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Abstract

Just as bits are the basic unit for conventional computers, qubits are the basic
unit for quantum computers. They are expected to model quantum mechanical
systems such as large molecules, unfeasible with today’s computational resources.

This thesis presents measurements regarding to two platforms, which are seen as suit-
able for their implementation: Majorana bond states (MBS) in topological supercon-
ductors and quantum dots (QDs).

As a basis for both approaches, atomic and molecular adsorption on superconduct-
ing Pb surfaces is investigated with the use of scanning probe methods (SPM). Since
promising results for atomic Fe chains on Pb surfaces have already indicated the ex-
istence of an MBS, it is the aim of this thesis, to gain further knowledge about the
adsorption of CO, NaCl and Fe on Pb surfaces. This might be relevant for future
experiments to perform high-resolution imaging or to build atomic chains by moving
single atoms in a controlled way over the surface.

A second aim of this thesis is to investigate 2D molecular layers, self-assembled on
Pb, that show strong evidence for the confinement of electrons. Hence, they act as
single-electron transistors and can be seen as molecular QDs. In summary, the mea-
surements in this thesis draw attention on the high potential that Pb might offer for
the realization of qubits.
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Kurzbeschreibung

So wie Bits als Basiseinheit für herkömmliche Computer dienen, sind Qubits die
Basiseinheit für Quantencomputer. Mit ihnen sollen sich quantenmechanische
Systeme, wie z.B. grössere Moleküle, modellieren lassen, was mit der heuti-

gen Rechenleistung undurchführbar ist. In dieser Arbeit werden Messergebnisse an
zwei Fallbeispielen vorgestellt, die zur Realisierung von Qubits als geeignet angesehen
werden: Dies sind einerseits gebundene Majoranazustände (MBS) in topologischen
Supraleitern und andererseits Quantenpunkte (QDs).

Als Grundlage für beide Ansätze wird die atomare und molekulare Adsorption auf
supraleitenden Pb-Oberflächen mit Hilfe von Rastersondenmikroskopie (SPM) unter-
sucht. Da für atomare Fe-Ketten auf Pb-Oberflächen bereits vielversprechende Ergeb-
nisse auf die Existenz eines MBS hinweisen, ist es ein Ziel dieser Arbeit, weitere Erken-
ntnisse zur Adsorption von CO, NaCl und Fe auf Pb-Oberflächen zu gewinnen. Dies
könnte für zukünftige Experimente relevant sein, um z.B. eine hochauflösende Bildge-
bung zu erzielen oder durch die kontrollierte Verschiebung einzelner Atome atomare
Ketten auf der Oberfläche zu bilden.

Ein zweites Ziel dieser Dissertation ist die Untersuchung von selbstorganisierten 2D-
Molekülschichten auf Pb, die starke Hinweise auf das Confinement von Elektronen
zeigen. Sie wirken als Transistoren für einzelne Elektronen und können daher als
molekulare QDs angesehen werden. Zusammenfassend machen die Messungen dieser
Arbeit auf das hohe Potential aufmerksam, das Pb bei der Realisierung von Qubits
bieten kann.
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Introduction

Approximately since the end of the 1990s, the increasing transformation from
analog data processing to digital systems is known as ”digital revolution”. It
marks a technological change that, analogous to industrialization, has radical

effects on almost all areas of human life. An essential basis for this change is the
continuous miniaturization of microprocessors, which has massively improved the per-
formance of digital machines. Since the first development of integrated circuits in 1958
(by later Nobel Prize winner Jack Kilby) their integration density (number of tran-
sistors per unit area) has always doubled within ca. 2 years. In 1965, this regularity
was observed by Gordon Moore and became famous as ”Moore’s law” [1]. For a long
time ”Moore’s Law” served as a key motivation of leading companies to maintain the
high pace of this persistent progress. Although Moore predicted in 2007 an end of this
regularity for ca. 2020, the development so far seems to be continuing with the de-
velopment of a metal-oxide-semiconductor field-effect transistor (MOSFET) featuring
a gate length of 5 nm. However, in the next few years, further miniaturization must
inevitably slow down and come to a complete end, since the gates of the transistors
would have separations of only a few atomic radii and therefore become influenced by
quantum mechanical uncertainty [2]. In addition, higher integration densities cause
due to waste heat negative effects on the operational stability [1, 3].

A possible continuation of the digital revolution could therefore consist in a paradigm
shift towards a new basic unit for all computing processes: While until now computers
use bits as the smallest information unit, which can assume exactly one of two pos-
sible states, an information unit based on quantum mechanical principles, so-called
quantum bits (qubits), consist of a superposition of both states [4]. Only at an instant
measurement the superposition collapses into one of the two states. Furthermore, the
qubits can be entangled, which means that multiple qubits exist in a single quantum
state and a change to the state of one qubit also changes instantaneously all the qubits
entangled to it. Hence, the measurement of one single qubit enables a direct deduction
of the properties from all qubits entangled with it.
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Introduction

The advantage of qubits can be exemplified with the comparison of 4 bits: While 4
classical bits represent exactly one out of 24 = 16 possible combinations, 4 entangled
qubits can assume all 16 combinations at the same time. This synchronized processing
of several calculation steps enables quantum computers an enormous time advantage
in iterative processes. It becomes evident in the comparison of a sequence of classical
logical gates with quantum gates: While a classical gate generates exactly one defini-
tive output per calculation step, a quantum gate processes probabilities and generates
a superposition of them as output. Due to the entanglement of qubits, the execution
of one single calculation step would also solve all other steps at the same time.

However, it is questionable whether this advantage plays a role in everyday computer
use. Much more, quantum computers could offer an enormous advance in the simu-
lation of material properties, which is even with today’s supercomputers very intense
and lacks accuracy [5]. This would possibly enable the individual design of specific
drugs or molecules that are superconducting at room temperature. Another area of
application could be the search in very large databases or the further development of
cryptographic methods, since previous methods could be decrypted by entangling a
large number of qubits [6].

The implementation of powerful quantum computers in practice is still failing due
to two major problems: On the one hand, it is very difficult to keep a qubit in the
state of superposition, since it can be influenced by small thermal fluctuations changes,
radiation or even the earth’s magnetic field. The duration, in which the superposi-
tion can be maintained in a controlled manner is known as the coherence time. On
the other hand, the entanglement becomes more difficult with each new qubit added,
as their states become more and more difficult to control. To illustrate the order of
magnitude, in which the realization seems to be possible, reference can be made to
recent publications by Google with an entanglement of 53 qubits and a coherence time
of 12 ns [7] as well as IBM with an entanglement of 65 qubits and a coherence time
of 71 µs [8]. Both companies have already announced to realize significant progress on
that within the next two years. The huge interest in improving the implementation
of quantum computers is also expressed by the worldwide rapidly growing private and
state investments in this area [9].

The most cited approach, how qubits can be realized, was presented in 1998 by Daniel
Loss and David DiVincenzo [10]. In their concept, the spin of an electron contained in
a quantum dot (QD) is used as a qubit and is based on the gate voltage between two
coupled single-electron QDs. It causes exchange operations and local magnetic fields
and thus creates a controlled NOT gate (CNOT), which is necessary for entangling the
qubits. More details on this concept as well as on first experimental implementations
can be found in the review by Christoph Kloeffel and Daniel Loss [11].

Due to the high sensitivity of the spin to external influences, a certain stability is
desirable when looking for further systems to realize qubits. In 2001, Alexei Kitaev
published a model [12] that uses the Majorana fermion, a particle described by Ettore
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Introduction

Majorana in 1937 that is also its own anti-particle [13], as the basis for qubits. Another
article by Liang Fu and Charles L. Kane from 2008 postulated the realization of such
Majorana bound states (MBS) in the ends of atomic chains on s-wave superconduc-
tors [14]. Shortly afterwards, the first experimental implementation of MBS succeeded
and this model is also seen as very promising for the creation of qubits [15].

In order to achieve superconductivity, however, temperatures in the cryogenic range are
necessary, which usually requires a greater effort and higher expenses. But apart from
that, the low temperatures foster the implementation of qubits, since they prevent ther-
mal fluctuations. Additionally, the use of superconductors offers due to the Meissner-
Ochsenfeld effect the advantage that external magnetic fields are displaced [16] and
thus works against another disturbing influence.

Scanning probe microscopy (SPM) has played a significant role in the implementation
and observation of MBSs, as it enables atomic resolution of the entire system of super-
conductor and chain as well as the localization of MBSs in the sub-nm range [17–19].
Additionally, it allows in situ modifications by manipulating individual atoms [20,21].
In recent years it has been shown, that SPM methods can also be used to characterize
QDs. The addition or removal of individual single electrons in QDs can namely be
observed in SPM on the basis of charge rings that represent individual energy levels of
the QD [22–26]. Since the formation of charge rings has also been shown in the case
of individual organic molecules, it can be assumed that these behave analogously as
molecular QDs [27–30].

A connection between both topics, MBSs and QDs, is not only given by qubits as
a shared domain of application, but can also be made by the use of superconducting
Pb as substrate. The superconductor Pb is characterized by its high critical tempera-
ture (TC = 7.2 K), which is the third highest among elementary superconductors. In
the past, it was already well known for its low melting point (Θ = 327.4 °C) and its
malleability, which made it to a widely used metal. One of the most famous uses of
Pb is the manufacture of leaded water pipes, which began in the Roman Empire and
continued into the 20th century. The English word ”plumber”, for example, can be
traced back to the Latin word for lead ”plumbum” and explains the element symbol
”Pb”. Lead was also of great importance for the creation of scriptures: The use of lead
pencils goes e.g. back to the Romans and Johannes Gutenberg’s invention of movable
lead letters for book printing from 1450 is seen as a prerequisite for the scientific rev-
olution and the beginning of modernity. Later it was widely used in projectiles for
weapons, as color pigments and as a gasoline additive to increase knock resistance.

In the 19th century, for the first time the consequences of Pb poisoning were dis-
cussed in broader public, as it turned out that Pb can be stored in bones and blood,
which can lead to severe damage to the nervous and cardiovascular systems. The
harmful effects of Pb became more apparent in the course of the 20th century. Its use
as a gasoline additive (in particular from ≈1920-1980) led to an enormous increase of
Pb pollution in the air and e.g. the Pb amount in human bones increased tenfold com-
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pared to bone samples from ancient times. For this reason, more and more restrictions
and bans arose on the use of Pb. A first success of these measures can be already
demonstrated by the decrease in the measured Pb concentration of air and water. For
example, the average Pb pollution in the Rhine at Basel fell from over 2.0 µg/l in the
1980s to below 0.5 µg/l in the 2010s [31]. Today, in industrialized countries Pb is used
almost exclusively in applications that exclude the formation of Pb-containing dust
or waste water. The most common applications are car batteries or shielding devices
against radioactive radiation.

Aware of the harmful effects on human health, the use of Pb with any direct con-
tact to people must be avoided in the future. Nevertheless, mankind could continue to
benefit from its advantages: For example, the implementation of qubits based on Pb
only requires extremely small amounts of material and emissions into the environment
can be completely ruled out. The relatively high critical temperature could even be
a decisive advantage over other superconductors, since cooling down to the LT range
requires a very high amount of energy. Furthermore, Pb is commonly occurring on
earth compared to other elements, since its isotopes Pb-206, Pb-207 and Pb-208 are
at the end of the three natural decay series of radioactive elements.

Considering the great importance of quantum computers for the progress of the digital
revolution, the question arises nowadays, whether Pb as a promising basis for the im-
plementation of qubits can once again serve as a door opener into a new technological
era for mankind. Hence, in this thesis two promising platforms to realize qubits, the
adsorption of Fe atoms on Pb for the creation of MBSs and the adsorption of TBPP
molecules for achieving molecular QDs, are investigated.

In chapter 1, the concept and development of SPM, which is the basic technique
used for all presented measurements, is described in details. In chapter 2 the setup of
the microscope the experimental implementation and the preparation of the samples
is explained. Then, in chapter 3 a detailed review on superconductivity and the the-
ory as well as the experimental confirmation of MBSs is given. In addition to that,
the phenomenon of single-electron charging, which is the basis of QDs, is presented
and the literature on SPM-related investigations is discussed. In chapter 4, results on
the adsorption of CO, NaCl and Fe on Pb surfaces are presented as basis for future
experiments to perform high-resolution imaging or to create atomic chains of Fe on
Pb. Finally, in chapter 5, the observation of molecular QDs is reported. Here, SPM-
methods are applied to show a signature for single-electron charging and fulfill thereby
a charge state control.
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1
Techniques: Scanning Probe Microscopy

The basis of any experimental work is a precise knowledge and control of the
measurement methods used. For this reason, the following chapter gives a de-
scription of the experimental methods used in this work, all of which can be

classified as part of the so-called Scanning Probe Microscopy (SPM). The decisive fac-
tor with this type of microscopy is that, in contrast to light or electron microscopy,
the measurement is made by using a fine probe (tip). It is located on a scanner, which
is moved in a grid pattern over a surface. The interaction between tip and surface
provides information about the nature of the sample, namely by measuring a tunnel-
ing current (see section 1.1) or atomic forces (see section 1.2). Magnetic, thermal,
chemical, or other interactions can also be considered for SPM, but this is beyond the
scope of this thesis.

SPM was developed in 1981 by a team from IBM Zurich Research Laboratory (Gerd
Binnig, Heinrich Rohrer, Christoph Gerber and Edmund Weibel) with the first suc-
cessful tunneling experiment through a vacuum gap [32]. As decisive criterion, why
this experiment was successful in contrast to previous ones, the authors indicate the
suppression of vibrations and external oscillations, which was achieved through excel-
lent decoupling of the scanner. For all SPM methods, damping plays a crucial role to
obtain atomic resolution.

Another characteristic of SPM is the use of piezoelectric drive elements. Only with
their help the scanner can be moved over the surface with atomic precision and thus
a high resolution can be guaranteed. The piezoelectric effect was first discovered by
Jacques and Pierre Curie in 1880 [33] and describes that in the event of a deformation
for certain materials an electrical voltage occurs (direct piezo effect), or when an elec-
trical voltage is applied, a deformation takes place (inverse piezo effect).

For SPM measurements always the inverse piezo effect is used. In total, three piezo el-
ements are required to move the scanner: an x - and a y-piezo to position the tip in the
plane of the sample surface and a z -piezo to adjust the distance between sample and
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Chapter 1. Techniques: Scanning Probe Microscopy

tip. Usually, lead zirconate titanate (PZT) with the chemical formula Pb[ZrxTi1−x]O3

(0 ≤ x ≤ 1) is used as piezo material, since this exhibits a high voltage/deformation-
sensitivity. However, the piezoelectric response is strongly temperature-dependent, so
even a small variety in the temperature causes a significant drift. With falling temper-
atures the sensitivity decreases, but remains even at low temperatures good enough
for SPM measurements [34].

In this work, the main focus is the atomic-scale characterization of adsorbates on
superconducting surfaces and the exploration of charge states. For this reason, the
characteristics of applying SPM on superconductors (see section 3.1.5) and exploring
charge states with STM (see section 3.2.3) is explained in particular detail by reference
to the state of the art.

1.1 Scanning Tunneling Microscopy (STM)

The principle behind the first tunneling experiment through a vacuum gap [32, 35] is
based on an electric bias voltage between tip and sample and the approach of a very
thin probe (ideally atomically thin tip) close to the surface until a so called tunneling
current starts to flow between sample and tip. This current is caused by the quantum-
mechanical tunneling effect, which depends on the distance between sample and tip
and also on the density of electronic states (DOS) at the surface and at the tip. In
fig. 1.1, the principle of the tunneling is shown by an energy scheme. A more detailed
description of the theory behind the quantum-mechanical tunneling effect is given in
section 1.1.1.

Figure 1.1: Energy scheme of an barrier tunnel junction: EF denotes the Fermi
level, which is the highest occupied state and Evac is the vacuum level. The difference
Evac − EF defines the work function φ, which is the minimal energy to remove an
electron into the vacuum. The distribution in the density of states ρ shows the filled
and unfilled states. At very small distances between tip and sample, electrons can
tunnel from the filled states of the tip into the unfilled states of the sample.
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1.1. Scanning Tunneling Microscopy (STM)

Shortly after the successful tunneling experiment, Gerd Binnig, Heinrich Rohrer and
their team added to the tip the ability to scan over a sample surface and developed
thus Scanning Tunneling Microscopy (STM). Their first STM publication dealt with
topographies of CaIrSn4(110)- and Au(110) surfaces [36]. Special attention was re-
ceived in 1983, when Binnig and Rohrer reported on the first real space determination
of the Si(111)-(7×7) surface [37]. In 1986 they were awarded on that account with the
Nobel Prize in Physics.

In the following years STM became a key method for analyzing the morphology of
conductive surfaces. Regarding to the content of this work, further mile stones with
STM were the following: In 1987 R. S. Becker et al. reported about first surface mod-
ifications at atomic scale caused by the STM tip [38]. Shortly after, in 1990, Don M.
Eigler and Erhard K. Schweizer used STM for a first lateral manipulation by building
”IBM” with single Xe atoms on a Ni(110) surface [39]. With the decoupling of adatoms
from metallic surfaces by using ultrathin, insulating NaCl layers, Jascha Repp et al.
showed in 2004 by adding or removing single electrons the control of the charge state
of Au adatoms on Cu surface [40]. One year later he used this decoupling to image
the orbitals of pentacene molecules [41].

A more precise description about operating an STM is given in section 1.1.2. The
concept of Scanning Tunneling Spectroscopy (STS), which is the measurement of the
tunneling current depending on various voltages at a distinct position, is described in
section 1.1.3.

1.1.1 Tunneling Effect

With the occurrence of quantum mechanics in the 1920s, the concept of quantum
mechanical tunneling was developed. According to this, a particle has a certain prob-
ability to overcome a potential barrier, although it has a lower energy than the peak
of the barrier. Graphically, the particle behaves as if it was using a tunnel through the
barrier. According to Eugen Merzbacher’s investigation [42] the term ”tunneling” was
first used by Walter Schottky [43] and Jacov (Yakov) Frenkel [44] for this process.

By interpreting molecular spectra, Friedrich Hund was in 1927 able to give the first
characterization of a tunneling effect with bound states [45, 46] and in 1928 Lothar
Nordheim published the first article on the penetration of a barrier into an energy
continuum [47]. The first general expression of the tunneling current in condensed
matter Physics was published in 1930 by Jacov Frenkel [48].

Meanwhile, the theoretical treatment of the tunneling current became quite diverse
and depends strongly on the given constraints. In the following paragraphs the main
principle of the quantum-mechanical tunneling current is illustrated. For a more de-
tailed description, the established textbooks of Roland Wiesendanger [49] and C. Julian
Chen [50] are recommended.

7



Chapter 1. Techniques: Scanning Probe Microscopy

The easiest way to describe the tunneling process is to consider an electron in an
one-dimensional potential V (z) and to assume the electron as wave function ψ(z),
that satisfies the Schrödinger equation:[

− ~2

2m

d2

dz2
+ V (z)

]
ψ(z) = Eψ(z) (1.1)

Here, m and E represent mass and energy of the electron. For an one-dimensional
potential barrier V0 > E with the separation width s = 2a, as shown in figure 1.2 b), the
Schrödinger equation is solved in three different parts: on the left of the barrier, inside
the barrier and on the right of the barrier. This results in the following transmission
coefficient T (E, V0):

T (E, V0) ≈
16(V0 − E)

V 2
0

· e−2s
√

2m(V0−E)

~ (1.2)

The important result of this expression is the strong dependence of T from the expo-
nential factor. For typical values, as s = 5 Å and V0 = 4 eV, the exponential factor
is ≈ 10−5. If the barrier width is reduced by only 1 Å, the exponential factor would
increase by a factor of 10 [49], which demonstrates the high atomic precision of this
method and explains the advantage of using the tunneling current to determine surface
morphologies.

Bardeen Approach

A different approach to describe the tunneling process of electrons was published in
1961 by John Bardeen [51]. Instead of solving the Schrödinger equation for the total
system, two subsystems (representing tip and sample) are considered. Then, the whole
electron transfer rate is estimated by time-dependent perturbation theory. The time-
independent state Ψ of each subsystem is determined by the eigenfunctions ψµ (for the
occupied state) and χν (for the unoccupied state). If both subsystems are apart from
each other, ψµ and χν decrease exponentially into the vacuum, as showed in figure
1.2 a).
However, if the distance between both systems is small enough for electrons to tunnel
from occupied states in system A to unoccupied states in system B, the Schrödinger
equation of each subsystem can be transformed in an equation of the whole system:

i~
∂Ψ

∂t
=

[
− ~2

2m

∂2

∂z2
+ UA + UB

]
Ψ (1.3)

Here, UA and UB represent the potential function of each system. However, a state ψµ
of system A can now pass into a state of system B. Therefore a new wave function of
the total system has to be formulated:

Ψ = ψµexp

(
−iEµt

~

)
+

∝∑
ν=1

cν(t)χνexp

(
−iEνt

~

)
(1.4)
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1.1. Scanning Tunneling Microscopy (STM)

Figure 1.2: Tunneling effect through an one-dimensional potential barrier V0. a)
Inside the barrier, the wave function of the electron on each site (ψµ and χν) leaks
exponentially out. If the barrier width is too large, no tunneling is possible. b) Reducing
the barrier width enables a probability of appearing on the other site. The initial wave
function of the filled state and the final wave function of the unoccupied state transfer
through the barrier.

The coefficient cν(t) with cν(0) = 0 has to be determined by putting equation 1.4 in
1.3 and neglecting infinitesimal small parts. It follows:

cν(t) =
exp

(
−i(Eµ−Eν)

~

)
− 1

Eµ − Eν
·
∫

z>z0

ψµUBχ
∗
νd

3~r =
exp

(
−i(Eµ−Eν)

~

)
− 1

Eµ − Eν
·Mµν (1.5)

By assuming an elastic tunneling process, which means, that tunneling is only possible
into a state of the same energy (Eµ = Eν) and extracting one derivative and evaluating
the integral just at z = z0, the typical form of Bardeen’s tunneling matrix element can
be determined:

Mµν = − ~2

2m

∫
z=z0

(
χ∗ν
∂ψµ
∂z
− ψµ

∂χ∗ν
∂z

)
(1.6)

With Bardeen’s formalism, the tunneling current I is determined by first order time-
dependent perturbation theory:

I =
2πe

~
∑
µ,ν

{f(Eµ)[1− f(Eν + Ee)]− f(Eν + Ee)[1− f(Eµ)]} ‖Mµν‖2ρB(Eµ) (1.7)

Here, f(E) = {1 + exp [(E − EF )/(kBT )]}−1 corresponds to the Fermi function and
Ee is the electric energy per electron caused by the applied sample bias voltage. The
ρB = δ(Eν − E) represents the density of states (DOS) in subsystem B.

Tersoff-Hamann-Approximation

In 1983, Jerry Tersoff and Donald R. Hamann were the first, who applied Bardeen’s
approach with the tunneling matrix element explicitly to STM [52]. By assuming
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Chapter 1. Techniques: Scanning Probe Microscopy

limits of a small bias voltage and a low temperature they got from eq. 1.7:

I =
2πe2

~
U
∑
µ,ν

‖Mµν‖2ρA(EF )ρB(EF ) (1.8)

It is remarkable that the ρ of both subsystems (representing sample and tip) contribute
equally to the current. Here EF indicates the Fermi energy.

The important approximation of Tersoff and Hamann is, to take also the tip shape
into account. They approximated the tip’s wave function as spherical potential, where
the outermost atom has an s-wave function [52]. If the tip’s density of states is ρA and
the one of the sample is ρB, the charge density of electronic states at EF is evaluated
at the center of curvature of the closest tip-atom. Then for the tunneling current can
be obtained:

I ∝ UρA(EF )ρB(EF )exp(2κr0) (1.9)

Here κ represents the decay rate κ = (2mΦ)/~ of the tip’s local potential barrier height
Φ and r0 the radius of the closest tip-atom. So, the tunneling current is proportional
to the local density of states at EF , evaluated at the center of curvature of the tip.

I ∝ UρB(EF , r0) (1.10)

Due to the fact, that the wave functions of tip and surface leak out exponentially,
the tunneling current depends exponentially on the distance r0 + d, or simply on the
distance s between tip and surface.

I ∝ e−2κs (1.11)

For higher bias voltages or non-s-wave functions, the Tersoff-Hamann-approximation
is no longer valid. In this case, a finite bias can lead to distortions in the wave func-
tions and energy eigenvalues of tip and sample. A more generalized approximation
considering this was made by C. Julian Chen in 1988 [53].

To simplify the results of the different theories, Binnig et al. used for the tunneling
current I, the following expression, that summarizes the main contribution [35]:

I = f(VBias) · e−
√
φ·s (1.12)

Here, f(VBias) describes a weighted, local density of states for tip and sample, φ is the
averaged tunnel barrier height in eV and s is the distance between tip and sample.

1.1.2 Operating the STM

A typical setup of an STM is shown in fig. 1.3. At the beginning of an STM-
measurement, the scanning unit is approached by eye close to the surface. After
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1.1. Scanning Tunneling Microscopy (STM)

applying a bias-voltage between 0 and ≈ ±2 V, the approach of the tip is continued
until a tunneling current starts to flow between sample and tip. Very common for this
tunneling approach is a scanner of the so called Besocke beetle type, where the scanner
approaches stepwise by applying consecutively voltage ramps on the piezoelectric feet
of the scanner [54] [55].

Figure 1.3: Setup of a scanning tunneling microscope (STM) with tuning fork sensor.
The bias voltage Vbias between sample and tip causes the tunneling current It, which
can be put in relation to a setpoint current Isetp to keep a certain z-position.

There are two different modes to operate an STM. If the STM is operated in the
constant height mode, the distance between sample and tip remains constant over the
complete scan and the tunneling current changes depending on the distance between
tip and surface atoms.

However, if the STM is operated in the constant current mode, the current is main-
tained at a preset value (setpoint) and the z -position of the tip is regulated with a piezo
by an electronic feedback, that keeps the distance between tip and sample dynami-
cally constant. When the tip e.g. approaches to a terrace of the surface, the tunneling
current changes due to the different sample-tip distance. This leads via feedback loop
(see fig. 1.3) to a change of the sample-tip distance until the tunneling current is again
equal to the setpoint. This permanent regulation of the tip is plotted as z -value of the
surface morphology.

The advantage of the constant current mode is a safer scanning and a better verti-
cal resolution. Whereas the constant height mode allows without regulations a higher
scanning velocity, that can minimize the influence of thermal drift [56]. Fig. 1.4 shows
the principles of both operating modes.
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Chapter 1. Techniques: Scanning Probe Microscopy

Figure 1.4: Scheme of the two STM-operation-modes, constant current mode (CCM)
and constant height mode (CHM): The tip movement in dependence of the surface
morphology is contrasted to the related tunneling current I in dependence of the lateral
position x.

Regardless of the operating mode, the tip itself is very relevant for the STM-measure-
ment: To gain an atomic resolution, the tip should ideally terminate in a single atom.
Otherwise there could be additional imaging artefacts. The methods to improve a
tip are described in section 2.2.2. The material of the tip should be conductive and
rather hard, since otherwise an accidental contact between tip and sample could de-
stroy the tip completely. Most widely used for STM-studies in UHV are tungsten
tips; alternative materials are molybdenum (Mo), iridium (Ir) and platinum-iridium
(Pt-Ir) [49].

1.1.3 Scanning tunneling spectroscopy (STS)

Shortly after topographic maps of surfaces constituted the success of STM, the at-
tention to this technique was expanded to the dependence of the bias-voltage. As
discussed in section 1.1.1 and summarized in equation 1.12, the tunneling current de-
pends not only from the distance z between tip and sample, but from the arrangement
of the electrons in real space (x,y), which is described as local density of states (LDOS).
The LDOS itself depends from the bias voltage, since this is the electrical potential
difference, that influences the energy of the electrons. Therefore, the measurement of
a tunneling current depending on the bias voltage is called tunneling spectroscopy (TS).

Typically, the course of the curve I-V -curve rises for increasing voltages. Jumps in
the tunneling current indicate when a new electronic state is filled. Determining the
differential conductance (dI/dV ), shows these jumps as peaks and displays for this
reason the LDOS. It is equal to the distribution showed in figure 1.3. However, if
the dI/dV -value is derived numerically from the I-V -curve, it might be dominated
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1.2. Atomic Force Microscopy (AFM)

by instrumental noise. An alternative is to measure the dI/dV by using the lock-in
technique, that adds an AC voltage (ULI = U0 cos(ωLIt)) to the DC bias voltage. The
dI/dV -signal is measured by the lock-in amplifier, which detects the signal propor-
tional to cos(ωLIt) [57, 58]. Since this can be done simultaneously in the scanning
constant current mode, the whole method is known as scanning tunneling spectroscopy
(STS).

Another type of spectroscopy, that can be done with STM is It(z)-spectroscopy. Here,
the tip is approached with a specific value z closer to the sample, which causes re-
garding to equation (1.12) an exponential increase at the tunneling current It. An
example of a typical I(z)-curve is given in figure 2.5. The course of this curve provides
information on the tip’s quality, since artefacts at the tip would cause noise or jumps.
It can also be used to modify the tip, as described in section 2.2.2. Furthermore, the
local potential barrier can be obtained from the I(z)-curve [59].

1.2 Atomic Force Microscopy (AFM)

The development of Atomic Force Microscopy (AFM) can be seen as a direct conse-
quence of the successful establishment of STM: A probe (tip), which is located on a
cantilever, is brought into the influence of a surface, so that atomic forces between
the tip and the sample become effective (a summary about the interacting forces is
given in section 1.2.1). These interaction forces cause a deflection of the cantilever.
In comparison to STM, AFM is independent of whether the sample is conductive.
In their first publication about AFM from 1986, Gerd Binnig, Calvin F. Quate and
Christoph Gerber described the use of an STM to detect this deflection of the can-
tilever [60]. There, the use of the STM causes the achievement of atomic resolution
and outlines the innovation character of AFM compared to former stylus profilome-
ter as developed in 1929 by Gustav Schmaltz [61] and improved by Russell D. Young
(1971) [62] and E. Clayton Teague et al. (1982) [63]. A general overview of AFM, which
was used as a basic reference for this work, can be found in the textbooks by Jacob
N. Israelachvili [64] and Bert Voigtländer [65] or in the review by Franz J. Giessibl [66].

In the following years, AFM was developed enormously, so that today a large number
of different operating modes exist. An overview on these modes is given is section
1.2.2. In 2016, the Kavli Foundation described AFM as ”a breakthrough in measure-
ment technology and nanosculpting that continues to have a transformative impact
on nanoscience and technology” [67] and awarded Binnig, Gerber and Quate with the
Kavli Prize.

Milestones in the development of AFM are the first quasi-atomically resolution by
Ernst Meyer et al. (1989) [68], the introduction of contactless AFM through frequency
modulation by Thomas R. Albrecht, Peter Grütter et al. (1991) [69], the atomic reso-
lution of the Si(111)-(7×7) surface by Franz J. Giessibl (1995) [70] and the atomic res-
olution within molecules through tip functionalization by Leo Gross et al. (2009) [71].
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Chapter 1. Techniques: Scanning Probe Microscopy

An expansion of AFM is the Kelvin Probe Force Microscopy, where the atomic force
is measured in dependence of the contact potential [72]. This and the related spec-
troscopy mode (KPFS), where the atomic force is measured in dependence from the
bias voltage are described in section 1.2.3.

1.2.1 Interaction forces between tip and sample

The force amount, which is measured by AFM, is first of all dependent on the distance
z between tip and sample and has different origins. For a first specification it can be
differentiated on the basis of two attributes: The range of the forces (long-range or
short range) and their effective direction (attractive or repulsive). Regarding to these
attributes, figure 1.5 displays a classification of the most important interaction forces,
which are discussed below.

Figure 1.5: Overview on the interacting forces within the gap of tip and sample clas-
sified by range (size of gap) and effective direction (amount of force).

By reducing the gap between tip and sample up to≈ 100 nm, the long-range forces start
to appear [66]. Among them, the most dominant component is the van der Waals
force. This term contains a combination of three different forces, which occur between
two permanent molecular dipoles (Keesom forces), a permanent molecular dipole and
a spontaneous formation of a dipole in a neutral molecule (Debye forces), or between
two spontaneously induced dipoles in two neutral molecules (London forces). Their
origin is from quantum mechanics and share a potential with z−6-dependence from
the tip-sample distance z. Usually, the London forces have the strongest influence,
which results in a total attractive action for the van der Waals force. A very exact
approximation is the description as so-called Casimir-Polder force [73], that deals
with it as a quantum-electrodynamical phenomenon [65]. An easier approach assumes
a spherical tip apex with radius R and summarizes the strength of the van der Waals
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1.2. Atomic Force Microscopy (AFM)

interaction for different materials in the so-called Hamaker constant H [64, 74]:

FVdW(z) = −H ·R
6z2

(1.13)

Another kind of long-range interacting forces are attractive electrostatic forces,
which appear due to the different electrostatic potential of tip and sample. This differ-
ence ∆V is also measured as contact potential difference (CPD) in force spectroscopy
(see figure 1.8). To approximate these forces, the tip-sample system is seen as plate
capacitor and the tip as sphere with radius R. From the electrostatic force Eel it
follows with the vacuum permittivity ε [65, 75]:

Fel(z,∆V ) = −∂Eel(z)

∂z
=

1

2

∂C(z)

∂z
(∆V )2 = −πε R2

z(z +R)
(∆V )2 (1.14)

Additionally, attractive electrostatic forces can also appear in the short-range regime
[76]. This can be explained as local charge distributions in single molecules or charge
states of adatoms [77,78]. A more detailed description about the background and the
detection of charge states with AFM and other SPM-methods is given in section 3.2).

The main component of the total force between tip and sample in the short-range
regime is caused by attractive chemical forces. Their origin lies in the overlap of
electron wave function of the outer shells, which leads to a formation of covalent bonds
between tip and force. Due to the movement of the tip, these bonds are only temporar-
ily. An approximation to this interaction can be made with a potential established by
Philip M. Morse [79]:

Echem(z) = −Ebond(2e−a(z−z0) − e−2a(z−z0)) (1.15)

Here, Ebond is the bonding energy, a is the decay (interaction) length and z0 the
distance in equilibrium. From this, the corresponding chemical force can be derived
as [80]:

Fchem(z) = −∂Echem(z)

∂z
= −2a · Ebond(e−a(z−z0) − e−2a(z−z0)) (1.16)

If the distance between tip and sample becomes smaller than necessary for a chemical
bond, repulsive forces dominate the interaction between tip and sample. They can be
explained by two different origins:

On the one hand, the inner, filled core shells interact with each other. Due to the
same electrostatic charge this leads to a repulsion of core electrons. The influence
of the nuclei can be neglected, since the they are well shielded by the inner electron
shells [65].

On the other hand, the overlap of the inner core shells results also in a quantum-
mechanical repulsion, the Pauli repulsion. This goes back to the exclusion principle
by Wolfgang Pauli, after which two or more electrons in a quantum system can not
occupy the same quantum state [81].
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Chapter 1. Techniques: Scanning Probe Microscopy

To approximate both repulsive interaction forces, a quantum mechanical treatment is
necessary, which requires the solution of the Schrödinger equation for a multi-electron
system. Since this is in the most cases quite complicated, it became common to use
models with qualitative approximations. One of the most common models, used for
the interaction of two neutral atoms, is the Lennard-Jones potential [64], named after
John Edward Lennard-Jones:

ELJ(z) = −Ebond

[(z0
z

)12
− 2

(z0
z

)6]
. (1.17)

As in equation 1.15, Ebond describes here the bonding energy and z0 the equilibrium
distance (ELJ(z0) = 0). The Lennard-Jones potential clearly distinguishes between
attractive long-range and repulsive short-range forces: The attractive ones (mainly
van der Waals) are assumed to be proportional to −1/z6 and the repulsive ones to
1/z12. From this potential the following total force for the tip-sample interaction
Fts(z) can be derived:

Fts(z) = −∂ELJ(z)

∂z
=

12Ebond

z0

[(z0
z

)13
−
(z0
z

)7]
. (1.18)

The graphical course of the total force Fts(z) is displayed together with the repulsive
and the attractive forces in figure 1.6.

Figure 1.6: Comparison of repulsive, attractive and total force between tip and sample.
The distance range, where contact and non-contact mode can be applied, is marked.
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1.2.2 Operating the AFM

The operation modes of AFM are very numerous and include several different meth-
ods of measurement. A first differentiation can be done based on two factors: The
behavior of the cantilever, which can be static or dynamic, and the type of probing
the interaction, which can be in contact (repulsive), in non-contact (attractive) or in
intermittent contact (tapping of the cantilever). The characteristics of each cantilever
type and further distinctions are described in the following.

In static AFM, a static cantilever is scanned in the x-y-plane over the surface and the
forces between tip and sample cause a deflection ∆z of the cantilever. Starting from an
equilibrium position, the effective deflection is according to Hooke’s law proportional
to the local force between tip and sample. Hence, the cantilever has to be rather soft in
comparison to the bulk atoms of tip and sample [66]. It can be realized in the constant
force mode [60], where a feedback loop enables to continue with a certain setpoint force,
or in the constant height mode, where no feedback loop is needed and the cantilever
deflection changes regarding to surface morphology. This is in analogy to the two
operation modes in STM, displayed in figure 1.4. Static AFM is very often used in the
repulsive force regime and therefore mostly connected to the contact mode. However, it
is also possible to perform AFM with a static cantilever in the non-contact regime [65].

The dynamic AFM uses a cantilever with a resonance frequency f0, excited by a
fixed amplitude Adrive at a fixed driving frequency fdrive, that is close to f0. If the
distance between tip and sample is decreased, the interaction forces cause a shift ∆f
of the resonance frequency, that leads also to a shift of the oscillation amplitude A and
a phase Φ between excitation and oscillation.
In the amplitude modulation mode (AM), the driving amplitude is used as set-
point and the oscillation amplitude is taken as reference for a feedback loop to guaran-
tee a constant tip-sample height [82]. In comparison to static AFM, this technique is
more precise to measure attractive forces. However, the amplitude feedback depends
linearly on the Q factor, which describes as damping parameter the energy loss of
an oscillator (high Q indicates less energy loss and less damping) [66]. Hence, a well
oscillating cantilever worsens the feedback time in the AM-mode.
With the frequency modulation mode (FM), Thomas R. Albrecht et al. worked
this out by using the shift of the resonance frequency ∆f for the feedback and adjust-
ing the driving frequency fdrive with a phase-locked-loop (PLL) detector [69]. Here, the
feedback is no longer dependent from the Q factor [66]. To find a connection between
∆f and the total force Fts(z) numerical and analytical calculations must be done. An
approximation, where the force gradient kts = −∂Fts(z)/∂z is assumed to be constant
results in [66]:

∆f =
f0
2kc

kts = − f0
2kc

∂Fts(z)

∂z
(1.19)

The kc describes here the stiffness of the cantilever. According to equation 1.19, an
attractive force with ∂Fts(z)/∂z > 0 leads to a negative frequency shift (∆f < 0) and
a repulsive force to a positive one (∆f > 0).
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Due to the dynamics of the cantilever, the AM- and the FM-mode are normally con-
nected to the non-contact range. An adaption of the AM mode to closer distances and
the measurement of repulsive forces succeeded with the establishment of the tapping
mode (TM), where the amplitude was increased up to 20-100 nm [83]. At the lowest
part of the oscillation, the tip is in contact with the surface, but in comparison to the
static mode, the lateral influence of the forces is greatly reduced. Hence, this operating
mode is denoted to be in intermittent contact.

In principle, the static mode is used in the contact range, where repulsive forces are
dominant, the dynamic modes in the non-contact range, where attractive forces are
dominant and the tapping mode with its intermittent contact in both ranges (see
also figure 1.6). Further limits and expansions to this general principle and to the
efficiency of these operation modes are given e.g. by the usage of ultra high vacuum
(UHV), low temperature (LT) and quartz tuning fork sensors (QTF). Their influence
will be discussed in sections 2.1 and 2.2.

1.2.3 Kelvin probe force microscopy (KPFM)

The nc-AFM method can be expanded by adding the measurement of the work func-
tion. Then it is called Kelvin Probe Force Microscopy (KPFM), which refers to the
probe, Lord Kelvin used to show the potential difference between different metals (see
figure 1.7 a) [84]. It has been introduced in 1991 by Martin Nonnenmacher et al. [72]
with measurements of the contact potential difference (CPD).

Figure 1.7: Contact potential difference (CPD). a, Tip and sample (different
materials) are in close contact, but not electrically connected b, Their Fermi levels
equalize by connecting both electrically, a CPD (∆Φ = VCPD) arises and electrons flow
from the filled states to unfilled states c, The CPD can be compensated by applying a
bias voltage Ubias, so that no current occurs anymore (Ubias = VCPD).

If the different metals (for SPM: tip and sample) get electrically connected, the CPD
causes a current between tip and sample until their Fermi levels are equal (see figure
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1.7 b). This current can be compensated to zero by applying a voltage Ubias, that thus
indicates the contact potential difference VCPD (see figure 1.7 c) [85]:

VCPD = Ubias =
ΦSample − ΦTip

e
∆Φ (1.20)

The e is here the elementary charge. If the determination of the CPD is done with
dynamic AFM, an additional AC voltage with the frequency fAC is applied to between
tip and sample, which modulates the force between tip and sample as well as the
cantilever deflection. Concurrent with dynamic AFM, the amplitude of the cantilever
(amplitude modulation, AM) [86] or the variation in the frequency shift ∆f (frequency
modulation, FM) can be used as setpoint to compensate the CPD. While in AM-mode
the measured amplitude of the cantilever is proportional to the electrostatic forces, it
is in FM-mode only proportional to the gradient of the force, which leads to a better
contrast in FM-mode [87]. According to equations 1.19 and 1.14, the correlation
between frequency shift ∆f and the compensation difference ∆V = Ubias − VCPD can
be approximated by:

∆f = − f0
2kc

∂Fts(z)

∂z
= − f0

2kc
· 1

2
· ∂

2C(z)

∂z2
(∆V )2 (1.21)

If this method is used as spectroscopic technique to investigate local contact poten-
tial differences (LCPD), the frequency shift curve is measured at constant height for
different voltages. The resulting ∆f(Vbias) curve can be fitted in accordance to the
quadratic dependence from equation 1.21 with a parabola. The maximum of the
parabola is equal to the LCPD-value and the frequency of the uninfluenced interaction
force [85], as imaged in figure 1.8.

Figure 1.8: Example of a ∆f(Ubias)-curve. The maximum at VLCPD = −0.32 V and at
∆f = −1.65 Hz refers to the LCPD and to the frequency of the uninfluenced interaction
force. The deviation from the parabola at ≈ −1.0 V refers to a local charge state.
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The spectroscopic mode is known under the name LCPD mapping or Kelvin probe
force spectroscopy (KPFS) and provides even submolecular resolution. Hence, it can
be used to investigate charge states of atoms [77] and molecules [88,89], or even to in-
duce charges on molecular layers by the KPFS-measurement [90]. Further descriptions
on the detection of charges with SPM methods are given in section 3.2.3.

1.3 Summary

This chapter describes the principles, the history of development and the implementa-
tion of the measurement methods, which were used to achieve the results presented in
the following chapters. This is Scanning Probe Microscopy (SPM), which can be used
in either Scanning Tunneling Microscopy (STM) or Atomic Force Microscopy (AFM).
Both methods combine the ability to scan the surface morphology with atomic resolu-
tion. Regarding to the focus of this work, two special applications have been discussed:
on the one hand, Scanning Tunneling Spectroscopy (STS), which enables to measure
the Local Density of States (LDOS) of a surface, and on the other hand, Kelvin Probe
Force Microscopy (KPFM), which enables to measure the local contact potential dif-
ference (LCPD). From the description of theses methods, it becomes clear that the use
of both methods is an important tool to determine and control the charge state within
a molecule.
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2
Setup & Implemetation

In this chapter, the setup of the measurement system, a low temperature Scanning
probe microscope (LT-SPM) in ultra-high vacuum (UHV), is described in details.
In the first section, the UHV system itself and the connected evaporators are

discussed (see section 2.1). Then, the cryostat and the microscope inside are described
in more detail, which includes the tuning fork sensor, the preparation of the tip and the
software used to control the measurement (see section 2.2). Finally, the procedures for
preparing the Pb samples are characterized (see section 2.3) and the adsorbed atoms
and molecules are described in details (see section 2.4).

2.1 Setup of the Ultra High Vacuum System

All samples have been prepared and investigated under UHV conditions. The term
”UHV” refers to a pressure below 1 ·10−9 mbar (= 100 nPa). The employment of UHV
is necessary to avoid contaminations from the atmosphere. Each sample, that has been
exposed to air, was cleaned by several procedures to ensure the absence of contaminants
from air (see section 2.3). But even if samples are kept in vacuum, a contamination
with residual gases can not be excluded. The most common residual gases are H2

(mH2 = 2 u), CH4 (mCH4 = 16 u), CO (mCO = 28 u) and CO2 (mCO2 = 44 u), which
can be checked by using a mass spectrometer [91]. For this reason, the facility to
clean a sample and to sublimate molecular layers in situ is crucial for the correct
implementation of the measurement. In the utilized UHV-system, the samples are
prepared in the preparation chamber and then transferred into the analysis chamber,
where the cryostat with the microscope is located. Both chambers are separated by
a valve, to reduce contaminations in the analysis chamber. The total UHV system is
shown in figure 2.1. The devices of the preparation chamber are presented in subsection
2.1.1 and the process of sublimating molecules and atoms is described in subsection
2.1.2. The cryostat and the microscope inside are described separately (see section
2.2).
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Figure 2.1: Overview on the UHV measurement system. The two main parts, the
analysis chamber with cryostat (blue), where the microscope is located, and the prepa-
ration chamber (yellow), where cleaning and evaporation is applied to the samples can
be separated by a valve.

2.1.1 Preparation Chamber

On the one hand, the preparation chamber fulfills the purpose of preparing samples
by cleaning them or sublimating atoms or molecules on them. On the other hand, it
is located between the analysis chamber and the load lock, where the samples can be
introduced into the system. Hence, the base pressure is around one order of magni-
tude lower than in the analysis chamber at the range of 10−10 mbar. The vacuum is
achieved by an ion getter pump (IGP) and a turbo molecular pump (TMP). In case
that high amounts of residual gases from former sublimations worsen the pressure, an
additional Titanium sublimation pump (TSP) can be switched on to improve again.
The instantaneous pressure in the chamber can be read out via ionization gauges. Each
sample can be transferred within the chamber and to other chambers by means of a
rotatable manipulator arm that can be moved in all dimensions.

Beneath the sample on the manipulator, an e-beam heating system enables to outgas
the sample by annealing to a maximum temperature of about 1000 °C. The respec-
tive temperature can be determined by a thermocouple on the sample holder or a
pyrometer. For the cleaning of samples with argon sputtering (see also section 2.3),
a sputter gun is connected to the preparation chamber. The needed Ar atmosphere
with a pressure of 5 · 10−6 mbar can be regulated by means of an UHV leak valve.
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2.1.2 Sublimation of atoms and molecules

Additionally, the preparation chamber is also equipped with a triple evaporator to
sublimate molecules and adsorb them on the sample. The evaporator exhibits three
crucibles, which can be filled with different molecules and heated individually. The
crucibles are heated up by electron bombardment and a water cooling is mandatory
to guarantee a precise control of the flux. This kind of evaporators is often known as
Knudsen cell, since Martin Knudsen described the working principle of this method in
1909 to measure the vapor pressure of gases within tubes and at their orifices [92,93].
The deposition rate on the sample can be checked by a quartz micro balance (QMB).
It is important to ensure a stable rate before the evaporation on the sample is started.

In addition to the evaporation in the preparation chamber, the deposition of mole-
cules can also be done in the analysis chamber in front of the microscope. This has
the advantage that the sample can remain at LT. This is crucial for the deposition
on thin insulating layers (as NaCl or KBr), since the molecule would diffuse to the
metal at higher temperatures. It can be obtained by small silicon wafers, sticked on
a mobile evaporator (see figure 2.2 a). The evaporator is first placed in the same way
as the sample in front of the Knudsen cell to get adsorbed with molecules. However,
the deposition rate has to be higher as for the direct adsorption. After that, it is
transferred into the analysis chamber, positioned in front of the microscope and the
silicon is heated by a direct current up to 500°C.

Figure 2.2: Image of the mobile evaporators: a, Mobile evaporator with silicon wafer
to transmit molecules. b, Mobile evaporator with a piece of Fe inside a coiled tungsten
filament to evaporate single Fe atoms.

For the deposition of single atoms, an alternative mobile evaporator can be used: Here,
instead of a silicon wafer, a piece of the material, from which atoms shall be adsorbed,
is put within a coiled tungsten filament (see figure 2.2 b). When the filament is heated
up to temperatures of ≈ 1300°C, the Fe sublimates and scatters - similarly to the
molecules from the silicon - also into the microscope.
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2.2 Cryostat and Low-temperature Scanning probe
microscope

The most crucial part among the experimental devices is the scanning probe micro-
scope itself, which is located within a cryostat to allow measurements at low temper-
atures. The use of low temperature (LT) for SPM, which means < 5 K, has certain
advantages compared to room temperature (RT) measurements: Most important is
the reduction of thermal diffusion. Additionally, vibrational and rotational move-
ments of single atoms can be reduced enormously, which makes STM images clearer
and sharper [94]. The cooling also increases the stability of the whole system, which
is crucial for AFM, since thermally excited vibrations of the cantilever influence the
sensitivity of the measurement [95]. Furthermore, the contamination rate in the cryo-
stat is reduced dramatically for time intervals of several weeks, which is the basis for
prolonged investigations as e.g. the manipulation of single atoms [39].

First experiments with STM in the LT-range have been applied to investigate the
electronic structures of superconductors [96]. This refers back to first electron tun-
neling experiments at single positions [97, 98], for which the new 2D investigation
with LT-SPM methods denotes a crucial step in development. However, in the first
setups the microscope had to be fully immersed with liquid helium. The first LT-
SPM in an UHV-system has been developed in 1989 by Don M. Eigler and Erhard K.
Schweizer [39]. It provided a high thermal stability, but exhibited comparably long
turn-around durations. A first LT-SPM in UHV with a fully flexible, controllable tip
has been achieved in 1992 by IBM Zurich Lab [99]. This approach constitutes the
basis, on which Omicron NanoTechnology GmbH (now: ScientaOmicron) developed a
standard LT-SPM [100], which is also used for this work.

The cryostat of the Omicron LT-SPM consists of an outer chamber, cooled down with
liquid nitrogen (TN2 = 77.3 K), and an inner chamber, cooled down with liquid helium
(THe = 4.2 K). After a refill with N2 and He, the system can hold a constant coldness
of ≈ 4.7 K for ≈ 17.5 h. However, measurements can also be done at 77 K, at RT, or
with the help of a heater at a desired temperature. Inside the cryostat, the microscope
is located on a piezoelectric scanner (see subsection 1.1.2) and exhibits a tuning-fork
tip, which is described more detailed in subsection 2.2.1. Separate subsections explain
also the preparation routine of the tip (subsection 2.2.2), its modification (subsec-
tion 2.2.3) and the used software to control the tip movement and the measurements
(subsection 2.2.4). The whole microscope can be decoupled from external vibrations
with a spring and in addition to that it is damped by an eddy current damping system.

Two shutters separate the cryostat from the surrounding analysis chamber, from where
a sample can be inserted by a wobblestick. A carousel in the analysis chamber allows
to store 18 samples or spare tips. The base pressure of ≈ 10−11 mbar is achieved by
an IGP, a TMP and if required by a TSP. The instantaneous pressure is read out via
ionization gauges.
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2.2. Cryostat and Low-temperature Scanning probe microscope

Figure 2.3: Side view of the UHV LT-SPM head: Above the scanner with the qPlus
sensor on top of it is the drawer for the sample located (blue). The scanner (green),
moved by three piezo tubes can be approached. Inlet: Enlargement of the qPlus sensor.

2.2.1 Tuning-fork sensor

Due to the advantages of FM-AFM (see subsection 1.2.2), the microscope uses the
qPlus design, a quartz tuning fork (QTF) sensor to facilitate the stability of the fre-
quency of the tip. The idea to use a QTF for the AFM tip [101] has been developed
by Franz J. Giessibl in 1996 [102], who was inspired by quartz watches with high Q
factors. The success of this design in AFM and the advantages towards conventional
cantilevers have been proven by demonstrating the achievement of atomic resolution
on Si(111)-(7×7) [103]. However outside of AFM, first experiments with QTF sensors
have already been carried out in 1989 by the group of Klaus Dransfeld in near field
acoustic microscopy [104].

The qPlus sensor uses a tuning fork, from which one prong is immobilized, since
it is glued onto a mount on an actuator. This is connected with an I-V converter to
detect the deflection. The other prong is able to oscillate and exhibits the tip of the
microscope at its end, which is connected separately with a wire to apply a tunneling
current. Figure 2.3 gives an overview on the head of the microscope and the qPlus
sensor on top of the scanner.

The tip used for this work is made of tungsten (see subsection 2.2.2). The stiffness of
the qPlus sensor is about k = 1800 N/m and its resonance frequency at about 25 kHz.
These mechanical characteristics can be varied with home-built qPlus senors [105].
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2.2.2 Preparation of the tip

In SPM measurements, the preparation of the tip is a key success factor for the quality
of the posterior image. In an optimum scenario it terminates in a single atom, since
the topmost atom has the major influence on the tip-surface interaction. A variety of
different methods can be used to fulfill this goal [106]. In this work, the preparation
can be divided into two fundamental routines: The anticipated, rough sharpening of
the tip by means of a focused ion beam (FIB) and the improvement of the current
tip geometry carried out immediately before the measurement by dipping the tip in a
controlled way into a sample surface. As tip material tungsten is chosen, which is due
to its relatively high hardness a standard material for SPM measurements in UHV [49].

The first rough sharpening step assumes prefabricated tips, attached to the qPlus
sensor. These tips are produced by chemical etching, a standard procedure to get
preferably sharp tips.

As figure 2.4 a) shows, the prefabricated tips still might exhibit curvatures or blunt
terminates, which demand an additional preparation. In 1987, D. K. Biegelsen et al.
could show that ion milling with a FIB is very suitable for the preparation of tungsten
tips: Not only the tip radius can be reduced dramatically, but also contaminations of
oxides (WOx) can be removed and an oxide-free tip is observable for more then 24 h
in air [107]. Figure 2.4 b) shows the shape of the tip after ion milling.

Figure 2.4: Tip terminus of a qPlus sensor imaged by scanning electron microscopy
(SEM): a) Without preparation by FIB the tip exhibits a curvature. b) After prepara-
tion with FIB the curved part has been removed and the sharpness improved.

After inserting the tip into the microscope, a bad local geometry of the tip apex can
still reduce the attainable resolution. A typical problem is a so-called double or even
multiple tip, which means that two or various apexes influence the tip-sample interac-
tion and cause in the image artificial ”ghost” copies of sample structures. This problem
can be approached in a rough way by employing pulses with voltages of ± (2-8) V or
in a more accurate way by making a controlled contact with I(z)-spectroscopy. The
latter consists of a exponential approach behavior and a sudden break of the contact.
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Figure 2.5: Standard I(z)-curve for a controlled tip dip of 1 nm into the Pb sur-
face. The course of the curve shows an exponential I(z)-dependence without deviations,
which refers to the absence of deposition or adsorption at the tip terminus.

Deviations or bumps in the curve indicate the deposition or adsorption of surface atoms
and refer to a repetitive cleaning step until the curve shows no derivation. In fig. 2.5
a standard example for this case is illustrated. It should be noted that by the use
of pulses and I(z)-spectroscopy, the tip picks up surface atoms from the respective
sample surface. In case of superconducting Pb samples, the tip will become also su-
perconductive. Hence, the tip preparation should only be carried out at clean, stepless
terraces on the sample. In addition to these active preparation methods, the selection
of an appropriate tip-sample distance also affects the tip geometry and the scanning
stability very strongly.

2.2.3 Modification of the tip

In addition to the preparation of the tip, also its modification with a single molecule
(such as CO) adsorbed at its apex leads to a chemical contrast [108]. This means that
the visible contrast by SPM differs in dependence of the chemical state of the sample.
Among different molecules used for the modification, the functionalization with single
CO molecules received special attention after Leo Gross et al. succeeded in resolving
a pentacene molecule on Cu(111) atomically with NC-AFM measurements [71]. The
origin of the high atomic contrast can be explained by the Pauli repulsion, which is
especially dominant at high electron densities. Since the CO molecule is chemically
inert, it can be approached very close to the surface without forming a chemical bond
(if it would form a bond to the surface, it would break the bond to the tip). Hence,
it can measure the short-range Pauli repulsion better than other functionalizations,
which are able to form a bond to the sample and keep the one to the tip [109].

To pick up a CO molecule, CO has to be first adsorbed on the sample. This can
be done at LT inside the microscope by floating the whole analysis chamber at a
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pressure of p = 5.0 × 10−8 mbar with CO. Depending on the chemical state of tip
and sample, it appears in STM as protrusion or depression. The CO molecule can
be picked up by positioning the tip on top of it, applying a I(z)-spectroscopy until
a current jump in the spectroscopy occurs. The CO molecule predominantly forms a
bond with the carbon atom, both to the sample and to the tip and rotates therefore
by 180° with the picking procedure [110].

2.2.4 Measurement control and evaluation software

The measurements are controlled and carried out by using RC5 electronics operated
with Nanonis V5 software. For their implementation a power supply, a real-time con-
troller, an oscillation controller, a high-voltage amplifier, a signal converter and an
Omicron interface converter by Nanonis is used. Additionally, a home-made piezo mo-
tor controller enables the control of the scanner in x-, y- and z-direction.

The evaluations of the SPM- and AFM-images are predominantly executed with the
help of Gwyddion, an open-source platform for various data processing and image
analysis methods [111].

2.3 Preparation of clean Pb samples

The experimental work presented in this thesis is entirely executed on top of Pb(111)
or Pb(110) single crystals. The crystals are purchased by Mateck GmbH, which have
already polished them electrochemically and guarantee a purity of 99.99 %. Pb crystal-
lizes in a face-centered cubic (fcc) crystal structure with a constant lattice parameter
of a = 4.950 Å [112]. The (111) plane is the closest packed structure among the low-
index surfaces and its rhombic unit cell has a length of a/

√
2 = 3.500 Å with an angle

of 60°. In contrast, the (110) plane is the less compact one and shows in the top most
layer a rectangular unit cell with a distance of a/

√
2 = 3.500 Å within the atomic rows

and a = 4.950 Å between them. In figure 2.6 both surface structures are illustrated.

Figure 2.6: Surface structure for (a) Pb(111) and (b) Pb(110) crystals. The unit
cell of the surface structure is marked in red.
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2.3. Preparation of clean Pb samples

The cleaning of the Pb crystals consists of 3-4 cycles of 10 minutes sputtering with
Ar+-ions and 10 minutes of annealing at T ≈ 150 °C. If samples are introduced into
the system from outside more cleaning cycles are necessary. The purity of the samples
can be assessed on the basis of STM measurements (see figure 2.7).

Figure 2.7: Pb(111) sample after cleaning procedure. (a) The overview STM
image of Pb(111) (It = 1 pA, Vb = -50 mV) shows various hexagonal features in
the size of 1-10 nm. (b) A more detailed view (It = 1 pA, Vb = -10 mV) exhibits
an apparent height of ≈ 1 Å and also faint symmetric frames with larger diameters
around the features.

The STM-images after the cleaning procedure show in the most parts of the surface
large, clean Pb terraces with an average size of ≈ 200 nm2. However, as figure 2.7 il-
lustrates, also some hexagonal features in the size of 1-10 nm with an apparent height
of ≈ ± 1 Å can be found. Their appearance with positive or negative corrugation can
be changed by varying the bias voltage. All these characteristics are in accordance
with an electronic interference phenomenon, known for Al(111) and Pb(111) surfaces:
The occurrence of the hexagonal features is interpreted as interference of bulk states,
which form a quantum well between the top most and a subsurface layer [113]. In turn,
the origin for the reflecting behavior of the bulk states is explained by gas bubbles of
Ar, which originate from the sputtering process [114]. The hexagonal shape of the
interferences harks back to the Wulff construction of fcc (111) surfaces, a method to
calculate the equilibrium shape of a fixed volume within a separate phase.

The scaling of the microscope can be checked by using the clean Pb(111) surface
as a reference. It has turned out that the measured unit cell is in accordance with the
model shown in Figure 2.6.
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Figure 2.8: Structure formula with approximate size of TBPP (C12H2Br4N4).

2.4 Adsorption of single atoms and molecules

In this section the adsorbates used in this work, Fe-atoms (see section 2.4.1) and TBPP
molecules (see section 2.4.2), are described individually. This includes their evapora-
tion parameters and - if available - a summary of the published literature on it.

2.4.1 Adsorption of single Fe-atoms

The adsorption of single Fe atoms is performed at LT with a mobile evaporator in
front of the microscope, where a piece of Fe is inside a coiled W filament, as described
in subsection 2.1.2. The duration of the adsorption was 15 minutes. The Pb sample
was kept in the microscope and investigated afterwards by SPM methods.

This preparation has also been performed in other studies, however, the sample was
kept there ar room temperature [17, 18] or heated up to 400 K [19]. The results of
theis adsorption are presented in chapter 4.

2.4.2 Adsorption of TBPP molecular layers

The 4,5,9,10-tetrabromopyrimido[4,5,6-gh]perimidine molecule (C12H2Br4N4, short:
TBPP) is based on a two pyridazine rings which are connected by two benzene rings
with each bond to two bromine substituents (see structure in figure 2.8). The molecule
is a 2D organic monomer with an aromatic scaffold and bromine substituents. It has
been synthesized by the group of Shi-Xia Liu and Silvio Decurtins at the University
of Bern. So far, it has not been investigated in more detail in the literature.
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2.5. Summary

At room temperature the powder of the molecule exhibits a yellow color. For the
evaporation it was heated up in the triple evaporator (see figure 2.1) to 170-200°C
and a rate of ≈ 2.4 Å/min was measured with the QMB. The Pb sample was kept
at room temperature and immediately after the adsorption, it was given into the LT-
microscope.

2.5 Summary

This chapter describes the requirements for the implementation of the experiments
described in this thesis. It underlines the importance of UHV conditions to obtain
atomic resolution and to fulfill manipulations in the atomic regime. The description of
the UHV system is subdivided into various parts and contains also a specification of
single devices connected to the system and used for the preparation of samples. Addi-
tionally, the microscope itself and its application in the measurement is characterized.
Hereby, a special attention is given to the tip and its preparation.

In the following, the preparation of the Pb samples is described, which includes an
explanation on the surface structure and the characteristics of a clean surface in STM.
Finally, the evaporated molecules are described in a fundamental way, which is essential
for the interpretation of the following chapters.
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3
Basics of Majorana bound states &

molecular quantum dots

This chapter introduces the basic physical principles that are necessary to initiate
experimental investigations and summarizes previous results with reference to
the literature published so far.

Since all the work of this thesis has been performed on superconducting lead (Pb),
this chapter begins with a general description of superconductivity, which in the fur-
ther course also contains the influence of magnetic impurities, as well as the realization
and experimental observation of Majorana bound states (MBS) (section 3.1). Subse-
quently, the focus is set on charge states in molecular quantum dots, which includes the
implementation of charges between a superconducting SPM tip and single molecules,
as well as the characterization of charge states with different SPM techniques (section
3.2).

3.1 Introduction to Superconductivity and Majorana
bound states (MBS)

Superconductivity is the ability of a material to conduct electricity without resistance
at temperatures below a critical temperature TC . Unlike ordinary metals, whose elec-
trical resistance gradually decreases for lower temperatures, they exhibit a sudden
disappearance of the electrical resistance at TC . The first observation of superconduc-
tivity was measured at TC = 4.2 K on mercury in the laboratory of Heike Kamerlingh-
Onnes [115]. Simultaneously to the lack of electrical resistance, external magnetic
fields are displaced and inside the superconductor no magnetic field intensity can be
measured. This is known as ”Meissner-Ochsenfeld effect” and was first described by
Walther Meissner and Robert Ochsenfeld in 1933 [16]. A distinction is made between
superconductors of the type-I and type-II: While the superconductivity and the dis-
placement of external magnetic fields collapse for type-I superconductors also above
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a critical external magnetic field strength HC , type-II superconductors exhibit a first
critical field strength HC1 from which only the Meissner-Ochsenfeld-Effect suspends
and a second critical field strength HC2 from which the superconductivity also stops.

The field of application for superconductors is wide and ranges from powerful mag-
netic fields and lossless power lines up to superconducting quantum interference de-
vices (SQUIDs). The latter are generated with the help of the so-called Josephson
effect, measure extremely small changes in a magnetic field and can also be used as a
thermometer or bolometer. In addition to that, SQUIDS are due to their Josephson
junctions seen as possible basis for implementing qubits, the basic unit of quantum
computers with first successes in its experimental realization. [116–119]. Here, one
possible usage of SQUIDs is based on the detection and manipulation of so-called Ma-
jorana bound state (MBS) [14,120,121], whose formation is explained in the following.

In principle, the Bardeen-Cooper-Schrieffer theory (see subsection 3.1.1) is generally
used to describe type-I superconductors, such as Pb (see subsection 3.1.2). With the
help of this knowledge, the effect of magnetic impurities on superconductors can be
discussed (see subsection 3.1.3), which might ultimately be used in topological su-
perconductors for the experimental realization of Majorana bound states (MBS) (see
subsection 3.1.4). Finally, the detection of MBSs with SPM-related methods is de-
scribed in subsection 3.1.5, which includes a review on the most important experimen-
tal achievements published in the literature.

3.1.1 Bardeen-Cooper-Schrieffer theory

In 1957 John Bardeen, Leon Cooper and John Robert Schrieffer published the first com-
prehensive theory that describes superconductivity on a microscopic level [122, 123].
It is known as BCS theory in relation to the developers’ last names and its core is the
assumption that two electrons combine to form a so-called ”Cooper pair” as carrier of
the supercurrent. The Cooper pair is created by phonons, the quantized oscillations
of the atomic lattice, as an electron moving in it interacts with the positively charged
ion cores and changes the lattice oscillation by releasing energy. Since the inert ion
cores swing back more slowly than the electron moves, a second electron can absorb
this change in energy. Finally, the two electrons overcome the Coulomb repulsion and
are connected by the phonon to form a Cooper pair. The maximum distance between
the electrons, at which this interaction is attractive, is called the coherence length. In
addition, there is also a correlation time, which indicates the life time of a Cooper pair
and depends on the duration of the lattice oscillation.

In BCS theory, the formation of a Cooper pair requires that momentum and spin
of both electrons, are antiparallel. This in turn leads to the fact that the spin is
compensated to zero and the Cooper pair is therefore a boson with an integer spin
(spin-singlet pair) in contrast to electrons with half-integer spin. As a consequence,
Cooper pairs do not have to comply with the Pauli principle and can occupy the same
energy level more than once.
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The energy gain of two electrons to form a Cooper pair is also known as energy gap,
which indicates a zone of suppressed density of states around the Fermi energy. The
size of the gap ∆ is predicted by BCS theory for T = 0 K with use of the Boltzmann
constant kB and the critical temperature TC as:

∆(T = 0) = ±1.764 · kB · TC (3.1)

The totality of the Cooper pairs can thus be described with a single wave function,
which is valid as a continuum for the entire solid. Local scattering centers cannot
influence this continuum, which explains, why the charge transport occurs without
resistance. When the external energy becomes too great, such as the supply of heat
above the critical temperature TC or above the critical magnetic field HC , the electrons
can no longer combine to form Cooper pairs, remain in their fermionic properties and
the superconductivity collapses.

It must be pointed out that the BCS theory is based on s-wave superconductors,
as they predominantly occur in nature. However, artificially produced materials with
a d -wave superconductivity could already be proven [124,125] and in theory a p-wave
superconductivity was postulated shortly after the publication of the BCS theory [126].
A crucial difference here is that two electrons with the same spin combine to form a pair
and thus the total spin of the pair is S = 1. This in turn results in an odd spatial parity,
an odd orbital angular momentum L = 1 and a triplet spin state [127]. Despite vari-
ous publications on possible realizations, the undisputed proof of a p-superconductor
is still pending [128]. In this context, the proof is considerably more difficult, since
some p-wave states cannot be distinguished thermodynamically from s-wave or d -wave
states [127].

3.1.2 Properties of superconducting Pb

When characterizing Pb as a type-I superconductor, the comparatively high critical
temperature of TC = 7.2 K is initially noticeable. It is (if high pressure is excluded)
the third highest among the elementary superconductors (after Nb and Tc) and the
highest among the type-I superconductors. The high critical temperature might be the
reason, why Heike Kamerlingh Onnes detected Pb in 1913 as second superconducting
material [129].

To explain the origin of the high critical temperature, the concept of multi-band su-
perconductivity can be used, which leads to higher critical temperatures in super-
conductors made of different elements due to the overlapping of the bands [130, 131].
DFT calculations have shown that Pb exhibits a hybridization of the p-bands with
the s- and d-bands, which behaves analogously to the multi-band concept [132]. This
two-band nature of Pb was experimentally proven by Michael Ruby et al., who ob-
served a selective tunneling into different bands, strongly depending on the crystal
orientation [133].
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3.1.3 Magnetic impurities on superconductors

The behavior of superconductors can be influenced by different sorts of impurities:
Non-magnetic impurities, such as surface defects, step edges or non-magnetic adsor-
bates, exert a scattering effect on the potential and break thereby the particle-hole
symmetry of the superconductor [134]. This symmetry can be derived from the lim-
itation of the BdG Hamilton function for electrons in superconductors according to
Nikolay N. Bogoliubov [135] and Pierre-Gille de Gennes [136], in detail reviewed by
Masatoshi Sato and Satoshi Fujimoto [134].

Magnetic impurities, on the other hand, interact due to their magnetic potential with
the spin of the Cooper pairs, which leads to the formation of localized bound states
within the superconducting gap. These states correspond to quasi-particle excitations
and were independently described by L. Yu, H. Shiba and A. I. Rusinov in the end
of the 1960s [137–139]. They are termed as Yu-Shiba-Rusinov states (YSR-states), or
briefly as Shiba states. It is important to distinguish them from the so-called Andreev
bound states, which can also be found within the superconducting gap, but represent
a scattering at the boundaries of non-uniform superconductors, analogous to the An-
dreev reflection [140] of quasiparticles at the boundary between superconductors and
non-superconductors.

The YSR states arise from the scattering of incident bulk spins with the spins of mag-
netic impurities and reduce the pairing energy of Cooper pairs. Due to the particle-hole
symmetry of the superconductor, each YSR state can be identified in the DOS by a
peak above and a peak below the Fermi level, representing electron and hole [139].
For a scattering phase difference between electron-like and hole-like resonances of π/2,
the interaction between bulk and impurity becomes unstable against quantum phase
transitions and the YSR bound gets occupied. Then the ground state of the supercon-
ductor changes from a spin S = 0 to S = 1/2 [141]. This change in the spin can also be
achieved by adding/removing an electron in or out of the YSR state by tunneling [142].

Recent experimental studies with Mn or Cr atoms adsorbed on Pb(111) have shown
that a single magnetic impurity can induce multiple pairs of YSR resonances (see e.g.
figure 3.1) [143–146]. If the exchange coupling among the spins of a single impurity
is lower than the coupling of each spin to the impurity itself, multiple pairs of YSR
resonances can be observed for each impurity, depending on the adsorption site of
the adatom that causes the impurity [147]. This observation makes it interesting to
investigate, how neighboring impurities affect each other. It has been shown that the
wave functions of YSR bound states, originating from different impurities, overlap and
couple [147]. The different bound states of each single atom induce due to the hy-
bridization of neighboring YSR states extended subgap bands.

From this it can be concluded that magnetic adatoms, adsorbed on conventional s-wave
superconductors, behave equivalent to a p-wave superconductor due to their particle-
hole symmetry and their characteristic of connecting the excitation of electrons and
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Figure 3.1: Series of dI/dV spectra at T = 0.4 K, using a superconducting tip, on (a)
a thin Pb film, showing the superconducting gap ∆ = ∆tip + ∆sample, (b) Pb and Mn
adatoms, showing the gap and one pair of peaks representing YSR-states and (c) Pb
film and Mn adatoms, showing the gap and two pairs of peaks representing YSR-states.
Source: Reprinted figure with permission from Shuai-Hua Ji et al., High-Resolution
Scanning Tunneling Spectroscopy of Magnetic Impurity Induced Bound States in the
Superconducting Gap of Pb Thin Films, Phys. Rev. Lett., 100, 226801 (2008).
©2008 by the American Physical Society.

holes with Cooper pairs [14]. Since the structure of the magnetic order can be de-
formed without closing the bulk energy gap, the topological invariability is kept and
the whole system, consisting of magnetic impurities on an s-wave superconductor can
be denoted as a ”topological superconductor” [120,134].

3.1.4 MBS in engineered topological superconductors

The topological nature of the superconductor is responsible for the fact that zero-energy
Bogoliubov quasiparticles can form at the boundaries, which due to their particle-hole
symmetry (a zero-energy state corresponds to the equal-weight superposition of parti-
cle and hole) map themselves in their Hermitian conjugate [120,134,148]. This in turn
has the consequence that a particle is equal to its own antiparticle and thus this state
is a solution of the Dirac equation [149] described by Ettore Majorana in 1937 [13].
The so-called Majorana fermion itself is chargeless, spinless, has zero energy and fulfills
due to the bounding to a topological defect non-Abelian statistics. This means that
exchange operations of particles are not commutative [134].

In 2001, Alexei Kitaev was the first to publish the idea of using Majorana fermions as
qubits to store quantum information [12]. His conception refers to the fact that the two
states |0〉 and |1〉 can be distinguished by the presence or absence of a quasi-particle.
His so-called ”toy model” is based on the pairing of a chain consisting of operators
that can generate or annihilate spinless fermions and each of them represents the sum
of two Majorana operators. While in a non-topological phase always two Majorana
operators of the same fermionic operator are paired, there is in a topological phase a
pairing of Majorana operators of two neighboring fermionic operators and Majorana-
like states, termed as Majorana bound states (MBS) or Majorana zero modes (MZM),
arise at the ends of the chain (see figure 3.2).
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Figure 3.2: Kitaev’s ”toy model” of 1D-spinless p-wave superconductors, showing the
(a) trivial phase and (b) topological phase, that leads to unpaired Majorana operators
in the chain end (red). Source: Reprinted figure with permission from Rémy Pawlak et
al., Majorana fermions in magnetic chains, Progress in Particle and Nuclear Physics,
107, 1-19 (2019). ©2019 by Elsevier B.V.

But while in the Kitaev model a p-wave superconductor was required, the concept
can be transferred as well to s-wave superconductors, as they exhibit in interaction
with adsorbed magnetic impurities similar properties [14]. Therefore, semiconducting
nanowires with large spin-orbit coupling (due to the Rashba effect) [15, 150–153] and
atomic chains [154–158], both proximitized to an s-wave superconductor, have been
predicted to be the most promising candidates to realize a Majorana fermion. More
information on the theoretical implementation of MBS and their suitability for the use
as qubits can be found in the reviews by Jason Alicea [148], Carlo Beenakker [120] and
Masatoshi Sato and Satoshi Fujimoto [134].

The experimental realization and observation of MBSs was first published in 2012 by
Vincent Mourik et al. by means of the investigation of semi-conducting InSb nanowires
in contact with the superconductor NbTiN [15]. Here, tunnel barriers in the nanowire
were created and the transport through the gate used to estimate spectroscopic prop-
erties at various position on the nanowire. Although this study and several similar
ones [159–161] agreed with the calculations of the theory [150, 151], a direct localiza-
tion of the MBS at the end of the nanowire by transport measurements has not been
achieved so far. This reveals a general limitation of the transport measurement and
indicates the advantages of using direct localizing methods, such as SPM [162].

3.1.5 Detection of MBS by SPM techniques

After a first experimental evidence of YSR-states with SPM has already been shown in
1997 by Ali Yazdani et al., who investigated the local conductivity of Mn adatoms on
Nb(110) [143], the first experimental proof of an MBS in real space was also achieved by
Yazdani’s group: In 2014, Stevan Nadj-Perge et al. provided this evidence by studying
chains of Fe atoms on a Pb(110) surface in an STM under UHV conditions [17]. The
Fe atoms assembled themselves as atomic chains along the [110] axis of the Pb(110)
crystal. While each chain was attached to a cluster of several Fe atoms, the clusters
have also been observed on other regions of the Pb terraces independently from the
chains (see figure 3.3 a).
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Figure 3.3: (a) STM overview image after Fe adsorption on Pb(110). The arrows
indicate the position of the self-assembled atomic Fe chains. (b) dI/dV conductance
measurement in the middle of an atomic Fe chain (blue) and at its terminus. The
superconducting gap (∆ = ±1.44 V) and the zero bias line is marked with dotted lines.
(c) dI/dV maps of the chain terminus for different bias voltages within the gap ∆ (scale
bar is 1 nm). Source: Nadj-Perge et al., Science 346, 602-607 (2014). Reprinted with
permission from AAAS.

The MBS was verified by observing a zero bias conductance peak (ZBCP) in a local
dI/dV -spectrum at the chain end, which does not appear in the middle of the chain
(see figure 3.3 b). In addition to that, dI/dV -maps at different bias voltages (see figure
3.3 c) showed for E = 0 V a high LDOS only at the end of the chain [17]. This can be
seen as further evidence for a ZBCP and thus it supports the suitability of STM for
proving the zero energy resonance at the boundary of the chain.

The first visualization of individual atoms within the chain by AFM was achieved
in 2016 by Rémy Pawlak et al., who observed on Pb(110) similar chains with impuri-
ties (see figure 3.4 a,b), but as well defect-free chains (see figure 3.4 c,d) [19]. In the
AFM image individual atoms of the chain appeared as protrusions (see figure 3.4 b).
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Figure 3.4: (a) STM image (It = 10 pA, Vb = -10 mV) of a Fe chain with impurity
on Pb(110) and (b) corresponding AFM image at constant height. (c) AFM image
of a defect-free chain (according to (a) ∆z ≈ 50 pm) and (d) corresponding zero-bias
dI/dV -map. Source: Pawlak et al., npj Quantum Information 2, 16035 (2016).

At the end of the chains with defects (arrow 1), a significantly lower negative frequency
change was measured (∆f = -2 Hz instead of -20 Hz), which indicates an increase in
repulsive forces. In addition, the formation of a round halo has been observed as fur-
ther signature for the MBS. At the impurity (arrow 2), on the other hand, this halo is
missing and the frequency change is significantly lower (∆f = -10 Hz).

An AFM measurement on a defect-free chain (see figure 3.4 c) exhibited also a distinct
signature at the terminus of the chain. However, the frequency change relative to the
rest of the chain is here negative, which was attributed to a larger tip-sample distance
compared to figure 3.4 b) (+50 pm). The larger distance has also been seen as an
explanation for the lack of atomic resolution. A measurement of the LDOS at zero-
bias confirmed analogous to the measurements by Nadj-Perge et al. [17] the presence of
an MBS, both in chains with defects (not shown) and in those without (see figure 3.4 d).

Further experiments on self-assembled atomic Fe chains on Pb surfaces confirmed the
presence of an MBS at the terminus of the chain and obtained by spin-polarized mea-
surements additional information on the sup-gap states and the ZBCP [18,163,164].

Michael Ruby et al. reported e.g. in 2015 on similar measurements of Fe chains on
Pb(111) [18]. Here, dI/dV measurements with superconducting tips showed a signifi-
cant improvement in the spatial resolution. However, due to the use of these tips the
ZBCP was split and shifted by ∆tip = ± 1.42 meV, which represents the gap of the
tip. Furthermore, a difference in the intensity of both ZBCP indicated an additional
contribution from YSR resonances. Nevertheless, a comparison with measurements
above the critical temperature approved the origin of the ZBCP from the MBS.
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In addition to the experiments with Fe chains on Pb, other types of adatoms have also
been examined by Michael Ruby et al. for the appearance of an MBS. In experiments
with Co adatoms similar atomic chains could be formed, but no ZBCP has been mea-
sured at the terminus of the chain. Although the conditions for the formation of an
MBS are met analogously to Pb (see subsection 3.1.4), the lack of a ZBCP and an
increased LDOS at the end of the chain has been explained by the different position
of the Fermi level. This could result in hybridization between the Fermi points, which
prevents the formation of the topological phase [165].

In his PhD Thesis, which deals with magnetic impurities on superconducting Pb [166],
Ruby also reported on the adsorption of Mn adatoms on Pb(110), but under simi-
lar preparation conditions the Mn adatoms did not self-assemble to chains. Only for
growth temperatures 100 K lower, chains have been found, however, the chain appears
as depression and seemed to be embedded into the Pb surface and did not exhibit
signatures for MBSs [166]. Nevertheless, measurements of Mn dimers on top of the Pb
surface showed a hybridization of YSR-states and thus a realization of an MBS seems
still possible if longer chains could be formed by a manipulated shift of adatoms [167].

Indeed, Scanning probe microscopy (SPM) has already proven the possibility of a
controlled repositioning of adsorbates, both in vertical and lateral direction. Atoms as
well as molecules can be pushed, pulled or slid over a surface [168–170], but also picked
up and dropped with the probing tip [171–174]. Lateral repositioning of adatoms is
also an promising asset as it could serve as unique opportunity to design fault-less
atomic structures with novel electronic properties [168,175,176].

However, advances in manipulation experiments or contrast enhancement with func-
tionalized tips are hitherto at their infancy when studying superconducting surfaces by
STM/AFM. Although the earliest proposal for observing MBSs suggested a one-by-one
manipulation of Fe adatoms to form atomic chains on an s-wave superconductor [154],
this strategy has not been fulfilled yet on Pb surfaces. In 2018, Howon Kim et al. first
reported on the atom-by-atom construction of atomic Fe chains on superconducting
Re(0001) surfaces [20]. The length varied from 3 up to 40 atoms (see figure 3.5 c).

The manipulation has been performed first vertically by picking up several Fe atoms
from ML-thick Fe islands on Re(0001) and releasing them on bare Re(0001) terraces
(see figure 3.5 a), following a routine developed for Ag and Cu adatoms [177]. Then,
the adatoms were checked by STS measurements to exhibit the characteristics for
YSR-states. If so, the Fe adatoms were shifted laterally to form dimers and chains
(see figure 3.5 b + c). For this purpose, the set-point was increased from 5 nA to
90-120 nA, the tip was placed next to the atom and then moved to the desired target
position. The MBS could be verified by zero-bias dI/dV maps [20].

Additionally, Anand Kamlapure et al. reported in 2018 on the atom-by-atom con-
struction of atomic Fe chains on oxygen-reconstructed tantalum (Ta(100)-(3×3)O).
They were able to perform the formation of the chains solely by vertical manipulation
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Figure 3.5: (a+b) STM image (It = 5 nA, Vb = 3 mV) of isolated Fe atoms on clean
Re(0001). The dotted arrow indicates the lateral shift, performed to obtain a Fe dimer.
(c) STM image (It = 5 nA, Vb = 3 mV) of artificially formed atomic Fe chains on
Re(0001), scale bar 2 nm. Source: Kim et al. Sci. Adv. 4, eaar5251 (2018).
(d) STM image of an atom-by-atom formed chain of 63 Fe atoms on Ta(100)-O, scale
bar 10 nm. Source: Kamlapure et al. Nature Communications 9, 3253 (2018).

and achieved chains of up to 63 Fe atoms (see figure 3.5 d) [21]. Although, the single
adatoms showed typical characteristics for YSR-states, the emergence of MBSs at the
chain end has not been detected for this system, which the authors explain by an
inhomogeneous and weak exchange coupling among the Fe atoms in the chain and the
substrate.

Nevertheless, the results of atom-by-atom manipulation on superconductors published
so far can be seen as an important initiation for future experiments to design complex
atomic structures of variable length on various superconductors. Since the system of
Fe chains on Pb surfaces has been investigated most frequently so far, it would be very
promising to be able to carry out the manipulation of Fe adatoms on Pb surfaces as
well. Here, also an electronic decoupling of adatoms and molecules from the supercon-
ducting Pb surface could be used as a possibility to simplify the manipulation process.

More information on the manipulation process with SPM techniques in general [178]
and an overview on the published literature dealing with the detection of MBSs by
SPM methods in magnetic chains on superconductors [179] can be found in reviews .
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3.2 Introduction to single-electron charging and
molecular quantum dots

Within the last thirty years, the field of single-electron charging has developed into
an enormously important area in nanoscience. This can mainly be explained by the
application of this principle in single-electron transistors (SET), which are able to con-
fine individual charges to discrete energy levels [180–183]. Contrary to conventional
transistors, where the switching is dependent on adding or removing an electron flux,
SETs turn on and off by adding a single electron [184].

Quantum dots (QDs) represent a typical possibility of realizing SETs. They are also
seen as basis for realizing qubits [10]. For the investigation of various types of QDs,
SPM techniques have proven in several studies to be particularly suitable, as their
high resolution enables them to sense the tunneling of single electrons at the atomic
level [22,25,185–190]. QDs are mostly realized by lithographic methods, self-assembly
or the insertion of defects in molecular layers. Within the last ten years, however, an
analogous behavior has also been observed in two-dimensional molecular layers, where
individual molecules have shown the function of a QD [27–30,191–193].

The following subsections will first give a short general introduction on single-electron
transistors (subsection 3.2.1) and quantum dots (subsection 3.2.2). Thereafter, the
focus will be put on the investigation of QDs with SPM methods (subsection 3.2.3).
Finally, a review of the already available literature on the QD-like behavior of 2D
molecular films is given (subsection 3.2.4).

3.2.1 Single-electron transistors (SETs)

The starting point of the research on single-electron transistors (SETs) is often associ-
ated with a publication of the later Nobel Prize winner David James Thouless in 1978,
in which he pointed out that the miniaturization of a conductor has a decisive influence
on its electronic properties [194]. In recent days this topic was known as Mesoscopic
physics, since the systems were in sub-micron size between the atomic and macro-
scopic range [184]. The first single-electron transistor has been achieved by Dmitri
V. Averin and Konstantin K. Likharev in 1986 [195]. The decisive factor here was
the utilization of the so-called Coulomb blockade, which describes the disappearance
of the electrical conductivity for an object, when - due to its low electrical capac-
ity - it cannot longer accept or release an electrical charge. Hence, it creates a strong
Coulomb repulsion and does not conduct above or beneath a certain threshold voltage.

While classical field effect transistors (FETs) turn on only once as electrons are added
to it, submicron-size transistors, such as SETs, turn on and off by adding a single
electron. This is primarily a consequence of the quantization of charge and explains,
why a single electron can cause a dramatical change of the capacitance. However, it
is crucial for such phenomena to confine electrons in a small region. If, for example,
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electrons are confined to a very small area with the help of insulators or electric fields,
this system can only be filled with a limited number of electrons, which are on discrete
energy levels. It thus resembles the electronic levels of a single atom, which is why the
term ”artificial atom” is also used to describe it [196].

Fully occupied, a system with confined states is able to develop the previously men-
tioned Coulomb blockade and it fulfills at a correspondingly low degree of miniatur-
ization already quantum mechanical laws. The developed Coulomb blockade has the
function of a tunnel barrier here and the conductance through the barrier shows for
voltages in the mV range oscillations which are representing the energy needed to add
single electrons into the confined pool of electrons [197, 198]. The area, in which the
confinement of electrons is made possible, represents thus the central component of an
SET and has been called quantum dot or Coulomb island [196], although the latter
name is today not very common anymore.

3.2.2 Quantum dots (QDs)

In general, the term QD is used to describe a semiconductor particle with a size of a
few nm, that - due to quantum mechanical effects - has different electronic and op-
tical properties than a macroscopic particle of the same material. Similar to atoms
or molecules they can confine electrons or electron holes with discrete energy states
and wave functions. In contrast to atoms, their shape, size or the number of confined
electrons can be manipulated and therefore certain electronic or optical properties can
be tailored. The coupling of single QDs to a so-called double-dot system exhibits a
molecular-like state and is also known as artificial molecule [199]. Furthermore, the
coupling makes QDs to a promising platform for the realization of qubits [10].

In addition to the utilization in SETs or as platform for qubits, quantum dots (QDs)
are also famous for being used in optical applications. Their confinement of electrons
is e.g. the basis for a specific optical absorption coefficient [200] and influences their
fluorescence spectrum. The fluorescence lifetime depends on the size of the quantum
dot and can be prolonged by increasing the size of a QD [201]. A more specific descrip-
tion on this and other applications related to their optical properties can be found in
the literature [202].

Today, QDs are mainly produced by lithographic methods, wet chemical processes,
molecular beam epitaxy, self-assembly or the insertion of defects into molecular lay-
ers (such as doping of semi-conductors). Their occurence is also possible in quantum
wells [203]. When dealing with QDs, it is important to point out possible toxic effects.
This is relevant due to the fact that engineered QDs might also differ significantly from
comparable macroscopic objects in their physiochemical properties [204]. Especially in
the case of already toxic raw materials such as Cd, Pb, Se or As, composed quantum
dots can represent a particular hazard potential. This can be also a motivation to
investigate on toxicologically harmless molecular layers with QD-like properties.
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3.2.3 Detection of quantum dots by SPM techniques

The experimental investigations on the phenomenon of a Coulomb blockade as a char-
acteristic for QDs were first characterized by transport measurements of electrons [205].
Although these observations confirmed the confinement of electrons for certain appli-
cations, they did not offer a spatial resolution of the system and were not applicable to
all types of quantum dots. A remedy for this showed the application of scanning probe
microscopy (SPM), which has proven itself by applying it to the various types of QDs:
In the first years by using the experimentally demanding techniques of scanning capac-
itance microscopy (SCM) and scanning single-electron transistor microscopy (SSET),
later also by the standard STM- and AFM-techniques.

The first experimental evidence of single electron recombinations with SPM meth-
ods was achieved in 1990 by Christian Schönenberger and Santos F. Alvarado, who
demonstrated the discharge of single electrons with the help of AFM and propagated
the suitability of SPM for measuring charge quantization [206]. After investigations on
the electrical conductivity of nanotubes delivered first signs for a single-electron charg-
ing, the presence of a Coulomb blockade in nanotubes was concluded [207]. Shortly
afterwards, Marc Bockrath et al. [208] as well as Michael T. Woodside and Paul L.
McEuen [22] reported for the first time on ring-like structures in Scanning Gate Mi-
croscopy (SGM) measurements, which have been assigned to individual Coulomb oscil-
lations. The oscillations can be directly associated with the overcoming of the Coulomb
blockade by single electrons and thus revealed the existence of a QD [197, 198]. The
rings as a signature for QDs were confirmed shortly afterwards also by differential
conductance (dI/dV ) measurements [186]. In addition to that, the overcome of the
Coulomb blockade is also represented by quantized jumps in the conductance (dI/dV )
or force signal (∆f) [187,206]. By now, the phenomenon of single-electron charging has
been proven with these rings or leaps in a variety of systems, which can be subdivided
into the following groups:

� charge states in nanotubes [22,185,190,207–209]

� charge states in various heterostructures [25,186–189,206,210]

� charge states in graphene-related heterostructures [211–218]

� charge states in single impurities or single adatoms [23,24,26,40,77,219–222]

� charge states of single molecules: [192,215,223–225]

� charge states within 2D molecular layers [27–30,191–193]

It has to be noted that this enumeration is not exhaustive and the observation of
the confinement of electrons is sometimes described as charge state and not directly
associated with QDs. Additionally, for this multitude of different systems and appli-
cations, various explanatory models have been developed so far. In order to proceed
structurally, the occurrence of QDs in 2D molecular layers is therefore considered sep-
arately (see subsection 3.2.4).
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Figure 3.6: (a) Scheme of the double-barrier tunnel junction (DBTJ), representing the
interaction between SPM tip (capacitance CT and resistance RT ) and QD (capacitance
CB and resistance RB). (b) STS spectra for graphene QDs at different tip-sample
distances (caused by varying tip bias Vb). (c) Simulated STS-spectrum by applying
DBTJ for a similar situation as measured in (b); here the ratio RT/RB represents
the change in the tip bias Vb. Source: Reprinted figure with permission from Jia-Bin
Qiao et al., Bound States in nanoscale graphene quantum dots in a continous graphene
sheet, Phys. Rev. B, 95, 081409 (2017). ©2017 by the American Physical Society.

The article by Jia-Bin Qiao et al. [214] provides a very good summary of the devel-
opment of the leaps and ring-like features in the dI/dV -maps: Here, the theory of
the so-called ”orthodox Coulomb blockade”, which was published in 1991 by Mark
Amman et al. [226] and Ashraf Elfar Hanna and Michael Tinkham [227], is taken as
basis. It deals with a double-barrier tunnel junction (DBTJ), which - applied to the
investigation of QDs with SPM methods - treats the tip as well as the individual QD
as a tunnel barrier junction.

Each junction consists of a capacitor and a resistor and it is also assumed that the QD
is electronically isolated from the rest of the surface (see figure 3.6 a). If the distance
between the tip and the QD is changed in this system, this corresponds to a change
in the tunnel resistance of the tip RT , which influences the entire tunnel spectrum of
the DBTJ and can be verified using dI/dV -measurements. A very good agreement
between the ”orthodox Coulomb blockade” model and real dI/dV -measurements has
been demonstrated on graphene QDs by varying the tip-distance (see figure 3.6 b and
c). For high distances the spectra showed the a zero-conductance gap as signature for
the Coulomb blockade (CB) and at smaller distances they exhibited tunneling peaks
as signature for a Coulomb staircase (CS) [214].

In accordance with this model, the emergence of the ring-like structures is explained
by the fact that the STM tip induces spatially varied band bending when scanning
over the QD [212,213]. This type of gating causes the position of the measured energy
levels of the QD to shift depending on the distance between tip and induction center.
In the dI/dV -maps maxima arise, where the Fermi level overlaps with the CS-peaks
of the bent energy bands. A schematic of this effect is shown in figure 3.7 a.

46



3.2. Introduction to single-electron charging and molecular quantum dots

Figure 3.7: (a) Schematic illustration of the origin of the charging rings in dI/dV -
maps: For different radii r from the QD center, the scanning tip bends the energy
bands of the QD (grey line on the bottom); only if the Fermi level overlaps with filled
states (CS) caused by charging, a ring-like feature arises, otherwise (chemical potential
µ1 and µ2) it is not detectable. Source: Reprinted figure with permission from Jia-Bin
Qiao et al., Bound States in nanoscale graphene quantum dots in a continous graphene
sheet, Phys. Rev. B, 95, 081409 (2017). ©2017 by the American Physical Society.
(b) dI/dV -map of a BN-defect on graphene (It = 0.4 nA, Vs = -0.3 V) at a backgate
voltage Vg = 17 V. (c) Similar dI/dV -map for Vg = 9 V. Source: Reprinted figure with
permission from Dilon Wong et al., Characterization and manipulation of individual
defects in insulating hexagonal boron nitride using scanning tunnelling microscopy,
Nature Nanotechnology, 10, 949 (2015). ©2015.

In case there are several electrons confined in a single QD, multiple ring-like features
emerge, since each ring represents exactly one Coulomb oscillation, caused by exactly
one confined electron [22]. However, as a consequence, the strength of the band-
bending mechanism depends crucially on the tip-sample distance and hence on the
tip bias voltage. According to each QD-system, the radii of the charging rings might
increase or decrease for different tip voltages (see figure 3.7 b+c). Additionally, a
specific threshold voltage has to be exceeded to initiate the occupation of an energy
level in a QD. Although, according to the model, the band bending is expected to be
equal in all directions and the charge ring thus circular, local asymmetries in the charge
distribution of a QD or other electronic influences in its vicinity might influence the
shape of the charging ring and cause elliptical features [228] or further irregularities
[209]. An overlap of charging rings from neighboring QDs is also possible [22].

47



Chapter 3. Basics of Majorana bound states & molecular quantum dots

Figure 3.8: (a) AFM-image (taken at 4.5 K, bias-voltage -8 V, scale bar: 20 nm) of
self-assembled InAs QDs, grown on InP. (b) ∆f -(blue) and dissipation-(red) spectra
upon the upper set of concentric rings shown in (a), representing the occupation of
energy levels. Source: Cockins et al., Energy levels of few-electron quantum dots imaged
and characterized by atomic force microscopy, PNAS, 107, 21, 9496-9501 (2010).

In addition to dI/dV -maps, the peaks and ring-like features as signature for single-
electron charging can also be measured by AFM- or dissipation measurements. Here, a
tunneling from tip to QD is negligible, but the use of a bias voltage between cantilever
and surface creates an oscillating electric field in the junction of the QD that might
change its charge distribution, which can be detected in the feedback of the cantilever’s
oscillation [229]. As a result, similar rings as in dI/dV appear (see figure 3.8 a), but in
the ∆f -spectra similar dips mark the Coulomb oscillation of a single electron transfer
(see figure 3.8 b). Due to their negative shift they are attributed to attractive forces
and electrostatic forces are assumed to be the main cause for them [25,29].

3.2.4 Quantum dots in molecular layers

The fact, that the confinement of electrons could also be detected in individual mole-
cules within molecular layers, is included in a long-term development, in which individ-
ual molecules or even parts of molecules are assigned to have properties of electronic
components. It deals with the question of how ”smart” a single molecule can be, so
that logical devices can be made from it [230]. In 1974, Ari Aviram and Mark Rat-
ner described a theory of molecular rectifiers, where a single molecule has an electron
donor moiety and an electron acceptor moiety and thus, due to its donor-acceptor
character, becomes a kind of molecular P-N junction, in which the current flows only
in a certain direction [231]. The advantage is, that miniaturization is here not tied
to a resolution limit, as e.g. for lithographic methods. In addition, the use of quan-
tum computing promises enormous advances in the design of specific molecules, which
enable application-specific modifications much more easily than the adaptation of a
lithographic manufacturing process could offer.
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Figure 3.9: (a) STM image of TMTTF-TCNQ domains on Au(111) (It = 0.4 nA, Vs
= 1 V). (b) Detailed STM-image (It = 0.17 nA, Vs = 90 mV) of the mixed TMTTF-
TCNQ monolayer, showing different charge states, tunable by the tip (see inset). (c)
Spectral map of TCNQ molecules, showing dI/dV versus lateral position and sample
bias. (d) dI/dV -maps of a mixed TMTTF-TCNQ monolayer for different tip bias
voltages (It = 0.7 nA). Source: Reprinted figure with permission from I. Fernández-
Torrente et al., Gating the Charge State of Single Molecules by Local Electric Fields,
PRL, 108, 036801 (2012). ©2012 by the American Physical Society.

Following the idea of Aviram and Ratner, charge states can be measured as a donor-
acceptor property depending on the respective adsorption site [232], or can be caused
by incorporating dopants [233]. However, a regular confinement of electrons can also
emerge within 2D molecular layers solely through the self-assembly of the molecules.
Their signatures correspond to those from QDs and hence the properties in this kind
of layers can be referred to as molecular quantum dots.

Such molecular quantum dots have been reported by Isabel Fernández-Torrente et
al., who investigated mixed monolayers of tetracyanoquinodimethane (TCNQ) and
tetramethyltetrathiafulvalene (TMTTF) on an Au(111) surface (see figure 3.9 a) [27].
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Here, the TCNQ is known as electron-acceptor and the TMTTF as electron-donor.
Two different types of molecular rows could be determined for TCNQ (see figure 3.9 b):
A type I, appearing dark in STM, exhibiting a zero-bias peak (ZBP) caused by the
Kondo effect and revealing a strong and a weaker peak in the dI/dV -spectra that
leads to ring-like bias- and lateral-dependent features in conductance maps (see figure
3.9 c+d) as well as a type II without ZBP, appearing bright in STM and exhibiting
a strong and a weaker dip in the dI/dV -spectra with analogous behavior as for the
peaks. In accordance to the model for single-electron confinement (cf. figure 3.7 b),
the type I is interpreted as negative and the type II as neutral state. For type I, a
positive bias voltage leads to a local discharging, which is revealed by the emergence
of the dI/dV -peak and the ring-like features. It has to be above a specific threshold
and depends on the lateral distance. On the other hand, an analogous negative bias
voltage charges type II molecules and the dI/dV -dip occurs as signature.

The different graduation of the charging rings along the molecular rows shown in figure
3.9 d) is understood as a modulation of the LUMO alignment resulting from the inho-
mogeneous surface potential of the Au(111) herring-bone reconstruction. The modula-
tion shifts the energy levels so strongly, that it already leads to different ground states
without the gating of the tip. Thus, gating potential between the TCNQ molecule and
the metal surface is tuned both by the tip-sample interaction and by a static potential
from variations in the surface potential [27].

Further measurements showing molecular quantum dots have been performed by Ne-
manja Kocic et al., who reported about a similar occurrence in the edges of a 1,6,7,12-
tetraazaperylene (TAPE) monolayer on Ag(111) [28]. Here, the molecular layer con-
sisted of one molecule self-assembled in two different orientations. While for low nega-
tive sample bias voltages below a certain threshold the molecular layer appeared similar
in STM, it changed for stronger negative voltages: Every second molecule along the
edges of the molecular terraces exhibited a larger apparent height and strong dip in
the dI/dV -spectrum, that corresponded to a bias-dependent ring-like feature, similar
to the one described for TCNQ on Au(111) [27]. Analogously, it has been interpreted
as a tip-related gating effect, originated probably by the pair of N atoms sticking out
of the molecular layer. The energy difference caused by this gating has been described
as ∆E = eaV , where e is the elementary charge, V the applied bias voltage and α
the so-called lever arm, that depends on the tip-sample distance z. To couple the
charge-state transition to the measured frequency shift ∆f in AFM, this dependence
has been investigated with ∆f(V)- and ∆f(z)-measurements (see figure 3.10).

Later, these measurements were expanded and resulted in a detailed analysis about
the influence of charging events in AFM-measurements [29]. By applying the simple
model of a plate capacitor, it has been made a satisfying explanation for the linear
scaling of the threshold voltage with the tip-sample distance, which is coupled to the
observed ∆f -shift of the charging feature shown in figure 3.10. Additionally, these
results allow also the estimation of the local contact potential difference (LCPD) and
the length of the tip-sample distance.
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Figure 3.10: (a) ∆f(z)-curves for different sample bias voltages above TAPE edge
molecules on Ag(111). (b) ∆f(V)-curves for different oscillating amplitudes, repre-
senting different tip-sample distances on same position as (a). Source: Reprinted with
permission from N. Kocic et al., Periodic Charging of Individual Molecules Coupled to
the Motion of an Atomic Force Microscopy Tip, Nano Lett., 15, 4406-4411 (2015).
©2015, American Chemical Society.

In a further study on this material system, Nemanja Kocic et al. showed the im-
plementation of single-electron charging by scanning-probe-based manipulations [30].
The special chemical state of the edge molecules should be imitated by creating free
bonds of the N pairs through the creation of vacancies within the molecular TAPE
layer. After the complete removal of individual TAPE molecules succeeded without
influencing the arrangement of the other molecules, a similar confinement could be
shown with dI/dV -measurements as on the edge molecules, which however varied in
detail depending on the chemical environment of the molecule. Thus, the free bonds of
the N pair in the TAPE molecule could also be identified as the cause of the electron
confinement and that charging of a molecule affects strongly the neighboring molecules.

3.3 Summary

This chapter describes the basic theoretical concepts for the implementation of the
experiments shown in this thesis. It reviews the concept of superconductivity, puts the
focus on the properties of superconducting Pb and gives an overview on the influence of
magnetic impurities on superconductors and the emergence of Majorana bound states
(MBS) in topological superconductors. Furthermore, the most important experimental
investigations on this topic are summarized, which includes the illustration of a few
selected important publications. With the help of this, it is easier to classify the
significance of the results described in chapter 4.
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In the following, the concept of single-electron charging is introduced and explained in
its application in quantum dots (QDs). Thereafter, the focus is put on the experimental
investigation on this phenomenon, so that a reference can be made to the later results.
This includes the presentation of selected publications on single-charging effects within
molecular layers, which are directly compared in the latter chapter on charge state
control of molecular quantum dots (see chapter 5).
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4
Adsorption of CO, NaCl & Fe on Pb

surfaces

The development of functionalized tips obtained by picking a single molecule from
a surface, has been an important milestone for low temperature STM/AFM
techniques, since the CO tip nowadays enables systematic highly-resolved im-

ages of surfaces, molecules and atoms [71, 108,234]. Despite being well-established on
many noble metals, the use of CO-terminated tips still remains rather scarce in the
literature [169], which severely limits the use of AFM as imaging tool on superconduc-
tors. Lastly, Heinrich et al. have demonstrated the possibility to tune the magnetic
anisotropy of a single porphyrin molecule by perturbing its ligand field with the STM
probe [235,236]. These results not only suggest the importance of future manipulations
experiments but also shed new lights into the potential of the electronic decoupling of
atoms and molecules from underlying superconductors. With this prospect, the use
of alkali-halide islands adsorbed on a superconducting surface and acting as a buffer
layer expands the field of functionalized tips. [41,232,237,238].

On superconducting Pb surfaces, the functionalization of STM/AFM tips with CO
and the adsorption of CO on Pb surfaces are of particular interest, since the adsorp-
tion of atomic chains proximitized to an s-wave superconductor is seen as promising
platform to realize MBS (see subsection 3.1.4) [17–20, 239, 240]. This could also facil-
itate the manipulation of single Fe adatoms with STM to create atomic chains, as it
has been suggested in the earliest proposal for observing MBSs [154]. Regarding to
that, the adsorption of alkali-halide islands, acting as a buffer, might also help in the
experimental observation of molecules adsorbed on Pb surfaces.

In this chapter, the topographic features of adsorbed carbon monoxide (CO) mole-
cules on superconducting Pb(111) and Pb(110) surfaces are described in details by
using STM at 4.8 K (see subsection 4.1). Additionally, the adsorption of sodium chlo-
ride (NaCl) on Pb(111) is investigated (see subsection 4.2). Finally, the adsorption
of Fe adatoms on Pb(111) is examined, which includes investigations on their lateral
manipulation (see subsection 4.3).
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Chapter 4. Adsorption of CO, NaCl & Fe on Pb surfaces

4.1 CO adsorption on bare Pb surfaces

In this section the adsorption of carbon monoxide (CO) molecules on superconduct-
ing Pb(111) and Pb(110) surfaces is reported. The investigations are based on STM.
Here, the termination of the scanning tip with a CO molecule and its influence on the
scanning images is included.

With a lattice parameter of aPb = 4.95 Å, the height of mono-atomic steps of the
Pb(111) surface is expected to be hPb = aPb/2

√
3 = 1.4 Å. Experimentally, a pure

Pb(111) sample (see figure 4.1 a) shows after sputtering and annealing cycles (see
subsection 2.3) typically steps of about 2 ×hPb = 2.7 Å, which thus corresponds to
diatomic steps. It is assumed that this peculiar step height distribution results from
quantum size effect of the Pb(111) surface [241]. On the terraces, hexagonal dark
spots are visible by STM, which exhibit different between 1.5 nm and 5 nm with and
an apparent depression of 0.14 Å. According to subsection 2.3 they originate from the
interference of bulk electrons with trapped subsurface Ar gas bubbles after sputter-
ing [114,242].

After dosing CO for 1 minute at a pressure of 5.0×10−8 mbar in the microscope cham-
ber (while the sample is kept at 4.7 K), a coverage of about 0.1-0.2 monolayer CO is
expected to adsorb on the metal surface, as observed on various noble metals [174,243].
Figures 4.1 b) and c) show STM topographic images after the adsorption process.
While the surface topography remains unchanged in comparison to figure 4.1 a), nu-
merous scan instabilities are now present, which can be attributed to adsorbed CO
molecules, diffusing under gentle scan conditions (tunneling resistance of 200 GΩ is
used).

Figure 4.1 d) shows an STM profile, taken along the white dashed line inserted in
figure 4.1 c). It reveals systematic stochastic jumps, which can be interpreted as tip-
induced displacements of single CO molecules [244–246]. It should be emphasized that
various scan parameters, as well as tip indentations into the clean Pb surface, were
conducted to avoid such instabilities without noticeable improvements.

In the STM scanning process this unintentional CO-tip termination causes an in-
termittent enhancement of the STM resolution, as illustrated in figure 4.1 e). Here,
the atomic lattice of Pb(111) becomes apparent, when the tip is terminated with CO.
Unfortunately, the termination is not always stable and is therefore lost at some places,
but re-taken in continued scanning.

In comparison to the vertical tip functionalization with CO on (111) surface of various
noble metals, the instabilities on Pb are much higher, which severely limits the use of
CO-terminated STM/AFM imaging on Pb(111). It should be noted that also other
tip terminations (such as Xe) are possible, which can be planned to explore in future
measurements.

54



4.1. CO adsorption on bare Pb surfaces

Figure 4.1: Carbon monoxide (CO) molecules adsorbed on Pb(111). (a)
STM overview image of pristine Pb(111) (Vt = -0.1 V, It = 1 pA). (b) STM image
after CO deposition. The estimated coverage is below 0.2 monolayer. (c) Close-up
STM topography of CO molecules diffusing on the surface during scanning (Vt = -0.1
V, It = 40 pA). (d) Profile taken along the dashed white line of (c) showing spontaneous
CO displacement under tip action. (e) Enhanced STM resolution resulting from the
termination of the tip by a CO molecule. The inset shows atomic resolution on Pb(111),
(Vt = -0.2 V, It = 1 pA).

Similar CO depositions have also been performed on a Pb(110) surface (see figure 4.2 a).
Here, the CO molecules appear in STM images as linear aggregates of different lengths,
aligned perpendicular to the upper atomic rows of the Pb(110) surface (see structure
in figure 2.6). In figure 4.2 b) a detailed image of this aggregate is shown and the
upper rows of the Pb(110) are marked with dashed lines.

The aggregates exhibit an apparent height of 0.28 Å (see figure 4.2 c), as extracted
from the profile of figure 4.2 b). In this particular case, the protrusion length extends
by 18 Å, which corresponds to four Pb rows of the reconstructed Pb(110) surface, as
shown in the assumed model, illustrated in figure 4.2 d).

In conclusion, the assumed model displays a strong similarity with the adsorption
of CO on a CuO-(2×1) reconstructed surface, as reported by Min Feng et al. [247].
There, the authors explain the different lengths of the CO aggregates by monomers
or dimers of CO molecules. In accordance to them, it is assumed that the molecules,
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Chapter 4. Adsorption of CO, NaCl & Fe on Pb surfaces

Figure 4.2: Adsorption of carbon monoxide (CO) molecules on Pb(110).
(a) STM overview image of Pb(110) with few CO molecules (Vt = -0.5 V, It = 0.5
pA). (b) Closed-up STM image of a single CO molecules (Vt = -0.1 V, It = 1 pA).
(c) Profile taken along the dashed white line of (b). (d) Sphere model of CO adsorbed
on Pb(110). The CO (red spheres) are standing up with protruding oxygen atoms,
white gray and dark gray spheres refers to the topmost and downmost Pb atoms of the
Pb(110) reconstruction.

adsorbed in the trench of the Pb(110), are stabilized by forming linear aggregates,
which enables STM scans. Thus, the adsorption on Pb(110) differs dramatically from
that on Pb(111).
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4.2. Growth of NaCl islands on Pb(111)

4.2 Growth of NaCl islands on Pb(111)

In this section the adsorption of sodium chloride (NaCl) on superconducting Pb(111)
is reported. The investigations on the adsorption and their tip-induced rotation are
again based on STM.

Figure 4.3: Adsorption of NaCl on Pb(111). (a-b) STM overview image of
Pb(111) with quadratic NaCl islands adsorbed at step edges (Vt = -0.4 V, It = 1 pA).
(c) Height profile extracted along the red and blue lines of (b). (d) Series of STM
image showing the tip-induced rotation of an NaCl island (Vt = -0.4 V, It = 40 pA).

As figures 4.3 a) and b) show, NaCl forms after sublimation from a quartz crucible
at room temperature quadratic islands on Pb(111), which are mostly attached to the
Pb step edges, but also appear within the Pb terraces (see figure 4.3 d). This process
happens without any post-annealing of the surface. The step heights between the NaCl
island and the Pb layer underneath are equal to hNaCl = 4.1 Å (see figure 4.3 c) and
correspond to the NaCl bilayer, as the extracted profile of Figure 4.3 b) along the red
and blue lines displays. This is in agreement with the reported growth of NaCl islands
on Cu(111) [248].

The dark protrusions, originating from trapped Ar atoms in the Pb(111) surface [114],
exhibit according to figure 4.3 c) an apparent height of 1.4 Å. It should be mentioned
that they are still visible by STM within the NaCl layer.
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Chapter 4. Adsorption of CO, NaCl & Fe on Pb surfaces

In figure 4.3 d) series of consecutive STM images of one NaCl island adsorbed within
a terrace are shown. Upon scanning with a tunneling resistance of about 10 GΩ, the
entire island rotates under the tip action around an Ar pinning center, in contrast to
NaCl islands pinned to step edges that remains always stable at 4.8 K independent to
scanning conditions. As is, these islands exhibit similar characteristics to conventional
metals [41,232,238] and are thus likely adequate for the electronic decoupling of single
atoms or molecules from the superconducting Pb(111).

4.3 Adsorption and manipulation of Fe atoms on
Pb(111)

In this section the deposition of Fe on a Pb(111) surface is reported. First, the ad-
sorption is described in general, which includes a differentiation between monomers,
dimers and trimers. Then, the controlled lateral manipulation of single Fe atoms with
the STM tip is shown.

After the evaporation of Fe on the clean Pb(111) sample, which is kept in the opened
LT microscope below 15 K (see subsection 2.1.2), several circular shaped protrusions
of different sizes and heights can be observed by STM imaging (see figure 4.4 a). The
diameter of these protrusions varies from 0.3 up to 1.5 nm, whereas their apparent
heights exhibit values of 0.4, 1.2 and 1.7 Å. Although no atomic resolution of these
aggregates have been obtained, their variation of heights is interpreted in the following
as fingerprint for a Fe monomer, dimer and trimer, respectively (denoted as Fe1, Fe2
and Fe3).

To confirm this assumption, single Fe adatoms were laterally manipulated with the
STM tip to intentionally form dimers and trimers and measure their apparent STM
heights. This process followed a description by Saw-Wai Hla et al. [249, 250]. To do
so, the STM tip was first positioned above a single Fe atom. The resistance of the
STM junction was then decreased from ≈ 50 GΩ (imaging) to 3 GΩ (manipulation)
in order to trap the Fe atom in the STM junction [251]. Upon lateral displacements
of the tip with a velocity of about 500 pm/s, the trapped Fe atoms is pushed/pulled
over the surface.

During this process, a so-called ”atom manipulation image” [175] has been obtained,
which illustrates such dragging of the Fe atom over Pb(111) (see figure 4.4 b). The
geometric features of this image resemble typical patterns, observed in friction force
measurements [169, 170], since they share by the trajectory of atoms over the surface
potential the same origin. For clarity, in figure 4.4 c) the Pb(111) surface lattice has
been overlaid on top of the image. Between the darkest features a distance of 3.5 Å
can be measured, which is in agreement with the lattice parameters of Pb(111) (see
figure 2.6) and likely corresponds to its hollow sites, where the adatom preferentially
is located.
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4.3. Adsorption and manipulation of Fe atoms on Pb(111)

Figure 4.4: Fe adatoms on Pb(111) and their lateral manipulations. (a)
STM overview image of Pb(111) after deposition of Fe adatoms (Vt = -700 mV, It = 5
pA). Fe1 and Fen correspond to single Fe adatom and clusters of n adatoms, respectively
(Vt = -15 mV, It = 5 pA). (b) Topographic STM image during the manipulation of
single Fe atoms, trapped in the STM junction. (c) Models of the Pb(111) lattice,
corresponding to the STM image of (b). The red dashed parallelogram refers to the
Pb(111) lattice. (d-f) Series of STM images of Fe adatoms and their successive lateral
manipulations with the STM tip (marked by arrows in (d) and (e)). In (f), the STM
image shows the formation of a Fe-trimer Fe3 by successive tip manipulations (Imaging
conditions, Vt = -30 mV, It = 60 pA). (g-i) Apparent STM heights extracted from
images (d-f) enabling one to distinguish from their topographic signatures Fe1, Fe2 and
Fe3, respectively.

The application of this method allowed it to transfer single Fe aggregates over the
Pb(111) surface to other Fe aggregates. In figure 4.4 d), two single atoms (Fe1) and an
assumed dimer (Fe2) are displayed. Figure 4.4 g) shows the corresponding apparent
STM heights extracted from the plain, dotted and dashed lines of figure 4.4 d). Thus,
the heights of Fe1 and Fe2 aggregates are inferred to be approximately h1 = 0.4 Å and
h2 = 1.2 Å, respectively.

As a verification of these heights, then the transfer of a single Fe atom (marked by the
arrow in figure 4.4 d) was conducted from the Fe2 cluster to one surrounding Fe1, in
order to form a new dimer. The result of this first manipulation step is shown in fig-
ure 4.4 e). After the exchange of the Fe atom by tip manipulation, the apparent height
in the STM-measurement indicates identical values for Fe1 and Fe2, but on different
locations, as illustrated by the height profile in figure 4.4 h). Thus, the manipulation
of an Fe monomer on Pb(111) is proven with STM.
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Chapter 4. Adsorption of CO, NaCl & Fe on Pb surfaces

Finally, by two successive tip manipulations the atoms of Fe2 in Figure 4.4 e) were
brought to a third single Fe atom (see arrow). The STM image after this manipu-
lations reveals the formation of a Fe-trimer Fe3 (see figure 4.4 f). Compared to the
heights of Fe1 and Fe2, the Fe3 height is approximately h3 = 1.7 Å. This evolution of
STM apparent heights as a function of number of atoms in small Fe clusters is in good
agreement with a similar study of Fe clusters on Cu(111) [252].

4.4 Summary

In this chapter it is shown that CO molecules on Pb(111) are hardly visible in STM
images due to their high diffusion induced by the tip even at low temperature. How-
ever there presence can be detected by their enhancement of the resolution in STM.
On the other hand, in Pb(110) they can be displayed by STM-images, which is a hint
that their occurrence between the atomic rows of the (110) lattice is more stable.

Furthermore, the growth of NaCl islands could be observed in STM. They appear
close to step edges of the Pb surface or use the interaction of trapped Ar atoms in the
subsurface layers as pinning center.

Finally, the adsorption of single Fe aggregates has been shown. Regarding to their
apparent height in STM they could be identified as Fe-monomers, Fe-dimers or Fe-
trimers. This identification has been proved by a tip-induced displacement of these
adsorbates on the Pb(111) surface.

The results can be seen as an important step for future experiments to perform high-
resolution STM/AFM imaging with CO-terminated tips, to decouple atoms and mole-
cules electronically from the prototypical Pb(111) surface, or to manipulate them over
the surface. This is of great importance with regard to the creation of atomic Fe chains
on superconducting Pb surfaces and the detection of MBS states, since various studies
make this system to one of the most promising platforms for their realization.
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5
Charge state control of molecular quantum

dots on Pb

The requested application of molecular transistors presupposes the possibility of
creating devices that can localize charge carriers and exhibit certain energy
levels, occupied by single electrons. To fulfill this, a decoupling between molec-

ular layer and metal surface is necessary. With the prospect of implementing single
charges for electronic devices, recent experiments have indeed shown the feasibility for
periodic charging at the edges and within self-assembled molecular layers on metals
(see subsection 3.2.4).

This chapter reports on the adsorption of self-assembled monolayers of 4,5,9,10-tetra-
bromopyrimido[4,5,6-gh]perimidine (short: TBPP, C12H2Br4N4, see subsection 2.4),
on a superconducting Pb(111) substrate. Using SPM methods, the arrangement of
TBPP molecules is observed with atomic resolution. By measuring conductance maps
(dI/dV ), a tip induced electron transfer is investigated above single molecules of this
layer. Here, the occurrence of Coulomb rings is seen as typical experimental signature
for a charging or discharging event (see subsection 3.2.3).

Hence, in section 5.1 the molecular arrangement of the TBPP molecule on Pb(111)
after adsorption and self-assembly is described in details. This includes not only high-
resolution STM and AFM images, but also the derivation of an arrangement model
in accordance with the SPM images. Furthermore, the influence of different measure-
ment conditions on the imaging is verified by changing the applied bias voltage. In
section 5.2 the occurrence of Coulomb rings in dI/dV -maps is investigated depending
on the tip-induced bias voltages and different tip-sample distances. Finally, in section
5.3 these investigations are also performed in respect to the observation of a frequency
shift (∆f).
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Chapter 5. Charge state control of molecular quantum dots on Pb

5.1 Self-assembled layers of TBPP on Pb(111)

In this section the molecular structure of self-assembled TBPP layers on Pb(111) is
shown in detail by STM- and AFM-measurements (see subsection 5.1.1). Furthermore,
the influence of different bias voltages on that layers is investigated by evaluating STM-
images (see subsection 5.1.2).

5.1.1 Structure determination of TBPP/Pb(111) by STM & AFM

After sublimating TBPP molecules at room temperature onto a Pb(111) surface (see
section 2.4), self-assembled molecular islands of TBPP are observable in STM mea-
surements. Due to their row-like structure they are clearly distinguishable from the
metal Pb(111) surface (see figure 5.1 a). The molecular islands exhibit a row-like
arrangement, whose alignment differ in various rotational angles. These angles are
integer multiples of 60° and can be explained by the 3-fold rotational symmetry of the
Pb(111) surface. The apparent height of a TBPP layer in STM amounts always to
≈ 1.2 Å, which refers to a coverage of 1 ML.

However, the exact model, how single molecules are arranged in this phase can not
be deducted from figure 5.1 a) and a higher resolution is necessary. In figure 5.1 b) a
detailed STM image of the TBPP layer with higher magnification than in figure a) is
shown. Here, the row-like structure becomes more evident, but it is still not possible to
assign the features in the STM image to individual components of the TBPP molecule.
Noticeable are white dot-like structures, which are characteristic for the regular rows.
They form a unit cell with the dimensions of a = 9.8 Å within the rows, b = 15.4 Å
between the rows and an angle of θ = 85° (see red arrows). In accordance with the
structural formula of the molecule, they correspond probably with the Br atoms at the
ends, as these protrude from the basic structure of the molecule and, moreover, Br has
a very high electronegativity.

Only by applying AFM, an atomic resolution of the TBPP layer can be achieved
(see figure 5.1 c). Particularly noticeable is here a structure made up of two point-
like features, which have a lower ∆f than other features and therefore appear white
in AFM. They occur either side by side (in a row of four points) or offset from one
another in pairs. In comparison to the structural model of the TBPP molecule, it is
advisable to interpret them as the Br atoms, since they are expected to be present as
pairs at each side of the molecule.

In figure 5.1 d) structural models of the TBPP molecule are superimposed to the
AFM image. It indicates that the TBPP molecules are arranged in two rows, which
either exhibit a straight sequence of molecules (S) or a tilted arrangement (T). Hereby,
the molecules in S-rows are arranged consecutively with a small lateral shift of ≈ 1 Å.
The molecules in T-rows are shifted in such a way that the Br atoms at the end of a
molecule are in one line with the Br atoms of the neighboring molecules. The molecular
arrangement in T-rows is rotated by approx 50° compared to that in the S-rows.
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5.1. Self-assembled layers of TBPP on Pb(111)

Figure 5.1: Structure of molecular arrangement. For images (b)-(d) the straight
(S) and tilted (T) molecular assembly is marked with a line. The unit cell of the TBPP
layer is marked with red arrows. (a) STM overview image of Pb(111) after deposition
of TBPP molecules (Vs = 1.0 V, It = 1 pA, inset: molecular structure of TBPP). (b)
Detailed STM image of molecular TBPP layer (Vs = 0.7 V, It = 0.8 pA). (c) AFM
image of molecular TBPP layers, showing rows with two different orientations. (d)
Detailed AFM image of molecular TBPP layers, showing the molecular arrangement
of straight (S) and tilted (T) assembly (model of TBPP is superimposed).
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Chapter 5. Charge state control of molecular quantum dots on Pb

The AFM-image in figure 5.1 d) also shows a slight contrast between the S and T rows:
The molecules in S-rows appear with more negative frequency shift indicating a larger
distance to the tip. In contrast to that, the molecules in T-rows appear with bright
contrast and moreover, the shape of the benzene and pyrimidine rings differs stronger
from the background. Thus, the TBPP layer seems to be slightly folded between S-
and T-rows. Transferring this result to the STM measurement shown in figure 5.1 b),
this means, that most likely the Br atoms of the T-rows can be considered as the cause
of the point-like features.

5.1.2 Influence of bias voltage on TBPP/Pb(111)

Principally, the model deducted from AFM images in figure 5.1 d) helps for the inter-
pretation of further STM measurements. Hence, for a selected surface area a sequence
of STM measurements at sample bias voltages Vs between 5 mV and 1.0 V (see figure
5.2) has been taken compared to the results from AFM.

At low Vs of 5-10 mV (see figure 5.2 a+b), the orbitals of individual components
of the TBPP molecule can be resolved by STM. Here, the TBPP molecules in an
S-arrangement appear much brighter than those in the T-arrangement, which is in
contrast to the AFM measurements. The pairs of Br atoms exhibit in the S-rows a
weaker apparent height than eight other dot-like features, which can be interpreted as
signature of the 4 N atoms and further C atoms (most likely from the ones bond to
the Br). In the T-rows only four features are clearly observable, which can be assigned
to the Br-atoms.

At Vs = 40 mV (see figure 5.2 c), the S- and T-rows appear with similar contrast
and in both rows the dominating features are in the same position as the Br atoms in
figure 5.1 d). Still, within the S-rows, the orbitals representing C- and N-atoms can
be observed, but much weaker as for lower bias voltages. For the T-rows, this part of
the molecule appears only as one smeared cloud of electron density.

For Vs ≥ 100 mV (see figure 5.2 d+e), the TBPP molecules in the T-arrangement
appear clearly brighter than the ones in S-rows. This can be almost exclusively as-
cribed to the four Br atoms, which appear in AFM in a row. For a bias of 400 mV
(see figure 5.2 e), they can no longer be distinguished from each other, but merge all
into a kind of dot-like charge clouds, whose distances have been used to characterize
the unit cell illustrated in figure 5.1 b).

At Vs = 1.0 V (see figure 5.2 f), the dots of the T-rows seem to merge with each other
and form a zig-zag structure, resembling the former sequence of tilted TBPP-molecules.
However, here, the S-rows exhibit a dramatic contrast to the other measurements at
lower bias voltages: Round-shaped clouds of electron density appear along each S-row
and their center seems to be in the middle of every TBPP molecule (cf. model structure
in figure 5.2 g).
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5.1. Self-assembled layers of TBPP on Pb(111)

Figure 5.2: Serie of STM-measurements on TBPP. Sample bias voltages Vs
are between 5 mV and 1.0 V (Size: 4 nm × 4 nm, It = 0.8 pA). For all images the
straight (S) and tilted (T) molecular assembly is marked with a line: (a) Vs = 5 mV.
(b) Vs = 10 mV. (c) Vs = 40 mV. (d) Vs = 100 mV (e) Vs = 400 mV (f) Vs =
1.0 V (g) Model of the molecular TBPP arrangement.
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The electron density clouds in figure 5.2 f) display different strengths and a certain
gradation within individual S-rows, similar to the one reported by Isabel Fernández-
Torrente et al. for monolayers of two different molecules [27]. At the same time,
there is also an interaction with neighboring rows, since the shape of the charge ring is
repeated synchronously in the neighboring S-row with a shift by one molecule position.
In accordance with the literature [27–30], this bias dependent appearance of features,
related to confined charges, is a hint for the behavior of a molecular QD.

5.2 Arrays of Coulomb rings in molecular TBPP layers

According to the emergence of hints for an electron transfer in figure 5.2 f), the follow-
ing investigations deal with the appearance and the shape of Coulomb rings as typical
characteristic for single-electron transfer. In subsection 5.2.1, STM measurements are
carried out for sample bias voltages Vs in a small interval above and below 1.0 V in
order to examine this behavior in more detail. Similar measurements have also been
performed for negative Vs, but no electron transfer was observable. Analogous to the
results of Fernández-Torrente et al. [27], the measurements are carried out for different
molecular rows of the TBPP layer in order to check, whether individual molecular
rows differ in their charge state. In subsection 5.2.2, these measurements are contin-
ued by varying the tip-sample distances up to 140 pm. Finally, in subsection 5.2.3 the
correlation between charge transfer and tip position is characterized.

5.2.1 Influence of bias voltage on Coulomb rings

To investigate the characteristics and lateral distribution of the charging behavior,
dI/dV -maps for Vs between 0.85 V and 1.30 V were carried out on a larger scale of
30×30 nm2 (see figure 5.3 a-d). For Vs = 0.85 V only a few Coulomb rings are observ-
able, which are irregularly distributed on the surface and differ significantly in their
characteristics (see figure 5.3 a). All of them have their center above the S-rows. Slight
contrast differences in the TBPP layer indicate possible defects.

At Vs = 1.0 V (see figure 5.3 b), the Coulomb rings appear on the entire TBPP
layer. They exhibit within the molecular S-rows a periodic array of Coulomb rings.
This array is aligned along certain axes (marked in red) that are rotated by 55° in
respect of the S- and T-rows. The higher conductance above single molecules along
these axes varies and affects every 4th or 5th molecule in the S-rows. The mean dis-
tance of the red axes within the S-row amounts to 4.1 nm, which corresponds to 4.24
times the molecular distance a = 9.8 Å. Therefore, the origin for the graduation is not
entirely commensurate with the molecular lattice of the TBPP layer.

By increasing to Vs = 1.15 V (see figure 5.3 c), more Coulomb rings appear and
the radius of the rings described before increases significantly. At Vs = 1.30 V (see
figure 5.3 d) they start to overlap each other, but the periodicity along the rows is not
affected by this.
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5.2. Arrays of Coulomb rings in molecular TBPP layers

Figure 5.3: dI/dV -measurements on TBPP for various voltages. a-d: Serie
of dI/dV -measurements on TBPP for sample voltages Vs between 0.85 V and 1.3 V
(Size: 30 nm × 30 nm, It = 0.8 pA). For all images the straight (S) and tilted (T)
molecular assembly is marked with dashed lines. The axes, along which Coulomb rings
appear strongest, are marked by red lines. a: Vs = 0.85 V. b: Vs = 1.00 V. c: Vs =
1.15 V. d: Vs = 1.30 V.
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Chapter 5. Charge state control of molecular quantum dots on Pb

Figure 5.4: Cross section dI/dV (Vs, x) on TBPP layer versus sample voltage
along a length x = 40 Å. The position of the straight (S) and tilted (T) rows of the
TBPP layer are marked with letters.

A continuous change of the radius can be shown with the help of a dI/dV (Vs, x) cross
section depending of Vs and the lateral distance x (see figure 5.4). It indicates a thresh-
old voltage for any charging event at Vs ≈ 1.0 V. The radius of the Coulomb rings
increases for higher Vs until it is ≈ 15 Å for voltages of 1.35 V. The higher conductance
for T-rows in the range of 0.4-1.0 V is in accordance with figure 5.2.

The increasing radius for higher Vs is analogous to the observations of Fernández-
Torrente et al. (see section 3.2.4) [27]. There, it has been related to the increasing
tip-sample distance, which causes a lower electric field on the molecule. According to
subsection 3.2.3, this mechanism influences the shift of the molecular energy levels and
thus the emergence of the Coulomb rings, which represent the electron transfer be-
tweeen tip and molecule. The threshold marks the sample voltage Vs, which is needed
to shift the occupied state above the chemical potential of the surface µS. Only when
the energy level of the state crosses µS, an electron can be locally removed or added
by the electrical field of the tip.

The quantitative amount of this shift can be identified by the double barrier tunneling
junction (DBTJ) model [24]. Here, the shift ∆E can be expressed as ∆E = eαVs [23],
where e is the elementary charge, α the so-called lever arm [28], depending on the
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5.2. Arrays of Coulomb rings in molecular TBPP layers

Figure 5.5: Graduation along the Coulomb rings. (a) dI/dV and (b) STM-
image (Size: 10 nm × 10 nm, Vs = 1.3 V, It = 5 pA). For both images the straight
(S) and tilted (T) molecular assembly is marked with a line. The axes, along which
Coulomb rings appear strongest, are marked by red lines.

tip-sample distance z and Vs the applied sample bias voltage. In accordance with
Fernández-Torrente et al. [27], the positive dI/dV refers to a local increase of the tun-
neling current and thus to a local discharging event.

Hence, the superstructure of the Coulomb rings is the result of periodic variations
in the tip-induced shift of the energy levels, which have its origin in interactions be-
tween molecular layer and metal substrate. This strong dependence of the discharging
events on the lateral position is illustrated in figure 5.5 a), which provides a dI/dV
map with a detailed view on the gradation of the Coulomb rings within a row. Here,
a sample bias of Vs = 1.3 V has been chosen analogously to figure 5.3 d), but due
to the different lateral position the radius of the rings is significantly smaller. Nev-
ertheless, the graduation within the S-rows shows similar irregularities. This asyn-
chronicity within the graduation of the rings, clearly indicates that the axes of the
superstructure (marked red) are to be found between single molecules. In figure 5.5 b)
the simultaneously measured STM image corresponds to the dI/dV -map, but shows
the differences in graduation less clearly. Recent measurements of molecular QDs on
oxygen-intercalated graphene on Ir(111) attribute this lateral dependence to Peierls
instabilities at low temperatures [253].

To qualify the charge transfer as charging or discharging, dI/dV -spectra for positive
and negative Vs have to be measured. While on the T-rows no peak or dip, indicating
a charge transfer event, is observable, dI/dV -spectra on the S-rows only exhibit the
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Figure 5.6: Full dI/dV -spectra at different locations within the Coulomb
rings (locations marked in dI/dV -map, size: 4.5 nm × 3.0 nm, Vs = 1.15 V,
It = 1 pA).

mentioned peak for positive Vs. In figure 5.6 dI/dV -spectra for three lateral positions
along S-rows are shown. According to a dI/dV -measurement at Vs = 1.15 V (see inset)
they are located within a Coulomb ring of large radius (red), small radius (purple) and
without any ring. At each place, the spectrum was measured for Vs between -1.25 V
and +1.25 V.

In conclusion, discharging events on S-rows for positive Vs are observed. Assuming
an anionic ground state for the S-rows of the TBPP layer, which could be deduced to
an electron-acceptor behavior, the tip influences the removal of an electron and creates
a neutral state. More detailed results on the origin of the anionic state of the molecules
in S-series could obtained from DFT simulations.

5.2.2 Influence of tip-sample distance on Coulomb rings

To investigate the dependence of the discharging events, further measurements inde-
pendent from lateral fluctuations within the TBPP layer are performed. According to
the DBTJ model, the interaction between tip and QD can be described as capacitor
with the capacitance CT . Therefore, the relationship between the position of the dis-
charging peak depending on various z-offset has to be discovered. In the following,
a fixed lateral position is selected and the dI/dV -spectra are measured depending on
different tip-sample distances z.
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Figure 5.7: Series of dI/dV spectra (raw data) for an exemplary selected position
with a variation of the tip-sample distance z by offsets between 0 and 140 pm.

Figure 5.7 shows dI/dV (z)-spectra of Coulomb rings at a fixed lateral position above
an TBPP molecule for varied tip-sample separations z of up to 140 pm. Each peak
represents the discharging event and shifts for increasing z to higher bias voltages.
The magnitude of the conductance peaks decreases with higher tip-sample distances,
which can be explained by the larger tunneling barrier between tip and molecule.

To determine the exact position of the maxima, the background of the spectra has
to be removed. For this reason, a fit of the background had to be developed to sub-
tract it afterwards from the raw data. To do so, first the data points at the position
of the peak were removed from the spectra and the remaining points fitted with an
polynomial of eighth order (see figure 5.8).

In the next step, this background was subtracted from the raw data and thus the
peak became separated (see figure 5.9). The individual spectra are fitted by Gaussian
curves and the positions of the individual maxima are determined.

In figure 5.10 the voltages of the dI/dV -peaks are plotted versus the increase of the
tip-sample separation ∆z. It exhibits a proportional relationship, which refers to the
voltage of a plate capacitor, which depends similarly on the distance of the plates. Ap-
proximating these data with a linear fitting line shows a very good agreement. Only
the maximum from the curve for 140 pm offset had to be removed, since its intensity
was already too small for a reasonable fit.
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Figure 5.8: Series of dI/dV spectra (raw data and polynomial fitting curve of eighth
order) with a variation of the tip-sample distance z by offsets between 0 and 140 pm.
The peaks of each curve have been removed.

Figure 5.9: Series of dI/dV spectra with a variation of the tip-sample distance z
by offsets between 0 and 140 pm. The background from figure 5.8 has been removed to
illustrate only the maximum caused by electron transfers.
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Figure 5.10: Maxima of the dI/dV spectra illustrated in figure 5.9 with a z
variation of ∆z = 0-120 pm

5.2.3 Distance dependence of the charge transfer based on dI/dV

To characterize the distance dependence of the charge transfer, shown in figure 5.10,
one can assume a simple plate capacitor with the permittivity ε, plate area A and
distance d.

CT = ε
A

d
(5.1)

With the help of Q = C · U and d = z + ∆z, where ∆z is the additional offset, one
can get from equation 5.1:

U(∆z) =
Q

A · ε
· d =

Qz

A · ε
+

Q

A · ε
·∆z (5.2)

Equation 5.2 represents the linear correlation shown in figure 5.10. The term i = Qz
A·ε

denotes the intercept and s = Q
A·ε the slope of the line. From the fit line it follows

i = (0.85092 ± 0.000785) V and s = (8.1154 · 108 ± 1.11 · 107) V
pm

. According to this,

the tip-sample distance z for the starting position (∆z = 0, VS = 1 V and It = 1 pA)
can be calculated as:

z =
i

s
=

(0.85092± 0.000785) V

(8.1154 · 108 ± 1.11 · 107) V
pm

= (1.05± 0.01) nm (5.3)

This result can only be interpreted as an approximation, since it is questionable
whether the linear behavior can also be transferred for small z [29]. In addition,
the assumption of the tip and the molecule as a plate of the same area A is unrealistic.
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5.3 Frequency shift due to Coulomb rings

Single electron charge transfer can also be demonstrated by the frequency shift ∆f
in AFM measurements [25, 28–30, 187–189, 206]. The contrast of AFM might differ
drastically from STM and dI/dV . Figure 5.11 gives a first impression on this topic by
comparing STM-, dI/dV - and AFM-measurements of the same surface area.

Figure 5.11: Comparison between STM, dI/dV and AFM-measurements at
the same area (Size: 5 nm × 5 nm, Vs = 1.3 V, It = 1 pA). (a:) STM, (b:) dI/dV
and (c:) AFM-measurements.

In figure 5.11 can be seen that all Coulomb rings, which are illustrated in the dI/dV
image can also be observed by AFM. However, in the AFM measurement they ex-
hibit a slightly larger radius and are characterized by a negative shift, which is why
they appear as indentation. Nevertheless, this in accordance with previous reports on
Coulomb rings in AFM [25,28–30].

Further information can be obtained analogously to the dI/dV -measurements by means
of ∆f spectra. Hence, in this section, the relationship between tip sample distance and
bias voltage is examined with the help of ∆f(Vs)-spectroscopy (see subsection 5.3.1).
These results are compared with the characterization from conductance measurements
(see subsection 5.3.2).

5.3.1 Influence of tip-sample distance on Coulomb rings in AFM

In Figure 5.12 the raw data of ∆f spectra with different z-offsets of 0-160 pm are shown.
As expected from the indentation of the rings, the Coulomb oscillation, representing
the discharging event, is here characterized by a dip. To fit these dips, the dips have to
be separated analogously. In relation to the principle of this technique (see figure 1.8),
the background has to be fitted with a parabola. After subtracting the background
from the raw data, each individual dip was fitted with a Gaussian curve (see figure
5.13).
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Figure 5.12: Series of ∆f spectra (raw data) for an exemplary selected position
with a variation of the tip-sample distance z by offsets between 0 and 160 pm.

Figure 5.13: Series of ∆f spectra for an exemplary selected position with a vari-
ation of the tip-sample distance z by offsets between 0 and 160 pm. Here, the peak of
the discharging event has been removed analogously to figure 5.8 and the minimum of
each curve is fitted.

After plotting the positions of these minima according to the sample bias against the
z-offset again a proportional relationship is observable. Approximating the data with
a linear fitting line (see figure 5.14) shows analogously to figure 5.10 a very good
agreement.
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Figure 5.14: Minima of the ∆f spectra illustrated in figure 5.13 with a z
variation of ∆z = 0-160 pm

5.3.2 Distance dependence of the charge transfer based on AFM

Analogous to subsection 5.2.3 the characterization of the distance dependence for the
charge transfer can also be evaluated with ∆f spectra. The fit line in figure 5.14 has
an intercept of i = (0.87496± 0.00241) V and a slope of s = (7.45 · 108± 2.53 · 107) V

pm
.

According to this, the tip-sample distance z for the starting position (∆z = 0, VS =
1 V and It = 1 pA) can be calculated as:

z =
i

s
=

(0.87496± 0.00241) V

(7.45 · 108 ± 2.53 · 107) V
pm

= (1.17± 0.05) nm (5.4)

Even if here the slope deviates slightly from the result calculated in subsection 5.2.3,
the linear z dependence in both, the dI/dV - and ∆f -spectra confirms the good ap-
proximation of the plate capacitor model in the range of the investigated tip-sample
distances. Future investigations with simulations on this system might proof, whether
it can be deduced to smaller tip sample distances and thus also assess the validity of
the calculated tip sample distance.

5.4 Summary

In this chapter it is shown that TBPP molecules on Pb(111) exhibit an electron trans-
fer by the application of a sample bias voltage VS in the range of 1 V. This is detected
by the presence of Coulomb rings around single molecules in dI/dV measurements.
The TBPP layer has been resolved atomically in AFM-measurements, showing two
different molecular arrangements, a straight (S) and a tilted (T) row.
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5.4. Summary

Due to the atomic resolution of the TBPP layer, it was possible to assign the electron
transfer solely to the S-rows. Since the signature for the electron transfer in dI/dV
is positive (showing a peak in the spectra), it was interpreted as a discharging event.
Additionally, in the array of Coulomb rings, a periodic superstructure has been de-
tected, which influences laterally the graduation of the Coulomb rings. It is not fully
commensurate with the TBPP lattice and seems to originate from interactions between
the molecular layer and the metal substrate.

Furthermore, the size of the Coulomb rings depends on VS, which is connected to the
tip-sample distance z. Below a certain threshold, no discharging event is detectable
and with increasing VS the radii of the rings widen. A similar dependence can also be
observed by varying z directly and measuring the position of the discharging peak in
dI/dV - and ∆f -spectra.

Finally, a simple plate capacitor model is tested for the data showing the dependency
on ∆z. It agrees well with the measurements, but its application for lower tip-sample
distances remains questionable.

All in all, the results can be seen as very promising for the development of new
nanoscale devices. Possible applications are in the field of quantum computing or
quantum sensing.
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Conclusion

This thesis examines two fields that are relevant to the question if Pb surfaces are
suitable for the realization of qubits: On the one hand the adsorption of CO,
NaCl and Fe atoms, which might play a role for the tip-controlled manipulation

of atomic chains, hosting Majorana bound states (MBS) and on the other hand the
adsorption of 2D TBPP layers, which exhibit a signature for single-electron charging
analogous to quantum dots.

To address this question, chapter 3.1 reviews superconductivity in general and in-
troduces the topic of magnetic impurities and their use to create MBS in topological
superconductors in particular. The detection of MBS with scanning probe microscopy
techniques is discussed in detail, giving an overview of previously published literature
in that field.

Thereafter, in chapter 3.2 the phenomenon of single-electron charging is characterized
and a review of quantum dots and their observation as Coulomb rings with scanning
probe microscopy techniques is given. Furthermore, the occurrence of an analogous
behavior to quantum dots in molecular layers is reported and concluded as molecular
quantum dots.

The experimental results of chapter 4 report on the systematic characterization by
STM at low temperature (4.7 K) of the adsorption of carbon monoxide (CO) and
sodium chloride (NaCl) as precondition for a more detailed investigation and manip-
ulation of adsorbed Fe atoms on the superconducting Pb(111) surface. STM mea-
surements show an absence of a topographic signature for CO molecules on Pb(111),
which is imputed to their high tendency of diffusing under gentle scanning conditions.
Nevertheless they contribute to a higher resolution if adsorbed to the scanning tip. In
contrast, CO molecules on Pb(110) were observed by STM, which is supposed to be
due to their adsorption in the trenches of the (110) surface.
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Conclusion

Furthermore, it is shown that NaCl deposition on Pb(111) leads to bilayer islands
similar to the literature data. Lastly, cold-temperature deposition (≤ 15 K) of iron on
Pb(111) leads to the adsorption of adatoms and small Fe clusters. Using tip-induced
lateral manipulations, the exchange of Fe single atoms between these clusters is demon-
strated and characterizes the variation of apparent STM height of each cluster as a
function of the number of atoms.

All in all, the results on the adsorption of CO, NaCl and Fe upon the prototypical
Pb superconducting surface provide new insights on high-resolution STM/AFM imag-
ing with terminated tips, on decoupling of atomic and molecular adsorbates from fully
conducting Pb substrates and on tip-induced lateral manipulation of single Fe atoms.
Future investigations might succeed with the formation of Fe chains in various lengths
and investigations of these chains with CO-functionalized tips.

The investigations of TBPP molecules on Pb(111), shown in chapter 5, indicate the
possibility of single electron transfer in molecular layers, which is controllable by SPM
methods. The TBPP layer has been atomically resolved and shows two different molec-
ular arrangements, a straight (S) and a tilted (T) row. This is in analogy to measure-
ments dealing with self-assembled TAPE layers on Ag(111) [28–30]. But while the
TAPE/Ag(111) layer only shows charging events at the edges of the layer, the TBPP
layer exhibits them in every S-row. This is again in analogy to a mixed TMTTF-TCNQ
layer on Au(111) [27]. The array of Coulomb rings exhibits a periodic superstructure,
which is not commensurate with the TBPP lattice and seems to originate from in-
teractions between molecules and substrate. While on TMTTF-TCNQ/Au(111), the
herring-bone reconstruction has been assumed as essential for the different graduation
along molecular rows [27], it can be in the case of Pb mainly deduced to the mismatch
between the Pb- and the TBPP-lattice.

The observed z-dependence of the Coulomb rings can be described with a simple
plate capacitor model, which agrees well with the measurements for the investigated
distances, but might not be transferred easily to small distances, as already discussed
in the literature [29]. Nevertheless, the model illustrates the increase of the threshold
voltage for larger distances and therefore underlines the necessity of SPM to control
TBPP charge arrays. Overall, local discharging in TBPP seems very promising for
applications in the field of quantum computing or quantum sensing. As an example,
the high bit density of 0.7 bit/nm2 can be considered (cf. figure 5.3).

In conclusion, the potential of Pb as a basis for the realization of qubits can thus
be affirmed. In the field of Majorana bound states in atomic chains, a continuation
of the investigations with the aim of being able to manipulate single atoms to chains
on Pb seems desirable. For the investigation of quantum dots the results of this work
clearly show that Pb can exhibit a confinement of electrons in adsorbed molecular
layers. Further investigations regarding to the influence of superconductivity appear
to be promising.
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URL https://www.persee.fr/doc/bulmi_0150-9640_1880_num_3_4_1564. Pub-
lisher: Persée - Portail des revues scientifiques en SHS.

[34] Simpson, A. M. & Wolfs, W. Thermal expansion and piezoelectric response of PZT
Channel 5800 for use in low-temperature scanning tunneling microscope designs. Re-
view of Scientific Instruments 58, 2193–2195 (1987). URL https://doi.org/10.

1063/1.1139486.

83

https://link.aps.org/doi/10.1103/PhysRevLett.94.076801
http://www.pnas.org/cgi/doi/10.1073/pnas.0912716107
https://link.aps.org/doi/10.1103/PhysRevB.86.045441
https://link.aps.org/doi/10.1103/PhysRevLett.108.036801
https://link.aps.org/doi/10.1103/PhysRevLett.108.036801
https://pubs.acs.org/doi/10.1021/acs.nanolett.5b00711
https://pubs.acs.org/doi/10.1021/acs.nanolett.5b00711
http://aip.scitation.org/doi/10.1063/1.4975607
https://pubs.acs.org/doi/10.1021/acs.nanolett.8b03960
https://pubs.acs.org/doi/10.1021/acs.nanolett.8b03960
https://www.bafu.admin.ch/bafu/en/home/topics/water/info-specialists/state-of-waterbodies/state-of-watercourses/water-quality-in-watercourses/heavy-metals-in-watercourses.html
https://www.bafu.admin.ch/bafu/en/home/topics/water/info-specialists/state-of-waterbodies/state-of-watercourses/water-quality-in-watercourses/heavy-metals-in-watercourses.html
https://www.bafu.admin.ch/bafu/en/home/topics/water/info-specialists/state-of-waterbodies/state-of-watercourses/water-quality-in-watercourses/heavy-metals-in-watercourses.html
https://www.bafu.admin.ch/bafu/en/home/topics/water/info-specialists/state-of-waterbodies/state-of-watercourses/water-quality-in-watercourses/heavy-metals-in-watercourses.html
http://aip.scitation.org/doi/10.1063/1.92999
http://aip.scitation.org/doi/10.1063/1.92999
https://www.persee.fr/doc/bulmi_0150-9640_1880_num_3_4_1564
https://doi.org/10.1063/1.1139486
https://doi.org/10.1063/1.1139486


Bibliography

[35] Binnig, G. & Rohrer, H. Scanning tunneling microscopy—from birth to adolescence.
Reviews of Modern Physics 59, 615–625 (1987). URL https://link.aps.org/doi/

10.1103/RevModPhys.59.615. Publisher: American Physical Society.

[36] Binnig, G., Rohrer, H., Gerber, C. & Weibel, E. Surface studies by scanning tunneling
microscopy. Phys. Rev. Lett. 49, 57–61 (1982). URL https://link.aps.org/doi/

10.1103/PhysRevLett.49.57.

[37] Binnig, G., Rohrer, H., Gerber, C. & Weibel, E. 7×7 Reconstruction on Si(111)
Resolved in Real Space. Phys. Rev. Lett. 50, 120–123 (1983). URL https://link.

aps.org/doi/10.1103/PhysRevLett.50.120. Publisher: American Physical Society.

[38] Becker, R. S., Golovchenko, J. A. & Swartzentruber, B. S. Atomic-scale surface
modifications using a tunnelling microscope. Nature 325, 419–421 (1987). URL
https://doi.org/10.1038/325419a0. Publisher: American Institute of Physics.

[39] Eigler, D. M. & Schweizer, E. K. Positioning single atoms with a scanning tunnelling
microscope. Nature 344, 524–526 (1990). URL http://www.nature.com/articles/

344524a0.

[40] Repp, J., Meyer, G., Olsson, F. E. & Persson, M. Controlling the Charge State of Indi-
vidual Gold Adatoms. Science 305, 493 (2004). URL http://science.sciencemag.

org/content/305/5683/493.abstract.
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Nomenclature

Symbols

Latin letters

A Area
a, b Lattice parameters
C Capacitance
CB Capacitance between tip and molecule
CT Capacitance between tip and substrate
d Distance
E Energy
ELJ Lennard-Jones potential
EF Fermi energy
Evac Vacuum level
e Elementary charge
e− Electron
F Force
Fchem Chemical force between tip and sample
Fel Electrostatic force
Fts Total tip-sample force
FvdW Van der Waals force
f Frequency
H Hamaker constant
h Height
i Intercept
It Tunneling current
k Stiffness parameter
kB Boltzmann constant
L Orbital angular momentum
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Nomenclature

m Mass
p Pressure
Q Quality factor / charge
R Radius of curvature of the tip
r Radius
S Total spin
s Slope
T Temperature
TC Critical temperature
U Potential difference between tip and sample
VB Bias voltage
VS Bias sample voltage
x Coordinate of one horizontal axis in the sample surface plane
y Coordinate of one horizontal axis in the sample surface plane
z Coordinate of the vertical axis between tip and sample
zoffset Offset distance

Greek letters

α Lever arm
∆ Superconducting gap
∆f Frequency shift
∆φ Work function difference
ε Permittivity
θ Angle between the lattice vectors
µs Chemical surface potential
ρ Electron density
Ψ Total wave function
ω Angular frequency of the oscillation
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Nomenclature

Abbreviations

AFM Atomic force microscopy/microscope
AM Amplitude-modulation
BCS Bardeen-Cooper-Schrieffer
BE Binding energy
CB Coulomb blockade
CS Coulomb staircase
CPD Contact potential difference
DBTJ Double barrier tunnel junction
DFT Density functional theory
DOS Density of states
fcc Face centered cubic
FET Field effect transistor
FIB Focused ion beam
FM Frequency-modulation
IGP Ion getter pump
KPFM Kelvin Probe Force Microscopy
KPFS Kelvin Probe Force Spectroscopy
LCPD Local contact potential difference
LDOS Local density of states
LT Low temperature
MBS Majorana bound state
ML Monolayer
MOSFET Metal-oxide-semiconductor field-effect transistor
MZM Majorana zero mode
NC Non contact
PZT Lead zirconate titanate
QD Quantum dot
QMB Quartz micro balance
QMB Quartz tuning fork
qubit Quantum bit
RT Room temperature
SEM Scanning electron microscopy/microscope
SET Single electron transistor
SPM Scanning probe microscopy/microscope
SQUID Superconducting quantum interference device
STM Scanning tunneling microscopy/microscope
STS Scanning tunneling spectroscopy
TBPP 4,5,9,10-tetrabromopyrimido[4,5,6-gh]perimidine

(C12H2Br4N4)
TCNQ Tetracyanoquinodimethane
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Nomenclature

TM Tapping mode
TMP Turbo molecular pump
TSP Titanium sublimation pump
TMTTF Tetramethyltetrathiafulvalene
UHV Ultra-high vacuum
YSR Yu-Shiba-Rusinov
ZBCP Zero-bias conductance peak
2D Two-dimensional
3D Three-dimensional
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