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Zusammenfassung

Die molekulare Elektronik beruht auf der Verwendung von einzelnen Molekülen als
funktionelle elektronische Bauelemente. Sie gilt als eine erfolgversprechende Stra-
tegie zur weiteren Miniaturisierung von elektronischen Systemen und langfristig zu
einer Ersetzung von auf Halbleitertechnologie basierten elektronischen Schaltkreisen.
Sie bietet dennoch auch die Möglichkeit, die quantenmechanische Natur von Mole-
külen zu nutzen, um neue logische elektronische Funktionen zu entwerfen, jenseits
der Datenverarbeitung von klassischen Transistoren. Mit der erfolgreichen experi-
mentellen Messung und Manipulation des Elektronenspins und Kernspins, sowie mit
der Beobachtung von Quanteninterferenzen in solchen Systemen, sorgte dieses For-
schungsgebiet in den letzten Jahren für zunehmende Aufmerksamkeit.

Zur Kontaktierung einzelner Moleküle und Durchführung von Transportexperi-
menten werden unterschiedliche Methoden verwendet. Die meisten davon basieren
auf der Erstellung metallischer Nanokontakte, zwischen denen Moleküle abgeschie-
den werden. Ein klarer Vorteil solcher Methoden ist die Implementierung einer drit-
ten Gate-Elektrode, die es ermöglicht, die zum Ladungstransport beitragenden mole-
kularen Niveaus zu kontrollieren, und die Realisierung eines Einzelmolekültransistors
ermöglicht. Mit einem Auflösungsvermögen im atomaren Bereich, hat sich die Ras-
tertunnelmikroskopie (RTM) auch als eine erfolgreiche Methode zur Untersuchung
von Molekülen auf Oberflächen bewährt, und bietet Einblicke in deren elektronische
Eigenschaften. Aufgrund räumlicher Einschränkungen ist es allerdings besonders
schwierig, in so einem Experiment eine dritte Gate-Elektrode zu implementieren.
Ziel dieser Arbeit war es, Graphen auf SiO2/Si als Substrat zu verwenden, wobei Si
und Graphen unabhängig voneinander elektrisch kontaktiert werden können und als
Drain- bzw. Gate-Elektrode dienen. Aufgrund der sehr geringen Zustandsdichte des
Graphens wird nur ein Bruchteil des elektrischen Feldes, das durch das am Silizium
angelegte Potential erzeugt wird, vom Graphen abgeschirmt. Auf diese Weise kann
ein auf dem Graphen abgeschiedenes Molekül durch eine Gate-Spannung beeinflusst
werden. Das System bestehend aus RTM-Spitze/Molekül/Graphen/SiO2/Si bildet
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somit einen molekularen Transistor, der es erlaubt, in einem Rastertunnelmikrosko-
pieexperiment molekulare Niveaus energetisch zu verschieben. Die in dieser Arbeit
untersuchten Cobalt-Phthalocyanin (CoPc) Moleküle sind organische, planare Mo-
leküle, die schon seit Jahrzehnten in vielen Bereichen Verwendung finden, unter an-
derem als Farbstoffe, als Katalysatoren oder in der Photovoltaik. Weil sie thermisch
stabil sind, und durch Sublimation auf eine Vielfalt von Oberflächen aufgebracht
werden können, gehören Phthalocyanine zu den am meisten untersuchten Molekü-
len der Oberflächenphysik.

Als erster Arbeitsschritt wurde ein im Lehrstuhl neu installiertes Tieftemperatur
Rastertunnelmikroskop in Betrieb genommen und seine Funktionsweise ausführlich
getestet. Nach der Überprüfung des räumlichen und energetischen Auflösungsvermö-
gens des Gerätes, wurde Graphen auf unterschiedlichen Substraten untersucht, was
als Grundlage für die spätere Abscheidung der Moleküle dienen sollte. Spektroskopie
im Magnetfeld konnte weiterhin das Auftreten von Landauniveaus in Graphen auf
NbSe2 demonstrieren.

CoPc Moleküle wurden zuerst auf metallischen Oberflächen aufgebracht und
untersucht, wobei eine starke Wechselwirkung zwischen den Molekülen und dem
Substrat festzustellen war. Spektroskopische Untersuchungen zeigten sogar, dass ein
Ladungstransfer stattfindet. Das Einfügen von Graphen zwischen dem metallischen
Substrat und dem Molekül wurde zunächst als eine mögliche Lösung, um die moleku-
laren Niveaus abzukoppeln, untersucht. Spektroskopische Untersuchungen ergaben
dabei, dass die energetische Anordnung von molekularen Orbitalen tatsächlich der
eines sich in der Gasphase befindlichen Moleküls entspricht. Zum Schluss konnten
CoPc Molekülen auf Graphen/SiO2/Si in Abhängigkeit einer Gate-Spannung gemes-
sen werden. Eine Kontrolle über die zum Tunnelstrom beitragenden molekularen
Niveaus konnte nachgewiesen werden, mit einer Effizienz, die mit den Ergebnis-
sen anderer Transportexperimente vergleichbar ist. Die Fähigkeit, Transport durch
molekulare Objekte mit dem räumlichen Auflösungsvermögen eines Rastertunnel-
mikroskops mittels einer Gate-Elektrode zu charakterisieren, wurde somit demons-
triert. Dies ermöglicht eine Reihe von vielversprechenden zukünftigen Experimenten,
in denen sowohl die elektronischen Eigenschaften der untersuchten Nanostrukturen



vii

beeinflusst als auch der Abstand und die Position der Source-Elektrode pikometer-
genau kontrolliert werden können.
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Summary

Molecular electronics is based on the use of single molecules as elementary func-
tional electronic components. It is considered to be a promising strategy for further
miniaturization of electronic circuits and long-term replacement of semiconductor
technology. Moreover the quantum mechanical nature of molecules may be used to
design new logical functions, beyond the electron-charge based data processing of
classical transistors. With the experimental probing and manipulation of electron
and nuclear spin, and the observations of quantum interferences in such systems,
this area of research has gained increasing attention in the last decade.

Contacting individual molecules in order to perform transport experiments at
such a small scale is challenging. Various methods based on the creation of metallic
nano-contacts into which molecules are deposited have shown promising results, and
already lead to the realization of single-molecule transistors. On the other hand,
scanning tunneling microscopy (STM) has also proven to be a successful method for
studying single molecules on surfaces and probing some of their electronic properties.
Due to geometrical constraints, it is extremely challenging to implement a third gate
electrode in such an experiment. This is, however, a prerequisite for controlling the
energy of the molecular level responsible for charge transport. The aim of this work
was to use graphene on SiO2/Si as a substrate, Si and graphene being independently
electrically contacted and serving as drain- and gate-electrode. The very low density
of states of graphene makes it screen only a fraction of the electric field generated
by the applied potential on the silicon. A molecule deposited on the graphene
is thus placed in a controllable electric field, so that the geometrical arrangement
STM tip/molecule/graphene/SiO2/Si forms a molecular transistor, which makes it
possible to tune the molecular levels contributing to charge transport in an STM.

A newly acquired low temperature STM was first put into operation. Spatial and
energy resolution of the device could be tested, before graphene deposited on various
substrates was examined. This consists in a preliminary work laying the basis for the
later deposition of molecules onto graphene. STM spectroscopy could furthermore



x Summary

demonstrate the emergence of Landau levels in graphene on NbSe2 when a magnetic
field is applied.

The molecules investigated in this work are cobalt phthalocyanines (CoPc). They
are planar organic molecules, which have found application in various areas. Since
they are thermally stable, they can be easily deposited on various substrates and
belong to the most studied molecules in surface science. The adsorption of CoPc
molecules on metallic surfaces has been studied first, showing a strong interaction
between the molecular orbitals and the substrate, leading to a charge transfer. The
insertion of graphene between metallic substrate and molecule was then investigated
as a possible buffer layer for decoupling of the molecular levels. STM spectroscopy
studies indicate that the molecular energy levels of CoPc on graphene do in fact cor-
respond to the ones of the gas phase. Finally, CoPc molecules on graphene on SiO2

were studied and their electronic properties probed as a function of the potential
applied to the gate. A control of the energy of molecular states contributing to the
tunneling current could be achieved, with an efficiency similar to classical transport
experiments. The possibility to combine the charge transport characterization of
molecules by means of a gate electrode with the spatial resolution of a STM was
thus demonstrated. This opens a door towards promising future experiments with a
combined control over the spatial position of the source electrode in the picometer-
range and over the electronic properties of the studied nanostructures.
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Introduction

In the 18th century, when René Just Haüy stated that crystals are built out of
many small blocks, the atomic structure of matter, which was already proposed by
Democritus (c 400 BC), was only an abstract and controversial concept [1]. The
discovery of X-rays by Wilhelm Conrad Röntgen in 1895 offered the possibility to
study the structure of minerals: Based on X-ray diffraction images scientists were
rapidly able to reconstruct a three-dimensional picture of the crystal’s atomic struc-
ture. Finally the invention of the field-emission-electron microscope in the 1930’s by
Müller [2] lead to the first observation of the atoms of a crystal in real space. But
only the more recent development of the scanning tunneling microscope (STM) [3]
provided experimentalists with a powerful tool to observe the structural organization
of surfaces at the atomic level, over scales as large as several µm[4]. Furthermore
this technique gives important insights into the local electronic properties of various
metallic and semi-conductive materials at the nano-scale.

Beyond the study of crystals, the development of those experimental techniques
enabled many important investigations of structural and electronic properties of
molecules. Already in 1950, Müller used his field-emission microscope to observe
copper-phthalocyanine molecules adsorbed on tungsten in real space [5]. And since
the very first year of the development of the STM, it has been proposed to use its
extremely high lateral resolution not only to study the structure of molecules, but
also to record I(V ) and I(z) characteristics of the tunnel contacts formed [6], and
thus to probe charge transport through molecules.

1



2 Introduction

This made the STM an important tool in the field of molecular electronics, where
single molecules are used as elementary electronic units. This area of research is mo-
tivated by the vision that the chemical mass-production of such devices, controlled
down to the atomic level, may one day advantageously replace the standard silicon-
based technology. This concept was already proposed in the 70’s by Aviram and
Ratner [7]. However such devices were experimentally realized only in the late 90’s,
one of the main problems being the creation of nano-contacts: An electrical con-
nection between a single molecule and the macroscopic world. Various methods
have been proposed to achieve it [8]. One of the most promising ways has been the
creation of a non-atomic metallic contact into which molecules are deposited via
evaporation or from solution. Such techniques, among them break junctions and
electromigration from evaporated electrodes, have the main advantage that the im-
plementation of a third gateelectrode is possible. This allows placing the molecule
in a controllable electric field shifting the transport-relevant molecular levels in en-
ergy. The presence of this third electrode is mandatory for building a so-called
“molecular transistor”. The main drawback of those techniques is the very limited
information concerning the real orientation of the molecule and the shape of the con-
tacts. Furthermore, the presence of nano-sized metallic clusters, degraded molecules
or solvent rests between the contacts may mimic the electrical behavior of a single
molecule, making the interpretations of the measurement difficult. On the other
hand the spatial resolution of the STM allows to determine the location, integrity,
shape and orientation of molecules, and at the same time electrically contact them.
However, the geometry of the tunneling contact constrains the implementation of a
gate electrode in the immediate vicinity of the studied molecule.

The aim of this thesis is to implement such a gate electrode using a graphene layer
on SiO2/Si as a substrate. Because of the low-density of states of the one carbon-
atom thick conductive graphene layer, the electric field generated by an electrical
potential applied to the silicon substrate is not screened completely so that the
gate-dependent tunnel transport through molecules deposited on graphene can be
studied. A few STM studies conducted on back-gated graphene already focused on
the intrinsic graphene properties or on the influence of defects or adatoms. However,
only very recently a study using the graphene layer as a drain-electrode in an STM
geometry has been presented [9].
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The molecules used in this work were cobalt-phthalocyanine molecules. Be-
cause of their very high stability, metal-phthalocyanine molecules belong to the
most studied compounds in molecular physics: most of them are stable enough to
be sublimated onto surfaces in UHV conditions, and can be unambiguously identi-
fied in STM measurements because of their characteristic cross-like shape. Moreover
these complexes are known to show self-organization on graphene, which make their
identification possible, even on the highly corrugated graphene/SiO2 substrate.

This thesis is divided into three main parts. In the first one, the experimental
setup – a low temperature STM operated in UHV– is introduced. Several physical
concepts relevant for the interpretation of STM-based measurements are presented.
The second part shows preliminary results obtained during the first tests conducted
with the microscope. It serves both at introducing the effective capabilities and
limitations of this experimental method and at presenting the different substrates
used in this work. Finally the third part focuses on the studies of the molecules.
Since the deposition of those molecules onto metallic substrates leads to a strong
hybridization between the molecular states and the substrate, the use of a graphene
layer to decouple the molecules is proposed. Finally the back-gate dependent mea-
surements of CoPc on graphene on SiO2/Si are presented and discussed based on
simple electrostatic models.
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The figures of this work were realized with inkscape: inkscape.org/

All the plots and 2D Color plots were made with gnuplot: http://www.gnuplot.
info/

Scanning tunneling images were treated with Gwyddion: http://gwyddion.net/

Polynomial regressions were performed with the dedicated function from gnuplot.

Fits were performed via minimization of the mean squared error using the follow-
ing implementation of the Levenberg–Marquardt algorithm: http://users.ics.
forth.gr/~lourakis/levmar/ in home-made C++ routines.

inkscape.org/
http://www.gnuplot.info/
http://www.gnuplot.info/
http://gwyddion.net/
http://users.ics.forth.gr/~lourakis/levmar/
http://users.ics.forth.gr/~lourakis/levmar/


Part I

Scanning tunneling
microscopy and other
physical considerations





The aim of this first part is to give a brief introduction both to the field of
STM and to what can be studied with such a technique: Surfaces and molecules on
surfaces. It is divided into four chapters:
In the first one, the experimental setup used in this thesis is introduced: a low-
temperature scanning tunneling microscope operated in ultra high vacuum. Simple
tunneling theory that was used in the course of this thesis for data analysis is
presented, and a technique derived from STM, the STS is described in more detail.
Directly providing information concerning the sample density of states, STS was
intensively used during this thesis.
Chapter two introduces a physical phenomenon appropriate to introduce STS and
discuss its limitations with respect to energy resolution: Superconductivity.
In the chapter three, a brief introduction is given to the field of molecular electronics,
STM-based measurement being only a small branch of this large field. In particular
two models are presented in detail, which can be used to describe charge transport
through molecules.
Finally in chapter four, some phenomena occurring at surfaces that are relevant in
the following parts of this thesis are discussed. Being a two-dimensional material
considered as a surface in STM experiments, graphene is also introduced here.





Chapter 1

Basic principles of scanning
tunneling microscopy

Charge transport through an insulating material – also called tunneling – was re-
ported in 1960 between two conductive electrodes separated by a thin oxide layer [10].
20 years later, Binning and Rohrer were successful in observing vacuum tunnel-
ing between electrodes separated by a thin vacuum gap that can be tuned in the
Angström-range by piezo motors [11]. The tunneling resistance increases exponen-
tially when the electrodes are pulled apart, even if the junction is polarized with a
bias voltage smaller than the work function of the electrodes so that field emission
can be ruled out. This effect reveals a charge transport mediated by the overlap of
the tails of the electrode-wave-functions decaying into vacuum. This pioneer work
rapidly led to the development of piezo scanners moving the electrode in all direc-
tions of space and allowing a mapping of the tunneling process over flat surfaces [3],
down to a resolution in the order of magnitude of the inter-atomic distance. The
scanning tunneling microscope was born, that allows to observe the atomic structure
of surfaces in real space [4].

The principle of a scanning tunneling microscope (STM) is depicted in fig-
ure. 1.1a. A conductive tip – ideally atomically sharp – is brought close to a conduc-
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Figure 1.1: a) Schematic drawing of STM imaging mechanism. b) STM topographic image
of the Au(111) surface (12x12 nm2, Vbias =100mV, It=3.2 nA, T =10K). c) Line profile
extracted from b.

tive substrate by precise piezo-acuators. Because the wave-functions of the electrons
from both sides decay into vacuum, they will overlap if the distance between tip and
sample is small enough1. In other words, because of this overlap, there is a finite
probability for an electron to go from the tip to the sample and vice versa. If a bias
voltage Vbias

2 is applied between tip and sample, a measurable net current of a few
nA or less flows through the junction. Because the decay of the wave-function into
vacuum is exponential, this tunneling current is extremely sensitive to the distance
between tip and sample. If the distance is adjusted in such a way that the tunneling
current remains constant while scanning the substrate, a topography of the surface
is recorded. Thus it is possible to resolve the atoms in real space appearing as a
slight modulation of the recorded topography as shown in figures 1.1b and c.

Shortly after the introduction of STM, various related techniques have emerged
known as scanning probe methods. Inspired by STM, they are all based on the local
measurement of some physical properties by a probe scanning a surface. Among

1typically 1 nm
2typically from a few mV to 1-2V
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them are the atomic force microscope (AFM) [12], the magnetic force microscope
(MFM) [13], the scanning gate microscope (SGM) [14] and the scanning thermal
microscope (SThM) [15], all recording different physical information from surfaces.

1.1 Experimental setup

In the following sections, the experimental setup used within this work is intro-
duced: An ultra high vacuum (UHV) STM operated at low temperatures.

1.1.1 The laboratory

Positioning a conductive tip above the sample with a precision better than a pm
is of course challenging, and special care has to be taken concerning the mechanical
isolation of the system. The building hosting the scanning tunneling microscope has
been especially designed to minimize mechanical perturbations. Built directly into
a small hill [Fig. 1.2a] with solid foundations, it is equipped with a vibration free
ventilation and air conditioning system. Furthermore the experimental setup itself
is placed on a separated heavy concrete block· and pneumatic feet½ [Fig. 1.2 b
and c].

1.1.2 The cryostat

An evaporation cryostat works on the same simple principle as a pressure cooker.
Increasing the pressure in a sealed vessel filled with water increases the boiling
temperature of water and thus reduces the cooking time. In the opposite way de-
creasing the pressure over a certain volume of water decreases its temperature and
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Figure 1.2: a) Photograph of the building designed for the low mechanical noise operation
of a scanning tunneling microscope. b) Schematic side view of the building: The Scanning
tunneling microscope¶ is sitting on a heavy (30 t) foundation· distinct from the one of the
building and the mechanical pumps are placed in a separate technical room¸. c) Photograph
of the experimental setup: 4He pumping line¶, Electrometer·, Manipulator¸, Ion getter
pump¹, Cryostatº, Preparation Chamber», Analysis Chamber¼, Pneumatic damping legs½.
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make it freeze. Replacing water by liquid 4He (at a temperature of 4.2K under
atmospheric pressure) offers to experimentalists a rather reliable possibility to con-
duct low-temperature measurements down to about 1.5K [16, 17]. The evaporation
process can be described by the Clapeyron-equation:

dp

dT
= L

∆V T (1.1)

where the quantity L stands for the latent heat of 4He and ∆V represents the
volume expansion occuring when one mol of the liquid is turned into gas. Under the
assumption that 4He has the behavior of an ideal gas with pV = nRT , the following
equation can be derived for the vapor pressure above the liquid:

p(T ) = p0e
− L
RT . (1.2)

Depending on the Heat leak – which is inversely proportional to the thermal de-
coupling of the vessel containing the 4He from its environment – the 4He boils at a
certain rate. This volume of liquid evaporating per unit of time generates a certain
load for the pumping system, so that an equilibrium pressure – and temperature –
is achieved. In usual constructions, a small amount of liquid 4He present in a so-
called He-pot is cooled down, continuously refilled with 4He coming from the main
4He-bath via a small capillary. This reduces the 4He consumption and the needed
pumping capacity. With the 4He-pot located in a small vacuum chamber inside the
main 4He-bath, the radiative contribution to the heat leak is efficiently reduced, so
that a based temperature of about 1.4–1.5K is easily achieved with usual rotary
vane pumps. Because of the exponential behavior of equation 1.2, the cooling power
of such a cryostat rapidly decreases with the temperature and a further increase of
the pumping power would create only a little improvement of the temperature. If
lower temperatures are needed, other constructions like 3He-evaporation cryostat or
dilutions must be considered.

A schematic drawing of the 4He-evaporation cryostat used in this work is depicted
in figure 1.3 a). Advanced thermal decoupling is required in order to decrease the
costly 4He consumption and achieve low temperatures. The 4He-bathº is placed in
an isolation high-vacuum¸ (p. 10−6 mbar) to minimize the convective heat trans-
port. It is surrounded by a 77K thermal shield¹ made of a cylindrical liquid N2
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Temperature 1.6-300K
Magnetic field (vector field) up to 1T in xy -directions and 6T in z-direction
Base UHV pressure 5·10−11 mbar
Liquid helium consumption: ∼10l per day
Liquid nitrogen consumption: ∼10l per day
Stand time: ∼1 week depending on operation

Table 1.1: Performance of the Cryostat

vessel. A small capillary continuously provides the 4He-pot» with liquid 4He from
the 4He-bath. This capillary is coiled around the whole STM-head¼ in order to
allow driving the head down out of the He-bath through a 77K radiation flap¾ for
sample and tip transfers. The 4He pot is located into the UHV chamber at a base
pressure of (p. 5 · 10−11 mbar) and thus thermally decoupled from the 4He-bath.
The performances of the cryostat are summarized in Tab. 1.1.
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a) Drawing of the cryostat, adopted from
[18], from the top: 4He pumping flange¶,
z-drive manipulator·, isolation vacuum¸,
77K LN2 thermal shield¹, LHe-Tankº,
He-pot», head of the microscope¼,
superconducting magnet½, 77K radiation
flap¾.

b) Photograph of the STM Head,
4He-Pot¶, spring suspension· for
mechanical decoupling, copper braid¸ for
thermal coupling, piezo-scanner¹ and
coarse motorº.

c) Close-up of the STM head: xyz- piezo
scanner¶, tip holder·, tip¸, sample: here
an Au(111) single crystal¹, sample
holderº, coarse motor».

¹
º

¼

½

Figure 1.3: The cryostat and the head of the scanning tunneling microscope
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1.2 Bardeen theory of tunneling: 1D-case

The pioneer measurements conducted by Giaever on Al/Al2O3/Pb [10] at a tem-
perature at which the Pb electrode is superconductive, revealed a gap ∆ as discussed
in section 2, suggesting that tunneling experiments may help to study electronic
structures [Fig. 1.4b]. Bardeen’s tunneling theory published in 1961 [19] served as a
groundwork for the later development of a theoretical background in 1983 by Tersoff
and Hamann [20] accompanying the emergence of scanning tunneling microscopy. C.
Julian Chen [21, 22] gives a comprehensive view on the Bardeen’s treatment of the
tunneling between two planar electrodes, which is introduced in the following section.
The problem is first treated in a symmetric manner, with no distinction between tip
and sample.

UA UB

U = 0
ψµ

z0 z0

χν

z

a) b)

0.5

1.0

1 2 3

dI/dV

(mV)

∆

Figure 1.4: a) Schematic illustration of the Bardeen tunneling theory in the one-dimensional
case. If the electrodes are far enough from each other, the wave-functions decay into the
vacuum with no physically reasonable overlap and no charge transfer can occur between them.
Adopted from [22]. b) Tunneling spectroscopy on Al/Al2O3/Pb performed at 1.6K, reproduced
from [10]. The differential conductivity dI

dV of the tunnel contact reflects the density of state
of the superconductive lead electrode and the superconductive gap ∆.

As noted by several authors [22, 23], Bardeen’s theory is based on several ap-
proximations:

a) The electrodes are far away from each other: the unperturbed wave-function
of one electrode satisfies the Schrödinger equation of the free electrode. The
two sets of wave-functions defined in this manner in each electrode are approx-
imately orthogonal.
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b) A tunneling process is a very unlikely event, so that the problem can be suffi-
ciently described by a first order perturbation.

c) The electron-electron interaction is neglected. This limitation excludes the
use of the Bardeen theory as a direct explanation for physical effects taking
place in tunneling junctions and involving electron-electron interactions such
as Coulomb blockade.

d) Both electrodes can be seen as electron reservoirs in electrochemical equilib-
rium. The tunneling process does not change the probability for any electronic
state to be populated or not.

Neglecting the electron-electron interactions, the stationary states ψµ and χν from
the electrodes A and B are independently governed by the single electron Hamilto-
nian [Fig. 1.4a]:

[
− ~2

2m
∂2

∂z2 + UA(z)
]
ψµ = Eµψµ and

[
− ~2

2m
∂2

∂z2 + UB(z)
]
χν = Eνχν (1.3)

with ∀(µ, ν) :
∫
ψ∗µχνd

3~r = 0, i.e. with the sets of wave-functions being nearly or-
thogonal. If the electrodes are separated by a distance much larger than the typical
wavelength of the electrons, both wave-functions will decay into the vacuum. When
the electrodes are brought together, reducing the vacuum space between them but
without hitting against the approximation a) mentioned above, the slight overlap
occurring between both wave-functions becomes physically measurable. In this 1D-
case, the separation surface can simply be defined as a plane at an arbitrary position
z0 and the time-dependent states from the electrode A satisfy the Schrödinger equa-
tion of the combined system:

i~
∂Ψ
∂t

=
[
− ~2

2m
∂2

∂z2 + UA(z) + UB(z)
]

Ψ. (1.4)

A state from the electrode A thus will not evolve only as Ψ = ψµe
−iEµt

~ following
equation 1.3, but has a finite probability to evolve into the states of electrode B:

Ψ = ψµe
−iEµt

~ +
∞∑
ν=1

cν(t)χνe
−iEνt

~ with (∀ν) cν(0) = 0. (1.5)
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Applying equation 1.4 to the state Ψ of electrode A leads to the following equation
governing the evolution of the cν with the time to first order:

i~
dcν(t)
dt

=
∫
ψµUBχ

∗
νe
−i(Eµ−Eν )t

~ d3~r. (1.6)

UB is non-equal to zero only for z > z0. A tunneling matrix elementMµν representing
the overlap of the wave-functions from both electrodes in the area z > z0 can be
defined and equation 1.6 can be integrated over time to express the evolution of the
cν(t) and the development of the initial state Ψ(0) from electrode A into the ν−th
state from electrode B:

Mµν =
∫
z>z0

ψµUBχ
∗
νd

3~r and cν(t) = Mµν
e
−i(Eµ−Eν )t

~ − 1
Eµ − Eν

. (1.7)

And finally the probability for the ν−th state to be populated can be expressed as:

pν(t) = |cν(t)|2 = |Mµν |2
4 sin2

(
(Eµ−Eν)t

2~

)
(Eµ − Eν)2 . (1.8)

This probability can be seen as a Dirac-peak δ(Eµ−Eν) multiplied with a monoton-
ically increasing function of time: since the typical time of a tunneling experiment
is usually quite large t � 10−12s 3, pν reaches a clear maximum for Eµ = Eν and
decreases extremely fast to zero for Eµ 6= Eν . This is a significant result implying
a condition of elastic tunneling under the assumptions listed above: a state from
electrode A can only tunnel into states from electrode B that have exactly the same
energy value. This is a fundamental but intuitive result: if the separation between
both electrodes is small enough compared to the mean-free path of the charge car-
rier, charge transfer will occur without loss of energy. When a bias voltage Vbias is
applied between both electrodes, a net tunneling current It flows with no dissipa-
tion in the tunneling contact itself: since the total energy must be preserved, the
dissipation of the power P = VbiasIt occurs only in the electrodes. A charge carrier
penetrates indeed the reservoir in an excited state and once there it thermalizes
down to the Fermi-level. Under specific conditions, the tunneling process may ex-
cite other processes (magnetic excitations, phonons, photons, molecular vibrational
modes), resulting in a change of the charge carrier’s energy during the tunneling pro-

3i.e. t� ~
Eµ−Eν

' 10−16 s, Eµ−Eν being the typical energy resolution of tunneling spectroscopy
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cess. The so-called inelastic tunneling processes and the related technique Inelastic
Electron Tunneling Spectroscopy (IETS) [24] will not be treated in this work.

A measurable physical quantity witnessing the tunneling process is the tunneling
current It

4 that appears when a potential difference Vbias
5 is applied between both

electrodes. From equation 1.8 it becomes clear that the conductivity of a tunneling
contact is very sensitive to the density of states having the same energy on both sides,
where Mµν weights their contributions. Moreover the energy of the electronic states
are shifted in energy when the electrodes are put at distinct potentials: a net charge
carrier flow occurs when the Fermi-levels from both electrodes are shifted toward
each other, i.e. when the filled states from one side can tunnel into the empty states
from the other side [Fig. 1.5]. The total tunneling current can thus be seen as a sum
over all the states which can contribute to the tunneling process, in other words as
a convolution of both densities of states ρA and ρB, where the probability for a state
to be populated at a temperature T is given by the Fermi distribution f(T ,E) and
T (E, eVbias) the probability for the states at energy E to contribute to transport:

It = 2πe
~

∫ +∞

−∞
ρA(E)ρB(eVbias − E) [f(E,T )− f(eVbias − E,T )] T (E, eVbias)dE.

(1.9)
As pointed out by equation 1.9, the measured quantity It is related to ρA, which is
a quantity of clear physical interest. Based on those considerations, a new measure-
ment technique has emerged: scanning tunneling spectroscopy (STS) probing the
density of states of a conductive sample a few eV above and below EF.

If the measurements are performed at low temperatures (kBT � Γ where Γ is
the scale at which variations may occur in the density of states), low bias voltage
(Vbias � Φ where Φ is the typical work-function of tip and sample), with a metallic

4typically from a few pA to a tenth of nA in a scanning tunneling experiment, when a electrode
is replaced by an atomically sharp tip

5from less than a mV to a few V
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Figure 1.5: a,b,c) Schematic representation of the states taking part in tunnel transport as a
function of the potential difference applied ∆V = VB − VA between two electrodes A and B.
The density of states were arbitrarily defined as a rather smooth background with a small
dip · and several Lorentz peaks (¶, ¸, ¹). The Fermi-distribution f10 K(E ) determines the
probability for a state to be populated at T =10K (occupied states are colored in blue and
red).

tip having a rather constant density of states, the density of states in the sample
appears to be proportional to the first derivative of the tunneling current:

It,approx = 2πe
~
ρtip

∫ EF−Vbias

0
ρsample(E)dE ⇒ dIt,approx

dVbias
∝ ρsample(EF − Vbias).

(1.10)
Of course all those approximations are rarely appropriate at the same time and the
following section will focus on a more careful interpretation of scanning tunneling
spectroscopy (STS) measurements and on the possibility to recover the density of
states of the sample from the tunneling current.

1.3 Scanning tunneling spectroscopy

1.3.1 Low bias voltage regime

Following equation 1.9 the tunneling current results from different contributions
and the sample density of states is only one of them. At low bias however, when the
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applied voltage difference is much smaller than the typical work-functions of metallic
electrodes (i.e. a few tenth of meV), T (E, eVbias) can be considered to be energy
independent, and both the tunneling current and its first derivative can easily be
computed. Results are presented in Fig. 1.6 for arbitrarily chosen densities of states
for tip and sample defined in figure 1.5, made up of a slowly varying polynomial
background(·,º) and a few Lorentz peaks(¶,¸,¹). The probability for a state
to be populated is given by the Fermi distribution. When a potential difference is
applied between both electrodes, filled states from one side can tunnel into empty
states from the other side resulting in a net tunneling current [Fig. 1.5a and c].
The corresponding It(Vbias) and dIt

dVbias
are computed according to equation 1.9 with

the value of T (E, eVbias) set to 1, T = 1 and 10K, and plotted in Fig. 1.6. The
calculated tunneling current seems to be quite featureless. However the dIt

dVbias
-signal

clearly reflects the density of states of the electrodes, where all the different features
can unambiguously be addressed, with a strong influence of the temperature on the
width of the peaks. The dIt

dVbias
-signal can be expressed as a convolution between the

first derivative of the Fermi distribution and the different densities of states. Since
the first derivative of the Fermi distribution is a bell-shaped curve, this convolution
results in a low-pass filtering, smearing out all the fast oscillations of the density
of states. A linearization around EF leads to an energy resolution of the order of
magnitude 4kBT , so that low temperature experiments are needed to resolve small
spectroscopic features.6

For the sign of the applied voltage arbitrarily chosen here, occupied(empty) states
from electrode A contribute to the current at positive(negative) bias voltage and this
is exactly the opposite for the electrode B. For this reason and as a convention, the
sign of the bias voltage used in scanning tunneling experiment always refers to the
potential applied to the sample, so that occupied states from the sample appear at
negative values of the bias voltage.

A remarkable feature of the dIt
dVbias

(Vbias) signal denoted as ¶→¹ has to be pointed
out: When the features ¶ and ¹ are brought into resonance, another peak occurs
which has nothing to do with a state of one electrode being at the same energy
than the Fermi-level in the other electrode. This is the reason why the change of

64kB · (300K)'100meV and 4kB · (1.5K)'0.5meV.



22 1.3. Scanning tunneling spectroscopy

-15 -10 -5 0 5 10 15

0dI
t

dV
bi

as
(a
.u
.)

I t
(a
.u
.)

dIt
dVbias

(10K)
dIt

dVbias
(1K)

It (10K)
It (1K)

Vbias (meV)

·

¶
→

¹

¹

¸

¶

Figure 1.6: Simulated tunnel current It , and its derivative dIt
dVbias

, resulting from
the above defined densities of states in Fig. 1.5 for T =1K and 10K. Contributions from both
electrodes can be clearly seen in the dIt

dVbias
signal, as well as the influence of the temperature.

the Fermi distribution with the temperature does not affect the shape of this extra
feature. This effect occurs for example during tunneling between two superconduct-
ing electrodes, when the sharp quasi-particle excitations are brought into resonance
even if none of them is located at the Fermi-level [25, 26, 27]. As a conclusion, in
the case where both sample and tip show prominent features in their density of
states, a careful analysis of the dIt

dVbias
-signal recorded during an STS measurement

has to be performed. If one of the density of states cannot be assumed to be con-
stant, it results from the derivative of a convolution of both density of states, whose
deconvolution is not straightforward.

1.3.2 High bias voltage regime

The low-voltage approximation introduced in the previous section is not valid
anymore for spectra recorded at Vbias values of a few eV, which is the same order
of magnitude as the work function of the electrodes (typically 4-5 eV for metallic
electrodes). For the sake of clarity, since the applied bias voltage is here much
larger than kBT in typical low-temperature STM experiments, the temperature is
set to 0K. Furthermore, the density of states in the tip is assumed to be constant and
the problem is considered to be one-dimensional. The shape of the tunnel barrier
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can be approximated by a trapezoid [Fig. 1.7b] and the T (E, eVbias) from equation
1.9 can be computed using the Wentzel-Kramers-Brillouin Method as a function of
E and Vbias [28]. The following equation can then be obtained for the tunneling
current:

It ∝
∫ eVbias

0
ρS(E)T (E, eVbias)dE with T (E, eVbias) = e

− 2d
√

2m
~

√
Φ+eVbias

2 −E

(1.11)
where d is the distance between sample and tip, and Φ is the work function of
the electrodes. In order to filter out the influence of this transmission probability,
it has been proposed to normalize dIt

dVbias
(Vbias) to It

Vbias
(Vbias) [29]. As a standard

differentiation under the integral sign, one obtain for the first derivative of the
current:

dIt

dVbias
∝ ρS(eVbias)T (eVbias, eVbias) +

∫ eVbias

0
ρS(E) d

dVbias
[T (E, eVbias)] dE

and it follows for the ratio of differential to total conductivity:

dIt

dVbias
It

Vbias

∝
ρS(Vbias) +

eVbias∫
0

ρS(E)
T (eVbias, eVbias)

d

dVbias
[T (E, eVbias)] dE

1
eVbias

eVbias∫
0

ρS(E) T (E, eVbias)
T (eVbias, eVbias)

dE

.

Because the exponential dependencies of the tunneling probabilities T (E, eVbias) ap-
pear as a ratio in the equation above, the second term in the numerator and the
denominator vary slowly with the applied voltage so that changes in this normal-
ized conductivity dIt

dVbias

/
It

Vbias
mainly reflect changes in the density of states in the

sample ρS(E). This effect is illustrated by the simulations performed for an arbitrar-
ily chosen density of states ρS made up of a constant background and a few sharp
Lorentz peaks ¶ and · depicted in Fig. 1.7a. The calculated dIt

dVbias
signal is domi-

nated by an exponential background, especially at large voltages, whereas the ratio
of differential to total conductivity

(
dIt

dVbias

)
norm

partially removes this background,
recovering ρS.

A further direct consequence of the energy-dependence of the tunneling proba-
bilities make the features present in the density of states ρS(E) appear with different
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Figure 1.7: a) Simulated tunnel current It and its derivative dIt
dVbias

resulting from
equation 1.11, with a density of states ρS(E ) made up of a constant background and several
Lorentz peaks and following parameters: Φtip = Φsample = Φ = 4.5 eV and d = 0.5 nm.
The ratio of differential conductivity to total conductivity shows indeed a reduction of the
exponential background resulting from the energy-dependent tunneling probability T (E , eVbias)
when the applied bias voltage comes closer to the work function of the electrodes. b) Schematic
representation of the effective barrier height that electrons from the sample have to go through,
depending on their energy. Clearly the electrons located close to EF feel a smaller barrier and
have a higher probability to tunnel T (E , eVbias) (→), when a negative potential is applied to
the sample.
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weights in the dIt
dVbias

-signal. This effect is highlighted in Fig. 1.7a) where the unoc-
cupied features ¶ of ρS are prominent in the computed conductivity, compared to
the occupied states ·. As presented in Fig. 1.7b, when a negative bias is applied
to the sample, the electrons located close to EF feel an effectively smaller trapezoid
shaped barrier and have a higher probability to contribute to the tunnel transport
than the ones located lower in energy. A direct consequence from this effect is that
in the case of a non-constant density of states in the tip, the dIt

dVbias
-signal is more

sensitive to the states of the sample at positive bias voltages, and to the features
present in the density of states in the tip at negative bias.

1.3.3 Effects from bandstructure

The weighting Mµν between all different electronic states contributing to tunnel
transport is not only related to their respective position in energy, but also strongly
depend on their quantum nature, i.e. the way the associated wave function decay
into the vacuum and may overlap with the wave function of the other electrode.
For instance, already at the beginning of the development of the scanning tunneling
techniques, for the study of a Mo adatom on a metallic surface it was predicted that
electrons with d− character would not contribute significantly to transport [30]. For
this reason, classical STS measurements often do not reflect the real density of states
of transition metals and focus on the contribution from the s and p bands. This is a
quite intuitive result. First of all, even for equal principal quantum number where
the exponential decay of the radial part of the wave-function R(r) is the same, the
distribution of radial probability 4πr2R(r)2 remains closer to the nuclei in the case of
the d wave-function [31]. Secondly for transition metals, d-bands around EF usually
have a smaller principal quantum number than other bands located at the same
energy, with a direct consequence concerning the decay of the wave-functions into
the vacuum. Thirdly the angular dependence of the wave function makes it protrude
only in specific directions that are not necessarily the direction of tunneling. But
if by chance this happens, it has been proposed that sharp dz2-like states dangling
out of a W-tip may dominate transport around EF and be responsible for atomic
contrast [32, 33]. Those effects also enable a certain functionalization of the tip. It
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has been recently proved that terminating an STM tip with a specific molecule with
well defined orbitals around EF can help to increase the lateral resolution [30] and
open a door toward a possible chemical resolution of the STS measurement at the
atomic scale.

In a 1-D picture of a tunneling process, the wave character of the tunneling
electron is expressed as a wave-vector kz, i.e. the momentum perpendicular to the
surface. Within the concept of a free-electron, the larger the kinetic energy E of
the electrons is, the larger its momentum perpendicular to the surface is, and the
larger the probability is that this electron reaches the other electrode. However, in a
3D crystal, the energy E is a function of kx, ky, kz, where kx and ky show directions
parallel to the surface, so that the kinetic energy in the direction perpendicular to
the surface Ez can be expressed as E −Ex,y [34]. It means that for an electron with
a certain total kinetic energy E, the contribution to the tunneling current decreases,
when the parallel component of its kinetic energy Ex,y is increased. Intuitively an
increased momentum parallel to the surface implies that the electron moves parallel
to the junction during the tunneling process and has to travel a longer distance
to reach the other electrode. As a consequence, STS experiment are preferentially
sensitive to the states located at the Γ-point of the Brillouin-zone, i.e. when the
parallel momentum is equal to zero.

1.3.4 Scanning molecules

In the previous section, it has been assumed that both tip and sample are
metallic so that their electronic properties can be described by rather delocalized
wave-functions. Nevertheless, molecules deposited on a sample with rather localized
molecular orbitals can be imaged by a STM, or even improve its lateral resolution
as discussed in the previous section. This can be explained by several effects:

• Because of some charge exchange, or because some charges originating from
the molecule have to be screened, the presence of the molecule can locally
influence the density of states of the substrate. In this case it is not the
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molecule itself that is imaged by the STM, but the local consequence of its
presence on the electronic properties of the surface.

• The polarizability of the molecule in the electric field of the tunnel junction
can change the effective work function of the metallic electrodes and thus also
change locally the tunneling probability [35].

• The molecule can directly change the tunneling probability T (E,Vbias) as dis-
cussed later [see section 3.2] in terms of molecular levels taking part in the
tunneling transport [36]. In this case molecular orbitals are directly imaged
by the STM and can be considered as a contribution to the local density of
states.

A more detailed and comprehensive view on how molecular levels can contributed
to a tunneling process is presented in the section 3.2 of the following chapter about
molecular electronics.

1.3.5 Lock-in technique

According to the previous sections, the measurement of the first derivative of the
tunneling current dI

dV
gives precious information that can be interpreted in terms of

the density of states of the sample. A lock-in technique is often used is this case. It
works as follows: A small modulation is added to the applied bias voltage Vbias+Vmod

so that the measured tunneling current also gets modulated It (Vbias + Vmod). The
lock-in amplifier measures this modulation found in the tunneling current [37]. The
more sensitive It is to a small modification of Vbias, the larger the modulation of It is
and the larger the output signal of the lock-in amplifier is. In other words, the lock-
in directly measures a quantity proportional to It(Vbias+Vmod)−It(Vbias)

Vmod
that coincides

with dIt
dVbias

for small values of Vmod. Furthermore this method provides a much
better signal/noise ratio than a numerical differentiation of the I(V ) characteristics
measured by the preamplifier of the STM. The aim of the present section is to give
a brief idea of its principles and its limitations.
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Figure 1.8: a) Schematic representation of the implementation of a lock-in amplifier in an
STS experiment.b) Typical power-spectrum of the current measured in an STM junction. At
low frequencies, a 1/f noise dominates, together with several peaks originating from harmonics
of the 50Hz signal. Because the voltage source has an intrinsic noise VN(t) and the system
a certain capacity C , this capacitive coupling noise appears logically at larger frequencies as
C dVN(t)

dt up to the cutoff frequency of the preamplifier ωb. Another noise source known as
shot noise delivers a constant or white contribution to the noise spectrum and can be related
to the sequential tunneling of electrons through the contact [38]. When the modulation Vmod
is added to the bias voltage, the tunneling current is also modulated and a peak appears at
ω0 in the power spectrum.
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A schematic representation of a lock-in amplifier is depicted in Fig. 1.8a. If a
modulation Vmod cos(ω0t) is added to the bias voltage Vbias ¶, the signal measured
by the STM consists of some noise N(t) and an also modulated tunneling current:
It (Vbias + Vmod cos(ω0t)) +N(t) ·. This is multiplied with Vmod cos(ω0t) ¸ and the
result of this multiplication finally goes through a low pass filter ¹. Some typical
current noise N(t) coming out of a tunneling junction is plotted in Fig. 1.8b. We
assume now that It(t) and Vmod cos(ω0t) are in phase when they enter the multiplier.
The problem of the phase of the signal will be addressed later.

The output of the ideal low-pass filter is given by a convolution between sinc(ωct)
and the output of the multiplier where ωc is the cutoff frequeny of the filter. For
1
ωc
→ 0 (ı.e. large time constant) one can write the output of the lock-in as:

lim
τ→∞

1
τ

∫ τ
2

− τ2
[It (Vbias + Vmod cos(ω0t)) +N(t)] cos(ω0t)dt.

N(t) and cos(ω0t) are assumed to be not correlated, which is for example the case
when N(t) is a white noise. The average of their product equals then the product
of the averages, and since the average of N(t) in time has to be zero, the noise
component can be neglected here. Furthermore since the integrated function is
periodical, the average in time is equal to the average over one oscillation periode
T . The output of the lock-in amplifier becomes then:

1
T

∫ T
2

−T2
It (Vbias + Vmod cos(ω0t)) cos(ω0t)dt.

This can be rewritten as follows, after variable substitution and partial integration:

1
2πVmod

∫ Vmod

−Vmod

dI

dV
(Vbias + x)

√
V 2

mod − x2dx. (1.12)

It means that the actual output of the lock-in is a convolution between the first
derivative of the tunneling current and a circle with radius equal to the peak ampli-
tude of the modulation: The first derivative is averaged in a small window around
Vbias. This is the reason why Vmod should be smaller than any spectroscopic feature
to be resolved with the STM. Simulated consequences of this effect are plotted in
Fig. 1.9a for a superconducting gap.
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To illustrate the choice of a suitable value for ω0 and ωc, let us focus on the
spectral density of the signal O(t) at the output of the multiplier. Since the noise
does not have any Fourier transform, according to the Wiener–Khinchin–Einstein
theorem, the power-spectra is the Fourier transform of the autocorrelation function
rOO(τ).

rOO(τ) = lim
T→∞

1
T

∫ T
2

−T2
O(t)O(t− τ)dt = 〈O(t)O(t− τ)〉.

Following the arguments used before, this can be expanded to:

rOO(τ) = 〈V 2
mod cosω0t cosω0(t− τ)It(t)It(t− τ)〉+ V 2

mod
cosω0τ

2 〈N(t)N(t− τ)〉.
(1.13)

The Fourier transform of the first term is a row of Dirac-peaks located at the har-
monic frequencies of ω0 and it is known from equation 1.12 that the amplitude of
the peak located at (ω = 0) is proportional to the square of the first derivative of
the tunneling current. As the Fourier transform of a product between a cosine and
the autocorrelation of N(t) in the temporal domain, the second term consists of the
convolution between two Dirac-peaks located at ω0 and −ω0 and the power spec-
trum of N(t) depicted in Fig. 1.8b. This results in a shift of this power spectrum of
the quantities ω0 and −ω0 as can be seen in Fig. 1.9b.

An ideal low-pass filter only keeps the part of the spectrum located within its
cutoff frequency −ωc and ωc. Clearly the square of the signal to noise ratio is
proportional to: (

dI
dV

)2

ωcPN(ω = ω0)
where PN(ω) is the power spectrum of the noise. The value of ω0 has to be chosen in
order to minimize PN within the bandwidth of the preamplifier, that is for frequencies
where neither the 1

f
-noise nor the capacitive noise are prominent, and where no

harmonic of 50Hz is present. The signal to noise ratio is then further improved for
small value of ωc, several orders of magnitude smaller than ω0 in order to stay in a
region where the noise is reasonable. This is again a very intuitive result since small
ωc implies large integration constant from the low-pass filter, i.e. larger averaging
times. On the other hand 1

ωc
has to be of course smaller than any change in the
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Figure 1.9: a) STS spectra from a superconducting gap calculated according to the BCS
theory [section 2] for different excitation voltages Vmod and temperatures ( : T=1K,
Vmod=0.1mV, : T=2K, Vmod=0.1mV, : T=1K, Vmod=1mV, the excitation voltage
given here refers to the peak amplitude7) b) Typical power-spectrum as a result of equation
1.13. The surface delimited by the dashed rectangle refer to the output of the low-pass filter.
It becomes clear that the excitation frequency of the lock-in has to be chosen far from any
strong component of the intrinsic noise spectrum.

derivative of the signal that is of physical interest, as for example the typical time
constant at which Vbias is sweeped.

Regarding the problem of the phase of the signal, the signal coming out of
the preamplifier actually results from the sum of two components: the modulated
tunneling current It (cos(ω0t)) and some charging current due to the capacity C of
the system and the fact that the voltage bias is modulated: C d(Vmod cos(ωt))

dt
. To avoid

thermal leak, the length of the cables is usually quite large, in the order of several
meters, so that compared to the small value of the tunneling current this second
capacitive component cannot be neglected. Those two components are modulated
with the same frequency so that the lock-in amplifier is sensitive to both of them.
However since the second one is proportional to the derivative of the modulation,
they have different phases. Since 1

2π
∫ 2π

0 cos(θ) cos(θ − φ)dθ = sin(φ)
2 , the dephasing

7The excitation voltage given here refers to the amplitude of the sinusoidal excitation. Because
of the shape of equation 1.12, the value of Vmod is conventionally given as a RMS voltage value in
the rest of this work.
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can be chosen in such a way that the capacitive component and the modulation
are perpendicular – out of phase – so that the projection of the output of the
preamplifier onto the modulated signal performed by equation 1.3.5 is only sensitive
to the modulated current. This is experimentally realized by retracting the tip by
several nm to suppress the tunneling current and maximizing the output of the lock-
in as a function of the dephasing in order to find the phase of the capacitive signal.
Finally the phase is changed by π

2 so that, after approaching the tip again the output
of the lock-in is solely proportional to the derivative of the tunnel contact.

In constant current mode, the feedback loop of the STM electronic may try to
compensate the oscillations of the tunneling current by moving the piezos, generating
a cross-talk counterproductive for the sensitivity of the lock-in. This is why the cutoff
frequency of the feedback loop has to be smaller than ω0, or can even be set to zero
if no feedback loop is needed (when STS spectra are recorded for instance).



Chapter 2

Superconductivity and STM

A superconductor is a material which exhibits a drop of its electrical resistance
to zero below a certain transition temperature. This spectacular effect discovered
more than a century ago is one of the many manifestations of superconductivity. A
theoretical background known as BCS theory has been given half a century later
by Bardeen et al. [39], as a generalization for a macroscopic number of electrons
of Cooper’s problem: the behavior of the wave functions of two distinct electrons
in the presence of an attractive interaction. When an electron is moving in the
crystal – which can be seen as a lattice of ions – the crystal is deformed in the
immediate vicinity of the electron in order to increase the density of positive charges.
This increased concentration of positive charges can itself attract another second
electron, and this can result in a net positive interaction when the repulsive Coulomb
forces are sufficiently screened by the charges of the crystal. Cooper has shown that
the gain in energy is maximized when the two interacting electrons have opposite
spins and wave-vectors. The onset of the superconductivity below a certain critical
temperature Tc can be seen as the condensation of the electrons present at the
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Fermi-level into so-called Cooper pairs, resulting in the following density of states
close to EF [25]:

ρ(E) =


ρn(EF) |E−EF|√

(E−EF)2−∆2
for |E − EF| > ∆

0 for |E − EF| ≤ ∆
(2.1)

where ρn(EF) stands for the density of states at EF in the normal state, and ∆ for
the gain in energy resulting from the condensation into Cooper pairs. A coherence
length ξ is usually introduced here, accounting for the average size of the electron
pairs.

2.1 Meissner effect

An also fundamental effect related to superconductivity was reported in the
1930’s by Meissner and Ochsenfeld [40]: when a cylinder made out of superconduc-
tive lead or tin is cooled down in magnetic field, the magnetic field lines originally
penetrating the material are excluded from it below the critical temperature. This
effect led to the classification of superconductive materials into two types:

• Type I superconductor: this behavior is usually exhibited by pure single-
element, bulk metals. A weak magnetic field can only penetrate the material
within a small distance called London penetration depth λ, which is smaller
than ξ. A surface current occurs then that cancels the magnetic field in the vol-
ume of the superconductor. An increase of the magnetic field above a certain
critical field Hc rapidly destroys the superconductivity.

• Type II superconductor: The London penetration depth here is larger than ξ.
Up to a critical field Hc1 the behavior is similar to the one described above.
The formation of magnetic vortices inside the material at a higher magnetic
field strength than Hc1 characterizes such a type II superconductor that allows
a certain penetration of the magnetic field. When the strength of the magnetic
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field is further increased above Hc2, the superconductivity is then destroyed.
This type II behavior is usually shown by alloy-superconductor, or thin films
with a thickness d smaller than λ for a magnetic field applied in the plane of
the film [41].

This peculiar behavior in magnetic field gave an experimental proof for the existence
of Cooper pairs carrying twice the elementary charge [42, 43] based on the mechani-
cal measurement of the quantization of the magnetic flux in a superconducting tube
when a magnetic field is applied.

2.2 STM measurements on superconductors

As a tool probing the density of states of materials, the study of supercon-
ducting materials motivated the development of low temperature STM. The abil-
ity of recording I − V characteristics which indeed resemble that of supercon-
ductor/insulator/normal metal arrangements [44], combined with the possibility to
study local oscillations in the superconducting behavior [45] proved the feasibility of
low temperature STS. The typical shape of a dIt

dVbias
-spectrum taken with a normal

tip on a superconducting sample based on equation 2.1 is depicted in Fig. 1.9 from
section 1.3.5. Since the situation is here perfectly symmetric, the spectra recorded
are equivalent when a normal sample is probed by a superconductive tip. Clearly a
gap of conductivity appears for values of Vbias smaller than ∆: Transferring charges
within the gap in form of cooper pair correspond to the simultaneous tunneling pro-
cess of two charges, which is strongly suppressed in the case of tunneling junctions.
The dIt

dVbias
-signal thus reflects the density of states of the superconducting materials

as expressed in equation 2.1. When the barrier of the contact between superconduc-
tor and sample is reduced, from the tunneling down to the point-contact regime [46],
such a process can however be promoted and an increase of the conductance within
the gap also known as Andreev-reflection can be observed [47, 48].
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Because ∆ is usually of the order of magnitude of a few meV, recording such
a spectrum gives interesting information concerning the actual energy resolution of
the STM. As discussed in the previous sections, this resolution drastically depends
on the temperature and the excitation voltage of the lock-in amplifier. However
several other factors can further reduce it:
- Weak electron-phonon coupling can increase the effective temperature of the out-
of-equilibrium electrons injected through the junction.
- The electromagnetic field in the junction, usually dominated by the radiation of
the wall of the cryostat which can be at a slightly higher temperature can excite
electrons upon absorption of a photon.
-The voltage source itself has an intrinsic noise.
All those considerations make the effective kinetic energy of the tunneling electrons
oscillating around an average value with a similar effect to the recorded spectra as
the thermal excitations and with an order of magnitude that can be comparable to
kBT in usual evaporation cryostat.

Low temperature STM imaging at low bias in magnetic field performed on type
II superconductors exhibits the Abrikosov Flux Lattice with typical hexagonal sym-
metry [49]. Scanning the surface with an applied bias equivalent to ∆ indeed reveals
in magnetic field the regions of the surface where the superconductivity locally dis-
appears because of the presence of magnetic fluxoids, the lattice constant being
decreasing upon increase of the magnetic field. It has to be noted that other sym-
metries than the hexagonal one can be observed for non-classical materials such as
d−wave superconductors [50].

2.3 Proximity effect

As introduced in the previous section, when a normal metal and a superconductor
are brought into contact, Andreev reflection occurs at the interface at EF, where
electrons from the metal are reflected as a hole so that the charge 2e is transported
[Fig. 2.1a]. Such a process modifies the electronic properties of the metal with a
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penetration of the superconducting properties in the metallic layer: Because they
are strongly delocalized, the charge carriers cannot change their properties abruptly
at the interface. In other words the superconducting coupling between two electrons
in k−space propagates for a certain distance into the normal metal [51, 52] before
scattering events make them loose their coherence. In a direct analogy to Cooper
pairs, such coupled electrons in the metal are called Andreev pairs.

STS experiments allow to locally probe the diffusion of Andreev pairs into a
metallic layer deposited on a superconductor, revealing a clear proximity effect
shown by the presence of a pseudo gap in the density of states of the metallic
layer, which does disappear when superconductivity is canceled [53, 54]. Local STS
on a gold thin films on Nb has shown that the density of states of gold exhibits such
a gap for film thickness up to several hundreds of nm [55].

A classical Andreev reflection process can not occur in undoped neutral graphene
[Fig. 2.1b and d] as noted by Beenakker because it implies the coupling of electron
and hole states from opposite sides of the Fermi contour which different pseudo-
spin chirality, which are orthogonal to each others [56]. This effect called specular
Andreev reflection has not been observed directly but might be responsible for the
experimental difficulties to induce a supercurrent through neutral graphene layers
since experimentally the doping of a layer varies when it is put on a surface: Those
spatial inhomogeneities in Fermi-energy are usually greater than ∆. The classical
Andreev process is however recovered in case of a doping resulting in a shift of the
Dirac point larger than ∆ [see Fig. 2.1b]. When a graphene layer is put in between
superconducting electrodes, a supercurrent can be measured revealing a clear mul-
tiple Andreev reflection structure [57, 58, 59]. In a similar way, a non-percolating
network of nanoscale superconducting tin clusters deposited on graphene induces
supercurrent through the whole graphen flake that can be tuned upon application
of a gate voltage [60].

Up to now, no local STM investigation of the injection of Cooper pairs into
graphene has been reported. Tonnoir et al. have shown that the growth of graphene
layers on superconductive Rhenium preserves the typical gap in STS spectra. How-
ever, because STS is mainly sensitive to the electronic properties of the Γ−point of
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Figure 2.1: a) Schematic representation of an Andreev reflection process occurring at the
interface between a normal metal and a superconductor. b) When the metal is replaced by
graphene, the peculiar band structure of graphene can result in specular Andreev-reflections as
depicted in c,d) c) When the graphene layer is doped so that EF > 2∆, the Andreev process
implies the reflection from an electron from the conduction band into the same band as a hole
with opposite wave-vector and an energy lowered by 2∆ d) When the graphene layer is not
doped so that EF is located at the Dirac point, an usual Andreev process would imply the
reflection of an electron into a band that corresponds to an opposite chiralilty of pseudo spin
and is therefore forbidden.

the Brillouin zone [section 1.3.3], where graphene does not have any state, it is not
clear if such an experiment probes a proximity effect in graphene or the Rhenium
substrate underneath [61].
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Molecular electronics

At the border between physics, material science and chemistry, the field of molecu-
lar electronic aims to answer both fundamental and practical questions: How does
charge transport occurs through molecules [63] and can the intrinsic quantum prop-
erties of a molecule open a door toward new generation of electronic or spintronic
devices [64]. Inspired by the importance of charge transport through molecules in
nature [65], such as visual phototransduction or photosyntesis, a new class of mate-
rials based on organic crystals or molecular layers emerged during the last decades,
revealing interesting properties, direct applications of semiconducting organic layers
being already commercially available.

Beyond those devices based on large numbers of molecules, single molecule de-
vices are also attracting much attention, for fundamental reasons and because they
may enable further miniaturization of electronic devices. In the following, several
questions raised by the realization of devices based on single molecules are men-
tioned.

From a fundamental point of view first, in a majority of physical systems the di-
mension plays a decisive role: The physics of large 3D systems is mainly governed by
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long-range collective effects which lose of relevancy when the dimension is reduced.
In the field of magnetism for example, the strong spatial anisotropy of exchange
couplings highlights the role of the dimension of the system and leads to complete
different theories and observations going from the bulk ferromagnetism (3D), over
manganite (2D), spin chains (1D) [66] to single molecule magnets(0D) [67]. Con-
cerning the charge transport properties of matter, the Anderson localization leads
to radically different results depending on the dimension of the system directly re-
lated to the probability to go back to the starting point in a classical random walk
process [68]. Another example is given by the field of superconductivity where the
BCS-theory could not provide a convincing explanation of the physics of hight-TC

cuprate superconductors where 2D planar confinement dominates [25]. Regarding
charge transport in low dimensions, specific effects occur when the size of a contact
between two metallic electrodes is reduced to a pointcontact with a size smaller than
the mean free path of the electrons in the metal. The electrical resistance of the
contact does not solely scale with the resistivity of the material and the size of the
contact anymore.

Moreover as 0D objects, small molecules exhibit a quantum behavior which could
be at the origin of new devices. For instance the electron spin is often a good
quantum number in organic molecules, so that it may maintain coherence for a long
time. Hence molecular devices have been proposed to make use of the electron spin as
information carrier for a new generation of electronic devices [63]. Because they show
rich physics at the border between magnetism and charge transport, single molecule
magnets motivate fundamental investigations in this direction [64]. Furthermore a
long term and application-oriented strategy is the use of the large scale assembly
and self organization of molecular complexes in a bottom-up approach allowing
further miniaturization and a reduction of production costs. When the size of a
device is reduced down to a few number of atoms, it become extremely sensitive to
every single change at the atomic level [69]. Chemical mass-production of molecular
devices is thus probably the only cost-reasonable way to produce identical devices
down to the atomic scale.

The first proposal of using molecules as functional devices came from Aviram
and Ratner [7]. Inspired by the pn-junction of the classical semiconductor-based
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electronic, they proposed to use a molecule made of a donor-site and acceptor-site
electrically connected via poorly conductive sigma bonds. If such a molecule is put
between two metallic electrodes, low voltage bias charge transport is supposed to
be allowed in only one direction, making this device some kind of molecular rectifier
[Fig. 3.1]. This first vision of a molecular device relies on charge-transport concepts
that are going to be developed in the following sections. In a junction made of one
molecule weakly bound to two metallic electrodes, the molecule imagined here can be
divided in two parts electrically connected with poorly conductive sigma bonds. A
first part of the molecule called here “acceptor” has its lowest unoccupied molecular
orbital (LUMO) close to the Fermi-energy, and it is exactly the opposite for the
second part called “donor” with the highest occupied molecular orbital (HOMO)
state close to the Fermi-energy. Under the condition of elastic tunneling, charge
transport occurs when a bias voltage is applied between both metallic electrodes
and when molecular states can contribute to transport. When a positive voltage
bias is applied to the donor site, and because of the electric field gradient occurring,
the LUMO of the acceptor site rapidly aligns with the Fermi-level of the left electrode
so that it can be populated, and the HOMO of the donor aligns with the Fermi-level
of the right electrode so that it can give up one electron. If inelastic charge transport
is possible over the sigma bonds, charge transport occurs then through the whole
molecule. Because of the asymmetric doping of the molecule, this situation is not
symmetric for negative potentials. This is the reason why this device can be called
a diode.

3.1 How to contact a single molecule?

It took several decades to realize experimentally such a device as proposed in
Fig. 3.1. The major issue is the electrical connection of a molecule – a nano-object
– to the macroscopic world of the laboratory. The creation of a metal/single-
molecule/metal junction is a prerequisite for the characterization and the under-
standing of charge transport at the atomic scale. Furthermore when the number
of molecules in a junction is reduced down to a single molecule, the conductance
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a)
b)

c)

Figure 3.1: Original proposal from Aviram et al. for the realisation of a single molecule diode.
Taken from [7]. a) Vbias = 0 b) Vbias > 0 a charge current can flow through the system c)
Vbias < 0 larger voltages are needed to obtain charge transport: A diode has been built.

becomes extremely sensitive to any atomic change of the contacts [69], the chemical
nature of the bonds [70] or the orientation of the molecule within the contacts [71].
This make the reproducibility of measurements quite challenging.

It has been proposed to integrate the contacts to the molecule by chemically
attaching two large gold particles (several tens of nm) to it. Such a device can be
then deposited onto electrodes made by electron beam lithography by electrostatic
trapping [72] or contacted with an AFM [73]. This method can only be applied to
molecules containing a group able to bind to gold nano-particles, and in general the
creation of metallic nano-contacts is required to contact various type of molecules.
Nevertheless the resolution of usual lithographic methods is an order of magnitude
smaller than the typical size of molecules. The goal of the methods presented in
this section is to create metallic nano-contacts in order to study charge transport
through molecules (for a review please refer to [8, 74]). Nonetheless the conductance
of a molecular junction always reflects an intricate combination of the conductance
of the molecule itself, its exact location and orientation within the contacts and the
transparency of the contacts.
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a) b) c) d)

Figure 3.2: a) Electromigration: Topographic AFM image of two gold electrodes with a gap
(scale bar, 100 nm) [75]. b) Schematic representation of a mechanically controllable break-
junction [76]. c) Filling a gap: Electrode evaporation under an oblique angle [77]. d) Electrical
gating: STM in a solution [78].

3.1.1 Within an STM

Since the very first year of the development of the scanning tunneling microscope
(STM), it has been proposed to use its extremely high lateral resolution to study
molecules [6] making possible the recording of I(V ) or I(z) characteristics of the
tunnel contacts formed [79]. The molecules are connected electrically on one side by
a metallic substrate they are lying on and can be probed spatially and electrically by
a conductive tip. This kind of measurement can be operated under UHV conditions
with a clean single crystal as metallic substrate, so that a very high control on the
nature of the contact between the molecule and the surface can be achieved. The in-
trinsic electrical resistance of a molecule or molecular wire can be measured [80, 81].
During a long time, the main drawback of this method was the large drift of the
scanner, that prevents the probing of a single molecule during a time sufficient to
record transport characteristics. Rapid progress in the construction of STM devices
however, especially those operating at low temperatures, allowed to record trans-
port characteristics down to single electron tunneling. These experiments reveal a
complex interplay between the molecular orbital level separation and the charging
energy, the former being characteristic of the molecule itself and the later to its
electrostatic environment [82]. STM and STS techniques thus emerged in the last
decades as a powerful tool to study charge transport through molecular states [83],
together with the related technique of conductive atomic force microscopy [84].
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3.1.2 Breakjunctions

Two metallic electrodes originally in contact are slowly taken apart: after a
structural rearrangement of the contact area, it finally consists of one single atom.
At this point the electrical conductance of the contact goes down to a value close
to 13 kΩ−1 for a monovalent metall confirming that it acts as a one-dimensional
quantized nano-wire with one quantum unit of conductance [85] [see section 3.2].
When the electrodes are further retracted, an abrupt transition to the tunneling
regime occurs, indicating that a small spatial gap has been formed, in which a
molecule may be deposited. Two experimental techniques have been proposed for
creating such atomic contacts. In order to precisely control the position of the
electrode down to a few Å they are all based on piezoelectric elements. STM and
conducting AFM have been used to indent a tip into the surface and subsequently
retract it until a contact is formed [86, 87] [Fig. 3.2b]. Another method is based
on the use of a mechanically controllable break-junction made of a nanofabricated
metallic bridge on a flexible substrate. The bridge can be broken and closed again
via mechanical control of the bending of the substrate [88, 76], allowing extracting
the electrical conductance of molecules deposited on it [89], combined to a possible
gating of the molecular states [90], via implementation of a third electrode.

3.1.3 Electromigration

Reducing the size of a metallic contact can increase the density of electrical
current up to a point where spatial reorganization of the atoms forming the contact
occurs. Tiny spatial gaps can be created this way [Fig. 3.2a], in which molecules
can be deposited and contacted [91, 75, 92, 93]. A clear advantage of this method
is the easy implementation of a gate electrode. On the other hand, it offers poor
control over the real geometric conformation of the gap and the way the deposited
molecule sits on it. A very similar approach has been followed for the formation of
electrodes based on carbon materials, by electro-burning of carbon nanotubes [94] or
multilayer-graphene [95]. The transport properties of such electrodes are governed by
delocalized electrons, ensuring a good electrical contact. Furthermore, the reduced
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number of charge carriers compared to bulk metallic electrodes can help avoiding
a hybridization of the molecular states with a loss of its intrinsic properties and
strongly reduces the screening of a potential applied to the gate electrode.

3.1.4 Filling the gap

Similar gaps can be realized by evaporating two gold electrodes through a shadow
mask under an oblique angle [Fig. 3.2c]. When the conductance between the elec-
trodes – which is at first infinite – enters the tunneling regime, molecules can be
evaporated onto the gap formed. Here also, a gate electrode can be easily built, if
the electrodes are deposited on a metallic substrate covered by a thin oxide layer,
and the transport properties of the molecules can be characterized [77, 96, 97]. Fol-
lowing the same idea of progressively filling a gap between two separated electrodes,
it has been shown that the growth of suspended tungsten nano-electrodes can also
lead to the formation of nanogaps onto which molecules can be deposited and elec-
trically characterized [98]. Theses methods present the clear advantage that both
the creation of the contacts and the deposition of the molecules can be performed
in situ.

3.1.5 Implementation of a gate electrode in an STM

In order to perform some logical operation with a molecular junction, a three-
terminal geometry is needed. The idea here is to modulate the conductance of a
molecular junction, upon application of an external voltage to a gate electrode, in
a similar way as in a field-effect transistor. For an effective gating of the molecular
levels, the gate electrode has to be close to the molecular junction: The capacitive
coupling between the molecular levels and the electrode has to be maximized while
prohibiting electrons from the gate having a measurable probability to tunnel to
the molecule. If the distance between the gate electrode and the molecule exceeds a
several hundreds of nanometers, no clear gating effect will be observed, especially if
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a)

b) c)

Figure 3.3: Implementation of a gate electrode to a molecular junction, taken from [99] a)
Back-gate, because gating relies on a capacitive coupling, the effect is increased if thin oxide
layers of high-κ materials are used. b) Electrochemical gate for measurement performed in a
electrolyte. c) Chemical gate: the conductance is modulated by a chemical event occurring in
or close to the molecule contributing to charge transport.

the electrodes forming the contacts effectively screen the electric field. This problem
can be overcome when the wires used for electro-migration are grown on a thin
oxide layer on a metallic gate electrode [Fig. 3.3a]. Lithography techniques can
realize such devices nowadays with oxide layers as thin as a few nanometers. In a
scanning tunneling microscope the tip is mostly made out of massive metallic wire
where only the diameter of the very end of the tip is reduced to the atomic range.
Because of this geometric constrain, the implementation of a gate electrode is very
difficult. This problem can be partially solved by performing STM in an aqueous
solution [78], where the gate potential only drops in the molecular contact [Fig. 3.3b].
However performing such a measurement in an electrolyte can be quite challenging,
especially if standard low temperature or ultrahigh vacuum technology has to be
used. A chemical gating can also be achieved, if a charged molecule [100] or surface
atom sits close to the studied molecule [101]. If this method allows studying the
influence of the electric field coming from a fixed point on the conductance of a
molecular junction, switching back and forth this effect via some external signal is
complex.
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3.2 Charge transport through molecules

As quantum objects, charge transport through small molecules is not governed
by the Boltzmann’s equation as it is for usual solid state physics. Only a full
quantum-mechanical treatment directly based on the electron wave-functions can
accurately describe the transport properties of molecular junctions [102]. However
few simple concepts can help interpreting measurements. Clearly, the conductance
of a molecular junction depends on three main properties: Firstly on the amplitude
of the coupling, i.e. the nature of the molecule-metal contact and the transparency
of the barrier, secondly on the energetic position and spatial localization of the
molecular orbitals and thirdly on the density of states in the electrodes. In the
following, the electrodes are assumed to be metallic reservoirs with constant and
very large density of states. The present section thus aims at introducing simple
physical models describing charge transport through molecular junctions and at
focusing on the interplay between the coupling to the electrode and the intrinsic
quantum structure of the molecule. Please see the works fromCuevas and Scheer
[8], Selzer and Allara [103] and [104] for detailed reviews.

3.2.1 Atomic contacts

When the size of a contact is reduced down to the atomic level, it is usually
smaller than the mean free path of the electrons. In this case no scattering of the
charge carriers occurs in the junction and following Sharvin’s equation, the resistance
of the contact does not obey the Ohm’s law anymore with:

R = 16ρl
3πa2 (3.1)

where ρ stands for the material resistivity of the electrodes, l for the mean free path
of the electrons and a for the size of the constriction [46].

A very powerful tool for describing charge transport through a small metallic
contact is the Landauer formalism [105, 106]. Within this formalism and in analogy
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to an optical wave guide, charge transport is considered as a sum over a finite
number of transmission modes with different transmission probabilities Tσ,k. The
conductivity of the nano-structure is then given by:

G = e2

h

∑
σ,k

Tσ,k (3.2)

where σ and k account for the spin, and wave-number degeneracy. The quantum of
conductance G0 = 2e2

h
' 1

12908Ω is the maximum conductivity of one spin-degenerate
transmission-mode, if no incoming charge carrier gets reflected (T1 = 1). The situ-
ation gets more complicated if a molecule is placed between the two small metallic
contacts: The transmission modes from the electrodes have to be combined with the
transmission modes of the molecules and eventually the transmission probabilities
become much smaller than 1 (Tσ,k � 1 in case of tunnel barriers between electrodes
and molecule).

3.2.2 What makes electrons flow

To explain elastic and inelastic charge transport through alkane self assembled
monolayers, Wang et al. [107] identified distinct transport mechanisms, such as di-
rect tunneling, thermionic emission and hopping conduction. Since the temperature
and the bias voltage dependence of these transport mechanisms are different, a vari-
ation of those experimental parameters allows for an identification. According to
Wang et al., thermionic emission and hopping conduction are mainly responsible for
transport through rather long molecules. For short molecules like the phthalocya-
nine molecules presented in this thesis, direct tunneling through molecular orbital is
expected to be dominant and charge transport inside the molecule can be neglected.
Since the Vbias voltages applied are smaller than the work function of the electrodes,
effects originating from field-emission are also neglected.

It has to be noted that an additional transport mechanism called shuttle mech-
anism has been proposed [108, 91, 109]. If the molecule contributes to transport
in a sequential way, some of its molecular orbital have to accept(give) an electron
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from(to) a first electrode for a certain amount of time. This charged molecule in a
polarized junction may then spatially move toward the second electrode, favoring
further tunnel transfer of the excess charges before moving back to the original posi-
tion. In the following however, it is assumed that the center of mass of molecules does
not move during charge transport, and that solely vibronic states of the molecule
may be excited.

3.2.3 Role of coupling strengths

Different possible scenarios describing charge transport through a molecule placed
between two metallic electrodes are schematically depicted in Fig. 3.4 depending on
the strength of the coupling Γ to the electrodes. This coupling accounts for the
hybridization of the molecular orbitals with the metallic contacts. It is commonly
related to the typical time τ that an electrical charge spends at a molecular level
before it can tunnel to an electrode, introducing the broadening Γ = ~

τ
. If this

coupling is very weak, i.e. when Γ is much smaller than the typical energy differ-
ence between two molecule orbitals, sequential tunneling may occur. It consist of
a two-step process in which electrons first hop from one electrode to the molecule
and subsequently leave the molecule to the second electrode. Strong coupling con-
trarily promotes a coherent one-step process. In an intermediate regime, if a single
spin is present on the molecule, a spin-flip scattering process may occur, inducing
a resonance at Vbias = 0V [110] known as Kondo process. The work performed by
Danilov et al. [97] who inserted different chemical groups between a molecule and the
electrode, illustrate how crucial the importance of this coupling is, varying the con-
ductance of the contacts by several orders of magnitude. Furthermore the coupling
must not be necessarily symmetric. As noted by Roch et al. the molecule may sit
closer to one electrode of a metallic nanogap than to the other [111]. The situation
is even more asymmetric in an STM, where the molecule is sitting directly on a
substrate, and eventually couples much stronger to it than to the tip. Furthermore
tip and substrate can be of different chemical natures.
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Single level resonant tunneling (SLRT) and coulomb blockade (CB) have been
proposed to illustrate basic physics of molecular contacts. They give a first theo-
retical background for the conductance-voltage characteristics measured within this
work. The two methods presented here offer two different views on charge transport
through molecules. Presented in the next section 3.2.4, SLRT starts from the quan-
tum nature of the isolated molecule that develops into a finite number of molecular
orbitals. Each of these levels can possibly contribute to charge transport when the
molecule is placed between two metallic electrodes. Charge transport can then be de-
scribed by the rather strong overlap between the delocalized metallic wave-functions
and the molecular orbitals making possible the transfer of fractional amount of
charges between the electrodes [112]. In other words, the quantum nature of the
molecules dominates a fractional charge transport. In a CB view [section 3.2.5], the
capacitive coupling between the molecule and the electrodes dominates transport:
Adding an electrical charge to the molecule generates an electric field that costs
energy. If the conductance of the contact is much smaller than G0, the quantum
delocalization cannot propagate through the junction and the electrons can only
tunnel one by one [113]. A series of peaks appears in the dIt

dVbias
characteristic of the

contact, separated by the charging energy of the contact.

Clearly those two methods focus on two different aspects: The capacitive cou-
pling of a low conductance junction with integer charge transfer for the CB and
the quantum structure of a molecule with fractional charge transfer for the SLRT.
However it is possible to add the Pauli-energy which reveals the quantization of
the levels within the molecules to the charging energy of CB formalism [115], giv-
ing access to both energy- and charge- quantization. In the same way it is easy
to add to the quantum spectrum of the molecule the energy-cost induced by an
excess charge in the specific geometry of the junction so that both model converge
somehow. However, since the effects from the charging energy can only be observed
if the conductance is low enough [116], it has been suggested that this can only be
observed if the typical charging energy U is much larger than the broadening Γ [117],
so that both models are usually used to describe different (but not-excluding) trans-
port regimes. As illustrated in Fig. 3.4, a key quantity for discriminating between
those processes is the coupling Γ to the electrode.
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Figure 3.4: Schematic representation of different transport regimes as proposed by Moth-
Poulsen and Bjornholm [114]. Depending on the coupling strength between the molecular
levels and the electrodes a transition occurs from the sequential (weak coupling) to the coherent
regime (strong coupling). Red and blue color scale correspond to a charge current flowing
through the molecular device with opposite signs in contrast to the black scale corresponding
to a zero-conductance regime.

• CB: Γ� U , kBT � U and G� G0. This typically corresponds to a molecule
decoupled by a NaCl layer or h-BN layer from a metallic substrate, studied by
STM. [118, 119]

• SLRT: Γ . EPauli, and kBT . EPauli. This typically corresponds a molecule
sitting on a metallic substrate, studied by STM. [120]
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3.2.4 Single level resonant tunneling

One consider in the following a molecule placed between two metallic electrodes
with constant density of states. Applying a bias voltage between the electrodes A
and B shifts their Fermi levels towards each other so that populated states from one
side can tunnel into empty states of the same energy from the other side [section 1.3].
In the following Vbias is defined as the potential applied to the electrode A, where
B is set on ground. A steady state kinetic equation can be established, taking into
account the coupling between the molecular states and the metallic electrodes. Since
neither the orientation of the molecule nor the shape of the contact is necessarily
symmetric, it is convenient to define the two quantities ΓA, ΓB accounting for the
two different couplings. A molecular level is considered to be at energy ε0 relative to
the Fermi-level of the electrode when no bias is applied. The charge flow IA(IB) from
this level to the electrode A(B) is directly related to the occupation probabilities
from electronic states in molecule and electrodes, and can thus be written as:

IA = −eΓA

~
(NA −N)

(
IB = −eΓB

~
(N −NB)

)

with N the occupation of the molecular level and with NA(NB) the occupation of
an electronic state in the electrode A(B) at the same energy given by:

NA = 2f(ε0 − Vbias) (NB = 2f(ε0))

with f the Fermi distribution. This is a direct consequence from section 1.2 consid-
ering the tunnel process as elastic. Setting It = IA = IB implies:

It ∝ −
ΓAΓB

ΓA + ΓB
[f(ε0 − Vbias)− f(ε0)] .

This result can be reinterpreted in terms of equation 1.9 from section 1.2: If molec-
ular levels are present at a certain energy so that they are located between the
two Fermi distributions, they can also contribute to transport and eventually dom-
inate it. The tunneling current and its first derivative can then been computed in
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the Landauer approach via integrating over all the states in energy contributing to
tunneling [8]:

It(Vbias) = 2e
h

∫ ∞
−∞
T (E,Vbias) [f(E)− f(E + Vbias)] dE (3.3)

where f(E) stands for the Fermi-distribution and the transmission probability T

is given by the Breit-Wigner formula. The molecular levels playing a role here are
the ones present in the energy window defined by the Fermi-distributions, and their
contributions are weighed here by a certain transmission probability T (E,Vbias), i.e.
the probability that a molecular state mediates the charge transfer. Intuitively, this
probability depends on the coupling between the molecules and the electrodes: The
stronger the coupling is, the larger is the conductance of the molecule, the surface
under T (E,Vbias) being a monotonic increasing function of Γ = ΓA + ΓB:

T (E,Vbias) = 4ΓAΓB

[E − ε(Vbias)]2 + [ΓA + ΓB]2
.

Because of the capacitive coupling between the molecule and the two electrodes,
the position in energy ε of the molecular level is likely to be shifted upon varying
Vbias. This depends on the nature of the capacitive coupling and the actual spatial
distance between molecule and electrode, but in a first linear approximation the
larger transmission rate Γ

~ is, the stronger is the capacitive coupling, so that one can
assume:

ε(Vbias) = ε0 −
ΓA

ΓA + ΓB
Vbias.

Intuitively, in the extreme cases where the molecular state is solely coupled to the
electrode A(B), its potential equals −Vbias + ε0 (ε0, resp).

The result of a computation based on equation 3.3 can be seen in the left-hand
panels of Fig.3.5 and 3.6 where the tunneling-current It and its first derivative dIt

dVbias

are plotted as a function of Vbias for the following cases: LUMO-mediated transport,
HOMO-mediated transport and HOMO-LUMO gap. With the appropriate set of
parameters presented here, the results are almost identical so that the attributing
of molecular orbitals to the spectroscopic features observed in an STS experiment
can be quite difficult. Strong intrinsic differences in the coupling to the different
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Figure 3.5: a) Schematic representation of LUMO-mediated transport and result of the
simulation according to equation 3.3. Charge transport occurs when the molecular level aligns
to the Fermi-level of one of the electrodes. Parameters used for the simulation: T = 10K,
ΓA = ΓB =2meV, ε0=+250mrV. b) The same as for (a) but for HOMO-mediated transport.
Parameters used for the simulation: T = 10K, ΓA = ΓB =2meV, ε0=-250meV.
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electrodes can be present in some specific experiments. This is for instance the case
when STS measurements are performed on a molecule sitting directly on a metallic
substrate. Clearly the hybridization of the molecular states with the continuum of
the substrate will be stronger than with the tip (ΓA � ΓB) so that the presence of
two peaks located on both sides of the Fermi-level is classically interpreted in terms
of a HOMO-LUMO gap. However in other transport experiments where very little
information is provided about the real shape of the contact, or in STS experiments
on molecules sitting on a thin insulating layer, additional information is needed to
unambiguously assign peaks to molecular orbitals. If the distance between the elec-
trodes can be tuned, which is the case in break-junction experiment and in STS,
one of the coupling constant can be tuned so that the position at which the peaks
appear in energy can be shifted. Conclusions can then be made since the direction
of the shift depends on the nature of the charge transport. As introduced in sec-
tion 3, another possibility is the implementation of a third metallic electrode called
“gate” close enough to the junction. In a simple capacitor view, applying a positive
potential to the gate electrode favors the accumulation of negative charges in the
molecules, so that the molecular states are shifted down in energy with the following
consequences:
- In the case of LUMO-mediated transport, since this state is lowered in energy, a
smaller bias voltage is needed to make it contribute to charge transport for both po-
larities. Both peaks occurring in the corresponding STS spectra are shifted towards
the Fermi-level.
- The opposite happens for HOMO-mediated transport. When a HOMO-state is
lower in energy, a higher bias voltage is necessary to make it align to the Fermi-level
of the electrodes and both peaks from the STS spectrum are pulled apart.
- In the HOMO-LUMO case, both peaks move into the same direction, toward lower
energies.
Exactly the opposite behavior is observed when a negative voltage is applied to the
gate electrode. This effect is discussed in more details in the following section and
supports the interpretation of the measurement presented in chapter 9.

Eventually, a second term accounting for the charging energy U , i.e. the extra
field-energy it costs to put a charge on the molecule can be added to this last equa-
tion [117] in analogy to the CB-regime. As discussed in the following section 3.2.5
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Figure 3.6: a) Schematic representation of the occurrence of a HOMO-LUMO Gap in a STS
measurement. and result of the simulation according to equation 3.3. Charge transport occurs
when the molecular level aligns to the Fermi-level of one of the electrodes. Parameters used for
the simulation: T = 10K, ΓA =0.1meV ΓB =10meV, εLUMO=+500meV, εHOMO=-500meV.

this is only necessary if the resistance of the junction is large enough and rather
depend on the geometry of the contact than on the molecule itself. The following
expression is then obtained for the potential of the molecular level:

ε(Vbias) = ε0 −
ΓA

ΓA + ΓB
Vbias + U .
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3.2.5 Coulomb blockade

Following the constant capacitance model [115], let us consider an island made
of conductive material, that is weakly electrically coupled to a source and drain
electrode. The electron transport between island and electrodes occurs through a
tunnel junction with a certain capacity related to the very little distance between
the island and the electrodes (Csource,Cdrain) [see Fig. 3.7]. Furthermore this island
is capacitively coupled to a third so-called gate electrode Cgate and the temperature
T of the complete system is set by a thermal bath. The island can only exchange
charges with the drain and the source through a tunneling barrier. Placing a charge
on the island generates a certain field energy of the order of magnitude of e2

ΣC . If
the capacities are small enough, this charging energy exceeds kBT and the thermal
fluctuations cannot change the number of charges located on the island. To simplify
the problem, it is considered in the following that the temperature of the system is set
to 0K. Since the resistance of the tunnel junction is much larger than the quantum of
resistance 1

G0
, the electrons from the metallic electrodes are not delocalized over the

junction and can only tunnel one by one. This implies that the number of charges
present on the island must be quantified since only an integer number of charges can
go through the junction. When a bias voltage is applied between source and drain
and a voltage Vgate is applied to the gate electrode, a charge translation occurs in the
systems and this new repartition creates an electric field in the different junctions.
The thermodynamic potential driving the equilibrium of such a system at 0K is the
electrostatic free enthalpy F = U −W with U the field energy of the system and W
the electrical work performed by the power supply connected to the electrodes [121].
For a simple and classical plate capacitor, minimizing Q2

2C − QV as a function of Q
indeed leads to the classical result CV = Q at the equilibrium.

The free enthalpy F (Qsource,Qdrain,Qgate) of such a system can thus be expressed
as the sum of the field energy present in the different capacities from which the work
performed by the electrodes is substracted:

F = 1
2Csource

Q2
source + 1

2Cdrain
Q2

drain + 1
2Cgate

Q2
gate

−(nsource +Qsource)Vsource + (ndrain +Qdrain)Vdrain −QgateVgate

(3.4)



58 3.2. Charge transport through molecules

Vsource VdrainVgate

Cgate, Qgate

Csource, Qsource Cdrain, Qdrainb)
QD,ne

a)

I

Figure 3.7: a) Scanning electron microscope image of a single molecule transistor based on
the electro-migration technique. Taken from [110]. b) Schematic representation of a quantum
dot weakly electrically coupled to a Drain and Source electrode and solely capacitively coupled
to a gate electrode.

where Qsource,Qdrain,Qgate are the charges present on the source, drain and gate
electrodes respectively at the electrical potentials Vsource,Vdrain,Vgate. nsource and
ndrain are the charges present on the island, coming from the source and the drain
electrode respectively. In a first approximation, the Pauli-energy resulting from
the small size of the island and the quantization of the states is neglected. Since
the total number of charges in the system must be equal to zero and the number
of charges present on the island ne = (nsource + ndrain)e is an integer value of the
charge of the electron the neutrality condition: Qsource + Qdrain + Qgate + ne = 0
must be fulfilled. Because of the second principle of thermodynamics, any change
of the free enthalpy can only be negative or equal to zero and the system reaches
a thermodynamic equilibrium when the free enthalpy is minimized down to Feq.
In a first step, the values of Qsource,Qdrain,Qgate which minimize F as a function
of Vsource,Vdrain,Vgate,nsource,ndrain are calculated, i.e. the values of the charges that
verify following equations:

∂F

∂Qsource
= ∂F

∂Qdrain
= ∂F

∂Qgate
= 0 , Qsource +Qdrain +Qgate + nsource + ndrain = 0



Chapter 3. Molecular electronics 59

The usual Q = CV relation between the charges and the applied voltages becomes:

Qsource = (Cgate + Cdrain)CsourceVsource + Csource (−CgateVgate − CdrainVdrain)
Csource + Cgate + Cdrain

+

−nsource − ndrain

Csource + Cgate + Cdrain

where similar relations are obtained for Qdrain and Qgate and it follows a quite ugly
general expression for Feq(Vsource,Vdrain,Vgate,nsource,ndrain).

In the special case Csource = Cdrain = Cgate = C and Vsource = −Vdrain = Vbias
2 , the

free enthalpy reduces however to the more digestible equation:

Feq = − 5
16CV

2
bias+

1
4CVbiasVgate−

2
9CV

2
gate+

1
6C (ne)2+1

3neVgate−(nsource−ndrain)Vbias

2 .

From this equation it appears, that the number of charges on the dot minimizing
the free enthalpy depends on Vbias and Vgate. It means that an appropriate choice of
these two potentials allows for precisely controlling the number of charges ne present
on the quantum dot, making such a device a single electron transistor [123].

The number of charges n that minimizes Feq is depicted in Fig. 3.8a for a
general case (Csource 6= Cdrain 6= Cgate) as a function of Vsource = −Vbias and Vgate with
Vdrain = 0. The number of charges on the dot is not a quantity that can be directly
measured. In certain cases however the transitions increasing or decreasing the
number of charges on the dot are thermodynamically forbidden, so that no current
can flow through the junction. For a certain number of charges ne = (nsource+ndrain)e
on the dot, this is the case if the following four conditions are verified:

F (nsource,ndrain) < F (nsource + 1,ndrain)
F (nsource,ndrain) < F (nsource,ndrain + 1)
F (nsource,ndrain) < F (nsource − 1,ndrain)
F (nsource,ndrain) < F (nsource,ndrain − 1)

(3.5)

Each of these conditions divides the (Vbias,Vgate) space into two planes [Fig. 3.8b], so
that the region where charge transport is blocked is parallelogram-shaped for every
value of ne, as depicted in Fig 3.8c. Outside this stabilization regions, a current
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Figure 3.8: a) Number of electrons located on the quantum dot that minimizes the free
enthalpy of the system Feq for Csource = 0.1, Cdrain = 0.2, Cgate = 0.01 attoF. b) Part of the
(Vbias, Vgate) space where the condition F (nsource = 0, ndrain = −1) < F (nsource = 0, ndrain =
0) is fulfilled is denoted in green. c) Parts of the (Vbias, Vgate) space where the quantum dot is
stabilized, populated with an integer number of charges. No current can flow through it. The
unstable regions are denoted by a blue(red) color scale indicating that a net negative (positive)
current is flowing, with the sign of the current defined with respect to Vbias. d) The typical
Coulomb-diamond pattern appears, when the current through a carbon nanotube is recorded
as a function of Vgate and Vbias. The different sizes between the diamonds originates from the
the quantum nature of the nanotube (several energy levels with spin degeneracy). Adopted
from [122].
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0.01 attoF. b) Corresponding tunnel current It and its first derivative dIt

dVbias
.

can flow through the dot so that a typical so-called coulomb-diamond conductance
map can be observed when the current across the dot is recorded as a function of
Vbias and Vgate. This process is detailed in Fig. 3.9, where a one-level process is
considered with the possibility to add only one single electron to the dot.

When a potential Vgate =640mV is applied to the gate electrode, nsource =
ndrain = 0 minimize the free enthalpy of the system for small values of Vbias [Fig.
3.9a]. When Vbias is decreased to about -16mV ¶, it becomes thermodynamically
promoted for the drain electrode to add an electron to the dot. But at the same
time, the condition F (nsource,ndrain) < F (nsource + 1,ndrain) that stabilizes this extra
charge on the dot is not fulfilled, so that the extra charge can further flow to the
source electrode and since this is a continuous process, a net negative current flows
through the junction [Fig.3.9b]. Exactly the same argumentation can be translated
to the point ·, where a positive current starts to flow through the dot.
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Clearly, the slope of the different sides of the coulomb diamond depends on the
capacitive coupling between the dot and the different electrodes, and it can be easily
mathematically shown that:

F (nsource,ndrain) = F (nsource − 1,ndrain)⇒ Vgate = −Cdrain + Cgate

Cgate
Vbias +X

F (nsource,ndrain) = F (nsource,ndrain − 1)⇒ Vgate = Csource

Cgate
Vbias +X

with X a constant, so that the three capacitive couplings can be deduced from the
recording of a complete coulomb diamond [124].

Up to now, the finite size of the dot has been neglected. If the size of the
dot is reduced down to the size of a molecule, the energetic spacing between the
discrete level cannot be neglected compared to the charging energy, i.e. the field
energy generated by the presence of an extra charge on the dot. In this case, an
extra term ∑n

0 Ej has to be taken into account and added to the free enthalpy (3.4):
Because of the Pauli principle of exclusion, every supplementary pair of charges has
to be put to an extra energy level.

In an analogy with the SLRT from the previous section 3.2.4, a chemical potential
can then be defined, that corresponds to the energy needed to put an extra charge
on the molecule µ(N + 1) = U(N + 1) − U(N) where U(N) is the total energy of
the junction when N charges are present on the molecule. If this potential µ(N + 1)
is located between the Fermi-level of the source and drain electrode, transport can
occur. This coincides with the model previously derived in this section since this
energy cost is then compensated by the work performed by one of the electrode
so that the free enthalpy is minimized. Under the assumption that neither the
molecular levels nor the capacitive coupling to the electrode depend on the number
of charges present on the molecule, one can write:

µ(N) = e2N −N0 − 1
2

CΣ
− e

(∑
i

Ci
CΣ

Vi

)
+ EN

where the first two terms account for the electrostatic energy that has to be paid
to put an extra charge N on the molecule, with N0 the charges on the molecule
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when no voltage is applied. CΣ = ∑
Ci is the sum over all the capacitive couplings

between the molecule and the three source, drain and gate electrodes [115, 124, 125].
The third and last term EN finally reflects the quantum nature of the molecule.

The discrete levels contributing to charge transport are then intuitively separated
by the addition energy Eadd(N):

Eadd(N) = µ(N + 1)− µ(N) = EC + ∆E

in other words an electrostatic part EC and a quantum part ∆E.
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3.3 Self-assembly

Under supra-molecular self-assembly is meant the spontaneously ordered orga-
nization of a large amount of molecular units held together by weak (non-covalent)
interactions like hydrogen bonding, π − π-stacking, dipolar interactions, Van der
Waals forces and hydrophobic interactions [126]. This branch of chemistry gained
a broad interest during the last 4 decades, because of its promising applications
in nanotechnologies: The bottom-up approach, in other words the chemical mass
production of large objects precisely defined down to the atomic level. In particular
the formation of self assembled monolayers – the spontaneous ordered alignment of
molecules on an existing surface – is only one manifestation of chemical self-assembly
that ranges from the growth of crystals to biology and life chemistry. In this case,
the interaction with the substrate plays a major role.

When molecules are adsorbed on a surface, not only intermolecular interactions
have to be taken into account but also the way the molecules interact with the sub-
strate. Two kinds of possible extreme interactions can be considered:
-A chemisorption, when a covalent bonding occurs between the molecule and the
surface. This is for example the case for Thiol-terminated molecules on gold, be-
cause of the strong metal-sulfure affinity [127].
-A physisorption. In this case, the interaction with the substrate results from an
interplay between long-range attractive Van der Waals forces and short-range repul-
sive forces based on the Pauli principle of exclusion. This process typically occurs
when molecules are deposited on a rather inert substrate such as graphite [128, 129].

The real situation is often more complex, and a careful discussion is needed to
be able to state whether or not the intrinsic properties of a molecule are preserved
when sitting on a surface. Because of their ability to probe surfaces, scanning
probe techniques have already played a key role in the study of such self-assembled
monolayers. STM in particular can be used to probe at the same time the ordering
of the molecules and the consequences for their physical properties.



Chapter 4

Surface physics

Obvisouly, since scanning probes techniques rely on the local interaction between a
few atoms, they are mostly sensitive to the top most layer of the studied surfaces.
As 2D objects, i.e. the interface between a solid and vacuum, surfaces can show very
interesting and complex properties that cannot be found in the bulk of material [130].

Several substrates were used during this thesis and the goal of this chapter is
to give a brief overview of some interesting surface-related phenomena that are
relevant for interpreting the experiments presented in this work. First of all, the
possible spatial re-arrangement of the atoms occurring when a crystal is cut along
a specific direction will be discussed based on the Au(111) surface. Secondly the
origin of the so-called surface-states will be discussed; i.e. electronic states emerging
at the surface which are not present in the bulk material. And finally, graphene and
its peculiar electronic properties will be briefly introduced because this 2D structure
can also be considered as an artificial surface when put on a solid substrate.
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Figure 4.1: a) Dispersion relation E (κ2) for a nearly free one-dimensional electron gas.
Because of the weak periodic potential, some value of the energy E imply forbidden imaginary
wave-vector. b) Schematic representation of the wave-function Ψ describing electrons moving
toward the surface with a partially imaginary wave-vector.

4.1 Surface states

At surfaces additional electronic states can evolve that are not present in the
bulk of the crystal. Such so-called surface states were predicted by Shockley as
energy levels appearing in the forbidden band structure regions of infinite crystal,
when a finite number of atoms is considered [131]. This effect can be introduced
with the model of a nearly-free electron gas evolving towards the surface in a weak
periodic potential. The dispersion relation of a nearly-free one-dimensional electron
gas in a weak periodic potential is plotted in Fig. 4.1a. Because of the potential felt
by the electron, a gap of forbidden energy values appears at the edges of the first
Brillouin-zone [132]: The wave vector at those energies is imaginary and corresponds
to exponentially diverging waves that cannot be normalized in the bulk and are
therefore forbidden. However when the infinity of the crystal is broken by the
presence of the surface, such a state can be normalized if the diverging exponential
wave starts to expand only a few atomic layers before the surface and finally decays
into the vacuum as an evanescent wave [Fig. 4.1b]. The corresponding density of
states |Ψ|2 is then strongly localized directly at the interface. This confinement
leads to the formation of a two-dimensional electron gas called surface state. To
summarize, a necessary but not sufficient condition for the existence of a surface
state is the presence of a gap in the dispersion-relation in the direction of the surface.
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4.1.1 Friedel oscillations

Friedel oscillations are oscillations in space in the density of an electron gas,
i.e. a physical quantity directly probed by the STM. This is a direct consequence
of the electron-electron interactions within the gas, and the way it locally screens
perturbations of the electrical potential [132]. The lower a dimension of an electron
gas is, the higher the influence of defects and local perturbation is, so that 2D surface
states are an ideal system for the observation of such an effect. Since it is impossible
to realize flat clean and defect free surfaces experimentally – even in UHV chambers
– mono-atomic step-edges, dislocations and adatoms are always present on surfaces
and induce a local perturbation of the potential felt by the surface state. Indeed
STM investigations of metallic surfaces show wave-like patterns around adatom and
in the vicinity of mono-atomic steps [133, 134]. The screening from an electron gas
is a quite challenging theoretical topic and the aim of the present section is just
to give a very basic explanation for this effect that helps to reconstruct the Fermi-
contour of an electron gas. Electrons from the surface state are scattered by local
perturbations of the potential of the surface, so that the density of states is locally
perturbed in the immediate vicinity of the charge. This problem can be seen as
the back-scattering of electrons, an incoming wave with wave-vector ~k interfering
with the reflected wave with wave-vector −~k. The phase of the total wave-function
Ψ(k) with k-periodicity, is fixed so that |Ψ(k)|2 is maximized or minimized at the
position of the perturbation. Ψ(k) further oscillate with k-periodicity around the
perturbation up to a length scale where the phase coherence is preserved. Since
the STM is sensitive to |Ψ(k)|2, wave-like patterns are observed with 2k periodicity.
Recording dIt

dVbias
maps at different bias voltage eVbias ≡ E−EF reveals patterns with

different 2k-periodicity and thus allow reconstructing the dispersions-relation E(k)
of the electron gas present on the surface. [135]
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a) b)

c)

Figure 4.2: a) STM image from a Au(111) surface showing mono-atomic steps and the
typical “herringbone”-reconstruction. Taken from [136].b) Relaxation (atoms denoted by open
circles) of the surface showing a compression in the [110] direction with respect to the fcc
structure of bulk gold crystal (atoms represented by crosses), showing alternating domains fcc
(C) andhcp (A) stacking [137]. c) A periodic zigzag pattern arises alternating in the equivalent
crystallographic directions of the Au(111) surface [138].

4.2 The Au(111) surface

The geometric arrangement of atoms in a crystal results from a subtle equilibrium
between all inter-atomic forces. When a crystal is cut the equilibrium is strongly
perturbed at the interface. For the ionic and a most metallic crystals, this only
results in a modification of the lattice parameter along the direction perpendicular
to the surface [130]. Concerning covalent crystal however – and to a certain extent
also some metallic crystals – this can result in a complete re-organization of the
surface: Not being stabilized anymore by the suddenly missing other half of the
crystal, atoms of the topmost layers adopt a different periodic structure.

Since it is one of the metallic substrates used in this work, let us focus on the
Au(111) surface. Gold is the only face-centered-cubic (fcc) metallic crystal having
the (111) surface showing a reconstruction [137]. The reconstruction of the Au(111)
surface is extremely peculiar, as can be seen in the STM image shown in Fig. 4.2a.
Described by a [n ×

√
3] unit cell, containing 2n + 2 atoms with n = 22 ± 1, it is

usually called “herringbone”-reconstruction, since it is made of zigzag lines evolving
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along the equivalent [112] directions of the surface. The most accepted explanation
for this effect is a compression along the [110] directions, leading to the alternation
of fcc and hexagonal-closed-packed (hcp) domains. In the fcc domains, the bulk
ABCABC stacking of hexagonal planes is pursued up to the top most layer, those
atoms are the lowest ones with respect to the surface plane. In the hcp domains,
the stacking of the bulk is broken into ABCABA, where the atoms of the last layer
sit on top of the atoms of the third layer. Those two domains are separated by lines
of atoms raised with respect to the surface plane that are responsible for the clear
contrast observed in STM images. The presence of this compression along the [110]
direction can be derived from a simple model, where the nearest neighbor atoms
of the surface are connected by springs and feeling the periodic potential of the
volume of the crystal underneath. Since the top-most layer is not stabilized by the
other half of the crystal, the surface atoms are brought together, inducing a higher
density of atoms in the top layer [137]. This effect is energetically competing with
the volume underneath that tends to pursue the fcc stacking, and a compromise is
found in the creation of this typical reconstruction. This compression can basically
occur in the three equivalent [110] directions, and because the periodic change in
the compression directions minimize the anisotropy of the stress tensor and thus the
total energy of the surface [138], the “herringbone”-pattern appears.

As discussed in the previous section, the Au(111) surface also shows a surface
state. In Fig. 4.3a, a calculated band structure of gold is shown [139], with a clear gap
in the [111] direction beginning less than 1 eV below the Fermi-energy. As confirmed
by photoemission experiments, a surface state is present at about 500meV below EF.
At such an energy, this surface state can be measured by STM [140] [Fig. 4.3b]. The
STS spectra reveal a clear step-like shape, in accordance with the density of states
expected for a nearly-free two-dimensional electron gas. The difference reported for
spectra taken on the fcc and hcp sites highlights the influence of the reconstruction
on electronic properties of the surface. The continuous decrease of STS signal with
increasing bias voltage can be explained with the ideas presented in section 1.3.3
concerning the effects of band-structure on tunneling probabilities: The electrons
tunneling at higher energies have a higher k-vector parallel to the surface and thus
a lower tunneling probability.



70 4.3. Graphene

b)a)

Figure 4.3: a) The Band structure of Au(111), as calculated in [139], with the characteristic
parabolic dispersion from the surface state in the gap located at the Γ point b) STS measure-
ment performed on hcp- and fcc- sites of the “herringbone”-reconstruction. [140] The onset of
the density of states is clearly visible at about -500meV.

4.3 Graphene

Graphene is a 2-dimensional layer of covalently bound carbon atoms arranged in
a honeycomb lattice structure as depicted in Fig. 4.4a. As a fundamental building
block for several carbon allotropes such as carbon nanotubes or graphite, graphene
retained enormous attention in the last decade because of its rare physical properties.
Its peculiar band-structure was already calculated in the 1950’s aiming at a better
understanding of graphite [141]. In the 1970’s LEED experiments revealed that such
a passivating periodic layer forms on some metallic substrates after annealing, so
that it’s removal was part of the usual cleaning procedure [142]. Since graphene was
finally isolated by Geim and Novoselov in 2004 [143], it rapidly attracted enormous
attention from the scientific community, because of its unique electronic properties
and potential applications [144].

Graphene shows ballistic transport up to the µm scale, in relation with an ex-
tremely high mobility of charge carriers [145] compared to usual semiconductors.
With transport properties governed by massless particles, this material offers the
possibility to observe the quantum hall effect even at room temperature [146], as
well as to answer fundamental questions concerning the tunneling of relativistic
electrons through potential barriers [147]. Furthermore, this material provides ex-
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Figure 4.4: a) Honeycomb lattice structure of graphene resulting from the sp2 hybridization.
The unit-cell is defined by the unit vectors a1,2 and comprises two equivalent lattice points. b)
As a consequence of the superposition of two hexagonal lattices in real space, the reciprocal
lattice is also hexagonal, with unit vectors b1,2 but made of non-equivalent points: Because
the cell defined in a) is not primitive, the first Brillouin zone is also hexagonal but does not
have the symmetry of the reciprocal lattice and is delimited by the inequivalent K and K ′
points.

perimentalists with an intrinsic 2D-electron gas which is much easier to produce and
to manipulate than the ones based on the realization of semiconductor heterojunc-
tions. Because of its low density of states, its transport properties are very sensitive
to any change in its environment. And since the electronic noise of graphene-based
devices is very low, it becomes possible to detect the adsorption of single molecules
through the change induced in the local carrier concentration [148]. Sensitive to a
multiple field-effect of different natures, graphene even enables detecting the mag-
netization reversal of molecules grafted on it [149]. Since graphene is one of the
main substrates used in this work, this section aims at presenting a few aspects
of graphene, playing a role in the later interpretation of the measurements. This
section is divided in three parts: First different ways of isolating single layers of
graphene are listed, second its major electronic properties are derived, and third a
few STM experiments performed on graphene are presented.
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4.3.1 Graphene preparation

4.3.1.1 Graphene from graphite

Since graphite is made of a stacking of graphene layers, this is clearly a natu-
ral raw material for obtaining graphene. The first attempt that was successful in
isolating single-layer graphene and probing its electronic properties was based on
the exfoilation [143]: A thin layer of graphite is removed from the graphite crystal
and pressed on an isolating substrate, typically 300 nm SiO2/Si. Subsequent char-
acterization under the optical microscope or µ-Raman reveals flakes of single layer
graphene up to a few µm large, which can be electrically contacted by standard
lithography methods. Following the same idea, graphene flakes can be found on top
of a graphite crystal: Dislocations introduced by the cleaving of the crystal or a
droplet of solvent lead to the breaking of the standard ABAB stacking periodicity
of graphite. This can be easily probed by STM: Because of the underlying graphene
planes, the honey-comb structure cannot be imaged on graphite since the equiva-
lence between two atoms of the unit-cell is not preserved [see section 4.3.2]. However
this equivalence can be restored if a plane is rotated with respect to the underlying
layer. Since the whole substrate is conductive, this method is not suitable for the
characterization of graphene based on transport properties. Nevertheless the elec-
tronic properties of the graphene flake can be locally probed by STM with atomic
resolution showing the expected honey-comb lattice [Fig. 4.7a]. Remarkably, STS
performed in magnetic field shows a characteristic Landau-level sequence [Fig. 4.7b]
as discussed in the following.

4.3.1.2 Graphene from carbon-containing materials

6H-SiC crystals are made of alternating Si and Carbon layers covalently bonded
to each other. Sublimation of the Si atoms can be obtained by thermal annealing
of the crystal. This effect is known since the 1970’s [150]. The first carbon layer
formed this way strongly interacts with the Si atoms underneath and acts as a
buffer layer, while the second layer reveals intrinsic graphene properties: Intervalley
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scattering [151], and Landau-level structure in magnetic field [152] have been for
instance observed with an STM. Carbon is also a common impurity of metallic
single crystals since annealing of metallic substrates leads to a segregation of the
carbon atoms toward the surface, where they reorganize as graphene [142].

4.3.1.3 CVD growth on metals

The different methods listed above lead to the formation of layer of graphene with
in some cases very good structural quality, but are limited in size and/or in the choice
of the possible substrates. Chemical vapor deposition allow growing large graphene
layers on various metallic substrates like Cu(Polycristalline), Ni(Polycristalline),
Ni(111), Co(0001), Ir(111), Ru(0001), Rh(111), Pd(111),Pt(111) [153]. Graphene
is created by thermal decomposition of organic molecules deposited on the metallic
surface (for example propen, sugar or even organic waste [154]). The use of inex-
pensive Cu or Ni foils enables transferring onto any possible substrate after etching
of the metallic substrate, making this method suitable for large scale commercial
applications [155]. There is in principle no limitation in the size of the multi-domain
graphene layers grown this way.

4.3.2 Electronic properties of graphene

Carbon (electronic configuration: [He]2s22p2) has four valence electrons. In the
graphene configuration, a sp2 hybridization occurs so that three valence electrons
make strong 140 pm long covalent σ bonds with the neighboring atoms. The typical
hexagonal honeycomb lattice of graphene originates from this spatial arrangement
of the bonds [see Fig. 4.4a]. The remaining electron – the pz electronic orbital for the
isolated carbon atom – is responsible for the electronic properties of graphene. When
all the pz orbitals of the crystal are put together, they evolve in two π-bands [see
Fig 4.6]. The degeneracy of the π-bands comes from the fact that the graphene unit-
cell contains two atoms and explains its peculiar electronic properties. The unit-cell
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defined here is the one of the hexagonal system. Since it contains two atoms, thinking
in terms of reciprocal space, the Brillouin-zone resulting from the definition of such
a unit-cell is two times too small to contain all physical information. That is why
a degeneracy is introduced, or in other words a second degree of freedom: The first
Brillouin-zone contains states with two different possible pseudo-spins, making them
orthogonal to each other. The reciprocal lattice of graphene is depicted in Fig. 4.4b.
It is very similar to the reciprocal lattice of a hexagonal system, but because of the
different unit-cell, a phase factor appears making the point of the reciprocal lattice
nonequivalent. Let us describe the graphene lattice as a convolution of a hexagonally
arranged two-dimensional Dirac comb and the two dirac peaks describing the unit-
cell. The reciprocal space results from the product between the Fourier-transform
of the Dirac comb –again a hexagonal two-dimensional Dirac comb– and the Fourier
transform of the pattern consisting of a certain phase modulation. Therefore the
Brillouin-zone defined here does not have the hexagonal symmetry, and is made of
non-equivalent K and K ′ points.

In order to calculate the dispersion relation of the π-bands, the tight-binding ap-
proach was used by Wallace in the 1950’s [141]. See [156] for a commented derivation
of the work performed by Wallace and [157] for a review about the electronic prop-
erties of graphene. Bloch-waves can be built as a combination of all pz waves from
the atoms constituing an infinite graphene sheet, and a Hamilton operator for a
single electron in the total periodic potential of all the carbon atoms can be consid-
ered. This eigenvalue problem can be simplified considering only a small overlap γ
between the orbital of next neighbors and finally, the dispersion relation follows:

E(kx, ky) = γ
√

1 + 4 cos2(πkya) + 4 cos(πkya) cos(πkx
√

3a).

This result is plotted in Fig. 4.5a. A symmetric (asymmetric) combination of the
eigenstates corresponds to a positive(negative) energy and builds the anti-bonding
(bonding) π-band. Those two bands join at the K and K ′ points of the Brillouin-
zone at E = 0, called Dirac point. Since there are two electrons per unit-cell for
neutral graphene, the band structure is filled up to the Dirac point. Zooming into
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Figure 4.5: a)Band structure of Graphene E(kx a0,ky a0)
γ : The filled and empty π-bands meet

at the Dirac points K and K ′ that delimit the first Brillouin zone. b) A zoom into the region
around a K -point shows the typical shape of a dirac cone.

the region of the Dirac points shows the so-called Dirac cones [Fig. 4.5b] and the
dispersion relation can be expanded around these points as:

E(~q) = ±~vF|~q| with ~k = ~K + ~q

or in other words, a linear relation between energy and wave vector. With an effective
mass equal to zero, the charge carriers at the Dirac point behave as relativistic quasi-
particles. Another interesting aspect of these Dirac cones is that opposite sides of the
cones correspond to eigenvectors with orthogonal wave functions, which prohibits
back-scattering. This is one explanation for the high mobility observed in graphene
and carbon nanotubes.

As a two dimensional electron gas, the density of states of graphene per unit cell
can be expressed as:

ρ(E) = 2E
π~2v2

F
.

A factor of 4 has to be taken into account here when integrating the dispersion
relation, because of the spin and the fact that there are actually six third of a cone
in the first Brillouin zone.
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Figure 4.6: a) DFT calculations from [158], the π and π? bands govern charge transport at
the Fermi-level b) Landau-level sequence of graphene compared with the classical 2D-electron
gas. Taken from [144]).

As an indirect proof that the transport properties are governed by massless
particles, a half integer quantum hall effect has been observed in graphene [159].
When a magnetic field B is applied, the density of states above is not valid anymore:
The wave-vectors k are not good quantum number anymore for describing the system
and the charge carriers condensate onto Landau levels (LLs) [see Fig. 4.6], whose
position in energy for the particular case of graphene is given by:

EN = N

|N |

√
2e~v2

F|N |B

with N an integer value denoting the number of the considered LL.

4.3.3 STM/STS experiments performed on graphene

Providing information about the structure of surfaces in real space as well as
about their electronic properties, STM measurements performed on graphene could
probe its properties on various substrates in a complementary way to the transport
measurements. For a review on STM experiments performed on graphene, please see
[160, 161]. Since performing STM on free-standing graphene is extremely challeng-
ing, most experiments were performed on graphene deposited on substrates. The



Chapter 4. Surface physics 77
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Figure 4.7: a) STM topographic image of graphene on graphite showing the honeycomb
lattice b) STS measurement taken at 4.2K at B=0T revealing a V-shaped density of states
b) The same STS measurement performed in magnetic field B=4T. The Landau levels are
clearly visible. Taken from [161].

choice of the substrate is quite crucial in order to minimize substrate-graphene inter-
actions and to preserve graphene intrinsic properties. If the dirac-cone structure is
quite robust upon strain [162], resulting mainly in a change in vF, it appears however
clearly from the section above that the equivalency of both atoms from the unit-cell
is primordial. Because this equivalency is not preserved in bilayer-graphene, a small
conduction gap appears [158] and similarly h-BN, an analogue material with the
same honey-comb lattice but with different B and N atoms per unit cell is a non
conductive material [161].

As the first substrate it was isolated on graphene on SiO2 is also appropriate
for STM measurements [163]. Furthermore the use of an insulating substrate allows
for the implementation of a gate electrode tuning the charge carrier concentration.
Locating µm large graphene flakes on an insulating substrate can be quite chal-
lenging however and interesting techniques have been developed to overcome this
problem, based on the capacitance between tip and sample [164]. Trapped charges
in the SiO2 lead to large random potential fluctuations that locally change the sign
of the doping of the graphene layer [165] and make it impossible to observe the
signature of the LLs. The use of chlorinated SiO2 thermal oxide helps to limit
this problem and to recover the LLs structure at high B-Field [166]. Introducing
thin boron nitride (BN) layers between graphene and SiO2 allows for a suppression
of these perturbations [167]. Graphene grown on metallic substrates can reveal a
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high-quality graphene structure and allows for a complete in-situ preparation but
the electronic properties often are strongly affected by the presence of the highly
delocalized metallic electrons. Landau level spectroscopy was not successful until
now on metallic substrates. Furthermore as discussed in section 1.3.3 STM mea-
surements are mostly sensitive to the Γ-point of the reciprocal space of the surface,
i.e. electrons moving toward the surface. Since graphene does not have any state in
this area of the reciprocal space at EF, STM measurements are possibly dominated
by the electron-states of the metallic substrate underneath. Intercalating a buffer
layer between graphene and the metal may be a solution to this problem. Up to
now the complete set of electronic properties of graphene was successfully probed
by means of STM for graphene on graphite [168], or on SiC [169].



Part II

Preliminary Work





The aim of the present part is to both get familiar with STM related techniques
from an experimental point of view, and to present the various substrates being used
in the third part of this work for the deposition and study of molecules. It is divided
in two chapters.
Metallic substrates are presented first. The concepts of surface physics such as
reconstruction, surface state and Friedel oscillations presented in the first part of
this thesis are illustrated, on the basis of STM experiments performed on the Au(111)
and Cu(111) surfaces. Limitations in the energy resolution of STS experiments is
discussed, based on the measurement of superconducting gaps.
The goals of the second chapter of this part is to focus on the characterization of
graphene layers by STM experiments. Results of graphene deposited on metallic,
semiconducting, and superconducting substrates are presented.





Chapter 5

First tests

5.1 The Au(111) surface

Au(111) single crystals are commercially available. The one used in this work
was purchased from Mateck (Jülich, Germany). A cleaning procedure is mandatory
prior to surface characterization with the STM. The crystal is cleaned by several
cycles of sputtering with 1500 eV Ar+ ions (pAr = 5·10−5 mbar) while held at room
temperature and subsequent annealing at 600 ◦C allowing a recovery of a flat surface.
For STM/STS experiments presented in this work, tungsten tips were used. The
tips were made out of a tungsten wire etched in an NaOH solution, and the quality
of the tip apex was checked with an electron microscope. Prior insertion into the
STM head, the tips were flashed-annealed in vacuum to remove contaminants and
oxides from the tip apex.

A large scale STM topographic image (200×200 nm2) reveals several 100 nm wide
terraces separated by mono-atomic steps [see Fig. 5.1]. Since gold crystallizes in a
fcc structure with lattice constant aT=300 K = 407 pm according to x-ray diffraction
measurements[170], the distance between two (111)-planes is expected to be of about
407 pm√

3 ' 235pm at room temperature. Neglecting the thermal expansion of the
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Figure 5.1: a) Line profiles extracted from b. Monoatomic steps on the Au(111) surface.
Herringbone reconstruction: Compression of the atomic structure of the surface in the

[110] direction. b) STM topographic image: 200×200 nm2, 0.5 V, 600 pA, T =3.8K.

gold crystal and the relaxation occurring for atomic layers close to the surface, the
response of the z−piezos was calibrated in such a way that gold steps have an
apparent height of 235pm at 10K. Since the sensitivity of the piezos is reduced
when the temperature is decreased, a higher piezo-voltage has to be applied at 3.8K
than at 10K to overcome an atomic step. This may explain why the apparent height
measured in figure 5.1 is slightly higher than the calibrated value. As highlighted
by the line profile extracted on a terrace [see Fig. 5.1a], the periodic oscillation
of the topography resulting from the “herringbone”-reconstruction introduced in
section 4.2 can clearly be resolved by STM with a typical amplitude of 15 pm. This
alternation of hcp- and fcc- stacking results in the formation of lines propagating in
the three directions equivalent to [112] of the (111) surface. A change in the direction
of the lines results in the formation of a kink or elbow. Furthermore, since the
formation of atomic step is promoted in directions maximizing the densities of next
neighbors, like the low-Miller indices [110] equivalent directions, the lines resulting
from the herringbone reconstruction are likely to be perpendicular to the atomic
steps. Another remarkable feature present in figure 5.1 is the presence of atomic-
scale clusters on a large majority of the elbows. As will be shown in the following
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hexagonal periodicity of the atomic organization of the surface can clearly be recognized here.

section 7.2, the elbow of the herringbones reconstruction constitutes a preferred
adsorption site for contaminants and molecules.

Figure 5.2b shows an STM topographic image taken at a larger tunneling current
and low voltage bias. The reduced distance between tip and sample helps here to
resolve a periodic modulation of the topography with an amplitude of 2 pm that is
superimposed to the modulation originating from the reconstruction [see Fig 5.2a].
This modulation of the topography is assigned to the localization of the electron
clouds around the gold atoms: the fast Fourier transform of the STM image depicted
in figure 5.2c reveals indeed the hexagonal spatial organization corresponding to
the atomic structure of the (111) surface. If relaxation effects in the inter-atomic
distance of the gold top most layer are neglected, the sensitivity of the xy−piezos can
be calibrated so that this modulation appears with a periodicity of 407 pm√

2 ' 288pm.
Furthermore fcc and hcp sites of the herringbones reconstruction can be adressed
according to section 4.2 [see Fig 5.1a,b].
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dVbias
-signal recorded together

with b) (Vmod=10mV, fmod=5kHz). Friedel oscillations can be seen at the step edges.

Scanning tunneling spectroscopy(STS) performed on fcc and hcp sites [see Fig. 5.3a]
reveals a step-like increase of conductivity. Such a structure is characteristic for the
density of states of a two dimensional electron gas[132] and can be attributed to
the presence of a surface state [see section 4.1]. This is typical for the surface state
present on the (111) surface of noble metals like Au, Cu and Ag[171]. In the STS
spectrum recorded here, the energy position of the step at -0.5 eV coincides indeed
with the onset of the surface state[139]. In accordance to the literature, site-resolved
spectroscopy reveals a slight difference between fcc and hcp sites[140].

Moreover spatial oscillations of the density of states of the surface at a certain
energy can be recorded when dIt

dVbias
-mapping is performed at the corresponding bias

voltage [for example -0.25 eV as depicted in figure 5.3c]. Clearly some oscillations
are present parallel to the step edges. Such a pattern can be explained in terms
of Friedel oscillations [see section 4.1.1]. Since on one side of a step edge a plane
of atoms is abruptly missing, the electrons from the surface state feel a negative
charge that has to be screened, resulting in an spatially oscillating density of states
on the surface. The period of these oscillations is directly related to the wave
vector of the electrons. This oscillating pattern appears thus clearly in the dIt

dVbias
-

signal to which only the electrons at the energy Vbias contribute with only one wave
length. On the concomitantly recorded topographic signal depicted in figure 5.3, all
electrons between EF and Vbias contribute, all with different wave-lengths, giving
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rise to a rapidly damped oscillating pattern. Recording such dIt
dVbias

-mapping for
different energies allows extracting the relation between energy and wave-length
and thus reconstructing the dispersion relation of the surface-state. Because it does
not exhibit a surface reconstruction inducing supplementary perturbations in the
electronic properties of the surface, the Cu(111) surface presented in the following
section is well-suited for such an experiment. In this respect Au crystals are quite
an exception among metallic substrates.

5.2 The Cu(111) Shockley surface-state: Friedel
oscillations

Copper and gold crystallize both in a fcc symmetry and have similar melting
temperatures and mechanical properties. The surface of the Cu(111) single crystal
is cleaned in a similar way to Au(111) with the same several cycles of sputtering
and annealing introduced in the previous section. STM imaging reveals flat terraces
with no reconstruction.

Figure 5.4c shows a step edge recorded at Vbias = 0.1V. The corresponding line
profile depicted in figure 5.4a reveals a rapidly damped small oscillation in the direct
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vicinity of the step. This nicely illustrates how the z−signal measured with an
STM results from both electronic properties and the intrinsic topography. The
fast damping of the oscillation can be explained by the simultaneous contribution
to the tunneling current of electrons with energies between Vbias and EF and thus
different wave-vectors so that the z− signal rapidly averages to a constant value.
Because the dIt

dVbias
-signal focuses only on the narrow energy domain e(Vbias ± Vmod),

an oscillation over a much larger distance can be observed [see Fig. 5.4a,b]. The
damping of such an oscillation is usually discussed in terms of phase-relaxation
length: the distance charge carriers propagate on the surface before losing their
phase memory and capability of interfering with each other. A quantitative analysis
of such a profile as depicted in figure 5.4a is thus possible [172], revealing insights on
the finite lifetime of electrons and thus the inelastic processes present on the surface.

In the following, the possibility to extract the dispersion relation from such in-
terference patterns is discussed. As mentioned in section 4.1.1, a Fourier-transform
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of STM images recorded at low bias directly gives an image of the two-dimensional
surface of the Fermi contour [133] in the case of surface states exhibiting the behav-
ior of quasi-free electron gas. Apart from the step edges, several other scattering
point-shaped centers are visible in figure 5.4b, giving rise to ring-like expanding os-
cillations. Possible scattering centers are contaminants with a different chemical
nature than copper, or missing Cu atoms. A dIt

dVbias
-mapping taken on a terrace

and an extracted line-profile are shown in figures 5.5a and b. Because of the point
symmetry of the scattering pattern, a fast Fourier transform of this dIt

dVbias
-mapping

appears as a ring, proving that the density of states of the electrons is oscillating with
a well-defined frequency [see Fig. 5.5d]. This Fourier transform can be integrated
over θ as 2πλ

∫ 2π
0 FFT ( dI

dV
)dθ, where the 2πλ factor ensures the suppression of the

1
f
noise-background usually present in STM images. This reveals as shown in fig-

ure 5.5c a clear peak at a certain wave-length. The accurate value of this wavelength
is determined by fitting a Lorentzian curve. STM measurements are sensitive to |Ψ|2

which oscillates two times faster than the sum of the interfering wave-functions Ψ.
The wave-length of the oscillations corresponds thus to 2 · k(eVbias ≡ E), k being
the wave-vector of the electrons contributing to tunnel transport (k = 2πλ). As
mentioned by Petersen et al., if the surface state clearly provide the preponderant
contribution to the tunnel transport at the energies considered here, contributions
from bulk electrons may also be found [173].

The right-hand panels of figure 5.6 show how the interference pattern observed
in the dIt

dVbias
-mappings evolves when the bias voltage is varied, i.e. depending on the

energy of the electrons contributing to transport. Applying the method described
above for different voltages allows reconstructing the dispersion relation E(k) of
the two-dimensional electron gas. The quadratic behavior expected for a quasi-free
electron gas is reproduced here as E(k) = ~2k2

2m? +E0, wherem? stands for the effective
mass of the electron and E0 the onset of the surface state. A value of m? = 0.43m0

is extracted, where m0 is the mass of the free electron in vacuum. This value of the
effective mass is quite close to the literature value of 0.38m0 [135] extracted by the
same method and 0.41m0 measured by photoemission experiments [174, 175]. The
onset of the surface state E0, extracted from the quadratic fit, nicely coincides with
the position of the increase of the conductivity ¶ observed in STS measurements.
This confirms the possibility of a direct probing of the surface state by recording
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-mappings presented here were measured

together with David Heese in the context of his Diploma Thesis [176].

dIt
dVbias

characteristics. Moreover the value of E0 = −438mV found here also coincides
with the photoemission measurements.
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5.3 STS resolution: Superconductivity

As shown in the previous sections, STM and STS experiments are powerful to
probe electronic properties of metals around EF. The aim of the present section
is to discuss the energy resolution of such methods, i.e. its ability to resolve small
spectroscopic effects. The experiments presented in this section were performed to-
gether with Lars Müller and a more detailed analysis of the measurements can be
found in his Bachelor thesis [177]. Low bias STS measurements performed on Pb
nano-islands on Ir(111) are first presented. The Ir(111) single crystal was cleaned
by repeated cycles of Ar+ sputtering while keeping the sample at room temperature
(pAr = 5·10−5 mbar, 2 keV), flash annealing at about 1900K, followed by annealing
in an oxygen atmosphere (pO2 = 1·10−7 mbar) at about 950K and subsequent flash
annealing to about 1900K. High temperature flash annealing is required here be-
cause of the high melting point of iridium. The choice of an iridium substrate is
motivated by the possibility to easily clean it from the lead islands after the ex-
periments, since the annealing temperature of such a substrate can largely exceed
the melting point of lead. A film of 10 nm lead was deposited by thermal evapora-
tion onto the clean Ir(111) surface, the deposition rate being monitored by a quartz
balance. STS topographic images reveals a corrugated surface made of clusters or
grains with various sizes between 10 and 30 nm width, as can be seen in figure 5.7.
Several experiments on such superconducting objects with low dimensions have been
reported in the literature, showing interesting effects when the size of the grains is
smaller than the coherence length of the bulk superconductor (ξ = 83 nm for bulk
Pb), such as quantum size effects and type II superconductivity [178]. Interestingly,
superconductivity persists down to thin films of 2ML Pb on Si(111) [179] with a
critical temperature of Tc = 3.65K, compared to the 7K of bulk Pb [180].

As introduced in sections 1.3 and 2, low bias spectroscopy performed at low tem-
peratures on the superconducting lead clusters reveals the density of states of the
quasi-particle excitations. Such STS measurements were performed at different tem-
peratures, and figure 5.8a nicely shows how both the size of the superconducting gap
∆ and the energy resolution decrease with the temperature, up to the critical temper-
ature Tc ' 5K where the superconducting gap clearly disappears. The experimental
data can be fitted according to the BCS theory, where an extra parameter Γ is in-
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troduced to account for the finite lifetime of the excitations, also known as Dynes
parameter [181]. This correction is especially meaningful in the case of Pb, where
the strong electron-phonon coupling limits the lifetime of the quasi-particles [182].
Finally the STS measurements can be described by a double convolution between the
density of states of the quasi-particle excitations with finite lifetime, the broadening
induced by the lock-in amplifier and the one induced by the Fermi-distribution:

ρ(E) = E − iΓ√
(E − iΓ)2 −∆2

∗ Lock-in(E,Vmod) ∗ df(E, kBT )
dE

.

During fit procedures, ∆, Γ and Vmod were the parameters being optimized. Aside
from the area in the immediate vicinity of the peaks of the quasi-particles excita-
tions, the BCS fits nicely describe the conductivity of the tunneling contacts.
Moreover the extracted superconducting gap follows the empirical rule ∆(T ) =
∆0

√
cos

(
π
2 ( T

Tc
)2
)
describing the temperature dependence of the superconducting

gap [183], as can be seen in figure 5.8b. The width of the superconducting gap
extracted from the fit is 1.27mV and therefore slightly smaller than the ex-
pected value of 1.35mV for bulk samples [180]. The critical temperature of 5K is
also significantly smaller than the temperature at which bulk lead start to show
superconducting behavior. Moreover those superconducting properties were site-
dependent, i.e. depending on the probed Pb-grain, different values for ∆0 were
extracted. A reduction of the value of Tc and ∆0 with the volume of the grains has
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been reported [184]. Such an effect can be explained in terms of quantum size effect
inducing an oscillation of the grain density of states at EF [185] or a transition from
a strong to a weak electron-phonon coupling [186]. In comparison, measurements
performed on thin 10 nm Pb films on Si(111) reported a critical temperature of
Tc = 6.5K and a gap of ∆0 = 1.2mV [187]. For such a thickness, the influence of the
substrate is certainly negligible. However the slightly different values obtained here
can be explained by the inhomogeneous grain-like grow of lead on Ir(111), leading
to the observation of different gap-widths depending on the position at which a STS
spectra are recorded.

In order to analyze the exact influence of the lock-in excitation on the appear-
ance of STS spectra and its consequences in terms of energy resolution, a row of
STS spectra were acquired on a Pb grain at T =2.9K for different values of the
lock-in excitation Vmod. As shown in figure 5.9a, an increase of the lock-in excitation
has a similar influence as an increase of the temperature with a rapidly vanishing
superconducting gap. A BCS fit of the measurements was performed with the am-
plitude of Vmod as a free fitting parameter. As depicted in figure 5.9b, this extracted
value of Vmod appears to be proportional to the real lock-in excitation with a factor
slightly smaller than '

√
2 corresponding to the Amplitude to RMS-signal conver-
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mod
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sion. However, for small excitations, a constant value of about 1.2mV is extracted,
corresponding to a lower limit to the energy resolution of this STM. As already
mentioned in section 2, several effects can degrade the resolution and explain the
limitation observed here. According to the literature, a better shielding of RF-
frequency noise down to the tunneling contacts has been successfully implemented
for resolving superconducting gaps [188]. The energy resolution of this STM may be
slightly improved by a better filtering, in order to try to reach the physical 4kBT

limit of 0.56mV at T =1.7K.

5.3.1 Deconvolving the tip-density of states

In the following the problem of deconvolving the density of states of the tip from
an STS measurement is discussed, taking a superconducting gap as an example.

1The σtot =
√
σ2

a + σ2
b relation is only valid for the variance of two convolved Gaussians. Its

use in this case is only indicative and mathematically not correct for the lock-in transfer function,
which is a semicircle.
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As discussed in section 1.3, the conductivity of a tunneling contact depends on the
density of states of electrons contributing to transport in both electrodes: The
density of filled states in one electrode that can tunnel into a certain density of
empty states in the second electrode, depending on the sign of the bias applied.
According to equation 1.9 the conductivity of the tunneling contact can be described
by a convolution of both densities of states (ρtip and ρsample):

It = 2πe
~

∫ +∞

−∞
ρtip(E)ρsample(eVbias−E) [f(E,T )− f(eVbias − E,T )] T (E, eVbias)dE.

Several approaches have been proposed to deconvolve and recover the densities
of states of both electrodes out of STS spectra. When no information is available
neither about the densities of states of the tip, nor about the one of the sample, a
numeric iterative self-consistent method has been developed by Koslowski et al. It
is based on successive approximations of ρtip and ρsample, describing distinct spectra
recorded for sufficiently different tip-sample separations [189, 190, 191]. However, if
a reasonable approximation can be made about one of the electrodes, its density of
states being non zero for every energy, the density of states of the other electrode
can be mathematically deconvolved out of equation 1.9 for constant transmission
probability T (E, eVbias), as proposed by Wahl et al. [192].

This method has been applied on low-bias STS measurements performed on
NbSe2. As a prototypical two-dimensional s-wave superconductor, NbSe2 exhibits a
critical temperature Tc=7.0K [193]. Because of the possibility to grow large single
crystals which can be easily cleaved to produce atomically flat and inert surfaces,
such a material accompanied the development of the STM, offering a substrate
which can be atomically resolved on air [194, 195]. The triangular lattice of the
Se atoms is usually resolved with a lattice constant a = 3.45Å. STS performed
at low temperatures reveals a superconducting gap below 7.0K with ∆ ' 0.7 −
1.4meV [196]. This gap exhibits in space an Abrikosov flux lattice upon application
of a magnetic field [49], being periodically disappearing.

STS measurement performed at T =2.2K indeed reveal a gap-like feature at EF

as depicted in figure 5.10. A slight asymmetry can be noticed in the way the quasi-



96 5.3. STS resolution: Superconductivity
dI

t
dV

bi
as

dI
t

dV
bi

as

∣ ∣ ∣ V
bi

as
→
∞

Vbias (mV)

STS at 2.2K

STS at 7.4K
deconvolved STS at 2.2K

BCS fit

BCS fit

0
0.2
0.4
0.6
0.8
1

1.2
1.4
1.6

-8 -6 -4 -2 0 2 4 6 8

Figure 5.10: Low bias STS spectra recorded on NbSe2 at 2.2K and 7.4K. A superconducting
gap is clearly visible at low temperature, which can be fitted according to the BCS theory
(∆ =1.49mV, Γ =0.07mV, χ2=0.22). If considering the sample density of states to be
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parameters: Vbias=7mV, It =350 pA Vmod=0.8mV.

particle excitations are resolved, so that the symmetric BCS fit cannot describe
the behavior. It is assumed now that an STS measurement taken at T =7.4K > Tc

only reflects the inverted density of states of the metallic tip, Both the extra thermal
broadening and the possible presence of charge-density waves in the top-most NbSe2

layer [196] are neglected. Inverted means that empty tip states are probed at positive
Vbias, contrarily to empty sample states. Using this measurement, the sample density
of states at 2.2K is deconvolved from the original STS measurement. The symmetry
of the signal appears to be partially restored, revealing a BCS-like superconducting
gap. A BCS-fit performed on this deconvolved spectrum shows a better mean
square error than the original spectrum (χ2 = 0.07 < 0.22). However it has to be
noticed that the extracted value of the superconducting gap ∆ is slightly larger than
values reported in literature [196].
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Graphene

6.1 Graphene on Ir(111)

As introduced in section 4.3 the epitaxial growth of graphene on metallic sub-
strates is now an established procedure to obtain high-quality graphene on a large
scale. However, because of the presence of highly delocalized electrons in the imme-
diate vicinity of the graphene layer, the interaction between the graphene layer and
the substrate cannot be neglected. It is still questionable if the intrinsic properties
of the free-standing graphene layer are preserved when lying on a metallic substrate.
Furthermore a moiré pattern due to the lattice mismatch between the graphene and
the substrate upper-layer can be observed by STM for graphene on most metal sur-
faces it can be grown on like Ir(111), Rh(111), Ru(0001) and Cu(111) [197]. This
moiré pattern consists of a spatial modulation of the interaction strength between
graphene and the substrate, resulting in both a spatial modulation of the topog-
raphy of the surface and its electronic properties [198]. This effect has moreover a
clear influence on the adsorption of molecules as will be discussed in section 8.2.

Prior to graphene growth, the Ir(111) single crystal is cleaned following the
procedure of sputtering, flash-annealing and O2-treatment described in details in
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section 5.3. Graphene was prepared by thermal decomposition of propene gas, fol-
lowing and combining the so-called temperature programmed growth (TPG) and
CVD methods as proposed by Coraux et al. [199]. The clean Ir(111) single crystal
is exposed to a pressure of 1 · 10−7 mbar of propene gas for 1.5min at room temper-
ature and directly after this flash annealed for 20 s at a temperature of 1000K. This
TPG procedure is repeated twice and a subsequent CVD process (30min annealing
at 1300K under propene atmosphere) results in a complete coverage of the Ir(111)
surface with a monolayer of high quality single domain graphene. The quality of
the graphene surface over macroscopic distances is checked by Low Energy Electron
Diffraction (LEED). LEED experiments reveal that the Ir(111) sample is completely
covered by R0-graphene domains, where one axis of the graphene unit-cell is aligned
with the dense packed direction of Ir(111).

Large scale STM images of the freshly prepared graphene on Ir(111) grown by
CVD reveal homogeneous high-quality and almost defect-free graphene that covers
Ir(111) terraces and step edges in the carpet-like mode. At relatively large bias
voltages and small tunneling current, the moiré pattern appears in the so-called
bright-atop contrast, i.e. an hexagonal lattice with a periodicity of about 2.5 nm and
a corrugation of about 10 pm as depicted in figure 6.1c and d. Three different regions
of the moiré unit-cell can be identified depending on the position of a graphene
carbon ring with respect to the underlying Ir(111) layers: fcc, hcp and atop as
depicted in figure 6.1b. The fcc and hcp positions are similar with respect to the
very first layer of Ir atoms, and the second layer has to be considered to distinguish
them. They can be seen as a locally pursue of the stacking sequence of the fcc Ir(111)
substrate, placing the center of a carbon ring on a hollow site of the top most layer of
the Ir(111) surface, i.e. on top of an atom of the second (third) layer in the hcp (fcc)
case. In the atop region, the center of a carbon ring is sitting directly above an Ir
atom, leading to a locally larger graphene-Ir(111) distance and to the observed moiré
pattern. This topographic modulation of the graphene layer has been confirmed by
AFM measurements and calculations [198, 200]. The distinction between fcc and
hcp is made in figure 6.1c according to the work of N’Diaye et al. [201].

As mentioned by several authors [199, 197], the moiré contrast resolved by STM
reflects both the electronic properties of the graphene layer and its topography. Ac-



100 6.1. Graphene on Ir(111)

0 2 4 6 8 10 12
position (nm)

5 nmb)
a)

z−
pr
ofi

le
(a
.u
.)

Figure 6.2: a) Line profiles extracted from b). b) STM topographic image of the Gr/Ir(111)
moiré with atomic resolution and spontaneous contrast inversion. The atop-positions are
denoted by a white cross (14×14 nm2, Vbias =1V, It=500 pA, T =10K).

cording to the simple band-bending model presented in the appendixA, the prox-
imity of the Ir(111) substrate with a higher work function than graphene induces a
p-doping in the graphene layer. The reduced distance between the graphene layer
and the substrate at the fcc and hcp positions is likely to locally increase this doping,
resulting in a slightly higher local density of states at these sites. Site-dependent
STS spectra recorded on fcc and atop positions does not reveal the typical v-shaped
density of states expected for the graphene layer. A slight higher density of states
is however indeed observed at low bias on the fcc positions, confirming DFT cal-
culations [200]. This increase of the conductivity of the tunneling contact at low
bias is responsible for the so-called inverted contrast often observed on this system:
The local increase of electrons contributing to transport induces an increase of the
tip-graphene distance in order to keep the tunneling current constant. This increase
can exceed the topographic corrugation of the moiré, making the apparent height
of the fcc and hcp position higher than the atop positions.

Such a phenomenon is usually observed at low bias but can also occur sponta-
neously, as depicted in figure 6.2. Here a sudden change of the STM-tip state induces
a clear and abrupt switch between both contrast modes. This image highlights that
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the effective height measured by STM is a combination of topographic and electronic
contributions. It also proves that the atop and fcc,hcp positions are of different elec-
tronic natures, which will be confirmed by STM measurements performed on cobalt
phthalocyanine molecules deposited on graphene/Ir(111) presented in section 8.2.
At the large bias voltages used in this work for studying molecules, the contrast
of the moiré always appears in the bright atop contrast, where the atop-position is
depicted as an increase of the local height of the surface, corresponding to the real
topography of the surface.

Furthermore, according to the section 1.3.3 in which the effects of the band struc-
ture on the tunneling current are discussed, STM measurements are more sensitive
to the electronic states located at the Γ-point of the reciprocal space than the ones
located at the K-points. For this reason it is not clear if the graphene states that
are solely located at the K-points can be probed unambiguously by STM, when the
graphene layer is sitting directly on a metallic substrate. Metallic substrates usually
indeed have a high density of states located at the Γ-point, possibly dominating the
tunneling current despite the larger distance from the STM tip. This is especially
true if the substrate exhibits a surface state.
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Figure 6.3: a) Line profile extracted from b. b) STM topographic image: graphene flakes on
gold on iridium (235×175 nm2, Vbias=0.5V, It=200 pA, T = 8.6K). This sample was prepared
by Philipp Leicht.

6.2 Graphene on Au(111)/Ir(111)

Tuning the parameters of the TPG procedure discussed in the previous sec-
tion 6.1 leads to the formation of graphene flakes with various and controllable sizes.
A subsequent deposition of gold from an effusion cell, and annealing of the sample,
results in a segregation of the graphene flakes to the surface and finally in the inter-
calation of Au(111) layers between graphene flakes and the Ir(111) substrate [202].
This method has been developed by Philipp Leicht in the course of his PhD thesis.
STM imaging of such a surface [see Fig. 6.3] reveals several free-standing and embed-
ded graphene flakes on Au(111), the gold surface being easily recognizable because
of the typical herringbone reconstruction. Some dark areas are also noticed on the
gold surface, that are assigned to the presence of graphene flakes below the surface,
locally prohibiting the emergence of the surface state and thus resulting in a locally
reduced density of states. As will be shown in section 8.1, depositing molecules on
such a substrate allows a direct observation of the influence of the graphene layer
between Au(111) and molecules, studying the influence of the graphene layer on the
decoupling of molecular states.
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6.3 Graphene on SiO2

The aim of the present section is to introduce the substrate used for the realiza-
tion of a single molecule transistor within the STM: graphene on SiO2/Si. Because
the graphene layer is electrically insulated from the nearly metallic highly doped sil-
icon layer, such a sample allows applying different electrical potential to both layers,
as used in section 9. Part of the measurements presented here were obtained together
with Clara Engesser during her bachelor thesis [203]. Contrarily to substrates used
in the previous sections, SiO2 is a substrate on which graphene cannot be grown
directly. The graphene layer has to be isolated separately first, before being trans-
ferred. Exfoliated graphene produces high-quality graphene flakes, which can be
easily and directly transferred onto arbitrary substrates. However, the limited size
of the flakes –in the range of µm– make them difficult to study since the rough
approach of the STM tip has to be executed optically. If a xy-table is present in
the STM, this problem can be overcome by recording the capacity in a non-contact
mode in order to find out where the flake is before starting the approach [164]. Since
no xy-table was present in the setup used for this work, larger graphene flakes, in
the order of magnitude of several mm2 had to be used. For this purpose, graphene
flakes were grown by CVD on a copper foil and transferred onto the SiO2 substrate.

Such graphene CVD flakes were produced at the university of Basel, by Romain
Maurand, Wangyang Fu and Cornelia Nef by the technique described in the follow-
ing. Monolayer graphene was prepared by annealing of a 25µm thick copper foil
under CH4 atmosphere in a quartz tube furnace with a base pressure of 5·10−2 mbar.
The tube and the Cu foil were first cleaned by annealing under a H2 flow of 10 sccm.
The graphene growth occurred at a temperature of 1000℃ under a CH4/H2 gas flow
of 25/10 sccm. Once the growth is finished, the hydrogen gas flow was kept during
a fast cool down (' 100 ℃

min). The graphene grown on the copper foil could then be
transfered onto any possible substrate. It was done by spin-coating a 400 nm thick
Polymethylmethacrylate (PMMA) layer over the graphene. Since graphene grows
on the both sides of the Cu foil, the graphene on the side not covered by PMMA
of the Cu foil was removed by oxygen plasma. The Cu film was then dissolved in
an iron nitrate solution. Eventually the graphene together with the polymer film
“floated” at the surface of the aqueous solution. After several rinsings with deion-
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ized water the polymer film was “fished-out” using a 300 nm thick SiO2/Si substrate.
The PMMA was removed using acetone and a hydrogen annealing cycle at 400℃.
As noted by several authors and highlighted by the measurements described in the
following, removing this PMMA layer is a crucial step to recover the clean graphene
layer [204, 205]. In addition to the acetone cleaning, this was ensured by an annealing
step at 400℃ under UHV conditions prior to the transfer into the head of the mi-
croscope. In transport measurements, PMMA residues might dramatically influence
the electronic properties of the graphene layer, while in scanning probe techniques,
they may directly prevent a probing of the graphene states. The graphene layer was
electrically contacted by evaporating a Cr(10 nm)/Au(100 nm) electrode through a
shadow mask. An optical microscope image of such a device is shown in figure 6.4.
The presence of the one-atom thick graphene layer can be resolved optically un-
der the appropriate light incidence, because of interferences occurring between the
graphene and the Si layer. Such a layer can be seen in the lower part of the image
and exhibits some cracks and holes. Of course approaching the STM tip in such a
hole will not allow any tunneling current to flow, thus resulting in a crash of the
STM tip. Those holes cannot be seen when the sample is put into the STM head.
Luckily the graphene grown by this method exhibit a quite large relative coverage
so that a success of the approach of the STM tip and the establishment of a stable
tunneling contact is likely to happen.

STM images reveal a highly corrugated substrate, as can be seen in figure 6.5.
The corrugation has an amplitude of roughly 2 nm over 100 nm and corresponds
to the roughness of the amorphous SiO2 substrate underneath [206]. This is very
comparable to previous measurements performed on the same system [163, 207].
Up to this point only the fact that a stable tunneling contact is achieved shows that
a conductive material covers the SiO2 substrate, but no information is obtained
about the actual quality or cleanliness of the graphene layer. dIt

dVbias
-mapping was

performed on distinct areas of the surface as depicted in figure 6.6a, b, c and d. The
figures a and c show the usual topographic signal of the sample, while the images b
and d show the associated dIt

dVbias
-signals. As highlighted by the dashed green lines in

figures 6.6a and b, some correlations are found on some defined areas of the surface
between the topographic signal and the density of states. Resolving such areas on
a smaller lateral scale reveals some molecular objects with chain-like shape that
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Figure 6.4: Optical microscope image of a graphene layer on 300 nm SiO2/Si. A gold electrode
has been evaporated through a shadow mask for electrical contacting. The presence of the
one atom thick graphene layer can be resolved with the optical microscope. The rather poor
macroscopic cleanliness of the sample is directly related to the sample preparation and does
not give any indication concerning the quality of the sample at the atomic scale. Several holes
in the graphene layer can be noticed, explaining why the approach of the STM tip on such a
sample sporadically fails.
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Figure 6.5: a) Corrugation of graphene on SiO2: line profile extracted from b). The high cor-
rugation of the graphene layer can be directly related to the roughness of the amorphous SiO2
substrate underneath. b) STM image (100×100 nm2, Vbias =0.2 V, It =100 pA, T=10K).
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are identified to be PMMA residues, as depicted in figure 6.6e. The presence of
such features both in the topographic signal and the dIt

dVbias
-signal are attributed to

molecular states. On the contrary, zooming into areas where no spatial correlation is
found reveals the atomic honey-comb structure of graphene as shown in figure 6.6f.
It is known that trapped charges present in the SiO2 substrate can locally dope the
graphene layer, inducing a spatial variation of the density of electrons known as
charge puddles [165, 208]. In such a case, the presence of oscillations in the dIt

dVbias
-

signal is solely associated to the presence of charges puddles: the graphene shows
alternating p-doped and n-doped regions, making the realization of experiments
involving the Dirac-point of graphene challenging.

Concomitantly recording both signals in large scale images and avoiding regions
where spatial correlations are found allows thus rapidly identifying large areas –up
to 40 nm2– of qualitatively clean graphene. It is then possible to zoom into such
areas and to decrease the tip-sample distance by increasing the tunneling current
without damaging the STM tip. Such a measurement is shown in figures 6.7a and c.
The presence of the atomic resolution despite the large corrugation is highlighted by
the FFT of the topographic image, showing the typical six-fold periodical structure
of the surface associated to the honey-comb lattice. A small scale image is depicted
in figure 6.7c, with the honey-comb lattice of the graphene layer being clearly visible
with a lattice constant of about 2.4Å. Those images were obtained at a rather large
bias of Vbias = 0.4V, i.e. probing graphene states possibly far away in energy from
the Dirac point. However STM imaging performed at lower bias shows a periodic
structure at the atomic scale which corresponds to a more complex modulation of
the electronic density of states. Such a structure cannot be attributed solely to the
honey-comb atomic arrangement.

Such an image is depicted in figure 6.8a. The FFT of this periodic structure
demonstrates the presence of distinct hexagonally arranged peaks [see Fig. 6.8b].
The ones ¶ denoted by a dashed circle correspond to the frequency associated to the
atomic resolution for the images recorded at larger bias [see Fig. 6.7]. Reverse Fourier
transform of figure 6.8b where only these reflexes are considered reveals indeed the
honey-comb lattice corresponding to the atomic structure of the layer, as shown
in figure 6.8c. In a very similar way to the Friedel oscillations mentioned in the
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10 nm

Upper part: STM topographic images (50×12 nm2, Vbias = 175mV, It=15 pA, T=10K).
Lower part: concomitantly recorded dIt

dVbias
-signal (Vmod =10mV, fmod=613.4Hz).

e) f)

STM image (5×5 nm2, Vbias =2V,
It = 200 pA, T =10K).

STM image (2.5×2.5 nm2, Vbias =-0.4 V,
It = 400 pA, T =10K).

1 nm 1 nm

Figure 6.6: a,b,e) Part of the sample with a certain correlation between the topographic
signal and the dIt

dVbias
-signal marked with dashed green lines. Those correlations are related to

the presence of molecules on the surface like remaining PMMA residues. c,d,f) The oscillations
in the dIt

dVbias
-signal that are not correlated with the topography are attributed to the presence of

charge puddles, locally doping the graphene layer. f) Atomic resolution can be obtained in such
an area with the typical honey-comb structure of graphene. Such a structure is schematically
depicted in the top right corner.
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Figure 6.7: a) STM topographic image with atomic resolution (40×40 nm2, Vbias = −0.3V,
It = 1.5 nA, T = 10K). b) FFT of a), the atomic resolution is confirmed by the presence
of the hexagonal spots. c) STM topographic image with atomic resolution. The honeycomb
structure of graphene is clearly visible here (5×5 nm2, Vbias = −0.4V, It = 200 pA, T = 10K).
d) Height profile along the line in c).
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Figure 6.8: a) STM topographic image after substraction of a polynomial background
(5×5 nm2, Vbias =50mV, It =50 pA, T = 10 K ). b) Fast Fourier transform of a). The
low-frequency oscillations noted as dashed squares are attributed to intervalley scattering, as
discussed in figure 6.9. The reflexes already present when the graphene layer is imaged at
larger bias and related to the atomic structure are denoted by a dashed circle. c) Reverse fast
Fourier transform of b) considering only the reflexes related to atomic resolution.

previous sections, other periodic oscillations ¶ can be associated with the standing
wave pattern resolved via STM, when electrons are scattered at defects. However,
in contrast to the Friedel oscillations observed on a two-dimensional electron gas
with isotropic dispersion relation, the peculiar dispersion relation of graphene leads
to more sophisticated interference patterns [209]. As discussed in sections 4.1.1 and
5.2 back scattering at defects makes electrons from a free electron gas scatter from
one side of the Fermi-contour ~kF to the opposite side − ~kF. The interference pattern
of states with such wave vectors result in a spatial oscillation of the density of states
with frequency 2kF. Because of the rotational symmetry of the dispersion relation
of a free electron gas, the Fermi-contour is a circle with radius kF and the back-
scattering process gives rise to circles in the FFT with radius 2kF. The situation is
slightly more complicated for graphene since the Fermi-contour consists of six thirds
of a circle, hexagonally arranged within the first Brillouin zone. Furthermore direct
back-scattering inside a Dirac cone is prohibited by the pseudospin conservation [151]
[see section 4.3]. Intervalley scattering, however, may occur, and this process is
schematically depicted in figure 6.9. An electron state can for instance be scattered
from the K to the K ′ valley corresponding to wave vectors ~K + ~qF and ~K ′ + ~q′F.
Such a process results in the presence of reflexes in the FFT located at frequency
approximatively ~K ′ − ~K · since the ~q′F − ~qF difference is beyond the resolution
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Figure 6.9: a) FFT from fig. 6.8. The different reflexes observed are attributed to distinct
inter-valley transitions in k-space. b) Schematic representation of the different scattering
processes involved. Red blurred discs correspond to the points of the reciprocal lattice.

on such a corrugated sample. It corresponds to the position of another valley in
the k-space, i.e. located at a lower frequency than the reflexes related to atomic
resolution. Similar argumentation concerning the intervalley scattering between two
equivalent K-valleys demonstrates that such a scattering corresponds to reflexes in
the FFT at the same position as the atomic periodicity, the position of the k-space
corresponding to the reciprocal graphene honey-comb lattice ¶. Scattering from
two opposite sides of the Fermi-contour results in reflexes corresponding to higher
frequency (twice the one corresponding to transitions between adjacent valleys) and
indeed, blurred reflexes at this position can be observed in the FFT¸. Interestingly
and contrary to classical Friedel oscillations, such interference patterns depend on
the shape of the defects and not on the energy considered, because the position of
the valley in ~k-space is constant [210]. However high resolution images recorded on
atomically flat graphene have shown that the actual shape of the reflexes are rings,
with radius corresponding to twice the radius of the constant-energy contour within
a Dirac-cones [151, 202]. Such a measurement helps to reconstruct a part of the
dispersion relation of the graphene layer. Because of the corrugation of the SiO2

used here, such details could not be observed.

Figure 6.10a shows STS measurements performed on graphene on SiO2 for dif-
ferent magnetic fields. For the sake of clarity, the different spectra were shifted in
conductance toward each other. A v-shape dIt

dVbias
characteristic is reported, com-

parable to what can be found in the literature [166] concerning unchlorinated SiO2
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Figure 6.10: a) STS spectra recorded on graphene on SiO2 (Vbias=225mV, It=100 pA,
T=10K, Vmod =5mV, fmod=613Hz). The estimated position of Landau levels is denoted by
an arrow. b) Position of the Landau-levels in energy plotted as a function of N

|N| ∗
√
|N|B (

√
T).

A linear dependence is found, which can be fitted to extract vF and ED.

substrate. Small hills can be observed in the dIt
dVbias

-signal, which seem to move upon
application of a magnetic field, as denoted by the arrows. The position of those
features was estimated and plotted as a function of N

|N | ∗
√
|N |B in figure 6.10b [see

section 4.3]. The typical linear behavior expected for Landau levels is found here,
with a Fermi velocity of vF = 1.16 · 106 m

s corresponding to the same order of mag-
nitude as what has been reported by Luican et al. (vF = 1.097 · 106 m

s ) [166]. The
position of the Dirac point ED = 53meV indeed corresponds to a small kink in
the STS spectra recorded at B = 0T. However this value is not meaningful, being
strongly influenced by the spatial position at which STS spectra are recorded [211].
Compared to the Landau level spectroscopy measurement presented in the following
section on graphene/NbSe2, or compared to what could be found in the literature
for various substrates [168, 152, 166] the emergence of the Landau levels on this
substrate is very weak, even at 6T. This can be explained by the presence of the
charges puddles whose size can be of about twice [212] the Landau orbits at 6T
lB(B = 6 T) =

√
~
eB

(B = 6 T) ' 10 nm, strongly perturbing the condensation of the
electronic states into Landau levels as discussed in the literature [166].
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6.4 Graphene on NbSe2

NbSe2 is a type II superconductor previously introduced in section 5.3. As a
layered material, it shares some characteristics with graphite, with very strong in-
plane bonds and weak van-der-Waals type bonds between the layers. Recent research
has focused on the combination of layered materials, and combining graphene with
NbSe2 is interesting in many regards. Firstly, as discussed in section 2, the possibility
of injecting Cooper pairs in graphene is of fundamental interest. Secondly the combi-
nation of the Abrikosov lattice of type II-superconductivity with a two-dimensional
electron gas in quantum hall regime may reveal fascinating properties [213], such as
charge fractionalization in the immediate vicinity of fluxoid defects. Because clean
graphene can exhibit an onset of the quantum hall regime and the condensation in
Landau levels at a magnetic field (' 1T) lower than the critical field Hc2 ' 3T
of NbSe2 at which superconductivity disappears, depositing graphene on top of a
NbSe2 crystal might show those unusual properties [214]. It is questionable whether
Landau level spectroscopy can be performed on the graphene layer on top of defects
of the Abrikosv lattice of the NbSe2 crystal. Only early stage results are shown here.

0

0.5

1

1.5

2

0 20 40 60 80 100120140160

low corrugation area

50 nm

b)

he
ig
ht
-z

(n
m
)

position-x (nm)

a)

Figure 6.11: CVD graphene deposited on NbSe2. a) Line profile extracted from b). b) STM
topographic image (150×100 nm2, Vbias =0.5 V, It =2 nA, T = 9 K ).

A CVD graphene layer has been deposited on freshly cleaved NbSe2 following
the method described in the previous section about graphene/SiO2. Because the
sample was held by silver paint on the sample holder, an acetone rinsing of the
PMMA layer had to be avoided. For this reason, the PMMA layer was removed by
annealing during several days with a gradual increase of the annealing temperature
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Figure 6.12: CVD graphene on NbSe2. a) STM topographic image (40×40 nm2,
Vbias =50mV, It =200 pA, T = 13 K ). b) STM topographic image (7.5×7.5 nm2,
Vbias =50mV, It =200 pA, T = 13 K ).

up to 400℃. This lead to a complete evaporation of the 400 nm thick PMMA layer
and an exposition of the clean graphene surface as will be shown in the following.
STM images do not show the atomically flat terraces expected for the NbSe2 crys-
tal. On an overall highly corrugated substrate, relatively flat areas were observed
with a corrugation of about 200 pm as depicted in figure 6.11. Zooming in such an
area reveals atomic resolution, with the typical honey-comb lattice expected for the
graphene layer [see Fig. 6.12]. This unusual topography can be explained by a par-
tial oxidation of the NbSe2 during the sample preparation. The use of a different
solvent for the very last step of transferring the graphene layer onto the substrate
may overcome this issue.

In figure 6.13 low bias STS performed on the graphene layer at T =2K is de-
picted. It shows a gap-like structure which can be interpreted in terms of induced
superconductivity into the graphene layer. As demonstrated by the Landau level
spectroscopic measurement presented in the following, the graphene layer deposited
on NbSe2 exhibits a large p-doping so that classical Andreev-pairs are likely to
propagate into the graphene layer. This gap-like spectroscopic feature can be fitted
according to the BCS-theory with a superconducting gap ∆ = 1.39mV smaller
but comparable to the one of about 1.5mV measured on bare NbSe2 in section 5.3.
This is in accordance with the very close proximity of the superconducting layer.
The presence of Landau levels in graphene upon application of a magnetic field,
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Figure 6.13: Low bias STS, presence of a superconducting-like gap feature and BCS fit.
Fit parameters: ∆ = 1.39mV, Γ = 0.06mV, Vmod=2.4mV. STS parameters: Vbias=10mV
It=400 pA, Vmod =0.2mV, fmod=614,3Hz, T = 2K. Surprisingly the fitted value of Vmod is an
order of magnitude larger than the excitation which was effectively used. This can be explained
by an higher noise-level in the tunneling junction, possibly because the turbo molecular pump
was running during measurement.

which is presented in the following demonstrates that the electronic properties of
graphene are probed here and not the one of the substrate underneath and that
the peculiar electronic properties of graphene are preserved on the surface. How-
ever further temperature-dependent low-bias STS measurements are needed to make
conclusions on the real nature of this gap.

STS measurements performed at larger bias voltage and as a function of magnetic
field are depicted in figure 6.14. The Abrikosov lattice of superconducting fluxoids
could not be resolved below the graphene layer, possibly because of the corrugation
of the sample. However, since the distance between two fluxoids is usually smaller
than the London penetration depth of the magnetic field into the superconductor,
it is considered in the following that the graphene layer feels an approximatively
spatially constant magnetic field, even when magnetic fields lower than Hc2 are
applied. Pronounced peaks emerge in the tunneling spectra upon application of
a magnetic field, with varying positions, as a clear experimental evidence for the
presence of Landau levels (LLs). Nevertheless associating a Landau level number
to each of the peaks is not straightforward. As it is clearly seen in picture 6.14,
the central feature which is almost not moving with the magnetic field is made up
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of four distinct peaks. It is known that in graphene, each LL exhibit a four-fold
degeneracy, as a combination of the two-fold spins and valley degeneracy [215] or
electron-hole degeneracy for the N = 0LL. This fourfold degeneracy observed of the
N = 0LL can thus be associated to a lifting of the those degeneracies [152]. The
reasons why this degeneracy is lifted up at such moderate magnetic field are however
unclear, since the presence of the magnetic field alone does not break the inversion
symmetry of the graphene lattice. This possibly originates from the corrugation
of the oxidized NbSe2 surface underneath, or many-body correlations [216]. Being
only one atom thick, graphene is very sensitive to the substrate-induced mechanical
deformations. Interestingly, a fourfold degeneracy is found for the LL0 and only
two-fold for LL-1 and LL1, corresponding to the result obtained by Fuchs and
Lederer when an out-of-plane distortion of the graphene layer is considered, leading
to a breaking of the inversion symmetry of the honeycomb lattice [215]. It has been
experimentally proved that the presence of a strong corrugation of the graphene layer
induces pseudo-magnetic field as high a several hundreds of Tesla, giving rise to the
emergence of Landau-levels without application of an external magnetic field [217].
According to Guinea et al. mechanical strain may indeed induce a strong gauge field
leading to a pseudo-magnetic quantum hall effect [218]. But in this measurement
the position of the LLs is strongly influenced by the external field of several Tesla,
so that this possible pseudo-magnetic field cannot be responsible alone for such a
clear lifting of the degeneracy. Considering that several peaks can also be attributed
to the LLs with higher numbers and lifted degeneracies, the position of each peak is
carefully determined by fitting a Lorentzian and the corresponding Landau numbers
N are attributed. A quantitative analysis of the four-fold degeneracy of the central
feature is presented latter.

Plotting the average position of each series of LLs with the same number N as
a function of N

|N | ∗
√
|N |B shows a linear behavior according to the theory of LLs in

graphene. The slope fitted here gives a Fermi velocity of vF = 1.18·106 m
s comparable

to values expected for graphene. As could be deduced from figure 6.14a, the position
of ED = 59meV confirms that the graphene layer is p-doped. This coincides with
the larger workfunction of NbSe2 of Φ = 5.9 eV compared to 4.6 eV for free standing
graphene.
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Figure 6.14: a) STS spectrum recorded on graphene/NbSe2 for different magnetic fields B
(Vbias =250mV, It =400 pA, T = 2K, Vmod =3mV, fmod=614,3Hz). For the sake of clarity,
the spectra are vertically shifted in the conductivity toward each other. b) Average position of
peaks with same number N relative to the Dirac point as a function of N

|N| ∗
√
|N|B. A linear

relation is found and values of vF and ED can be extracted.
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Figure 6.15: a) STS spectrum recorded on graphene/NbSe2 for different magnetic fields B
(Vbias =200mV, It =400 pA, T = 2K, Vmod =3mV, fmod=614,3Hz). The spectra are shifted
vertically in conductivity with respect to each other. b) Position of the peak relative to the
Dirac point as a function of N

|N| ∗
√
|N|B. For a better comparison, all the measurement points

are plotted twice, together in the lower part of the graph, and then for each magnetic field
separately, the points being shifted in energy for clarity. A linear relation is found and values
of vF and ED can be extracted.
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Figure 6.15 shows another serie of STS spectra recorded for different magnetic
fields. The same careful fitting of the observed peak by Lorentzian curves allows
also identifying different LLs. A similar Fermi velocity of vF = 1.13 · 106 m

s is
extracted with a slightly different position of the Dirac point at ED = 77meV. A
clear emergence of Landau peaks can be observed at a low magnetic field of B = 1T
which shows the good quality of the graphene layer. For the sake of clarity and
because of the large number of measurement points, the evolution of the LLS N =-
3;-2;-1;0;1;2 is depicted in figure 6.15b, with the linear behavior obtained by fitting
the whole set of data. The slope seems to be slightly underestimated for the low
magnetic field values between 1T and 2.5T, as if the graphene layer was feeling
a slightly higher magnetic field than the one effectively applied. This might be
possibly explained by the presence of the fluxoid in the immediate vicinity of the
position of the STM tip. A similar effect would be observed if a pseudo-magnetic
field is indeed playing a role, when its strength is of the same order of magnitude as
the external field. It would be extremely interesting in this case to be able to record
the position of the fluxoids, in order to elucidate this problem.

Also here a lifting of the spin and valley degeneracy is observed. The position of
the LL0 peaks denoted 0++, 0+, 0−, 0−− depicted in figure 6.15 relative to the Dirac
point is plotted in figure 6.16 as a function of the magnetic field, for measurements
where a distinction can be made between the four peaks, i.e. starting from B = 3T.
A splitting is clearly observed when the magnetic field is increased. The splitting
observed here is however several order of magnitude larger than what is reported in
the literature [219, 152] and is already distinguishable at small magnetic fields such
as 3T. It corresponds to effective Landé factors1 of g′ =14.84 and 76.9. Both of
them being an order of magnitude larger than what is expected for an electron spin,
the valley splitting cannot be unambiguously identified and separated from the spin
splitting. Moreover, distinct values are obtained for LLs with different number, or for
spectra recorded at other positions. No explanation is proposed here also for the fact
that the spin splitting exceeds the expected value for an electron spin. As pointed
out by Zhang et al., varying the angle θ under which magnetic field is applied relative
to the surface normal may help to elucidate this problem [219]. The spin degeneracy

1The effective Landé factor g′ is defined here by ∆splitting = g′µBB corresponding to the value
of the Zeeman energy for an electron spin with g = 2, µB being the Bohr magneton.
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Figure 6.16: Position of the sub-peak of the LL0 levels depicted in figure 6.15 plotted as a
function of the magnetic field B. A linear fit quantifies the unusual importance of the splitting.
ED is determined here as the center of mass of the four peaks.

does not depend on the direction of the magnetic field, but this should be the case
for the valley-degeneracy since it is directly related to the direction of propagation
of the electrons which is two-dimensional. One of the splittings would be expected
to not depend on θ, and the other one to be proportional to the projection of the
magnetic field: B⊥ = B cos θ.





Part III

Cobalt phthalocyanine
molecules





The phthalocyanine compound (Pc) was isolated the first time 1907 as a dark
insoluble product during reactions performed in the gas industry (South Metropoli-
tan Gas Company, London) [220]. The correct structure of the planar metall-free
phthalocyanine H2Pc was determined by Linstead as a characteristic cross-like struc-
ture with four benzene rings surrounding a porphyrin macrocycle, large enough to
accommodate various metal ions [220]. Since the macrocycle usually captures two
electrons to form a dianion (Pc2−), the metal free phthalocyanine hold two protons
in the macrocycle as H2Pc. In a similar manner the metal-phthalocyanine (MPc)
holds a two-times oxidized metallic ion in such a tight way, that it is not possible to
remove it without destroying the whole macrocycle (for exemple CoPc, FePc, MnPc,
CuPc and NiPc). The two protons of the metall-free phthalocyanine can also be re-
placed by two alkali ions to form Na2Pc or Li2Pc. Because of steric considerations,
such ions protude then from the plane of the Pc ring. The same effect occurs for
larger metallic ions (Pb2+ for example) that lies above the molecular plane, making
PbPc a non-planar molecule. The name phthalocyanine is a combination of the
prefix phthal, related to phthalonitrile, the usual precursor for Pc synthesis and the
Greek cyanine for the blue color characteristic of most the Pc-compounds.

Because of this characteristic color, Pcs are intensively used as pigments since the
1930’s. Furthermore MPc are complexes with exceptionally high thermal stability
and interesting electronic properties, which have gained great technological and
fundamental interest since they are possible candidates for future applications in
molecular electronic devices [221]. In particular cobalt-phthalocyanine (CoPc) is
already used in gas sensing devices and optoelectronics. Additionally, due to the
preserved magnetic properties of the Co ion in the free-standing molecule, CoPc
might be considered for application as a building block of spintronic devices. [222]

Its high stability makes it possible to be deposited on surfaces by simple thermal
sublimation, so that phthalocyanines were among the first molecular compounds
being studied by STM [223]. Already in the late 80’s, first intramolecular resolu-
tion of CuPc was reported [224], confirming the cross-like shape of the molecule in
real space. A very rich literature concerning phthalocyanine adsorbed on semicon-
ductive (Si,MoS2), metallic, or insulating (NaCl) substrates studied by STM can be
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Figure 7.0: Geometry of a CoPc molecule and DFT calculations of the molecular orbitals
possibly relevant for charge transport. The calculations were performed with the quantum
chemistry software package TURBOMOLE[226] by Dirk Wiedmann and Fabian Pauly using
PBE exchange-correlation functional and the def2-TZVP basis set. See [227] for more details.

found. Self assembly of those molecules on various substrates has also been reported
[see [225] for a review].

The result of DFT calculations performed for CoPc molecules in gas phase by
Fabian Pauly and Dirk Wiedmann at the university of Konstanz are shown in fig-
ure 7.0. Its geometry shows the characteristic cross-like shape of the molecule orig-
inating from its D4h symmetry. Only the orbitals close to the neutral state in
energy are shown here, i.e. the molecular orbitals which can possibly contribute to
charge transport. The highest occupied molecular orbital (HOMO) is located on
the macrocycle, called lobe in the following. The lowest unoccupied state (LUMO)
corresponds to the cobalt dz2 orbital and is therefore spatially localized at the cobalt
ion. The next unoccupied state (LUMO+1) is located on the lobes.



This part is divided into three chapters:
Preliminary work focuses on the adsorption of CoPc molecules on metallic sub-
strates: Cu(111) and Au(111). A strong hybridization of the molecular orbitals
with the substrate is reported, with a charge transfer of one electron to the molecule
so that CoPc studied on such surfaces are strongly influenced by the substrate and
are not found in the neutral state.
The possibility to decouple the molecule by using a graphene layer is then dis-
cussed. Two different substrates are used for this purpose: graphene flakes on
Au(111)/Ir(111) and a graphene monolayer grown on Ir(111). The gas-phase ar-
rangement of the molecular levels appears to be recovered here. However, the in-
fluence of the moiré of graphene/Ir(111) on the adsorption of molecules cannot be
neglected so that a clear influence of the substrate is still present.
Finally, back-gated measurements performed on CoPc molecules on graphene on
SiO2/Si are presented. The use of a third gate electrode allows to place the molecule
in a controllable electric field and thus allows for an unambiguous determination of
the molecular levels contributing to transport.

The CoPc molecules used in this work were purchased from abcr GmbH & Co.
KG in Karlsruhe, Germany with a purity of 98%.





Chapter 7

CoPc on metallic substrates

7.1 CoPc on Cu(111)

The thermally stable CoPc molecules were sublimated onto the copper surface,
after it was cleaned following the procedure introduced in section 5.2. A home-made
evaporator has been build for this purpose. It is made of a quartz crucible containing
the molecules, radiatively heated by a tungsten filament which is wrapped around
it at a distance of about 2mm. A type-K thermocouple allows for controlling the
temperature of the crucible. The deposition of the CoPc molecules has been carried
out at 670K and the evaporator was running during several days prior to deposition,
until a stable deposition rate was detected by a quartz-balance. The Cu(111) sample
was exposed to the molecule beam for 1.5 s while held at room temperature to obtain
a submonolayer coverage and in situ transfered into the STM head.

STM images reveal flat terraces [see Fig. 7.1b] with characteristic cross-like ad-
sorbates which can be unambiguously identified as CoPc molecules. They exhibit
a typical width of 2 nm and an apparent height of 100 pm [see Fig. 7.1a] in accor-
dance with values reported in the literature [228]. The apparent height of 100 pm
is clearly smaller than what is reported on other substrates in the next sections.
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Figure 7.1: STM topographic image, CoPc molecules on Cu(111). a) Line profile taken
from b) b) Topographic image (30x30 nm2, Vbias = 0.5V, It=3nA, T =4.2K). The cross-like
shape of the molecule is visible here, but the C4 symmetry is broken down to CS . c) Histogram
showing the distribution of the angle between the mirror axis and an arbitrary direction chosen
parallel to the scan direction. Because of the 3 equivalent directions of the Cu(111) surface
and the two equivalent directions of the CS mirror axis, the rest of the division of θ by 60 is
plotted here.
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At a slightly higher coverage than the one presented here, Wang et al. reported on
histogram of preferred distances between next-neighbored phthalocyanine. Based
on a histogram, they determine that the difference between two preferred distances
corresponds to half of the Fermi wavelength [229], the adsorption being governed by
a combination of intermolecular interactions mediated by surface state electrons and
substrate-molecule interactions.

A careful analysis of the STM images shows that for each molecule, two opposite
lobes appear brighter than the other two, proving that the characteristic C4 symme-
try of the molecule is broken down to CS when it is put on the Cu(111) substrate.
Such a breaking of symmetry upon adsorption on a surface have been reported
for phthalocyanine compounds [230], among them also an interesting windmill-like
chiral structure of ZnPc on Cu(100) because of an asymmetrical charge transfer
between molecule and copper surface [231]. In vacuum, the planar CoPc molecules
exhibits a four-fold Dh4 symmetry, logically broken down to C4 symmetry when
put on a surface since the mirror perpendicular to the C-axis is not present any-
more. The further breaking of symmetry originates from the symmetry mismatch
between molecule (four-fold) and substrate (three-fold). An histogram presented in
figure 7.2c shows that the molecules are likely to adsorb in such a way, that the CS-
mirror axis aligns with one of the equivalent axis of the Cu(111) surface, an angle θ
of 0 or ±120 degrees being found between each molecules.

Atomic resolution on Cu(111) is not easy to obtain. On this compact metal
surface, the oscillations of the surface state are likely to dominate the electronic
corrugation at low-bias, making it challenging to resolve the corrugation induced
by the atomic structure of the surface. This problem was overcome by Heinrich
et al. by depositing Cu addatoms at low temperature in addition to the molecules,
which are known to occupy the hollow sites of the surface. This study allowed them
to state that the molecules adsorbed on bridge cites of the Cu(111) surface, i.e.
between two Cu atoms with two molecular lobes oriented along the close-packed
[110] directions. Similar results where obtained by Cuadrado et al. based on Van
der Waals corrected DFT calculations [228], also showing that indeed one of the
molecular axes is expected to come closer to the surface.
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Figure 7.2: a) Site resolved scanning tunneling spectroscopy on bare Cu and on the cobalt
ion of a single molecule (Vbias = 1 V , It = 2 nA, Vmod=10mV, fmod=5165Hz, T =4.2K).
b) dIt

dVbias
-mapping on a single molecule (It=1nA, Vmod =15mV, fmod=5165Hz, T =10K).

dIt
dVbias

-mappings are shown in the upper part of the picture, and the concomitantly recorded
topographic signal in the lower part.

STS experiments performed on the center of a CoPc molecule are shown in fig-
ure 7.2a. For comparison, a spectrum recorded on the bare Cu, close to the molecules
shows the typical surface state previously observed in section 5.2. According to the
argumentation from section 3.2, the capacitive coupling between molecule and sam-
ple is expected to be much larger than the coupling to the tip. STS spectroscopy is
thus expected to reveal occupied molecular orbitals at negative bias, and unoccu-
pied orbitals at positive bias. No sharp feature which could be related to molecular
orbitals are seen here, but the surface state cannot be recorded at the position of
the molecule showing a strong local modification of the proprieties of the surface.
Moreover dIt

dVbias
-mapping recorded on a single molecule at different voltages shows a

clear contrast between the molecule and the background. At negative bias, i.e. when
populated states of the molecule are probed, a diffuse contribution originates from
the cobalt ion. The opposite is observed for positive voltage, indicating that empty
states of the molecules are located at the lobes. This is in agreement with other
experiments dedicated to the adsorption of CoPc molecules on surfaces, in partic-
ular the work from Hipps et al. demonstrated [233] a strong d-orbital dependence
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of the tunneling current of MPc, based on the large contrast observed in scanning
tunneling microscopy between CuPc and CoPc adsorbed on Au(111).

According to the DFT calculations presented in the introduction of this part,
this means that a charge exchange occurs when the molecule adsorbs on the Cu(111)
surface. A supplementary charge being present on the molecules, the empty cobalt
state is filled. This is in accordance to the background of the dIt

dVbias
-mappings which

shows strong Friedel oscillations of the surface state around the molecules which can
be related to the strong perturbation induced by the extra charge present on the
molecule. Similar results have been reported in the literature [155, 228, 234].

To summarize, the small apparent height of the molecule, the preferred ori-
entation with breaking of symmetry, the rather feature-less spectroscopy and the
probable charge transfer indicates a strong hybridization of the molecular states
with the copper substrate. Since the prehistory, it is known that gold items remain
pure and shiny and do not tarnish when exposed to air or water. Being the most
chemically inert metallic substrate, the influence of gold on the adsorption of CoPc
molecules is thus expected to be smaller and is studied in the following section.
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Figure 7.3: a) Line profiles extracted from b). b) STM topographic image (100×100 nm2,
Vbias=-600mV, It=200,pA, T = 4.2 K ). c) Detail from b): 10×40 nm2.

7.2 CoPc on Au(111)

The measurements presented here where obtained together with Udo Dehm
and Tobias Schorr during their bachelor theses [235, 236]. The deposition of CoPc
molecules on Au(111) is done in the exact same manner as it was performed on
Cu(111) in the previous section. Varying the time during which the clean crystal is
exposed to the molecular beam allows for controlling the coverage.

Figure 7.3 shows CoPc molecules adsorbed on Au(111) at a submonolayer cov-
erage, after an exposition of the clean Au(111) substrate to the molecular beam
of 3 s. Preferred adsorption sites can be recognized on the surface: the step edges
and the elbows of the herringbone reconstruction. Molecules adsorbed at a step
edge can clearly be seen in figure 7.3c, with two lobes attached to both sides of the
step edge. This is consistent with previous observations and calculations made by
Zhang et al. for FePc molecules on Au(111). On the terraces, CoPc molecules ad-
sorb on the elbows of the reconstruction and on the fcc-sites. This coincides also
with experimental observations made concerning the adsorption behavior of FePc
on Au(111) [238]. As mentioned in section 5.1, the elbows of the reconstruction are
known to be a preferred adsorption site for contaminants and deposited molecules.
No clear explanation have been proposed for this phenomenon, and the very large
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Figure 7.4: Line profiles extracted from STM topographic images recorded at positive and
negative bias voltages on a single CoPc molecule. The profiles are shifted toward each other
for clarity. A contribution from the cobalt orbital is present at negative bias (size of the inserts:
4×4 nm2, Vbias =-0.7 and +0.5V, It=400 pA T=4.2K).

number of atoms in the reconstructed unit-cell make calculations extremely demand-
ing. Straight regions of the reconstruction were however calculated by Hanke and
Björk, showing that indeed, the under-coordinated ridge regions show less stable
adsorption energies compared to the hcp and fcc sites. The breaking of the sym-
metry observed for CoPc on Cu(111) is not observed here. Furthermore, if some
adsorption angles might be statistically preferred [235], it does not show the same
specific orientation with respect to the close-packed direction of the surface find for
the adsorption on copper. This repartition could thus be more correlated to the spa-
tial corrugation of the herringbones reconstruction than to the result of a chemical
interaction with the gold surface.

Bias-dependent STM images are shown in figure 7.4. Both for positive and neg-
ative bias, the cross-like shape of the molecule can be clearly resolved by STM. At
negative bias a round protrusion appears in the middle of the cross as highlighted
by the line profile extracted from the STM image. This protrusion is not present
at positive bias voltage. This voltage-dependent appearance of the molecule can be
explained in terms of molecular-orbital mediated transport, the localized dz2-orbital
of the cobalt atom being dominating transport at negative bias. According to DFT
calculations, this orbital is empty for CoPc molecules in vacuum. Since occupied
states are probed at negative bias, it means that, as it was concluded for Cu(111),
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the CoPc molecules deposited on Au(111) adopt an extra electron from the surface
upon adsorption. These results coincide with the presence of an occupied dz2 or-
bital reported by Barlow et al., the CoPc adsorbed on Au(111) being resolved as a
“bright dot” at negative voltages [240]. The charge transfer observed here for CoPc
on Cu(111) and Au(111), was also reported for Ag(100) [241].

This is confirmed by the STS measurements based on dIt
dVbias
−mappings and

dIt
dVbias

(Vbias) characteristics depicted in figure 7.5. As for molecules deposited on
Cu(111), the capacitive coupling between molecule and substrate is expected to be
much larger than the coupling to the tip, so that features observed in STS measure-
ments can be interpreted in terms of HOMO-LUMO contributions [see section 3.2].
STS spectra acquired on the bare clean Au surface at the position of an elbow where
no molecule was present shows a typical step-like feature ¶. It starts from about -
0.5 eV as expected for the onset of the two-dimensional surface state [see section 5.1].
Site-resolved STS performed at the center of a molecule adsorbed on such a elbow
and at the lobes shows significant differences. Spectra recorded on top of the Co ion
show a pronounced feature at about -0.2 eV ·. According to the literature [242] and
based on its spatial location, this increase of the density of states can be assigned to
the contribution of the cobalt dz2 orbital to the tunneling current. This is confirmed
by the dIt

dVbias
−mapping recorded at +0.2 eV. No contribution originating from the

cobalt orbitals are found at positive bias, as confirmed by the dIt
dVbias

-mapping where
the center of the molecule always appear as a depression in the density of states.
Interestingly it is not the case in the STM images. Concerning the density of states
located at the lobe, two small contributions at negative bias can be recognized at
-0.75 eV and -0.4 eV. dIt

dVbias
−mapping recorded at -0.4 eV shows contributions coming

indeed from the lobes. According to the DFT calculations presented in the intro-
duction [see Fig. 7.0], occupied molecular orbitals located at the lobes are expected
close below the dz2 in energy, these feature can thus be assigned to HOMO-like con-
tribution of the molecule-substrate hybrid system. Furthermore a large contribution
is noticed at positive bias, i.e. when empty states of the molecule are probed. This
feature located at about +1.2 eV ¸ can be associated to the second LUMO+1 state
of the CoPc molecule. Some slight differences in the appearance of molecules in
dIt

dVbias
-mapping can be noticed. The fact that some phthalocyanine with a different

metallic atom than cobalt, or no metallic ion at all where also deposited cannot be
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neglected but is likely to result in a completely different arrangement of molecular
orbital and a more evident contrast. More likely, this discrepancy originate from dif-
ferent adsorption sites. Tsukahara et al. reported that about 5% of FePc deposited
on Au(111) adsorb on atop position of the surface while the other 95% are found on
bridge sites, resulting in slight differences in the STS spectra [243]. A measurement
of atomically resolved substrate between molecules would be needed in this case to
elucidate this problem.

The dIt
dVbias

-mappings presented in figure 7.5 at -0.5 eV and -0.4 eV both show a
clear contribution from the lobes. The feature observed at -0.4V was reported by
Hu et al., but could only be resolved using an Fe-coated W-tip and not a simple
W tip [244], the bare W-tip being only able to resolve the feature observed here at
-0.5V. Based on their calculations, they attributed this feature to an hybridized
state between molecule and substrate, that can only contribute to transport when
the molecule is probed by the dxy orbital of the Fe. The question why this state
can be observed with a simple W-tip in this works remains open. This highlights
however that the tunneling process originate from a complex overlap of electronic
orbitals of the tip and the molecule. When orbitals with other than pure s-character
are involved, as it is the case when the cobalt orbitals are contributing to transport,
equation 1.9 presented in section 1.2 might not be accurate enough to describe the
tunneling process. Describing the tunneling process as a simple convolution between
tip and sample densities of states is a too rough approximation which indeed does
not reflect the complex overlap of atomic orbitals possibly taking place in a tunneling
contact. This effect is highlighted in the following discussion.

The possibility to deconvolve the density of states of the sample out of a dIt
dVbias

(Vbias)
measurement is discussed now, as it was previously done for spectra acquired on a
superconductor in section 5.3.1. STS spectra recorded on the bare Au(111) at a
fcc-position and on the Cobalt ion of CoPc molecules adsorbed at the same site are
depicted in figure 7.6. These 5 spectra were acquired at five different days with STM
tip showing slightly different spectroscopic behavior. This can be seen in the way
the onset of the surface state is depicted at Vbias =-0.5V (spectra ii). The spectrum
i) recorded on gold in a) shows the expected ideal step-like behavior and is taken as a
reference, furthermore the transmission probability T (E, eVbias) is assumed equal to
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Figure 7.5: STS measurements performed on CoPc molecules adsorbed on a Au(111) surface.
The lower panel shows STS spectra acquired on the Co-ion, the lobes of a molecule, and
for comparison on bare gold. STS Parameters: Vbias=-1.5V, It = 100 pA, Vmod =25mV,
fmod =614.3Hz and T=10K. In the upper pannels: 30×30 nm2 dIt

dVbias
-mapping performed

at different voltages and different locations. Parameters: starting from the top left corner:
Vbias =-0.5 V, It = 50 pA; Vbias =-0.4 V, It = 50 pA; Vbias =-0.2 V, It = 100 pA; Vbias =
+0.2V, It = 100 pA; Vbias =+1.2V, It = 75 pA, all with Vmod = 25mV at T = 10K.
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the spectra acquired at the cobalt-ion v) may help to minimize the influence of the tip if it
does not exhibit pronounced features, an to recover the sample density of states vi). STS
Parameters: Vbias=-1.5V, It = 100 pA, Vmod =25mV fmod =614.3Hz and T=10K.

1. Variations in this transmission probability would thus be reflected in the decon-
volved density of states of the tip, which is not of real interest here. For each row of
spectra, the density of states of the tip needed to obtain such a reference spectra iii)
is deconvolved. Back-deconvolving the original spectra by this calculated tip density
of states indeed recovers the reference gold spectrum iv). The spectra recorded at
the center of CoPc molecules v) all show some discrepancies. Following the same
procedure using the calculated tip density of states to extract the sample density of
states does not reproduce identical spectra vi), as can be seen in the lower spectrum
of all the rows. The spectral feature assigned to the dz2 orbital ¶ is only clearly
recovered for the last three spectra (c-e). The different shapes exhibited by the
calculated spectra show that equation 1.9 does not accurately describes tunneling
processes implying molecular orbitals with d-character.
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The adsorption behavior of CoPc as a function of the coverage is shown in fig-
ure 7.7, being very similar to the growth of FePc at the initial stage on Au(111)
reported from Cheng et al. [245]. When the coverage is increased, the fcc-positions
of the Au(111) surface are first populated [see Fig. 7.7b]. A further increase of the
coverage leads to figure 7.7c, where the molecules align in rows both in the fcc and
hcp regions, following the herringbones reconstruction. As will be shown in the
following, a monolayer coverage leads to the formation of self-organized layers of
molecules that do not follow the reconstruction anymore. In this case, the recon-
struction solely induces a slight spatial corrugation of the monolayer without –at the
first sight at least– perturbing the electronic properties of the molecule. An organi-
zation of molecules in a monolayer is known to result in a slight decoupling of the
molecular orbitals. The coupling results from the presence of a highly delocalized
metallic electron and there is a lower density of surface electron per molecule [246].
However, the coupling between the molecules may start to play a role. For FePc
molecules adsorbed on Au(111), it has been shown that the Kondo effect observed
for single molecules is shallowed with increasing coordination number of molecules.
This might be a contra-intuitive result because of the point mentioned previously:
Reducing the density of screening electrons is known to narrow the Kondo feature.
This effect was explained in terms of surface-state RKKY-mediated coupling be-
tween the molecules [243].



50 nm

a) b) c) '0.6ML'0.45ML'0.15ML

Figure 7.7: STM topographic images of CoPc molecules on Au(111) for different coverages.
a) Low coverage: exposition time: 6 s ' 0.15ML molecules adsorb on elbows and fcc sites
(100×100 nm2, Vbias = −1V, It =100 pA, T = 10K). b) About half a monolayer coverage:
exposition time: 20 s ' 0.45ML The hcp sites start to be populated (100×100 nm2, Vbias =
+1V, It =150 pA, T = 10K). a) exposition time: 40 s ' 0.6ML, the molecules align in
rows following the herringbones reconstructions, atop-sites of the reconstruction being avoided
(100×100 nm2, Vbias = 0.6V, It =75 pA, T = 10K).





Chapter 8

CoPc on graphene on
metals: possible decoupling?

The experiments reported in the previous sections indicate a strong hybridization be-
tween the molecular states and the underlying metallic states, as confirmed by photo
emission experiments conducted on MPc monolayers on metallic substrates [247].

It has been proposed to use the relatively inert graphene layer for possible elec-
tronic decoupling of the molecular states from the underlying substrate. A significant
electronic decoupling of C60 molecules deposited on graphene on SiC has indeed been
reported by Cho et al., with narrow resonances observed in STS spectra compared
to molecules absorbed directly on SiC [248]. Moreover photoemission experiments
conducted on self-assembled FePc monolayer on Gr/Ir(111) confirmed the possible
use of graphene as a buffer layer [249] to preserve the intrinsic magnetic properties
of the MPc molecules.

The results of two experiments are presented in the following to discuss the pos-
sible electronic decoupling of CoPc molecules when a graphene layer is intercalated
between them and a metallic substrate. CoPc molecules deposited on graphene is-
lands on gold allow for a direct observation of the influence of the graphene layer
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on the STS measurements. A second experiment focuses on the coverage-dependent
self-organization of CoPc molecules on graphene/Ir(111), revealing a subtle interplay
between intermolecular interactions and substrate-molecule interactions.

8.1 CoPc on graphene islands on Au(111)

The graphene flakes on Au(111) on Ir(111), were prepared by TPG grow of
graphene flakes on Ir(111) and subsequent gold intercalation, as described in sec-
tion 6.2. Exposure of a freshly prepared sample to the molecular beam for a certain
amount of time allows for the deposition of CoPc molecules with the desired cover-
age.

8.1.1 Coverage-dependent adsorption sites

8.1.1.1 Submonolayer coverage

Figure 8.1 shows an overview STM image of CoPc molecules deposited on the
surface. Rows of molecules following the straight fcc domains of the Au(111) re-
construction can clearly be recognized. However, no molecules are found on the
graphene flakes, neither at step edges nor at edges of the flake. This shows that
graphene-covered gold does not offer an energetically favorable adsorption site for
CoPc. This is expected for the rather inert graphene layer, and the expected strongly
reduced hybridization of the molecular states with the graphene layer.

A zoom on such an graphene flake is depicted in figure 8.2. The about 175 pm
high cross-like appearance of the phthalocyanine on gold at positive bias voltage
with no pronounced protrusion in the center, is similar to what was observed for
CoPc adsorbed on bare gold single crystal in the previous section. The herringbone
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Figure 8.1: a) STM constant current topographic image of graphene flakes on Au(111) after
deposition of a submonolayer of CoPc molecules, the CoPc molecules adsorb preferentially on
the gold areas (140×100 nm2, Vbias = 0.5V, It = 300 pA, T = 4K). b) line profile from, a).
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Figure 8.2: a) line profile from b. b) STM constant current topographic image of graphene
flakes on Au(111) after deposition of a submonolayer of CoPc molecules, the CoPc molecules
adsorb preferentially on the gold areas (55×55 nm2, Vbias = 0.5V, It = 300 pA, T = 4K).

reconstruction can be seen on the graphene layer where it appears as a slight spatial
corrugation of the sample. In order to study molecules adsorbed on graphene, the
coverage is increased in the following. As known from the literature [225, 250],
CoPc show a self organization at increased coverage, with the molecules arranged
in a close-packed quadratic two-dimensional crystal. Furthermore, according to
Gopakumar et al., a decoupling of the molecular orbitals in the layer compared to
single molecules is likely to occur [246].

8.1.1.2 Monolayer coverage

Figure 8.3 shows the result of a coverage slightly higher than a monolayer. A
self-organization of CoPc both on graphene and on gold is observed, with a second
layer of molecules starting to grow at the edges of the graphene islands. The appear-



Chapter 8. CoPc on graphene on metals: possible decoupling? 145

he
ig
ht
-z

(n
m
)

position-x (nm)

a) b)

c)

20 nm20 nm

0
0.2
0.4
0.6
0.8
1

1.2
1.4
1.6

0 20 40 60 80 100 120

CoPc/Au(111) CoPc/Gr/Au(111)

CoPc/CoPc/Au(111)

CoPc/Au(111) CoPc/Gr/Au(111)

CoPc/CoPc/Au(111)
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recorded together with a): Vmod=30meV, fmod=643.6Hz. c) line profile from, a).
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ance of the CoPc monolayer is different, depending on the nature of the substrate
underneath, allowing for an unambiguous identification.

The self-organization does not change the appearance of the CoPc molecules on
gold: A cross-like structure at positive bias. However the molecules present on the
graphene flakes can be seen as bright protrusions at the same positive bias. This
indicates that the neutral character of CoPc molecules is preserved on graphene,
with the LUMO state localized on the cobalt ion dominating transport at positive
bias, i.e. being indeed an empty state for the adsorbed molecule. Moreover the
self organization appear on gold as a slight periodic modulation of the topographic
signal of about 30 pm, while a much larger amplitude of about 100 pm is observed
for molecules deposited on graphene. The concomitantly acquired dIt

dVbias
-signal also

show a significant contrast depending on the adsorption site. This is discussed in
the following in terms of well decoupled and localized molecular orbitals. In par-
ticular the contribution observed here at +1.4V for molecules on graphene can be
attributed later to the LUMO+1 state of the molecules. The presence of the herring-
bones reconstruction induces furthermore a slight spatial corrugation of the CoPc
monolayer on gold. This modulation cannot be found in simultaneously recorded
dIt

dVbias
-mappings [see figure 8.3b], so that it can be conclude, that this modulation is

solely of topographic origin.

Figure 8.4 shows a 70×30 nm2 STM topographic image taken at positive bias,
which confirms the observations previously made at larger scale. The cross-like
shape appearance of the molecules adsorbed on gold is clearly resolved here. The
spatial corrugation induced by the herringbones reconstruction is seen on the CoPc
monolayer on gold but not on graphene. Furthermore a careful analysis of the
self-organization shows different domains with slightly different geometry, both on
graphene and on gold. The molecules on graphene appear as central protrusion
at positive bias when adsorbed on graphene, and as highlighted by the line profile
extracted from the topographic signal, the periodic corrugation induced by the self-
organization is indeed much larger on graphene than on gold.
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Figure 8.4: a) STM constant current topographic image of CoPc molecules on graphene
flakes on Au(111) (70×30 nm2, Vbias = 2V, It = 25 pA, T = 4K). b) line profile from, a).

8.1.2 Electronic properties

The result of STS measurements is depicted in figure 8.5, where both site-resolved
STS spectra and dIt

dVbias
-mappings are presented. A clear contrast between STS spec-

tra taken at the lobes and at the cobalt ion is observed for CoPc molecules adsorbed
on graphene. Three main features can be reported: Peaks are present at about
-1.1V ¶ on the lobes, at +0.85V · on the cobalt ion, and finally +1.6V ¸ on the
lobes. Because no reasonable assumption can be made concerning the strength of
the coupling of the molecular levels to the graphene layer compared to the coupling
to the tip, those feature cannot be unambiguously assigned to HOMO and LUMO
orbitals at this point [see section 3.2]. However, according to the gate-dependent
measurements which will be presented in section 9, both features ¶ and ¸ can ac-
tually be attributed to the LUMO+1 orbital of the CoPc in gas phase, and the
feature · can be related to the LUMO dz2 state of the cobalt ion. The features
observed here are clearly made of several peaks, and according to the DFT calcu-
lations, there are no orbitals close enough in energy and being present at the same
location, which would give this kind of spectral signature. However it is known
from literature, that when the coupling to the electrodes is relatively weak, single
molecule transport experiments can resolve vibronic levels, i.e. satellite features in
the current-voltage characteristics revealing the coupling of electrons to molecular
motion [251]. This is not the case when the coupling is strong because of large level
broadening. This process can be understood in terms of tunneling matrix elements,
determining the probability for an electron from the tip to tunnel into a molecular
state [see section 1.2]. This probability may be strongly reduced when the orbital of
tip and molecule responsible for charge transport have different symmetries. In this
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case the excitation of a vibrational mode may couples the electrons wave functions
and facilitate tunneling [252]. Such a process is known to produces series of equidis-
tant peaks in STS spectra, and has been previously observed for CuPc molecules
adsorbed on an insulating layer [253]. Only two peaks can be recognized here so
that this phenomenon cannot be assigned unambiguously to vibronic states. How-
ever gate-dependent measurement presented in section 9 will shows that the peaks
composing one feature exhibit the same behavior upon application of an electrical
field, confirming that they have the same orbital nature.

STS measurements performed on CoPc on gold reveal a comparable contrast to
what was reported in the previous section: while the cobalt orbital dominates trans-
port at negative bias ¹, a contribution from the lobes is observed at positive bias º.
No evidence for self-organization induced decoupling is observed here. However, the
reconstruction does not seem to influence the electronic properties of the molecules,
even if molecules are definitely adsorbed on the energetically unfavored ridges sites,
as confirmed by the dIt

dVbias
-mappings discussed in the following,

The dIt
dVbias

-mappings presented in figure 8.5 acquired at the edge of a graphene
flake confirm the observation made in the STS spectra. CoPc molecules adsorbed on
graphene are present in the left part of the images, while the right part shows CoPc
molecules adsorbed directly on gold. As previously mentioned, the bias-dependence
of the topographic appearance of the molecule is inversed depending on the nature of
the substrate underneath: a cross-like shape at negative (positive) bias (gold) and a
bright protrusion related to the cobalt ion ate positive (negative ) bias for molecules
on graphene (gold). The dIt

dVbias
-signal reveal however a more complex structure.

Let us consider the molecules adsorbed on graphene first. At a bias voltage of
-2V, a contribution coming from the cobalt atom is found. This is quite surprising
at the first sight since according to DFT calculations, filled cobalt states are located
at very low energies, which should not be accessible by means of tunneling spec-
troscopy. However, as discussed in section 3.2, the expected weak coupling between
the molecular orbital and graphene could result in the recording of empty orbitals
at negative bias, so that this feature is likely to be related to the LUMO state ·

of the CoPc molecule. As already observed in the STS spectra, a contribution from
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Figure 8.5: Site-resolved STS measurements on CoPc molecule on graphene/Au(111) and
on bare Au(111). : spectra acquired on top of the Co ion for a CoPc molecule adsorbed
on gold (Vbias =+2V, It=25 pA, Vmod =30mV, fmod =643.6Hz and T = 4K), : lobes
of a molecule adsorbed on gold (Vbias =+2.5V, It=100 pA, Vmod =25mV, fmod =643.6Hz
and T = 4K), : Co-ion for a molecule adsorbed on graphene (Vbias =+2.5V, It=100 pA,
Vmod =25mV, fmod =643.6Hz and T = 4K), : lobes of a CoPc molecule adsorbed
on graphene (Vbias =+2.5V, It=100 pA, Vmod =25mV, fmod =643.6Hz and T = 4K). The
spectra acquired on molecules adsorbed on gold are given in arbitrary units, the one related
to molecule adsorbed on graphene in nS. STM constant current topographic image and con-
comitantly recorded dIt

dVbias
-mappings at different Vbias. 18×18 nm2 T = 4K fmod=643.6Hz

(Vbias=-2V, It=75 pA, Vmod =40mV), (Vbias=-1.4V, It=75 pA, Vmod =40mV), (Vbias=-
1V, It=10 pA, Vmod =20mV), (Vbias=+0.6V, It=50 pA, Vmod =20mV), (Vbias=+0.85V,
It=60 pA, Vmod =20mV), (Vbias=+1.2V, It=50 pA, Vmod =20mV), (Vbias=+1.45V,
It=60 pA, Vmod =20mV), (Vbias=+1.6V, It=60 pA, Vmod =20mV), (Vbias=+1.9V, It=60 pA,
Vmod =20mV).
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the lobes can be observed at about -1V. dIt
dVbias

-mapping acquired at positive bias
shows first a contribution coming mainly from the cobalt atom (at +0.6, +0.85 and
+1.2V), in accordance with the STS spectra ·. A careful analysis of the image
acquired at +0.85V show that the layer of molecules is composed of two distinct
domains, and that the dIt

dVbias
- signal shows an increase contrast at the boundaries.

This shows that intermolecular interactions may also be influencing the energetically
position of molecular orbitals, even the one located at the center of the molecule.
A further increase of the bias voltage make orbitals originating from the lobes con-
tributing to the tunneling current (at +1.45 +1.6 and +1.9V). This contribution
can here also be related to the feature ¸ of the STS spectra.

In comparison to the molecule located on graphene, molecules located on gold
show poor contrast especially at low bias. The poor contrast partially originates
from the low tunneling current of typically ' 50 pA used in this measurement to
ensure a large tip-sample distance. Because of the presence of the corrugation in-
duced by the edge of the graphene flake and the fact that molecules adsorbed on
graphene are weakly bound to it, a reduced tip-sample distance is likely to cause
an indentation of the tip into the self-assembled layer and destroy it. Furthermore,
the larger coupling between the gold and the molecular orbitals causes a broadening
of the orbitals in energy, as highlighted by the STS spectra. Such a broadening
is also likely to reduce the contrast observe in dIt

dVbias
mappings. However, a clear

contribution from the lobes is found a positive bias at +1.2V and +1.45 eV, in ac-
cordance with the measurements performed on isolated molecules directly deposited
on Au(111), presented in figure 7.5. As previously mentioned, the presence of the
gold reconstruction below the molecular layer does not seems to affect its electronic
properties.

In conclusion, the graphene layer being an unfavored adsorption site, with molecules
deposited on it showing narrow spectroscopic features arranged in the way expected
for the gas phase, the intercalation of a graphene layer between the molecules and
the metallic substrates induces a clear decoupling of the molecular orbitals. Tip-
sample distance dependent measurement or gate-dependent measurements are how-
ever needed to unambiguously state on the exact nature of the molecular orbitals
probed by STM on such a substrate. This decoupling is discussed in more details
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in the following section, where measurements performed on CoPc molecules ad-
sorbed directly on a graphene layer on Ir(111) are presented. They show that such
a substrate – and in particular the presence of a moiré pattern – does influence the
molecular orbitals.
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8.2 CoPc on graphene on Ir(111)

As mentioned in section 3.3, self-assembly of molecules into well-defined struc-
tures at the atomic scale is an attractive route to mass production of nanotechnolog-
ical devices. The interaction between the different structures or building blocks and
the substrate may modify the physical properties of the blocks and interfere with the
interactions governing the self-assembly. In this regard, the use of two-dimensional
self-assembled inert substrates like hexagonal boron nitride or graphene grown on
metallic substrates represent a promising way for supramolecular assemblies, espe-
cially for those based on rather weak non-covalent interactions [254]. Furthermore
the small lattice mismatch between graphene and the metallic substrate often leads
to a moiré pattern, i.e. a periodic topographic and electronic corrugation of the sur-
face. It has already been proposed by Mao et al. to use the strongly corrugated
graphene/Ru(0001) moiré pattern to grow Kagome-lattices of Pc molecules[255] in-
stead of the square or oblique lattice usually adopted by self-assembled monolayers
of Pc on less corrugated substrates [see previous section 8.1]. Concerning inter-
molecular interactions, calculations have shown that the magnetic moment of the
cobalt ion of an isolated CoPc molecule should be preserved in a free-standing self
assembled monolayer[256], but no experimental signature of this magnetic moment
has been reported yet for the intact molecule, neither isolated nor in a self assembled
layer.

In the following, the self assembly of CoPc molecules on the graphene/Ir(111)
moiré-pattern is studied. The appearance of coverage dependent growth modes
reveals a subtle interplay between molecule-molecule interactions and molecule-
substrate interactions. Graphene layer was grown on Ir(111) following the method
presented in section 6.1. Depending on the desired coverage, the freshly prepared
graphene/Ir(111) sample was exposed to the molecule beam for deposition times
between 5 sec and 1min while held at room temperature and in situ transfered into
the STM head.
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Figure 8.6: a) STM constant current topographic image of Isolated CoPc molecules and
clusters of CoPc molecules on a graphene/Ir(111) terrace (82x105 nm2, Vbias =3V, It =50 pA,
T =4.2K). The molecules are very mobile on the surface and can easily be moved by the STM
tip. b) Line profile from a single molecule. c) Molecules adsorbed on a monoatomic step-edge
(9x16 nm2, Vbias =-2.5 V, It =150 pA, 10K). The step-edge acts as a nucleation center for the
formation of a self-assembly governed by molecule-molecule interactions.

8.2.1 Coverage-/and or nucleation center- dependent
growth

8.2.1.1 Submonolayer coverage

Typical STM constant current topographic images after deposition of a submono-
layer of CoPc molecules are shown in figure 8.6. Confirming the observations made
in the previous section, the CoPc molecules are extremely mobile on the graphene
surface, and can be easily moved by the STM tip. Large bias voltages and low
tunneling current have to be use to ensure a large tip-sample distance. The cross-
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like shape of the molecule can then be easily recognized [see Fig. 8.6b and 8.7b,c ].
In a comparable way to the graphene/Au(111) substrate, the molecules appear at
positive bias as a bright central protrusion. Moreover different adsorption sites are
observed. The monoatomic steps of the Ir(111) surface act as the most preferred ad-
sorption position of the molecules, since the step is completely covered by molecules.
Some isolated molecules are also found on the middle of the terrace. A careful anal-
ysis of the topographies reveals that the hollow positions of the moiré – fcc and/or
hcp – are energetically favored for the adsorption of molecules [see Fig. 8.6]. Follow-
ing the results from Coraux et al. [199] distinction can be made between fcc and hcp
since in atomically resolved line profiles with bright atop contrast, the fcc bridge
positions appear lower than the hcp one. Atomically resolved images were acquired
between molecules for this purpose. As a result, over 90 percent of the observed
isolated molecules are found to adsorb on fcc sites. The preference for fcc position
was also reported in the case of CoPc molecules adsorbed on graphene/Ru(0001)
and metallic clusters on graphene/Ir(111) [257]. On the fcc/hcp sites, half of the
C atoms lie almost directly above Ir surface-layer atoms. Hence, a locally induced
re-hybridization from sp2 to sp3 of the C-C bonds makes thoses sites an energeti-
cally favorable anchoring site for Ir clusters [258]. This is possibly also the case for
the cobalt dz2 orbitals since Dou et al. report on a molecule-substrate interaction
mediated by the central metallic ion between CoPc molecules and a graphene-layer
grown on Ni(111) [259]. The deposition of metall-free H2-Phthalocyanine would be
an interesting experiment to determine if the cobalt dz2 orbitals is responsible for
the specific adsorption on the graphene/Ir(111) system.

Furthermore, an analysis of the orientation of the molecules reveals a non con-
stant angular distribution, where molecules with an angle of 12-13 degree between
a main axis of the molecule and one main axis of the graphene layer seem to be
over-represented, as depicted in figure 8.8. As discussed in section 7.1, a specific ori-
entation of the molecule relative to the substrate together with a strong reduction
of the symmetry of the molecule is common for the adsorption of phthalocyanine
complexes on various substrates. Concerning the adsorption on cobalt islands on
Ir(111), Brede and Wiesendanger could precisely determine the adsorption site of
Pc-molecules, based on the symmetrical properties of the underlying substrate and
its influence on the molecular orbitals [260]. Here also, the characteristic D4h sym-



Chapter 8. CoPc on graphene on metals: possible decoupling? 155

metry of the molecule in vacuum seems to be broken on the surface, where one of
the four lobes appears lower than the other three, which corresponds to a reduction
to CS symmetry. Two possible effects may explain this behavior. On one hand this
could result from a non planar adsorption and a topographic tilt of the molecule
resulting from the spatial corrugation of the moiré-pattern. On the other hand, a
complex molecule-substrate interaction involving hybridization not only with the
Cobalt ion but also with the lobes may take place. If the CoPc adsorbs with the
cobalt ion on top of a specific site of the substrate, where the graphene layer itself
or the moiré modulated graphene show a mirror axis in a specific directions, with no
2nd mirror-axis perpendicular to it, this broken symmetry could be induced to the
molecular states as seen for the adsorption on copper. A detailed look on the struc-
tural moiré-model depicted in figure 8.7 shows that such sites are present: in the
center of a carbon ring on the fcc/hcp sites for the moiré modulated graphene with
an angle of 30 degrees relative to a vector of the moiré unit cell [110] or equivalent
[see Fig. 8.7], on top of a carbon atom of the graphene layer with an orientation of
30 degrees relative to the substrate ([1120] or equivalent). However, the histogram of
the direction of the observed CS axis does not show any of this clear specific orien-
tation. Only the orientation parallel to the close-packed directions of the substrate
seems to be slightly over represented (0 and 60 degrees). The broken symmetry
observed in this work for some isolated molecules is also likely to result from the
locally moiré-corrugated sample and the adsorption on a non-specific site near a fcc
sites.

Figure 8.6 also clearly shows that the molecules do interact with each other,
forming clusters of several molecules. Building blocks of 2,3,4,5 and more molecules
can be seen ·,¸,¹,º, with in this case of non-isolated molecules specific orienta-
tions relative to the moiré-pattern. Interactions between the molecules lead to the
formation of blocks of molecules with well defined orientation of the molecules rela-
tive to each other, whereas interactions with the substrate determine the orientation
of the whole group. Hydrogen bonding between a nitrogen atom of the pyrole group
of one molecule and a hydrogen atom of the benzene ring of a neighboring molecule
may lead to this imbrication of adjacent molecules. This effect becomes clearer with
an increasing number of molecules forming the groups. Indeed at higher coverages,
the formation of lines of molecules is observed, where the molecules tend to form
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b)
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Figure 8.7: a) Structural model of the moiré of R0 graphene/Ir(111). Top- and lateral view.
Superposition of the honeycomb graphene lattice (grey) with the Ir(111) underlayers (blue,
green, orange). The dashed circle denotes atop-regions, where the carbon ring sits directly
above an Ir atom. On the so-called hcp- (fcc-) sites denoted by a dashed (continued) square,
the carbon ring sits on top of an Ir atom from the second (third) layer. On the bridge sites,
half of the carbon atoms lie directly on top of the Ir atoms from the first layer. b) STM picture
of a CoPc molecule sitting on a fcc- site (6.9x4.6 nm2, Vbias =3V, It =50 pA, 4.2K). c) CoPc
molecules on a hcp- site, (7.3x5 nm2, same scanning parameters).

chains made of rings of 6 molecules around the atop positions of the moiré structure.
As in the case of isolated molecules the atop positions appear to be energetically
unfavorable since no molecule is present on this site. In this conformation, all the
molecules have the same orientation with an angle of 45 degree between one main
axis of the moiré pattern and a main axis of the molecule [see Fig. 8.6].

dIt
dVbias

-mappings acquired at different bias on a single molecule are depicted in fig-
ure 8.9, together with the concomitantly recorded topographic images. Interestingly,
a bright protrusion at the cobalt ion is present at every bias in the STM images.
The dIt

dVbias
-mappings however reveal a reach orbital structure. States localized at the

cobalt ion are only recorded at Vbias=-1.8V but must be also present at low posi-
tive bias, because of the specific shape of the topographic signal. States originating
from the lobes are recorded for all the other bias, all revealing different repartitions.
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Figure 8.8: a) Histogram, frequency distribution of the smallest angle between one axis of
the molecule and one axis of the moiré unit cell. b) Histogram, frequency distribution of the
angle between the axis of the CS miror and one axis of the moiré unit cell. c) Isolated CoPc
molecules, the dashed line shows the mirror Axis of the CS symmetry (5.5x10 nm2, Vbias =3V,
It =50 pA, 4.2K).
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Figure 8.9: STM topographic image and dIt
dVbias

-mapping from an isolated CoPc molecule
recorded for different Vbias (4.3×4.3 nm2, Vmod = 100mV, fmod =613.4Hz, T=4K, It = 20 pA
except for Vbias = +1.4V where It = 15 pA).
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a) b)

10 nm

Figure 8.10: a) STM constant current topographic image (46.5x85 nm2, Vbias = -2.5 V,
It=30 pA, T =16K). b) Structural model for the molecular arrangement of the observed lines.

However, the state acquired at Vbias =-2.2V does not exhibit the expected four-fold
symmetry of the CoPc molecule. Because of the high mobility of the molecule, the
recording of such a row of dIt

dVbias
-mappings is very challenging and it cannot be ex-

cluded here, that this molecule was sitting on a defect on graphene, promoting a
stronger interaction with the substrate, resulting in both a larger stability of the
molecule allowing the measurement and a breaking of its symmetry.

Increasing the coverage (0.6ML) leads to the formation of rows of molecules
following the moiré pattern with the same periodicity of 2.5 nm, as can be seen in
figure 8.10. Here again the fact that the atop positions are energetically unfavorable
governs the growth of such rows, together with the intermolecular interaction men-
tioned before. As well the number of molecules implied in the geometric structure
and the type of inter-molecular bonds are related to the Kagome-lattice structure
known for CoPc on graphene/Ru(0001) [255], but in this case the structure is slightly
distorted, and because of the slightly different moiré lattice parameters (2.5 nm for
Gr/Ir(111) and 2.7 nm for Gr/Ru(0001)), the growth of such a structure is only
promoted into one of the three equivalent directions of the moiré pattern.
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8.2.1.2 Monolayer coverage

With increased coverage (1ML), the formation of close-packed islands of molecules
that grow in a carpet-like mode over monoatomic steps is observed [see Fig. 8.11].
The presence of the graphene layer underneath is confirmed by a 2.5 nm periodic
hexagonal moiré pattern from graphene on Ir(111) as can be seen in figure 8.12. This
hexagonal modulation is particularly clear at negative bias voltage, but the presence
of hexagonal spots assigned to the moiré in the FFTs is observed at every bias, as
depicted in figure 8.12b. The organization of molecules resembles the usual square-
like lattice conformation, which is known for the growth of Pc-molecules on several
substrates, but a more detailed analysis of pictures with intramolecular resolution
reveals a much more complex structure with oblique close-packed arrangement as
depicted in figures 8.12c and d. Neither the lattice constant nor its symmetry seems
to be influenced by the moiré pattern. The unit cell is made of 4 molecules with two
different orientations. This rotation of the molecules within the layer is similar to
the growth mode observed for CoPc on HOPG[261, 262] but in contradiction with
some recent work on the same Gr/Ir(111) substrate[263]. In this latter publication,
Hämäläinen et al. report on the formation of two different distinct quasi-square
structures, one of them presenting a kink-like periodic perturbation. The larger
unit-cell with rotated molecules defined here would be a consistent explanation for
the presence of the kinks reported in this publication since the large-scale STM data
are very similar. However the structure without kinks also mentioned in this publi-
cation has never been observed in this work. A possible explanation for this, would
be two different growth modes/rates resulting from two distinct nucleation centers.

8.2.2 Electronic properties/decoupling

As previously mentioned, the CoPc molecules are extremely mobile on graphene
surface, so that scanning tunneling microscopy is only possible at large bias voltages
and small tunneling currents. Even though the close-packed monolayers are more
stable, it is not possible to image them at tunneling current higher than 100 pA at
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Figure 8.11: a) Line profile extracted from b) STM topographic image from a self assembled
monolyer of CoPc molecules (100×60 nm2, Vbias=2V, It = 100 pA, T=15K).

low bias voltages. This is not the case for CoPc molecules adsorbed on metallic
substrates and indicates a weak interaction between the CoPc molecules and the
substrate in this system, confirming the conclusions of the experiments conducted
on CoPc molecules on graphene/Au(111). The constant current topographic STM
images of the close-packed layer also show a large contribution to the tunneling cur-
rent coming from the center of the molecule especially at positive bias voltage as also
reported in the previous section [see Fig. 8.11]. Site-dependent high-bias STS exper-
iments show clear contrast between the center of the molecules and the graphene
substrate underneath, as can be seen in figure 8.13. The spectrum recorded at large
bias on bare graphene does not exhibit any pronounced feature, and solely show an
exponentially increasing background as expected from the large bias voltages close
to the work function of graphene [see section 1.3]. The situation is different for spec-
tra acquired on the center of the CoPc molecules, a peak being resolved at about
+1.3 eV ¶. This peak can be assigned to the dz2 cobalt orbital responsible for the
characteristic appearance of the molecules at positive bias. The bright protrusion
observed in STM images is thus purely of spectroscopic origin, as confirmed by the
STM image recorded at negative bias shown in the insert of figure 8.13, which reveals
the planar structure of the molecule.

High-bias site-dependent STS measurements are depicted in figure 8.14. Because
of the high bias voltage used here, the exponential background shown in figure 8.13
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a) b)

d)c)

10 nm

2 nm

Figure 8.12: a) STM constant current topographic image. The moiré pattern can be clearly
recognized below the layer of molecules. The green (blue) arrows indicate the directions of
the base vector of the moiré unit cell (resp. molecular unit cell) (31x88 nm2, Vbias =-3.5 V,
It =50 pA, T =10K). b) Fast Fourier transform of the STM image from a). The green hexagon
(blue parallelogram) marks the periodicity of the moiré pattern (resp. molecular assembly) c)
STM constant current image of the close packed CoPc monolayer with submolecular resolution
(15x15 nm2, Vbias =-3.5 V, It =100 pA, T =10K). d) Structural model of the close-packed
island derived from the STM image from c) (a =2.7 nm, b =2.8 nm φ =73.6 degree, with
the two distinct angles of the molecules relative to the unit vector a: ϑ1 =29 degree, and
ϑ2 =18 degree).
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Figure 8.13: STS spectra recorded on clean graphene and on the Co-ion for a molecule in a
monolayer (Vbias=3.5V, It=50 pA, Vmod=70mV, fmod =664Hz, T=16K). Insert: 6×10 nm2

Vbias=-2.5V It=25 pA.

is removed from the spectra by dividing the dIt
dVbias

-signal by It
Vbias

as discussed in
section 1.3. No clear contrast is observed between spectra located on the lobes or
on the cobalt ion at negative bias. At positive bias, similar features to what was
recorded in the previous section 8.1 are observed. Benches of two peaks at about 1V
¶ and 3.4V ¸ are acquired on top of the cobalt ion. Clear features are also present
on the lobes at about 1.75V · and 3.5V ¹. The dIt

dVbias
-mappings confirm these

observation, showing a clear contribution from the cobalt ion at 0.75V and 2.5V,
while a net contribution originating from the lobes is found at 1.75V. Concerning
the negative bias, a weak contribution from the cobalt ion is found at -2.75V, and
from the outer-part of the lobes at -0.5V. Since no peak is present in the STS spec-
tra, it is not clear if those contribution can be attributed to molecular orbitals, as
other process which are not implying molecular orbitals can result on image con-
trast when scanning molecules, as discussed in section 1.3. As for CoPc molecules
adsorbed on graphene on Au(111), no assumption can be made here concerning the
capacitive coupling between tip, sample and molecular orbitals, so that an unam-
biguous interpretation of the spectral features observed here in terms of HOMO
or LUMO mediated transport is not possible here. Tip-sample distance dependent
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STS, varying the molecule-tip coupling or gate-dependent measurement would be
needed for an assignment of the peaks.

Interestingly, the conductance maps show a molecule-dependent signal. This
effect is observed for every positive bias and is particularly clear at +1.75 eV con-
cerning the first contribution coming from the lobes of the molecules [see Fig. 8.14
and 8.15]. Not only the locally resolved density of states is more pronounced for
some specific molecules, but also the individual orbitals are more distinguishable,
showing that the graphene-induced decoupling is possibly molecule-dependent. The
molecules showing a larger density of states were marked with a blue dot on a mask
superimposed on the dIdV-mapping, and the influence of the moiré pattern to the
topographic signal was extracted from the STM image via selection of the hexagonal
spots in the FFT [see Fig. 8.15b, d]. When the mask obtained on dIt

dVbias
mapping is

placed directly above the moiré pattern, a clear correlation between the position of
the more-decoupled molecules and the moiré pattern is obtained. It appears that all
those molecules are sitting on atop-position of the moiré pattern, confirming the fact
that the atop positions are energetically unfavorable for the adsorption of molecules.

In conclusion, the moiré pattern originating from the slight lattice mismatch
between the graphene layer and the Ir(111) surface influences strongly the adsorption
of molecules. This influence of the moiré is still present when a self-assembled
monolayer is formed. However, STS experiment shows that the electronic properties
of CoPc moelcules adsorbed on graphene on Ir(111) are very similar to the one
of CoPc adsorbed on graphene on Au(111) and the gate-dependent measurements
shown in the following section will allow for an interpretation of the spectral features
observed here in terms of LUMO-mediated transport.
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Figure 8.14: STS spectra and dIt
dVbias

-mapping recorded at specific bias voltage (upper im-
age) and simultaneously recorded constant current topographic image (lower image). STS
parameters: fmod: 664Hz Vmod:75mV, tunneling parameter before opening of the feedback
loop: Vbias =3.5 V It =100 pA. Imaging parameters 20x20 nm2 It =50 pA with the same lock-in
parameter and a bias voltage of successively -2.75V, -0.5 V, 0.75V, 1.75V, 2.5 V and 3.25V
at T =5.5K.
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a) b)

d)c)

5 nm 1 nm−1

Figure 8.15: a) Self assembled monolayer of CoPc molecules, constant current topographic
image 30x30 nm2 Vbias =1.75V It =50 pA, T =16K. b) FFT from a), the contribution of
the moiré pattern is markes by the dashed line c) dIt

dVbias
-mapping recorded together with a)

(fmod= 664Hz Vmod=75mV) some molecules appear brighter d) Contribution of the moiré
to the constant current topographic image in real space, filtered by FFT. The position of the
brighter molecules from c) are marked with a blue dot.





Chapter 9

CoPc on back-gated
graphene

The self-organized CoPc layer is grwon here on graphene on SiO2/Si, the thickness
of the oxide layer being of 300 nm, as schematically depicted in figure 9.1. The idea
beyond this experiment is to build a field-effect single molecule transistor, the po-
tential Vgate applied to the Si layer being only partially screened by the graphene
layer, and thus allowing for tuning the molecular levels in energy. The experimental
results are first presented, followed by the introduction of two electrostatic trans-
port models based on the concepts of single-level resonant tunneling and coulomb
blockade introduced in sections 3.2.4 and 3.2.5. Part of the measurements presented
here were obtained together with Alexander Graf in the context of his Bachelorthe-
sis [264]. Alexander Graf performed the fits which results are used in figures 9.4, 9.7
and 9.8.

The possible use of graphene as a drain electrode has been proposed only a few
years ago [95], and the possibility of obtaining a transistor effect induced by chang-
ing the density of states at the Fermi-level of graphene leads as been theoretically
demonstrated [265]. Several STM studies conducted on back-gated graphene already
focused on the intrinsic graphene properties [266] or on the influence of defects or
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Figure 9.1: Schematic representation of the Si/SiO2/graphene/CoPc/W-tip in line geometry
of a single molecule transistor. The Si substrate, graphene and STM tip serve as gate, drain
and source electrodes respectively.

adatoms [267]. Only recently, Riss et al. demonstrated the possible use of a graphene
layer as a drain-electrode in an STM geometry [9].

9.1 Topography

A monolayer of CoPc molecules is deposited on the freshly contacted and cleaned
Gr/SiO2 substrate in the same manner it is mentioned in the previous sections 8.2
and 6.3. As reported by Järvinen et al. [268] the strong corrugation of the amor-
phous SiO2 substrate, does not inhibit this self-organization of CoPc on CVD
Graphene/SiO2/Si. Large scale STM topographic image reveal indeed areas exhibit-
ing periodic oscillations of the topographic signal ¶ ·, as denoted by the dashed
lines in figure 9.2a. A zoom into such areas show the CoPc self organization with
the expected quadratic unit-cell [see Fig.9.2b,c,d], as highlighted by the fast Fourier
transformation of figure 9.2d presented in figure 9.2e.
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Figure 9.2: STM constant current topographic images. a) Overview (200×100 nm2,
Vgate = 0V, Vbias=2V, It =20 pA, T=10K). Despite the large corrugation of the sample,
some organized islands can be recognized (dashed lines). b) Self assembled island of CoPc
(25.5×17.4 nm2 Vgate = 0V, Vbias=2.6V, It =50 pA, T=4K). c) Self organization over a
long range (73×5nm2 Vbias=3V, It =50 pA, T=10K). d) (32×22 nm2, Vbias=2V, It =50 pA,
T=4K). e) Fast Fourier Transform of d), the quadratic pattern resulting from the self assembly
can clearly be seen.
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Figure 9.3: a) Result of DFT calculations for a single CoPc molecule in gas phase. See Fig. 7.0
for more details.b) site resolved STS spectra taken at the Cobalt ion and at the lobes. Set
parameters before feedback loop opening: Vbias = +2V It=100 pA at 9K with Vgate = 0V,
fmod =667.14Hz and Vmod = 20mV at T=9K.

Since the apparent height of the CoPc molecules at a bias of 2V is ' 100 pm,
which is of the same order of magnitude than the corrugation of graphene on SiO2/Si
on the same scale, this self organization allows an unambiguous identification of the
molecule and gives an indicative information about the cleanness of the graphene
underneath. As observed for CoPc molecules adsorbed on graphene on gold and
Ir(111), the molecules appear in the topography as a bright protrusion at posi-
tive bias voltages, in accordance with the gas-phase electronic configuration of the
molecule, the first unoccupied orbital being located at the cobalt ion. STS measure-
ments performed in low- and high-conductivity regime are presented in the following,
and discussed based on the gas-phase electronic configuration of CoPc molecules cal-
culated by DFT.
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Figure 9.4: 2D-color plot of several STS spectra recorded with different gate voltages in the
low coupling regime. Scanning was continued between two spectra to rule out any drift of the
molecule (Vmod = 20mV, fmod =667.14Hz , It=100 pA ,Vbias=2V at T=9K). Position of the
different features was determined by fitting a Lorentz peak. These fit were done by Alexander
Graf [264] a) Spectra recorded at the cobalt ion. b) Spectra recorded at the lobes.

9.2 Electronic properties: low conductivity

The gas-phase electronic configuration of the CoPc molecules depicted in fig-
ure 9.3a. In case of the low conductivity result shown here, a prominent tip state
located at about ' 1.9 eV induced an increase of the tip-molecule distance at the
applied bias voltage of 2V. For the sake of clarity the Vbias-range where the tip state
is present is not shown.

At positive bias and in accordance with the topographic measurements, cobalt-
site spectrum of figure 9.3 reveals a contribution to the differential conductance
current from the cobalt orbital at about +1.1 eV ¶. No contribution is found on
the lobes at positive bias voltage. The opposite situation occurs at negative bias,
with a large contribution originating from the lobes at -1.5 eV ·, with no feature
located on the cobalt ion. In STS measurements, when the coupling to the STM
tip can be neglected, empty sample states are probed at positive bias and occupied
states are probed at negative bias, so that the feature ¶ (·) can be addressed to the
LUMO(HOMO) state of the molecule. The localization of the features observed in
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Figure 9.5: Shematic representation of LUMO(HOMO)-mediated tunnel transport through
a molecular junction, as a function of Vgate and Vbias. In the low coupling regime two peaks
appear in the differential conductivity, that result from transport through LUMO and HOMO
states at different bias voltages. If the gate potential is increased, both peaks move into the
same direction in energy.

the site-dependent STS corresponds indeed to the spatial repartition of the orbitals.
This is confirmed in the following by gate-dependent measurements presented in
figure 9.4, where the gate potential is varied between -40 and 10V. An increase of the
gate potential toward positive values induces a lowering of the bias voltage needed
to make molecular states contribute to transport, i.e. to align the Fermi-level of the
tip and the molecular level. Such an effect can be explained with a simple capacitor
model: the presence of positive charges in the gate electrode implies a favoring of
the accumulation of negative charges, both in graphene and in the molecular states.
This result in a lowering of the graphene and molecular states in energy, and thus
of the bias voltage needed to make the molecular states contribute to transport, as
schematically depicted in figure 9.5.
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9.3 Electronic properties: high conductivity

The situation is slightly different when the conductivity of the tunneling contact
is increased. STS measurements acquired in such a situation are shown in figure 9.6.
Contrarily to the low-conductivity regime, STS spectra and the dIt

dVbias
-mappings

shown here where recorded with a STM tip showing no strong tip-states. However
the different bias voltages and tunneling current used during the measurements leads
to different tip-molecule distances, so that the position of spectra features in energy
is likely to vary between the dIt

dVbias
-mappings and the STS spectra. The STS spectra

reveal a very similar structure to what was observed for self-assembled monolayer
adsorbed on graphene on gold [see Fig. 8.5 in section 8.1], with comparable STS
parameters. Here also a clear peak is recorded at about +1 eV ¶ at the cobalt ion.
Interestingly, dI

dV
-mapping recorded at Vbias = +0.7V ¶ shows a molecule-dependent

contrast, indicating that the cobalt orbital contribution appears at different energy
depending of the molecule. Such an effect has been previsouly reported by Järvinen
et al. [268]. It has been shown that the major interaction between graphene and
CoPc molecules is mediated by the orbitals of the Co ion [259, 269]. Consequently
the doping variation of graphene on SiO2 resulting from trapped charges in the SiO2

reported by Zhang et al. [165] could explain the contrast observed here [see Fig. 9.6d].
However lateral dimension of charge puddles in graphene have been reported to
be of several tenth of nanometer far larger than the typical length of variation of
contrast observed here. An other possible explanation would be the roughness of the
graphene underneath, leading to different coupling to the graphene from molecule to
molecule. An histogram summarizing the probability of finding a peak at a certain
energy in STS acquired at the cobalt ion is shown in figure 9.7. A clear contribution
originating from the cobalt orbitals is indeed present at +0.5V ¶. In a similar way
to the measurements performed on CoPc on graphene/Au(111), a spectral feature
located at about -1V · is recorded at the lobes at negative bias. The topographic
image recorded at Vbias = −0.9V reveal the cross-like shape of the molecules, while
the concomitantly acquired dIt

dVbias
-mapping shows a diffuse contribution from the

lobes [see Fig. 9.6b,c].

Two additional features to the low-conductivity regime are however observed
here. At positive bias, a contribution at about 1.5 eV can be seen in the spectrum
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Figure 9.6: a) site resolved STS spectra taken at the Cobalt ion and at the lobes. Set pa-
rameters before feedback loop opening: Vbias = +2V It=100 pA at T =9K with Vgate = 0V,
fmod =667.14Hz, and Vmod = 20mV. b) Topographic image (6x9 nm2 Vbias = −0.9V,
It=17 pA, T=4K). The cross-like shape of the molecule is visible here. c) dI

dV -mapping
recorded together with (b) (Vmod = 30mV, fmod =667.14Hz). It shows a diffuse contri-
bution from the lobes. d) dI

dV -mapping: 24x9 nm2, Vbias = +0.7V It=17 pA Vmod = 30mV
Molecule-dependent contribution coming from the center of the molecule.e) Topographic im-
age 9x9 nm2, Vbias = 2V It=50 pA. At positive bias, the molecules appear as a bright protrusion
located at the cobalt ion. f) dI

dV -mapping recorded with (e) Vmod = 30mV. g) dI
dV -mapping

( V b =+3V, It=50 pA, Vmod = 30mV).
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Figure 9.7: Number of peaks measured in a certain energy interval, for all the measurements
performed at the Co-ion. The position of the peaks was determined by fitting a lorentz peak.

taken on the lobes ¸. This contribution is further revealed with the dIt
dVbias

-mapping
at 2V of figure 9.6f, where only the outer parts of the molecules contribute to trans-
port. However it has to be noted that the dIt

dVbias
-maps were recorded at constant

tunneling current. The important contribution coming from the cobalt ion at lower
voltages increases the tip-sample distance in the middle of the molecule and thus
results in an artificially lower dIt

dVbias
signal at this position at higher voltage bias [see

Fig. 9.6e]. Interestingly, dIt
dVbias

-mapping acquired at Vbias=+3V reveals the emer-
gence of states localized on the cobalt ion again, as depicted in figure 9.6g. Sadly no
STS spectrum could be recorded in this voltage range. At negative bias voltage, a
weak contribution originating from the cobalt ion to tunneling current is observed
at about -1.75V ¹. The rather small value of the dIt

dVbias
-signal at the cobalt ion at

negative bias observed here, could be partially explained by the positive set voltage
and the resulting increased tip-molecule distance. The topographic image of figure
9.6(b) is recorded at negative Vbias and shows the characteristic cross-like shape of
the molecule. One the other hand the dI

dV
-signal of fig 9.6(c) recorded concomitantly

to the topographic image 9.6(b) reveals a diffuse contribution located at the lobes in
accordance with the spectra presented in figure 9.6(a). Based on the gate-dependent
measurements presented in the following, the features ¶,·,¸ and ¹ are all assigned
to LUMO and LUMO+1 states.

The influence of the gate potential on the STS spectra is shown in figure 9.8 for
spectra located at the cobalt ion and at the lobes. The situation is more compli-
cated than in the low-conductivity case, with series of peaks moving into different
directions upon application of the gate voltage. In particular the spectral features
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Figure 9.8: 2D-color plot of several STS spectra recorded with different gate voltages in the
high coupling regime. Scanning was continued between two spectra to rule out any drift of the
molecule (Vmod = 20mV, fmod =667.14Hz, It=100 pA Vbias=2V). Position of the different
features was determined by fitting a lorentz peak. These fit were done by Alexander Graf [264]
a) Spectra recorded at the cobalt ion. b) Spectra recorded at the lobes.

recorded at the cobalt ion ¶ and at the lobes ¸ at positive bias are made of several
peaks, moving parallel to each other toward lower Vbias upon application of a gate
voltage. This is equivalent to the situation observed in the low-conductivity case,
corresponding to a lowering of the molecular states in energy. The fact that the
spectral features observed in figure 9.6 are made of several peaks can be furthermore
interpreted in terms of the excitation of vibronic states at it was done in section 8.2.

Different behavior upon application of the gate voltage is however observed at
negative bias voltages for the features · and ¹. Here, an increase of the gate po-
tential toward positive values shifts the observed spectroscopic features to higher
energies. This can not be explained in terms of tunneling through HOMO states of
the molecules: since all molecular levels are feeling an electric field showing in the
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same direction, the behavior of the LUMO and HOMO states should be qualitatively
the same. A simple picture of LUMO-mediated transport can however explain this
behavior, as introduced in section 3.2. A schematic explanation is proposed in fig-
ure 9.9, which is discussed in more details in the next two sections, based on simple
electrostatic transport models.

In the following, transport through solely the LUMO state is considered, the
position of a HOMO state being shown only for indication. At positive voltage bias,
a potential gradient occurs between tip and graphene so that the LUMO state is
shifted to higher energies with respect to the ground. Since this shift only represents
a fractional amount of Vbias, it aligns at some point with the Fermi level of the tip
and can contribute to electronic transport [see Fig. 9.9]. This corresponds to the
situation observed for features ¶ and ¸ and in the low conductivity regime. In a
symmetric manner, negative bias voltages shift the LUMO toward lower energies,
until it aligns eventually to the Fermi level in graphene and again contributes to
transport in the other direction. This explains why an unoccupied molecular state
can contribute to transport at negative bias voltage In STM experiments. In other
words – as discussed in details in section 1.3– STS experiments probes occupied
sample states and unoccupied tip states at negative bias voltage, and the opposite
at positive bias voltage. If a molecular state directly coupled to the sample is
present in the junction, empty molecular states are resolved at negative bias. In a
symmetric manner if the molecular states couple to the tip, empty molecular states
are resolved at positive bias. However, if the coupling to the tip is comparable to
the coupling to the sample, empty molecular states are likely to be resolved at both
bias voltages. This argumentation is of course also valid in an inverted manner for
occupied molecular states.

In classical STS experiments where no gate electrode is present, only rather
qualitative argumentation about the coupling between a molecule and the sub-
strate/tip or systematic variations of the tip-sample distance allow interpreting the
presence of a conductivity gap ∆ in STS spectra in terms of HOMO-LUMO gap
or LUMO(HOMO)-mediated transport. Here the presence of the gate electrode al-
lows to arbitrate between both processes. A positive potential applied to the gate
electrode (Vgate > 0) induces a lowering of the molecular states. The absolute bias
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Figure 9.9: In the high coupling regime, transport for both bias polarities is mediated by the
state closest in energy to the fermi level of graphene, the LUMO state in this example. an
increase of Vgate implies a reduction of the distance ∆ between the two peaks observed in the
differential conductivity (∆2 < ∆1).

voltage |Vbias| needed to transport charges through the LUMO is lowered as well,
both for positive and negative bias voltage. As a consequence, the distance between
the two transport processes is reduced with increased gate voltage. Exactly the op-
posite behavior occurs for HOMO-mediated transport. Consequently peaks related
to LUMO-mediated transport at negative bias moves to higher bias voltage with
increasing the gate voltage, as observed in this experiment. This corresponds to the
classical Coulomb-blockade view in which to adjacent sides of a coulomb-diamond
correspond to the same charging-state of the quantum dot, as illustrated in figure 3.9
from section 3.2.5

Some other features are also observed in figure 9.8:
At positive bias on the lobes, two peaks shift to higher bias energies while increasing
the gate voltage º. According to both position and direction, this would correspond
to an HOMO-state that aligns with the Fermi-level in graphene. An occupied tip
state in the same energy range would however show the same behavior. The in-
fluence of the gate electrode observed here is moreover larger than for the other
features, indicating a smaller capacitive coupling to the continuum of the tip, which
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would not be the case for a tip state. The localization of this feature at the lobes
only indicates that the HOMO is probably probed here.
At negative bias on the cobalt ion, a domain of negative differential resistance (NDR)
is observed between two peaks, represented as a zero-dark area because of the loga-
rithmic scale used here ¹. NDR – the fact that the current decreases when voltage
bias is increased – is a classical property of tunneling diodes [270], and various STM
measurement have shown that this effect also occurs at the atomic scale [271]. This
is especially the case when measurements are performed on molecules [272], this be-
havior having been observed even at room temperature [273]. Various explanations
for such an effect have been proposed. If sharp spectroscopic features are present
in the tip or sample densities of states, in a certain bias range an increase the bias
can conduct to a misalignment of those features with molecular orbitals in energy,
resulting in an overall reduced tunneling probability [274, 275]. This is for instance
the case if one of the substrate is semi-conductive and thus presents a clear energy-
gap around EF [273], or if well-defined electronic states emerge at the tip apex when
its geometry is sufficiently sharp [272]. Another possible explanation relies on the
concepts of bias-dependent tunneling probability introduced in section 1.3: If the
molecule is present between two tunneling barriers, because of the potential gradi-
ent induced through the junction by an increase of the bias voltage, the molecular
level can be lowered in energy with respect to the fermi-level of one electrode, result-
ing in an higher effective tunnel barrier [276, 277] and a smaller tunneling current.
Moreover Donarini et al. have proposed that interference phenomena between two
levels close in energy and contributing simultaneously to transport can also induce
NDR [278].
According to the explanation proposed in figure 9.9, this phenomenon occurs when
a LUMO-type level aligns with the fermi-level in graphene. If some sharp structures
emerge close to the fermi-level in the density of states of graphene, negative differen-
tial resistance could occur because of resonant tunneling between thoses structures
and the molecular states. A contribution from tip states to this effect can be ruled
out, since this feature only appears on top of the cobalt ion but further investigations
are needed to clarify the exact nature of the NDR observed here.

Interestingly, contrarily to previous reports, no hysteresis effect of the gate elec-
trode related to the presence of trapped charges [204] could be observed in the mea-
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Figure 9.10: Influence of the gate voltage on the position of a peak in the high coupling
regime. a) Slope of the lines from the fits presented in figure 9.8, as a function of the bias
value at which peaks are recorded for Vgate = 0V. The smaller the absolute value of dVgate
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the larger the influence of the gate voltage b) The tip is positively charged, transport occurs
through the LUMO so that the molecule is negatively charged, compensating the electrical
field generated by the tip. As a consequence the graphene is poorly doped and cannot screen
efficiently the electric field generated by the gate: A high influence of the gate voltage is
observed. c) In a symmetric manner the tip is negatively charged, the molecule positively
(HOMO-mediated transport) and the influence of the gate voltage is also large. d) Here both
tip and molecule are charged with the same sign, the doping of the graphene increases rapidly
with increasing bias voltage and the electric field generated by the gate electrode is efficiently
screened. The influence of the gate voltage decreases rapidly upon increase of the bias voltage.
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surements performed on this system. Figure 9.10 shows the influence of the gate
voltage on the features observed in the STS spectra. It is based on on STS mea-
surements performed in the high-conductance regime taken at the cobalt ion and
at the lobes on five different molecules. The smaller the absolute value of dVgate

dVbias
,

the smaller is the slope in figure 9.8, i.e. the larger is the influence of the gate
voltage on the bias voltage at which the molecular orbitals contribute to charge
transport. The influence of the gate voltage depends on the states involved, and
the features moving to higher energies with increasing gate voltage are more sen-
sitive to the gate voltage than the other ones. Two effects can explain this be-
havior. In a classical Coulomb-blockade view, the slopes of the two adjacent sides
of the Coulomb diamond are related to the capacitive coupling of the molecular
states to the different electrodes (Cgate,Cgraphene,Ctip) as discussed in section 3.2.5,
with Cgate � Ctip < Cgraphene in this case. The position of a peak is given by
Vgate = CtipVbias

Cgate
when it results from a molecular state being aligned with the Fermi

energy of graphene, and Vgate = −CgrapheneVbias
Cgate

when it aligns with the Fermi level
of the tip. Since the molecules reside directly on the graphene layer, Cgraphene is
expected to be larger than the capacitive coupling to the tip. This explains why
the peaks which move to higher energies with increasing gate voltage, exhibiting
a positive slope in figure 9.8, are more sensitive to the gate voltage than those ex-
hibiting a negative slope. Furthermore, the effect is enhanced by the fact that the
influence of the gate voltage is effectively maximized, when tip and molecule are
charged with opposite signs. As shown in figures 9.10b and c, this limits the doping
of the graphene layer. When tip and molecule are charged with the same sign, cor-
responding to the case in figure 9.10d, charges accumulate in the graphene layer so
that the effective influence of the gate electrode (Cgate) is reduced for dVgate

dVbias
< 0. Re-

markably, this influence also depends on the original energetic position of the peaks
for Vgate = 0. The larger the bias voltage needed to make a molecular state con-
tribute to the transport, the larger is the doping induced by the tip in the graphene
layer. An increased density of states in graphene efficiently screens the electric field
generated by the gate voltage. Consistent with the Coulomb-blockade picture, a re-
duced Cgate lead to an increased absolute value of dVgate

dVbias
, reducing the impact on the

transport properties of the molecule of the potential applied to the gate electrode.
In the following a more precise electrostatic description of these effects is proposed.
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9.4 Electrostatic transport models

In section 3.2, two simple transport models were presented, aiming at describing
how charge transport can occur through molecules. In the following, an attempt to
adapt those models to the specific case of molecules on back-gated graphene studied
by STM is presented.

9.4.1 LUMO-mediated resonant tunneling

In a resonant tunneling view, the position of molecular levels in energy relative to
the Fermi-level of the electrode is what arbitrate if a tunneling current is flowing or
not. Determining this quantity is the goal of the following discussion. More detailed
calculations for a very similar problem focusing on the tip-induced band-bending
in graphene are shown in appendixA. The tip/graphene/gate-electrode system is
considered to form a parallel plane capacitor [see Fig. 9.11], in a similar manner
to previous works about two-dimensional electron gases between two metallic plates
[267, 279]. This is obviously a quite bold approximation concerning the actual shape
of the STM tip, and limitations imposed by this too simple geometry are discussed
in the following. The electric field in the vacuum between tip and graphene ( ~F0)
and between graphene and the substrate ( ~F1) can be expressed as a function of the
charge densities σsub,σgr and σtip per unit area:

~F0 · ~ux = σgate

2ε0
+ σgr

2ε0
− σtip

2ε0
and ~F1 · ~ux = σgate

2ε1
− σgr

2ε1
− σtip

2ε1
.

It follows for the total field energy E per unit area:

Efield = dtip + dmol

8ε0
(σgate + σgr − σtip)2 + dgate

8ε1
(σgate − σgr − σtip)2.

The small density of electronic states in graphene compared to the metallic tip
and gate electrodes plays a decisive role: It costs a non-negligible energy to fill the
graphene band with the additional density of charges σgr. This extra “Pauli”-energy
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Figure 9.11: Schematic representation of the plane capacitor considered in this section, made
of STM tip/ graphene / and Si gate. Upon application of the voltages Vbias and Vgate, charges
σgate,σgr and σtip accumulate in the different electrodes.

has to be taken into account in the total energy per unit area. It also means that
the charging of graphene induces a certain shift of the Fermi-level (µshift) or band
bending. EPauli can be expressed as follows [see appendixA for more details]:

σgr

e
= µ2

shift
π~2v2

F

µshift

|µshift|
and EPauli = 2A

3e
√
|σgr|

3

with A = ~vF
√

π
e
, vF being the Fermi velocity of graphene.

As introduced in section 3.2.5, the potential minimized at T =0K in thermo-
dynamic equilibrium of such a system is the free enthalpy F = Efield + EPauli −W
where W is the work performed by the power supplies connected to the electrodes,
i.e. the substrate, the graphene layer and the tip. Accounting for the different work
functions of the different electrodes and the fact that the work function of graphene
changes with the charge density present in the layer, infinitesimal changes dσtip, dσgr

and dσsub imply the infinitesimal work dW to be performed:

dW = dσtip

(
−Φtip

e
+ Vtip

)
+dσgr

(
−Φgr

e
− A

e

√
|σgr|

σgr

|σgr|

)
+dσgate

(
−Φgate

e
+ Vgate

)
.

The free enthalpy can be now minimized as a function of σtip,σgr and σsub under
the neutrality condition: σtip + σgr + σgate = 0, so that a system of three equations
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connecting the values of the different densities of charges as a function of the applied
voltages is obtained. The capacity CΣ is defined as:

CΣ = ε0ε1
(dtip + dmol)ε1 + dgateε0

and the following relation is obtained for σgr:

0 = 2A
e

σgr

|σgr|
√
σgr + CΣ

dgate

ε1

(
Vtip −

Φtip

e
+ Φgr

e

)

+CΣ
(dtip + dmol)dsub

ε0ε1
σgr + CΣ

dtip + dmol

ε0

(
Vgate −

Φsub

e
+ Φgr

e

)
.

which can be easily solved numerically. σgate and σtip can then be calculated directly.
This allow to compute the value of the electrical field ~F1 in the STM junction and
finally the position of the molecular level in energy. The potential ε from an empty
molecular state of a molecule located at a distance dmol from the graphene surface
is derived from the electronic affinity EA of the molecule. It is defined relative to
the Fermi-level of graphene which is set on ground in the experiment:

ε(Vbias,Vgate) = −µshift,gr + Φgr − e
∫ dmol

0
~F1d~x− EA.

Finally LUMO-mediated transport is considered, following the concepts intro-
duced in section 3.2. It occurs for ε comprise between two distincts Vtip values (with
Vtip = −Vbias), corresponding to the cases where ε crosses the fermi level of the tip
and where it crosses the Fermi level of the graphene layer:
- for Vtip < 0 ⇒ ε(Vbias,Vgate) = −eVtip

- and for Vtip > 0 ⇒ ε(Vbias,Vgate) = 0
those values depend of course on Vgate.

The tunneling current and its first derivative is computed via integrating over
all the states in energy contributing to tunneling, following the equation introduced
in section 3.2:

It(Vbias,Vgate) = 2e
h

∫ ∞
−∞
T (E,Vbias,Vgate) [f(E)− f(E + Vbias)] dE
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with:
T (E, eVbias,Vgate) = 4ΓgrΓtip

[E − ε(Vbias,Vgate)]2 + [Γgr + Γtip]2
.

The result of this computation can be seen in figure 9.12a,b, where both the tunneling
current and its first derivative are plotted as a function of Vbias and Vgate for a set
of parameters arbitrarily chosen. Within this formalism, the coupling strengths
Γgr(tip) can be seen as decreasing functions of dmol(tip). Since they only influences the
shape of the peaks in the first derivative of It and not their positions, the coupling
strengths are set to an arbitrary value in the following. The value of vF chosen for
the simulations is the one reported for graphene on SiO2. It has to be noticed that
this value may be influenced by the presence of the molecules. This is also the case
for the position of the Dirac point for free standing graphene which is set to zero.
These effects could be easily taken into account in this model, but for the sake of
clarity it is not the case here.

This model nicely reproduces how a single molecular level contributes to current
both at positive and negative bias voltage. The influence of the potential applied to
the gate voltage, shows the expected qualitative behavior discussed in the previous
section: When a positive voltage is applied to the gate electrode, positive charges
accumulate in the gate electrode. In order to screen the resulting electric field, the
accumulation of negative charges is favored both in the graphene layer and in the
molecule, resulting in a lowering of the molecular and graphene states in energy. A
closing of the gap observed in the It(Vbias,V g) and dIt

dVbias
(Vbias,V g) diagrams from

figure 9.12is observed, the inverted argumentation being also working for occupied
molecular states. Furthermore, the scenario where the molecular levels crosses the
Fermi-level in graphene shows large broadened peaks, as highlighted by the first
derivative of the tunneling current. It shows that both the molecular level and the
graphene states are shifted in the same direction upon application of a bias voltage,
this effect being a direct consequence of the band-bending occurring in the graphene
layer.

As introduced in the discussion of the experimental datas, the influence of the
gate electrode depends both on the position of the feature and on the sign of the bias
voltage at which it is recorded. This model reproduces how the influence of the gate
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regions with positive(negative) tunneling current. b) dIt
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the simulation: dtip = 3Å, dmol = 2Å, dgate =300 nm, ε1 = 4ε0, Φtip =4.5 eV, Φgr=4.6 eV,
Φgate = 4.5 eV, vF = 1.2 · 106 m

s , Γtip = Γgr=10meV, T = 10K, EA =4.2 eV c,d) HOMO-
mediated transport. Same parameters but EA =4.9 eV.
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Figure 9.13: Influence of the potential applied to the gate electrode, as a function of the
position of the peak for Vgate = 0V. The higher the charge density in the graphene layer,
the more the electric field is screened. As a consequence, the influence of the gate electrode
on the position of the level is reduced, when a higher voltage as to be applied to make a
molecular level contribute to transport. The red lines correspond to a fit, performed using the
parameters as for figure 9.12, but with dtip and dmol as free fit parameters. Obviously, this fit
is not very satisfying, especially for the value of the positive slopes. Furthermore this model
tends to overestimate dtip = 3.5 nm and underestimate dmol = 0.1 pm, the charging of the
graphene having to be taken into account.
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voltage decreases when the bias voltage needed to make a molecular level contribute
to transport is increased. This can be explained in terms of accumulation of charges
in the graphene layer induced by the potential applied to the tip, that effectively
screen the potential applied to the gate. This behavior is clearly reproduced in the fit
of the data obtained on the CoPc/graphene/SiO2 system as depicted in figure 9.13.
The result of the fit does not give physically acceptable results for dtip and dmol

(dtip = 3.5 nm and dmol = 0.1 pm) and highlights the weak point of this model:
when a molecular level contributes to transport, it is actually charged. Such an
extra charge present in the close vicinity of the graphene layer is likely to locally
perturbe the layer. This effect logically leads to an increase of the influence of the
gate when both molecule and tip are charged with opposite signs, minimizing the
charge accumulation in the graphene layer, and decreases the influence of the gate
when molecule and tip are charged with the same sign. As discussed in the previous
section in terms of capacitive couplings of the molecular orbitals to the electrodes,
the positive slopes can be related to the ratio Ctip

Cgate
and the negative slopes to − Cgr

Cgate
.

Since this model does not take into account the fact that Cgate is maximized for the
positive slopes (molecule and tip charges with opposite signes) and minimized for
the negative ones (molecule and tip charged with the same sign), the fit leads to an
underestimation of Ctip and an overestimation of Cgr, leading to too small values for
dmol and too large values for dtip.

Furthermore because of the slight differences in the work functions of the different
electrodes used for the computation, the graphene layer is slightly n-doped. The
energy at which the influence of the gate is maximized ¶ for dVgate

dVbias
< 0 corresponds

to the absence of charges in graphene, i.e. the Dirac point and the Fermi level
coincide. It is logically found here at positive bias voltage: a negative potential has
to be applied to the tip in order to repulse the negative charges originally present in
graphene. Since the measurements were performed on 5 distinct molecules possibly
sitting on differently doped graphene region, this detail is not relevant here and
won’t be considered in the following.

In order to take into account the influence from a charged molecule on the
graphene, the coulomb-blockade formalism – which focuses on the electric field gen-
erated by an extra charge on the molecule – is used in the following discussion.
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9.4.2 Coulomb blockade: charging effects in the graphene
layer

Here again, a plane capacitor geometry is considered, with a layer of molecules
intercalated between tip and graphene. Only LUMO-mediated transport is taken
into account first, corresponding to a zoom in two adjacent sides of a coulomb
diamond, as depicted in figure 3.9 from section 3.2.5. Because of the range in which
Vbias and Vgate are varied in the following, only three cases are considered as depicted
in figure 9.14:
- case 1: the molecule is stabilized in the neutral state: no current is flowing.
- case 2: electrons can tunnel from the graphene layer to the molecule
- case 3: in the opposite was, electrons can tunnel from the tip to the moelcule.
The case where an extra charge is stabilized on the molecule is not considered
here. In other words, the situation where an extra charge present to the molecule
can further tunnel to the second electrode is always thermodynamically promoted.
Furthermore it is assumed here that charge tunneling is an infinite quick process and
it is considered that a tunnel process is a very unlikely event, so that the system is
always at the thermodynamic equilibrium [see section 1.2].

The number of charges nmol possibly present on the molecule is quantized, as
discussed in section 3.2.5 leading to the following density of charges σmol in the
molecular layer:

σmol = e
nmol

Smol

with nmol =-1 or 0 in the cases considered here. Smol is the surface occupied by the
molecule on the graphene layer. According to the unit cell defined in section 8.2 for
self-organized CoPc molecules on graphene/Ir(111), this surface is about 1.8 nm2.

In the same manner as in previous section, the field energy is expressed as:

Efield = dtip

8ε0
(σgate + σgr + σmol − σtip)2 + dmol

8ε0
(σgate + σgr − σmol − σtip)2

+dgate

8ε1
(σgate − σgr − σmol − σtip)2.
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Figure 9.14: Schematic representation of the plane capacitor used in this section formed
by the tip, the molecular layer, graphene and the Si substrate. Three possible scenarios are
considered: case 1, the stabilization of the molecule in the neutral state; cases 2 and 3, a
current is flowing through the molecule.

A second term is added to the the Pauli-energy in order to take into account the
quantum nature of the molecule and the quantization of the molecular level: it costs
and extra energy Eadd to put an additional charge on the molecule:

EPauli = 2A
3e
√
|σgr|

3
+ nmolEadd

Smol
.

And compared to the previous section, the work performed by the power supply
connected to the electrodes has to be modified in order to take into account the
charges ∆tip =-1 or 0 and ∆gr=-1 or 0 with nmol = ∆tip + ∆gr which had to be
placed at the potentials Vtip and Vgr before tunneling to the molecular levels. It
follows for the total work:

W =
∫ σtip

0

∫ σgr

0

∫ σgate

0
dW + Vtip

∆tip

Smol
+ Vgr

∆gr

Smol

In the experiment described here, the value of the different potentials applied to
the electrodes are set to Vgr = 0, Vtip = −Vbias and Vgate, following the usual STM
conventions. In a similar way to what is presented in the previous section, σgr,σtip

and σgate can be then calculated, minimizing the free enthalpy F at T = 0K as a
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function of σgr,σtip and σgate with the neutrality condition (σgr +σtip +σgate +σmol =
0). The following relation is obtained for σgr:

2 ((dtip + dmol)ε1 + dgateε0) A
e

σgr

|σgr|
√
σgr + dgate(dtip + dmol)σgr + dgatedtipσmol

+dgateε0

(
Vtip −

Φtip

e
+ Φgr

e

)
+ (dtip + dmol)ε1

(
Vgate −

Φgate

e
+ Φgr

e

)
= 0

This can again be computed numerically for the two cases considered here, depending
if the molecular level is occupied or not, i.e. for σmol = 0 and σmol = − e

Smol
.σtip and

σgate can be directly calculated, out of the value obtained for σgr. And finally the free
enthalpy F = Efield+EPauli−W can be obtained for the three cases mentioned above:
F0 = F (∆tip = 0, ∆gr = 0) → It = 0, F−1 = F (∆tip = 0, ∆gr = −1) → It = −1
and F1 = F (∆tip = −1, ∆gr = 0) → It = 1. The result of this calculation is shown
as a function of Vbias and Vgate in figure 9.15a,b,c. It has to be noted that the free
enthalpy calculated here corresponds to the transfer of an electron to the molecule
at the defined potentials and does not take into account the fact that a transfer
may have already occur at a lower value of bias voltage: one is not interested in the
actual enthalpy of the system, but in the values of Vbias and Vgate at which transitions
occurs. Comparing the enthalpy obtained for the different cases for each value of
Vbias, and Vgate it can be determined which case minimizes the enthalpy of the whole
system, and a certain tunneling current (-1,0 or +1 (a.u.)) can be associated to it.
The result of this simulation is shown in figures 9.15d and e.

This calculations nicely show that at negative bias voltage, the free enthalpy
is indeed minimized by populating the molecular state with an electron from the
graphene layer, while the opposite occurs at positive bias voltage. Obviously, this
process depends on the potential of the gate electrode, so that the experimental
observations are well reproduced. However, the geometry used here clearly induces a
strong overestimation of the field energy as can be seen from the needed value of Eadd

to obtain It(Vbias,Vgate) diagram comparable to the experiment. In this case, the field
energy is even dominating the quantum nature of the molecule (SmolEfield � Eadd).
This can be seen as a direct consequence of the geometry considered, with a infinite
metallic tip-surface on top of a layer of charged molecules, compared to the more
realistic atomically sharp STM tip and the single molecule contributing to transport.
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Figure 9.15: a,b,c) Free enthalpy for the following three cases: transfer of an electron from
graphene to the molecule, no transfer at all, transfer of an electron from the tip to the molecule
, as a function of Vbias and Vgate. d,e) It and its first derivative revealing the scenario which
minimizes the free enthalpy. Parameters used for the simulation: dtip=1nm, dgate =300 nm,
dmol = 200 pm, ε1 = 4ε0, Φtip=4.5 eV, Φgate=4.5 eV, Φgr=4.5 eV, Eadd = −5.9 eV , vF =
1.2 · 106 m

s , Smol=1.8 nm2.
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Figure 9.16: Influence of the potential applied to the gate electrode, as a function of the
position of the peak by Vgate = 0V. Free parameters for the fit procedure: dtip, dmol and Smol,
with dtip=1.1 nm, dmol = 5.1 pm and Smol=23.2 nm2. Otherwise parameters as for figure 9.15:
dgate =300 nm, ε1 = 4 ∗ ε0, Φtip=4.5 eV, Φgate=4.5 eV, Φgr=4.5 eV, vF = 1.2 · 106 m

s . HOMO-
mediated transport correspond to a symmetric case, with a positive charge being present on
the molecule and can be described with the same formalism. The dashed lines correspond
to the stabilization of an extra charge on the molecule, with the conditions F−1 < F0 and
F1 < F0 being realized at the same time.

This over-estimation of the field energy is reflected in the following, as a very large
extracted size of the molecules of Smol = 23.2 nm2.

In a similar way to the single level resonant tunneling level, the influence of the
gate potential as a function of the bias voltage at which a molecular level contributes
to transport is fitted to the experimental data. A much better fit is here possible
compared to the resonant tunneling model, the values of the slopes being reasonably
reproduced with dtip = 1.1nm, dmol = 5.1pm and Smol = 23.2nm2. The fact that an
increase of Vbias leads to a reduced influence of the gate potential is also reliably re-
produced, the broad distribution of experimental data points being explained by the
intrinsic doping of graphene underneath which is varying from molecule to molecule.
The dashed lines correspond to situations which were not accessible experimentally,
where an extra charge is stabilized on the molecule, with the system being in a
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non-neutral coulomb diamond as discussed in section 3.2.5. The line were calculated
as the position where both conditions F−1 < F0 and F1 < F0 are fulfilled at the
same time. It nicely shows how the LUMO(HOMO)-mediated transport shifts the
position of the Dirac point in graphene. Indeed, a negatively charged molecules
induces a p-doping which is compensated at positive tip-voltage where the influence
of the gate is maximized ¶.

The extracted size of the molecule however is a factor of ten larger than what can
be extracted from the known self-organization unit cell. This can be explained by
the overestimation of the field-energy induced by the unappropriated plane capacitor
geometry considered here. Using a more appropriate geometry may solve this issue.
The physical pertinence of the molecule-electrode distances extracted here is also
questionable, since the orbitals of the electrodes and the molecules are necessarily
delocalized. Furthermore, different molecular orbitals were probed during this mea-
surements, all probably exhibiting a different capacitive coupling to the tip and the
graphene substrate. Moreover this model uses the concept of work function, which is
only defined at large distances from surfaces and strictly speaking not at the atomic
scale. The aim of this simple model is certainly not to give a reliable microscopic
description of the charge transport mechanism occurring in the molecular junction.
It shows however that the effects of transport-induced charging of the graphene can
be reasonably understood which such a simple electrostatic approach.



Conclusions and outlook

This work demonstrated the possible gating of molecular levels of a molecule de-
posited on top of graphene in a STM geometry. Compared to classical single
molecule transistors based on three terminal geometry produced by electromigration
techniques, such a vertical arrangement of the electrodes offers a similar gating effect
or lever arm. But it additionally offers the possibility to tune the coupling strength
to one of the electrodes upon tip-sample distance variation as well as to perform
experiments with the intra-molecular resolution provided by STM. The spatial res-
olution of the STM allows indeed for probing orbitals localized on different sites of
molecules, so that the exact nature of the states contributing to charge transport
can be determined.

CoPc molecules deposited on graphene exhibit electronic properties comparable
to what is expected from the gas phase, and which are not strongly influenced by the
nature of the substrate underneath graphene. Decoupling molecules from a metallic
substrate by inserting a graphene layer in-between allows thus for preventing a
strong hybridization of the molecular levels with the substrate and for preserving
the intrinsic properties of molecules on surfaces. Furthermore the corrugations of
the moiré of the graphene/Ir(111) system and of the graphene/SiO2 systems do not
prevent the self-organization of CoPc molecules at the monolayer coverage. Future
experiments could focus on molecules known for exhibiting peculiar effects when
deposited on graphene, such as Kondo effect [280].

Clearly the aim of future experiments is to increase the effect of the gate po-
tential, i.e. to obtain a larger shift of the molecular-levels for a lower value of Vgate.

195
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Figure 9.17: a) Shematic drawing of a possible contacting of the graphene layer. b)
STM topographic image of graphene/(sputtered)Al2O3 (150×150 nm2, Vbias =3V, It=20 pA,
T=11K). c) Line profile extracted from b. d) Atomic resolution on graphene/(sputtered)Al2O3
(15×15 nm2, Vbias =2V, It=20 pA, T=11K).

Concrete suggestions are made in the following for increasing the capacitive coupling
between the molecular levels and the gate electrode. This can be achieved in two
ways: By increasing the capacitive coupling between the gate and graphene, and by
decreasing the graphene-ability to screen electrical fields.
Reducing the thickness of the gate material and using a gate material with a higher
dielectric constant would result in an increase of the capacitive coupling between the
graphene and the gate. Reducing the thickness of the SiO2 layer on a silicon wafer
makes the contacting of the graphene however very challenging, a leakage current
between graphene and the gate being likely to occur. The electrode arrangement
depicted in figure 9.17 may thus offer a promising alternative: Here Al-gate and
Au-drain electrodes are first deposited onto a flat sapphire substrate the gate be-
ing covered by a high-κ dielectric [281], and the graphene is finally transfered on
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top of it in a very last step. Such a structure allow for thin dielectric layers and
for large separation between drain and gate electrodes. Clean room environment is
needed for the fabrication of such samples since defect free dielectric layer has to be
grown, limiting the density of defects which could generate a leaking current. First
attempt in this direction lead to promising results, and a graphene layer of several
mm2 could be successfully transferred onto a 30 nm thick sputtered Al2O3/Al layer
and electrically contacted without measurable short-circuit between the graphene
and the gate up to several volts. A short-circuit appeared however after the anneal-
ing procedure of several days used to get rid of PMMA. This can be explained by
the diffusion of Aluminum atoms through the dielectric at 400℃. Interestingly, this
short-circuit gradually disappeared after exposure of the sample to the air during
a few days, showing that the presence of the graphene only partially prevent the
aluminum for oxidizing. The use of thermally stable tungsten gate electrodes may
help to overcome this problem. STM images from the graphene on the amorphous
sputtered Al2O3 exhibits large corrugation of about 10 nm over 200 nm, but atomic
resolution can be easily achieve in less-corrugated areas [see Fig. 9.17b,c,d], so that
similar experiments to the one performed in this work should be possible. The use
of Al2O3 is motivated by the higher static dielectric constant (κ =9) compared to
SiO2 (κ =3.9). Other high-κ dielectrics could be used such as HfO2 (κ =27), which
proved to be a reliable and powerful material in the transistor industry [282]. The
slightly lower break-down voltage of this material compared to SiO2 does not seem
to be a limitation in the STM experiments, stable tunneling microscopy having been
achieved on graphene/HfOx at voltages up to 3V. According to Hwang et al. the use
of substrates with higher dielectric constant is however likely to result in a lowering
of the Fermi-velocity of graphene [283]. The Pauli-energy introduced in section 9.4
is directly proportional to vF, so that such an effect would result in an increased
screening of the gate potential. Introducing a low-κ inert h-BN monolayer between
graphene and the dielectric may help to resolve this issue.
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Appendix A

Tip-induced band-bending
in graphene

As introduced in section 3.2.4, the electronic levels of a molecule located in a STM
junction can be shifted in energy upon application of a bias voltage. Because of its
very small density of states compared to bulk materials, and in a very similar manner
to molecular states, the same process can in principle occur with the graphene bands.
In the following a simple electrostatic model providing a rough idea of the order of
magnitude of such an effect is introduced.

The tip/graphene/gate-electrode system is considered to form a parallel plane
capacitor [see Fig. A.1a]. This is obviously a quite bold approximation concerning
the shape of the STM tip, but this is appropriate since one is only interested in
the properties of the graphene layer in the immediate vicinity of the tip. In a
similar manner to previous works about two-dimensional electron gases between two
metallic plates [267, 279], the electric field in the vacuum between tip and graphene
( ~F0) and between graphene and the substrate ( ~F1) can be expressed as a function
of the charge densities σsub,σgr and σtip per unit area:

~F0 · ~ux = σsub

2ε0
+ σgr

2ε0
− σtip

2ε0
and ~F1 · ~ux = σsub

2ε1
− σgr

2ε1
− σtip

2ε1
.
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Figure A.1: a) Schematic representation of the plane capacitor model proposed here. b)
Calculated σgr and µshift as a function of Vbias (dtip=10Å, dsub=1Å, Φtip=4.6 eV,
Φgr=4.6 eV, Φsub=4.6 eV ε1=1, vF=1.2·106 m

s2 ).

It follows for the total field energy E per unit area:

Efield = dtip

8ε0
(σsub + σgr − σtip)2 + dsub

8ε1
(σsub − σgr − σtip)2.

The small density of electronic states in graphene compared to the metallic tip
and gate electrodes plays a decisive role: it costs a non-negligible energy to fill the
graphene band with the additional density of charges σgr. This extra “Pauli”-energy
EPauli has to be taken into account in the total energy per unit area. It also means
that the charging of graphene induces a certain shift of the Fermi-level (µshift) or
band bending.

EPauli =
∫ |µshift|

0
ρ(E)EdE =

∫ |µshift|

0

2E2

π~2v2
F
dE = 2|µshift|3

3π~2v2
F

This charging-energy can be expressed as a function of σgr:

σgr

e
=
∫ |µshift|

0
ρ(E)dE = µ2

shift
π~2v2

F

µshift

|µshift|

EPauli = 2
3e~vF

√
π

e

√
|σgr|

3
= 2A

3e
√
|σgr|

3
with A = ~vF

√
π

e
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As introduced in section 3.2.5, the potential minimized in thermodynamic equi-
librium of such a system at T = 0K is the free enthalpy F = Efield + EPauli −W
where W is the work performed by the power supplies connected to the electrodes,
i.e. the substrate, the graphene layer and the tip in this case.

Accounting for the different work functions and the fact that the work function
of graphene changes with the charge density present in the layer, an infinitesimal
change in dσtip, dσgr and dσsub implies the work dW to be performed by the elec-
trodes:

dW = dσtip

(
−Φtip

e
+ Vtip

)
+ dσgr

(
−Φgr

e
− A

e

√
|σgr|

σgr

|σgr|

)
+ dσsub

(
−Φsub

e

)

The free enthalpy F can be now minimized as a function of σtip,σgr and σsub

under the neutrality condition: σtip + σgr + σsub = 0 and the following condition for
σgr is obtained:

2A
e

σgr

|σgr|
√
σgr + dtipdsub

ε0dsub + ε1dtip
σgr + ε0dsub

ε0dsub + ε1dtip

(
Vtip −

Φtip

e
+ Φgr

e

)

+ ε1dtip

ε0dsub + ε1dtip

(
−Φsub

e
+ Φgr

e

)
= 0

.

This equation can be solved numerically. The result is plotted in Fig. A.1b, where
an influence of the applied bias voltage Vbias = −Vtip on σgr and µshift can be seen.
This shift can have a clear influence on the STS measurement since the density of
states ρ(Vbias) of graphene probed by the STM tip becomes ρ (Vbias − µshift(Vbias)).
The consequences of this shift is simulated in Fig.A.2 for the different substrates
used in this work. A workfunction of 4.6 eV is used here for graphene[284]. Since
it differs from the workfunctions of the materials used for tip (W: 4.5 eV) and sub-
strates (Si: 4.5 eV, NbSe2: 5.9 eV[285], and Ir(111): 5.7 eV), a doping of the graphene
layer already occurs when the three electrodes are electrically contacted and their
Fermi levels aligned. The graphene-electrode distances play also a quite important
role in the way the metallic plate influences the graphene layer. For this simulation, a
value of 3.42Å for the graphene-Ir(111) distance is chosen and 3.31Å for graphene on
gold[258]. Because van der Waals forces should be preponderant between graphene
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and NbSe2, the typical layer-distance of graphite of 6.71Å was taken for this config-
uration. Furthermore DFT calculations have shown[286] that the chemical bonding
induced by the adsorption of the graphene layer on a metallic substrate can also
drastically change the position of the Dirac-cone even if the specific dispersion rela-
tion of graphene is preserved. This shift of the electrical potential of graphene is not
taken into account in this simple model, that mainly aims to illustrate the effects of
the potential applied to the STM tip.

When the work function of the substrate is larger than the one of graphene,
the Dirac point ED is shifted towards positive energies, i.e. the graphene layer is
p-doped. Since this electrostatic problem is absolutely symmetric, the same effect
occurs if the work function of the tip is varied. A value of 4.5 eV for the work
function of the tip is taken here. In STM experiments however, very little is known
about the actual shape of the tip. The workfunction however clearly depends on the
crystallographic orientation of surfaces[287] and is not defined down to the atomic
scale. Furthermore scanning a surface can result at some point in small indentation
of the tip into the substrate and thus in the possible covering of the very end of the
tip with atoms from the substrate. This chemical change of the tip could possibly
change drastically the effective workfunction of the tip so that the value of 4.5 eV is
only indicative.

Not only the position of Eshift is influenced by the immediate proximity of the
substrate and the tip but also the shape of the density of states ρ(Vbias), as it ap-
pears in the STS spectrum. For small dtip/dsub ratios –as for graphene on metallic
substrates– and value of Vbias . 1V the linearity of the density of states is pre-
served and solely the slope is changed. For larger dtip/dsub ratios as it is the case
for graphene deposited on 300 nm SiO2 on Si, a small deviation from the linear be-
havior is noted, however since many other effects can influence the shape of an STS
spectrum, it is not clear if this direct consequence of the tip-induced doping could
be isolated and unambiguously observed in STS experiments.

According to this simple electrostatic model however, STS-based measurements
tend to over-estimate vF. This is illustrated in Fig. A.3. When a magnetic field is
applied perpendicular to the graphene layer, charge carriers condensate into Landau
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√
2e~v2
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estimation of the Fermi-velocity of graphene of several percent. Here for Vbias = 1V, vF,measured
vF,0

is shown as a function of the tip-graphene distance dtip. large graphene-substrate distance
(dsub=10Å), small graphene-substrate distance (dsub=1Å).

levels (LLs) with a well-defined energy position [see section 4.3]. Simulation shows
that the shift induced by the potential applied to the tip also shifts the position at
which LLs are recorded [see Fig. A.3a]. Since this shift is positive and almost linear
in Vbias, it appears experimentally as a higher extracted effective Fermi-velocity vF.
For typical values of dtip of a few Å and according to this simple electrostatic model,
this overestimation is of the order of a few percent.



Bibliography

[1] H. J. Rösler. Lehrbuch der Mineralogie (Dt. Verl. für Grundstoffindustrie,
Leipzig, 1979).

[2] E. Müller. Versuche zur Theorie der Electronenemission unter der Ein-
wirkung hoher Feldstärken. Ztg. Tech. Phys, vol. 11, 412. Cited By (since
1996)1 (1936).

[3] G. Binnig, H. Rohrer, C. Gerber and E. Weibel. Surface Studies by
Scanning Tunneling Microscopy. Phys. Rev. Lett., vol. 49, 57 (1982).

[4] G. Binnig, H. Rohrer, C. Gerber and E. Weibel. 7 × 7 Reconstruction
on Si(111) Resolved in Real Space. Phys. Rev. Lett., vol. 50, 120 (1983).

[5] E. Müller. Sichtbarmachung der Phthalocyaninmolekel mit dem Feldelek-
tronenmikroskop. Naturwissenschaften, vol. 37(14), 333 (1950).

[6] G. Travaglini, H. Rohrer, M. Amrein and H. Gross. Scanning tun-
neling microscopy on biological matter. Surface Science, vol. 181(1–2), 380
(1987).

[7] A. Aviram and M. A. Ratner. Molecular rectifiers. Chemical Physics
Letters, vol. 29(2), 277 (1974).

[8] J. C. Cuevas and E. Scheer. Molecular Electronics: An Introduction to
Theory and Experiment (World Scientific Publishing Company, 2010).

[9] A. Riss, S. Wickenburg, L. Z. Tan, H.-Z. Tsai, Y. Kim, J. Lu, A. J.
Bradley, M. M. Ugeda, K. L. Meaker, K. Watanabe, T. Taniguchi,
A. Zettl, F. R. Fischer, S. G. Louie and M. F. Crommie. Imaging

207



208 Bibliography

and Tuning Molecular Levels at the Surface of a Gated Graphene Device. ACS
Nano, vol. 0(0), null (2014).

[10] I. Giaever. Energy Gap in Superconductors Measured by Electron Tunneling.
Phys. Rev. Lett., vol. 5, 147 (1960).

[11] G. Binnig, H. Rohrer, C. Gerber and E. Weibel. Tunneling through a
controllable vacuum gap. Applied Physics Letters, vol. 40(2), 178 (1982).

[12] G. Binnig, C. F. Quate and C. Gerber. Atomic Force Microscope. Phys.
Rev. Lett., vol. 56, 930 (1986).

[13] Y. Martin and H. K. Wickramasinghe. Magnetic imaging by "force mi-
croscopy" with 1000 Å resolution. Applied Physics Letters, vol. 50(20), 1455
(1987).

[14] M. A. Eriksson, R. G. Beck, M. Topinka, J. A. Katine, R. M. West-
ervelt, K. L. Campman and A. C. Gossard. Cryogenic scanning probe
characterization of semiconductor nanostructures. Applied Physics Letters,
vol. 69(5), 671 (1996).

[15] A. Majumdar, J. Lai, M. Chandrachood, O. Nakabeppu, Y. Wu
and Z. Shi. Thermal imaging by atomic force microscopy using thermocouple
cantilever probes. Review of Scientific Instruments, vol. 66(6), 3584 (1995).

[16] N. H. Balshaw. Practical Cryogenics: An Introduction to Laboratory Cryo-
genics (Oxford Instruments Superconductivity Limited, Eynsham, England,
2001).

[17] C. Enns and S. Hunklinger. Low-Temperature Physics, vol. 1 (Springer-
Verlag, Berlin, 2000).

[18] Oxford-Instrument. Appendix to the Operator’s Handbook, UHV 4He
Refrigerator and Superconducting Magnet System. System Manual, issue 2
(2008).

[19] J. Bardeen. Tunnelling from a Many-Particle Point of View. Phys. Rev.
Lett., vol. 6, 57 (1961).



Bibliography 209

[20] J. Tersoff and D. R. Hamann. Theory and Application for the Scanning
Tunneling Microscope. Phys. Rev. Lett., vol. 50, 1998 (1983).

[21] C. J. Chen. Theory of scanning tunneling spectroscopy. Journal of Vacuum
Science and Technology A: Vacuum, Surfaces, and Films, vol. 6(2), 319 (1988).

[22] C. julian Chen. Introduction to scanning tunneling microscopy (Oxford
university press, Oxford, 2008).

[23] A. D. Gottlieb and L. Wesoloski. Bardeen’s tunnelling theory as ap-
plied to scanning tunnelling microscopy: a technical guide to the traditional
interpretation. Nanotechnology, vol. 17(8), R57 (2006).

[24] J. Klein, A. Léger, M. Belin, D. Défourneau and M. J. L. Sangster.
Inelastic-Electron-Tunneling Spectroscopy of Metal-Insulator-Metal Junctions.
Phys. Rev. B, vol. 7, 2336 (1973).

[25] M. Tinkham. Introduction to superconductivity. 2. Edition (Dover Publica-
tions, INC, Mineola, New York, 2004).

[26] I. Giaever and K. Megerle. Study of Superconductors by Electron Tun-
neling. Phys. Rev., vol. 122, 1101 (1961).

[27] K. J. Franke, G. Schulze and J. I. Pascual. Competition of Super-
conducting Phenomena and Kondo Screening at the Nanoscale. Science, vol.
332(6032), 940 (2011).

[28] R. Hamers and D. Padowitz. Methods of Tunneling Spectroscopy with the
STM in "Introduction to scanning tunneling microscopy" (Wiley-VCH, New
York, 2001).

[29] R. Feenstra, J. A. Stroscio and A. Fein. Tunneling spectroscopy of the
Si(111)2 × 1 surface. Surface Science, vol. 181(1–2), 295 (1987).

[30] L. Gross, N. Moll, F. Mohn, A. Curioni, G. Meyer, F. Hanke and
M. Persson. High-Resolution Molecular Orbital Imaging Using a p-Wave
STM Tip. Phys. Rev. Lett., vol. 107, 086101 (2011).

[31] C. Cohen-Tannoudji, B. Diu and F. Laloë. Mécanique quantique (Her-
mann, Paris, 1998).



210 Bibliography

[32] A. Baratoff. Theory of scanning tunneling microscopy — methods andap-
proximations. Physica B+C, vol. 127(1–3), 143 (1984).

[33] C. J. Chen. Origin of atomic resolution on metal surfaces in scanning tun-
neling microscopy. Phys. Rev. Lett., vol. 65, 448 (1990).

[34] R. Wiesendanger. Scanning probe microscopy and spectroscopy (Cambridge
Univ. Press, 1994).

[35] J. K. Spong, H. A. Mizes, L. J. LaComb Jr, M. M. Dovek, J. E.
Frommer and J. S. Foster. Contrast mechanism for resolving organic
molecules with tunnelling microscopy. Nature, vol. 338(6211), 137 (1989).

[36] W. Mizutani, M. Shigeno, M. Ono and K. Kajimura. Voltage-dependent
scanning tunneling microscopy images of liquid crystals on graphite. Applied
Physics Letters, vol. 56(20), 1974 (1990).

[37] S. reserach system. Manual from DSP Lock-In Amplifier Model SR830
(SRS, 2006).

[38] H. Birk, M. J. M. de Jong and C. Schönenberger. Shot-Noise Sup-
pression in the Single-Electron Tunneling Regime. Phys. Rev. Lett., vol. 75,
1610 (1995).

[39] J. Bardeen, L. N. Cooper and J. R. Schrieffer. Theory of Supercon-
ductivity. Phys. Rev., vol. 108, 1175 (1957).

[40] W. Meissner and R. Ochsenfeld. Ein neuer Effekt bei Eintritt der
Supraleitfähigkeit. Naturwissenschaften, vol. 21(44), 787 (1933).

[41] R. Meservey and P. Tedrow. Spin-polarized electron tunneling. Physics
Reports, vol. 238(4), 173 (1994).

[42] R. Doll and M. Näbauer. Experimental Proof of Magnetic Flux Quantiza-
tion in a Superconducting Ring. Phys. Rev. Lett., vol. 7, 51 (1961).

[43] D. Einzel. 50 Years of Fluxoid Quantization: 2e or Not 2e. Journal of Low
Temperature Physics, vol. 163(5-6), 215 (2011).



Bibliography 211

[44] S. A. Elrod, A. L. de Lozanne and C. F. Quate. Low-temperature vac-
uum tunneling microscopy. Applied Physics Letters, vol. 45(11), 1240 (1984).

[45] A. L. de Lozanne, S. A. Elrod and C. F. Quate. Spatial Variations
in the Superconductivity of Nb3Sn Measured by Low-Temperature Tunneling
Microscopy. Phys. Rev. Lett., vol. 54, 2433 (1985).

[46] Y. G. Naidyuk and I. Yanson. Point-Contact Spectroscopy. SOLID-STATE
SCIENCES (Springer Verlag, 2005).

[47] G. E. Blonder, M. Tinkham and T. M. Klapwijk. Transition from
metallic to tunneling regimes in superconducting microconstrictions: Ex-
cess current, charge imbalance, and supercurrent conversion. Phys. Rev. B,
vol. 25(7), 4515 (1982).

[48] M. Ternes. Scanning tunneling spectroscopy at the single atom scale. Ph.D.
thesis, SB, Lausanne (2006).

[49] H. F. Hess, R. B. Robinson, R. C. Dynes, J. M. Valles and J. V.
Waszczak. Scanning-Tunneling-Microscope Observation of the Abrikosov
Flux Lattice and the Density of States near and inside a Fluxoid. Phys. Rev.
Lett., vol. 62, 214 (1989).

[50] M. A.S. Theory of vortex lattice effects on STM spectra in d-wave supercon-
ductors. JETP Letters, vol. 71, 472 (2000).

[51] R. W. Simon and P. M. Chaikin. Penetration depth in proximity-effect
superconductors. Phys. Rev. B, vol. 30, 3750 (1984).

[52] A. Mota, P. Visani and A. Pollini. Magnetic properties of proximity-
induced superconducting copper and silver. Journal of Low Temperature
Physics, vol. 76(5-6), 465 (1989).

[53] A. K. Gupta, L. Crétinon, N. Moussy, B. Pannetier and H. Cour-
tois. Anomalous density of states in a metallic film in proximity with a
superconductor. Phys. Rev. B, vol. 69, 104514 (2004).

[54] S. H. Tessmer, D. J. Van Harlingen and J. W. Lyding. Observation of
bound quasiparticle states in thin Au islands by scanning tunneling microscopy.
Phys. Rev. Lett., vol. 70, 3135 (1993).



212 Bibliography

[55] N. Moussy, H. Courtois and B. Pannetier. Local spectroscopy of a
proximity superconductor at very low temperature. EPL (Europhysics Letters),
vol. 55(6), 861 (2001).

[56] C. W. J. Beenakker. Specular Andreev Reflection in Graphene. Phys. Rev.
Lett., vol. 97, 067007 (2006).

[57] H. B. Heersche, P. Jarillo-Herrero, J. B. Oostinga, L. M. K. Van-
dersypen and A. F. Morpurgo. Bipolar supercurrent in graphene. Nature,
vol. 446(7131), 56 (2007).

[58] C. Ojeda-Aristizabal, M. Ferrier, S. Guéron and H. Bouchiat. Tun-
ing the proximity effect in a superconductor-graphene-superconductor junction.
Phys. Rev. B, vol. 79, 165436 (2009).

[59] X. Du, I. Skachko and E. Y. Andrei. Josephson current and multiple
Andreev reflections in graphene SNS junctions. Phys. Rev. B, vol. 77, 184507
(2008).

[60] B. M. Kessler, i. m. c. O. Girit, A. Zettl and V. Bouchiat. Tunable
Superconducting Phase Transition in Metal-Decorated Graphene Sheets. Phys.
Rev. Lett., vol. 104, 047001 (2010).

[61] C. Tonnoir, A. Kimouche, J. Coraux, L. Magaud, B. Delsol,
B. Gilles and C. Chapelier. Induced Superconductivity in Graphene Grown
on Rhenium. Phys. Rev. Lett., vol. 111, 246805 (2013).

[62] C. W. J. Beenakker. Colloquium: Andreev reflection and Klein tunneling
in graphene. Rev. Mod. Phys., vol. 80, 1337 (2008).

[63] M. Ratner. A brief history of molecular electronics. Nat Nano, vol. 8(6),
378 (2013).

[64] L. Bogani and W. Wernsdorfer. Molecular spintronics using single-
molecule magnets. Nat Mater, vol. 7(3), 179 (2008).

[65] A. Joran. Synthetic Models for Photoinduced Electron Transfer Reactions
(Springer US, 1989).



Bibliography 213

[66] J. Stöhr and H. C. Siegmann. Magnetism, From Fundamentals to
Nanoscale Dynamics (Springer-Verlag, 2006).

[67] D. Gatteschi, R. Sessoli and J. Villain. Molecular Nanomagnets (Ox-
ford University Press, 2006).

[68] E. Akkermans and G. Montambaux. Mesoscopic Physics of Electrons and
Photons (Cambridge University Press, 2007).

[69] E. Lortscher. Wiring molecules into circuits. Nat Nano, vol. 8(6), 381.
Commentary (2013).

[70] W. Hong, D. Z. Manrique, P. Moreno-García, M. Gulcur,
A. Mishchenko, C. J. Lambert, M. R. Bryce and T. Wandlowski.
Single Molecular Conductance of Tolanes: Experimental and Theoretical Study
on the Junction Evolution Dependent on the Anchoring Group. Journal of the
American Chemical Society, vol. 134(4), 2292 (2012).

[71] G. Schull, N. Néel, M. Becker, J. Kröger and R. Berndt. Spatially
resolved conductance of oriented C60. New Journal of Physics, vol. 10(6),
065012 (2008).

[72] T. Dadosh, Y. Gordin, R. Krahne, I. Khivrich, D. Mahalu, V. Fry-
dman, J. Sperling, A. Yacoby and I. Bar-Joseph. Measurement of the
conductance of single conjugated molecules. Nature, vol. 436(7051), 677 (2005).

[73] X. D. Cui, A. Primak, X. Zarate, J. Tomfohr, O. F. Sankey, A. L.
Moore, T. A. Moore, D. Gust, G. Harris and S. M. Lindsay. Repro-
ducible Measurement of Single-Molecule Conductivity. Science, vol. 294(5542),
571 (2001).

[74] F. Chen, J. Hihath, Z. Huang, X. Li and N. Tao. Measurement of Single-
Molecule Conductance. Annual Review of Physical Chemistry, vol. 58(1), 535
(2007).

[75] J. Park, A. N. Pasupathy, J. I. Goldsmith, C. Chang, Y. Yaish, J. R.
Petta, M. Rinkoski, J. P. Sethna, H. D. Abruna, P. L. McEuen
and D. C. Ralph. Coulomb blockade and the Kondo effect in single-atom
transistors. Nature, vol. 417(6890), 722 (2002).



214 Bibliography

[76] M. A. Reed, C. Zhou, M. R. Deshpande, C. J. Muller, T. P. Bur-
gin, L. Jones and J. M. Tour. The Electrical Measurement of Molecular
Junctions. Annals of the New York Academy of Sciences, vol. 852(1), 133
(1998).

[77] S. Kubatkin, A. Danilov, M. Hjort, J. Cornil, J.-L. Bredas,
N. Stuhr-Hansen, P. Hedegard and T. Bjornholm. Single-electron
transistor of a single organic molecule with access to several redox states. Na-
ture, vol. 425(6959), 698 (2003).

[78] N. J. Tao. Probing Potential-Tuned Resonant Tunneling through Redox
Molecules with Scanning Tunneling Microscopy. Phys. Rev. Lett., vol. 76,
4066 (1996).

[79] A. Aviram, C. Joachim and M. Pomerantz. Evidence of switching and
rectification by a single molecule effected with a scanning tunneling microscope.
Chemical Physics Letters, vol. 146(6), 490 (1988).

[80] C. Joachim, J. K. Gimzewski, R. R. Schlittler and C. Chavy. Elec-
tronic Transparence of a Single C60 Molecule. Phys. Rev. Lett., vol. 74, 2102
(1995).

[81] L. A. Bumm, J. J. Arnold, M. T. Cygan, T. D. Dunbar, T. P. Burgin,
L. Jones, D. L. Allara, J. M. Tour and P. S. Weiss. Are Single
Molecular Wires Conducting? Science, vol. 271(5256), 1705 (1996).

[82] D. Porath and O. Millo. Single electron tunneling and level spectroscopy
of isolated C60 molecules. Journal of Applied Physics, vol. 81(5), 2241 (1997).

[83] N. Néel, J. Kröger, L. Limot and R. Berndt. Conductance of single
atoms and molecules studied with a scanning tunnelling microscope. Nanotech-
nology, vol. 18(4), 044027 (2007).

[84] L. Andolfi and S. Cannistraro. Conductive atomic force microscopy study
of plastocyanin molecules adsorbed on gold electrode. Surface Science, vol.
598(1–3), 68 (2005).



Bibliography 215

[85] A. I. Yanson, G. R. Bollinger, H. E. van den Brom, N. Agrait and
J. M. van Ruitenbeek. Formation and manipulation of a metallic wire of
single gold atoms. Nature, vol. 395(6704), 783 (1998).

[86] B. Xu and N. J. Tao. Measurement of Single-Molecule Resistance by Re-
peated Formation of Molecular Junctions. Science, vol. 301(5637), 1221 (2003).

[87] B. Xu, X. Xiao and N. J. Tao. Measurements of Single-Molecule Electrome-
chanical Properties. Journal of the American Chemical Society, vol. 125(52),
16164 (2003).

[88] M. A. Reed, C. Zhou, C. J. Muller, T. P. Burgin and J. M. Tour.
Conductance of a Molecular Junction. Science, vol. 278(5336), 252 (1997).

[89] M. T. González, S. Wu, R. Huber, S. J. van der Molen, C. Schö-
nenberger and M. Calame. Electrical Conductance of Molecular Junctions
by a Robust Statistical Analysis. Nano Letters, vol. 6(10), 2238 (2006).

[90] A. R. Champagne, A. N. Pasupathy and D. C. Ralph. Mechanically
Adjustable and Electrically Gated Single-Molecule Transistors. Nano Letters,
vol. 5(2), 305 (2005).

[91] H. Park, J. Park, A. K. L. Lim, E. H. Anderson, A. P. Alivisatos
and P. L. McEuen. Nanomechanical oscillations in a single-C60 transistor.
Nature, vol. 407(6800), 57 (2000).

[92] H. B. Heersche, Z. de Groot, J. A. Folk, H. S. J. van der Zant,
C. Romeike, M. R. Wegewijs, L. Zobbi, D. Barreca, E. Tondello
and A. Cornia. Electron Transport through Single Mn12 Molecular Magnets.
Phys. Rev. Lett., vol. 96, 206801 (2006).

[93] N. Roch, S. Florens, V. Bouchiat, W. Wernsdorfer and F. Bale-
stro. Quantum phase transition in a single-molecule quantum dot. Nature,
vol. 453(7195), 633 (2008).

[94] C. W. Marquardt, S. Grunder, A. Blaszczyk, S. Dehm, F. Hen-
nrich, H. v. Lohneysen, M. Mayor and R. Krupke. Electroluminescence
from a single nanotube-molecule-nanotube junction. Nat Nano, vol. 5(12), 863
(2010).



216 Bibliography

[95] F. Prins, A. Barreiro, J. W. Ruitenberg, J. S. Seldenthuis,
N. Aliaga-Alcalde, L. M. K. Vandersypen and H. S. J. van der
Zant. Room-Temperature Gating of Molecular Junctions Using Few-Layer
Graphene Nanogap Electrodes. Nano Letters, vol. 11(11), 4607 (2011).

[96] A. V. Danilov, S. E. Kubatkin, S. G. Kafanov, K. Flensberg and
T. Bjørnholm. Electron Transfer Dynamics of Bistable Single-Molecule
Junctions. Nano Letters, vol. 6(10), 2184 (2006).

[97] A. Danilov, S. Kubatkin, S. Kafanov, P. Hedegard, N. Stuhr-
Hansen, K. Moth-Poulsen and T. Bjornholm. Electronic Transport in
Single Molecule Junctions: Control of the Molecule-Electrode Coupling through
Intramolecular Tunneling Barriers. Nano Letters, vol. 8(1), 1 (2008).

[98] A. Y. Kasumov, K. Tsukagoshi, M. Kawamura, T. Kobayashi,
Y. Aoyagi, K. Senba, T. Kodama, H. Nishikawa, I. Ikemoto,
K. Kikuchi, V. T. Volkov, Y. A. Kasumov, R. Deblock, S. Guéron
and H. Bouchiat. Proximity effect in a superconductor-metallofullerene-
superconductor molecular junction. Phys. Rev. B, vol. 72, 033414 (2005).

[99] N. J. Tao. Electron transport in molecular junctions. Nat Nano, vol. 1(3),
173 (2006).

[100] F. Jäckel, M. D. Watson, K. Müllen and J. P. Rabe. Prototyp-
ical Single-Molecule Chemical-Field-Effect Transistor with Nanometer-Sized
Gates. Phys. Rev. Lett., vol. 92, 188303 (2004).

[101] P. G. Piva, G. A. DiLabio, J. L. Pitters, J. Zikovsky, M. Rezeq,
S. Dogel, W. A. Hofer and R. A. Wolkow. Field regulation of single-
molecule conductivity by a charged surface atom. Nature, vol. 435(7042), 658
(2005).

[102] M. Di Ventra, S. T. Pantelides and N. D. Lang. The benzene
molecule as a molecular resonant-tunneling transistor. Applied Physics Let-
ters, vol. 76(23), 3448 (2000).

[103] Y. Selzer and D. L. Allara. SINGLE-MOLECULE ELECTRICAL
JUNCTIONS. Annual Review of Physical Chemistry, vol. 57(1), 593 (2006).



Bibliography 217

[104] S. Datta. Quantum transport: atom to transistor (Cambridge Univ. Press,
2009).

[105] E. Scheer, P. Joyez, M. H. Devoret, D. Esteve and C. Urbina.
What are Landauer’s conduction channels in an atomic-size metallic contact?
Superlattices and Microstructures, vol. 23, 747 (1998).

[106] R. Landauer. Electrical Resistance of Disordered One-dimensional Lattices.
Philosophical Magazine, vol. 21, 863 (1970).

[107] W. Wang, T. Lee and M. A. Reed. Elastic and Inelastic Electron Tunneling
in Alkane Self-Assembled Monolayers. The Journal of Physical Chemistry B,
vol. 108(48), 18398 (2004).

[108] L. Y. Gorelik, A. Isacsson, M. V. Voinova, B. Kasemo, R. I.
Shekhter and M. Jonson. Shuttle Mechanism for Charge Transfer in
Coulomb Blockade Nanostructures. Phys. Rev. Lett., vol. 80, 4526 (1998).

[109] A. Erbe, C. Weiss, W. Zwerger and R. H. Blick. Nanomechanical
Resonator Shuttling Single Electrons at Radio Frequencies. Phys. Rev. Lett.,
vol. 87, 096106 (2001).

[110] W. Liang, M. P. Shores, M. Bockrath, J. R. Long and H. Park.
Kondo resonance in a single-molecule transistor. Nature, vol. 417(6890), 725
(2002).

[111] N. Roch, S. Florens, T. A. Costi, W. Wernsdorfer and F. Bale-
stro. Observation of the Underscreened Kondo Effect in a Molecular Tran-
sistor. Phys. Rev. Lett., vol. 103, 197202 (2009).

[112] M. Devoret, D. Esteve and U. Christian. L’électronique à un électron.
Images de la Physique, ( 85) (1991).

[113] M. H. Devoret and H. Grabert. Introduction to Single Charge Tunneling,
NATO ASI Series, vol. 294 (Springer US, 1992).

[114] K. Moth-Poulsen and T. Bjornholm. Molecular electronics with single
molecules in solid-state devices. Nat Nano, vol. 4(9), 551 (2009).



218 Bibliography

[115] L. P. Kouwenhoven, C. M. Marcus, P. L. McEuen, S. Tarucha,
R. M. Westervelt and N. S. Wingreen. Electron Transport in Quantum
Dots. Proceedings of the NATO Advanced Study Institute on Mesoscopic
Electron Transport (Kluwer Series E345), ( 105) (1997).

[116] P. Joyez, V. Bouchiat, D. Esteve, C. Urbina and M. H. Devoret.
Strong Tunneling in the Single-Electron Transistor. Phys. Rev. Lett., vol. 79,
1349 (1997).

[117] M. Paulsson, F. Zahid and S. Datta. Resistance of a Molecule (CRC,
2003).

[118] J. Repp, G. Meyer, S. M. Stojković, A. Gourdon and C. Joachim.
Molecules on Insulating Films: Scanning-Tunneling Microscopy Imaging of
Individual Molecular Orbitals. Phys. Rev. Lett., vol. 94, 026803 (2005).

[119] Y. Wang, J. Kröger, R. Berndt and H. Tang. Molecular Nanocrystals
on Ultrathin NaCl Films on Au(111). Journal of the American Chemical
Society, vol. 132(36), 12546 (2010).

[120] M. Toerker, T. Fritz, H. Proehl, F. Sellam and K. Leo. Tunneling
spectroscopy study of 3,4,9,10-perylenetetracarboxylic dianhydride on Au(100).
Surface Science, vol. 491(1–2), 255 (2001).

[121] R. J. Jelitto. Theoretische Physik 6: Thermodynamik und Statistik. Eine
Einführung in die mathematische Naturbeschreibung, vol. 6 (AULA-Verlag
Wiesbaden, 1989).

[122] S. Sapmaz, P. Jarillo-Herrero, J. Kong, C. Dekker, L. P. Kouwen-
hoven and H. S. J. van der Zant. Electronic excitation spectrum of metal-
lic carbon nanotubes. Phys. Rev. B, vol. 71, 153402 (2005).

[123] D. Esteve. Transferring Electrons One by One, NATO ASI Series, vol. 294
(Springer US, 1992).

[124] N. Roch. Transistors à molécule unique : des effets Kondo exotiques à la
spintronique moléculaire. Ph.D. thesis, Université Joseph-Fourier, NEEL -
Institut Néel (2010).



Bibliography 219

[125] H. Heersche. Quantum transport in molecular devices and graphene. Ph.D.
thesis, Technische Universiteit Delft, Delft (2006).

[126] I. M. Atkinson, L. F. Lindoy and J. F. Stoddart. Self Assembly in
Supramolecular Systems (Royal Society of Chemistry, 2000).

[127] J. C. Love, L. A. Estroff, J. K. Kriebel, R. G. Nuzzo and G. M.
Whitesides. Self-Assembled Monolayers of Thiolates on Metals as a Form
of Nanotechnology. Chemical Reviews, vol. 105(4), 1103 (2005).

[128] R. Hentschke, B. L. Schürmann and J. P. Rabe. Molecular dynamics
simulations of ordered alkane chains physisorbed on graphite. The Journal of
Chemical Physics, vol. 96(8), 6213 (1992).

[129] L. Piot. Croissance et structure d’auto-assemblages supramoléculaires de
molécules conjuguées sur surfaces atomiquement planes. Ph.D. thesis. Thèse
de doctorat,Chimie moléculaire Paris 6 (2006).

[130] A. Zangwill. Physics at surfaces (Cambridge Univ. Pr., Cambridge [u.a.],
1990).

[131] W. Shockley. On the Surface States Associated with a Periodic Potential.
Phys. Rev., vol. 56, 317 (1939).

[132] N. W. Ashcroft and N. D. Mermin. Festkörperphysik (Oldenbourg Verlag,
München, 2001).

[133] L. Petersen, P. T. Sprunger, P. Hofmann, E. Lægsgaard, B. G.
Briner, M. Doering, H.-P. Rust, A. M. Bradshaw, F. Besenbacher
and E. W. Plummer. Direct imaging of the two-dimensional Fermi contour:
Fourier-transform STM. Phys. Rev. B, vol. 57, R6858 (1998).

[134] P. T. Sprunger, L. Petersen, E. W. Plummer, E. Lægsgaard and
F. Besenbacher. Giant Friedel Oscillations on the Beryllium(0001) Surface.
Science, vol. 275(5307), 1764 (1997).

[135] M. F. Crommie, C. P. Lutz and D. M. Eigler. Imaging standing waves
in a two-dimensional electron gas. Nature, vol. 363(6429), 524 (1993).



220 Bibliography

[136] J. V. Barth, H. Brune, G. Ertl and R. J. Behm. Scanning tunneling
microscopy observations on the reconstructed Au(111) surface: Atomic struc-
ture, long-range superstructure, rotational domains, and surface defects. Phys.
Rev. B, vol. 42, 9307 (1990).

[137] C. Wöll, S. Chiang, R. J. Wilson and P. H. Lippel. Determination of
atom positions at stacking-fault dislocations on Au(111) by scanning tunneling
microscopy. Phys. Rev. B, vol. 39, 7988 (1989).

[138] S. Narasimhan and D. Vanderbilt. Elastic stress domains and the her-
ringbone reconstruction on Au(111). Phys. Rev. Lett., vol. 69, 1564 (1992).

[139] N. Takeuchi, C. T. Chan and K. M. Ho. Au(111): A theoretical study of
the surface reconstruction and the surface electronic structure. Phys. Rev. B,
vol. 43, 13899 (1991).

[140] W. Chen, V. Madhavan, T. Jamneala and M. F. Crommie. Scanning
Tunneling Microscopy Observation of an Electronic Superlattice at the Surface
of Clean Gold. Phys. Rev. Lett., vol. 80, 1469 (1998).

[141] P. R. Wallace. The Band Theory of Graphite. Phys. Rev., vol. 71, 622
(1947).

[142] J. Grant and T. Haas. A study of Ru(0001) and Rh(111) surfaces using
LEED and Auger electron spectroscopy. Surface Science, vol. 21(1), 76 (1970).

[143] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva and A. A. Firsov. Electric Field Effect
in Atomically Thin Carbon Films. Science, vol. 306(5696), 666 (2004).

[144] A. K. Geim and K. S. Novoselov. The rise of graphene. Nat. Mater.,
vol. 6(3), 183 (2007).

[145] J. Baringhaus, M. Ruan, F. Edler, A. Tejeda, M. Sicot,
AminaTaleb-Ibrahimi, A.-P. Li, Z. Jiang, E. H. Conrad, C. Berger,
C. Tegenkamp and W. A. de Heer. Exceptional ballistic transport in epi-
taxial graphene nanoribbons. Nature, vol. advance online publication. Letter
(2014).



Bibliography 221

[146] K. S. Novoselov, Z. Jiang, Y. Zhang, S. V. Morozov, H. L. Stormer,
U. Zeitler, J. C. Maan, G. S. Boebinger, P. Kim and A. K. Geim.
Room-Temperature Quantum Hall Effect in Graphene. Science, vol. 315(5817),
1379 (2007).

[147] A. F. Young and P. Kim. Quantum interference and Klein tunnelling in
graphene heterojunctions. Nat Phys, vol. 5(3), 222 (2009).

[148] F. Schedin, A. K. Geim, S. V. Morozov, E. W. Hill, P. Blake, M. I.
Katsnelson and K. S. Novoselov. Detection of individual gas molecules
adsorbed on graphene. Nat Mater, vol. 6(9), 652 (2007).

[149] A. Candini, S. Klyatskaya, M. Ruben, W. Wernsdorfer and M. Af-
fronte. Graphene Spintronic Devices with Molecular Nanomagnets. Nano
Letters, vol. 11(7), 2634 (2011).

[150] A. V. Bommel, J. Crombeen and A. V. Tooren. LEED and Auger
electron observations of the SiC(0001) surface. Surface Science, vol. 48(2),
463 (1975).

[151] P. Mallet, I. Brihuega, S. Bose, M. M. Ugeda, J. M. Gómez-
Rodríguez, K. Kern and J. Y. Veuillen. Role of pseudospin in quasi-
particle interferences in epitaxial graphene probed by high-resolution scanning
tunneling microscopy. Phys. Rev. B, vol. 86, 045444 (2012).

[152] Y. J. Song, A. F. Otte, Y. Kuk, Y. Hu, D. B. Torrance, P. N. First,
W. A. de Heer, H. Min, S. Adam, M. D. Stiles, A. H. MacDonald
and J. A. Stroscio. High-resolution tunnelling spectroscopy of a graphene
quartet. Nature, vol. 467(7312), 185 (2010).

[153] Y. Dedkov, K. Horn, A. Preobrajenski and M. Fonin. Epitaxial
Graphene on Metals. NanoScience and Technology (Springer Berlin Heidel-
berg, 2012).

[154] G. Ruan, Z. Sun, Z. Peng and J. M. Tour. Growth of Graphene from
Food, Insects, and Waste. ACS Nano, vol. 5(9), 7601 (2011).

[155] X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner, A. Vela-
makanni, I. Jung, E. Tutuc, S. K. Banerjee, L. Colombo and R. S.



222 Bibliography

Ruoff. Large-Area Synthesis of High-Quality and Uniform Graphene Films
on Copper Foils. Science, vol. 324(5932), 1312 (2009).

[156] C. Bena and G. Montambaux. Remarks on the tight-binding model of
graphene. New Journal of Physics, vol. 11(9), 095003 (2009).

[157] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov
and A. K. Geim. The electronic properties of graphene. Rev. Mod. Phys.,
vol. 81, 109 (2009).

[158] S. Latil and L. Henrard. Charge Carriers in Few-Layer Graphene Films.
Phys. Rev. Lett., vol. 97, 036803 (2006).

[159] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. I.
Katsnelson, I. V. Grigorieva, S. V. Dubonos and A. A. Firsov.
Two-dimensional gas of massless Dirac fermions in graphene. Nature, vol.
438(7065), 197 (2005).

[160] M. Morgenstern. Scanning tunneling microscopy and spectroscopy of
graphene on insulating substrates. physica status solidi (b), vol. 248(11), 2423
(2011).

[161] E. Y. Andrei, G. Li and X. Du. Electronic properties of graphene: a per-
spective from scanning tunneling microscopy and magnetotransport. Reports
on Progress in Physics, vol. 75(5), 056501 (2012).

[162] V. M. Pereira, A. H. Castro Neto and N. M. R. Peres. Tight-binding
approach to uniaxial strain in graphene. Phys. Rev. B, vol. 80, 045401 (2009).

[163] M. Ishigami, J. H. Chen, W. G. Cullen, M. S. Fuhrer and E. D.
Williams. Atomic Structure of Graphene on SiO2. Nano Letters, vol. 7(6),
1643 (2007).

[164] G. Li, A. Luican and E. Y. Andrei. Self-navigation of a scanning tunneling
microscope tip toward a micron-sized graphene sample. Review of Scientific
Instruments, vol. 82(7), 073701 (2011).

[165] Y. Zhang, V. W. Brar, C. Girit, A. Zettl and M. F. Crommie. Origin
of spatial charge inhomogeneity in graphene. Nat Phys, vol. 5, 722 (2009).



Bibliography 223

[166] A. Luican, G. Li and E. Y. Andrei. Quantized Landau level spectrum and
its density dependence in graphene. Phys. Rev. B, vol. 83, 041405 (2011).

[167] R. Decker, Y. Wang, V. W. Brar, W. Regan, H.-Z. Tsai, Q. Wu,
W. Gannett, A. Zettl and M. F. Crommie. Local Electronic Properties
of Graphene on a BN Substrate via Scanning Tunneling Microscopy. Nano
Letters, vol. 11(6), 2291 (2011).

[168] G. Li and E. Y. Andrei. Observation of Landau levels of Dirac fermions in
graphite. Nat Phys, vol. 3(9), 623 (2007).

[169] D. L. Miller, K. D. Kubista, G. M. Rutter, M. Ruan, W. A.
de Heer, P. N. First and J. A. Stroscio. Observing the Quantization of
Zero Mass Carriers in Graphene. Science, vol. 324(5929), 924 (2009).

[170] J. Spreadborough and J. W. Christian. High-temperature X-ray diffrac-
tometer. Journal of Scientific Instruments, vol. 36(3), 116 (1959).

[171] G. Hörmandinger. Imaging of the Cu(111) surface state in scanning tun-
neling microscopy. Phys. Rev. B, vol. 49, 13897 (1994).

[172] L. Bürgi, H. Brune, O. Jeandupeux and K. Kern. Quantum coherence
and lifetimes of surface-state electrons. Journal of Electron Spectroscopy and
Related Phenomena, vol. 109(1–2), 33 (2000).

[173] L. Petersen, P. Laitenberger, E. Lægsgaard and F. Besenbacher.
Screening waves from steps and defects on Cu(111) and Au(111) imaged with
STM: Contribution from bulk electrons. Phys. Rev. B, vol. 58, 7361 (1998).

[174] P. O. Gartland and B. J. Slagsvold. Transitions conserving parallel
momentum in photoemission from the (111) face of copper. Phys. Rev. B,
vol. 12, 4047 (1975).

[175] F. Reinert, G. Nicolay, S. Schmidt, D. Ehm and S. Hüfner. Direct
measurements of the L-gap surface states on the (111) face of noble metals by
photoelectron spectroscopy. Phys. Rev. B, vol. 63, 115415 (2001).

[176] D. Heese. Spin-polarized scanning tunneling microscopy of magnetic nanos-
tructures. Diplomarbeit, Konstanz, Univ., Germany (2012).



224 Bibliography

[177] L. Müller. Untersuchung von Metall-Supraleiter Tunnelkontakten mittels
Rastertunnelmikroskopie. Bachelorarbeit, Konstanz, Univ., Germany (2011).

[178] J. Cuppens, C. P. Romero, P. Lievens and M. J. Van Bael. Supercon-
ductivity in Pb cluster assembled systems with different degrees of coagulation.
Phys. Rev. B, vol. 81, 064517 (2010).

[179] S. Qin, J. Kim, Q. Niu and C.-K. Shih. Superconductivity at the Two-
Dimensional Limit. Science, vol. 324(5932), 1314 (2009).

[180] W. Buckel and R. Kleiner. Supraleitung, Grundlagen und Anwendungen
(WILEY-VCH Verlag, Weinheim, 2004).

[181] R. C. Dynes, V. Narayanamurti and J. P. Garno. Direct Measure-
ment of Quasiparticle-Lifetime Broadening in a Strong-Coupled Superconduc-
tor. Phys. Rev. Lett., vol. 41, 1509 (1978).

[182] E. Wolf. Principles of electron tunneling spectroscopy (Oxford University
Press, 1985).

[183] T. P. Sheahen. Rules for the Energy Gap and Critical Field of Supercon-
ductors. Phys. Rev., vol. 149, 368 (1966).

[184] T. Nishio, M. Ono, T. Eguchi, H. Sakata and Y. Hasegawa. Super-
conductivity of nanometer-size Pb islands studied by low-temperature scanning
tunneling microscopy. Applied Physics Letters, vol. 88(11), 113115 (2006).

[185] D. Eom, S. Qin, M.-Y. Chou and C. K. Shih. Persistent Superconductivity
in Ultrathin Pb Films: A Scanning Tunneling Spectroscopy Study. Phys. Rev.
Lett., vol. 96, 027005 (2006).

[186] J. Liu, X. Wu, F. Ming, X. Zhang, K. Wang, B. Wang and X. Xiao.
Size-dependent superconducting state of individual nanosized Pb islands grown
on Si(111) by tunneling spectroscopy. Journal of Physics: Condensed Matter,
vol. 23(26), 265007 (2011).

[187] C. Brun, I.-P. Hong, F. m. c. Patthey, I. Y. Sklyadneva, R. Heid,
P. M. Echenique, K. P. Bohnen, E. V. Chulkov and W.-D. Schnei-
der. Reduction of the Superconducting Gap of Ultrathin Pb Islands Grown on
Si(111). Phys. Rev. Lett., vol. 102, 207002 (2009).



Bibliography 225

[188] J. Kim, G. A. Fiete, H. Nam, A. H. MacDonald and C.-K. Shih.
Universal quenching of the superconducting state of two-dimensional nanosize
Pb-island structures. Phys. Rev. B, vol. 84, 014517 (2011).

[189] B. Koslowski, C. Dietrich, a. Tschetschetkin and P. Ziemann. Eval-
uation of scanning tunneling spectroscopy data: Approaching a quantitative de-
termination of the electronic density of states. Physical Review B, vol. 75(3),
1 (2007).

[190] M. Ziegler, N. Néel, a. Sperl, J. Kröger and R. Berndt. Local
density of states from constant-current tunneling spectra. Physical Review B,
vol. 80(12), 1 (2009).

[191] B. Koslowski, H. Pfeifer and P. Ziemann. Deconvolution of the elec-
tronic density of states of tip and sample from scanning tunneling spectroscopy
data: Proof of principle. Physical Review B, vol. 80(16), 1 (2009).

[192] P. Wahl, L. Diekhöner, M. a. Schneider and K. Kern. Background
removal in scanning tunneling spectroscopy of single atoms and molecules on
metal surfaces. The Review of scientific instruments, vol. 79(4), 043104 (2008).

[193] E. Revolinsky, G. Spiering and D. Beerntsen. Superconductivity in
the niobium-selenium system. Journal of Physics and Chemistry of Solids,
vol. 26(6), 1029 (1965).

[194] K. Kajimura, H. Bando, K. Endo, W. Mizutani, H. Murakami,
M. Okano, S. Okayama, M. Ono, Y. Ono, H. Tokumoto, F. Sakai,
K. Watanabe and S. Wakiyama. Construction of an STM and observation
of 2H-NbSe2 atomic images. Surface Science, vol. 181(1–2), 165 (1987).

[195] D. C. Dahn, M. O. Watanabe, B. L. Blackford and M. H. Jericho.
Tunneling microscopy of NbSe2 in air. Journal of Applied Physics, vol. 63(2),
315 (1988).

[196] H. Hess, R. Robinson and J. Waszczak. STM spectroscopy of vortex cores
and the flux lattice. Physica B: Condensed Matter, vol. 169(1–4), 422 (1991).



226 Bibliography

[197] Z. Sun, S. K. Hämäläinen, J. Sainio, J. Lahtinen, D. Vanmaekel-
bergh and P. Liljeroth. Topographic and electronic contrast of the grabe-
lophene moiré on Ir(111) probed by scanning tunneling microscopy and non-
contact atomic force microscopy. Phys. Rev. B, vol. 83, 081415 (2011).

[198] S. K. Hämäläinen, M. P. Boneschanscher, P. H. Jacobse, I. Swart,
K. Pussi, W. Moritz, J. Lahtinen, P. Liljeroth and J. Sainio. Struc-
ture and local variations of the graphene moiré on Ir(111). Phys. Rev. B,
vol. 88, 201406 (2013).

[199] J. Coraux, A. T. N’Diaye, M. Engler, C. Busse, D. Wall, N. Buck-
anie, F.-J. M. zu Heringdorf, R. van Gastel, B. Poelsema and
T. Michely. Growth of graphene on Ir(111). New Journal of Physics,
vol. 11(2), 023006 (2009).

[200] E. N. Voloshina, E. Fertitta, A. Garhofer, F. Mittendorfer,
M. Fonin, A. Thissen and Y. S. Dedkov. Electronic structure and imaging
contrast of graphene moire on metals. Sci. Rep., vol. 3 (2013).

[201] A. T. N’Diaye, J. Coraux, T. N. Plasa, C. Busse and T. Michely.
Structure of epitaxial graphene on Ir(111). New Journal of Physics, vol. 10(4),
043033 (2008).

[202] P. Leicht, L. Zielke, S. Bouvron, R. Moroni, E. Voloshina, L. Ham-
merschmidt, Y. S. Dedkov and M. Fonin. In Situ Fabrication Of Quasi-
Free-Standing Epitaxial Graphene Nanoflakes On Gold. ACS Nano, vol. 8(4),
3735 (2014).

[203] C. Engesser. STM/STS-Untersuchungen von freitragenden Graphen-
schichten auf SiO2/Si. Bachelorarbeit, Konstanz, Univ., Germany (2012).

[204] V. Geringer, D. Subramaniam, A. K. Michel, B. Szafranek,
D. Schall, A. Georgi, T. Mashoff, D. Neumaier, M. Liebmann and
M. Morgenstern. Electrical transport and low-temperature scanning tunnel-
ing microscopy of microsoldered graphene. Applied Physics Letters, vol. 96(8)
(2010).



Bibliography 227

[205] Y.-C. Lin, C.-C. Lu, C.-H. Yeh, C. Jin, K. Suenaga and P.-W. Chiu.
Graphene Annealing: How Clean Can It Be? Nano Letters, vol. 12(1), 414
(2012).

[206] V. Geringer, M. Liebmann, T. Echtermeyer, S. Runte, M. Schmidt,
R. Rückamp, M. C. Lemme and M. Morgenstern. Intrinsic and extrinsic
corrugation of monolayer graphene deposited on SiO2. Phys. Rev. Lett., vol.
102, 076102 (2009).

[207] C. H. Lui, L. Liu, K. F. Mak, G. W. Flynn and T. F. Heinz. Ultraflat
graphene. Nature, vol. 462(7271), 339 (2009).

[208] J. Martin, N. Akerman, G. Ulbricht, T. Lohmann, J. H. Smet,
K. von Klitzing and A. Yacoby. Observation of electron-hole puddles
in graphene using a scanning single-electron transistor. Nat Phys, vol. 4(2),
144 (2008).

[209] G. M. Rutter, J. N. Crain, N. P. Guisinger, T. Li, P. N. First and
J. A. Stroscio. Scattering and Interference in Epitaxial Graphene. Science,
vol. 317(5835), 219 (2007).

[210] H. Yang, A. J. Mayne, M. Boucherit, G. Comtet, G. Dujardin and
Y. Kuk. Quantum Interference Channeling at Graphene Edges. Nano Letters,
vol. 10(3), 943 (2010).

[211] A. Deshpande, W. Bao, F. Miao, C. N. Lau and B. J. LeRoy. Spatially
resolved spectroscopy of monolayer graphene on SiO2. Phys. Rev. B, vol. 79,
205411 (2009).

[212] A. Deshpande, W. Bao, Z. Zhao, C. N. Lau and B. J. LeRoy. Imaging
charge density fluctuations in graphene using Coulomb blockade spectroscopy.
Phys. Rev. B, vol. 83, 155409 (2011).

[213] C. Weeks, G. Rosenberg, B. Seradjeh and M. Franz. Anyons in a
weakly interacting system. Nat Phys, vol. 3(11), 796 (2007).

[214] C. Handschin. Andreev reflections and superconducting Proximity effect in
lateral hBN/graphene/NbSe2 quantum Hall devices. Master’s thesis, Columbia
University, Department of Physics, Philip Kim Group, USA (2013).



228 Bibliography

[215] J.-N. Fuchs and P. Lederer. Spontaneous Parity Breaking of Graphene in
the Quantum Hall Regime. Phys. Rev. Lett., vol. 98, 016803 (2007).

[216] K. Nomura and A. H. MacDonald. Quantum Hall Ferromagnetism in
Graphene. Phys. Rev. Lett., vol. 96, 256602 (2006).

[217] N. Levy, S. A. Burke, K. L. Meaker, M. Panlasigui, A. Zettl,
F. Guinea, A. H. C. Neto and M. F. Crommie. Strain-Induced
Pseudo–Magnetic Fields Greater Than 300 Tesla in Graphene Nanobubbles.
Science, vol. 329(5991), 544 (2010).

[218] F. Guinea, M. I. Katsnelson and A. K. Geim. Energy gaps and a zero-
field quantum Hall effect in graphene by strain engineering. Nat Phys, vol. 6(1),
30 (2010).

[219] Y. Zhang, Z. Jiang, J. P. Small, M. S. Purewal, Y.-W. Tan, M. Fa-
zlollahi, J. D. Chudow, J. A. Jaszczak, H. L. Stormer and P. Kim.
Landau-Level Splitting in Graphene in High Magnetic Fields. Phys. Rev. Lett.,
vol. 96, 136806 (2006).

[220] N. B. McKeown. Phthalocyanine Materials. Synthesis, Structure and Func-
tion (Cambridge University Press, Cambridge, 1998).

[221] B. Crone, A. Dodabalapur, Y.-Y. Lin, R. W. Filas, Z. Bao, A. LaD-
uca, R. Sarpeshkar, H. E. Katz and W. Li. Large-scale complementary
integrated circuits based on organic transistors. Nature, vol. 403(6769), 521
(2000).

[222] C. Iacovita, M. V. Rastei, B. W. Heinrich, T. Brumme, J. Kortus,
L. Limot and J. P. Bucher. Visualizing the Spin of Individual Cobalt-
Phthalocyanine Molecules. Phys. Rev. Lett., vol. 101, 116602 (2008).

[223] J. Gimzewski, E. Stoll and R. Schlittler. Scanning tunneling mi-
croscopy of individual molecules of copper phthalocyanine adsorbed on poly-
crystalline silver surfaces. Surface Science, vol. 181(1–2), 267 (1987).

[224] P. H. Lippel, R. J. Wilson, M. D. Miller, C. Wöll and S. Chiang.
High-Resolution Imaging of Copper-Phthalocyanine by Scanning-Tunneling
Microscopy. Phys. Rev. Lett., vol. 62, 171 (1989).



Bibliography 229

[225] Y. Wang, K. Wu, J. Kröger and R. Berndt. Review Article: Struc-
tures of phthalocyanine molecules on surfaces studied by STM. AIP Advances,
vol. 2(4), 041402 (2012).

[226] TURBOMOLE V6.5, TURBOMOLE GmbH Karlsruhe,
http://www.turbomole.de. TURBOMOLE is a development of University
of Karlsruhe and Forschungszentrum Karlsruhe 1989-2007, TURBOMOLE
GmbH since 2007.

[227] S. Bouvron, R. Maurand, A. Graf, P. Erler, L. Gragnaniello,
D. Wiedmann, C. Engesser, C. Nef, W. Fu, C. Schönenberger,
F. Pauly and M. Fonin. Gate-controlled shift of molecular levels in a scan-
ning tunneling microscope. Submitted (2014).

[228] R. Cuadrado, J. I. Cerdá, Y. Wang, G. Xin, R. Berndt and H. Tang.
CoPc adsorption on Cu(111): Origin of the C4 to C2 symmetry reduction. The
Journal of Chemical Physics, vol. 133(15), 154701 (2010).

[229] Y. Wang, X. Ge, C. Manzano, J. Kröger, R. Berndt, W. A. Hofer,
H. Tang and J. Cerda. Supramolecular Patterns Controlled by Electron
Interference and Direct Intermolecular Interactions. Journal of the American
Chemical Society, vol. 131(30), 10400 (2009).

[230] S.-H. Chang, S. Kuck, J. Brede, L. Lichtenstein, G. Hoffmann and
R. Wiesendanger. Symmetry reduction of metal phthalocyanines on metals.
Phys. Rev. B, vol. 78, 233409 (2008).

[231] F. Chen, X. Chen, L. Liu, X. Song, S. Liu, J. Liu, H. Ouyang, Y. Cai,
X. Liu, H. Pan, J. Zhu and L. Wang. Chiral recognition of zinc phthalo-
cyanine on Cu(100) surface. Applied Physics Letters, vol. 100(8), 081602
(2012).

[232] B. W. Heinrich, C. Iacovita, T. Brumme, D.-J. Choi, L. Limot, M. V.
Rastei, W. A. Hofer, J. Kortus and J.-P. Bucher. Direct Observation
of the Tunneling Channels of a Chemisorbed Molecule. The Journal of Physical
Chemistry Letters, vol. 1(10), 1517 (2010).



230 Bibliography

[233] K. W. Hipps, X. Lu, X. D. Wang and U. Mazur. Metal d-Orbital
Occupation-Dependent Images in the Scanning Tunneling Microscopy of Metal
Phthalocyanines. The Journal of Physical Chemistry, vol. 100(27), 11207
(1996).

[234] A. F. Takács, F. Witt, S. Schmaus, T. Balashov, M. Bowen,
E. Beaurepaire and W. Wulfhekel. Electron transport through single
phthalocyanine molecules studied using scanning tunneling microscopy. Phys.
Rev. B, vol. 78, 233404 (2008).

[235] U. Dehm. Examination of cobalt-phthalocyanine molecules on metallic sub-
strates using scanning tunneling microscopy and spectroscopy. Bachelorarbeit,
Konstanz, Univ., Germany (2011).

[236] T. Schorr. Influence of the herringbone reconstruction on the adsorption of
phthalocyanine on Au(111) studied by STM/STS. Bachelorarbeit, Konstanz,
Univ., Germany (2012).

[237] L. Zhang, Z. Cheng, Q. Huan, X. He, X. Lin, L. Gao, Z. Deng,
N. Jiang, Q. Liu, S. Du, H. Guo and H.-j. Gao. Site- and Configuration-
Selective Anchoring of Iron–Phthalocyanine on the Step Edges of Au(111) Sur-
face. The Journal of Physical Chemistry C, vol. 115(21), 10791 (2011).

[238] Z. H. Cheng, L. Gao, Z. T. Deng, N. Jiang, Q. Liu, D. X. Shi, S. X.
Du, H. M. Guo and H.-J. Gao. Adsorption Behavior of Iron Phthalocya-
nine on Au(111) Surface at Submonolayer Coverage. The Journal of Physical
Chemistry C, vol. 111(26), 9240 (2007).

[239] F. Hanke and J. Björk. Structure and local reactivity of the Au(111) surface
reconstruction. Phys. Rev. B, vol. 87, 235422 (2013).

[240] D. E. Barlow, L. Scudiero and K. W. Hipps. Scanning Tunneling Mi-
croscopy Study of the Structure and Orbital-Mediated Tunneling Spectra of
Cobalt(II) Phthalocyanine and Cobalt(II) Tetraphenylporphyrin on Au(111)
Mixed Composition Films. Langmuir, vol. 20(11), 4413 (2004).

[241] A. Mugarza, R. Robles, C. Krull, R. Korytár, N. Lorente and
P. Gambardella. Electronic and magnetic properties of molecule-metal in-



Bibliography 231

terfaces: Transition-metal phthalocyanines adsorbed on Ag(100). Phys. Rev.
B, vol. 85, 155437 (2012).

[242] M. Takada and H. Tada. Scanning Tunneling Microscopy and Spectroscopy
of Phthalocyanine Molecules on Metal Surfaces. Japanese Journal of Applied
Physics, vol. 44(7S), 5332 (2005).

[243] N. Tsukahara, S. Shiraki, S. Itou, N. Ohta, N. Takagi and M. Kawai.
Evolution of Kondo Resonance from a Single Impurity Molecule to the Two-
Dimensional Lattice. Phys. Rev. Lett., vol. 106, 187201 (2011).

[244] Z. Hu, L. Chen, A. Zhao, Z. Li, B. Wang, J. Yang and J. G. Hou.
Detecting a Molecule Surface Hybrid State by an Fe-Coated Tip with a Non s
Like Orbital. The Journal of Physical Chemistry C, vol. 112(40), 15603 (2008).

[245] Z. H. Cheng, L. Gao, Z. T. Deng, Q. Liu, N. Jiang, X. Lin, X. B. He,
S. X. Du and H.-J. Gao. Epitaxial Growth of Iron Phthalocyanine at the
Initial Stage on Au(111) Surface. The Journal of Physical Chemistry C, vol.
111(6), 2656 (2007).

[246] T. G. Gopakumar, T. Brumme, J. Kröger, C. Toher, G. Cu-
niberti and R. Berndt. Coverage-Driven Electronic Decoupling of Fe-
Phthalocyanine from a Ag(111) Substrate. The Journal of Physical Chemistry
C, vol. 115(24), 12173 (2011).

[247] E. Annese, J. Fujii, I. Vobornik, G. Panaccione and G. Rossi. Control
of the magnetism of cobalt phthalocyanine by a ferromagnetic substrate. Phys.
Rev. B, vol. 84, 174443 (2011).

[248] J. Cho, J. Smerdon, L. Gao, O. Süzer, J. R. Guest and N. P.
Guisinger. Structural and Electronic Decoupling of C60 from Epitaxial
Graphene on SiC. Nano Letters, vol. 12(6), 3018 (2012).

[249] C. Mariani, M. Scardamaglia, S. Lisi, S. Lizzit, A. Baraldi, R. Lar-
ciprete and M. G. Betti. Graphene Induced Substrate Decoupling and Ideal
Doping of a Self-Assembled Iron-Phthalocyanine Single Layer. The Journal of
Physical Chemistry C, vol. 117(6), 3019 (2013).



232 Bibliography

[250] X. Lu, K. W. Hipps, X. D. Wang and U. Mazur. Scanning Tunneling
Microscopy of Metal Phthalocyanines,&nbsp; d6 and d8 Cases. Journal of the
American Chemical Society, vol. 118(30), 7197 (1996).

[251] S. Wang, W. Wang, Y. Hong, B. Z. Tang and N. Lin. Vibronic state as-
sisted resonant transport in molecules strongly anchored at an electrode. Phys.
Rev. B, vol. 83, 115431 (2011).

[252] N. Pavliček, I. Swart, J. Niedenführ, G. Meyer and J. Repp. Sym-
metry Dependence of Vibration-Assisted Tunneling. Phys. Rev. Lett., vol. 110,
136101 (2013).

[253] X. H. Qiu, G. V. Nazin and W. Ho. Vibronic States in Single Molecule
Electron Transport. Phys. Rev. Lett., vol. 92, 206102 (2004).

[254] M. Sicot, S. Bouvron, O. Zander, U. Rudiger, Y. S. Dedkov and
M. Fonin. Nucleation and growth of nickel nanoclusters on graphene Moiré
on Rh(111). Applied Physics Letters, vol. 96(9), 093115 (2010).

[255] J. Mao, H. Zhang, Y. Jiang, Y. Pan, M. Gao, W. Xiao and H.-J. Gao.
Tunability of Supramolecular Kagome Lattices of Magnetic Phthalocyanines
Using Graphene-Based Moiré Patterns as Templates. Journal of the American
Chemical Society, vol. 131(40), 14136 (2009).

[256] B. Bialek, I. G. Kim and J. I. Lee. Density functional investigation of the
electronic structure of cobalt phthalocyanine monolayer. Thin Solid Films, vol.
513(1–2), 110 (2006).

[257] A. T. N’Diaye, S. Bleikamp, P. J. Feibelman and T. Michely. Two-
Dimensional Ir Cluster Lattice on a Graphene Moiré on Ir(111). Phys. Rev.
Lett., vol. 97, 215501 (2006).

[258] P. J. Feibelman. Pinning of graphene to Ir(111) by flat Ir dots. Phys. Rev.
B, vol. 77, 165419 (2008).

[259] W. Dou, S. Huang, R. Q. Zhang and C. S. Lee. Molecule–substrate
interaction channels of metal-phthalocyanines on graphene on Ni(111) surface.
The Journal of Chemical Physics, vol. 134(9), 094705 (2011).



Bibliography 233

[260] J. Brede and R. Wiesendanger. Spin-resolved characterization of single
cobalt phthalocyanine molecules on a ferromagnetic support. Phys. Rev. B,
vol. 86, 184423 (2012).

[261] T. G. Gopakumar, M. Lackinger, M. Hackert, F. Müller and M. Hi-
etschold. Adsorption of Palladium Phthalocyanine on Graphite: STM and
LEED study. The Journal of Physical Chemistry B, vol. 108(23), 7839 (2004).

[262] M. Scheffler, L. Smykalla, D. Baumann, R. Schlegel, T. Hänke,
M. Toader, B. Büchner, M. Hietschold and C. Hess. Structural study
of monolayer cobalt phthalocyanine adsorbed on graphite. Surface Science, vol.
608(0), 55 (2013).

[263] S. K. Hämäläinen, M. Stepanova, R. Drost, P. Liljeroth, J. Lahti-
nen and J. Sainio. Self-Assembly of Cobalt-Phthalocyanine Molecules on
Epitaxial Graphene on Ir(111). The Journal of Physical Chemistry C, vol.
116(38), 20433 (2012).

[264] A. Graf. Elektronische Eigenschaften von CoPc-Molekülen auf Graphen auf
SiO2/Si. Bachelorarbeit, Konstanz, Univ., Germany (2013).

[265] A. Bergvall, K. Berland, P. Hyldgaard, S. Kubatkin and
T. Löfwander. Graphene nanogap for gate-tunable quantum-coherent single-
molecule electronics. Phys. Rev. B, vol. 84, 155451 (2011).

[266] Y. Zhang, V. W. Brar, F. Wang, Y. Wang, C. Girit, Y. Yayon,
M. Panlasigui, A. Zettl and M. F. Crommie. Giant phonon-induced
conductance in scanning tunnelling spectroscopy of gate-tunable graphene. Nat
Phys, vol. 4, 627 (2008).

[267] V. W. Brar, R. Decker, H.-M. Solowan, Y. Wang, L. Maserati,
K. T. Chan, H. Lee, C. O. Girit, A. Zettl, S. G. Louie, M. L. Co-
hen and M. F. Crommie. Gate-controlled ionization and screening of cobalt
adatoms on a graphene surface. Nat Phys, vol. 7, 43 (2011).

[268] P. Järvinen, S. K. Hämäläinen, K. Banerjee, P. Häkkinen, M. Ijäs,
A. Harju and P. Liljeroth. Molecular Self-Assembly on Graphene on SiO2

and h-BN Substrates. Nano Letters, vol. 13(7), 3199 (2013).



234 Bibliography

[269] J. Uihlein, H. Peisert, M. Glaser, M. Polek, H. Adler, F. Petraki,
R. Ovsyannikov, M. Bauer and T. Chassé. Communication: Influence
of graphene interlayers on the interaction between cobalt phthalocyanine and
Ni(111). The Journal of Chemical Physics, vol. 138(8), 081101 (2013).

[270] L. L. Chang, L. Esaki and R. Tsu. Resonant tunneling in semiconductor
double barriers. Applied Physics Letters, vol. 24(12), 593 (1974).

[271] P. Bedrossian, D. M. Chen, K. Mortensen and J. A. Golovchenko.
Demonstration of the tunnel-diode effect on an atomic scale. Nature, vol.
342(6247), 258 (1989).

[272] Y. Xue, S. Datta, S. Hong, R. Reifenberger, J. I. Henderson and
C. P. Kubiak. Negative differential resistance in the scanning-tunneling spec-
troscopy of organic molecules. Phys. Rev. B, vol. 59, R7852 (1999).

[273] N. P. Guisinger, M. E. Greene, R. Basu, A. S. Baluch and M. C.
Hersam. Room Temperature Negative Differential Resistance through Indi-
vidual Organic Molecules on Silicon Surfaces. Nano Letters, vol. 4(1), 55
(2004).

[274] X. Q. Shi, W. W. Pai, X. D. Xiao, J. I. Cerdá, R. Q. Zhang, C. Minot
and M. A. Van Hove. Significant negative differential resistance predicted
in scanning tunneling spectroscopy for a C60 monolayer on a metal surface.
Phys. Rev. B, vol. 80, 075403 (2009).

[275] L. Chen, Z. Hu, A. Zhao, B. Wang, Y. Luo, J. Yang and J. G. Hou.
Mechanism for Negative Differential Resistance in Molecular Electronic De-
vices: Local Orbital Symmetry Matching. Phys. Rev. Lett., vol. 99, 146803
(2007).

[276] M. Grobis, A. Wachowiak, R. Yamachika and M. F. Crommie. Tuning
negative differential resistance in a molecular film. Applied Physics Letters,
vol. 86(20), 204102 (2005).

[277] X. W. Tu, G. Mikaelian and W. Ho. Controlling Single-Molecule Negative
Differential Resistance in a Double-Barrier Tunnel Junction. Phys. Rev. Lett.,
vol. 100, 126807 (2008).



Bibliography 235

[278] A. Donarini, B. Siegert, S. Sobczyk and M. Grifoni. Topographical
fingerprints of many-body interference in STM junctions on thin insulating
films. Phys. Rev. B, vol. 86, 155451 (2012).

[279] S. Luryi. Quantum capacitance devices. Applied Physics Letters, vol. 52(6),
501 (1988).

[280] M. Garnica, D. Stradi, S. Barja, F. Calleja, C. Diaz, M. Alcami,
N. Martin, A. L. Vazquez de Parga, F. Martin and R. Miranda.
Long-range magnetic order in a purely organic 2D layer adsorbed on epitaxial
graphene. Nat Phys, vol. 9(6), 368. Article (2013).

[281] G. D. Wilk, R. M. Wallace and J. M. Anthony. High-K gate dielectrics:
Current status and materials properties considerations. Journal of Applied
Physics, vol. 89(10), 5243 (2001).

[282] URL http://www.intel.com/pressroom/kits/advancedtech/doodle/
ref_HiK-MG/high-k.htm.

[283] C. Hwang, D. A. Siegel, S.-K. Mo, W. Regan, A. Ismach, Y. Zhang,
A. Zettl and A. Lanzara. Fermi velocity engineering in graphene by sub-
strate modification. Sci. Rep., vol. 2 (2012).

[284] Y.-J. Yu, Y. Zhao, S. Ryu, L. E. Brus, K. S. Kim and P. Kim. Tuning
the Graphene Work Function by Electric Field Effect. Nano Letters, vol. 9(10),
3430 (2009).

[285] M. A. Wolak, S. Gutmann, M. Conrad, M. M. Beerbom, C. Fer-
ekides and R. Schlaf. Charge injection barriers and chemical interaction
at the CdTe/NbSe2 interface. Journal of Applied Physics, vol. 109(2), 023701
(2011).

[286] G. Giovannetti, P. A. Khomyakov, G. Brocks, V. M. Karpan,
J. van den Brink and P. J. Kelly. Doping Graphene with Metal Con-
tacts. Phys. Rev. Lett., vol. 101, 026803 (2008).

[287] R. Smoluchowski. Anisotropy of the Electronic Work Function of Metals.
Phys. Rev., vol. 60, 661 (1941).

http://www.intel.com/pressroom/kits/advancedtech/doodle/ref_HiK-MG/high-k.htm
http://www.intel.com/pressroom/kits/advancedtech/doodle/ref_HiK-MG/high-k.htm



	Danksagung
	Zusammenfassung
	Summary
	Introduction
	I Scanning tunneling microscopy and other physical considerations
	Basic principles of scanning tunneling microscopy
	Experimental setup
	The laboratory
	The cryostat

	Bardeen theory of tunneling: 1D-case
	Scanning tunneling spectroscopy
	Low bias voltage regime
	High bias voltage regime
	Effects from bandstructure
	Scanning molecules
	Lock-in technique


	Superconductivity and STM
	Meissner effect
	STM measurements on superconductors
	Proximity effect

	Molecular electronics
	How to contact a single molecule?
	Within an STM
	Breakjunctions
	Electromigration
	Filling the gap
	Implementation of a gate electrode in an STM

	Charge transport through molecules
	Atomic contacts
	What makes electrons flow
	Role of coupling strengths
	Single level resonant tunneling
	Coulomb blockade

	Self-assembly

	Surface physics
	Surface states
	Friedel oscillations

	The Au(111) surface
	Graphene
	Graphene preparation
	Graphene from graphite
	Graphene from carbon-containing materials
	CVD growth on metals

	Electronic properties of graphene
	STM/STS experiments performed on graphene



	II Preliminary Work
	First tests
	The Au(111) surface
	The Cu(111) Shockley surface-state: Friedel oscillations
	STS resolution: Superconductivity
	Deconvolving the tip-density of states


	Graphene
	Graphene on Ir(111)
	Graphene on Au(111)/Ir(111)
	Graphene on SiO2
	Graphene on NbSe2


	III Cobalt phthalocyanine molecules
	CoPc on metallic substrates
	CoPc on Cu(111)
	CoPc on Au(111)

	CoPc on graphene on metals: possible decoupling?
	CoPc on graphene islands on Au(111)
	Coverage-dependent adsorption sites
	Submonolayer coverage
	Monolayer coverage

	Electronic properties

	CoPc on graphene on Ir(111)
	Coverage-/and or nucleation center- dependent growth
	Submonolayer coverage
	Monolayer coverage

	Electronic properties/decoupling


	CoPc on back-gated graphene
	Topography
	Electronic properties: low conductivity
	Electronic properties: high conductivity
	Electrostatic transport models
	LUMO-mediated resonant tunneling
	Coulomb blockade: charging effects in the graphene layer



	Conclusions and outlook
	Appendix
	Tip-induced band-bending in graphene

	Bibliography

	Text1: Konstanzer Online-Publikations-System (KOPS)URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-287932


