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Abstract

In topological quantum material research, the search for Majorana
bound states (MBSs) has spurred the field of topological supercon-
ductivity. Their use in quantum computation may revolutionize
current quantum computing approaches due to their topological
protection. The ingredients for a topological superconductor are
Rashba spin-orbit coupling (SOC), superconductivity, and mag-
netism. One approach to finding a system with all these proper-
ties is to create it artificially. Following this approach, proximity-
superconductivity can be used to induce superconductivity into
systems that were originally not superconducting. This can lead
to the formation of new states of quantum matter, as we will ex-
plore in this thesis. To this end, the methods of scanning tunneling
microscopy (STM) and scanning tunneling spectroscopy (STS) are
used, providing the ability to build, manipulate, and probe these
quantum systems atom by atom. The main focus of this thesis is
a systematic investigation of the above ingredients of topological
superconductivity one by one and how they interact with each
other.

For this thesis, Nb(110) is used as a superconducting substrate,
where Nb is the elemental superconductor with the highest Tc.

Thin Ag(111) islands were grown on the substrate, exhibiting the
characteristic Ag(111) surface state. Quantum corrals are built
on the surface by assembling non-magnetic atoms to confine the
Ag(111) surface state. The energetic positions of the corral eigen-
modes can be tuned by resizing the corral. Spectroscopic mea-
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surements inside the corral reveal a superconducting gap, where
in-gap states occur whenever a corral state is tuned into the su-
perconducting gap. This gap spectrum is interpreted as a system
with two superconducting gaps, one originating from the strongly
proximitized bulk electrons of the Ag island and one that is ex-
plained by weaker proximitized surface state electrons. The su-
perconductivity induced in the surface state system, which is nor-
mally strongly decoupled from the bulk, is explained by a cou-
pling mediated through scattering processes with the quantum
corral walls.

These Ag(111) corrals are furthermore studied in combination with
single Fe-atoms, which induce Yu-Shiba-Rusinov (YSR)-states on
the proximitized Ag islands. A single Fe-impurity is placed inside
of the corrals, inducing a long-range excitation at the same ener-
getic position as the YSR-states of the Fe-atom, which extends over
several tens of nanometers. This effect, dubbed YSR-mirage, is ex-
plained by an indirect coupling between the Fe-atom and the cor-
ral state mediated by the superconducting bulk. The YSR-mirage
is studied as a function of the corral size. It is found that the in-
tensity of the YSR-mirage state oscillates as a function of corral
size such that the particle-hole composition of the mirage is in-
verted with respect to that of the original YSR-state whenever an
eigenmode is at the Fermi energy. This particle-hole inversion
is less pronounced for the corral with multiple YSR-impurities
forming parts of the corral walls; in addition to that, it is inves-
tigated whether a long-range interaction between multiple YSR-
impurities can be mediated by using the YSR-mirage.
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With the deposition of Bi-atoms onto Ag(111), a BiAg2 surface al-
loy is grown on the superconducting substrate. Topographic and
spectroscopic measurements of the surface are conducted to con-
firm the result. The spectroscopic measurements of the quasi-
particle interference (QPI) patterns on the BiAg2 hint towards a
hybridization between the Rashba-split band structure of the BiAg2

surface state and quantum well states of the Ag bulk. Lastly, STS-
measurements in the low energy regime are performed on the
sample as a function of the temperature, confirming the proximity-
induced superconductivity on the surface.

Finally, Fe-atoms are deposited onto the proximitized BiAg2 sub-
strate. The adsorption sites of Fe on BiAg2 and the associated
spectral properties are investigated. Two different adsorption sites
are identified for Fe (hollow and bridge sites). YSR-states can be
found on Fe-atoms of both sites. Furthermore, hollow-site Fe-
atoms show a pair of YSR-states located close to the Fermi energy,
which is especially interesting for creating topological supercon-
ductivity. The Fe adatoms are arranged in pairs as a function of
distance and orientation, and hybridization effects between the Fe
hollow-site atoms are studied. The magnetic atoms are then used
to build YSR chains on the BiAg2 substrate. Scanning tunneling
spectroscopy techniques are used to probe the spectral properties
of these chains and yield excitations at zero energy localized at
both ends of the chains. The topological properties of these YSR
chains are checked in perturbation experiments.
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Zusammenfassung

Im Forschungsfeld der topologischen Quantenmaterialien hat die
Suche nach den Majorana-Zuständen das Interesse an topologis-
chen Supraleitern stark angefacht. Bei der Verwendung im Bere-
ich des Quantencomputing könnten sie aufgrund ihres topologis-
chen Schutzes die Konzepte zum Bau von Quantencomputer rev-
olutionieren. Die Zutaten zur Erzeugung eines solchen topologis-
chen Supraleiters sind Rashba-Spin-Bahn-Wechselwirkung, Supra-
leitung und Magnetismus. Eine Möglichkeit um diese Systeme zu
finden besteht darin, sie künstlich zu erzeugen. Ein wesentlicher
Bestandteil hierbei ist der Proximity-Effekt, der es erlaubt Supralei-
tung in Systemen zu induzieren, die von Natur aus nicht supralei-
tend wären. So können neuartige Phasen in Quantensystemen
erzeugt werden, wie in dieser Arbeit demonstriert wird. Zur Bear-
beitung dieser Fragestellungen wird auf die Methoden der Raster-
tunnelmikroskopie und -spektroskopie zurückgegriffen, die den
Bau, die Manipulation und die Charakterisierung dieser Quan-
tensysteme auf atomarer Skala erlauben. Diese Arbeit legt den
Fokus auf die systematische Untersuchung der oben genannten
Zutaten, erst im Einzelnen und anschließend im Zusammenspiel.

Für diese Arbeit wird Nb(110) als supraleitendes Substrat gewählt.
Das Element Nb ist weithin bekannt als der elementare Supraleiter
mit der höchsten Sprungtemperatur Tc.

Dünne Ag(111)-Inseln mit dem charakteristischen Ag(111)-Ober-
flächenzustand werden auf dem Nb-Substrat gewachsen. Nicht-
magnetische Atome werden auf der Oberfläche verschoben und
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zu Quantenpferchen arangiert, die die Moden des Ag(111)-Ober-
flächenzustandes einsperren. Diese Moden lassen sich in der En-
ergie, durch das Verkleinern/Vergrößern der Quantenpferche, ver-
schieben. Spektroskopiemessungen im Inneren der Quantenpfer-
che zeigen, dass sich Zustände innerhalb der Energielücke des
Supraleiters (in-gap states) bilden, sobald eine der Quantenpfer-
chmoden energetisch in die Energielücke verschoben wird. Die
innerhalb des Quantenpferches gemessenen Spektren werden als
Zeichen für ein System mit zwei verschiedenen Arten von Supra-
leitung und daher zwei supraleitenden Energielücken interpretiert.
Die erste Lücke wird den Bulk-Elektronen zugeschrieben, die auf-
grund des Proximity-Effektes supraleitend werden. Die zweite
Lücke wird auf eine schwächer induzierte Supraleitung im Ober-
flächenzustand zurückgeführt. Die Supraleitung im Oberflächen-
zustand wird durch eine Kopplung an den Bulk durch Streuung
an den Quantenpferchwänden erklärt.

Die gleichen Quantenpferche werden nun in Kombination mit einzel-
nen Eisenatomen untersucht, die durch die Wechselwirkung mit
dem darunterliegenden Supraleiter sogenannte Yu-Shiba-Rusinov
(YSR)-Zustände erzeugen. Ein einzelnes Eisenatom wird im In-
neren des Quantenpferches platziert. Es werden langreichweitige
Anregungen bei den YSR-Zustandsenergien gemessen, die sich
über den ganzen Quantenpferch erstrecken (im Bereich von mehre-
ren 10 Nanometern). Dieses Phänomen wird "YSR-Mirage" genannt
und entsteht durch eine indirekte Kopplung zwischen dem Eisen-
atom und der Quantenpferchmode, die durch den supraleiten-
den Bulk vermittelt wird. Das YSR-Mirage wird als Funktion der
Pferchgröße untersucht. Es wird festgestellt, dass die YSR-Mirage-
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intensität in Abhängigkeit von der Pferchgröße oszilliert und dass
die Teilchen-Loch-Symmetrie invertiert zu der des YSR-Zustands
des Eisenatomes ist, wenn eine Quantenpferchmode die supralei-
tende Lücke durchquert. Dieses invertierte Verhalten wird nicht
für einen Quantenpferch beobachtet, bei dem Teile der inneren
Wände durch Eisenatome ersetzt wurden. Zuletzt wird unter-
sucht, ob das YSR-Mirage genutzt werden kann, um zwei Atome
im Inneren des Quantenpferches zu koppeln.

Durch das Aufdampfen von Bi-Atomen auf die Ag(111)-Oberfläche
wird eine BiAg2-Oberflächenlegierung auf dem supraleitenden Sub-
strat gewachsen. Es werden topographische und spektroskopische
Messungen zur Bestätigung der korrekten Oberfläche durchge-
führt. Weitere Aufnahmen von QPI-Mustern weisen auf eine Hy-
bridisierung zwischen den Rashba-Bändern und Quantentopfzustän-
den aus dem Bulk hin. Zuletzt wird die supraleitende Energielücke
auf der BiAg2-Oberfläche geprüft. Durch temperaturabhängige
Messungen wird bestätigt, dass die Oberfläche supraleitend ist.

Als letztes werden Eisenatome auf die supraleitende BiAg2-Ober-
fläche aufgedampft. Die Eisenatome werden auf ihre möglichen
Adsorptionsplätze und die damit zusammenhängenden Spektren
untersucht. Es werden zwei Adsorptionsplätze gefunden (hollow
und bridge). Auf beiden Plätzen werden YSR-Zustände gefun-
den. Weiterhin werden für Eisenatome auf Hollowplätzen YSR-
Zustände nahe der Fermienergie gefunden, was sie für den Bau
eines topologischen Supraleiters interessant macht. Eisenatome
werden in Paaren auf der Oberfläche arrangiert. Die Hybridisierung
der YSR-Zustände wird als Funktion der Entfernung und der rel-
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ativen Orientierung gemessen. Die magnetischen Atome werden
dann zum Bau von YSR-Ketten genutzt. Untersuchungen der Ket-
ten mithilfe von Rastertunnelspektroskopie zeigen Zustände bei
Nullenergie an den Kettenenden. In Störungsexperimenten wer-
den die topologischen Eigenschaften dieser YSR-Zustände unter-
sucht.
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1 Introduction

Quantum computing promises to signi�cantly enhance the ability
to solve complex problems currently intractable by classical com-
puters [1]. The most prominent examples are Grover's algorithm
for searching unsorted databases [2] and Shor's algorithm for fac-
torizing large numbers. After decades of research, quantum com-
puters are now beginning to demonstrate quantum advantage [3]
over classical computers for several use cases [4–7]. However, one
of the most signi�cant issues that quantum computers face is de-
coherence [8], which might lead to loss of information during the
computational process. To prevent that, error-correcting measures
are used, such as storing the information redundantly on multiple
quantum bits (qubits) [9, 10]. This, on the other hand, increases
the complexity of the quantum computer without increasing its
calculational power. To build a universal quantum computer that
can run Shor's or Grover's algorithm, the number of qubits would
have to be much larger, complicating the situation even further
[11].

The �eld of topological quantum computation provides a differ-
ent solution to this problem [12, 13]. Topological quantum compu-
tation proposes using topologically protected quasiparticles, the
Majorana zero modes (MZMs). MZMs are categorized as non-
Abelian anyons with their own quantum statistics. If two anyons
are interchanged with each other, they acquire a phase [14]. One
can use this property to perform logical operations, known as
braiding operation [12].
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1 Introduction

The �rst description of these MZMs was given by Kitaev in his
Kitaev chain model [15]. This oversimpli�ed model describes a
tight-binding model for a superconducting 1D chain consisting of
spinless particles where neighboring lattice sites are coupled. The
model demonstrates that the Hamiltonian gets into a topological
phase, leading to topological edge states for speci�c parameters.
These states appear at both ends of the chain, located at zero en-
ergy, and were shown to have properties of MZMs. The model
is, therefore, an example of a topological superconductor. Unfor-
tunately, the realization of the Kitaev chain Hamiltonian in a real
solid-state system is a challenging task since superconductors are
usually comprised of spinful electrons.

The motivation to �nd the MZMs has spurred efforts and ideas
to create systems behaving similarly to the Kitaev chain [16–21].
All these proposals have in common that they unite the following
three ingredients: magnetism, Rashba SOC, and superconductiv-
ity [22]. Materials in which all of these properties exist together
are sparse. For this reason, arti�cially combining materials, where
each material contributes one of the ingredients, is required to
form the desired system.

The experimental platforms for the realization of MZMs can be
roughly categorized into two groups:

1. The semiconductor-superconductor heterostructure approach
involves using semiconducting nanowires such as InAs or
InSb with large SOC [18, 23–25]. By depositing supercon-
ducting material onto these wires, proximity-superconductivity
can be induced into the system. When large external mag-
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netic �elds are applied along the wire, the occurrence of
MZMs at the ends of the wire is predicted.

2. In magnet-superconductor hybrids, magnetic textures with
high Rashba SOC or spin spirals are grown/assembled on a
superconducting surface [26]. The spin textures can be cre-
ated either in 1D [27–29] or 2D [30–32].

For the investigation of magnet-superconductor hybrids, STM can
be the perfect instrument as it can characterize these systems and
be used to tailor systems with atomical precision, thereby tuning
speci�c parameters of the sample to the needs of the experimen-
talist. Majorana physics and STM, therefore, is a perfect �t as tes-
ti�ed by numerous works in this area [26–30, 33–39].

By this time, the complexity of the investigated systems has grad-
ually increased. While in the �rst works, superconducting sample
surfaces were investigated where self-assembled magnetic chains
were deposited [28], later works added a layer of complexity by
building magnetic chains arti�cially using atom manipulation tech-
niques [27, 29]. Another level of complexity has been added when
additional layers of materials have been grown on top of a super-
conductor to tune speci�c properties of the sample [40, 41] before
spins are deposited. The superconductivity is provided by an un-
derlying superconducting substrate, which proximitizes the lay-
ers grown on top.

To choose the materials systematically, following a bottom-up ap-
proach where the interplay between the different ingredients is
investigated separately would be helpful, which would be led by
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1 Introduction

the following questions: How is the superconductivity induced
into the sample surface by proximity? What is the interplay be-
tween a proximitized surface state and a magnetic impurity? How
can Rashba SOC be added to the system?

After this introductory chapter, Chapter 2 introduces the reader
to the theoretical foundations of surface state systems, supercon-
ductivity, Rashba SOC, and the Kitaev chain, which are required
to follow and understand the experiments and results later in the
thesis.

Next, Chapter 3 introduces the experimental techniques used through-
out this thesis, focusing on the basics of STM and STS techniques.
Then, we will take a look at the speci�c experimental setups that
have been used in the thesis.

Starting with Chapter 4, we will delve into the experimental re-
sults, where we used a Nb(110) crystal surface to grow Ag(111)
islands on top. We will use the Ag(111) surface state and non-
magnetic atoms to build quantum corrals out of it, allowing us
to study one of the simplest quantum systems: a single, non-
magnetic quantum level. In this basic setting, we will observe
whether and, if yes, how proximity-superconductivity is induced
into this quantum state.

Chapter 5 continues the investigations on the corrals from the last
chapter and combines the proximity-superconductivity with mag-
netic impurities, which leads to so-called Yu-Shiba-Rusinov (YSR)
states. We will examine the interactions between a YSR-state and
the quantum corral eigenstates.
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The sample preparation from the last chapters serves as a base
for Chapter 6. We grow a BiAg 2 surface alloy by depositing Bi-
atoms onto the Ag(111) islands. BiAg2 is well-known for its large
Rashba SOC. With that, we can study how superconductivity is
induced into this strongly spin-orbit coupled surface state. Then
we look at a system where all the ingredients are combined, form-
ing a potential candidate system for topological superconductiv-
ity. We will take the BiAg 2 surface, evaporate Fe-atoms onto it,
and build chains. With this, all the ingredients for topological su-
perconductivity are combined in one system. We will investigate
whether such a system shows indications for topological super-
conductivity and MZMs.

In the last chapter (Chapter 7), I will give a conclusion on the main
results that have been presented throughout this thesis and pro-
vide an outlook for further ideas for investigations to advance the
�eld.
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2 Theoretical foundations

In this chapter, I will introduce the reader to the theoretical foun-
dations necessary to follow the ideas of the experiments and dis-
cussions of the results presented throughout the thesis. We begin
by exploring the theory behind surface states, examining their ori-
gin and how their properties are altered by introducing Rashba-
type SOC.

We will then delve into the fundamentals of superconductivity,
covering the Bardeen-Cooper-Schrieffer (BCS)-theory and Andreev
re�ections and their relevance to the proximity effect. Next, we
will examine systems where superconductivity and magnetism
are combined, leading to the emergence of YSR-states. Finally, we
will touch upon the topic of topological superconductivity. We
will employ a simple toy model to demonstrate the concept of
topology in the context of condensed matter physics. This section
will also discuss how SOC, superconductivity, and magnetism can
create a topological superconductor.
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2 Theoretical foundations

2.1 Surface states in noble metal systems

Bloch-waves describe the electronic states inside of a crystal with
periodic boundary conditions. In this derivation, the crystal is
approximated by an in�nitely large periodic lattice. The time-
independent Schrödinger equation for an electron in the crystal
is given by: "

�
h̄2

2m
r 2 + V (r)

#

 (r) = E (r), (2.1)

where h̄ is the reduced Planck constant, m�
e is the electron mass,

V (r) is the periodic potential inside the crystal, and  (r) is the
wave function of the electron [42, 43]. The periodicity of the crys-
tal leads to the formation of electronic bands, which describe the
properties of the electrons inside the crystal.

This periodic boundary condition is no longer given at the sys-
tem's surface. Consequently, the lattice potential V (r) has a rela-
tively abrupt jump to the vacuum level. Therefore, under special
conditions, new solutions to the Schrödinger equation (Eq. 2.1)
are possible, which will be discussed in the following.

The solutions in the one-dimensional case can be classi�ed into
two categories as depicted in Figure 2.1A. The �rst kind of solu-
tion refers to the bulk states (grey and blue), which extend in the
direction of the crystal bulk but decay exponentially into the vac-
uum. The second state shows a decaying behavior in the vacuum
and the bulk. Consequently, the electronic states are strongly lo-
calized at that surface. Due to this, the �rst kind is referred to as
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2.1 Surface states in noble metal systems

bulk state, while the second is called surface state.

The �rst to derive the existence of surface states for systems with
weakly interacting electrons was William Shockley [44]. Hence,
these states are also referred to as Shockley surface states. Even
though these states are con�ned along the direction perpendicu-
lar to the surface, they show a dispersive behavior in the direc-
tions parallel to the surface plane. A depiction of that can be seen
in Figure 2.1B. Here, the dispersion relation of the surface state
is shown in red. The dispersion relations of the bulk bands can
be projected onto the surface as depicted by the blue and grey
shaded areas. The comparison between the energetic locations of
the bands reveals another characteristic property of surface states.
They can only exist in a gap formed by the projection of all bulk
bands onto the surface since the hybridization with the bulk bands
would prohibit the con�nement to the surface. Note that this is
only a necessary condition, but not a suf�cient one for the exis-
tence of surface states. It is furthermore required that the Fourier
coef�cient of the lattice periodic potential V (r) has the correct sign
at the location of the surface [45].

Over the past decades, Shockley-states in noble metal systems
such as Ag, Cu, and Au [46–48] have been the subject of many
investigations in surface science.
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2 Theoretical foundations

Figure 2.1: Schematic representation of the surface state formation.
(A) At the interface between the metal and the vacuum, the crystal's
translational symmetry is broken, possibly leading to the formation of
intrinsic surface states as depicted by the red line, which decay into the
vacuum and the bulk of the crystal. (B) Schematic representation of the
band structure of a metal. The grey-shaded areas represent bulk states.
The surface state forming at the surface of the metal is located inside the
surface-projected bulk band gap.
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2.2 Superconductivity

2.2 Superconductivity

Superconductivity is a quantum mechanical phenomenon observed
in some metals when cooled below a speci�c temperature, known
as the critical temperature Tc. Heike Kamerlingh Onnes �rst dis-
covered this phenomenon in 1911 [49]. He found out that mer-
cury's electrical resistance drops to zero when cooled below 4.2 K.
The term superconductorrefers to this property. In 1933, Walther
Meissner and Robert Ochsenfeld discovered another characteris-
tic property of superconductors [50]. They noticed that when a
superconductor is cooled below Tc and placed in a magnetic �eld,
it expels the magnetic �eld inside, acting like a perfect diamag-
net. This effect was named after its discoverers and is known as
the Meissner-Ochsenfeld effect. It took more than 40 years after
its discovery to develop a theory that could provide a microscopic
understanding of superconductivity. Today, this theory is known
as BCS-theory, named after its developers, John Bardeen, Leon
Neil Cooper, and John Robert Schrieffer. It was reported in 1957
[51] and was honored with the Nobel Prize in Physics in 1972.

2.2.1 Superconductors in magnetic fields

At �rst glance, one might be tempted to explain the occurrence
of the Meissner effect by considering Lenz's law. When a mag-
netic �eld is applied to the superconductor, currents are induced
inside the superconductor. One could argue that these currents
will cause another magnetic �eld, which counteracts the magnetic
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2 Theoretical foundations

�elds that they were caused by. This might play a role in the sce-
nario where the magnetic �eld is turned on after the superconduc-
tor has been cooled below Tc. However, in the scenario where the
magnetic �eld is applied �rst, and the superconductor is cooled
afterward, the same perfect diamagnetism is observed. The su-
perconductor does not care whether the magnetic �eld is applied
before or after the cooldown. It will repel the magnetic �eld re-
gardless. Therefore, it is considered that this is an inherent prop-
erty of the superconductor. When the applied magnetic �eld is
increased further, it will eventually reach a critical value, at which
the superconductivity is quenched. The relation between critical
�eld and temperature follows an empirical law given by

Hc(T) = Hc(0)

"

1 �
�

T
Tc

� 2
#

(2.2)

with Hc(0) being the critical �eld at T = 0. For some supercon-
ductors, two of these critical magnetic �elds are found. These are
called Type-II superconductors, while the �rst ones are called Type-I
superconductors. In Type-II superconductors, the law for the crit-
ical �eld only applies to the �rst critical �eld Hc,1. After Hc,1, a
Type-II superconductor will show magnetic vortices in which the
magnetic �eld begins penetrating the superconductor. When the
�eld is increased, we see that the number of vortices increases,
and in the end, when a second critical �eld Hc,2 is reached, the
superconductivity breaks down completely.
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2.2.2 BCS-theory

In their theory, Bardeen, Cooper, and Schrieffer explain the zero-
resistance of a superconductor with the help of a small attractive
force between electrons with opposing momentum k and spin �
[51]. This attractive force is mediated by electron-phonon cou-
pling, where one electron moving through the lattice distorts the
lattice locally, creating a phonon mode. The phonon travels through
the lattice and couples to another electron, effectively mediating
an attractive force between the two electrons. The coupled elec-
trons form a new quasi-particle known as a Cooper pair. Cooper
pairs are bosonic particles that allow the coupled electrons to fall
into the ground state of a system, forming a condensate. In the
ground state, the only way to excite the Cooper pairs is to break
them up, requiring the binding energy � . Consequently, any in-
teraction between the Cooper pair electrons with the environment
that involves energies below � is forbidden. Therefore, as long
as the current is below a critical value, the electrons can travel
through the material without dissipating energy to the crystal lat-
tice or defects.

To start, we consider a tight-binding Hamiltonian with an attrac-
tive pairing term, which couples electrons with opposing spins
and momenta k with each other [52].

H = å
k ,�

� k cy
k� ck� � å

k ,k 0

Vk ,k 0cy
k 0" cy

� k 0#
c� k#ck " (2.3)

Here � k is the electron energy, cy
k ,� and ck ,� are the creation and
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annihilation operators for electrons with wave vector k and spin
� , and Vk ,k 0 represents the attractive interaction potential.

The �rst sum represents the metal's quasi-free electron dispersion
relation, while the second is the weak interaction mediated via
electron-phonon coupling. While the �rst term is already written
in the diagonalized form, the second term has to be simpli�ed to
solve the Hamiltonian. To do this, we approximate the interaction
term using a mean-�eld approach. This leaves us with an effec-
tive Hamiltonian, which has only quadratic terms in creation and
annihilation operators:

Heff = å
k ,�

� k cy
k� ck� � � � å

k

c� k#ck " � � å
k 0

cy
k 0" cy

� k 0# +
j � j2

V
(2.4)

with
� = V å

k

hc� k#ck " i � � = V å
k

hcy
k " cy

� k#i . (2.5)

and the assumption that the pairing potential is constant for a
small energy window around EF:

Vk ,k 0 = V for j� k � � k 0j < h̄! D (2.6)

with the Debye-frequency of the phonon ! D .

For the diagonalization of the Hamiltonian, the Bogliubov trans-
formation can be used [53, 54], where we rewrite the electron cre-
ation and annihilation operators in a new set of fermionic opera-
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tors:

� k = uk ck " � vk cy
� k# � y

k = u�
k cy

k " � v�
k c� k#

� k = uk c� k# + vk cy
k " � y

k = u�
k cy

� k# + v�
k ck " (2.7)

In order to ful�ll the fermionic commutation relations, the coef�-
cients uk and vk must satisfy:

juk j2 + jvk j2 = 1 (2.8)

We can �nd that this is given for:

u2
k =

1
2

0

@1 +
� kq

� 2
k + j � j2

1

A v2
k =

1
2

0

@1 �
� kq

� 2
k + j � j2

1

A (2.9)

The transformation yields the new Hamiltonian, which is bilinear
in all creation and annihilation operators:

Heff = å
k ,�

Ek (� y
k� k + � y

k � k ) + å
k

(� k � Ek ) +
j � j2

V
(2.10)

with
Ek = �

q
� 2

k + j � j2 (2.11)

By introducing the new fermionic operators, we could break the
problem down to a single-particle problem. The new fermionic
operators represent quasiparticles, the Bogoliubov-quasiparticles
(Bogoliubons).

In Figure 2.2, the coef�cients (A) and the energy (B) of the Bogoli-
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Figure 2.2: Properties of the Bogoliubov quasiparticles. (A) Evolution
of the particle and hole coef�cients as a function of energy. (B) Bogoli-
ubon energy as a function of the electron energy.

ubon are plotted as a function of � k (given by Eq. 2.9 and 2.11).
Panel (A) shows, that for � k < 0, the amplitude of vk is much
larger. As we get to � k = 0 the amplitudes are equal. For � k > 0
the relation between vk and uk is inverted. The interpretation of
these coef�cients shows an essential property of the Bogoliubons,
the particle-hole symmetry in energy. Bogoliubons are a superpo-
sition of a particle (electron) and an antiparticle (hole). Depend-
ing on the energy, it shows a more hole-like ( E << EF) or a more
electron-like character (E >> EF).

In panel (B), we can see how the quasiparticle energy Ek behaves
as a function of the free electron energy � k . The grey lines depict
the relation from Eq. 2.11, while the dashed lines represent the
energies of an electron or hole. Here, we can see that the Bogoli-
ubons behave like electrons or holes for energies far away from 0
(EF). However, when � k approaches 0, the Bogoliubon energy de-
viates more and more from the usual electron/hole behavior. We
can see that it approachesj � j. Here, we realize the real meaning of
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the order parameter � , which we introduced in the model above.
It represents an energy gap inside the superconductor's disper-
sion, in which no quasiparticle states are present. This becomes
even more apparent when we plot the density of states (DOS) of
the BCS superconductor given by:

N (E) = å
k

� (E � Ek )

=
Z + 1

� 1
N (E � � )� (E �

p
� 2 + � 2)d�

= 2N0

Z + 1

0
� (E �

p
� 2 + � 2)d�

(2.12)

where we plugged in Eq. 2.11 in the �rst step and assumed that
the metallic DOS around EF is constant (N0), which is valid for
small energy ranges around EF. The integration leads to:

N (E) =

8
<

:

2N0
Ep

E2� � 2 for > � ,

0 for < � ,
(2.13)

For a realistic system, the quasiparticles have a �nite lifetime. We
re�ect this by adding a broadening factor � to the equation leading
to:

N (E) = 2N0Re[
E + i �

p
(E + i � )2 � � 2

]. (2.14)

The function is plotted in Figure 2.3. We can see that a gap is
opened up with the value of 2 � . Inside of this interval, no quasi-
particle states are present. Large local density of states (LDOS)
peaks, known as coherence peaks, appear at both borders of these
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Figure 2.3: Plot of the Dynes function. The superconducting gap ener-
gies at negative and positive bias ranges are marked by the grey dashed,
vertical lines. The green horizontal line depicts the value of N0.

gapped regions. For energies outside of the gapped regions of the
superconductor, the spectrum resembles that of a simple metallic
electrode.

2.2.3 Proximity effect

The proximity effect refers to the phenomenon in which normal
conducting metals are brought into the vicinity of a supercon-
ductor. By that, superconducting correlations inside the normal
metal are induced. This way, a material that is originally metallic
can be made into a superconductor. The proximity effect allows
us to design novel electron phases by pairing superconductors
(SCs) with other interesting materials that were originally non-
superconducting. One of the most prominent applications is given
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Figure 2.4: Schematic representation of the Andreev re�ection process.
The blue circle (e� ) represents an electron inside the N approaching the
N-SC interface. The Cooper pair resulting from the Andreev re�ection
process is represented by the two circles in the SC. The red circle repre-
sents the re�ected hole (h+ ).

in the �eld of topological superconductivity, where the proximity
effect is used to create non-trivial phases of superconductivity by
a combination with magnetism [31, 55, 56].

The basic mechanism behind the proximity effect is Andreev re-
�ection. Andreev re�ections can be found at interfaces between a
normal metal (N) and a SC. The process is depicted in Figure 2.4.
When an electron inside of the N reaches the boundary to the SC,
it can either cross the SC if its energy E > � SC or be re�ected if
E < � SC. Due to the missing energy, the electron cannot enter the
SC. Instead, it can form a Cooper pair with another electron to en-
ter the SC while simultaneously creating a hole re�ected into the
N. The hole has the opposite spin and momentum, which results
in spin and momentum conservation throughout the process.
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The Andreev re�ection process produces a phase shift �� between
the ingoing electron and the outgoing hole. This phase shift is
given by:

�� = � + arccos
�
�

(2.15)

where � is the phase of the superconductor, � is the energy of the
ingoing electron and � is the superconducting gap. This induced
phase correlation leads to the superconducting correlations in the
normal metal. As a measure for the spatial extent of this induced
phase, the coherence length� N can be used given by [57, 58]:

� N �
h̄vF

2� kBT
(2.16)

with the Fermi-velocity of the normal metal vF and the tempera-
ture T. However, one should note that the upper equation only
applies to sample systems within the clean limit, where the de-
fect rates inside the metal and at the interface are small. In this
case, the transport through the material is considered to be in the
ballistic limit.

Another type of mechanism leading to proximitized superconduc-
tivity can be found in very clean crystalline thin metallic �lm sys-
tems (N) with a few tens of nanometers thicknesses brought into
the proximity of a superconductor (SC). Typically, the N has one
interface to the superconductor (N/SC) and an interface to the
vacuum. These interfaces can serve as re�ective barriers where
electrons and holes can scatter. Due to the comparably short dis-
tances between the interfaces, electrons/holes can coherently scat-
ter multiple times via Andreev re�ection at the N/SC interface
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and specular re�ection at the vacuum boundary. As a result, the
DOS of the N is gapped out around EF. The multiple Andreev
re�ections can be measured as peaks at the ends of the gapped
region and are known as de Gennes-Saint James (dGSJ)-states [59,
60]. Due to their resemblance to the coherence peaks of normal su-
perconductors, they are often referred to as the "coherence peaks"
of the proximitized metal.

2.2.4 Magnetic impurities in superconductors

As the Meissner-Ochsenfeld shows on a macroscopic level, mag-
netism and superconductivity tend to be competing interactions.
L. Yu, H. Shiba, and A. I. Rusinov [61–63] were the �rst to theo-
retically describe the in�uence of single magnetic impurities on a
superconductor. The presence of a magnetic impurity in a super-
conducting host material breaks time-reversal symmetry and can
locally disrupt the superconducting order parameter. This leads to
excitations located inside the host's superconducting gap. These
excitations are known as Yu-Shiba-Rusinov states (YSR-states) [64,
65]. They are quasiparticles that are spatially bound to the mag-
netic impurity. For the case of 3 d transition metal atoms coupled
to a SC when the Cooper pairs are in the s-bands of the material,
the origin of the YSR-states is the exchange interaction, which cou-
ples the s-orbitals of the conduction electrons with the magnetic
d-orbitals of the magnetic impurity. One can handwavingly ex-
plain the YSR-states by the exchange �eld of the magnetic impu-
rity, which destabilizes the Cooper pairs by misaligning the spins
of the paired electrons. As a result, it takes less energy to break up

37



2 Theoretical foundations

the Cooper pair, leading to excitations at energies smaller than � .

The Anderson impurity model can be used as a starting point to
describe the YSR-states. The conduction electrons are described
by the effective BCS-Hamiltonian (Eq. 2.10), and the magnetic im-
purity is modeled as a classical spin S, which interacts with the
spin of the delocalized conduction electrons � . The strength of
the interaction is given by the exchange coupling J:

H = Heff �
J

2N å
k ,k'

cy
k� ck' � S, (2.17)

Another term that considers the Coulomb scattering between the
impurity and the substrate can be used to extend this equation. In
the spectrum, this interaction leads to a particle-hole asymmetry
in the peak intensities. For 3d metal atoms, each orbital can induce
a pair of YSR-states where the spatial shape re�ects the orbital.

With the above equation, the energy of the YSR-states is then given
by:

EYSR = � �
1 � ( � N0JS)2

1 + ( � N0JS)2 , (2.18)

where � is the superconducting gap and N0 is the normal metal's
density of states at the Fermi level.

The YSR-state is usually localized around the magnetic impurity.
Unique properties of the underlying substrate, such as strong con-
�nement along the surface [66] or the anisotropic shape of the sub-
strate's Fermi surface [67], can lead to long-ranged patterns of the
YSR-states.
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In any case, the amplitudes of the particle- and hole components
of the YSR-state decay with the distance from the impurity with
the following relation:

ur , vr /
sin(kFr + � � )

kFr
exp

�
�

r
� 0

�
, (2.19)

with the Fermi-wavevector of the substrate kF , the scattering phase
shift � and the coherence length of the superconductor � 0. Please
note that in this equation, the Coulomb scattering is also implicitly
included.

When two YSR-states are placed near each other, hybridization ef-
fects between them can occur. This leads to a splitting or shifting
of the original YSR-states. The hybridization strength depends on
factors such as the spatial extent of the YSR-state or the distance
between the YSR-impurities, or the strength and direction of the
magnetic moments [68–70]. This can even be extended to chains
or arrays of YSR-impurities. In this case, the hybridization be-
tween the YSR-states will lead to the formation of bands called
YSR-bands. In this thesis, I will refer to a 1D chain system built
this way as YSR-chain.
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2.3 Rashba spin-orbit coupling (SOC)

Rashba spin-orbit coupling (SOC) occurs at the surface of a crystal
[71]. It can be explained by relativistic effects, where the change
to the reference frame leads to a coupling between the momen-
tum of an electron and its spin. At the surface of a crystal, the
inversion symmetry is broken. This leads to an electric �eld at
the surface region. If an electron moves along the surface of the
crystal, it will be in�uenced by this surface electric �eld. From its
reference frame, the movement within the surface electric �eld ef-
fectively induces a magnetic �eld coupling to the electron's spin.
The strength and direction of the magnetic �eld seen by the elec-
tron depend on its momentum and direction of movement as well
as on the strength of the surface electric �eld. This effectively
leads to a coupling between the electron's momentum and its spin
alignment. To describe this phenomenon, we can make use of the
Rashba-Hamiltonian:

HR = � R(� � k k) � Ẑ, (2.20)

where � R is the Rashba coupling constant, and Ẑ is the unit vec-
tor perpendicular to the surface plane. It is perpendicular to � ,
the spin of the electron, and k k, the momentum component of the
electron parallel to the surface. If we assume a quasi-free electron
model for the electrons residing at the surface, with dispersion
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2.3 Rashba spin-orbit coupling (SOC)

Figure 2.5: Rashba-split dispersion relation. (A) Cut of the Rashba-
split dispersion relation along kx-direction. The color and symbols
(
 / � ) depict the spin-polarization of the subbands. (B) Cut of the
dispersion relation along the ( kx, ky)-plane. The arrows depict the k-
dependent spin orientation. The color depicts the spin polarization
along the y-direction.

h̄2k2
k

2m�
e
, the resulting dispersion relation is given by:

E =
} 2kk

2

2m� � � Rkk (2.21)

where m� is the effective mass of the electrons and� R refers to the
Rashba-parameter indicating the strength of the interaction [72,
73]. From this equation, one can extract the Rashba-energyER,
which is given by:

ER = 2� Rk0, (2.22)

Moreover, the momentum splitting of the bands is given by

2k0 = � kR = 2� Rm� =h̄2, (2.23)

When plotting these energy bands as a function of kx, i.e., one
component of k k, we can see the typical Rashba-split band struc-
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ture (Figure 2.5A). Here, the subbands are spin-polarized as given
by the colors of the two dispersion branches. The Rashba inter-
action lifts the spin-degeneracy. Due to the coupling between the
spin and the direction of movement, the Rashba interaction intro-
duces a chiral structure, as visible in Figure 2.5B. With this cou-
pling, an electron's spin can be aligned (e.g., by a magnetic �eld)
to in�uence its direction of movement or vice versa.

2.4 Kitaev model

The Kitaev model was �rst introduced by Alexei Kitaev in 2001
[15] and describes a one-dimensional chain of spinless fermions
in which phases emerge that can be categorized according to their
topology. The Kitaev model is particularly known for its predic-
tion of MZMs in the solid state system, which will be localized at
the ends of the chain. This concept is of great interest for topolog-
ical quantum computation [12].

In its usual form, the Kitaev chain is a spinless one-dimensional
tight-binding model, which considers an onsite energy, a hopping
term, and a pairing potential between neighboring sites [74]:

H = � �
N

å
j= 1

cy
j cj �

N � 1

å
j= 1

�
tcy

j cj+ 1 + � pcjcj+ 1 + h.c.
�

, (2.24)

Here cy
j and cj are the creation and annihilation operators for elec-

trons at site j, � is the chemical potential, t is the hopping ampli-
tude, and � p is the p-wave pairing potential. Note that � p is not
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the same as the order parameter used throughout the thesis for
the superconductivity of the substrates. Unlike s-wave supercon-
ductivity, which involves coupling electrons with opposite spins,
the Kitaev model is a spinless system.

To illustrate the topological properties of this model, we can ex-
press the annihilation and creation operators c and cy by a super-
position of new operators [75]:

cj =
1
2

(
 2j � 1 + i
 2j ) cy
j =

1
2

(
 2j � 1 � i
 2j ) (2.25)


 2j � 1 and 
 2j are so-called Majorana operators, with the charac-
teristic property:


 i = 
 y
i , (2.26)

making the particle its own antiparticle. This representation can
be rationalized in the following way. With the normal electronic
operators c, we depict each lattice site by its index j. There can
either be an electron or none for each lattice site. The new repre-
sentation splits up each site into two. Therefore, the number of
sites has doubled. In the new representation, each lattice site is
addressed by the indices given by 2 j � 1 and 2j.

We rewrite the Hamiltonian in Eq. 2.24 in terms of the Majorana
operators and obtain:

H = � i
�
2

N

å
j= 1


 2j � 1
 2j + i
t + � p

2

N

å
j= 1


 2j
 2j+ 1 + i
� t + � p

2

N

å
j= 1


 2j � 1
 2j+ 2.

(2.27)

By considering different limits in the parameter space between � ,

43



2 Theoretical foundations

Figure 2.6: Topologically trivial and non-trivial phase of the Kitaev
chain. Schematic illustrating the coupling between the Majorana opera-
tors 
 j in the trivial (A) and the topological phase (B). The black circles
represent the electronic lattice sites cj . In the Majorana representation,
each electron comprises two Majorana operators, 
 2j � 1 and 
 2j . The red
lines depict the couplings between the Majorana operators.

t, and � p, the new representation gives an insight into the distinc-
tion between the topological and the trivial phases.

In the limit j� j > 2jt j, Eq. 2.27 reduces to

H = � �
i
2

N

å
j= 1


 2j � 1
 2j . (2.28)

Interestingly, this Hamiltonian no longer couples the Majorana
operators from the same electronic sites to each other; instead,
it couples Majorana operators from neighboring electronic lattice
sites. This phase is, therefore, known as the topologically nontriv-
ial phase.
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Figure 2.7: MZMs as a function of parameter space. (A) LDOS of a Ki-
taev chain with 100 sites as a function of the energy E and position x for
�xed values of � and � p. (B) LDOS at the edge of the chain as a function
of E for varying � and �xed � p. (C) Same as in (B) but with a �xed �
and a varying � p. The calculation was done with a Python toolkit for
tight-binding calculations [76]. For each panel, t = 1. The LDOS and the
color scale are given in arbitrary units.

Figure 2.6 gives a pictorial representation of the two phases. In
this picture, it becomes evident that the Majorana-quasiparticles
at the ends of the chain remain unpaired in the topological phase.

We can calculate the LDOS of the chain numerically. Figure 2.7
shows the calculation for a chain with 100 sites. As seen in panel
(A), a gap is opened due to the pairing potential � p. However,
at the ends of the chain, we can see states appearing atE = 0.

45



2 Theoretical foundations

This is the MZM. To see how this mode behaves for different sets
of parameters of the Kitaev chain, we can look at panels (B) and
(C), where the spectrum is taken on the edge sites of the chain for
different values of � (B) and � p (C). Here, the other parameters
are kept constant. In (B), one can see that no MZM can be found
for the value of � < 2. For � > 2, a mode appears atE = 0, which
stays constantly at this energy. In panel (C), we can see that as
soon as� p > 0, a state can be found at zero energy as long as�
has the correct value. For small � p, we can see that the intensity
of the MZM becomes smaller due to its delocalization along the
chain.

MZMs or MBSs obey non-Abelian exchange statistics, which makes
them candidates for implementing topological quantum bits [12,
13, 77–79]. Due to their topological nature, MZMs are inherently
stable against perturbations smaller than the gap � p. Therefore,
they inherently solve the problem of decoherence that usual quan-
tum bits have [8, 80].

This has sparked an enormous interest in the experimental realiza-
tion of the Kitaev model. However, �nding a system that shows
the properties the model proposes is still tricky. The most chal-
lenging aspect is the spinless pairing term. This mechanism could
be realized by coupling a p-wave superconductor (which is based
on spin triplet coupling) to a magnet. However, p-wave supercon-
ductivity has not yet been found to occur in any (not arti�cially
designed hybrid) material, and the most prominent candidate for
p-wave superconductivity, Sr 2RuO4 is still under dispute [81, 82].

On the other hand, elemental superconductors, which can be de-
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scribed by BCS theory, rely on an s-wave pairing mechanism in-
volving an antiparallel alignment of the electrons' spins. One work-
around is to consider completely spin-polarized systems. If the
whole system does not show any differences in the observable,
one can also treat it as if this observable does not exist. Therefore,
the system behaves effectively spinless, at least within one of the
spin-polarized bands. The idea could now be to use such a sys-
tem and proximitize it with a superconductor to induce pairing
correlations. However, magnetism and conventional supercon-
ductivity usually have a rivaling relationship with each other (see
Section 2.2.1). Therefore, a spin-polarized system would usually
not allow s-wave pairing to occur. One way out of this dilemma
is the involvement of SOC. SOC can tilt the spins of the Cooper
pair electrons out of their original plane, thereby inducing a com-
ponent to the correlation, which is not of s-wave but of p-wave
nature. In other words, SOC inside an s-wave superconductor
can mix in p-wave correlations. In contrast to the s-wave corre-
lations, p-wave correlations are not challenged by spin-polarized
systems. Consequently, p-wave superconductivity induced in a
spin-polarized system could realize the Kitaev-chain model [15,
83].

Circling back to the original question, we can say that in order
to realize the Kitaev chain model, there are three ingredients to
consider: magnetism, s-wave superconductivity, and Rashba SOC
(see Section 2.3).

One promising platform, which possibly combines all of these in-
teractions, is based on magnetic chains proximitized by a super-
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conductor [19, 27–29, 38]. In this approach, magnetic impurities
are placed on a superconductor. As mentioned above, the result-
ing YSR-states already combine two (magnetism and supercon-
ductivity) of the three ingredients. The atoms can be used to form
chains of YSR-states, thereby creating YSR-bands. Depending on
the substrate choice, SOC can also be included, which is the topic
of Chapter 6.
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3 Experimental methods and
setup

In this chapter, I will introduce the reader to the scanning tunnel-
ing microscopy (STM) and scanning tunneling spectroscopy (STS)
methods used throughout the thesis. I will start with the gen-
eral principle and then move on to the STM's various operational
modes. Then, I will continue with the actual setups used to ac-
quire the measurements presented in the results chapters.

3.1 Scanning tunneling microscopy

Heinrich Rohrer and Gerd Binnig developed STM in 1982 [84],
for which they were awarded the Nobel Prize in Physics in 1986.
STM/STS are powerful methods extensively used in surface sci-
ence for investigating conducting surfaces with atomic resolution
[85–88].

To construct a scanning tunneling microscope, an atomically sharp
tip is needed, which acts as one electrode. The sharp metallic tip
is placed above the conducting sample, which acts as the second
electrode, with a bias voltage Vbias between them. Because the
electrodes are very close together, a relatively narrow tunneling
barrier is created. This allows electrons to jump between the elec-
trodes even when the applied bias voltage is smaller than the ver-
tical height of the tunneling barrier. This phenomenon is known
as the tunneling effect[89]. As a result, a small electrical current
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Figure 3.1: Illustration of STM. (A) Components of a STM setup. (B)
Example of a constant current STM image. (C) Schematic of the STM tip
above the sample surface. Taken from Ref. [90].

can be detected between the electrodes, which depends on vari-
ous factors such as the electrical properties of the electrodes, the
applied bias voltage, and the height of the tunneling barrier. As a
�rst approximation, the relation between the tunneling probabil-
ity P and tip-sample distance d is given by:

P / e� 2� d (3.1)

where � is a factor determined by the electrodes' work functions,
electron energy, and bias voltage Vbias. The tunneling probability
scales exponentially with decreasing d, which, together with the
relative sharpness of the tip with respect to the �at sample surface,
is the reason for the high spatial resolution of the STM.

While ideally operated under ultra-high vacuum (UHV) condi-
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tions, STM can also function with less precision and more frequent
tip changes under ambient conditions. As depicted in Figure 3.1,
the precise movements of the tip are typically controlled by elec-
tronic parts constructed from piezoelectric materials [91]. When
a high voltage is applied to these materials, they expand or con-
tract depending on their polarity. In modern STM setups, the tip
and tip holder are embedded into a piezoelectric tube, also known
as a tube scanner. It consists of a piezoelectric tube with radial
polarization and �ve electrodes arranged like four concentrically
aligned sheets on its sides and one in the interior of the tube. By
applying a bias voltage between opposite-facing electrodes, the
tube �exes in one direction, allowing precise movement of the tip
in the x-y plane in the subnanometer range. To move the tip in the
z-direction, the same voltage is applied to each of the four outer
electrodes with respect to the innermost electrode, causing a mo-
tion in the z-direction. Depending on the STM design, the bias
voltage Vbias can be applied to either the sample or the tip side. In
our setup, Vbias is applied to the sample. Thereby, a positive Vbias

means that electrons tunnel from the tip to the sample, while a
negative Vbias implies that electrons tunnel from the sample to the
tip. The tunneling current generated by the scanning tunneling
microscope is on the order of pA to nA and susceptible to errors.
To address this, the tunneling current is fed into a preampli�er,
which converts it into a voltage signal and ampli�es it. Subse-
quently, the signal is split into two paths: one to the data acqui-
sition electronics for recording and saving the data and the other
to the feedback loop, which regulates the distance between the
tip and sample. This feedback loop operates in constant-current
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mode, where a setpoint current Iset is maintained by varying the
vertical position z of the tip.

One can raster the sample surface in thex- and y-directions while
recording the vertical position z of the tip at each point. This re-
sults in a 2D matrix of values that can be displayed on a com-
puter, providing the sample surface's topographic information.
Depending on the mode of operation, the tunnel current can also
be recorded.

3.2 Fundamentals of scanning tunneling
spectroscopy

The basic theory of the tunneling process is part of the undergrad-
uate courses on quantum mechanics and can be found in various
quantum mechanics textbooks [92]. If we consider a particle with
the energy E and mass m, the probability for it to tunnel through
a barrier with height V0 and width d is approximately determined
by the proportionality:

T / e� 2d
h̄

p
2m(V0� E) (3.2)

In the case of STM, the tunneling barrier refers to the vacuum re-
gion between the tip and the sample, with d being the distance
between them. The applied Vbias gives the electron its energy. In
this strongly simpli�ed picture, the electronic structures of the tip
and sample are neglected.
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3.2 Fundamentals of scanning tunneling spectroscopy

John Bardeen gave a more detailed approach to this problem, which
is only outlined in the following (please refer to Ref. [93] for the
detailed description). In Bardeen's tunneling theory, the tip and
the sample are viewed as distinct quantum mechanical systems
modeled by their respective wavefunctions. A tunneling matrix
describes the tunneling probabilities between the tip and sample
electrode. The elements of this matrix can be calculated by a per-
turbative approach. Using Fermi's golden rule, one can now ob-
tain the transition rates between the electrodes.

As stated by Tersoff and Hamann, the expression for the tunneling
current can be simpli�ed. The approach is to approximate the tip
electrode by an s-wave function. This is justi�ed because most
of the tunneling current goes through the tip apex, which usually
consists of a single atom [94]. Under this assumption for the tip
state, one gets:

I (V, T, x, y) =
4� e
h̄

Z 1

� 1
� s(E � EF, x, y)� t (E � EF + eV)

T (E, V, T)( f (E � EF + eV, T) � f (E � EF, T))dE
(3.3)

Here, � s=t are the LDOS of the sample/tip measured at position
(x,y), V is the bias voltage, T is the transmission coef�cient, and
f is the temperature (T)-dependent Fermi-function. In our pic-
ture, tunneling electrons can only tunnel from occupied to unoc-
cupied states. The bias voltage can alter the Fermi level difference
in the electrodes, determining between which states the electrons
can tunnel. When, for example, a positive bias voltage is applied
between the tip and the sample, the Fermi level in the sample is
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lowered relative to the tip. Electrons can now tunnel from occu-
pied states of the tip into unoccupied states of the sample that
are at the same energy. In a real system thermal effects have to
be taken into account. Due to these, electrons can be thermally ex-
cited into unoccupied states, smearing out the occupation number
of the electron states near the Fermi levels. Mathematically, this is
taken into account by the temperature-dependent Fermi function:

f (� ,T) =
1

e� =kBT + 1
(3.4)

with � = E � EF.

As one can see from Eq. 3.3, the tunneling current depends on the
LDOS � S(E � EF,x,y) of the sample. Therefore, we can use this
relation to get insights into the sample's LDOS using a measure-
ment of I . To do this, we take the derivative of Eq. 3.3:

d I=dV (V, T,x,y) /
Z 1

� 1

h
� s(E � EF,x,y)

¶� t (E � EF + eV)
¶V

( f (E � EF + eV, T)

� f (E � EF, T)) + � t (E � EF + eV)
¶f (E � EF + eV,T)

¶V

i
dE.

(3.5)

Here, the transmission coef�cient has been left out as it can be
approximated by a constant value when the applied bias voltages
are suf�ciently small.

With the assumption that � t only changes slowly as a function of
the energy E, which is true for small energy windows (meV), we
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can simplify the above equation to:

d I=dV (V, T, x, y) /
Z 1

1
� t (E � EF + eV)

¶f (E � EF + eV, T)
¶V

dE

(3.6)
We can further simplify the equation if the temperature is low
enough (kBT << eV):

d I=dV (V, T, x, y) / � s(E � EF = eV, x, y) (3.7)

This way, STS provides direct access to the sample's LDOS below
the tip apex's location (x, y).

3.3 Modes of operation in STM and STS

Despite its basic principle, the scanning tunneling microscope op-
erates in various modes to gather speci�c information about the
sample. The different modes of operation take advantage of the
fact that the tunneling current in STM depends on the tip-sample
distance and the electronic properties of the tip and the sample.

Constant-current mode

In constant-current mode, the tunneling current is kept constant
while a feedback loop controls the tip's z-position. This loop ad-
justs the tip-sample distance by retracting the tip from the sample
if the current exceeds a setpoint value Iset, and approaching it if
the tunneling current falls below this value.
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Specroscopy modes

Apart from the topographic information, STM can also provide in-
formation on the spectral properties of the sample. We can deduce
the sample's LDOS if we know the tip's DOS or make reasonable
assumptions about this DOS.

As shown in Eq. 3.7, the LDOS of the sample is directly related to
the differential conductance tunneling, which the STM can mea-
sure. The differential conductance is obtained by recording the
tunneling current as a function of Vbias and subsequently calcu-
lating the derivative of the tunneling current with respect to Vbias.

However, in modern STM setups, the lock-in technique is com-
monly used to measure the d I=dV-signal. This technique enables
an almost instantaneous measurement of the differential conduc-
tance tunneling signal and enhances the signal-to-noise ratio through
internal �ltering instead of numerically deriving the tunneling
current. In this method, a lock-in ampli�er introduces a small
voltage signal Vmod with a high frequency f (typically in the ranges
of a few kHz) to the direct current (dc) bias voltage signal. The
voltage modulation induces a response in the tunneling current
with the same frequency. This signal is fed into the lock-in am-
pli�er, where it is multiplied by a reference signal with the same
frequency and phase and integrated over a time � to isolate the
alternating current (ac) response from the rest of the input. This
part of the response represents the change in the tunneling cur-
rent for a small change in the bias voltage. It is, therefore, di-
rectly proportional to the d I=dV value of the tunneling junction.
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3.3 Modes of operation in STM and STS

For the measurements presented in this thesis, f was chosen to be
1097.1 Hz (for the SPECS setup, see Subsec. 3.5.1) or 4142 Hz (for
the 300 mK setup, see Subsec. 3.5.2).� was chosen to be 10 ms
for bias-spectroscopy measurements (see more on the operation
mode below) and mostly 3 ms for spectroscopic maps (depending
on the scanning speed and number of data points).

Bias-spectroscopy measurements

In the bias-spectroscopy measurement mode, the tip is stabilized
above a chosen location using a stabilization current Istab and a
stabilization bias voltage Vstab. Then, the feedback is turned off.
During the measurement, Vbias is ramped inside a de�ned sweep
range, while the tunneling current and the d I=dV-signal are recorded
as described above. The dI=dV-signal then gives information on
the LDOS of the sample at the location of the tip and as a function
of energy (E = EF + eVbias). It is also possible to conduct this mea-
surement along a line or inside a grid with multiple measurement
points. For each point, the bias spectroscopy measurement is re-
peated. In the case of the line, we would call this measurement a
spectroscopic line pro�le. In the case of the grid, I will refer to this
measurement as grid spectroscopy measurement or spectroscopic
grid.
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Recording spectroscopic maps

Spectroscopic information on the sample can also be obtained while
scanning the surface in a similar fashion to the topographic imag-
ing mode. In contrast to the bias spectroscopy mode, the sample is
scanned with a constant bias voltage applied. Thereby, the LDOS
at energy E = EF + eVbias can be measured using the lock-in am-
pli�er technique. This measurement can be done with or without
feedback to prevent artifacts from stabilization effects.

A similar mode used throughout the thesis is the so-called con-
stant contour mode. In this case, the sample is �rst scanned in
constant-current mode to record the topography of the sample.
Afterward, the feedback is turned off, and the bias voltage is set
to a speci�c value. Then, the recorded topography is followed,
while the d I=dV-signal is recorded.

Atom manipulation

Atom manipulation is the last mode used very heavily in this the-
sis. With this technique invented by Don Eigler [95], the STM tip
can be used to move around single atoms or even larger objects
on the surface. Atom manipulation can be done vertically or hori-
zontally [96]. During this thesis, only horizontal manipulation has
been used. To do this, a high tunneling resistance is set by switch-
ing to high Iset and low Vbias. When the tip gets near the single
atom, the potential of the tip causes the atom to bind partially to
the tip. This allows for dragging the atom to a location of choice.
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3.4 Tunneling between superconducting electrodes

When the atom is placed in the desired location, the tip can be re-
tracted again by switching to the normal parameters Iset and Vbias

used for scanning.

3.4 Tunneling between superconducting
electrodes

The spectroscopy measurements shown throughout this thesis have
been done with a superconducting tip. The reason for that can
be understood by considering Eq. 3.5. Thermal effects, which
are considered by the Fermi function, lead to an energetic broad-
ening of features in the LDOS. In other words, �nite tempera-
tures reduce the energy resolution of the spectroscopy measure-
ments. This problem can be solved by using superconducting
tips. Mathematically, the tunneling current is a convolution be-
tween the tip's DOS and the sample's LDOS. The convolution of
a function f (x) with a delta function � (x) will result in f (x) [97].
Shifting the delta function by a value a (� (x � a)) will yield the
same result but with a shift of the signal in the x-axis by the value
a, i.e., f (x � a). To make use of this effect, the coherence peaks pro-
vided by a superconducting tip can be used as an approximation
of the delta function. With this method, the energy resolution can
be increased beyond the limit given by the Fermi function [98].

The tunneling process for a superconductor-insulator (vacuum) -
superconductor tunnel barrier is depicted in Figure 3.2. In this il-
lustrated case, a superconducting tip with a gap of � t and a super-
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Figure 3.2: Illustration of tunneling processes in SIS-junctions. Tun-
neling processes between a superconducting tip electrode's LDOS (red)
and a superconducting sample electrode's LDOS without Vbias (A) and
with Vbias = � t + � s applied between tip and sample (B). The gap pa-
rameters of the tip ( � t ) and the sample electrode (� s) are depicted by
the dotted line at the coherence peaks. The dashed lines between the re-
spective coherence peaks illustrateEF of the respective electrodes. The
applied bias voltage in (B) leads to a relative shift between EF of the tip
and the sample. Consequently, an electron current �ows, depicted by
the black arrow in (B).
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3.4 Tunneling between superconducting electrodes

conducting sample with a gap of � s are considered. The dashed
lines mark the coherence peaks labeled� � t (� � s). Dashed lines
between the respective coherence peak pairs markEF. Panel (A)
illustrates the case for Vbias = 0. The Fermi energies of both elec-
trodes are aligned to each other. No current �ows because no bias
voltage is applied. If Vbias 6= 0 is applied, the Fermi energies of
the electrodes are shifted with respect to each other. We �rst as-
sume zero temperature T = 0. Since both electrodes are gapped
for voltages jeVj < j � s + � t j, there is no current �ow between
the electrodes for Vbias in this range. A current begins to �ow at
eV = � ( � s + � t ). This scenario is depicted in panel (B). In this
case, the tip electrode's occupied coherence peak overlaps with
the sample's unoccupied coherence peak, leading to an electron
current �owing from the tip electrode to the sample electrode. A
sharp tunneling current onset can be measured due to the sharp
LDOS at both electrodes. The same is true for a bias voltage of
eV = � ( � s + � t ). However, the current �ows opposite, from
the sample to the tip. We now consider a non-zero temperature
T > 0. Then, the tunneling can already occur when a bias volt-
age of eV = � ( � s � � t ) is applied. This would apply to the cases
where either the thermally depopulated coherence peaks below
EF or the thermally populated coherence peaks above EF of the
electrodes are aligned with each other. Thereby, additional tunnel-
ing processes are caused by �nite temperature effects. This leads
to small peaks in the spectrum located close to EF if � t � � s.

When using a superconducting tip to measure in-gap states (e.g.,
YSR-states), the interpretation of the spectra becomes more dif-
�cult because each in-gap feature gets shifted by � � t . On top of
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that, when measuring at elevated temperatures, the thermal peaks
lead to an additional layer of complexity since every in-gap state
will also introduce a thermal resonance at values between � � t

and + � t . To account for this, the information on � t is added to
each spectrum shown throughout this thesis.

Modelling the SIS-spectra

In order to interpret features in spectra taken with a SC tip, the
SIS-spectra can be modeled using the tunneling current equation
(Eq. 3.3). The LDOS of the superconducting tip and the supercon-
ducting samples are modeled using Dynes functions (Eq. 2.14).

Suppose we insert these into the tunneling current Eq. 3.3 and
take its derivative, we get the current and the STS-spectrum shown
in Figure 3.3. We can see a spectrum with intense coherence peaks
appearing at � ( � s + � t ) (C). Furthermore, we can see thermal
peaks around Vbias � 0. By comparison to the measured spectra,
we can extract the values for � s and � t as done throughout this
thesis. Due to the use of superconducting tips at T � 4.54 K, ev-
ery feature of the sample can be seen doubled and shifted by the
value of the tip gap. This is why, to relate the energies measured
in the SIS-spectra back to a normal spectrum, we mark the tip gap
values, which indicate the bias voltage at which the samples' EF

can be found. The regions in between � � t show redundant infor-
mation. For this reason, we often grey out this area or cut it out to
focus on the real features. This thesis will deal with in-gap states,
such as YSR-states. When we want to model such states, we add

62



3.4 Tunneling between superconducting electrodes

Figure 3.3: Modelling of the SIS-spectra. (A, D, G) Modelled gaps of
the tip (blue) and the sample (orange) for a sample without in-gap states
(A) and a sample with in-gap states (D, G) as explained in the text. (B,
E, H) Tunneling current simulated from the LDOS shown in (A) for the
case of a clean gap (B), a gap with in-gap states atT = 4.54 K (E) and
at T = 0.32 K (H). (C, F, I) STS-spectrum calculated from the tunneling
current shown in (B), (E) and (H) for the case of a clean gap (C) a gap
with in-gap states at T = 4.54 K (F) and at T = 0.32 K (I). Parameters:
N0,tip = 1 meV� 1 m � 3, N0,sample = 1 meV� 1 m � 3, � t = 2 meV, � s =
1.5 meV,
 sample = 
 tip = 
 YSR = 0.02 meV, (A-I), I1 = 0.2 meV� 1 m � 3,
I2 = 0.3 meV� 1 m � 3, � YSR,1 = 0.5 meV, � YSR,2 = 0.5 meV (D-I) T =
4.54 K (A-F), T = 320 mK (G-I).
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additional Lorentzian peaks into the LDOS of the sample as given
by (panels (D-F)):

L(� ,I0,� 0) =
I0
 2


 2 + ( � � � 0)2 (3.8)

where Ii is the height, � i is the energetic location of the peak, and

 is the peak broadening parameter. This results in the sample's
overall LDOS:

Ns(E) = 2N0Re[
E + i �

p
(E + i � )2 � � 2

] +
n

å
i= 0

L(� ,I0,i ,� 0,i ) (3.9)

where the summation runs over each in-gap peak of the sam-
ple LDOS. The simulated SIS-spectrum in panel (F) shows that
the in-gap states are energy-shifted by � � t . Furthermore, tun-
neling at elevated temperatures leads to thermal copies of those
states inside the redundant energy region (grey, shaded bias volt-
age range). To prevent the occurrence of these thermal excitations,
the experiment can be done at lower temperatures. The panels (G-
I) demonstrate what to expect in this case. Please note that in the
actual experiment, decreasing the temperature from T = 4.54 K
to 320 mK will also affect � t and � s. However, we only vary the
temperatures between (D) and (G) while keeping the rest of the
parameters constant for demonstration purposes. In panel (H),
we can see that the decreased temperature leads to the disappear-
ance of the thermal peaks. This is more clearly seen in the dI=dV-
signal in panel (I). While the thermal peaks disappear, the peak of
the YSR-states increases in intensity.
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3.4 Tunneling between superconducting electrodes

Tip preparation

The measurements presented in this thesis have all been done us-
ing superconducting Nb tips. These tips were made from a high-
purity Nb-wire, which was mechanically cut and sharpened. The
tip was subsequently prepared under UHV conditions, where it
was �ashed to � 1500 K to remove residual contaminants and ox-
ide layers on the surface of the tip. To prepare a tip with a large
and clean superconducting gap � t during measurements, the tip
was coated with further superconducting material by indenting it
into the superconducting substrate with a high voltage applied.
To induce small changes in the tip's spectroscopic properties or
reshape the tip apex's microscopic shape, the tip was mildly in-
dented into the sample (usually with a few hundred pm) without
applying voltage pulses.
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3.5 Experimental setups

This thesis has utilized two different low-temperature UHV STM
setups. The �rst setup is a commercially available system manu-
factured by the company SPECS [99]. The second setup is a home-
built STM system capable of operating at temperatures as low as
300 mK [100]. Both STM setups are equipped with UHV prepara-
tion chambers, which will be detailed in the following sections.

3.5.1 The4.2K/1K SPECS setup

The primary measurement setup used in this thesis is shown in
Figure 3.4 [99]. This setup was used for conducting STM and
STS measurements presented in Chapters 4, 5, and parts of Chap-
ter 6. The diagram in panel (A) shows the three separate cham-
bers. The �rst chamber, shown in blue, is the Joule-Thomson (JT)-
chamber, which contains a JT-cryostat with a scanning tunneling
microscope. The system was produced commercially by SPECS
and CryoVac. The cryostat includes a liquid nitrogen (LN 2) reser-
voir to pre-cool the system to liquid nitrogen temperatures of 77 K
and a liquid helium bath cryostat, which is thermally connected
to the microscope, cooling it to a base temperature of 4.2 K. Uti-
lizing the JT cooling mechanism, the microscope can be cooled
to a base temperature of 1.1 K. However, further discussion is
omitted as the JT-cooling was not utilized in this work due to a
blockage in the impedance capillary. The JT-chamber, located in-
side the cryostat, houses evaporation ports that enable the depo-
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sition of single atoms onto the sample surface while it is cooled to
T � 4.2 K. Adjacent to the JT-chamber is the �rst preparation
chamber, highlighted in green, interconnected via a UHV gate
valve. This chamber incorporates multiple evaporation ports, a
pyrolytic boron nitride resistive heating stage, and a combined
low-energy electron diffraction (LEED)- and Auger electron spec-
troscopy (AES)-system. The second preparation chamber, marked
in orange, is linked to the �rst preparation chamber through a
UHV gate valve. It houses an e-beam stage and a sputter gun.
Each chamber has an ion getter pump and a Ti-sublimation pump,
ensuring UHV conditions during operation. Furthermore, both
preparation chambers are linked to turbo pumps for pumping
during preparation. Under normal operational conditions, the
background pressure within the system typically remains in the
range of 10� 10 mbar.

To prepare the samples presented in this thesis, we used prepara-
tion chamber 2 to sputter anneal and �ash Nb(110) crystals. After
this step, the Ag islands presented in Chapters 4 and 5 were grown
in the preparation chamber 1. For the BiAg 2 surface presented in
Chapter 6, the Bi-evaporator in the preparation chamber 1 was
used. Finally, to evaporate individual atoms onto the cold sur-
face, such as the Fe-atoms presented in Chapters 5 and 6, a triple
evaporator manufactured by the company Focuswas used.
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Figure 3.4: The JT-SPECS setup. (A)Schematic of the STM setup, with
the JT-STM chamber (blue) and the preparation chambers attached to it
(green and orange). (B) Photograph of the system; (C) Cross-section of
the design showing the lower part of the JT-chamber with the STM and
the magnet taken from Ref. [101].
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Figure 3.5: 300 mK UHV STM setup. (A) Schematic of the 300 mK UHV
STM setup consisting of the cryostat with the scanning tunneling micro-
scope and the magnet (blue), the mechanical noise damping system, the
preparation chamber (green), the chamber for sample and tip exchange
(pink) and the LEED/AES chamber (orange). Note that the LEED/AES
was not used during this thesis. (B) Close-up image of the STM head
embedded inside of the cryostat shown in (A). The image was taken
from Ref. [102].
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3.5.2 The300mK home-built system

The second STM setup utilized for a portion of the measurements
within this thesis is a home-built low-noise UHV system operat-
ing at approximately 300 mK (see Figure 3.5). The system was
designed and constructed by J. Wiebe and A. Wachowiak, and it
is extensively detailed in Ref. [100]. The STM system features
a base temperature of around 315 mK and can be broken down
into two main components: the cryogenic system, which includes
the cryostat and the 3He cooling mechanism, and the UHV multi-
chamber system. Turbo pumps are attached to the chambers to
establish and maintain UHV conditions during sample prepara-
tion and bake-outs. The preparation chamber (green) houses the
e-beam stage for �ashing samples, a sputter gun setup, and mul-
tiple evaporators to deposit atoms on a warm sample. During
measurements, the STM-head is located inside the cryostat. How-
ever, the microscope can be brought into the tip/sample exchange
chamber below the cryostat for a tip or a sample exchange. Fur-
thermore, the chamber has an evaporation port with a triple evap-
orator manufactured by Focus attached to it, which can be used
to deposit single atoms onto a cold surface. Titanium sublima-
tion pumps and ion-getter pumps are utilized to maintain UHV
during measurements. Superconducting magnets allow applying
magnetic �elds in the out-of-plane direction of the sample up to
12 T. The3He is used in a closed cycle to cool the STM-head below
the liquid helium temperature down to 315 mK with a hold time
of � 20 h.

For the preparation of the BiAg 2 on Nb(110) presented in Chap-

70



3.5 Experimental setups

ters 6, the preparation chamber was used. The Nb(110) crystal
was sputter-annealed and �ashed in multiple cycles. The evap-
orators mounted onto the preparation chamber were used to de-
posit Ag- and Bi-atoms for the growth of BiAg 2 on Nb(110). To
deposit magnetic atoms, the sample was put into the STM-head,
which was lowered into the tip/sample-exchange chamber. Here,
the sample was cooled, and atoms were evaporated onto it.
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4 Proximity induced
superconductivity in artificial
quantum dots: experimental
discovery of Machida-Shibata
states

This chapter deals with the investigation of arti�cially constructed
quantum dots and their superconducting properties when being
proximitized by a superconductor. To do this, we grow Ag(111)
islands on the superconducting surface of a Nb(110) crystal. We
examine the surface state of Ag(111) and how it behaves under
the in�uence of the underlying superconducting substrate. Us-
ing atom manipulation, we will build quantum corrals to also lat-
erally con�ne the Ag(111) surface state, creating a quantum dot
with spin-degenerate energy levels. With this, we will address the
question of what happens to the eigenmodes when it is coupled
to a superconductor. The results of this chapter will shed light on
the �rst ingredient of topological superconductivity, the proxim-
ity effect. During the time of my thesis, parts of the results of this
chapter have been published in the following works:
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dots: experimental discovery of Machida-Shibata states

Lucas Schneider, Khai That Ton, Ioannis Ioannidis,
Jannis Neuhaus-Steinmetz, Thore Posske, Roland
Wiesendanger and Jens Wiebe

Proximity superconductivity in atom-by-atom crafted
quantum dots

Nature 621, 60–65 (2023)

Lucas Schneider, Christian von Bredow, Howon Kim,
Khai That Ton , Torben Hänke, Jens Wiebe and Roland
Wiesendanger

Scanning tunneling spectroscopy study of proximity
superconductivity in �nite-size quantized surface states

Phys. Rev. B110, L100505 (2024)

Experimental and theoretical work sharing

Dr. Lucas Schneider and I conducted and analyzed the measure-
ments presented in this chapter. For the data analysis, we used
self-written Mathematica and Python scripts. Ioannis Ioannidis
derived the resonance scattering model under the supervision of
Dr. Thore Posske. Dr. Lucas Schneider used self-written Mathe-
matica scripts to simulate the particle-in-a-box model.
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Introduction

Inducing superconductivity in systems, which are initially non-
superconducting, can lead to the formation of physical systems
with non-trivial properties [16, 55, 103–105]. In the research �eld
of topological superconductivity, for example, many proposals in-
corporate the idea of using the proximity effect to induce super-
conductivity onto magnetic systems with non-trivial spin-textures
[30, 31, 106]. For hybrid systems between a normal metal and a su-
perconductor, the proximitized superconductivity depends on the
interface's transparency. For the clean limit, proximity-supercon-
ductivity in the normal metal can still be observed for normal
metal �lm thicknesses of up to 45 nm [107]. However, inducing
superconductivity into the surface state of the material requires
a more thorough understanding of the proximity effect since the
surface state is known to be well decoupled from the bulk. In the
�eld of STM, creating designer quantum states of matter by atom
manipulation often involves the con�nement of surface state elec-
trons [108–110]. Experiments in this �eld range from the creation
of arti�cial topologically non-trivial lattice systems [111, 112] to
the creation of arti�cial molecular orbitals [113–115]. Understand-
ing how to induce superconductivity in such systems would open
up new possibilities for emulating superconducting systems.

Experimental procedures

The measurements in this chapter were taken with a supercon-
ducting tip, made from a high purity mechanically cut Nb wire,
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which was �ashed to � 1500 K as also described in Section 3.4. In
the spectra, we mark the Vbias value corresponding to the tip gap
energy � � t by dashed lines with the respective label. In some of
the measurements, we cut the Vbias-interval between � � t=e and
+ � t=e to leave out the redundant information of the spectra and
focus on the relevant features.
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4.1 Noble metal system growth on a
superconductor

This section deals with the growth of Ag(111) on Nb(110). The
procedures described here will lay the foundation for the works
on the quantum corrals in the sections hereafter.

Wetting layer growth of Ag

We begin our investigations by growing clean Ag(111) surfaces
on top of Nb(110). To achieve this, we use a Nb-crystal cut in
the (110)-direction and clean the crystal by �ashing it to approx-
imately T � 2000 K. This process leaves us with the typical re-
constructed NbO x surface. The characteristic disordered striped
pattern covers the surface [116].

On the reconstructed Nb(110) surface, we deposit Ag from a high-
purity rod using an e-beam evaporator. The deposition rate is
approximately 0.1 MLs per minute while heating the sample to
about 600 K.

After deposition, we observe a coverage of approximately � 15 %,
where the deposited atoms mostly form small Ag islands. An ex-
ample of that can be seen in panel (A) of Figure 4.1. The Ag island
is marked by a blue cross, while the reconstructed NbO x surface
is marked by an orange cross. The islands on the substrate ex-
hibit heights of about 500-540 pm, corresponding to 2 MLs of Ag.
Since the Ag does not fully cover the surface, we can still see the
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Figure 4.1: Growth of 2MLs islands of Ag on Nb(110). (A) Constant-
current STM image of a thin Ag island grown on oxygen-reconstructed
Nb(110). The apparent height of the island equals 540 pm, indicating
that the Ag grows in DLs. The white bar corresponds to 2 nm. (B)
d I=dV-spectra measured on the Ag DL and the oxidized Nb(110) sub-
strate; the sharp peaks at bias voltages corresponding to � ( � t+� s) are
marked by grey, dashed lines and the ones at � ( � t -� s) are marked by
black arrows. Parameters: Vbias = 5 mV, Iset = 1 nA (A), Istab = 1 nA,
Vstab = 5 mV and Vmod = 50 µV (B).
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reconstructed NbO x/Nb(110) substrate.

Next, we compare bias-spectroscopy measurements taken on the
island with those taken on the Nb-substrate (marked by the blue
and orange "x" in Figure 4.1A). The spectra can be seen in panel
(B), with the orange line corresponding to the NbO x substrate and
the blue curve corresponding to the Ag island. The result shows
the typical spectrum for SIS-tunneling (see Section 3.4). The sharp
peaks observed atVbias = � 2.35 mV can be assigned to tunneling
between the coherence peaks of sample and tip given by � ( � t +
� s). In contrast, the two peaks at Vbias = � 0.36 mV correspond
to thermally activated tunneling processes between the coherence
peaks of the sample and tip given by � ( � t � � s). By measuring
the spectrum with different microtips, we determine a sample gap
of � s = 1.35 meV [117].

Even though we did not clean the Nb(110) surface from the oxy-
gen reconstruction, comparing the spectrum measured on the Ag
wetting layer and the one measured directly on the Nb-substrate
yields almost no differences. The fully opened gap proposes that
the oxide interface between the Nb-substrate and the Ag-�lm does
not in�uence the proximity-induced superconductivity on the sur-
face of the Ag DL.

In the next step, we zoom in on the surface of the Ag DL island,
as presented in Figure 4.2. Panel (A) shows the constant-current
STM image at normal imaging parameters. The surface is covered
with impurities of unknown chemical composition. We scan the
same area with larger tunneling currents and lower bias voltages
to uncover the surface's atomic structure, as presented in panel
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Figure 4.2: Zoom-in on the Ag DL surface. (A) Zoom-in on the DL, ex-
hibiting atomically �at areas of Ag and several twofold symmetric de-
fects of unknown origin. The white bar corresponds to 1 nm. (B) Atom-
ically resolved constant-current STM image of the same area shown in
panel (A). (C) Fourier transform of the atomic-resolution image in (B),
showing Bragg spots incompatible with a hexagonal lattice (a perfect
hexagon is overlaid in blue) but with a pseudomorphic growth on the
bcc(110) surface of clean Nb. The white line corresponds to 1.92 nm� 1.
Parameters:Vbias = 1 V, Iset = 0.1 nA (A), Vbias = 2.5 mV, Iset = 10 nA
(B).
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