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Abstract

The concept of topology in condensed matter physics has received a lot of attention

in recent decades, due to its possible utilization in several applications. In the field

of unconventional computing, non-collinear spin textures such as skyrmions and

merons possess a topological protection making them to promising candidates for

commercial spintronic devices. An approach in the realization of quantum com-

puting is to utilize topologically robust edge modes at the boundary of topological

non-trivial bulk systems, e. g. in topological superconductors. To obtain topological

superconductivity, so-called two-dimensional magnet-superconductor hybrids are

promising candidate systems for the realization of topology-based quantum tech-

nologies and superconducting spintronics. Magnet-superconductor systems hosting

spin textures with collinear spin alignment are already well established, however, the

experimental investigation of non-collinear spin textures in the vicinity of an s-wave

superconductor is still pending.

In this thesis, the first observation of nanoscale skyrmions on a square symmetric

lattice in one monolayer of Mn on W(001) is presented. By using low-temperature

spin-polarized scanning tunneling microscopy, an interesting mixed state is found,

consisting of a spin spiral texture background with a magnetic period of P = 2.2 nm

and several magnetic skyrmions on the square symmetric crystal lattice surface of

W(001).

Further, the realization of the first two-dimensional non-collinear magnet-supercon-

ductor-hybrid system in the monolayer of Fe on Ta(110) is presented. Fe/Ta(110)

exhibits a spin spiral texture with a magnetic period of approximately P = 6 nm. As

for the system of Mn/W(001), the spin spiral state of Fe/Ta(110) is transitioning to a

skyrmionic phase at high magnetic fields of a few Teslas. In contrast to Mn/W(001),

the skyrmions are elongated due to the two-fold lattice symmetry and they occur in

a ferromagnetic background.

In Fe/Ta(110), depending on the morphology of the monolayer, the system offers

beside the spin spiral texture also an in-plane ferromagnetic state with non-collinear

domain wall configurations. One domain wall orientation is characterized by a

meron-antimeron texture along the propagation direction of the spin spiral.

To study the interaction between the spin spiral texture and superconductivity, the

samples with a spin spiral as the magnetic ground state were measured at a tem-

perature of T = 1.3 K. The spectroscopic analysis shows in-gap states modulations

in the bulk area of the Fe monolayer, while at the boundaries of the Fe, chiral

edge states are identified at straight edges along the [001]-direction. Furthermore,

tight-binding calculations validate nodal-point superconductivity for the system and



identify the different signal intensities along edges with the same crystallographic

orientation as an effect of the local spin orientation at the edge onto the chiral edge

state dispersion.





Zusammenfassung

Das Prinzip von Topologie in der Physik der kondensierten Materie hat in den let-

zten Jahrzehnten aufgrund seiner möglichen Anwendungen viel Aufmerksamkeit

erregt. Im Bereich der magnetischen Systeme sind nichtkollineare Spinstruk-

turen wie Skyrmionen und Meronen, vielversprechende Kandidaten für zukünftige

Spintronik-Bauelemente. Ein Ansatz für die Realisierung von Quantencomput-

ern ist die Nutzung des topologischen Schutzes von Randmoden an der Grenze

topologisch nichttrivialer Volumensysteme, z. B. in topologischen Supraleitern.

Um topologische Supraleitung zu erreichen, sind so genannte zweidimension-

ale Magnet-Supraleiter-Hybride vielversprechende Kandidaten für die Realisierung

von Topologie-basierten Quantentechnologien und der supraleitenden Spintronik.

Magnet-Supraleiter-Hybride mit einer kollinearen Spin-Ausrichtung konnten bereits

in anderen Arbeiten untersucht werden, die experimentelle Untersuchung von nicht-

kollinearen Spin-Texturen auf einem s-Wellen-Supraleiter steht jedoch noch aus.

In dieser Arbeit wird die erste Beobachtung von Skyrmionen in der Größenord-

nung einiger Nanometer auf einem quadratsymmetrischen Gitter im Probensystem

einer Monolage Mn auf W(001) dargelegt. Mit Hilfe der spinpolarisierten Rastertun-

nelmikroskopie im Sub-Kelvin Bereich zeigt die Mn-Monolage einen interessanten

Mischzustand, bestehend aus einer Spinspiralphase mit einer magnetischen Peri-

ode von P = 2, 2 nm und mehreren magnetischen Skyrmionen.

Des Weiteren wird die Realisierung des ersten zweidimensionalen nicht-kollinearen

Magnet-Supraleiter-Hybridsystems in der Monolage von Fe auf Ta(110) vorgestellt.

Fe/Ta(110) weist eine Spinspirale mit einer magnetischen Periode von etwa P =

6 nm auf. Wie beim System Mn/W(001) geht der Spinspiralzustand von Fe/Ta(110)

bei hohen Magnetfeldern von einigen Tesla in eine skyrmionische Phase über. Im

Gegensatz zu Mn/W(001) sind die Skyrmionen elongiert aufgrund der vorliegenden

(110)-Gitterymmetrie und existieren in einem ferromagnetischen Hintergrund.

Abhängig von der Morphologie der Monolage bietet das System neben der Spin-

spirale auch einen in-plane ferromagnetischen Zustand mit nicht-kollinearen Domä-

nenwandkonfigurationen. Eine Domänenwandorientierung ist durch eine Meron-

Antimeron-Konfiguration entlang der Ausbreitungsrichtung der Spinspirale charak-

terisiert.

Um die Wechselwirkung der Spinspirale mit der Supraleitung zu untersuchen, wur-

den die Proben mit einer Spinspirale als magnetischem Grundzustand bei einer

Temperatur von T = 1, 3 K gemessen. Die spektroskopische Analyse zeigt Mod-

ulationen der In-Gap-Zustände im inneren Bereich der Fe-Monolage, während

an den Grenzen der Fe-Monolage chirale Randzustände an geraden Kanten ent-



lang der [001]-Richtung identifiziert werden. Darüber hinaus zeigen Tight-Binding

Berechnungen, dass die unterschiedlichen Signalintensitäten entlang der Kanten in

[001]-Richtung auf eine Abhängigkeit der Dispersion der chiralen Randzustände von

der Spinorientierung der Spinspirale an der Kante zurückzuführen sind.
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Introduction

The demand for larger data storage systems and faster data processing units was

essential in the last decades and will be present also in the following decades,

whereby the gap between data storage supply and demand is increasing drastically

[1, 2]. Since conventional computing systems are reaching more and more the limit

of manageable heat dissipation due to the miniaturization of semiconductor devices,

a fundamental change in the method used for computational processes is initiated

and will further develop in the future. One idea to overcome this limit and improve

the energy efficiency is quantum computing [3, 4], which is a promising approach

due to the utilization of quantum physics, a field which offers numerous paths to new

concepts of data processing in modern computers.

The realization of quantum computing requires the identification of a suitable bit, in

quantum computing called a quantum bit (qubit), that fulfills two criteria: (1) the fully

decoupling of the qubit from its environment to avoid the loss of quantum properties

(decoherence) and (2) the ability to perform computational operations with these

qubits. A property that realizes decoupling from its environment is topological pro-

tection, which gives rise to the field of topologically protected quantum computation.

A search for potential qubit candidates equipped with these properties has initi-

ated different approaches. One approach are boundary modes, which are topo-

logically protected by the bulk properties of a system. For example, in the case

of a topologically non-trivial superconductor, topological edge modes appear [5–8].

Promising candidates to initiate topological phases of superconductivity are mag-

netic skyrmions or merons from the field of spintronics [9–12], quasiparticles with

a knot-like spin configuration that leads to magnetic topological protection, which in

combination with superconductivity can lead to Majorana bound states with potential

application in quantum computing.

In this thesis, sample systems which offer the opportunity to study such states are

discussed, and the discovery of a sample system providing a spin configuration

which combines both topological protections is presented. In Chapter 1, an intro-

duction to the related theoretical background is given, where the general definition

of topology and its application to condensed matter physics is discussed. Further,

the phenomenon of magnetism is examined, where the relevant interactions and a

selection of possible magnetic ground states are included. As the last of three fun-

damental fields of physics essential for this thesis, superconductivity is introduced,

covering both conventional and unconventional superconductivity.

In Chapter 2, the experimental setup is described, and the measurement methods

with the relevant contrast mechanisms are presented.
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Chapter 3 focuses on the experimental realization of nanoscale skyrmions for the

first time stabilized on a square symmetric lattice in one monolayer of Mn on W(001).

After the investigations of non-collinear spin textures on a metal in a normal conduct-

ing state, in Chapter 4, the experimental realization of non-collinear spin textures on

an elemental s-wave superconductor in one monolayer of Fe on Ta(110) is exam-

ined.

Chapter 5 is dedicated to the identification of the magnetic properties of the magnet-

ically complex sample system of Fe/Ta(110). Depending on the morphology of the

monolayer of Fe, a spin spiral state or an in-plane ferromagnet with meron-antimeron

domain walls, is identified.

In Chapter 6, Fe/Ta(110) in the superconducting state is discussed. The identifi-

cation of local density of states (LDOS) modulations at energies inside the super-

conducting gap following the period of the apparent spin spiral texture gives rise to

spin-polarized in-gap states in the bulk area of the Fe monolayer. Subsequently, the

properties at the boundaries of the Fe islands in the superconducting state are in-

vestigated. Supported by tight-binding calculations, chiral edge states are identified

in the experiment as an increased tunneling conductance intensity at straight edges

along [001]-direction. Further, a chiral edge state dispersion dependency on the spin

spiral termination angle at the edges is discovered. The thesis concludes with an

outlook of potential applications and future investigations.
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1 Interplay of Topology, Magnetism and

Superconductivity

The first chapter provides the theoretical foundation for the physical phenomena ex-

plored in this thesis. A brief introduction to the mathematical concept of topology and

its application in condensed matter physics is presented first. Afterwards, the phe-

nomenon of superconductivity is discussed, addressing both the conventional and

unconventional cases. The physics of single magnetic atoms on surfaces and the

interactions within a magnetic layer are then examined. The chapter concludes with

a selection of possible spin configurations in magnetic layers and their topological

charge.

1.1 Topology in condensed matter

In recent decades, there has been great interest in the study of unique phases of

matter using topological classification schemes. One groundbreaking example is

the quantum Hall effect, observed in a two-dimensional electron gas under a high

magnetic field applied perpendicular to the surface. In such a system, the bulk

behaves as an insulator, while conductive channels with quantized conductance

appear at the boundary of the sample [13–16]. Another famous example is the

discovery of topological insulators [17–20], systems that are insulating in their bulk

but conductive on their surfaces. In these materials, the topological properties can

be observed without applying an external magnetic field.

More recent examples of topology in condensed matter are Weyl semimetals [21],

topologically non-trivial magnetic textures like skyrmions [22], and topological su-

perconductors [5, 6, 23–25]. The latter two cases will be addressed in this thesis.

Figure 1.1: Topology in daily objects. A sketch of different objects classified in
topologically trivial and non-trivial geometric objects.1

1geometric objects created in Blender
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Since topology stems from a general mathematical classification of geometric ob-

jects, it can also be used to classify daily objects, as shown in Fig. 1.1, where an

unequal sign separates objects with different topology, in this case the objects on

the right side contain a hole in contrast to the bottle and football on the left side of

Fig. 1.1. The topological classification means that objects with different topology

cannot be continuously deformed into each other without closing or opening holes.

Consequently, the classification of daily objects can simply be done by counting the

holes of an object, leading to the definition of topologically equal objects when they

provide the same number of holes.

This concept can be extended to the field of solid-state physics. The Hamiltonian

serves as a starting point for topological classification. After setting up a sufficient

Hamiltonian for a system, the identification of the present symmetries can be done.

Typically in solid state physics the time-reversal symmetry (T ), particle-hole sym-

metry (P) and chiral symmetry (C) are used. Depending on which symmetries are

present, a symmetry class for the system can be identified, which also defines the

appropriate topological invariant, an integer that characterizes the topological phase

of the system. In solid-state physics, the Chern number [26] is commonly used for

the topological classification of energy bands, whereas in the topological description

of daily objects the number of holes was sufficient.

C =
1

2Ã

∫

BZ

B dkx dky. (1.1)

In solid state physics, the Chern number is defined as the integral of the Berry

curvature over the entire Brillouin zone (see Eq. 1.1). A non-zero Chern number

implies a topologically non-trivial state, while a Chern number of zero leads to a

topologically trivial state. Consequently, when two systems with different topological

invariants, such as Chern numbers, are connected, the energy gap at the interface

must close, resulting in protected boundary modes at energies inside the bulk gap

of the system. This concept, known as bulk-boundary correspondence [27], means

that the properties of the bulk Hamiltonians give rise to boundary states at the in-

terfaces. These boundary states exist as long as the topological invariants of the

system remain constant.

This principle can be applied to either one-, two-, or three-dimensional systems,

resulting in boundary states arising as states in zero dimensions, at the ends of a

one-dimensional wire [28], in one dimension, at the boundary of a two-dimensional

island [29], and enclosing the entire bulk area of a system, as in the case of a three-

dimensional topological insulator [17], respectively. The topological protection of the

states can be utilized for applications in the growing field of quantum computing and

can potentially improve the data processing.
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1.2 Conventional Superconductivity

This section is dedicated to the phenomenon of superconductivity [30], a fascinating

state of condensed matter in which the resistance of a given sample drops to zero

below a critical temperature TC. In 1911, the first experimental observation of this

state was measured in mercury by H. K. Onnes et al.. He was awarded with the

Nobel prize of physics in 1913 [31]. An additional property of materials in the su-

perconducting state is that the superconductor expels magnetic flux, as long as the

applied magnetic field does not exceed a certain field strength. This effect is known

as Meissner-Ochsenfeld effect and was discovered in 1933 [32]. These results led

to a phenomenological approach, but for decades, there was a lack of a suitable

model describing these observations microscopically.

As a starting point for the microscopic description of superconductivity, F. and H.

London introduced the first phenomenological model to describe the superconduct-

ing state in 1935. Their two semi-classical equations describe the electrodynamics

of a superconductor as the following:

∂j

∂t
=
e2n

m
E (1.2)

∇× j = −e
2n

mc
B. (1.3)

Here, j represents the current density, E and B are the electric and magnetic

fields, c stands for the speed of light, and n is the charge carrier density. Considering

the absence of electric fields, the first equation suggests that currents in this ideal

conductor remain stationary. Implementing Ampère’s circuital law and the second

London equation leads to:

∇2B =
B

¼2L
, (1.4)

where ¼L is the London penetration depth. The solution to this equation offers an

exponentially decay of the magnetic field within a superconductor on the scale of ¼L,

and implies important properties of a superconducting material.

Another crucial parameter for the characterization of superconductors is the co-

herence length À0, which can be semi-classically interpreted as the extension of

a Cooper pair. Within the Ginzburg-Landau theory, À0 characterizes the variation

length scale of the superconducting order parameter of the Cooper pair conden-

sate by energy costs lower than the pair-breaking energy. The energy to break a

Cooper pair leads to a gap of quasiparticle excitations with a width of 2∆ around

the Fermi level. The superconducting gap is a characteristic feature in the spectro-

scopic measurements which will be used in this thesis to obtain more information
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about the superconducting properties of the samples. Both ¼L and À0 typically com-

prise several tens of nanometers. The ratio of both length scales, known as the

Ginzburg-Landau parameter », is defined as:

» =
¼L

À0
(1.5)

and remains approximately temperature-independent unlike ¼L and À0. For Ta this

parameter is »Ta ≈ 0.35 [33]. In 1957, A. A. Abrikosov classified superconductors

into type-I and type-II based on ». In the regime »j 1, magnetic fields decay rapidly

within the superconductor, while the condensate wavefunction varies slowly, leading

to a wide region where the condensate expels magnetic fields with positive surface

energy. Conversely, for » k 1, the surface energy can become negative, favoring

the formation of interfaces between normal and superconducting regions.

The critical Ginzburg-Landau parameter, » = 1√
2
, separates type-I superconduc-

tors (» < 1√
2
) with a critical field Bc, beyond which superconductivity breaks down,

and type-II superconductors with two critical fields, Bc1 and Bc2. In the range of

Bc1 < B < Bc2, vortex tubes appear within the superconductor, allowing magnetic

flux penetration through the superconductor. Inside these vortex cores, the order

parameter vanishes, and a supercurrent, a dissipationless flow of current in a super-

conductor, circulates around the center of the vortex. Above Bc2, superconductivity

is quenched similarly to type-I superconductors. The previously mentioned value of

»Ta ≈ 0.35 indicates that Ta, the material investigated in the superconducting phase

in this thesis, is a type-I superconductor. Despite the Ginzburg-Landau theory im-

proved the understanding of the phenomenon of superconductivity, a more detailed

description of superconductivity is introduced in the following.

The microscopic explanation of the effect by J. Bardeen, L. N. Cooper, and J. R.

Schrieffer (BCS theory), and the contributions by A. A. Abrikosov, V. L. Ginzburg,

and A. J. Leggett were again awarded with two Nobel Prizes in 1972 and 2003,

respectively. The main idea behind this model relies on the formation of bound

pairs of electrons, the so-called Cooper pairs, which are assumed to be bosons

instead of fermions in the case of unpaired electrons. This bosonic nature allows to

describe the new state as a collective quantum mechanical ground state with perfect

conductance. This formation leads to a gap of 2∆ in the electronic density of states

(DOS), representing the minimal energy required to break a Cooper pair. The BCS

Hamiltonian comprises two primary components:

HBCS =

∫

ϵkc
 
k,σck,σ dk+

∫

Vkk′c k↑c
 
−k³c−k′³ck′↑ dk dk

′. (1.6)
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Here, c k,σ and ck,σ denote the creation and annihilation operators for a fermion

with momentum k and spin Ã. ϵk represents the band energy, while Vkk′ is the pair-

ing potential. In conventional superconductors, the attractive interaction originates

from electron-phonon interactions, thereby the second term can be interpreted as

electrons creating pairs via a virtual phonon.

The mean-field approximation simplifies this Hamiltonian by eliminating four-term

interactions and defining ∆k:

∆k = −
∫

Vkk′ïc−k′³ck↑ð dk′. (1.7)

This results in the following mean-field Hamiltonian:

HBCS =

∫

ϵkc
 
k,σck,σ dk+

∫

(∆kc
 
k↑c

 
−k³ +∆∗

kc−k³ck↑) dk+ Ẽ, (1.8)

where Ẽ represents an energy offset. A Bogoliubov-Valatin transformation diago-

nalizes this Hamiltonian, revealing Bogoliubov-de-Gennes (BdG) quasiparticles µk↑
and µ−k³ obeying fermionic anticommutation relations. The Hamiltonian, in terms of

these BdG quasiparticles, becomes:

HBCS =

∫

Ekµ
 
k,σµk,σ dk+ Ẽ (1.9)

with the energy dispersion for the quasiparticles given by:

Ek =
√

ϵ2k + |∆k|2. (1.10)

The expectation values |uk|2 and |vk|2 are connected as follows:

|vk|2 = 1− |uk|2 =
1

2

(

1− ϵk
Ek

)

. (1.11)

In a simplified view, mean field theory effectively reduces the two-body problem

to a one-body problem by introducing the BdG quasiparticles, which improves the

calculations of such a system to be much less time-consuming.

While nearly-free electrons exhibit a dispersion ϵk = ℏ
2|k|2
2m∗

+ EF , the presence of

a finite gap 2∆ in the spectrum around EF leads coherence peaks at ±∆, effec-

tively avoiding states between ±∆. These peaks can be attributed to quasiparticle

excitations at energies where the Cooper pairs break. The DOS, which is corre-

lated to the measured signal in the experiments, can be obtained by considering

N(Ek)dE = N(ϵk)dϵ. Since in a realistic system, the quasiparticles have a finite

lifetime, a broadening parameter Γ needs to be implemented resulting in the well-
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known Dynes-function:

N(E)

N0

= Re

[

E − iΓ
√

(E − iΓ)2 −∆2

]

. (1.12)

This function plays a crucial role in characterizing the DOS and can be measured

in tunneling experiments, such as scanning tunneling spectroscopy (STS), a mea-

surement method used in this thesis for the investigation of the superconducting

properties of the samples (see details in Sec. 2.4). The effect of the broadening

Figure 1.2: Density of states of a superconductor. The DOS is plotted using the
Dynes function for T = 0 K in dependency on the energy for different
values of the broadening parameter Γ.

parameter Γ is presented in Fig. 1.2, where the increase of Γ leads to a filling of the

states at energies between ±∆ and to a suppression of the coherence peaks.

Nodal-point Superconductivity

A special type of conventional superconductivity is a nodal-point superconductor

[34–39], where the energy gap of 2∆ closes at certain points in k-space. This

phenomenon is not exclusively observable in a few superconductors or magnet-

superconductor hybrid (MSH)-systems; it also appears in materials with Dirac cones

(e.g., graphene [40, 41]) leading to nodes without chirality, and Weyl semimetals [21,

42–44], exhibiting nodes with chirality. In Fig. 1.3, a visualization of energy bands

of a gapped superconductor with a clear energy separation of both bands is shown

in (a), while (b) depicts a gapless superconductor with four nodal points where the

conduction and valence bands touch each other at zero energy. Since the previ-

ously discussed Chern number is ill-defined in the case of touching energy bands,

it is not possible to calculate a meaningful Chern number for such a superconductor
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Figure 1.3: Energy bands of a gapped and gapless superconductor. A sketch
of possible gapped (a) and gapless (b) energy band configuration for
two different superconductors. The gapped superconductor shows an
energy gap around the Fermi level. The gapless superconductor has
four nodal points where the valence and conduction bands touch each
other.

to identify the topology of the system. Therefore, another topological invariant, the

so-called winding number [45], is used to explicitly choose a closed path around the

nodal points to determine whether they contain a finite topological charge.

Unconventional Superconductivity

The previous introduction to superconductivity focused solely on conventional su-

perconductors, where electron pairing is initiated by phonons and characterized by

s-wave symmetry, the pairing mechanism with the highest symmetry. In these sys-

tems, electrons with opposite spins form Cooper pairs in a spin-singlet state with a

total spin S = 0. Consequently, the orbital momentum of the Cooper pair is L = 0.

The elemental superconductor Ta is well described by the introduced model. How-

ever, when other materials are deposited onto a Ta sample, as examined in this

thesis, the situation becomes more complex to describe the superconductivity in the

proximitized material. When a normal metal is in the vicinity of a superconductor, the

proximity effect [46] leads to the adoption of superconducting properties by the nor-

mal metal. In more detail, the formed Cooper pairs in the superconductor are able

to penetrate into the normal metal and induce superconducting correlations over a

certain distance. In this intermediate scenario of a fractionally proximitized normal

metal, the pairing mechanism differs from that of the bulk superconductor.

Therefore, it is important to note that other, more exotic pairing mechanisms may

exist. For example, not just phonons but also spin-fluctuations can contribute to

the pairing mechanism leading to drastically higher transition temperatures, e.g.
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cuprates and Fe-based pnictides [47]. Moreover, some materials exhibit Cooper

pairs in a spin-triplet state with total spin S = 1 or with angular momentum L ̸= 0.

States where the angular momentum is non-zero can be classified in p-wave, d-

wave, etc., in analogy to atomic orbitals with higher angular momenta. The discovery

of more complex mechanisms for creating Cooper pairs, led to critical temperatures

which were higher than the temperatures observed for conventional superconduc-

tors. However, in the race to find a superconductor with a transition temperature

as close as possible to room temperature, hydrogen-based superconductors under

high pressure, which can be described by the BCS theory, emerge as the most

promising candidates, as recent developments indicate [48, 49].

In this thesis, the focus will be on the topologically non-trivial phases of super-

conductivity. In addition to the described ways of complex pairing mechanisms

of the Cooper pairs, heterostructures consisting of conventional superconductors

combined with magnetic materials can exhibit unconventional properties of the su-

perconducting state as well, e.g. a two-dimensional magnetic layer, offering a non-

collinear spin texture, in vicinity to an s-wave superconductor [50]. Since the experi-

mental realization and investigation of such an MSH-system will be one of the main

topics in this thesis, the next section will discuss established concepts of magnetic

materials on metals, both in the normal and superconducting state.

1.3 Magnetic atoms on surfaces

To discuss the phenomena of two-dimensional MSH-systems, an introduction to the

physics emerging from the adsorption of a single magnetic atom and an entire mono-

layer of a magnetic material on a metal, initially in the normal state and subsequently

in the superconducting state, is presented.

Kondo Physics

Magnetic atoms interacting with a metallic crystal can lead to complex, strongly cor-

related states, for which a theoretical description is challenging. Jun Kondo was

able in 1964 to develop a scattering model that describes such a system and solved

unclear observations from the 1930s [51, 52] where metals doped with magnetic

impurities exhibited an increasing resistance at low-temperatures. In this model the

local spins of the impurity are interacting with the delocalized conduction electrons of

the crystal via an exchange interaction JK . This interaction leads to a resonant scat-

tering channel and in a regime of strong coupling it leads to an effective screening

of the magnetic moment, i.e. the impurity spin and the conduction electrons form

a many-body singlet state (Kondo cloud) with S = 0 [53]. The system undergoes
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a crossover from a high-temperature regime with free spins to a low-temperature

regime with screened spin, the threshold between these regimes defines the Kondo

temperature TK .

Spin-flip processes of the system mainly occur for nearly degenerate ground states

at low energy. Scanning tunneling spectroscopy is one possible tool to observe

these excitations as a resonance around zero energy. The first experimental proof

of this zero-bias anomaly was observed on Ce [54] and Co atoms [55–58] on noble-

metal (111) surfaces. The tunneling path can either go through the Kondo reso-

nance or directly into the substrate. Considering an interference of both paths the

appearance of the Kondo feature in the measured dI
dV -signal can vary from a dip to a

peak in conductance around zero. This is phenomenologically described by a Frota

lineshape [59, 60]:

ÄFrota (É) = A · Re
[

eiφ
√

iΓF

É − É0 + iΓF

]

(1.13)

with the Frota parameter ΓF , the intensity of the resonance A, the energy of the

resonance É0 and the phase factor ϕ.

Figure 1.4: Frota resonance. Visualization of resonances using the Frota function
in Eq. 1.13 for different values of the phase factor ϕ.

Yu-Shiba-Rusinov States

One can now raise the question how the physics of a magnetic impurity on a metal

is changed by the superconducting state where the conduction electrons are bound

to Cooper pairs?
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In the 1960s, this problem was investigated by L. Yu, H. Shiba and A. Rusinov

independently [61, 62]. They concluded that, under consideration of the BdG Hamil-

tonian incorporating scattering by magnetic and non-magnetic potentials and super-

conducting pairing, magnetic impurities break the Cooper pairs, resulting in the so-

called Yu-Shiba-Rusinov in-gap states. Due to particle-hole symmetry, these in-gap

states appear in pairs at energies ±EYSR around zero energy. The Yu-Shiba-Rusinov

states are exponentially localized around the magnetic impurity, with a decay length

determined by the superconductor’s coherence length À0.

1.3.1 Interaction between magnetic atoms

The increase in the number of magnetic atoms leads to an increased number of

required interactions to be considered to determine the magnetization of the atoms.

There is a zoo of different possible spin textures which can be stabilized by the inter-

play of several magnetic atoms, as it is presented in section 1.3.2. Spin textures can

be categorized into collinear, non-collinear and non-coplanar spin configurations.

The collinear case includes the ferromagnetic (FM) alignment of adjacent spins as

well as the antiferromagnetic (AFM) alignment. For a FM state, the angle between

adjacent spins is ¹ = 0◦. If the angle is ¹ = 180◦ an AFM state is realized. An angle

which is between a FM and AFM alignment results in a spin spiral, a 360◦ rotation

of the spins along the propagation direction of the spin texture with either a fixed

angle (homogeneous spin spiral) or a varying angle between neighboring spins (in-

homogeneous spin spiral). The ratio of the following exchange interactions plays an

important role in determining the magnetic ground state of a system.

First of all, the Heisenberg exchange is the strongest exchange interaction and is

a quantum mechanical phenomenon that results from the overlap of electron wave-

functions. The sum over all atom pairs with spins Si and Sj can be expressed as

[63]:

Eex =
∑

i,j

−JijSi · Sj, (1.14)

with a summation of all possible pairs of spins. For different crystal symmetries

or materials, the distance between the neighboring spins varies. In Fig. 1.5 the

nearest neighbors in both crystal symmetries discussed in this thesis, namely the

bcc(001) and bcc(110) surface, are presented. The exchange constant Jij becomes

very small for distances larger than a few atomic constants. For most magnetic

systems, only the nearest neighbors play a role and determine which ground state

is stabilized. In the case of a FM system the exchange constant is positive (J1 > 0)

and in the AFM case the exchange constant changes to a negative value (J1 <

0). If J1 and J2 have a different sign in the case of a bcc(110) surface, the spin
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Figure 1.5: Nearest neighbor distances of two body center cubic planes. Vi-
sualization of the nearest neighbor distances for the bcc(001) and
bcc(110) surface. The listed distances are in units of the lattice con-
stant a.

system becomes frustrated and may accommodate non-collinear magnetic states.

Fig. 1.6 (a) shows a simulation of the Heisenberg model in one dimension with a

Figure 1.6: The one-dimensional solution of the Heisenberg model. Simula-
tion of the Heisenberg model with exchange energies between nearest
neighbors J1 and next nearest neighbors J2 simulated with the Monte
Crystal Software [64] which was created by J. Hagemeister. (a) FM
case with J1 = 20 meV, J2 = 0 meV, (b) spin spiral case with J1 =
20 meV, J2 = −6 meV, (c) AFM case with J1 = −20 meV, J2 = 0 meV
and in (d) spin spiral with J1 = −20 meV, J2 = −6 meV. All energies are
in units of energy per bond.

positive exchange constant between the nearest neighbors resulting in a FM state.
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In Fig. 1.6 (b), the next nearest neighbor term, which prefers an AFM alignment,

creates a spin spiral. If J1 is negative and J2 is not considered, it leads to the AFM

case as it is visible in Fig. 1.6 (c). If both values are negative, again a spin spiral

arises with the same angle between adjacent spins with respect to the quantization

axis but this time an AFM spin spiral is apparent (see Fig. 1.6 (d)).

Another important energy to describe the magnetic interactions is the spin-orbit

coupling (SOC), which is responsible for additional magnetic energies. The SOC de-

scribes the interaction between the spin of the electron and the movement around

the nucleus. This movement leads, in the rest frame of the electron, to a moving

nucleus which produces a magnetic field the electron spin can couple to. This mag-

netic field depends on L, the spin S of the electron, the radius of the orbit r and the

potential of the nucleus V . The resulting magnetic term can be expressed by:

HSOC =
1

r

¶V (r)

¶r
L · S. (1.15)

The potential V varies between different crystallographic directions so that the spins

prefer different orientations. Consequently, there are easy (hard) axes where the

HSOC is minimized (maximized). At surfaces, a term like [65]:

Eani =
∑

i

K sin2 ϕi (1.16)

describes the first order uniaxial anisotropy energy and is usually sufficient for

isotropic, ultrathin films on single crystals. It includes the anisotropy constant K and

the angle ϕi between the spin Si on site i and the anisotropy axis. For K > 0 (K < 0)

the axis is an easy (hard) axis and the spins will prefer to orient collinearly (perpen-

dicularly) to it in order to reduce the anisotropy energy. Another consequence of the

SOC is the Dzyaloshinskii-Moriya-Interaction (DMI) [66, 67]:

EDMI =
∑

i,j

Di,j · (Si × Sj), (1.17)

where D is the Dzyaloshinskii vector, which is constrained by the symmetry of the

system. In contrast to the Heisenberg exchange, DMI contains the cross product

of two spins Si,Sj which means that a canting of π
2

between two magnetic mo-

ments is energetically favorable. If the system is centrosymmetric, the DMI van-

ishes, since the Hamiltonian is invariant under all symmetry operations of the sys-

tem. Both effects related to SOC are strongly correlated with the atomic number Z,

since HSOC ∝ δV (r)
δr

∝ Z.
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External magnetic field

The effect of an external magnetic field can be described with the Zeeman energy.

This additional term represents the potential of an external magnetic field B⃗ acting

on the magnetization of the sample MS:

EZee =
gSµB

ℏ
MS ·B, (1.18)

where gS ≈ 2 is the Landé factor, ℏ is Planck’s quantum of action and µB is the Bohr

magneton. The dependence on B means that with high external magnetic field the

magnetic moments of the sample will prefer a parallel alignment to B.

Hamiltonian for a magnet-superconductor-hybrid-system

For the description of a MSH-system additional terms related to superconductivity

need to be added to the magnetic-related terms introduced in the last section. A

minimal Hamiltonian of such a MSH-system can be expressed as [68]:

Hk =
∑

k∈BZ

{Èk [ϵkÃ0Äz +αk · σÄz +∆Ã0Äx]Èk

+Èk [SQ · σÄ0]Èk+Q + h.c. } ,
(1.19)

where

ϵk = 2t0 (cos (k1) + cos (k2)) + 2t1 cos (k1 − k2) + 2t2 cos (k1 + k2)− µ (1.20)

³k = 2
(

³0

√

1
3
(sin (k2)− sin (k1))− ³1 sin (k1 − k2)

³0

√

2
3
(sin (k2) + sin (k1)) + ³2 sin (k1 + k2) , 0

)

,
(1.21)

SQ =
1√

M1M2

∑

r

S(r)e−iQ·r. (1.22)

Here, M1 and M2 refer to the size of the magnetic unit cell along the chosen lattice

vectors a1 and a2, respectively, and S(r) at site r = (x, y) defines the spin texture

under investigation.

In real systems, all the introduced magnetic interactions compete with each other

and provide the magnetic ground state of a system. The next section will give an

overview of the spin textures in magnetic layers relevant to this thesis.



Interplay of Topology, Magnetism and Superconductivity 17

1.3.2 Spin configurations and topology of magnetic textures on surfaces

For the prediction of the type of magnetic ground state that can be found in a sample

system, a consideration of several interactions, as discussed in the previous section,

is necessary. The magnitude of these interactions varies with different material com-

binations, which results in several potential magnetic ground states.

Figure 1.7: Set of possible spin configurations on sample surfaces. In all pre-
sented panels, the topological charge density is mapped [69], where
blue color means negative topological charge and red means positive
topological charge. For a topological charge of zero, the background
remains white. (a) A FM state with spins pointing upwards in an out-of-
plane direction. (b) A cycloidal spin spiral with a period of a few lattice
sites and a trivial topological charge. (c) A magnetic Néel-like skyrmion
with negative polarity (spin pointing downwards) and positive helicity
(clockwise rotation). The topological charge is Q = −1. (d) A Néel-
like antiskyrmion with the same polarity as in c) but changed helicity
and different topological charge (Q = +1). A meron (e) and an an-
timeron (f) with the same polarity and different helicity, with Q = +0.5
or Q = −0.5, respectively, are presented.

In Fig. 1.7, a few examples of possible spin configurations inside a magnetic layer

are shown, along with the corresponding calculated topological charge density [70,

71], where the local topological charge can be calculated with two triangular sub-

lattices as presented in the following [69]:
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q1 = ℜ
[

2

i
log

(

1 + r1 · r2 + r2 · r3 + r3 · r1 + ir1 · (r2 × r3)
√

2 (1 + r1 · r2) (1 + r2 · r3) (1 + r3 · r1)

)]

÷ (4Ã) (1.23)

q2 = ℜ
[

2

i
log

(

1 + r2 · r4 + r4 · r3 + r3 · r2 + ir2 · (r4 × r3)
√

2 (1 + r2 · r4) (1 + r4 · r3) (1 + r3 · r2)

)]

÷ (4Ã). (1.24)

The different r vectors refer to the spin components of the four atoms involved in

the calculation of the topological charge of two triangles and the prefactor is for the

normalization of the topological charge.

In Fig. 1.7(a), a collinear ferromagnet with an out-of-plane spin orientation is

shown. The topological charge density is zero for the entire area as expected for

a FM alignment. In Fig. 1.7(b), a spin spiral with Néel-like rotation is sketched in a

two-dimensional layer. The topological charge remains zero for such a spin config-

uration because a rotation confined to a plane is not sufficient; a contribution from

the third dimension is necessary to span a solid angle which leads to a non-zero

topological charge. In Figs. 1.7(c) and (d), a skyrmion and an antiskyrmion, re-

spectively, are shown. A skyrmion [22, 72–77] is a quasiparticle that is topologically

protected, as shown by the calculated topological charge density in (c) and (d). The

antiskyrmion has a different helicity (H), leading to an opposite topological charge

while keeping the polarity (P) of the skyrmion constant. Another topologically non-

trivial spin texture is the meron, which is a quasiparticle with a spin rotation of only

180◦ from one side to the other (see Figs. 1.7(e),(f)), crossing the meron center. In

contrast to the 360◦ rotation of a skyrmionic configuration, this leads to a total topo-

logical charge of Q = 0.5 or Q = −0.5, respectively. As for the skyrmion a change

in helicity while keeping the polarity the same results in opposite topological charge.

Skyrmion P = 1 P = −1
H = 1 1 -1
H = −1 -1 1

Meron P = 1 P = −1
H = 1 0.5 -0.5
H = −1 -0.5 0.5

Table 1: Topological charge of skyrmions and merons with different helicity and po-
larity.

Naturally, more combinations of different polarity and helicity than those presented

in Fig. 1.7 are possible. In Table 1, all relevant combinations that are not trivially re-

lated to each other by trivial symmetry operations are considered. Concluding, dif-
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ferent signs of helicity and polarity result in a change of topological charge compared

to configurations with the same signs.

Due to their small size and topological protection, skyrmions and merons are po-

tential candidates for promising improvements in data storage density in the field of

spintronics [9–11]. Two proposals are skyrmion or domain wall racetrack memory

devices [78, 79].2

2a few sentences in this chapter are cited from my master thesis [80]
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2 Instrumentation and Measurement Techniques

Almost all measurements presented in this thesis were obtained using a multi-

chamber ultra-high vacuum (UHV) system, which offers several opportunities for

sample preparation and analysis. Since the second chamber system used for this

thesis consists of similar components and preparation tools, the following section

will focus on the primarily used UHV system (see details for the other UHV system

in [81]). The two low-temperature scanning tunneling microscopes and the location

of each relevant preparation facility are described in the following section. Addi-

tionally, the measurement methods used are introduced, and the relevant contrast

mechanisms contributing to the signal in the scanning tunneling microscopy (STM)

measurements discussed in this thesis are examined.

2.1 The Ultra-High Vacuum Chamber System

The mostly used unique UHV-system consists of seven separated chambers with

a base pressure lower than 10−10 mbar which is maintained by ion-getter pumps3

and titanium sublimation pumps4. The entire system floats on a passive air-damped

table which is placed on a decoupled foundation. With transfer arms and mechan-

ical hands samples are transferred within the chambers. A sketch of the chamber

system and the relevant features of each chamber is shown in Fig 2.1. The central

chamber of the system is the R2P2-chamber designed by Omicron, which allows the

distribution of the sample to each side chamber. For the sample preparation, three

procedures are essential to optimize the surface cleanliness of a sample surface,

namely O2-glowing (preparation chamber), argon ion sputtering (analysis chamber)

and high-temperature flashes (HTF) with an e-beam heater (preparation chamber).

The e-beam heater is able to heat the samples over 2000◦C which allows to remove

the majority of contaminations of a single crystal. Afterwards, the sample is trans-

ferred to a Knudsen cell or e-beam evaporator in the MBE-chamber and by using a

variety of high-purity elements, ultrathin layers can be deposited on top of the sam-

ple surface. Additionally to the features in Fig. 2.1, the analysis and preparation

chambers also have a resistance heater to heat the sample to a couple of hundred

degrees Celsius.

3accelerates ions to sputter a getter material which is an active pumping element
4evaporates titanium in intervals between 4 and 8 hours into the chamber to bind the residual gas

molecules



Instrumentation and Measurement Techniques 22

Figure 2.1: Sketch of used ultra-high vacuum chamber system. Experimental
setup of the UHV-chambers with facilities which were used during sam-
ple preparation and analysis.

2.2 Low-Temperature Microscopes

The system has two low-temperature microscopes: the 4He-Bath-Cryostat-STM

[82–84] is cooled by a connected tank filled with liquid helium. A second tank en-

cases the first one and is filled with liquid nitrogen. If both tanks are filled the mi-

croscope has a working temperature of 8 K. For sample pre-characterization, the

system can be operated at temperatures of 100-150 K with a filled outer tank with

liquid nitrogen or even at room temperature without any cooling. At 8 K, a magnetic

field of up to 2.5 T can additionally be applied perpendicular to the surface by using

a superconducting coil.

Cr and W are common materials for STM tips. W tips were prepared from a W

wire, electrochemically etched in a saturated NaOH solution. W tips are appropriate

for non-magnetic measurements. Another common kind of tip are chemically etched

Cr tips, which have a randomly orientated magnetic moment at the tip apex and do

not exert any stray fields. The choice of the tip strongly depends on the desired

experiment. Cr-tips are used for experiments in which the sample magnetization

should respond to the external magnetic field, while the magnetic state of the tip

needs to stay fixed. Cr tips were used for all measurements in this thesis, also in the

second low-temperature microscope, the High-Field-STM. It is cooled by coupling

a liquid helium bath via helium exchange gas. The typical working temperature is

4.2 K. Utilizing the Joule-Thompson-effect [85], the microscope can reach a temper-

ature of approximately 1.3 K. The perpendicular magnetic field of up to 9 T, produced
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by a superconducting coil, and the low-temperatures offer the opportunity to investi-

gate and manipulate metallic samples under extreme conditions including the ability

to switch between the normal conducting and superconducting phase of a sample

system.

2.3 Scanning tunnelling microscopy

The first working scanning tunneling microscope was developed in 1981 by Gerd

Binnig and Heinrich Rohrer [86]. A few years later, spin-polarized scanning tunneling

microscopy (SP-STM) was introduced [87]. Since then, it has enabled the detection

of magnetic properties down to the atomic scale based on the quantum mechanical

tunneling effect. The theoretical concepts of STM and SP-STM will be sketched in

the following. The approach of two metals up to a distance of some Å results in a

tunnel current until the Fermi levels of both are equal. An additional bias voltage

between both electrodes causes a shift of the two Fermi energies EF that leads to

a continuous and detectable current of some nA. According to the Tersoff-Hamann

theory [88], the tunnel current between a metallic tip and a metallic sample in a

typical limit of small bias and low-temperatures is given by:

I =
2Ãe2

ℏ
V
∑

µν

|Mµν |2¶(Eν − EF )¶(Eµ − EF ). (2.1)

In Eq. 2.1, V is the bias voltage between tip and sample, EF the Fermi-energy, Eµ,Eν

the energies of the states Èµ,Èν and Mµν the matrix elements describing tunneling

between the tip state Èµ and the sample state Èν . The matrix elements Mµν can be

expressed as:

Mµν = − ℏ
2

2m

∫

dS(È∗
µ∇Èν − Èν∇È∗

µ). (2.2)

The integrand can be interpreted as a current density operator for a current from

state Èµ to state Èν . The integration is over an area which lies entirely inside the

region between the tip and the sample. The description of SP-STM needs to sep-

arate the tunnel current into two components of spin-polarized current. In general,

the current between a magnetic domain of the sample and a magnetic tip at place

rT can be expressed as [89–91]:

Itot(rT, V, ¹) = IEle(rT, V ) + IMag(rT, V, ¹) (2.3)

Itot(rT, V ) ∝ ¸T ˜̧S(rT, U) +mTm̃S(rT, V ), (2.4)
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where ¹ is the angle between the tip magnetization mT and the sample magneti-

zation mS, ˜̧S is the integrated LDOS and m̃S is the vector of the integrated local

magnetization DOS of the sample. In Eq. 2.4, ¸T = ¸↑T+ ¸
³
T is the DOS of the tip and

mT = (¸↑T − ¸³T)eT is the magnetization DOS of the tip, with eT being a unit vector in

the direction of the tip magnetization. The spin-polarized current is a consequence

of an unbalanced ratio of occupied spin-up and spin-down states, which leads to

a different probability of tunneling into unoccupied spin-up and spin-down states of

the sample (see Fig. 2.2 b)). With the assumptions of a constant magnetic field B,

a temperature of T ≈ 0, and within an s-orbital approximation for the tip and sample

states (details of the derivation in [89]), the spin-polarized tunnel current is given by:

I(rT) ∝
∑

a

exp(−2»|rT − ra|)(1 + PTPS cos³a), (2.5)

where ra describes the position of the surface atoms a, and ³ the corresponding

angle of the surface spins to the magnetization axis of the tip. PT,S = (¸↑T,S −
¸³T,S)/(¸

↑
T,S+¸

³
T,S) indicates the spin polarization of tip and sample. The dependence

of the tunneling current on rT and PTPS in Eq. 2.5 is used to measure high-resolution

images with magnetic contrast (tunneling magnetoresistance effect, TMR). The most

common mode of STM is the constant-current mode. Every difference in LDOS

leads to a higher/lower tunnel current. To keep the same current value, piezo ele-

ments are regulating the height of the tip. In imaging mode, the tip scans an image

area line by line with constant current while the height of the tip z(x, y) is measured

(see Fig. 2.2). The measured Z-signal also contains, besides the topographical

information, information about the polarization of the tip and sample.

2.4 Scanning tunneling spectroscopy

Another signal that can be recorded is the differential tunneling conductance

(dI/dV ). It is detected with a lock-in technique, where the bias is modulated by

a high frequency signal in a small interval around the chosen constant bias energy.

The change of the reference signal is proportional to the LDOS of the sample at the

location of the tip and the energy chosen:

dI

dV
∝ ¸S(rT, EF + eV ). (2.6)

The measurement of dI/dV is referred to as STS or spin-polarized STS. For the

spectroscopic measurements, the tip is positioned above a desired sample location

at a bias voltage Vstab and a tunnel current Istab. For STS measurements, a fixed tip-

sample distance is required to exclusively vary one parameter (see equation 2.6).
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Figure 2.2: Principles of STM and SP-STM. Geometry of the experimental setup.
(a) Conventional STM and (b) SP-STM with magnetic tip and sample,
including a sketch of the spin-conserving tunneling process between tip
and sample.

Consequently, the feedback loop needs to be opened for the entire measurement.

To acquire the data, the bias voltage is swept while the dI/dV signal is measured

using the lock-in technique. A small sinusoidal modulation voltage of frequency fmod

is added to the sample bias. For the results presented in this thesis, a frequency

of fmod = 4777 Hz was used. The measured signal is the broadened response to

the swept bias voltages in the energy range ±Vmod. The lock-in amplifier multiplies a

reference signal of the same frequency with the original measured signal and inte-

grates it over time. Given that sine waves with different frequencies are orthogonal to

each other, filtering signals with the exact frequency fmod using this lock-in technique

is highly effective and results in an excellent signal-to-noise ratio.

Energy resolution in scanning tunneling spectroscopy

Various factors determine the energy resolution in STS experiments. The majority

of broadening effects originate from the finite temperature in the STM setups. In this

thesis, results with either a measurement temperature of T = 4.2 K or T = 1.3 K

are presented. Based on the simplified picture of a Fermi-Dirac distribution with

broadening, which reflects the full width at half maximum of the curve and describes

thermally excited tunneling around the Fermi level, it is possible to estimate the
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thermal broadening in STS measurements. Since the modulation voltages can also

contribute to the broadening of the signal, only a small modulation voltage of Vmod =

50 µV was chosen for the low-temperature measurements. The consideration of

both effects for the estimation of the energy resolution can be expressed as:

∆E = 3.5kBT + Emod. (2.7)

This relation leads to the energy resolutions of ∆E(T = 4.2 K) = 1.32 meV and

∆E(T = 1.3 K) = 0.44 meV. Due to the difference of almost one order of magnitude

between thermal broadening and the broadening related to the lock-in technique,

the thermally related effects are the dominant contribution in the estimated energy

resolution. Note that unwanted instabilities in the bias voltage and capacitive effects

can further decrease the energy resolution. Ultimately, a reduction of the influence

of external frequencies during the measurements is realized by high frequency filters

close to the microscope.

2.5 Further Techniques

This section continues with the introduction of the measurement techniques used in

this thesis and presents additional tools implemented in the Nanonis software, which

supported the analysis of the sample systems.

Spatial variation

Another way to acquire spectroscopic information about the sample is to measure

the spatial variation of the LDOS. Therefore, line spectroscopic measurements in

one dimension, e.g., above certain edge orientations, or dI/dV maps in two dimen-

sions, e.g., measuring the bulk properties of an island, can be performed. Fur-

thermore, the sample can also be probed in either constant-height or constant-

current mode while recording the dI/dV signal at a fixed bias voltage V . To obtain

a constant-height map, a certain bias voltage is chosen and the feedback loop is

turned off for the entire measurement of the scan area.

Multipass mode

The multipass mode is another versatile tool for investigating sample surfaces and

enables measurements at zero bias voltage. This mode operates as follows: the

software first measures one line in constant-current mode (at voltage V and current

I) and then replays the line with the feedback turned off, optionally at a different

tip-sample distance by adding zoffset. Additionally, during the repetition of the first
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scan line, it is possible to change the sample bias (Vmeas). Primarily, a bias volt-

age of Vmeas = 0 V was chosen for the measurements where the sample was in

the superconducting phase to be as deep as possible inside the superconducting

gap of the sample system. In other words, during this measurement the current

and dI/dV signal, by repeating the initial Z signal at a different bias voltage, can

be obtained. The current signal measured in multipass mode can be interpreted

as the asymmetry of the tunnel current around the chosen bias voltage Vmeas in the

range between ±Vmod = 50 µV. Repeating this procedure for the entire scan frame

results in a current and dI/dV map and presents a valid alternative measurement

method to the more established constant-height maps. To compare with the ear-

lier introduced measurement techniques, focusing on one or a few bias voltages in

multipass mode allows for much faster data acquisition compared to the STS grid

spectroscopy. In comparison to constant-height measurements, the multipass mode

includes differences in the LDOS while considering the topographic structure of the

surface separately, whereas in constant-height measurements the topographic in-

formation is included in the measured signal. This can lead to differences in the

measured LDOS, especially in the vicinity of edges, where in multipass mode the

tip detects also a lateral current flow in contrast to constant height measurements

above edges.

2.6 Contrast mechanisms in scanning tunneling microscopy

Conventional SP-STM is based on the TMR effect, in which the signal scales with

the cosine of the angle enclosed by the tip and sample magnetization. This means

the TMR reflects directly the magnetic components of the spin texture and is always

present in the case of a spin-polarized tip (see TMR case in Fig. 2.3). Further, two

additional effects called tunneling anisotropic magnetoresistance (TAMR) [92, 93]

and non-collinear magnetoresistance (NCMR) [94–96] can occur by imaging non-

collinear spin textures also with a non-magnetic tip. In the first case, TAMR, the

local magnetization direction affects the local electronic states due to SOC. In STM

measurements, a different signal for in-plane magnetized sample locations com-

pared to sample locations with out-of-plane magnetization is obtained. In contrast

to TMR, measurements obtained with a tip dominated by the TAMR effect exhibit a

modified signal. In the case of a magnetic spin spiral, the measured period would be

half of the actual magnetic period of the spin spiral due to the crossing of in-plane

and out-of-plane magnetization twice per full rotation of the spin spiral texture (see

TAMR case in Fig. 2.3).

The NCMR effect originates from the spin-mixing of majority and minority spin
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Figure 2.3: Contrast mechanisms with magnetic and non-magnetic tips. Ex-
pected signals for TMR, TAMR and NCMR effects for a homogeneous
spin spiral in (a) and an inhomogeneous spin spiral in (b). Both spin
spiral configurations are visualized at the top of each panel and were
created in Monte Crystal [64].

channels in a non-collinear spin structure and results in different electronic states be-

tween non-collinear and collinear configurations. Taking the example of a magnetic

spin spiral again, the easy axis of a system will affect the width of the in-plane and

out-of-plane regions, resulting in more collinear local spin configurations through the

propagation direction of the spin spiral (inhomogeneous spin spiral, see Fig. 2.3(b)).

If the present anisotropy energy is large enough, this effect will again lead to half

of the magnetic period of the spin spiral in the measurements (see NCMR case in

Fig. 2.3(b)).

Since it is difficult to identify which effect is dominating in the experiments, the term

electronic magnetoresistance (EMR) is used in later chapters, as both effects are

related to changes in the local electronic states originating from the non-collinearity

of the spin textures. Consequently, in SP-STM measurements, all three effects can

contribute to the measured signal. Notably, the separation of TMR and EMR-related

contributions to the signal is possible, as it will be shown in sec. 6.2.
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3 Non-collinear spin textures on a square symmetric

lattice in Mn on W(001)

After the first prediction of skyrmions in 1989 [75], skyrmion lattices were exper-

imentally observed for the first time in 2009 using neutron scattering on the heli-

cal magnet B20 compound MnSi [97]. The first observation of individual magnetic

skyrmions was reported in 2013 [22], where the bilayer of PdFe on Ir(111) was inves-

tigated. Since then, the skyrmions attracted more and more attention, due to their

potential application in spintronic devices [98–100]. New sample systems were dis-

covered, but interface-induced skyrmions were so far only observed on hexagonal

surfaces. This chapter is dedicated to the first observation of nanoscale interface-

induced magnetic skyrmions on a square symmetric lattice in the sample system of

one atomic layer of Mn on W(001). The key improvements in sample preparation

and the magnetic ground state at zero and finite magnetic field will be explored.

Parts of the results in this chapter originate from my master thesis [80] and were

published in the collaborative work of Ref. [101].

3.1 Previous work on Mn/W(001)

Both, theoretical and experimental analyses of the system of Mn/W(001) were al-

ready published [102] and the goal was to extend the experimental observations

with an improved experimental setup. The images labeled (a)-(c) in Fig. 3.1 were

obtained in the same laboratory as those presented in this thesis. The motivation

for additional investigations originates from the availability of a higher magnetic field

capacity of 9 T, compared to the maximum of 2.5 T available during the measure-

ments back in 2006 [102]. At that time, the 2.5 T field strength was insufficient to

induce the phase transition to a skyrmion lattice. More recent theoretical work by

Nandy et al. [104], depicted in Fig. 3.1 (e), predicts the critical field for a phase

transition from a spin spiral phase to a skyrmion lattice phase at around 20 T. In con-

tinuation of the studies referenced in [102], further, yet unpublished simulations by

E. Vedmedenko, which utilize slightly different parameters and consider fewer near-

est neighbors exchange constants, indicated the formation of skyrmions already at

9 T. The preparation of the sample system and the presence of skyrmions within this

magnetic field range will be further discussed in the subsequent sections.
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Figure 3.1: Previous SP-STM measurements and the predicted magnetic

ground state of Mn/W(001). The results in (a)-(d) were extracted
from [102], and the plot in (e) was extracted from [103]. In (a)-(c),
spin-resolved STM measurements of one monolayer of manganese on
W(001) are depicted. In panels (a) and (c), the measurements were
performed at 0 T, while in (b), a magnetic field of 2 T was applied. Panel
(d) shows the Fourier transformation with a resulting spin spiral period of
roughly 2.2 nm. In (e), recent simulations are presented that predicted
the magnetic phase diagram of Mn/W(001).

3.2 Preparation and Magnetism of Mn/W(001)

3.2.1 Preparation of clean Mn/W(001)

Contamination in a UHV chamber mainly occurs by the adsorption of residual gases

on the substrate or the segregation of atoms from the bulk to the surface of the crys-

tal. Hydrogen, along with carbon, oxygen, and their compounds, is typically found

in the residual gases of the chamber. Depositing a monolayer of Mn on W(001)

was particularly challenging due to the reactive nature of W(001) compared to the

denser, hexagonal surfaces of established skyrmion systems [22, 105]. For W sin-

gle crystals it is well known that carbon is enclosed inside the bulk of the crystal

[106, 107], and this carbon might reach the surface due to annealing processes

during the sample preparation, thereby inducing reconstructions. By trying several

approaches to obtain a clean surface, substrate temperature control during evapo-

ration and limiting the material to not exceed one monolayer, is crucial for achieving

a clean preparation. Notably, also a dependency of the surface cleanness on the

number of desorption flashes of the sample is observable, suggesting that carbon

may also form compounds with the Mn layer that can be removed by HTFs. Fur-

ther details of the optimized preparation procedure is presented Ref. [80]. The best
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Figure 3.2: Optimized growth of the monolayer of Mn on W(001). A SP-STM
constant-current image of the virgin state of the sample with large rota-
tional domains of the spin spiral state in the Mn monolayer on W(001) at
B = 0 T is shown, where the terraces are separated by two atomic step
edges. (T = 4.2 K, V = −0.05 V, I = 3 nA).

sample quality achieved is shown in Fig. 3.2. The measurement shows 0.95 atomic

monolayer of Mn on W(001) with a few vacancy islands inside the monolayer and

some residual bright spots most likely related to residual carbon contaminations on

the surface. The majority of the area shows a pseudomorphic Mn layer in which

stripes are weakly visible. The stripes are originating from the magnetic ground

state of the system, which will be discussed in the next section.

3.2.2 Magnetic ground state at zero field and domain walls in Mn/W(001)

In this section, the focus will be on the magnetic ground state of the pseudomorphic

area in the sample system. Figure 3.3(a) displays a constant-current SP-STM image

obtained at zero field, where the striped pattern along [110] results from the expected

magnetic spin spiral. The period of this magnetic texture is 2.2 nm, i.e., about five

times the diagonal of the square atomic lattice. This observation is in agreement with

the previous experimental results by Ferriani et al. [102] and based on Density Func-

tional Theory (DFT), the origin of the ground state was explained by the frustrated

exchange interactions together with a significant DMI of strength D = 4.6 meV/atom

plus an out-of-plane magnetocrystalline anisotropy of K = 3.6 meV/atom. The cou-

pling of the wave vector of the spin spiral to the square symmetric lattice with a four-

fold symmetry results in two rotational domains. Between these domains, a large
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Figure 3.3: Domain boundaries of the magnetic ground state. (a) Spin-resolved
constant-current STM image of 0.9 monolayer Mn/W(001) at B = 0 T in
remanence obtained with a magnetic tip mostly sensitive to the out-of-
plane component of the sample magnetization. The ellipses mark two
different types of rotational domain-wall configurations of the spin spiral
phase. (b),(c) SP-STM contrast simulations of a V wall and a T wall
are depicted. The walls were set up and then relaxed with an atomistic
spin dynamics code [64]. (d),(e) Simulated spin configurations of both
types of rotational domain walls within the areas marked in (b),(c) are
shown. Each arrow represents the magnetic moment of a single Mn
atom, green indicates in-plane moments, whereas red and blue indicate
opposite out-of-plane moments. The gray scale indicates the topological
charge density. (T = 4.2 K, V = −0.05 V, I = 3 nA)

number of domain boundaries (also visible in the previous work, see 3.1(c)) in the

remanent state of the sample system (see Fig. 3.3(a)) compared to the virgin state

of the sample (see Fig. 3.2) is visible. Consequently, the formation of different types

of domain walls is observable, and V and T walls are identified, which are indicated

by the black ellipses and were not discussed in the previous work.

For further understanding, atomistic spin dynamic simulations with Monte Crys-

tal [64] by solving the Landau-Lifschitz-Gilbert equation were performed. A Hamil-

tonian describing a system of interacting spins up to the third-nearest neighbors,

including DMI as well as magnetocrystalline anisotropy, was considered. The spin

spiral periodicity was reproduced with a pairwise isotropic Heisenberg exchange of
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J1 = +18.7, J2 = −4.4, and J3 = −2.65 meV/atom among nearest-, next-nearest,

and next-next-nearest neighbors, respectively.

Several SP-STM contrast simulations were performed and a simulated V wall is

depicted in Fig. 3.3(b), where the mirror symmetry of this domain wall type is visi-

ble. The magnetic moments of the spin texture within the black rectangle of 3.3(b)

are sketched in 3.3(d). With 4.5 times the diagonal of the square atomic lattice, the

simulated spin spiral is in good agreement with the experimental observations. The

energy cost for such a domain wall boundary with respect to a perfect spin spiral is

12.7 meV/nm. In contrast to the coplanar nature of the rotational domains, the spins

within the wall form a three-dimensional magnetic texture, resulting in a non-trivial

topological charge Q. The nonvanishing local topological charge density is visible

in Fig. 3.3(d), as indicated by the bright (high density) and dark (low density) re-

gions. However, the net topological charge Q along the domain wall exactly cancels,

making this wall topologically trivial.

Another SP-STM simulation and a corresponding spin structure for a T wall is de-

picted in Fig. 3.3(c) and 3.3(e). In contrast to the V wall, the spin wave vector of

the T wall is either parallel or perpendicular to the domain wall orientation. With an

energy cost of 15.7 meV/nm, the energy for the creation of a T wall is comparable

to a V wall. Consequently, both wall types can co-exist in the sample and are found

roughly equally often, which agrees with the experimental measurements for differ-

ent regions of the sample. In contrast to the V wall, the end of each spin-down stripe

in Fig. 3.3(e) carries a nonzero Q and in contrast to the V wall, it adds up along the

domain wall direction. One can view these parts as half a skyrmion formation and

indeed, the identification in the simulations that there is a Q of 0.5 per spiral period is

possible, which makes the T wall topologically distinct from the V wall configuration.

3.2.3 Spin textures at high magnetic field

In this section, the properties in an applied large magnetic field are discussed. Fig-

ure 3.4 displays the virgin state of the sample in panel (a), where the striped pattern,

representing the magnetic spin spiral, is clearly visible. The additional and much

smaller periodicity in the image, can be attributed to atomic resolution during this

measurement. The bright spots in the image are likely carbon-related contamina-

tions, saturated in the color scale. In panel (b), the same area as in (a) is shown,

but with the application of the strongest available magnetic field of 9 T. A noticeable

difference is observed between the two images. The stripes break, leaving small

spiral segments with a few skyrmions in between, indicated by the cyan ellipses.

That means at 9 T the system is in a transition phase between the pure spiral and

skyrmion lattice phase. Similar results can be observed in the first observations
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Figure 3.4: Field dependence of the magnetic ground state. (a) SP-STM
constant-current image of a single-domain spin spiral state in the Mn
monolayer on W(001) at B = 2.4 T. (b) Image of the same area at
B = 9 T showing a mixed state of small spiral segments and skyrmions.
(c)-(f) SP-STM simulations of magnetic states obtained using field cool-
ing at different B fields as indicated. (g) Energy of the skyrmion lattice
(SkL) and the FM state relative to the perfect spin spiral state at different
magnetic fields as obtained from simulations using field cooling. Blue
markers indicate the energies of the magnetic states displayed in (c)-(f)
as well as additional, not presented data points. ((a),(b): T = 4.2 K,
V = −0.05 V, I = 3 nA).

of skyrmion lattices [105], as well as in the first observations of interface-induced

skyrmions [22]. In both works, the spin spiral also break into small segments, with

either 3D skyrmion tubes or 2D skyrmions appearing in between, respectively. In

contrast to the other sample systems, achieving either the pure skyrmion lattice
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phase or the individual skyrmion phase with a FM background was not possible due

to the higher magnetic field requirements needed to exceed the phase transitions of

the sample system.

To obtain a deeper understanding of the present skyrmions with spiral segments

forming a mixed phase, several SP-STM simulations of magnetic states obtained

by field cooling at different magnetic field strengths were performed and are shown

in Figs. 3.4(c)-(f). At zero field, similar spin configurations for the simulated ground

state, namely, a spin spiral state strongly coupled to the high symmetry directions

of the square lattice with T and V walls, consistent with the experimental results,

are observable. The simulated data with applied out-of-plane field indeed show both

spin textures, i.e., spin spiral fragments and skyrmions (see Fig. 3.4(d-e)). At 9 T,

the number of skyrmions does not precisely match the experimental observations

but this may be attributed to the presence of defects in the Mn-layer. Since, e.g.,

higher-order terms are not considered in the simulations, by adding these the results

might be improved too. The result acquired at 13.5 T shows a mixed state as in the

experiment. At 27 T, a pure nearly hexagonal skyrmion lattice phase is identified.

This skyrmion lattice appears in two differently oriented domains, which are rotated

by 90◦ due to the lattice symmetry. The energy comparison of the simulated states

(cyan data points in Fig. 3.4(g)) with those of the perfect spin spiral shows that they

are very close to each other.

Consequently, the behavior of the two previously identified types of domain

walls from Fig. 3.3 in applied magnetic field was investigated. The appearance

Figure 3.5: Magnetic field dependence of the energy of the rotational domain

walls. (a) Energy per nanometer relative to the spin spiral for each type
of rotational domain wall as presented in (b)–(e) at different magnetic
fields. (b),(c) Spin structures of V and T walls. (d),(e) Spin structures of
domain walls with lines of skyrmions in their centers.
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of skyrmions can be understood by an extension of the model for the rotational

domain walls (Figs. 3.5(b),(c)). This has been done by adding a line of skyrmions

in the center of both domain wall configurations (see Figs. 3.5(d),(e)). The energy

comparison in a magnetic field of the domain walls (Fig. 3.5(a)) shows that indeed,

the introduction of rotational domain walls lowers the energy cost with increasing

magnetic field. While the energy costs of T skyrmion walls and V skyrmion walls

remain comparable across the entire range of investigated magnetic field values, the

T wall configuration is favored in high magnetic fields due to the non-trivial topology

of this type of wall.

For a more detailed investigation of the skyrmion properties and to identify the

symmetry of the skyrmion arrangement, a different microtip was used, where the

non-collinear magnetoresistance (NCMR) effect was dominant. The results of the

measurement are depicted in Figs. 3.6(a),(b). The constant-current STM image dis-

played in Fig. 3.6(a) was obtained with a comparably small bias voltage of V =10 mV,

where the NCMR effect often dominates the STM contrast. In some parts of the im-

age, a pattern characterized by dark dots is visible. The distance between these dots

is roughly 1.3-1.8 nm. Other SP-STM measurements offered a typical skyrmion-

skyrmion distance of about 2.5 nm (see [101] for further details), indicating that the

period of these dots is roughly half of the original distance between the skyrmions.

A closer look into such a skyrmion arrangement in Fig. 3.6(b) reveals that some dots

are slightly larger and darker. Furthermore, they are arranged in a hexagonal-like

pattern with additional less dark dots around them. The distance between the darker

dots corresponds to the expected skyrmion-skyrmion distance of 2.5 nm.

To identify the origin of the small dots, STM contrast simulations were performed,

considering tunnel magnetoresistance (TMR) contrast (Fig. 3.6(c)) and NCMR con-

trast (Fig. 3.6(d)). Indeed, due to the short distance between the skyrmions, the

NCMR effect leads to additional features appearing between skyrmions. Further

simulations revealed that such an effect is not present in PdFe/Ir(111) [22], due to

the larger spin spiral period of 6 nm, leading to a skyrmion-skyrmion distance which

is not sufficient to create such features in between the skyrmions. In order to re-

produce the experimental contrast, a mixed contrast of TMR and NCMR in a ratio

of 1:45 was chosen. The result is depicted in one half of Fig. 3.6(e), with the mag-

netic texture used for the simulation in the background of the panel. This panel

demonstrates good agreement with the measured pattern in the experiment and

also suggests a hexagonal symmetry within the skyrmion lattice area.
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Figure 3.6: NCMR effect in skyrmion formations. (a) Constant-current STM im-
age of the Mn monolayer on W(001) measured at B = 9 T and at a
comparably small bias voltage of V = 0.01 V. (b) Closer view of the
sample area indicated by the black box in (a). This region shows a
roughly hexagonal pattern of dark dots. (c),(d) STM simulations us-
ing only tunnel magnetoresistance (TMR) and only non-collinear mag-
netoresistance (NCMR) contrast, respectively, of a magnetic state ob-
tained by field cooling at 18 T. (e) STM simulation of the same magnetic
state using both TMR and NCMR with a ratio of 1:45. In the background
of the panel, a sketch of the spin configuration of the simulated state is
depicted. (T = 4.2 K, V = 0.01 V, I = 1 nA).

Second Layer Mn on W(001)

At coverages above a monolayer, compact pseudomorphic second layer islands are

observed. Figure 3.7(a) displays a spin-polarized differential conductance map with
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Figure 3.7: Second monolayer of Mn on W(001). Differential tunneling conduc-
tance map mixed with Fourier Transformation filtered image in (a) and
the Fourier Transformation of the same scan area in (b). (constant-
current STM: V = −50 mV, I = 3 nA, Cr-tip, T = 4.2 K).

atomic resolution and is a combination of the raw data with the FFT-filtered image

of the measurement. For the FFT filtered image the Fourier Transformation (b) of

the raw data was used. The monolayer exhibits the established spin spiral state,

while the second monolayer is characterized by a c(2x2) AFM state, consistent with

other studies of the sample system [108, 109]. The filtered maxima of the FFT are

depicted in Figure 3.7(b). These features exhibit the four-fold symmetry of the AFM

state, represented by four peaks, and additional four peaks corresponding to the

atomic structure of the crystal lattice.

3.3 Summary and comparison to other sample systems

In summary, the first monolayer of Mn on W(001) provides a FM spin spiral with a

period of roughly 2 nm, while the four-fold symmetry of the lattice leads to two ro-

tational domains of the spin spiral. Both types of domains can either connect via a

T- or V-Wall, whereas no wall type was preferred in the experimental observations.

By applying a high magnetic field of 9 T, a transition of the pure spin spiral phase

to a mixed phase including spin spiral segments and skyrmions is observable. The

second monolayer of Mn offers a c(2x2) AFM ground state, aligning with the ex-

pected AFM nature of Mn bulk systems [110]. For comparison, another work worth

mentioning is the sample system of one monolayer of Mn on W(110), where the

first monolayer exhibits an AFM spin spiral ground state [111], solely by changing
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the lattice symmetry. Interestingly, a collinear c(2x2) AFM state can be observed by

exchanging the evaporated material from Mn to Fe on the crystal surface of W(001),

as shown in Ref. [112].

The prediction of the magnetic ground state of a sample system, particularly for

ultrathin films where deviations in lattice constants and reductions of symmetry com-

pared to bulk systems occur, is truly complex, as it is shown also by the following

second sample system discussed in this thesis.
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4 A non-collinear magnet-superconductor hybrid

system in Fe/Ta(110)

Based on the understanding of non-collinear spin texture formation in magnetic lay-

ers on normal conducting metals, the next objective was to investigate such textures

in proximity to a superconducting substrate. This required a change in substrate ma-

terial, since the critical temperature of tungsten (≈15 mK) [113] cannot be reached

by the used cryostat system. Tantalum, with its critical temperature of approximately

4.4 K, was identified as a suitable candidate for superconducting investigations in

the experimental setup. Previous theoretical and experimental studies on a mono-

layer of Fe on Ta(110) had provided promising results, making this particular sample

system a favorable choice for the desired investigations. In this chapter, the process

of achieving a clean preparation of one monolayer of Fe on Ta(110) is examined. It

begins by presenting the current state of related research on this sample system,

and the motivation for this particular choice is further discussed. Subsequently, an

introduction of an effective method for cleaning the Ta(110) surface to the desired

level of cleanliness is presented. The chapter concludes with a detailed descrip-

tion of the optimization procedure for preparing clean Fe monolayers on the clean

Ta(110) surface.

4.1 Previous work on the sample system

The combination of different experimental and theoretical techniques like DFT [114,

115] or tight-binding calculations [116], where the electronic structure and interac-

tions are modeled, is essential for progress in condensed matter physics. In the

field of non-collinear 2D-MSH-systems, highly relevant predictions were published

prior to the work presented in this thesis. In the calculations by Nakosai et al. [50],

non-collinear and non-coplanar spin configurations in the vicinity to an s-wave su-

perconductor were considered for the first time and predicted topologically non-trivial

phases of superconductivity, the details will be discussed in Chapter 6.

By searching for a suitable sample system, one promising prediction using DFT

calculations was published by Rózsa et al. [117], where they investigated the poten-

tial magnetic ground states of a monolayer of Fe on Ta(110) by varying the interlayer

distance. One of the predicted magnetic ground states for a certain interlayer dis-

tance is depicted in Fig. 4.1(a), namely a cycloidal spin spiral with a period of 5.98

nm and a propagation direction along [110]. If the interlayer distance is comparable

in the real system, an observation of this spin spiral texture is likely and it would be

the realization of the desired sample system: a non-collinear spin texture in proximity
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Figure 4.1: Previous works on the sample system of Fe/Ta(110). (a) DFT cal-
culations [117] identified a cycloidal spin spiral as the magnetic ground
state of one monolayer of Fe on Ta(110) for a certain interlayer dis-
tance. (b),(c) STM constant-current measurements from [118] revealed
flat islands with irregular shapes as a typical growth morphology for the
sample system.

to an s-wave superconductor.

Besides the theoretical predictions of the magnetic ground state of Fe/Ta(110) and

the emerging physics of such a non-collinear MSH-system, a structural investigation

with STM was done in [118] with an attempt to optimize the growth. The best-

obtained result is shown in Figs. 4.1(b),(c). The Fe seems to prefer an island growth

also mixed with step flow growth, with a lot of holes within the monolayer of Fe. The

vacancies are likely related to enclosed contaminations of the Ta(110) surface. The

magnetic properties of the monolayer were not discussed in that experimental work.

Since the work by [118] offered a pseudomorphic growth in Fe/Ta(110) and the

theoretical prediction suggests a spin spiral as one of the possible magnetic ground

states of the sample system, the monolayer of Fe was a promising candidate for

realizing a non-collinear MSH-system for the investigation of the interaction between

non-collinear spin textures with superconductivity.
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4.2 Preparation and structural characterization of Fe/Ta(110)

The preparation of one monolayer of Fe on Ta(110) starts, as in the last chapter

for W(001), with the optimization of the surface cleanness of Ta(110). Segregated

oxygen from the bulk is one of the main contributions to the contaminations on the

Ta surface, creating several kinds of oxygen reconstructions showing up in different

patterns [118]. One established way to remove the oxygen reconstructions is ap-

plying HTFs, annealing the sample for a short period of time at high temperatures,

e.g. in case of Ta above 2000◦C. In Fig. 4.2(a), an initial preparation at the beginning

Figure 4.2: Cleaning procedure for Ta surfaces. (a) Measurement of a fully re-
constructed Ta(110) surface with the corresponding LEED pattern as
an inset. (b) Almost fully uncovered clean Ta(110) surface with indi-
vidual defects and in the inset the corresponding LEED pattern of the
sample. (c) A scan area just a few nanometers shifted from the area
in (b) and measured at a comparable low bias voltage of 10 mV, with
an inset showing atomic resolution of a reconstruction-free area. (STM
constant-current: Cr-tip, T = 4.2 K, I = 1 nA (a) V = 2 mV (b) V = 1 V
(c) V = 10 mV Inset: I = 5 nA V = 10 mV.

of the optimization process is presented, where several superstructures are visible

on the sample surface, resulting in numerous features in the corresponding Low-

Energy Electron Diffraction (LEED) pattern (see inset). The preparation procedure

involves two HTFs at 300 W for 30 seconds, with the surface side facing away from

the e-beam filament. Since the sample plate is in between the filament and the sin-

gle crystal, it leads to indirect heating of the Ta through the sample plate, meaning

the sample plate always reaches the highest temperature during a HTF. The ther-

mal connection to the crystal will determine whether the desired temperatures are

reached. The result presented in Fig. 4.2(a) was obtained using the highest possible

emission current of the e-beam stage. Due to this limitation, a flash of the sample

with the surface facing downwards was necessary.
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This method reduces the distance between the sample surface and the e-beam

filament, leading to a reduction in the required power during the HTF. After sev-

eral preparations to find the optimal power of the heater, the results shown in

Figs. 4.2(b),(c) were obtained, where the oxygen reconstruction is almost fully re-

moved, leading to the characteristic LEED pattern of clean bcc(110) crystals (see

inset of Fig. 4.2(b)). The comparably low bias voltage in the STM-measurement

presented in Fig. 4.2(c) leads to additional dark features following mostly the high

symmetry directions of the crystal, which is characteristic of hydrogen on metallic

surfaces. At higher bias voltages, as in Fig. 4.2(b), the weakly bound hydrogen gets

enough energy to travel over the surface and is not visible in these measurements,

with remaining defects, which are most likely oxygen-related defects. The inset in

Fig. 4.2(c) shows the expected bcc(110) structure of the uncovered Ta(110) surface

obtained by STM measurements with a comparably small distance between the tip

and sample, resulting in atomically resolved images.

After optimizing the procedure to obtain a clean Ta(110) surface, subsequently,

the deposition of Fe onto this surface is necessary. For the Fe deposition, molecu-

lar beam epitaxy [119] was used. Before achieving a clean pseudomorphic growth

of the monolayer of Fe, a variety of superstructures within the monolayer were ob-

served. In Fig. 4.3(a), a constant-current STM image is presented, highlighting the

most prominent types of reconstruction encountered during the optimization pro-

cess. A detailed examination of these reconstructions was performed during further

preparations (see Figs. 4.3(b)-(d)). The color of the circles indicates which measure-

ments correspond to which reconstructed region in the overview image of Fig. 4.3(a),

where the gray color corresponds to the desired pseudomorphic area of Fe. These

reconstructions were also observable in the sample system of one monolayer of Fe

on Nb(110), for details see section 6.5. The second reconstruction is characterized

by a dotted boundary at specific bias voltages and stripes within the enclosed area.

All three reconstructions are strongly coupled to the twofold symmetry of the lattice,

resulting in dotted or lined features along the crystallographic directions [001] and

[110]. Additionally, an investigation of the structure of the second monolayer of Fe

(see Figs. 4.3(e),(f)) was conducted. In (e), an island of the second layer of Fe on top

of the fully reconstructed monolayer is shown. A closer at into the superstructure of

the double layer is depicted in Fig. 4.3(f). A summary of the observed periods for the

different types of reconstructions is presented below the STM measurements, where

the periods along [001] and [110] directions are shown. When comparing these val-

ues with the suggested structure model in [120] for the established reconstructions

in Fe/Nb(110), the same conclusion follows: for the first reconstruction, the period

fits the conventional rectangular unit cell, with the centered atom hidden. Regarding



A non-collinear magnet-superconductor hybrid system in Fe/Ta(110) 46

Figure 4.3: Types of reconstructions in the monolayer of Fe on Ta(110). (a)
Overview image showing various types of reconstructions. (b) A de-
tailed look at a region from panel (e), where the first reconstruction is
measured with atomic resolution. (c) Another STM image of a tiny re-
gion of the second reconstruction. (d) STM image of the third type of
reconstruction with atomic resolution. (e) STM image of a sample area
with a second monolayer island and the first type of reconstruction in
the background. (f) Zoom-in image into the second monolayer island of
(e). (STM constant-current: Cr-tip (a) T = 30 K, V = 20 mV, I = 1 nA
(b),(e),(f) T = 4.2 K, V = 10 mV, I = 1 nA (c) T = 4.2 K, V = −30 mV,
I = 1 nA (d) T = 33 K, V = −3 mV, I = 1 nA.)

the third reconstruction, the period in both directions is twice the length of the unit

cell.

After investigating the different types of reconstructions, the question remains:

how can the preparation procedure be optimized to maximize the area of the pseu-

domorphic Fe monolayer? In Fig. 4.3, the amount of Fe deposited onto the surface

always exceeds one monolayer. In Fig. 4.4(a), a dI/dV map of a constant-current

measurement with a sample having a coverage lower than one monolayer is shown.

This sample was obtained by using a deposition time of 2:15 minutes. The dark ar-

eas indicate the uncovered Ta substrate, while the bright areas represent the pseu-

domorphic Fe monolayer of the sample. The area of pseudomorphic Fe is clearly

enlarged compared to the previously discussed preparations. To validate this ten-

dency, Figs. 4.4(b),(c) show samples with deposition times of 2:30 minutes and 3:00

minutes, respectively. In (b), the dI/dV map shows areas of the first reconstruc-

tion (dark compact areas) and the second reconstruction (dark elongated regions).

When the deposition time is increased as in the preparation depicted in (c), the area

of both reconstructions enlarges further, and only tiny parts of pseudomorphic Fe

remain. For all three preparations, the other relevant preparation parameters, such
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Figure 4.4: Sub-monolayer preparation in comparison to exceeding a mono-

layer of Fe on Ta(110). (a) dI/dV map of a sample preparation with a
deposition time of 2:15 min. (b) dI/dV map of a different sample prepa-
ration with a deposition time of 2:30 min. (c) A third preparation where
the deposition time was increased to 3:00 min. All the other relevant
preparation parameters, i.e. substrate temperature, HTF power and de-
position flux, were comparable for each preparation. In a) and b), the
curved appearance of the step edges is a result of thermal drift during
the scans and the dark diagonal line over a few terraces in c) is related to
a bit error line caused by the Nanonis software. (STM constant-current
in variable temperature STM [81]: Cr-tip, (a) T = 34 K, V = 100 mV,
I = 1 nA (b),(c) T = 47 K, V = 10 mV, I = 1 nA.)

as surface temperature (transfer time between the last HTF and deposition), HTF

power, and deposition flux, were comparable.

The reason for the enlarged area of reconstruction may be related to the fact that

various defects are adsorbed preferably on the Ta surface. By closing the monolayer,

the adsorbates enter the Fe monolayer and can create different reconstructions. A

similar behavior for the previously discussed sample system of Mn/W(001) was ob-

served, which is why in Section 3.2, only sub-monolayer preparations were chosen.

For Ta and W, it is well known that the residual hydrogen inside the UHV chambers

adsorbs on the surface, characterized by elongated patterns along the high symme-

try directions of the sample surface, as shown in Fig. 4.2(c). This can likely lead to

the formation of compounds with the remaining oxygen contaminations, resulting in

the discussed superstructures.

In conclusion, to maximize the pseudomorphic growth of Fe, it is decisive to re-

move oxygen reconstructions on the bare Ta surface as much as possible with HTFs

above 2000◦C. Further, the transfer time between the last HTF and the Fe deposition

is crucial in these preparation procedures. A reduction of the transfer time leads to

a higher surface temperature during the Fe deposition, and it also lowers the time

for potential contamination of the uncovered surface. In the used setup, a transfer
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time of four to six minutes resulted in sample preparations with the highest surface

quality. Finally, to avoid reconstructed Fe-layers, it is necessary to ensure that the

Fe coverage does not exceed one monolayer. With this recipe, a clean preparation

of Fe monolayers on Ta(110) is reproducibly achievable, providing the opportunity

to investigate the magnetic properties of the pseudomorphic Fe monolayer, as dis-

cussed in the next chapter.
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5 Magnetic phases of Fe/Ta(110) and their behavior in

magnetic field

Finding the preparation recipe that results in a clean sample surface can be time-

consuming. Consequently, measurements on samples with less than optimal sur-

face quality are inevitable. For one monolayer of Fe on Ta(110), two characteristic

sample preparations lead to an interesting change in the apparent magnetic state,

depending on the morphology and the coverage of the pseudomorphic Fe layer.

The reasons for the change of the magnetic ground state, as well as the states

themselves, will be discussed in this chapter.

As is usual for the magnetic characterization of a sample system, a magnetic field

perpendicular to the sample surface was used to gain more insights into the nature

of the apparent magnetic texture. During these investigations, the formation of elon-

gated skyrmions, for the first time in a pseudomorphic layer and purely driven by the

lattice symmetry, is obtained. Finally, after identifying the magnetic ground states of

the samples with different morphologies, the topological charge of the different spin

configurations will be examined.

5.1 Spin spiral phase of Fe/Ta(110)

In this section, the focus will be on samples with a morphology characterized by a

few larger vacancy islands and multiple tiny vacancy islands (see black regions in

Fig. 5.1). The magnetic ground state observed by SP-STM measurements in such

a sample system is a striped pattern with a period of approximately 6 nm throughout

the pseudomorphic layer of Fe, except for a few tiny reconstructed patches (see red

ellipse in Fig. 5.1). The reconstruction can be assigned to the second type of the

established reconstructions in the Fe monolayer on Ta(110) (see Fig. 4.3). Since

one of the predicted ground states from the calculations in [117] was a spin spiral

of 5.98 nm for the pseudomorphic Fe monolayer, a comparison with the experimen-

tally observed period of the striped pattern yields good agreement. The measured

period slightly varies due to confinement effects at the vacancy edges, which result

in broadened features in the FFT map of the measured data (see inset in Fig. 5.1).

Due to the twofold symmetry of the crystal lattice, only one rotational domain, in con-

trast to the two rotational domains present in the Mn/W(001) system, is observable.

In the vicinity of the reconstructed patches, a clear distortion from the actual spin

spiral propagation direction along [110] is identified. The spin spiral stripes merge in

these regions, and the area of the spin component related to the bright contrast in

the image is maximized around these regions. Due to the influence on the spin spi-
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Figure 5.1: Pure spin spiral phase in virgin and remanent state. (a) 0.85 mono-
layers of Fe on Ta(110) with vacancy islands (black regions), small re-
constructed patches (red ellipse) and spin spiral branches (green el-
lipses). The inset shows a Fast Fourier Transformation of the image.
(b) A closer view on a different sample area in the virgin state. (c) The
same scan area as in (b) with an emerged spin spiral branch marked
by a green ellipse. (SP-STM constant-current: Cr-tip, T = 4.2 K (a)
V = −40 mV, I = 1 nA (b),(c) V = −30 mV, I = 1 nA.)

ral propagation direction, a magnetic nature of these reconstructed patches is likely,

and they are most probably FM because of the measured uniform signal within these

regions.

Additionally, a preferred orientation of the elongated vacancy islands along the

[001]-direction is observable in this sample preparation, which leads to more step

edges along [001] than in all the other directions. Since the overview image in

Fig. 5.1(a) shows the remanent state at 0 T of the sample after applying an out-

of-plane magnetic field of 6 T, the difference between the virgin and remanent states

of the sample in Figs. 5.1(b),(c) is depicted as well. In (b) and (c), the same sample

area was measured at 0 T, and in between, a magnetic field of 6 T was applied.

Both images are comparable, but the emergence of some spiral branches can be

observed (see green ellipses in Figs. 5.1(a),(c)). Referring to the previous chapter

about the sample system of Mn/W(001), these spiral branches also appear in the

established T-wall configuration, where each spiral end can be imagined as half a

skyrmion carrying a topological charge of 0.5.



Magnetic phases of Fe/Ta(110) and their behavior in magnetic field 52

The STM measurements presented so far were obtained by using a magnetic

tip resulting in a signal, which scales with the cosine of the angle enclosed by tip

and sample magnetization, i.e., it relates directly to the magnetic periodicity (see

Sec. 2.6). When a non-magnetic tip is used, the NCMR or TAMR effect can be

dominant and lead to a signal that reflects the magnetic periodicity indirectly (see

Sec. 2.6). As already mentioned in Chapter 2, both effects are summarized as EMR

in the following.

Figure 5.2: Comparison between TMR and EMR contrast of a cycloidal spin

spiral. (a) SP-STM measurement obtained with a tip, where the TMR
effect is dominating. (b) Expected SP-STM signal for a spin spiral due
to the TMR effect. (c) Sketch of a homogeneous spin spiral; red and
blue indicate up and down magnetization directions, respectively. (d)
Expected signal for a spin spiral using a non-magnetic tip due to EMR
effects. (e) STM image obtained using a non-magnetic tip, revealing a
periodic pattern with roughly half of the spin spiral period compared to
the measurement depicted in a). (Cr-tip, (a) SP-STM constant-current:
T = 4.2 K, V = −40 mV, I = 1 nA (e) STM constant-current: T = 1.3 K,
V = −15 mV, I = 1 nA.)

In Fig. 5.2(a) and (e), a comparison of measurements on two different spots of the

sample with a magnetic (TMR) and a non-magnetic tip (EMR) is shown. In the case

of the EMR effect, the period from the TMR image is roughly halved, even though

the intensity is much lower than for the TMR effect. To maximize the EMR contrast,

a comparatively low bias voltage (V = 5 mV) was used. In Fig. 5.2(c), a sketch

of the established spin spiral texture is depicted with the expected contrast for a

pure TMR-related signal in Fig. 5.2(b) or a pure EMR-related signal in Fig. 5.2(d),

respectively.

In Fig. 5.2, the two extreme cases are shown where either the TMR or EMR is

dominating, but the measured contrast can also be a mixture of both contributions.
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In Fig. 5.3, a comparison of a SP-STM measurement obtained with a tip offering a

Figure 5.3: Spin spiral profiles with different ratios between TMR and EMR. (a)
SP-STM constant-current image with a symmetric spin spiral contrast
profile. (b) SP-STM constant-current image measured with a different
tip and bias voltage compared to a). (c),(d) The blue dots represent
data points corresponding to the line profile indicated by the blue line
in (a) and (b), respectively. Also plotted are the fits (red line) with the
single contributions of the TMR (green line) and EMR (purple line) effect
represented by a cos or cos2 function, respectively. (Cr-tip, (a) T = 4.2 K,
I = 1 nA, V = −40 mV; (b) T = 1.3 K, I = 1 nA, V = 4 mV).

symmetric contrast profile of the spin spiral is shown in (a), while a distorted spin

spiral profile is shown in (b). The line profiles display the spin spiral period due to the

TMR effect. As previously mentioned, the experiments cannot determine whether

the NCMR or the TAMR is responsible for the observed contrast; however, both

effects can be modeled as a cos2-function in first approximation [92, 94]. Conse-

quently, this dependency can also describe the EMR.

In Fig. 5.3(c), a symmetric peak shape in the line profile is observed, leading to

the conclusion of a negligible influence of the EMR effect in this measurement. To

quantify the contributions of TMR and EMR in this spin spiral profile, a fit considering

a cosine contribution for the TMR (green line) and a cos2-function for the EMR (purple
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line) related contributions to the signal was performed. The red curve shows the

fitted function and accurately reproduces the experimentally measured profile. The

individual components indicate a dominating TMR contribution in this measurement,

as already speculated due to the apparent symmetric spin spiral profile.

In Fig. 5.3(d), a clear asymmetric peak shape in the line profile is present, lead-

ing to the conclusion of a non-negligible influence of the EMR effect in this mea-

surement. The same fit to characterize the contributions of TMR and EMR was

applied. The individual components of the fit still indicate a dominating TMR con-

tribution, however, the ratio of the amplitudes between EMR and TMR has signifi-

cantly changed. Furthermore, the tip magnetization appears to be canted due to the

present phase shift between the EMR and TMR contributions. The resulting fitted

function reproduces the experimentally measured profile and confirms a significant

EMR effect in the STM data.

Since the predicted spin spiral in the monolayer of Fe on Ta(110) was confirmed,

the realization of a sample system offering the opportunity to investigate the inter-

action between non-collinear spin textures on an s-wave superconductor has been

demonstrated. Before discussing the superconducting properties of the sample sys-

tem, a sample with a slightly different morphology, resulting in a distinguishable

magnetic ground state, will be addressed in the following.

5.2 Coexistent magnetic phases of Fe/Ta(110)

A monolayer of Fe on Ta(110) can be magnetically more complex than the last sec-

tion suggests. The focus will now be on samples with a slightly different morphology

as the previously discussed samples. In Fig. 5.4(a), a constant-current SP-STM im-

age of 0.85 monolayers of Fe on Ta(110) is shown. The Fe monolayer still exhibits

vacancies, however, the areas of vacancy-free regions are larger compared to the

sample discussed in Sec. 5.1. A comparison between both morphologies (I),(II) is

shown in the center of Fig. 5.4, where the upper panel corresponds to the sam-

ple discussed in the previous section and the lower panel corresponds to the area

marked by a black rectangle in Fig. 5.4(a). In contrast to the morphology (I), narrow

atomic step edges of the Ta sample are observable in this location of the sample.

The differential tunneling conductance map measured together with the topography

of Fig. 5.4(a) is presented in Fig. 5.4(b). Areas with a stripe pattern corresponding

to the established spin spiral state and, interestingly, regions exhibiting a uniform

signal with two distinct contrast levels are observable. Two uniform contrast lev-

els are a characteristic feature of ferromagnetically polarized areas with anti-parallel

magnetized domains. The spin spiral state acts as a domain wall either between
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Figure 5.4: Second type of morphology with a magnetic ground state exhibit-

ing additional contrast levels. (a) Topography STM-image of a sec-
ond type of morphology with larger extended areas of Fe and narrow
atomic step edges. (I),(II) A comparison between the two morpholo-
gies discussed in this chapter, where I is an additional measurement
of a characteristic sample area of the sample preparation presented in
Fig. 5.1 and II is the area within the black rectangle from (a). (b) Dif-
ferential tunneling conductance map corresponding to the topography
in (a) with two uniform signal levels and spin spirals as boundaries be-
tween these areas. Red ellipses mark the first identified orientation of
domain walls and the blue ellipses mark the second one, where the
dashed line or continuous line represents a trivial domain wall configu-
ration or a non-trivial domain wall configuration, respectively. (SP-STM
constant-current: Cr-tip, T = 4.2 K, I = 1 nA (a),(b),(II) V = −500 mV
(I) V = −100 mV.)

areas with the same (dashed ellipses) or two distinguishable (continuous ellipses)

uniform contrast levels. Additionally, there are at least two different domain wall

orientations: one where the FM stripes along [001] are parallel to the domain wall

orientation (blue ellipses), and a second type where the orientation is perpendicular

to [001] (red ellipses).

The spin spiral regions prefer to nucleate in the vicinity of the vacancy islands of

the Fe film. The orientation of vacancy edges seems to play a role in how effectively

the spin spiral can be stabilized. In the area without a significant number of Fe step

edges, the uniform signal extends the most. Notably, the elongated vacancy islands

with long edges along the [001]-direction might be one of the main reasons why, in

morphology (I), exclusively the spin spiral state is observable. In the vicinity of the

vacancy islands, the coordination number of the Fe atoms at the edge is reduced,

which leads to a different energy landscape. For example, the magnetic anisotropy
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can be changed, and the dipole interaction is reduced, as observed in the case of

a Fe double layer on W(110) [121], where in more extended Fe films, the dipole in-

teraction reduces the effect of the out-of-plane magnetic anisotropy below a critical

value, allowing an inhomogeneous spin spiral to develop. In Fe/Ta(110), a similar

effect may occur; when the monolayer of Fe is interrupted, the dipole interaction

is reduced, and this can initiate a tilt of the spins away from the easy axis. A de-

tailed discussion about this magnetic state will be part of the next section, where the

magnetic properties of both types of sample morphology are analyzed further.

5.3 Magnetic field dependency

Pure spin spiral state

After introducing the different magnetic states for the distinguishable morphologies

of the sample system at zero field, the field dependence data is used to gain more

insights into both types of sample morphology. The focus will first be placed on the

morphology, where the pure spin spiral state is the magnetic ground state.

In Fig. 5.5(a), the identical measurement from Fig. 5.1 is presented again, together

with a zoom-in (b) into the area marked by a white square. The same areas were

measured again at 2.4 T applied perpendicular to the sample surface, and the results

are depicted in Figs. 5.5(c),(d). As in one monolayer of Mn on W(001), the spin spiral

stripes break into small fragments. However, this time, a uniform signal remains,

which would be expected for skyrmion formation within a ferromagnetic background

with magnetization in the skyrmion core antiparallel to the applied magnetic field.

The bright features favor appearing in the vicinity of the vacancy islands, a behavior

also observed in Ref. [22], where the skyrmions pin to defect sites and are robust

even in remanence. One experiment to validate that these features are skyrmions

is to measure at both magnetic field polarities. In the case of a hard magnetized

tip, meaning a tip that is not sensitive to an external magnetic field, the expected

behavior would be a switch in contrast between the skyrmions and the ferromagnetic

background at different polarities.

A series realizing this kind of experiment is presented in Fig. 5.6, where a constant

spin polarization of the tip during the measurements is assumed. The color scale

used for all measurements is the same for better comparability. The spin spiral con-

trast is clearly visible in the zero-field data in Fig. 5.6(a), albeit with a slightly worse

signal-to-noise ratio compared to the previous measurement series. The reason for

this change was the modification of the tip apex to obtain a magnetically hard tip,

which led to a slightly less stable junction and a reduced spin polarization of the tip

apex. By applying a magnetic field of 2.4 T, the same elongated, bright features ap-
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Figure 5.5: Field dependence of the pure spin spiral phase. (a) The same SP-
STM measurement as in Fig. 5.1(a). (b) A zoomed-in view of the area
within the white square in the SP-STM image from (a). (c) The scanned
area from (a) under an applied out-of-plane magnetic field of 2.4 T. (d)
A zoomed-in view of the area within the white square in the SP-STM
image from (c). (SP-STM constant-current: Cr-tip, (a),(b) T = 4.2 K,
V = −40 mV, I = 1 nA.)

pear (see Figs. 5.6(b),(c)). When the polarity is changed, the bright features switch

to dark elongated features (see Figs. 5.6(d),(e)), as expected for skyrmions mea-

sured with a magnetically hard tip. Furthermore, the FM background also switches

from dark in positive fields to bright in negative fields. Back at 0 T, the spin spiral

stripes reappear at similar locations as before (see Fig. 5.6(f)), which is another in-

dication that confinement effects are playing a role in stabilizing a certain phase of

the spin spiral. Furthermore, this observation supports the assumption of a constant

spin polarization of the tip during these measurements.

The noticeable feature of the individual skyrmions here is their distorted shape

compared to most other works on interface-induced skyrmions. In another study,

the shape of the individual skyrmions has been influenced by uniaxial strain, leading

to their distortion [122]. In the Fe monolayer on Ta(110), the two-fold symmetry of the

crystal lattice stabilizes the elongated skyrmions along the [001]-direction. Notably,

the form of these elongated skyrmions means that the topological charge is split,

with each end of the skyrmion exhibiting a topological charge of Q = 0.5, which
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Figure 5.6: Field inversion measurements of the pure spin spiral state with a

hard magnetized tip. (a) Initial SP-STM measurement of the unaf-
fected spin spiral state. (b) Measurement of the scan area in (a) shifted
by a few nm with an applied field of +2.4 T. (c) Zoom-in of the area within
the white rectangle in (b) shows three elongated bright features. (d) The
same location measured at −2.4 T. (e) Zoom-in of the same region de-
picted in (c) showing three elongated dark features. (f) Measurement
of the identical scan area as before after removing the field, resulting
in the pure spin spiral state again. (SP-STM constant-current: Cr-tip,
T = 4.2 K, V = 100 mV, I = 1 nA).

could be utilized in the field of spintronics.

Mixed ferromagnet and spin spiral state

After presenting the field dependence results of morphology (I), the focus shifts to

the magnetic ground state of morphology (II). Since a FM state is expected for the

regions with uniform signal in Fig. 5.4, an out-of-plane field should be sufficient to

identify which type of FM alignment the regions provide. In the case of out-of-plane

magnetism, one domain is already aligned with the external magnetic field and the

resulting contrast remains constant if the texture is measured with a magnetically

hard tip. The oppositely magnetized domains in zero field will change and align with

the magnetic field leading to a contrast change in the measurement. If the domains

are magnetized in the plane of the sample surface, both contrasts are changing by

increasing the magnetic field.

In Fig. 5.7(a), a series of SP-STM measurements at different magnetic field val-

ues, performed at the same sample position with the same magnetic tip, are pre-
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Figure 5.7: Out-of-plane field dependence of ferromagnetic in-plane domains.

(a) The dI/dV -channel of SP-STM measurements exhibiting bright and
dark domains with flat corrugation, as well as regions with spin spiral
between them, measured at several magnetic field values, ranging from
−0.8 T to −5.5 T. (b) Schematic representation of the presumed obser-
vations, depicting the angle ³ between the out-of-plane direction and
the magnetization direction of the tip, along with an atomic layer of Fe
with an angle ¹ between the domains and the out-of-plane direction. (c)
The plot shows the analytical description of the out-of-plane field depen-
dence of an in-plane domain for the different components ¹, Mz (cos(¹))
and M±x, where ¹ is ranging from 90◦ to 180◦, with 90◦ indicating an up-
ward direction. (d) The data points of the averaged dI/dV -signal of a flat
area on both in-plane domains are fitted with a+b*cos(90+c∗B±³). This
formula represents the projection of ¹, which varies with the magnetic
field B, onto the optimized angle ³ of the SP-tip, assumed to be con-
stant with increasing magnetic field. In addition to the optimized case,
hypothetical cases for ³ = 0◦ and ³ = 90◦ are also depicted. (SP-STM
constant-current: Cr-tip, T = 4.2 K, I = 1 nA, V = −0.5 V).

sented. The color code in (a) represents the spatially-resolved differential tunneling

conductance, and the color scale is identical in all images. Areas with spin spiral

stripes and two different uniform contrast levels at B = −0.8 T normal to the surface

can be identified. As the magnetic field increases, the area of spin spiral stripes

decreases and minimizes at roughly −2.4 T, where the width of the area between

the two domains in the center of the image is separated only by a single dark stripe.

The amplitude of the spin spiral contrast remains constant with the applied mag-

netic field, indicating that the tip magnetization mT is not influenced by the applied

magnetic field. The intensity of all homogeneous areas decreases by increasing the

magnetic field and saturates at roughly B = −5.5 T. It can be concluded that the
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extended areas are fully aligned with the out-of-plane magnetic field, as sketched

with two downward-pointing arrows in the inset of the last panel in Fig. 5.7(a). Sum-

marizing, the observed behavior in an external out-of-plane magnetic field can be

attributed to oppositely magnetized in-plane domains at zero field, likely magnetized

along the easy axis [001] as predicted by DFT calculations in Ref. [117].

A sketch of the experimental setup with a canted tip and in-plane sample magne-

tization is depicted in Fig. 5.7(b). The expected behavior of in-plane domains in an

out-of-plane magnetic field is shown in Fig. 5.7(c). The polar angle Θ changes from

in-plane (90◦) to out-of-plane (180◦) at Bsat. The mz component changes linearly

from 0 to −1, and the opposite in-plane components m±x approach 0. To further

understand the experimental observations, the projection on different tip magneti-

zations together with the dI/dV -signal measured on both domains are presented in

Fig. 5.7(d). The calculated data for an in-plane (green curves) or an out-of-plane

(gray and black curves) magnetized tip on oppositely magnetized in-plane domains

deviates from the experimental magnetic field-dependent dI/dV data (brown and

yellow data points). According to this model, a tip magnetization direction with

Θ = 20◦ is obtained, which shows good agreement with the experiment. Conse-

quently, this model confirms the presence of FM in-plane domains in one monolayer

of Fe on Ta(110) as the magnetic ground state for samples with morphology (II).

After the analysis of the areas with uniform SP-STM signal, the focus now shifts to

the boundaries between the in-plane domains, namely the spin spiral domain walls.

For better visualization of the spin textures, a color code is defined to include each

spin orientation (see Fig. 5.8(a)), where the in-plane components are colorized and

the out-of-plane components are represented by black and white. Additionally, an

arrow representing a possible spin orientation of the tip with Θ = 20◦, as suggested

in Fig. 5.7, is shown. In Fig. 5.4, the types of domain walls observed in the ex-

periment were already introduced, but it was a simplified image only allowing two

orientations of domain walls along [001] and [110]. In fact, the domain walls can oc-

cur in all orientations possible when connecting two in-plane domains, not just in two

discrete directions. One possible way to illustrate this is to think of it as a circular

domain wall around one in-plane domain surrounded by an oppositely magnetized

in-plane domain, or in short, a bubble domain (see Fig. 5.8(b)). Here, all different

orientations that are possible for the connection between both in-plane domains can

be realized.

Analyzing the domain walls more closely in Figs. 5.8(c)-(e), a mixture of different

domain wall orientations resulting in irregularly shaped domain walls with varying

widths can be seen. To visualize the spin directions of the FM domains and the spin

spiral, a tentative model is introduced in the sketches close to each SP-STM image,
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Figure 5.8: A spin spiral as a domain wall between ferromagnetic in-plane do-

mains. (a) A sketch of the chosen color coding for each magnetization
direction with an arrow representing a possible tip magnetization with
Θ = 20◦, as suggested in Fig. 5.7. (b) A simplified visualization of all
possible domain wall orientations by connecting two FM in-plane ar-
eas via a round spin spiral domain wall. (c) Zoom-in into a region from
Fig. 5.7(a) in an area where the wall has two domains with the same
magnetization direction around it. The lower panel shows the same
area measured at B = −3 T. (d) Another zoom-in into a region from
Fig. 5.7(a) with a spin spiral area between two oppositely magnetized
domains, where the propagation direction of the spin spiral is mostly or-
thogonal to the domain wall direction. The lower panel shows the same
area as in the upper panel measured at B = −3 T. (e) Shows another
zoom-in of the image in Fig. 5.7(a) into a type of domain wall, where
the propagation direction of the spin spiral is mostly parallel to the do-
main wall direction. The lower panel shows the same area as in the
upper panel measured at B = −3 T. Each panel of the figure has an
illustration that depicts the spin configuration of a certain domain wall
with colorized in-plane directions and a gray color scale for the out-of-
plane spin components. (SP-STM constant-current: Cr-tip, T = 4.2 K,
I = 1 nA, V = −0.5 V).

presenting a possible spin configuration of the measured domain wall. By increasing

the magnetic field, the domain wall, where the spin spiral appears between the same

magnetized domains, vanishes at B = 3 T (see Fig. 5.8(c)). Analyzing the spin spi-

ral wall close to the [001]-direction (Fig. 5.8(d)) from left to right, it can be seen that

the spins propagate in a helical rotation to connect smoothly to the cycloidal spin

spiral. This also occurs on the other side of the wall to connect the oppositely mag-
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netized domain. In a higher out-of-plane magnetic field, the number of spin spiral

periods is reduced, and in the limit of a large magnetic field, the wall is expected to

be a helical 180◦ domain wall, as shown in the bottom panel of Fig. 5.8(d).

A different behavior occurs in the spin spiral wall roughly along [110], as shown in

Fig. 5.8(e). There, the magnetization within the wall can be described by a conical

rotation with a conical angle changing from 0◦ (first in-plane domain) via 90◦ (center

of the domain wall), i.e., a perfect cycloidal spin spiral, to 180◦ (second in-plane

domain). In total, this domain wall consists of meron-antimeron pairs connected

by a shared in-plane area in between, allowing for a smooth transition in the [110]-

direction.

Since a meron is topologically non-trivial and has a topological charge of 0.5 and

the polarity is changing from meron to antimeron along the domain wall direction, a

finite Q for this type of domain wall is expected. To identify the topological properties

of the domain walls, Q was calculated following the described method from Ref. [69,

70] and the resulting topological charge density was plotted in the background of the

different spin configurations (see Fig. 5.9).

Figure 5.9: Topological charge of the spin spiral domain walls. The types of do-
main walls are depicted together with the calculated normalized topolog-
ical charge density in the background, shown in (a) for the trivial domain
wall formation, in (b) for the non-trivial configuration of the domain wall
along the [110]-direction. In (c), a mixture of both directions with the re-
sulting topological charge is visible and in (d), the domain wall along the
[001]-direction is presented. The color scale represents the topological
charge density, ranging from red (highest topological charge density) to
blue (lowest topological charge density) with white indicating zero topo-
logical charge. For all the presented topological charge density maps,
the color scale values are constant.

Considering both cases, where the domain wall along [110] is either between mag-

netized domains of the same orientation or anti-parallel magnetized domains, two

different results for Q are obtained. In the trivial case (Fig. 5.9(a)), where the spins

undergo a 90◦ rotation followed by a rotation back, a finite Q with different signs
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results in a vanishing net Q, making this wall topologically trivial. This observation

aligns with the lower required magnetic field to unwind this type of domain wall (see

Fig. 5.8(c)).

The second case (see Fig. 5.9(b)) exhibits a topological charge density with only

one sign in the center of the domain wall, contributing to a net Q of 1 per meron-

antimeron pair. In contrast to the trivial domain wall configuration, this net Q en-

hances the stability in an applied magnetic field (Fig. 5.8(e)), albeit, the robustness of

the domain wall configuration is not solely determined by the topological charge. The

domain wall configuration that is off the high symmetry directions (see Fig. 5.9(c))

offers again a finite topological charge of Q = 1 per meron-antimeron pair. Since

the color scale is the same in each image, it can be concluded that the solid angle

of the spins involved in each wall structure is well comparable between the different

wall types, as the red tone is well comparable in all images.

Finally, for the domain walls oriented along [001], a net topological charge of Q = 0

is obtained, as for the trivial domain walls. However, this Bloch-like rotation is also

stable against an out-of-plane magnetic field (see Fig. 5.8(d)). This stability could

be attributed to the alignment of the dark stripe, which is likely parallel to the applied

magnetic field, with both domains approaching this orientation to gain Zeeman en-

ergy. In that case, the domain wall has already reached the energetically favorable

orientation parallel to the applied magnetic field and with a minimized domain wall

width.

As previously suggested, the illustration of all possible domain wall orientations

can be realized in the view of a bubble domain surrounded by a circular domain wall

characterized by a cycloidal spin spiral. Although such a domain configuration was

not found in the experiments, the topological charge of such a spin configuration

was analyzed. To set up such a spin configuration, the Monte Crystal software by

J. Hagemeister [64] was used, combined with a Mathematica code [69], which was

also used for the calculation of the topological charge. The results are presented

in Fig. 5.10 and suggest that the net topological charge is indeed zero by adding

up the oppositely charged domain wall regions at the top and at the bottom of the

bubble domain. For the side areas of the bubble the topological charge is zero as

expected from the previous results of the domain walls oriented along [001]. In the

transition between both areas the topological charge density fades out for a smooth

transition from zero charge density to a finite topological charge density.

Analogy to cross-tie walls

The meron-antimeron domain wall shows, besides its topological properties, an in-

teresting similarity to one of the most famous and best known domain wall structures
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Figure 5.10: Topological charge of a bubble domain. A bubble domain wall con-
figured with the Monte Crystal software by J. Hagemeister [64] and a
Mathematica code by A. Kubetzka [69]. The spin configuration was
also a few simulation steps relaxed with the converger function of
Monte Crystal by choosing arbitrary parameters to obtain smoother
transitions between the fixed in-plane domains and the relaxed spin
spiral configuration.

in solid-state physics, namely the cross-tie domain walls in thin films. The first ob-

servation of this kind of wall was made by Huber et al. [123] back in 1958, where

they investigated thin films of Permalloy. This was followed by countless other works,

e. g., by Middelhoek [124] and Wiese et al. [125].

In contrast to a Néel or Bloch wall, the cross-tie domain wall is a two-dimensional

spin rotation with an alternating vortex and antivortex structure. It mostly acts as an

intermediate state between Néel-like domain walls in ultrathin films and Bloch-like

domain walls in thin films or bulk systems. The energy landscape is changed by

increasing the film thickness so that the cross-tie wall becomes energetically favor-

able by minimizing the emerging dipole energy of the wall [126]. In Figs. 5.11(a),(b),

the same panels from Fig. 5.8 are shown, and in Fig. 5.11(c), a sketch where the

spin orientations of the measured domain wall orientation are presented. Clear

similarities to the wall configuration of the cross-tie walls from Wiese et al. pre-
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Figure 5.11: Analogy to cross tie domain walls. (a),(b) Same panels from
Fig. 5.8. (c) A rough sketch of the domain wall with orientation along
[110] with hypothetical cross-ties. (d) A drawing of the published data
from [125], where the measured cross-tie wall is presented.

sented in Fig. 5.11(d) [125] can be seen. The major difference is a 90◦ rotation of

all spins around the z-axis, which connects the Néel-like meron-antimeron wall to

the Bloch-like nature for the domain wall configuration in the work of Wiese et al..

Since the dipole energy is expected to be much smaller compared to thin films or

bulk systems, the characteristic cross ties are not visible in the measurements of

the meron-antimeron domain wall configuration. Further, the present DMI inside the

meron-antimeron domain wall might avoid the formation of the typical asymmetry

between the vortex and antivortex in the cross-tie walls.

5.4 Conclusion and Outlook

A monolayer of Fe on Ta(110) offers a variety of interesting magnetic configurations

and a transition in the magnetic ground state by a change of the present morphol-

ogy of the Fe monolayer. In the first type observed in the experiments, a comparable

magnetic state to that of a monolayer of Mn on W(001) occurs, where a spin spiral

is the magnetic ground state at zero field. At finite magnetic fields, the spin spiral

breaks, and fragments of the spin spirals remain, resulting in elongated skyrmions

at higher magnetic fields. In contrast to the previous sample system, here a mag-

netic field of roughly 5 T is sufficient to reach the FM state. Both the elongation of

the skyrmions and the appearance of only one rotational domain demonstrate the

strong coupling of the magnetism on the surface to the crystal lattice symmetry, as

observed in Mn/W(001).
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A more homogeneous morphology of the sample system leads to a distinguish-

able magnetism, where uniform signals, related to ferromagnetically in-plane po-

larized domains, with two contrast levels occur, and areas of spin spiral remain in

between. It turns out that the spin spiral acts as a domain wall to provide a smooth

connection for the transition from one in-plane domain to another. Different domain

wall orientations can be identified without any sign of energetic preference at zero

field. At finite magnetic fields, domain walls with a net topological charge of Q = 0

between the identical domains disappear. Domain walls with a finite Q or a Bloch-

like rotation are robust up to a magnetic field normal to the surface of roughly 5 T.

Since, to the best of current knowledge, a meron-antimeron domain wall with finite

topological charge was experimentally identified for the first time, the question arises

how such a domain wall configuration could be used. A well-known example of a

possible application is the work on domain wall racetrack memories by Parkin et al.

[79]. In that work, they showed how domain walls can be moved by an external

magnetic field or via an applied current, allowing a readout mechanism to identify it

as a zero or one for the presence or absence of a domain wall, respectively.

Figure 5.12: Meron-antimeron domain wall on a racetrack. A sketch of the es-
tablished meron-antimeron domain wall configuration between two op-
positely magnetized in-plane domains with possible magnetic field B

or spin-polarized current I flow direction resulting in a movement of the
domain wall along v.

In Fig. 5.12, a racetrack schematic of the realized domain wall configuration is

shown. Since the domain wall velocity is limited by the so-called Walker breakdown

[127, 128], where the domain wall exhibits internal dynamics after exceeding a cer-

tain threshold of applied magnetic field or current density, the dynamics of reading

and writing processes are also limited. These internal dynamics can lower the ve-

locity or even cause the domain wall to move backward. This can be avoided by
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using domain walls of AFM layers, which are more stable and offer switching fre-

quencies up to the THz regime [129], which is three orders of magnitude higher

than for the FM domain wall. However, for this type of domain wall, the movement is

more complex due to the compensated magnetic stray field in an AFM sample.

The presented meron-antimeron domain wall might act as an intermediate case

where a magnetic field or a spin-polarized current can still be used to move the

domain wall. Further, since the period of the spin spiral along the center of the

domain wall is in the range of a few nanometers, the switching frequencies might be

closer to the THz regime (antiferromagnet) than to the GHz regime (ferromagnet).

In summary, the meron-antimeron domain wall could combine the advantages of

both considered domain wall configurations and offer a fruitful platform for further

investigation of the domain wall dynamics, either by STM studies or by calculations.
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6 Non-collinear spin textures in interaction with

superconductivity

All the presented results so far were obtained at temperatures where the Ta is in the

normal conducting phase. This chapter is dedicated to the superconducting proper-

ties in interplay with the established non-collinear spin texture, namely, a cycloidal

spin spiral.

In the field of superconductivity, the sub-field of topological superconductivity in

bulk as well as in low-dimensional hybrid systems has become an active area of

research in recent years [5, 23]. One approach involves establishing a 2D-MSH-

system with a FM spin-lattice in the vicinity of an s-wave superconductor, as realized

in Refs. [29, 120, 130, 131]. Such a system, combined with significant SOC at the

surface, is expected to offer a topological non-trivial phase with chiral edge modes.

Another approach involves AFM spin alignment in contact with a conventional su-

perconductor, as realized in several works [34, 36, 38, 132, 133]. All these systems

provide a fruitful platform for realizing novel topological phases of matter.

Since FM and AFM spin textures represent only a small subgroup of possible spin

configurations, numerous other spin lattices, which were not covered in the men-

tioned works, exist. Several theoretical predictions regarding non-collinear [50, 134,

135] and non-coplanar [117, 136–138] spin textures in proximity to a superconductor

have been discussed. However, the experimental investigation of these predictions

has been lacking so far.

In this chapter, the experimental discovery of a non-collinear 2D-MSH-system of

one monolayer of Fe on Ta(110) is described. The characterization of the properties

of this non-collinear MSH-system is addressed, representing the first experimental

investigation of the superconducting properties of non-collinear spin textures in a

magnetic layer in proximity to an s-wave superconductor. A sketch of the realized

non-collinear MSH-system is given in Fig. 6.1.

The experimental work is supported by tight binding calculations by Jasmin Bedow

from the theory group of Prof. Dr. Dirk K. Morr from Chicago [68], which are pre-

sented in the following.

6.1 Characterization of Fe/Ta(110) in the superconducting state

This section introduces the superconducting properties of the clean Ta(110) sub-

strate at 1.3 K. Further, the spectra of the tips mostly used for the measurements on

Fe/Ta(110) in the superconducting phase are introduced.

So far, the results presented in this thesis were obtained at 4.2 K, which is close
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Figure 6.1: Sketch of the realized MSH model system. A perspective view on
a schematic of the established cycloidal spin spiral in the vicinity of a
superconductor with a superconducting gap of ∆SC .

to the critical temperature of TC = 4.4 K, but not sufficient to investigate the super-

conducting properties of the sample system. By cooling down the system further

utilizing the Joule-Thomson effect, the temperature of the sample can be lowered to

1.3 K (see Sec. 2.2). An ideal tool to characterize the superconducting properties of

Ta is STS, where spectroscopic measurements with high spatial resolution are ob-

tained. Tunneling with a normal conducting Cr-tip leads to a gap in the dI/dV -signal

around EF (Fig. 6.2 microtip 1). This superconducting gap can be described by the

Dynes function (see Sec. 1.2), which is based on BCS theory. The fitting curve (red

line) in Fig. 6.2 is in good agreement with the experimentally obtained spectrum and

offers a ∆Sample = 0.62 meV, which is close to the common value of ∆Ta = 0.69 meV

as established in the literature. The additional spectra in Fig. 6.2 (microtip 2 and

microtip 3) deviate from the previously discussed curve. The coherence peaks are

shifted to higher negative or positive energies for the coherence peaks at negative

or positive bias voltages, respectively. This indicates that the tip is not in a normal

conducting state. In the case of a Ta bulk tip on the Ta(110) surface, the coherence

peaks would appear at energies ±2∆Ta. Since the coherence peaks are at energies

between ±∆Ta and ±2∆Ta, it can be assumed that a small cluster of Ta at the apex

of the Cr-tip leads to such superconducting spectra.

By further modifying the tip apex in the areas of clean Ta, large Ta clusters can

be picked up, resulting in superconducting gaps where the coherence peaks shift

to an energy of approximately ±2∆Ta (see Fig. 6.3). Applying a magnetic field BZ

perpendicular to the sample surface suppresses the superconductivity in both the

tip and the sample. Above a critical field BC, the sample transitions to the normal

conducting phase. For tantalum, this critical field is approximately BC,Ta = 84 mT
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Figure 6.2: Scanning tunneling spectroscopy on Ta with different microtips.

dI/dV spectra obtained on clean Ta(110) with three different microtips.
The red curve is a fitted BCS gap (see Eq. 1.12) to the superconducting
spectrum measured with microtip 1 offering a ∆Sample = 0.62 meV and a
broadening parameter Γ = 0.18 meV. The other two blueish curves have
coherence peaks at clearly higher energies indicating a superconduct-
ing tip. (Cr-tip, T = 1.3 K, Istab = 1 nA, Vstab = 0.004 V)

Figure 6.3: Tunneling with a superconducting tip above the critical field of Ta.

An STS spectrum obtained at B = 0 mT (green curve) with a super-
conducting tip offering coherence peaks at an energy close to ±2∆Ta.
After applying a field of B = 300 mT two additional STS spectra on the
bare Ta and on the monolayer of Fe were obtained with the same super-
conducting tip. (STS: Cr-tip, T = 1.3 K, Istab = 1 nA, Vstab = 0.004 V.)
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[139]. In Fig. 6.3, in addition to the zero-field spectrum, two additional spectra ob-

tained at 300 mT on the clean Ta surface and the Fe monolayer, respectively, are

depicted. The superconducting gap in the tip remains developed, while the sample

is in the normal conducting state, and the superconducting spectra appear similar

for both the bare Ta and the Fe monolayer. The fact that a superconducting gap is

still measurable at 300 mT suggests the existence of a critical magnetic field BC,Tip

for the superconducting tip, which must be higher than that of the sample. This

phenomenon can be attributed to finite-size effects at the tip apex.

6.2 In-gap oscillations of the local density of states in the

Fe-bulk areas

The spatial resolution of STS allows the observation of possible LDOS changes

originating from the non-collinearity of the spin texture of the Fe monolayer. In the

case of a proximitized Fe monolayer, the expected features inside the superconduct-

ing gap of the non-collinear MSH-system are in-gap bands formed by the magnetic

atoms of the Fe monolayer. These bands should appear as an increased LDOS in-

side the superconducting gap. In Fig. 6.4, a filling of the empty states from the unaf-

Figure 6.4: Spectral analysis of bare Ta(110) surface and Fe/Ta(110). STS mea-
surements on bare Ta(110) surface (green cure) and on the monolayer
of Fe on Ta(110) (dark and bright blue curve), at locations as indicated
in the SP-STM topography image in the inset of the graph. (SP-STM:
Cr-tip, microtip 1, T = 1.3 K, I = 1 nA, V = 4 mV; STS: Cr-tip, microtip 1,
T = 1.3 K, Istab = 1 nA, Vstab = 0.004 V).

fected superconducting gap with ∆ ≈ 0.62 mV of the bare Ta (green curve) is visible
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in the STS measurement on the first monolayer of Fe (blue curves). While the super-

conductivity is notably suppressed within the monolayer of Fe, a residual reduction

of the LDOS around the Fermi level remains observable. A comparison between

the STS measurement on a bright stripe (parallel/anti-parallel alignment of sample

and tip magnetization) of the spin spiral and on a dark stripe (anti-parallel/parallel

alignment of sample and tip magnetization) of the spin spiral reveals a significant

difference in the respective spectra.

To investigate the interplay between the residual superconductivity inside the

monolayer of Fe and the apparent spin spiral, the focus now shifts to spectroscopic

measurements with more detailed spatial resolution through the non-collinear spin

texture. A suitable measurement providing more insights into the interplay is pre-

sented in Fig. 6.5. Two line STS measurements were obtained along the prop-

agation direction of the spin spiral, namely [110], using both a magnetic tip (see

Fig. 6.5 upper panels) and a superconducting tip (see Fig. 6.5 lower panels). In

(a) and (f), the locations used for the experiments are presented in two topography

STM images, where the spectroscopy locations follow the blue arrows. In panel

(b), a sketch of the magnetic spin texture with the expected signal due to TMR or

EMR effects is displayed. The obtained dI/dV intensity is presented as a function

of location and energy in panel (c) and (g). The purple dashed lines indicate the

energies related to the coherence peaks of the sample in (c) or the energy window

of the convoluted superconducting gap of the tip and sample in (g).

In the case of a magnetic tip, intensity modulations are observed around the Fermi

level, near the coherence peaks, and outside the superconducting gap, as visible in

Fig. 6.5(c). The origin of the modulations outside the superconducting gap at neg-

ative energies is the TMR, i.e., magnetic contrast is obtained because of the spin

polarization of the tip. Usually, at certain bias energies, this sensitivity can be lost,

and a more uniform signal appears, as seen at positive energies outside the super-

conducting gap in panels (c). Panel (d) shows the dI/dV intensity averaged over a

narrow energy window around zero bias, as indicated by the green dashed lines in

(c), along with a cosine curve as a guide for the eye. Consequently, the spin spiral

periodicity inside the superconducting gap can also be identified, indicating spin-

polarized in-gap bands. The two data points with the lowest (blue) and highest (red)

dI/dV intensity have been selected, and the corresponding spectra are presented

in Fig. 6.5(e). Notably, in addition to the already mentioned differences at negative

energies and around the Fermi level, an anti-phase between the intensities of both

coherence peaks is observed, which is a sign for spin-polarized coherence peaks.

To further investigate the nature of the in-gap electronic states, the experiment is

repeated with a superconducting tip, which is not sensitive to the spin spiral texture,
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Figure 6.5: Spectroscopic characterization of the bulk areas of the Fe mono-

layer. (a) Topography SP-STM image including the chosen location for
the line spectroscopy indicated by the blue arrow. (b) Spin configuration
of the magnetic spin spiral and the expected imaging contrast due to the
TMR or EMR effects. (c) Spin-resolved dI/dV spectroscopy measure-
ments obtained with a spin-polarized tip along the spin spiral propaga-
tion direction. (d) Averaged energy slices from (c) within the range of
−0.13 mV to +0.06 mV, as indicated by the green lines in (c); the cosine
with the spin spiral period serves as a guide to the eye. (e) Comparison
between two single dI/dV spectra from (c) at locations where the in-gap
modulation is minimal or maximal. (f) Topography STM image illustrates
the chosen location for the line spectroscopy measurement, with a su-
perconducting tip indicated by the blue arrow. (g) dI/dV spectroscopy
measurements obtained with a superconducting tip along the spin spi-
ral as in (c). (h) dI/dV intensities along the spin spiral averaged over
an energy range of +0.80 mV to +1.02 mV, as indicated by the green
lines in (g); the cosine function with half the spin spiral period serves as
guide to the eye. (i) Enlarged view of the dI/dV signal of (g) close to the
coherence peak at positive bias voltage; the gray lines represent con-
tour lines and highlight the periodicity of the EMR. The horizontal gray
line indicates one spectrum that was not considered for the contour line
plot due to momentary instability of the junction during data acquisition.
(T = 1.3 K; (a),(c): spin-polarized tip, (c): V = +5 mV, I = 5 nA; (f),(g):
superconducting tip, (g): V = +4 mV ,I = 1 nA).

as seen by the uniform signal in the topography image of Fig. 6.5(f). The supercon-
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ductivity of the tip originates from a small superconducting Ta cluster attached to

the apex of the Cr bulk tip. When measuring a superconducting sample with a su-

perconducting tip, the convolution of both superconducting gaps is present, and the

coherence peaks are shifted to an energy ∆s +∆t (outer purple dashed lines; the in-

ner purple dashed lines indicate the tip gap ∆t). The modulation of the dI/dV signal

in Fig. 6.5(g) is less visible than for the magnetic tip, however, an intensity variation

with a period of half the magnetic period is apparent in the averaged dI/dV signal

over a small energy window in Fig. 6.5(h). The green dashed lines again indicate

the chosen energy range used for averaging. A different presentation of the results

from (g) is displayed in (i), where only a small energy range is shown, and contour

lines are added to highlight the apparent modulation more clearly. The observed

modulation with roughly half the magnetic period is reminiscent of the established

EMR effect.

As stated above, in the topography image in Fig. 6.5(f), the contrast related to

the spin spiral texture is not present compared to the measurement with a mag-

netic tip in (a). To ensure that the larger intensity modulations are not related to

any stabilization effects of the used measurement method, additional experiments

were performed in the bulk region of the Fe monolayer. The measurements were

obtained on the maximum and minimum of the spin spiral contrast by compensating

the corrugation, the absolute height difference at a constant bias voltage, to identify

any stabilization effects. The tip was stabilized on the maximum of the spin spi-

ral contrast. Afterwards, the feedback loop was turned off, and the tip was shifted

in Z towards the sample by a distance equal to the corrugation between the spin

spiral minimum and the spin spiral maximum, to perform a spectrum at this new Z-

position. Additionally, a typical spectrum on the minimum of the contrast of the spin

spiral without a Z-shift was performed. When a similar trend is observed between

these spectra, it can be assumed that there is no significant influence of stabilization

effects in the STS measurements with spin-polarized tips. The results are displayed

in Fig. 6.6 and show that even with a compensated difference in the stabilization

heights, a change in the DOS around the Fermi level is observed. Also, the ten-

dency towards larger changes in the LDOS at negative bias voltages is consistent

with the previous result. The measurements were obtained using a tip with different

magnetization compared to the measurements presented in Fig. 6.5(e), which might

explain the slight changes in the spectra.

Another way to measure this effect is by acquiring differential tunneling conduc-

tance maps at a desired bias voltage. In contrast to line or grid spectroscopy mea-

surements, focusing on single bias voltages is possible, making the experiment

much less time-consuming. Further, the measurement method might lead to a
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Figure 6.6: Check for stabilization effects in the superconducting spectra pro-

viding the intensity modulations. Comparison between a spectrum
acquired on top of the minimum of the spin spiral and on top of the maxi-
mum of the spin spiral contrast with a Z-shift corresponding to the height
difference between maximum and minimum of the spin spiral stabilized
at V = +5 mV. (STS: Cr-tip, T = 1.3 K, Istab = 5 nA, Vstab = 0.005 V)

higher spatial resolution of the in-gap state modulations. To realize such a mea-

surement, the multipass mode implemented in the Nanonis software was used. The

mode measures each line in constant-current mode (at V and I) first and then re-

plays each line with the feedback off at a different tip-sample distance (by adding

zoffset) and a different value for the sample bias Vmeas. To gain insights into the physics

of the interplay of the in-gap states with the spin spiral texture, a bias voltage close

to Vmeas = 0 V was chosen to be as deep as possible inside the superconducting gap.

In Fig. 6.7(a), such a measurement is presented, where a tip change from a spin-

polarized tip (upper part) and a non-magnetic tip (lower part) occurred. Two changes

of the tip apex are present, resulting in the apparent contrast changes. A switching

spin polarization of the tip apex leads to frequent contrast inversions repeating after

a few scan lines for the spin-polarized microtip.

The analysis of the periods by line profiles (see Fig. 6.7(b)) leads to the following

conclusion: although the signal variation is weaker in the case of a non-magnetic

tip compared to the spin-polarized case, both periods are recognized and separated

by a transition area between the tip changes without a clear corrugation pattern

related to the magnetic texture. Consequently, it allows the conclusion that the local

spin-averaged in-gap states are also affected by the presence of the non-collinear

spin texture, leading to an EMR-related contrast in the STM measurements using a

non-magnetic tip.

To gain more insights into the underlying mechanisms, the results obtained by
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Figure 6.7: Spatially resolved intensity modulations. (a) Spin-resolved and
Spin-averaged in-gap real-space current maps exhibiting the spin spi-
ral period or half the magnetic period, respectively, separated by an
intermediate area enclosed by two tip changes. (Multipass mode:
Vstab = −50 mV, Istab = 1 nA, zoffset = −150 pm, Vmeas = +0.1 mV).

collaborative work with the group of Prof. Dr. Dirk K. Morr, particularly Jasmin

Bedow, a PhD student within the group, are incorporated in the following. A minimal

Hamiltonian is used that incorporates the interplay of an s-wave SC, Rashba SOC,

and a magnetic spin spiral with a period of 7 nm (for details, see Ref. [68]). The first

step in the calculations of the sample system was to identify a parameter set that

adequately describes the observed physics. In contrast to Ref. [50], Rashba SOC is

added to the calculations, and the effects of this term will help to identify the desired

parameter choice.

The calculations considered all cases, a homogeneous spin spiral texture with and

without a finite Rashba SOC and an inhomogeneous spin spiral with and without

Rashba SOC to possibly conclude which kind of spin texture better describes the

experimental results. In Fig. 6.8(a), the first case for a homogeneous spin spiral

(sinusoidal) without Rashba SOC describes the scenario considered in [50] and

exhibits no LDOS modulation in the spin-averaged LDOS (EMR case). For the other

two cases, where either a finite Rashba SOC (representing TAMR-related effects)

is added to a homogeneous spin spiral or an inhomogeneous spin spiral (leading to

NCMR-related effects) with ³ = 0 is assumed, both result in an oscillation in the spin-

averaged LDOS as observed in the experiments. The oscillations also exhibit half

the period of the magnetic texture, consistent with the dI/dV modulation observed
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Figure 6.8: Microscopic origin of the TMR and EMR signal. Linecut of the out-of-
plane magnetization (blue), spin-↑ LDOS (orange), spin-summed LDOS
(green) and total Rashba SOC for a sinusoidal spin spiral with (a) ³ = 0
and (b) ³ = 0.077∆, and c an inhomogeneous spin-spiral with ³ = 0.
For the case shown in (b), the energy- and position-dependent (d) spin-
resolved and (e) spin-summed LDOS for a linecut along the spiral direc-
tion, together with the spatial dependence of mz and the total Rashba
SOC. (f) Electronic structure in the magnetic Brillouin zone exhibiting
nodal points with non-zero topological charge.
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in the experiment.

To identify the optimal choice of Rashba SOC or inhomogeneity of the spin spi-

ral in the system, several ratios were considered. In the following the focus is on

the case of a homogeneous spin spiral with ³ = 0.077 (see Fig. 6.8(b)), noting that

qualitatively similar results were obtained for an inhomogeneous spin spiral (see

Fig. 6.8(c)). For this parameter set, the LDOS as a function of energy and distance

is plotted for the spin-resolved case in Fig. 6.8(d) and the spin-averaged case in

Fig. 6.8(e). In the spin-resolved case, the highest modulation of the LDOS signal is

at −∆, corresponding to the coherence peak at negative energy, where the highest

variation of the signal also occurs in the experiment. For the spin-averaged case,

the highest modulation appears near the Fermi level and not close to the coherence

peaks as in the experiment, however, a modulation is clearly visible. In Fig. 6.8(f),

the calculated band structure of the system is presented and shows that the system

is a nodal point superconductor, with the nodal points offering different topological

charges as sketched with blue and red arrows. Consequently, the parameters that

describe the experiment well are inside a topologically non-trivial phase in the pa-

rameter space.

Summarizing, a parameter set used in a minimal Hamiltonian following the tight-

binding model effectively describes the experimental observations of the bulk prop-

erties of the Fe monolayer on Ta(110). The LDOS intensity modulations of the elec-

tronic in-gap states along the spin spiral propagation direction align with the peri-

odicity or half the periodicity of the magnetic texture, assuming a spin-polarized tip

(TMR) or a non-magnetic tip (EMR), respectively. Since similar results can be ob-

tained by assuming an inhomogeneous spin spiral with ³ = 0, the outcomes of the

tight-binding calculations are inconclusive in determining whether the system offers

a homogeneous or inhomogeneous spin spiral. However, it can be concluded that

the simplified case of a homogeneous spin spiral without external Rashba SOC,

as described in [50], is not sufficient to describe the observed physics measured

in the model system. Since the system is assumed to be a topological nodal-point

superconductor, low energy modes at the boundaries of the Fe islands, where the

topology changes instantly, are expected. These topological boundary modes will

be discussed in the following section.

6.3 Topological boundary modes at Fe edges

After presenting the bulk properties of the Fe monolayer, the question remains: is

it possible to experimentally show that the system is in a topologically non-trivial

phase consistent with theoretical predictions? A characteristic signature of topo-
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logical superconductivity is the presence of dispersing chiral edge modes providing

unidirectional edge currents. The existence of a topological edge mode should re-

sult in an increase in the dI/dV intensity near the edges of the Fe monolayer islands.

Therefore, the focus will now shift to these boundaries. Fig. 6.9(a) offers a constant-

Figure 6.9: Line spectroscopy across a topological edge state. (a) A constant-
current STM image of an irregularly shaped island of the Fe monolayer
on Ta(110). (b) Line spectroscopic measurement that was performed
above a [001]-edge at the location marked by the blue arrow in a). (c)
Three single-point spectra from the measurement in b) on bare Ta, the
[001]-edge and the Fe bulk area, located as indicated by the colorized
circles in b), are presented. (superconducting tip, T = 1.3 K. (a) I =
1 nA, V = 10 mV; (b,c) Istab = 1 nA, Vstab = 4 mV, Vmod = 50 µV).

current STM image of an island of the Fe monolayer (bright) on the Ta(110) surface

(black). The island has two main edge orientations, namely along [001] and [111].

Additional and not included measurements show that the system avoids straight

edges along [110]. In Fig. 6.9(b), a line spectroscopy, located as indicated by the

blue arrow in (a), shows a bright feature at the boundary between the Ta and Fe-

bulk region, highlighting the increased number of in-gap states due to the presence

of an edge state. The inset within Fig. 6.9(b) displays both the topography- and

dI/dV -channel at V = 0 V during the line spectroscopy. The position of the peak

in the dI/dV -channel overlaps with the region where the signal of the Z(m)-channel

decays to the Ta area, meaning the tip measures also a higher signal located next to

the edge atom by approaching the Ta terrace. In Fig. 6.9(c), three single-point spec-

tra from the line spectroscopy, located as indicated by the colored circles in (b), are

displayed and visualize an enhanced signal around the Fermi level in the spectrum

at the [001]-edge, as expected for a topological edge state.

As for the bulk properties, one can supplement the measurements by multipass

experiments above an island with straight edges to resolve the evolution of the edge

state in two dimensions. In Fig. 6.10(a), a multipass experiment is presented, re-
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Figure 6.10: Chiral edge mode in Fe/Ta(110). (a) A multipass experiment of a
Fe monolayer island offering straight edges along [001] measured at a
bias voltage close to the Fermi level. (b) Calculated LDOS at a [001]-
edge (blue), [110]-edge (purple) or [110]-edge (green). (c) Electronic
band structure as a function of momentum along the [001]-edges of a
ribbon system. The assumed spin spiral texture terminates with spiral
termination angle Θ = 0◦. (Multipass dI/dV , T = 1.3 K, V = −50 mV,
I = 1 nA, zoffset = −150 pm, Vmeas = +0.1 mV, Vmod = 50 µV).

vealing an increased dI/dV signal along the edges of the Fe monolayer island (pur-

ple) on top of the clean Ta (black). Additionally, a variation of the dI/dV signal

along the different edge orientations is identified. While the signal is very strong

along [001]-edges, a clear weakening of the signal along [111]-edges is present. A

comparison of the calculated LDOS for three edge orientations of the system (see

Fig. 6.10(b)) reveals a clear peak around the Fermi level, but exclusively for the

[001]-edge. This peak originates from a low-energy, weakly dispersing chiral edge

mode, that connects nodal points of opposite topological charge, as shown in the

plot of the electronic band structure of a ribbon system with edges along [001] (see

Fig. 6.10(c)). The weak dispersion provides a low group velocity and topological

protection of these boundary modes. The results manifest that the enhanced dI/dV

signal in Fig. 6.10(a) reflects the existence of a chiral edge mode. The weaker signal

intensity along different edge orientations is consistent with previously investigated

topological nodal-point superconductors [34, 36, 38].
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6.4 Effect of the non-collinearity on chiral edge states

Since the system of one monolayer of Fe on Ta(110) exhibits a non-collinear spin

texture, an arbitrary angle ¹ between the spin direction at the edge and the surface

normal for edges along [001] can occur, resulting in FM edges with different spin

polarizations. One monolayer of Fe on Ta(110) offers the first platform to experi-

mentally investigate the dependency of the chiral edge mode on the spin orientation

along the boundary. If the observed edge states offer a change in dispersion or spin

polarization, differences in signal intensity should be detectable at arbitrary magne-

tized FM edges along [001]. To discuss the different spin spiral termination angles

at [001]-edges, calculations will first be presented to gain deeper insights into the

expected changes of the edge state by changing the apparent spin polarization at

the edge. In Fig. 6.11(a) and Fig. 6.11(b), two sketches of different spin termination

of the spin spiral and the corresponding dispersion of the edge state are depicted.

Interestingly, the dispersion of both spiral terminations drastically differs from each

other. While the dispersion of the edge state with out-of-plane termination at the

edge appears almost flat (exhibiting high LDOS at zero energy), the edge state with

in-plane magnetization shows a comparably large dispersing behavior (small LDOS

at zero energy). Since the chosen termination angles are close to out-of-plane or

in-plane magnetization for the considered cases in (a) or (b), respectively, it can be

concluded that for out-of-plane spiral termination, a higher LDOS is expected than

for in-plane spiral termination at edges along [001]. In Fig. 6.11(c), the calculated

low-energy LDOS as a function of the termination angle ¹ is presented. The ex-

pected change in intensity for different spiral terminations is observed, and again,

the change in the dispersion of the edge state between in-plane and out-of-plane

spiral termination is noticeable.

An experimental zero-bias dI/dV map obtained with multipass mode is depicted

in Fig. 6.12(a), where the edges along [001] display the most pronounced intensity

compared to other edge orientations. Along a particular step edge with [001] ori-

entation, the intensity is almost constant, as expected for this kind of edge due to

its ferromagnetic spin orientation along the boundary. Furthermore, different edges

along [001] show several contrast levels, suggesting a change in the dispersion of

the edge state due to the expected variation of spin orientation between different

step edges along the [001]-direction. The inset of Fig. 6.12(a) presents a SP-STM

measurement of the same island, providing a rough insight into the different spiral

terminations along the boundary of the island. The calculated LDOS in Fig. 6.12(b)

for an island with the same size and shape as the one investigated in the experi-

ment appears to be in good agreement with the experimental results. Furthermore,

a sketch of the mz component of the considered spin spiral (white line at the top



Non-collinear spin textures in interaction with superconductivity 83

Figure 6.11: Termination angle dependency of the chiral edge state disper-

sion. Spectral function as a function of momentum along a ribbon with
two [001]-edges and a termination angle of the spin spiral of ¹ = 172◦

in (a) and ¹ = 82◦ in (b). (c) Low-energy LDOS at an [001]-edge as a
function of the termination angle ¹. The white dashed and dotted lines
represent the ¹ = 172◦ and ¹ = 82◦ terminations, respectively.

of the image) visualizes the varying phase of the spin spiral along the boundary of

the island resulting in the different LDOS intensities. In conclusion, the chiral edge

modes expected for a topological nodal-point superconductor were revealed experi-

mentally and are in good agreement with tight-binding calculations by Jasmin Bedow

[68]. These observations verify the topological nature of the sample system and pro-

vide the opportunity to discover the dependency of the chiral edge mode dispersion

on the apparent spin orientation. The calculations predict an almost non-dispersive

chiral edge mode for out-of-plane spin terminations and strongly dispersive chiral

edge modes for edges with in-plane spin termination.
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Figure 6.12: Comparison of chiral edge state intensity with the calculated

LDOS of a modeled island. (a) A multipass spin-averaged zero-bias
dI/dV map with fast scan direction along [001]-edges of an irregularly
shaped Fe island; the inset shows a SP-STM constant-current image
of the same area. (b) Calculated spin-averaged zero-energy LDOS
for a Fe island of the same size and shape as that presented in a).
The white line reflects the mz-component of the spin spiral along the
[11̄0]-direction. (Multipass dI/dV , T = 1.3 K, V = −50 mV, I = 1 nA,
zoffset = −150 pm, Vmeas = 0 mV, Vmod = 50 µV; inset constant-current
SP-STM: T = 4.2 K, I = 1 nA, V = 4 mV).

6.5 Comparison to related sample systems

Finally, for better classification of the obtained results, this section will provide a brief

overview of related sample systems and highlight the new aspects of Fe/Ta(110).

The established non-collinear spin texture realized on an s-wave superconduc-

tor offers the opportunity to investigate the interaction of magnetic non-collinearity

with superconductivity. Several works have investigated similar systems, particu-

larly those involving the elemental superconductor Nb. The critical temperature of

Nb (TC = 9.2 K) allows for better energy resolution during the spectroscopic analy-

sis of sample systems. This higher energy resolution has motivated several studies

with Nb substrates, leading to reproducible recipes for obtaining the desired sur-

face cleanness and preparing homogeneous magnetic monolayers on top. These

recipes were lacking for Ta samples prior to this thesis. In the following, two works

focusing on magnetic monolayers on the superconductor Nb are discussed.

In the structural analysis of the samples with inhomogeneous growth of Fe (see

Sec. 4.2), many similarities can be identified in the Fe reconstructions on the sur-

faces of Nb(110) and Ta(110). In Fig. 6.13, an overview of the different types of
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Figure 6.13: Comparison of the surface reconstructions system Fe/Nb(110).

(a),(e) Overview image of one monolayer Fe on the surface of Ta(110)
or Nb(110), respectively. In (b),(c),(d) and (f),(g),(h), a closer look
at the observed reconstructions in Fe/Ta(110) or Fe/Nb(110), respec-
tively, is presented. The images of the sample system of Fe/Nb(110)
were taken from [120].

reconstructions observed in both sample systems is depicted, with Fe/Ta(110) on

the left and Fe/Nb(110) [120] on the right side. The similar types of reconstructions

of both sample systems are marked with the same color. Further, the reconstruc-

tion marked with a blue dot in the STM image in Fig. 6.13(a) appears similar to the

type-I reconstruction for Fe/Nb(110), albeit, an additional zoomed-in image was not

acquired. Some similarities are expected for both systems due to the almost iden-

tical lattice constants of Ta (331 pm) and Nb (330 pm). Only one reconstruction in

Fe/Ta(110), marked with a red rectangle and dot, cannot be identified in Fe/Nb(110).

Interestingly, this reconstruction type remains in comparably clean sample prepara-

tions of Fe/Ta(110) (see small reconstructed patches in Sec. 5.1).

In contrast to Fe/Ta(110), Fe/Nb(110) always exhibits a FM ground state in the

reconstructed layer of Fe, with no indications of topological superconductivity, such

as edge states at the boundary of Fe islands.

A rather similar sample system is one monolayer of Mn on Nb(110) [34]. It offers

nodal-point superconductivity similar to the sample system presented in this thesis.

A comparison of the calculated electronic band structures of the Brillouin zones is

shown in Figs. 6.14(c),(d). In the calculations of both systems, a topological charge

for each nodal point was observed, making the nodal-point superconductors topo-

logically non-trivial. As an indication of topological superconductivity in the experi-

ments, both systems offer edge states with enhanced signal intensity along certain

edge orientations.

The difference lies in the observed magnetic ground state. In Mn/Nb(110), a

collinear antiferromagnetic state (see Fig. 6.14(b)) was identified [34], whereas the
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Figure 6.14: Comparison of the magnetic ground state and Brillouin zone be-

tween Fe/Ta(110) and Mn/Nb(110). (a) The spin spiral ground state
for Fe/Ta(110) sample preparations, exhibiting a not entirely closed Fe
monolayer, with the calculated electronic band structure for the entire
Brillouin zone of the system in (b). (c) A sketch of the magnetic ground
state of one monolayer of Mn on Nb(110), together with the calculated
electronic band structure for the entire Brillouin zone of the system in
(d). Both results were taken from [34].

established spin spiral (see Fig. 6.14(a)) in the presented system of Fe/Ta(110) of-

fers the opportunity to investigate the influence of different spin alignments in the

bulk areas and at the boundaries of the islands on the in-gap state distribution.

6.6 Conclusion and Outlook

The superconducting phase of Fe/Ta(110) provides insights into the interaction of a

non-collinear spin texture with an s-wave superconductor, marking the first experi-

mental realization of such a non-collinear MSH-system. In the bulk area of the Fe

islands, intensity modulation of the LDOS at energies around the coherence peaks

and inside the superconducting gap can be identified. This modulation follows the

period of the magnetic texture when measured with a magnetic tip (TMR) and half

of the period of the magnetic texture when measured with a non-magnetic tip, which

is attributed to EMR-related effects. In tight-binding calculations, the calculated spa-
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tially resolved LDOS of the bulk areas of the sample system shows oppositely spin-

polarized coherence peaks which might be related to the observed anti-phase ob-

servation of the coherence peaks in the experiment. The calculations also show

LDOS intensity modulations inside the superconducting gap following the magnetic

period (spin-polarized) or half the magnetic period (spin-averaged), which explains

the experimentally observed intensity modulations.

At the boundaries of the Fe islands, a signal enhancement with the highest in-

tensities along the [001]-edges is observable, indicating a topologically non-trivial

phase of the MSH-system. The calculations conclude that the system is a topo-

logical nodal-point superconductor with chiral edge mode dispersion dependency

on the spin spiral termination angle at the edge, a phenomenon that has not been

discussed before in any of the established MSH-systems.

To discuss a possible application of the observed phenomena, the proposal al-

ready discussed in the previous chapter, where a racetrack with a meron-antimeron

domain wall was considered, will be referred to. For a possible racetrack realiza-

Figure 6.15: Meron-antimeron domain wall with a chiral edge mode on a race-

track. (a) The same sketch of a racetrack as in the previous chapter
with added edge modes (yellow clouds) along the ferromagnetically
polarized edges. In (b), two non-trivial meron-antimeron domain walls
on a racetrack.

tion, adding further domain walls in the racetrack is necessary. In Fig. 6.15(a), two

meron-antimeron domain walls are sketched and the discovered edge mode along

[001] is added by yellow clouds. A movement of the domain wall by a spin-polarized

current I⃗ or a magnetic field B⃗ would be the simultaneous transport of the chiral
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edge mode and the topological charge of the spin texture.

Further simulations could provide more insights into these ideas. The controlled

creation of similar spin textures in racetracks was already demonstrated in the work

of Schäffer et al. [140]. A similar approach could create the discussed domain wall

configurations and offer the opportunity to investigate the dynamics of these domain

walls and their topological properties.

An additional aspect of this proposal is the realization of computational operations

in such a racetrack device, e.g. braiding [141–143] of this kind of domain wall with

a chiral edge mode. Usually the chemical potential is used to manipulate anyons

in a T-junction [144], however, in reality the chemical potential is not a parameter

that can be changed directly. In the case of a meron-antimeron domain wall race-

track, the manipulation is comparable easy with already established ways like the

magnetic field or spin-polarized current manipulation. In Fig. 6.15(b), a sketch of

the meron-antimeron domain wall in a T-junction is presented and illustrates a pos-

sible way to exchange the position of both edge modes (following the black arrows in

Fig. 6.15(b)), which needs to validate whether this can be used for a computational

operation similar to the braiding of anyons.

Another open question is how the LDOS changes across such a domain wall

configuration, transitioning from one in-plane domain to another. A chiral edge state

along the FM edges of the wall texture is expected, however, the transitioning from

the in-plane domains across the meron-antimeron domain wall might offer another

edge state with a different dispersion.

Ultimately, the field dependence data of the system shows that the wall texture

can be compromised by applying an out-of-plane magnetic field. This results in

tiny domain wall configurations where potentially a transfer of the more delocalized

edge state to a Majorana bound state might be observable if a system can be found

that has a higher critical field and also has such a meron-antimeron domain wall

configuration like in the monolayer of Fe on Ta(110).
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