been observed for either honeycomb
or hcp layers. In addition, it is not possible to bring the honeycomb pattern to overlap by

1The central island in Fig. 5.1 is on a lower height level than the surrounding terraces. This vacancy island
in the Ag(111) is not because of sputter defects. It is because a grain boundary of the Ag(111) substrate
is crossing the image from the left hand side to the top side. Therefore the SubPc pattern on the top left
has di�erent orientation than the other islands.

2In the picture of a 
oating layer model, the whole island is expected to stick together and to di�use as an
entity on the substrate.
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Figure 5.1.: Change in orientation for an island with hcp pattern. The central molecular island 
ips its
orientation between the subsequent STM images (a) and (b). The white line in the images
shows the orientation of the island and acts as a guide to the eye. The time interval between
the two images is 2 minutes 30 seconds (scan range 39x39 nm; I = 20 pA, U = 1:5 V). In
image (c) the 
ipping process occurred during scanning the image. The time scale of the

ipping process is in the order of seconds (scan range 56x43 nm; I = 20 pA, U = 1:5 V).

a simple rotation due to its chiral layers. Therefore a 
oating layer model in the case of
SubPc islands on Ag(111) is ruled out. The experimental �nding that only two orientations
for the honeycomb and the hcp pattern are observed, implies that the molecule-substrate
interaction is important. Therefore the system has to be treated in terms of a lattice model
as observed in section 3.3 for the lattice gas phase.

The proposed mechanism in terms of a lattice model in analogy to the evaporation-
condensation mechanism is the following: Detachment of a small cluster from the original
island or formation of a new cluster from the 2D molecular gas phase with di�erent orienta-
tion than the original island. This cluster formation could even be assisted or induced by the
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5. Coordinated Change in Orientation of Whole Overlayer Islands

Figure 5.2.: Flipping process for the honeycomb pattern. The three STM images are taken one after the
other with a time interval of approximately 3 minutes. From (a) to (b) the large island on the
left hand side 
ipped its orientation, whereas from image (b) to (c) the central island 
ipped.
The white lines indicate the orientation of the patterns. A change in orientation is marked by
the white arrows. The vacancy in (a) (marked by the white circle) disappears from (a) to (b),
which shows the dynamics of single molecules in the overlayer pattern. The central island 
ips
its orientation in (b) during scanning (marked by the white ellipsoid) (scan range 90x79 nm;
I = 20 pA, U = 2:2 V).

scanning tip (compare also Chapter 6). This would lead to a domain boundary between the
original island and the newly formed cluster where the boundary propagates with a certain
probability through the whole island while changing its orientation. Since the island is in
coexistence with a dense 2D gas phase it is expected that the main mechanism for island
di�usion in this crack is due to the evaporation-condensation mechanism. This suggestion is
supported by �gure 5.1 which shows a gas phase during the change of orientation. Perimeter
di�usion may enhance and accelerate the process.

Only very few examples on changes in orientation of overlayer islands are reported in
the literature. Rabe and Buchholz observed in the case of octadecanol on HOPG 
ipping
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of small molecular domains [118]. These domains are surrounded by other domains and the
con�guration after the 
ipping of the domains appeared to be more stable. The authors
did not report about a reversible 
ipping behavior of such domains. In the work of L�uthi
et al. islands of C60 on NaCl(001) could be moved by the action of the probing tip of a
scanning force microscope [119]. Di�erent modes of motion, such as translation and rotation,
were observed. In their work the motion of the C60 islands is clearly tip assisted. The
change in orientation of the SubPc islands on Ag(111) occurs spontaneously between two
subsequent images or during scanning an image. However, this reversible 
ipping process
might be in
uenced by the scanning tip. To my knowledge the observed 
ipping behavior
between the two stable orientations of the SubPc islands is a new phenomenon. The balance
of the molecule-substrate, the inter-molecular interaction and the thermal energy are in
such a way that the molecular islands are in coexistence with a 2D molecular gas phase at
room temperature. Furthermore, whole islands are not completely stable and tend to rotate
between the two stable orientations in a coordinated fashion.
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6. Phase Transitions Locally Controlled by the STM-Tip

For SubPc coverage in the order of 0.7 ML a coexistence of the 2D hcp phase and the 2D
molecular gas phase is observed1. On large terraces the hcp pattern is formed (section 3.2)
while in con�ned areas, e.g. narrow terraces2 or in corners of two joining steps, a dense 2D
gas phase is observed (Fig. 6.1). These experimental �ndings suggest that on large terraces
the hcp pattern is favored, whereas in con�ned areas the gas phase is dominating. In order
to better understand the role of lateral con�nement on the formation of molecular phases
additional con�ned areas have been introduced onto the substrate. Such con�ned areas are
introduced to the Ag(111) by the creation of sputter defects, i.e. monatomic vacancy islands
with diameters in the range of 30{80 nm (section 2.5). In these con�ned regions interesting
and unusual phase behavior of the molecular layer is observed.

Molecular layers (coverage � 0:7 ML) on the Ag(111) substrates with the vacancy islands
exhibit the same coexistence of the hcp pattern and the 2D gas phase on the terraces as
described above. Mostly, the vacancy islands exhibit only little corrugation in the STM
images (Fig. 6.1a). These vacancy islands are not empty but the con�ned molecules form a
2D gas phase as observed on narrow terraces. In the following, two di�erent STM modes are
de�ned: In the `imaging mode' an overview image is recorded with a scan range of 90{110 nm
(tunneling parameters I = 10{20 pA, U = 1:0{1.6 V). In the `nucleation mode' the image
is recorded with a small scan range of 10{40 nm (tunneling parameters I = 10{200 pA,
U = 1:0{2.0 V). Therefore the main di�erence between these two modes is the scan size. By
scanning in the `nucleation mode' in the center of the vacancy island, the gas phase in the
vacancy island typically condenses to the hcp pattern. This interesting phase transition is
shown in Fig. 6.1. In this �gure the vacancy island is imaged in the `imaging mode' before
and after the tip-induced condensation due to the `nucleation mode'. Before the scanning
in `nucleation mode', a dense 2D molecular gas phase is present inside the vacancy island,
whereas afterwards the molecules are condensed to the hcp pattern. It is important to note,
that these STM images obtained in the `imaging mode' are recorded with exactly the same
scanning and tunneling parameters. This excludes that the two phases are obtained due to
imaging at di�erent tunneling conditions. In order to investigate the conditions for the tip
induced phase transition, experiments with various scan parameters have been performed.
By scanning in the `imaging mode' no condensation of the vacancy island could be achieved,
although various scan velocities have been used ranging from 70{275 nm/s. Consequently,
for a successful condensation of the gas phase to the hcp pattern, the vacancy island has to
be imaged in the `nucleation mode'. Higher voltages in the `nucleation mode' are observed
to facilitate the tip induced nucleation process, whereas changing the tunneling current did

1Similar to the 2D solid-gas coexistence of the honeycomb pattern which is discussed in detail in section 3.3.
2Terraces with a width below 20{30 nm
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not lead to a characteristic change in the condensation experiment.

Figure 6.1.: STM tip-induced nucleation. (a) STM image of a vacancy island �lled with a molecular 2D
gas phase. A typical scan area for the nucleation mode is shown by the square in the vacancy
island. On large terraces the molecules form a hcp pattern which is in coexistence with a
2D gas phase (marked by the arrows). (b) The same vacancy island after the tip-induced
condensation process by scanning in the `nucleation mode'. The molecules inside the vacancy
island condensed to the hcp pattern. Various molecules exhibited di�usion during scanning
the image, e.g. the ones in the circle. The images (a) and (b) are taken with exactly the same
scanning and tunneling parameters (scan range 90x90 nm; I = 10 pA, U = 1:2 V).

The tip-induced nucleation was not successful for all vacancy islands. Even at high
voltages the tip-induced condensation process was not successful for vacancy islands smaller
than 35 nm. A tendency was observed that larger islands condense more easily than small
ones. However, the biggest vacancy island, which was not possible to condensate, had a
diameter of 65 nm. In some experiments the molecules condensed in the `nucleation mode',
nevertheless no condensed phase was observed in the `imaging mode', i.e. the vacancy island
was still �lled with gas phase when scanning in the `imaging mode'. Therefore the successful
ordering depends on more than just the size of the vacancy island. The condensation process
is expected to depend also on the lattice registry at the border of the vacancy island and on
the electric �eld of the tip and thus on its quality. Since the inter-molecular distance is much
larger than the lattice constant of Ag, a mis�t of the molecular overlayer with the vacancy
island is possible, which probably destabilizes the whole layer.

The tip induced phase transition in the vacancy island caused by scanning in the `nu-
cleation mode' did only in
uence the molecules inside the vacancy island. The pattern on
the terrace surrounding the vacancy island remains unchanged during the scanning in the
`nucleation mode'. This excludes a signi�cant mass transport of molecules over the step
edge. The STM tip is expected to act as a nucleation center, which triggers the nucleation
process in the 2D gas phase. This assumption is further con�rmed by additional experiments
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regarding the condensation process. Experiments about the nucleation center revealed that
the condensation propagates over the whole vacancy island if a stable nucleation center is
achieved. This is experimentally shown by scanning in the `nucleation mode' in one corner
of the vacancy island and subsequent scanning in the `imaging mode' without overlap with
the previous scan area from the `nucleation mode'. In such experiments the hcp pattern
was observed in the vacancy island. Therefore the condensation propagates over the whole
vacancy island, if a stable nucleation center is achieved. From the experimental �ndings it
is expected that the size of a stable nucleation center is in the order of 30 nm.

At a �rst glance one might expect that the vacancy island in Fig. 6.1b is completely
�lled with molecules in the hcp pattern. But under careful inspection of the image, stable
molecules are only observed in the center of the vacancy island, whereas the molecules
around this center are mobile3. Therefore the vacancy island is not completely �lled with
molecules but the density corresponds to approximately 0.7 ML as measured by the micro
balance. Time lapse imaging revealed that the vacancy islands which have been ordered by
the tip-induced condensation remain in the hcp pattern and do not decay back into the gas
phase during observation times up to 90 minutes. In the hcp pattern a certain amount of
`small' molecules appear, which have a di�erent apparent height due to a di�erent LDOS
(section 3.2). However, time lapse imaging sequences revealed that during the condensation
process or right afterwards no `small' molecules appear in the vacancy island. But the
number of `small' molecules in the pattern increases with ongoing time. A striking feature
of the `small' moleules is that they appear only in the center of the vacancy island, where
the molecules in the hcp pattern are stable. The density of `small' molecules saturates below
10%, which is consistent with the density on large terraces. This spread out of the `small'
molecules could originate from a stress relaxation of the molecular layer on a time scale
accessible by the STM.

The very interesting point about this tip induced condensation is that the phase transition
of the molecules in the vacancy island can be reversed. After scanning a few images with
negative sample bias no ordered layers are observed anymore. In these images with negative
sample bias the silver step edges are decorated as in the images with positive bias, but on the
terraces only a dense 2D gas phase is present. It is important to note that the terraces are
�lled with mobile molecules forming a 2D gas phase and are not empty (section 4.2). After
switching back the bias voltage to positive sample bias, the hcp pattern appears immediately4

on the terraces whereas in the vacancy island the 2D molecular gas phase remains, i.e.
the initial situation is obtained as before the tip-induced condensation by scanning in the
`nucleation mode'. Therefore an additional STM mode is de�ned in analogy to the previous
ones: In the `erase mode' a few images are recorded with a scan range of 90{110 nm and
tunneling parameters of I = 10{20 pA, U = �1:2 to �1:8 V. Thus a condensed vacancy
island is reversed to the gas phase by using the `erase mode'. Consequently, a controlled
and reversible phase transition in the vacancy island between a 2D condensed and a 2D
gas phase is possible using the `nucleation mode', `erase mode' respectively, and subsequent

3The molecules with a stripe in the fast scanning direction (left-right) are identi�ed as mobile molecules.
These stripes in the molecules arise from molecular jumps.

4Immediately means faster than the time scale accessible by the STM.
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Figure 6.2.: Reversible phase transition of the molecular layer in the vacancy island. By tip induced
experiments it is possible to control the phase of this molecular layer between a 2D gas phase
(a) and a 2D condensed phase (c). The condensation of the gas phase is achieved by scanning
several images inside of the vacancy island with a small scan frame (`nucleation mode'). Such
an image is shown in (b) where the nucleation to the hcp pattern started during scanning
the image. STM images with negative sample bias (d) are recorded in order to sublime the
condensed phase into the gas phase (`erase mode'). The gas phase (a) and the condensed
phase (c) are taken with exactly the same scanning and tunneling parameters. This excludes
that the two phases are obtained due to imaging at di�erent tunneling conditions. Scan range:
(a) and (c): 90x90 nm, I = 10 pA, U = 1:2 V; (b) 11x11 nm, I = 10 pA, U = 1:2 V; (d)
90x90 nm, I = 10 pA, U = �1:2 V

observation in the `imaging mode' (Fig. 6.2). In Fig. 6.3 an experimental sequence of the
controlled and reversible phase transition is shown. From Fig. 6.3b to Fig. 6.3d a change in
the orientation of the hcp pattern occured. This is an additional evidence that the di�erent
images are not due to imaging artefacts but that phase transitions between the condensed
phase and the gas phase take place. This tip-induced switching mechanism of the overlayer
pattern could be repeated several times.

There are many examples of tip induced experiments reported in the literature. Besides
the manipulation of single atoms [14] and molecules [15], the tip-induced chemical reaction
of molecules [120], many experiments with tip induced adsorbate and island di�usion are re-
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Figure 6.3.: Experimental sequence of the reversible phase transition between the 2D condensed phase and
the 2D gas phase controlled by the STM tip. For the condensation of the 2D gas phase inside
the vacancy island (e.g. from (a) to (b)) the `nucleation mode' is used, whereas for the 2D
sublimation (e.g. from (b) to (c)) the `erase mode' is used. The orientation of the hcp pattern
is marked by the white line and changed from (b) to (d). The images (a)-(f) are obtained in
the `imaging mode' (positive sample bias). Scan range: (a) 110x110 nm, (b){(f) 90x90 nm.

ported [74, 79, 121{123]. But to my knowledge there is no example reported in the literature
where experiments succeeded to reversible change the phase of a molecular overlayer from
a condensed phase into a gas phase and vice versa. Remember that the condensed phase
and the gas phase are imaged with exactly the same tunneling and scanning parameters and
the phase transition is therefore not due to imaging under di�erent tunneling conditions.
Both phases, the gas phase and the condensed phase inside the vacancy island, exist under
exactly the same conditions at room temperature. Consequently, one of these two phases is
in a metastable state. Either the condensation of the gas phase is delayed (supersaturation)
or the sublimation of the condensed phase is delayed (\Siedeverzug") [124]. It is assumed
that the gas phase is metastable and the system can not overcome the activation energy for
a stable nucleus [125, 126]. By scanning in the `nucleation mode' the tip provides additional
energy to overcome the activation energy to form a stable nucleus and nucleation of the
vacancy island takes place.
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6. Phase Transitions Locally Controlled by the STM-Tip

Figure 6.4.: Schematic diagram explaining the directional di�usion of the SubPc molecule due to its per-
manent dipole moment (marked by the vertical arrow) interacting with the inhomogeneity of
the electric �eld of the tip. The potential energy curve leads to di�usion (a) towards the tip
for positive sample bias whereas (b) negative sample bias leads to di�usion away from the tip.

In the following a microscopic model for the tip-induced phase transition is proposed.
Local density variations within a 2D mobile phase could arise due to the electric �eld of the
tip. It has been shown that the electric �eld of the tip induces a directional di�usion of alkali
adatoms towards the tip or away from the tip depending on the polarity of the bias voltage
[88, 127]. In case of the SubPc molecule the permanent dipole moment is pointing away
from the Ag(111) surface, since the molecule adsorbs with the Cl towards the Ag substrate
(section 4.1). This dipole moment experiences a force in the inhomogeneous electric �eld
of the tip. Figure 6.4 shows schematically how the inhomogeneity of the electric �eld of
the tip in
uences the di�usion of the molecules depending on the sign of the bias voltage.
Due to the dipole moment of the SubPc pointing away from the surface, a positive sample
bias will in
uence the di�usion in the direction towards the tip since the energy minimum
is underneath the tip. Therefore a positive sample bias increases the molecular density
underneath the tip and the molecules are trapped in the additional potential of the tip.
Consequently, the tip acts as a nucleation center and a stable nucleus in the vacancy island is
likely achieved. On the other hand, the dipole moment of the SubPc molecule is anti-parallel
to the electric �eld of the tip for negative sample bias. Therefore, the induced di�usion away
from the tip is enhanced, which leads to a decrease of the local coverage underneath the tip
and to the sublimation of the condensed phase to the 2D gas phase. In addition internal
molecular motions might be enhanced because of the anti-parallel dipole moment of the
SubPc. For instance the wobbling of the whole molecule around the Ag-Cl bond is possibly
excited. Such internal degrees of freedom are expected to lower the di�usion barrier in the
case of molecules which span over several substrate unit cells [128]. This simple model based
on the tip assisted di�usion gives therefore a qualitative explanation of the experimental
observations. A further support for this model is the experimental �nding that a higher
positive sample bias facilitates the condensation process and higher negative sample bias the
sublimation process.
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7. Conclusions and Outlook

SubPc, a polar molecule with an aromatic �-electron system, shows an interesting phase
behavior for the �rst molecular layer grown on Ag(111). At room temperature two di�er-
ent ordered superstructures, honeycomb and hcp, are observed in coexistence with a 2D
lattice gas for increasing molecular coverage. The balance between inter-molecular interac-
tions, molecule-substrate interactions and thermal energy is important for the di�usion of
single molecules, island di�usion, nucleation and self-organization in general. In the case
of SubPc/Ag(111) single molecules show mobility but tend to form ordered layers which
are in coexistence with a 2D lattice gas. The complex phase behavior originates from a
combination of attractive and repulsive inter-molecular interactions. However, the molecule-
substrate interaction strongly in
uences the overlayers, since for each pattern, the hcp and
the honeycomb, only two possible orientations are observed. For the honeycomb pattern
these two di�erent orientations have di�erent chirality although the SubPc molecules them-
selves are achiral. In the honeycomb and the hcp pattern individual molecules are imaged
with sub-molecular resolution as characteristic three lobes. Furthermore, in both patterns
the molecules are expected to adsorb on the same adsorption site: an on-top site with
the centers of the phenyl rings on hollow sites. However, the orientation of single SubPc
molecules with respect to the ordered molecular layers (honeycomb and hcp) can be derived
from the charge distribution of single SubPc molecules. Consequently, the inter-molecular
interactions play an important role for the formation of the ordered layers. Not only single
SubPc molecules di�use but in some cases also whole overlayers exhibit mobility. For the
honeycomb and the hcp patterns a change in orientation of the overlayer island occurred. A

ipping process of the island between the two stable orientations of the overlayer pattern is
observed. Appearing and disappearing vacancies show in addition the mobility of the SubPc
layers. For the honeycomb pattern with its two chiral layers, this 
ipping process is even a
phase transition between the layers with di�erent chirality.

The STM tip-induced phase transition is another interesting feature of the SubPc lay-
ers on Ag(111). The STM tip was used to locally control a phase transition between the
gas phase and the condensed hcp phase for the molecular overlayers in vacancy islands at
room temperature. Surprisingly, both phases are stable at exactly the same conditions and
moreover the phase of the con�ned overlayer could be reversible changed with the STM tip.
Therefore one of these two phases is thermodynamically not favored, but is in a metastable
phase due to a delay in condensation or in sublimation. This reversible switching mechanism
of whole overlayer islands between di�erent phases is a new phenomenon and is expected to
base on the electric �eld of the tip experienced by the polar SubPc molecule. This mechanism
is a potential method to reversible change the surface structure in the nanometer regime and
thus also physical properties of polar molecular layers, e.g. optical, mechanical or electronic
properties. An interesting feature about this switching mechanism is that the driving force
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7. Conclusions and Outlook

is the electric �eld and therefore it is potentially feasible to control the overlayer pattern
simply by voltage pulses. By arrangement of the vacancy islands in a matrix, a memory
device based on this switching mechanism of overlayers might be feasible in the long term.

In the case of the hcp pattern two slightly di�erent binding types of the SubPc to the
substrate are observed. This becomes evident in the STM images since some molecules
are imaged with a di�erent apparent height due to a di�erent LDOS. Therefore these two
binding mechanisms act as `on-o�' states. The `on' state has a higher apparent height
and thus a higher LDOS compared to the `o�' state. Experiments to induce this switching
mechanism on purpose did not succeed but it points out that the SubPc molecules on Ag(111)
could potentially be used as molecular switches. Thereby it is believed that this switching
mechanism is induced by a slightly di�erent adsorption geometry of the molecule due to a
small horizontal rotation on the Ag(111).

From XPS, UPS and STM results in conjunction with calculations of the SubPc molecule
it is concluded that the intact SubPc adsorbs with the Cl towards the Ag(111) substrate.
The frontier orbitals of the SubPc molecule are only slightly in
uenced by the adsorption
on the Ag(111) and therefore it is expected that the SubPc is mainly physisorbed. The
additional chemical bond between the Ag and the Cl is concluded to be of minor importance
for the �-electron system of the SubPc molecule.

In conclusions, the SubPc molecule shows interesting features on Ag(111) at room tem-
perature, e.g. di�usion, nucleation, self-organization and phase transitions. The non-trivial
phase behavior of the �rst molecular layer is a consequence of the attractive and repulsive
inter-molecular interactions in conjunction with the molecule-substrate interaction. Single
molecules and even whole ordered overlayers exhibit mobility.

Using a variable temperature STM it would be possible to investigate the complex phase
behavior of SubPc/Ag(111) in more detail. Furthermore, it would be possible to study the
tip-induced phase transition and the 
ipping process of molecular islands more quantitatively.
In the condensed phase the orientation of individual SubPc molecules is visible and therefore
molecular rotation is frozen. However, in the gas phase a rotation or other internal motions
of the molecule can not be ruled out. In addition to possible changes of internal degrees of
freedom upon di�usion and condensation, changes in conformation are also possible. One
may foresee that such additional degrees of freedom may cause characteristic deviations
from the ideal lattice gas behavior. Using temperature dependent STM techniques, the
inter-molecular and molecule-substrate interactions can be explored in more detail. These
interactions are the driving force for the complex phase behavior of SubPc on Ag(111). Such
measurements could provide similar information about molecular adsorption, di�usion and
2D phase behavior as speci�c heat measurements have provided about phase transitions in
bulk materials. The system presented here, SubPc adsorbed on Ag(111), appears to be a
good model system to study such e�ects.
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A. Double Row Pattern

Figure A.1.: STM images of the 2D double row pattern. (a) The molecules in one double row are arranged
like in a zipper. The internal structure of the SubPc is outlined at the bottom right for one
double row. The basis consisting of two SubPc and the corresponding Bravais vectors are
indicated (scan range 22x22 nm, I = 10 pA, U = 1:3 V). (b) Domain boundary of the double
row pattern. The mismatch angle is indicated by the black lines (scan range 56x56 nm,
I = 10 pA, U = 1:1 V).

In a single preparation of a SubPc layer on Ag(111) a double row pattern has been
observed. This pattern is not yet reproduced and therefore only presented in this appendix.
The coverage of the molecular layer was slightly below 0.5 ML. Figure A.1 shows STM
images of the double row pattern which has low symmetry and di�ers from the honeycomb
and the hcp pattern. The molecules in one double row are arranged like in a zipper, where
two adjacent double rows are spaced by a small distance. Like in the case of the honeycomb
and the hcp pattern, individual molecules are resolved as triangular structures with the three
characteristic protrusions. The basis consisting of two SubPc and the corresponding Bravais
vectors for the double row pattern are drawn in Fig. A.1a. The angle between these two
vectors is 86Æ and the length of the Bravais vectors are 20.2 �A, 30.2 �A respectively. This
unit cell leads to a molecular density of 0.26 molecules/nm2 which is only slightly higher
than the one from the honeycomb pattern. Therefore the molecular density of the double
row pattern is between the one of the honeycomb and the hcp pattern, which corresponds
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A. Double Row Pattern

well to the layer thickness measured by the quartz micro balance. As in the case of the
hcp and honeycomb pattern, the arrangement of the SubPc molecules in the double row
pattern can be explained by the charge distribution of the molecules. In each double row,
the `legs' pointing to the center of the `zipper' are next to the electron-rich N-atoms of the
phthalocyanine macro cycle. This leads to a relative small inter-molecular distance in the
double row. On the other hand, the repulsion of the `legs' leads to the observed gap between
two adjacent double rows.

The double row pattern is in coexistence with a 2D gas phase as observed in the case of the
honeycomb and the hcp pattern. Figure A.1b shows a domain boundary of the double row
pattern. The angle between these two domains is approximately 20Æ. This domain boundary
excludes that the double row pattern is caused by a tip artefact, e.g. due to a double tip.
Some of the islands with the double row pattern are observed by scanning overview images
in the order of 100 nm. However, in many overview images only 2D gas phase and no ordered
islands are observed. By scanning images with a scan range of approximately 10 nm it was
possible to nucleate islands underneath the STM tip. These nucleated islands could usually
be imaged with scan ranges up to 50{60 nm, but disappeared when trying to image them
with a scan range of 100 nm. The nucleation of the double row pattern is comparable to the
nucleation of the hcp pattern in vacancy islands (Chapter 6).
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