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Abstract

Magnetic skyrmions are topologically protected whirls in the spin structure that are of

great interest due to their stability and particle-like nature. However, skyrmions have

certain characteristics, which can be detrimental to their usage in any type of spintronic

application. For example, they typically require external magnetic fields to be stabilized

and gain a transversal component under lateral movement (skyrmion Hall effect), which

can lead to skyrmion annihilation at the edge of the skyrmion hosting material. One

proposal to mitigate these problems is the creation of a potential well that allows higher

skyrmion velocities by guiding the skyrmions along a desired pathway. Alternatively,

there is also a push towards the development of spintronics devices with antiferromag-

netic building blocks, e. g., antiferromagnetic skyrmions, which have a negligible stray

field, do not show the skyrmion Hall effect and are expected to have generally faster

dynamics.

In this thesis, the spin-polarized scanning tunneling microscopy (SP-STM) technique

is utilized to investigate the properties of skyrmionic states and other non-collinear or

non-coplanar spin structures, including antiferromagnetic single- and multi-Q states. In

the first part, the island edges of a well established skyrmion model system—the atomic

bilayer of Pd/Fe on Ir(111)—are decorated with a ferromagnetic rim. This rim prevents

skyrmion annihilation at the film edge, stabilizes skyrmions and target states in zero field

and also gives rise to edge-pinned skyrmions in applied magnetic fields. Following this,

spin dynamics simulations are employed to investigate what types of attractive and re-

pulsive skyrmion-edge interactions can explain the observed effects. In the second part,

the antiferromagnetic Mn monolayer on Re(0001) is investigated, which leads to the dis-

covery of the row-wise antiferromagnetic single- and the so-called triple-Q state. The

former is a collinear spin state with a new type of non-collinear domain wall that is made

up of a double-Q superposition state. The latter is a non-coplanar multi-Q state that

is stabilized by higher-order exchange interactions. Both of these states exist in differ-

ent stackings of the Mn monolayer. In the final part, the surface of the centrosymmetric

GdRu2Si2 bulk crystal is investigated. GdRu2Si2 has been previously investigated us-

ing multiple techniques: The magnetic phase diagram of GdRu2Si2 consists of several

multi-Q states including a skyrmion lattice in a perpendicular field of B = 2.5 T. Here,

using SP-STM, evidence for the multi-Q nature of the different magnetic ground states is

provided and details of the magnetic and electronic contrast mechanisms are discussed

with support from theory. Finally, it is confirmed that the Gd-terminated surface shows

additional magnetic phase transitions that are not observed for the Si-terminated surface
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or the GdRu2Si2 bulk crystal.
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Zusammenfassung

Magnetische Skyrmionen sind topologisch geschützte Wirbel in der Spinstruktur, die auf-

grund ihrer Stabilität und ihrem teilchenähnlichen Charakter auf großes Interesse stoßen.

Skyrmionen haben jedoch bestimmte Eigenschaften, die sich nachteilig auf ihre Verwen-

dung auf dem Gebiet der Spintronik auswirken können. Zum Beispiel benötigen sie ty-

pischerweise externe Magnetfelder, um stabilisiert zu werden, und erhalten bei latera-

ler Bewegung eine transversale Komponente (Skyrmion-Hall-Effekt), die zur Skyrmion-

Vernichtung am Rand des Skyrmionmaterials führen kann. Vorschläge zur Minderung

dieser Probleme umfassen die Schaffung eines Potentialtopfes, der höhere Skyrmionen-

geschwindigkeiten ermöglicht, indem die Skyrmionen entlang eines gewünschten Pfades

geführt werden, oder eine Entwicklung hin zu Spintronikgeräten mit antiferromagneti-

schen Bausteinen. Hier kommen z. B. antiferromagnetische Skyrmionen in Frage, die ein

vernachlässigbares Streufeld haben, keinen Skyrmion-Hall-Effekt aufweisen und für die

im Allgemeinen eine schnellere Dynamik erwartet wird.

In dieser Arbeit wird die spinpolarisierte Rastertunnelmikroskopie (SP-STM) verwen-

det, um die Eigenschaften von skyrmionischen Zuständen und anderen nicht-kollinearen

oder nicht-koplanaren Spinstrukturen, einschließlich antiferromagnetischer Single- und

Multi-Q-Zustände, zu untersuchen. Im ersten Teil werden die Inselkanten eines etablier-

ten Modellsystems für Skyrmionen – der atomare Doppelschicht aus Pd/Fe auf Ir(111)

– mit einem ferromagnetischen Rand dekoriert. Dieser Rand verhindert die Vernich-

tung von Skyrmionen an der Inselkante, stabilisiert Skyrmionen und Target-States im

Nullfeld und führt dazu, dass bei angelegten Magnetfeldern Skyrmionen an der Insel-

kante gepinnt werden. Anschließend werden Spindynamik-Simulationen eingesetzt, um

zu untersuchen, welche Arten von anziehenden und abstoßenden Wechselwirkungen

zwischen Skyrmion und Inselkante die beobachteten Effekte hervorrufen können. Im

zweiten Teil wird die antiferromagnetische Mn Monolage auf Re(0001) untersucht, was

zur Entdeckung des reihenweisen antiferromagnetischen Single-Q und des sogenannten

Tripel-Q-Zustands führt. Bei ersterem handelt es sich um eine kollineare Spinstruktur

mit neuartigen nicht-kollinearen Domänenwanden, die aus einem Doppel-Q-Überlager-

ungszustand bestehen. Der Tripel-Q-Zustand ist ein nicht-koplanarer Multi-Q-Zustand,

der durch Austauschwechselwirkungen höherer Ordnung stabilisiert wird. Diese beiden

Zustände existieren in unterschiedlichen Stapelungen der Mn Monolage. Im letzten Teil

wird die Oberfläche des zentrosymmetrischen GdRu2Si2 Festkörperkristalls untersucht.

GdRu2Si2 wurde zuvor mit mehreren Techniken untersucht: Das magnetische Phasen-

diagramm von GdRu2Si2 besteht aus mehreren Multi-Q-Zuständen einschließlich eines
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Skyrmionengitters in einem senkrechten Feld von B = 2.5 T. Hier werden nun unter

Verwendung der spinpolarisiertem STM-Technik Beweise für die Multi-Q-Natur der ver-

schiedenen magnetischen Zustände geliefert. Zudem werden Details der magnetischen

und elektronischen Kontrastmechanismen diskutiert im Vergleich mit Modellrechnun-

gen. Zuletzt wird bestätigt, dass die Gd-terminierte Oberfläche zusätzliche magnetische

Phasenübergänge zeigt, die weder für die Si-terminierte Oberfläche oder den GdRu2Si2

Volumenkristall beobachtet werden.
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1 Introduction

We live in a world that has an ever increasing demand for faster, cheaper and smarter

technologies, devices and data storage systems. This demand is confronted with a reality

in which resources are limited, energy prices are expected to rise, and currently estab-

lished technologies are close to hitting their natural limitations. In the field of informa-

tion technology, one major step in the development towards more efficient technologies

would be a paradigm shift from charge-based devices, that are plagued by high-power

consumption and overheating, towards spin-based devices [1]. Ever since the discovery

of the giant magnetoresistance (GMR) effect [2, 3], which is utilized currently in data stor-

age devices like MRAM or in the read units of HDDs, the field of spintronics has evolved

and is anxious to find and develop new spin-based phenomena and devices.

One prominent example of this endeavor is the development of a race track memory

device in which magnetic structures with particle-like properties, such as domain walls

or magnetic skyrmions, are used as information carriers [4, 5]. These magnetic objects

can then be moved with relatively small currents and the information would be encoded

in their sequence, i. e., in the presence ’1’ or absence ’0’ of a magnetic object. In such a

device the read and write unit is supposed to be stationary, while the information can be

stored in three dimensional race track structures, which would serve to improve the data

stability and storage density and simultaneously mitigate problems with overheating.

Magnetic skyrmions are topologically protected objects with well investigated trans-

port properties [6, 7, 8, 9, 10], which at first glance appear to be ideal candidates for a

race track memory device. However, there is a plethora of obstacles that need to be over-

come in order to build a functional or even competitive device. Among other things,

these obstacles include the skyrmions’ stray field and requirement for an external mag-

netic field, instability at room temperature, and the occurrence of the skyrmion Hall ef-

fect [11, 12, 13]. Whereas solutions for several of these problems have been found, the

biggest obstacles remains, which is finding a material system that combines all required

properties in one. In more recent years an effort has been made to find different applica-

tion types for skyrmions, such as logic gates [14, 15, 16], neuromorphic computing [17], or

applications that exploit Brownian skyrmion motion [18, 19, 20]. An alternative route is

to move towards different magnetic objects with more desired properties like, e. g., target

states [21, 22, 23] or antiferromagnetic skyrmions [24, 25].

Antiferromagnetic (AFM) skyrmions are promising solitons to be utilized in spintronic

applications, because they have an almost vanishing magnetic stray field, do not show

the skyrmion Hall effect, and are expected to benefit from generally faster dynamics [26,
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27, 28]. In the search for systems hosting AFM skyrmions, a fundamental understanding

of the formation mechanisms of AFM spin structures is essential. There are many possible

factors that can contribute to the formation of more complex, non-collinear and possibly

non-coplanar AFM spin states. These factors include frustrated exchange interactions,

geometrical frustration, anisotropic exchange and the coupling of several single-Q states

via so-called higher-order exchange interactions [29, 30].

In this thesis I tackle the subject matter from multiple perspectives: Utilizing spin-

polarized scanning tunneling microscopy, I investigate antiferromagnetic, non-collinear

and non-coplanar spin textures, such as spin spirals, skyrmions, single-Q and several

multi-Q states. The goal of this thesis is to investigate how properties of existing skyrmion

systems can be manipulated and to generate a better understanding of how the inter-

play between different magnetic interactions can lead to the formation of complex non-

collinear magnetic textures.

In chapter 2 I introduce important interactions in magnetic ultra-thin films and give

a brief overview of the experimental techniques used in this thesis. In chapter 3 I intro-

duce a previously established skyrmion system, which is the atomic bilayer of Pd/Fe on

Ir(111) and continue with a discussion of the Co/Fe bilayer on Ir(111), which exhibits an

in-plane ferromagnetic domain order. In chapter 4 I discuss how the magnetic proper-

ties of the Pd/Fe/Ir(111) system can be modified via edge tuning and how this can be

used to stabilize zero-field skyrmionic states and also prevent skyrmion annihilation at

the film edge. In chapter 5 I describe the discovery of the row-wise antiferromagnetic

state, which features a new type of non-collinear antiferromagnetic domain wall and,

furthermore, discuss the discovery of the so called triple-Q state, which is a long sought

after non-coplanar multi-Q state. Both of these states exists in the Mn monolayer on

Re(0001). In chapter 6 I investigate the magnetic compound material GdRu2Si2, which

has a magnetic phase diagram that features several non-coplanar multi-Q states, includ-

ing a skyrmion lattice phase that is stabilized by a different mechanism than conventional

skyrmion systems. Finally, in chapter 7 I summarize my results and give an outlook for

future developments.
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2 Theoretical context and experimental
method

In this chapter I will introduce the required theoretical knowledge for interpreting the ex-

perimental results in the following chapters. I will start with a brief description of mag-

netism in ultra-thin films, with a focus on antiferromagnetic (AFM) and non-collinear

spin structures. I will introduce the concept of magnetic skyrmions, which will be of

great relevance for chapters 3 and 4. This will be followed by an introduction to single-

and multi-Q states, which will be of special importance for chapters 5 and 6. In the fi-

nal section I will introduce the scanning tunneling microscopy (STM) technique, with a

focus on the spin-polarized tunneling mode, and give a more general overview of the

experimental techniques.

2.1 Non-collinear magnetism in ultra-thin films

In this section I will introduce the most relevant magnetic interactions for an atomistic

description of AFM and non-collinear spin structures in ultra-thin magnetic films. Non-

collinear ordering can have various origins, including geometrical frustration, frustration

of close-range and longer-range exchange interactions, or a competition of different inter-

actions, e. g., exchange and Dzyaloshinskii-Moria interaction. In the following the mag-

netic moment of an atom will be considered as a classical spin vector Si, with |Si| = 1,

that is located at the atom position at lattice site i and can point in any possible direction

within the three-dimensional space.

2.1.1 Heisenberg exchange interaction

The Heisenberg exchange interaction is the result of two different principles: The Cou-

lomb force favors a separation of electrons due to their equal charge. The Pauli exclusion

principle states that particles like electrons cannot be identical in all quantum numbers

and that the joint wavefunction of two overlapping electron wavefunctions must be an-

tisymmetric. This means that either the spin part of the wave function must be antisym-

metric, i. e., spins are antiparallel, while the spatial part is symmetric (singlet state), or the

spin part is symmetric, i. e., the spins are parallel, and then the spatial part of the wave-

function must be antisymmetric (triplet state). The strength of the exchange coefficient is

given by the energy difference between the two states [31]:
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J =
ES − ET

2
. (2.1)

In the classical Heisenberg model, the exchange interaction is described with the Hamil-

tonian:

Hex = −∑
i,j

JijSi · Sj (2.2)

where Jij is the exchange coefficient for the two spins at lattice site i and j. For Jij > 0 the

energy is minimized for a parallel (ferromagnetic) coupling of the spins, for Jij < 0 the

antiparallel (antiferromagnetic) coupling is favored. The contribution from the exchange

interaction typically becomes very small for distances larger than one atomic distance,

thus a system can often be described by only considering exchange interactions between

nearest-neighbor spins. This exchange coefficient is referred to as J1. Accordingly, the

exchange coefficient between next-nearest neighbors and even further atoms are referred

to as J2, J3 and so on (see Fig. 2.1a).

In a trigonal lattice with an antiferromagnetic exchange interaction J1, the spin struc-

ture is geometrically frustrated. There is no possible state in which all neighboring

spins are antiparallel to each other. The magnetic ground state of such a system is the

non-collinear 120◦ Néel state, which is shown in Fig. 2.1b. Experimentally, the Néel

state was found in various systems including atomic monolayers of Mn/Ag(111) [32],

Cr/Pd(111) [33] or Fe/Re(0001) [34]. When the exchange interactions beyond nearest-

neighbor atoms are of noticeable strength, the spin structure is exchange frustrated and

the resulting ground state is highly dependent on the ratio of the different exchange coef-

ficients [35, 36]. In the Néel state all next-nearest-neighbor atom spins are parallel to each

other. Thus the Néel state is less favorable in systems with J2 < 0. Instead a row-wise an-

tiferromagnetic (RW-AFM) state, which is shown in Fig. 2.1c, becomes the ground state.

In this state the spin structure forms alternating rows with parallel spins, with the result

that a majority of next-nearest-neighbors are antiparallel to each other.

Figure 2.1: Antiferromagnetic states on a hexagonal lattice. a Heisenberg model of ex-
change interaction with exchange coefficients J1, J2 and J3. b Schematic depiction of the
Néel state with 120◦ angles between adjacent spins. c Schematic depiction of the RW-
AFM state with 180◦ angles between adjacent spins.
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2.1.2 Dzyaloshinskii-Moriya interaction

A different origin for non-collinearity is the antisymmetric exchange interaction, often

called Dzyaloshinksii-Moriya interaction (DMI) [37, 38], which is a pairwise spin interac-

tion that favors an orthogonal spin configuration and has the form:

HDMI = −∑
〈i,j〉

Dij · (Si × Sj) (2.3)

where Dij is the DM vector, which gives the strength of the interaction and also imposes

a unique rotational sense onto the system. The axis of the DM vector depends on the

crystal structure and can be determined by following Moriya’s symmetry rules. For two

atoms that are located at positions A and B which are connected by the line AB and the

middle point between them is C, the following rules apply [38]:

• When a center of inversion is located at C, Dij = 0.

• When a mirror plane perpendicular to AB passes through C, Dij ⊥ AB.

• When there is a mirror plane including A and B, Dij ⊥mirror plane.

• When a two-fold rotation axis perpendicular to AB passes through C, Dij ⊥ two-

fold axis.

• When there is an n-fold axis (n ≥ 2) along AB, Dij ‖ AB.

The physical origin of the DMI lies in relativistic effects arising from spin-orbit coupling.

DMI only plays a role in non-centrosymmetric crystal structures and systems with broken

inversion symmetry, e. g., at the interface of ultra-thin films. In such systems, typically the

DMI between spins in the magnetic layer leads to cycloidal spin rotations and is mediated

by a heavy metal substrate with large spin-orbit coupling such as Ir. Figure 2.2 shows two

spin spiral states with 90◦ angles, which are the magnetic ground state of a hypothetical

system with only DMI. The sign of the DM vector imposes either a clockwise or anti-

clockwise rotational sense. DMI is a source of non-collinear spin ordering and plays an

important role in the skyrmion formation process in a variety of systems [39, 40, 41, 42].

Figure 2.2: Two spin spiral states with
opposite rotational sense resulting from
different signs of the Dzyaloshinskii-
Moriya vector Dij.
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2.1.3 Anisotropic symmetric exchange

The anisotropic symmetric exchange interaction (ASE) is another interaction that has rel-

ativistic effects from spin-orbit coupling as its origin. Like the DMI, it can be derived

from the general form of the exchange tensor and can be written as [43]:

HASE = −∑
〈i,j〉

JASE
ij · (Si · dij)(Sj · dij) (2.4)

where dij is the unit vector that points from Si to Sj. Here the sign of the exchange

coefficient JASE
ij determines if an alignment of the spins orthogonal or parallel to dij is

favored. The ASE is seldomly explicitly taken into account when it comes to modeling

non-collinear systems, but it was, e. g., predicted to play a decisive role in the formation

of skyrmionic lattice states in the monolayer of a centrosymmetric metal halide, NiI2 [44].

2.1.4 Magnetic anisotropy

Another energy term that originates from spin-orbit coupling is the magnetocrystalline

anisotropy energy (MAE), which strongly depends on the crystal structure. The electrons

in a crystal give rise to an electric field, called the crystal field. Because of interactions

with this crystal field, magnetic moments are aligned in certain crystallographic direc-

tions, so called easy magnetization axes. The MAE can be divided into contributions that

are caused by the bulk of the crystal, and a term that comes from the crystal surface. In the

surface area the crystal field changes, because here the number of neighboring atoms is

reduced and the crystal symmetry changes. In ultra-thin films the contribution from the

surface anisotropy may dominate and induce an easy magnetization axis perpendicular

to the surface with the form [31, 45]:

HMAE = −∑
i

Kz · S2
i,z (2.5)

where Kz is the anisotropy constant and S2
i,z is the spin component along the anisotropy

axis. When the sign of Kz is negative, the system has an easy-plane anisotropy, i. e., a

spin alignment within the surface plane is favored. Such an easy-plane anisotropy can be

caused, e. g., by the dipolar interactions between magnetic moments that has the form [31,

45]:

Hdip = ∑
i,j

(
µi · µj

r3
ij
− 3

(µi · rij)(µj · rij)

r5
ij

)
(2.6)

where µi and µj are magnetic dipoles at lattice sites i and j and rij is the distance between

them. The dipolar interaction is a long range interaction, whose outcome is affected by

the shape of the system, thus it is also called shape anisotropy. In ultra-thin films the

shape anisotropy favors an in-plane alignment of magnetic dipoles, which reduces the

corresponding stray field.
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2.1.5 Zeeman energy

The Zeeman effect is the splitting of an electron’s energy level in an external magnetic

field. The Zeeman energy is given by [31]:

HZee = −∑
i

µSi · B (2.7)

where µ is the magnitude of the magnetic moment and B is the external magnetic field.

The Zeeman effect causes spins to be aligned with the external magnetic field and is an

important interaction for the stabilization of skyrmionic states [46, 42].

2.2 Magnetic skyrmions

Magnetic skyrmions are whirling spin textures with particle-like, as well as, topological

properties that make them robust against external perturbations. They are named af-

ter Tony Skyrme and were first described theoretically by Bogdanov et al. [47, 48] and

later found experimentally in systems with broken structural inversion symmetry such

as chiral magnets [46, 49] and magnetic ultra-thin films [40, 42]. Skyrmions have been

observed in epitaxially grown ultra-thin metal films, in which they are stable at cryo-

genic temperatures and have a sub-10 nm diameter [40, 42, 50, 51], but also at room

temperature in multilayer films where the skyrmion diameter ranges between 30 nm and

2 µm [52, 53, 54, 55]. Skyrmions have an integer non-zero topological charge Qtop, which

is defined by [7]:

Qtop =
1

4π

∫
A

m(r) ·
(

∂m
∂x
× ∂m

∂y

)
dr (2.8)

which is also called the skyrmion winding number that counts how many times the

magnetization m in the skyrmion area A can wrap the unit sphere, when every point

of the sphere corresponds to a different orientation of the magnetization. Skyrmions

have a topological charge of Qtop = ±1, while, e. g., a ferromagnetic film has a charge of

Qtop = 0. Skyrmions are topologically protected, thus they can only be transformed into

a state with a different topological charge by overcoming an energy barrier. This makes

Figure 2.3: Spin structure of
a Néel type (a) and a Bloch
type (b) skyrmion. Red and
blue arrows indicate oppo-
site out-of-plane directions.
Spins with mostly in-plane
component are depicted as
green arrows.
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them persistent, i. e., they are able to withstand external perturbations without being de-

stroyed.

Skyrmions are typically stabilized by an interplay of exchange interaction, Dzyaloshin-

skii-Moriya interaction (DMI) [37, 38], Zeeman energy due to an applied field and per-

pendicular magnetocrystalline anisotropy (PMA). In larger skyrmion bubbles also dipo-

lar interactions play an increasingly important role in the stabilization process [52]. Skyr-

mions can either be of Néel-type or of Bloch-type character (see Fig. 2.3), which corre-

sponds to a cycloidal or helical spin rotation, respectively. The skyrmion type is chosen

by the DM vectors inside a system, which themselves depend on the symmetry of the

skyrmion hosting system. Skyrmions in non-centrosymmetric bulk crystals typically are

Bloch-type, whereas in ultra-thin films the DMI at the interface favors the formation of

Néel-type skyrmions.

2.3 Single- and multi-Q states

A general solution to the Heisenberg model in a two-dimensional film is a spin spiral

state with a propagation vector Q. Q is defined within the first Brillouin zone of the

Bravais lattice and determines the propagation direction of the spin spiral as well as the

angle between adjacent spins. Figure 2.4a shows the first Brillouin zone for a hexagonal

lattice [35]. Q vectors that point at high symmetry points at the rim of this first Brillouin

zone match magnetic states that have been previously discussed: The Néel state can be

understood as a spin spiral with a next-neighbor angle of 120◦ and corresponds to a

Q vector pointing to the K point. The RW-AFM state is a spin spiral with a 180◦ angle

between adjacent spins and corresponds to a Q vector pointing towards the M point. The

Γ point at the center of the Brillouin zone coincides with a ferromagnetic state. All other

Q vectors within the first Brillouin zone correspond to spin spiral states with different

periods. Spin spirals with Q vectors that are closer to the Γ point have smaller nearest-

neighbor angles, i. e., longer periods, than spin spirals with Q vectors closer to the edge

of the Brillouin zone [35].

Multi-Q states are superposition states built out of symmetry-equivalent single-Q spi-

ral states. Most of the superposition states that can be constructed in this way have a

varying magnetic moment across the atomic lattice, thus additional Q vectors, i. e., higher

harmonic Q vectors or ferromagnetic contributions, need to be considered as well [56].

Examples of such multi-Q states are hexagonal skyrmion lattices which are then stabi-

lized by applied magnetic fields [46, 49, 42]. There are only few exact multi-Q states

that have a constant magnetic moment at every lattice site and are energetically degen-

erate with their respective single-Q state within the classical Heisenberg model. One

such example is the triple-Q (3Q) state that is constructed from three RW-AFM states [29]

and will be further discussed in chapter 5. The degeneracy between single- and multi-Q
states can be lifted by higher-order interactions, i. e., beyond pairwise exchange interac-
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Figure 2.4: a The first Brillouin zone of a hexagonal Bravais lattice, the high symmetry
points K, M and Γ form the reducible triangle. Taken from [35] with permission. b Sketch
of beyond pairwise exchange interactions showing the two-site B, three-site Y and four-
site K exchange interaction. Taken from [30] with permission.

tions, which will be introduced in the following.

2.3.1 Higher-order exchange interactions

In theoretical considerations, the classical Heisenberg model can be extended by the in-

clusion of various higher-order exchange interactions in order to find more realistic spin

ground states. Figure 2.4b shows a sketch of possible exchange interactions between four

spins at different numbers of lattice sites. These higher-order terms are able to couple

single-Q spiral states and stabilize more complex multi-Q structures. A commonly con-

sidered higher-order interaction is the biquadratic exchange, which couples two pairwise

exchange interactions together to form an interaction between four spins at two lattice

sites. It has the form [30]:

H2-site = −∑
ij

Bij(Si · Sj)
2 (2.9)

where Bij is the biquadratic exchange coefficient. Depending on the sign of Bij, the bi-

quadratic exchange interaction can either favor a collinear or an orthogonal alignment

between the involved spins. When adding a third lattice site, one arrives at the 3-site

exchange interaction, which is given by [30]:

H3-site = −2 ∑
ijk

Yijk
(
(Si · Sj)(Sj · Sk) + (Sj · Sk)(Sk · Si) + (Sk · Si)(Si · Sj)

)
(2.10)

where Yijk is the 3-site exchange coefficient. One example of a spin structure where the

3-site interaction plays a vital role in the stabilization process, is the so called up-up-

down-down state found in the atomic monolayer of Fe on Rh(111) [57]. The last four-spin
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interaction is the 4-site interaction which takes the form [29]:

H4-site = −∑
ijkl

Kijkl
(
(Si · Sj)(Sk · Sl) + (Sj · Sk)(Sl · Si)− (Si · Sk)(Sj · Sl)

)
(2.11)

where Kijkl is the 4-site exchange coefficient. This term arises due to the hopping of elec-

trons over four lattice sites and was, e. g., shown to play a vital role in the formation of a

zero-field nanoskyrmion lattice in the Fe monolayer on Ir(111) [40]. This nanoskyrmion

lattice is a multi-Q spin state that is composed out of two symmetry-equivalent spin

spiral states that are coupled by the 4-site interaction and form a square skyrmion lattice

with a magnetic unit cell of about 1 nm by 1 nm. For the construction of the nanoskyrmion

lattice also an additional Q vector is necessary that is required to make the magnetic mo-

ment at every lattice site constant.

2.4 Scanning tunneling microscopy

The scanning tunneling microscope (STM) was invented in the year 1982 by Gerd Binnig

and Heinrich Rohrer [58]. It is a scanning probe technique that exploits the quantum tun-

neling effect in order to characterize the surfaces of conducting materials with a resolu-

tion down to the atomic lattice. The electron tunneling occurs through a vacuum barrier

between a sharp metallic tip and a conducting sample, which are typically a few Å apart

and separated by an isolating gap, e. g., vacuum or air. The tunneling is possible due to

the wave nature of electrons, which have a finite probability to occur inside or behind a

vacuum barrier. This electron tunneling occurs in both directions, thus a bias voltage is

applied between sample and tip, to generate a net flow of electrons in one direction. In

1985 Tersoff and Hamann derived an expression for the tunnel current I. For this they as-

sumed a low bias voltage, a low temperature regime, a spherical tip shape with an s-type

wave function and also a constant local density of states (LDOS) of the tip ρt [59]:

I ∝ Vρte2κR ∑
s
| Ψs(r0) |2 δ(Es − EF) (2.12)

where R is the curvature radius of the tip, r0 is the center of the curvature, κ is an inverse

decay length and Ψs is the wave function of the sample, which decays exponentially

inside the vacuum. This leads to:

I ∝ exp(−2κz) (2.13)

where the tunnel current is exponentially dependent on the distance z between sample

and tip. Due to the exponential decay of the tunnel current, STM is a technique that is

capable to achieve atomic-scale resolution [60]. In 1990 the model by Tersoff and Hamann

was extended by Chen, who included tip states with higher orbital quantum numbers,



2.4 Scanning tunneling microscopy 11

Figure 2.5: Spin-polarized scan-
ning tunneling microscopy.
a Sketch of experimental set-up
with magnetic STM tip close
to a magnetic sample surface.
b Spin-polarized tunneling from
tip states into unoccupied sample
states with spin majority and
spin minority channels indicated.
Taken from [66] with permission.

e. g., d-like states. A more generalized expression for the tunnel current that is no longer

limited to small bias voltages is given by [61]:

I ∝
∫ eV

0
ρt(EF − eV + ε) · ρs(EF + ε) · T(ε, V, s) · dε (2.14)

where T is an energy- and bias-dependent transmission coefficient. The tunneling cur-

rent also depends on the integrated LDOS of the sample, which not only allows the de-

tection of topographical features of the surface, such as terrace steps, or adatoms, but also

changes in the local electronic structure.

2.4.1 Spin-polarized STM

When sample and tip are magnetic, spin-polarized scanning tunneling microscopy (SP-

STM) enables the investigation of the local magnetic structure of the sample [62, 63]. At

the heart of this measuring mode lies the tunneling magnetoresistance (TMR) effect [64,

65]. Figure 2.5a shows the experimental set-up of a magnetic tip and a magnetic sample

surface and Fig. 2.5b shows a sketch of spin-polarized tunneling, where electrons with

majority spin (spin up) from the tip only tunnel into unoccupied majority states of the

sample, while electrons with minority spin (spin down) tunnel into unoccupied minority

states [66].

The TMR effect modifies the detected tunneling current. The spin-polarized compo-

nent of the tunneling current ISP is determined by two factors: The spin-polarization of

tip and sample Pt and PS, respectively, and the angle between the magnetization direction

at the tip apex θt and the magnetization direction of the sample at the tip position θs. The

polarization of tip and sample are given by [60]:

Pt =
n↑t − n↓t
n↑t + n↓t

(2.15)

Ps =
n↑s − n↓s
n↑s + n↓s

(2.16)

where n↑t,s and n↓t,s are the spin-resolved density of states. For a non-magnetic tip or
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sample, n↑ and n↓ are equivalent and the polarization becomes zero. With these con-

siderations, the measured tunneling current can be split in a spin-averaged (I0) and a

spin-polarized component [67]:

I = I0 + ISP = I0 + PtPscos(θt − θs). (2.17)

The spin-polarized component shows a cosine dependence and in first approximation

is maximal for a parallel alignment of tip and sample magnetization (θt − θs = 0◦) and

minimal for an antiparallel alignment (θt − θs = 180◦). At θt − θs = ±90◦ the STM tip

is not sensitive to the magnetization of the sample and the spin-polarized contribution

to the current becomes zero. In order to determine the complete spin structure of a non-

collinear spin state, it is often useful to investigate the structure with multiple different

tip magnetization directions.

2.4.2 Measurement modes

Constant-current mode

The STM tip is connected to a piezoelectric scanner tube, which can be moved in x and

y direction for the scanning motion, as well as stretched and compressed along the z di-

rection to adjust the height of the tip. Throughout this thesis most measurements were

performed in the constant-current mode. In this mode a certain bias voltage is set be-

tween sample and tip and then the current is kept constant, while the tip scans across the

surface. The current is kept constant by using a feedback loop that adjusts the tip height

whenever the current signal changes. These changes in tip height are then recorded as

the z signal to generate a topographic map of the sample surface.

Constant-height mode

An alternative scanning mode is the constant-height mode. Here the feedback loop is

switched off and all information of the surface is then stored in the current signal. This

measurement mode has the advantage that feedback artifacts are minimized, however,

it comes also with an increased risk of tip-sample collisions and can only be utilized on

very flat surface areas.

Differential conductance

Simultaneously to the constant-current mode, a map of the differential conductance (dI/

dU) can be directly measured by using lock-in technique. The lock-in-amplifier is utilized

to add a small sinusoidal modulation with frequencies of a few kHz to the bias voltage. A

typical value is 10% of the set bias voltage. In contrast to the tunneling current, the dI/dU
signal is only sensitive to changes of the LDOS at a specific energy, which is selected

by the bias voltage. This allows the detection of even relatively small variations in the
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LDOS at the sample surface. These variations can be caused, e. g., by differences in the

magnetic texture, but also by different growth phenomena, i. e., defects, stacking changes

or structural reconstructions. Throughout this thesis there are many examples of dI/dU
contrasts that only appear at specific bias ranges, which is why the set bias voltage is

always noted in the figure description.

Scanning tunneling spectroscopy

Instead of generating a spatially resolved dI/dU map for one given bias voltage, it is also

possible to perform a bias sweep and measure a dI/dU spectrum for a specific sample

location. This mode is called scanning tunneling spectroscopy (STS) and it yields a sig-

nal that is directly proportional to the energy dependent LDOS of the sample surface.

By comparing spectroscopy curves that were measured at different sample locations it

is then possible to study the LDOS further and to identify, e. g., bias voltages at which

the tunneling signal is strongly spin-polarized. In a more advanced approach, it is also

possible to measure spatially resolved spectroscopy maps: In such spectroscopy maps,

at each point of a predefined grid an energy dependent spectroscopy curve is measured.

Whereas a standard dI/dU map only represents a slice of the locally resolved DOS at a

specific energy, such spectroscopy maps contain information about the entire electronic

structure for the given bias range.

2.4.3 Electronic contrast mechanisms

In the standard SP-STM scanning mode, a spin-polarized tip is utilized to gain insights

into the spin texture based on the TMR effect. There are several other magnetoresistive

effects that allow the investigation of the spin texture and do not require a magnetic tip.

Non-collinear spin structures can locally alter the band structure of a system through

different mechanisms. These modifications of the LDOS can then be observed, e. g., in

dI/dU maps that were recorded within specific ranges of the bias voltage. Depending on

the sample system, these electronic contrast mechanisms can be utilized to deliberately

investigate specific aspects of the spin texture, but they can also prove to be an obstacle

for data interpretation, when the contrasts from different magnetoresistive effects overlap

with each other, with the contrast contributions from spin-polarized tunneling, or with

other electronic effects that change the LDOS.

Tunneling anisotropic magnetoresistance

The tunneling anisotropic magnetoresistance (TAMR) effect is a result of spin-orbit cou-

pling and becomes relevant in systems with heavy substrates [68], such as Ir and W, but

was also observed for Co/Ru(0001) [69]. It is caused by a mixing of electronic states that

have different orbital characters and it is typically very small [70, 40]. The TAMR effect

is sensitive to the orientation of the spin quantization axis. It allows, e. g., the differenti-



14 2 Theoretical context and experimental method

ation between out-of-plane and in-plane sample magnetization, but it is not sensitive to

the relative angle between sample and tip magnetization like the TMR effect. As such it

can be used to, e. g., detect domain walls between ferromagnetic domains [70], but it can

also be scaled down to detect changes in the LDOS caused by non-collinear atomic scale

spin structures [71].

Non-collinear magnetoresistance

The non-collinear magnetoresistance effect is another magnetoresistive effect that allows

the detection of non-collinear spin structures, such as domain walls, non-homogeneous

spin spirals, and skyrmions [72, 73, 74]. In contrast to the TMR effect, the NCMR is not

sensitive to the absolute spin direction, but to changes in the non-collinearity, i. e., changes

of the nearest-neighbor angles in the spin structure. Thus it cannot be utilized to investi-

gate uniform non-collinear spin structures, in which the nearest-neighbor angles are con-

stant, instead it can be used to detect, e. g., skyrmions that have larger nearest-neighbor

angles (higher non-collinearity) compared to their collinear surrounding. The origin of

the NCMR effect is a mixing of bands with different spin channels, which is a general

phenomena in non-collinear spin states and results in a spatially varying modification

of the LDOS [72]. In first approximation the NCMR contrast can be simulated as being

proportional to the energy contribution from J1, which was done in chapter 4 to predict

the expected NCMR contrast of a skyrmion and a target state.

2.4.4 Experimental set-up

All STM measurements that are shown in this thesis were performed in a multi-chamber

ultra-high-vacuum (UHV) system. The UHV system is based on a set-up from Omi-

cron with separate chambers dedicated to sample preparation, annealing, ion-sputtering,

LEED and Auger spectroscopy, and thin-film growth via molecular beam epitaxy. Fur-

thermore the system is equipped with two home-made STMs that operate at cryogenic

temperatures and have superconducting magnets. After venting the system, a combina-

tion of turbo molecular pumps, vibration-free ion getter pumps and titanium sublima-

tion pumps is utilized to reach a base pressure of 1 · 10−10 mbar after bake-out. This base

pressure is required to prepare clean ultra-thin films using molecular beam epitaxy and

also to keep the sample surfaces free from contamination during extended measurement

periods of up to several weeks or even months. The samples investigated in this thesis

were either directly prepared inside the UHV system and then transfered to one of the

connected STM chambers or, in the case of the GdRu2Si2 samples, they were cleaved in-

side the UHV system to generate a pristine sample surface and directly inserted into the

STM afterwards. Details of the preparation of the different samples are presented in the

respective chapters.

During the course of this thesis, two home-built STMs were utilized. One is equipped

with a superconducting magnet, that can generate magnetic fields of up to 9 T perpen-
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dicular to the sample surface. It has a base temperature of 4 K and can be cooled-down

further to≈ 1.2 K. The other STM has a maximum perpendicular field of 2.5 T and a base

temperature of 8 K. For the SP-STM measurements two different types of STM tips were

utilized: Cr bulk tips are antiferromagnetic tips that do not exert any stray fields and have

an arbitrary spin direction at the tip apex, that typically can be changed by gentle contact

with the sample surface [75]. In this way Cr tips can be used to probe both in-plane and

out-of plane components of the sample magnetization. This type of tip is preferred, when

the sample magnetization is expected to react to an external field or the stray-field of a

ferromagnetic tip. For a direct control over the tip magnetization, Fe-coated W tips can

be utilized. The tip is coated with a thin Fe film that is generally expected to have an

in-plane magnetization direction due to shape anisotropy. The magnetization direction

of the tip can then be manipulated by applying a sufficiently strong external magnetic

field [63]. This allows a controlled investigation of both in-plane and out-of-plane com-

ponents of a given spin structure. This type of tip is frequently used to characterize spin

textures that are not expected to react to an external magnetic field.
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3 Magnetic bilayers on Ir(111)

In this chapter I will introduce two different atomic bilayers on the surface of an Ir(111)

crystal. First I will present a brief overview of the skyrmion hosting Pd/Fe bilayer, which

has been extensively investigated in the past. Following this, I will discuss the growth

and magnetism of the Co/Fe bilayer. Whereas both bilayers can be prepared adjacent

to each other on the same Ir(111) crystal surface, in this chapter, they will be discussed

separately. The effects of Co/Fe layers on the magnetic state in the adjacent Pd/Fe bilayer

will be the topic of the following chapter.

3.1 The Pd/Fe/Ir(111) thin film system

This section is meant to give an overview of the basic properties of the Pd/Fe/Ir(111)

system and to help with the understanding of the following chapters. The Pd/Fe/Ir(111)

system was first investigated by Romming et al. [42] and has been the topic of multiple

experimental and theoretical publications since [76, 77, 72, 78, 79, 80]. All STM images in

this section were measured by myself, however, the physics behind these measurements

has been studied prior to my own contributions.

3.1.1 Magnetic states of the Pd/Fe bilayer

The Pd/Fe/Ir(111) system is made up of two epitaxially grown atomic layers on top of

the surface of an Ir(111) crystal. The Pd prefers to grow on top of the Fe monolayer, where

it forms pseudomorphic islands with either hcp or fcc stacking. Typically, both stacking

types of Pd can be found on the same sample surface. Figure 3.1 shows dI/dU maps of

such a sample. The two Pd/Fe stacking types can be differentiated, because they exhibit

differences in their electronic structure, which can be detected in dI/dU measurements

and are also the cause for subtle differences between their magnetic ground states. At

the bias voltage chosen here, the hcp-stacked Pd islands show a brighter contrast than

the fcc-stacked ones, but this can be different at other bias voltages. The island on the

left side consists of two differently stacked islands that have merged during the growth

process.

By covering the Fe monolayer with an atomic layer of Pd, the magnetic interactions in

the film are changed, which gives rise to new magnetic phases. By itself, the Fe mono-

layer on Ir(111) exhibits the aforementioned nanoskyrmion lattice state [40]. In contrast,

the two differently stacked Pd/Fe bilayers both show a cycloidal spin spiral with a pe-
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Figure 3.1: Magnetic state of the Pd/Fe bilayer on Ir(111). a dI/dU map of hcp- and fcc-
stacked Pd/Fe islands in zero-field showing darker and brighter stripes; characteristic
for the spin spiral state (I = 2 nA, U = 55 mV). b Two differently stacked Pd/Fe islands
in the skyrmion phase at B = 1.5 T (I = 2 nA, U = 10 mV).

riod of λ ≈ 6 nm as their magnetic ground state (see Fig. 3.1a). In SP-STM measurements

such a spin spiral shows a periodic arrangement of brighter or darker stripes, i. e., regions

in which the local sample magnetization is more parallel or more anti-parallel with the

tip magnetization and the resulting spin-polarized component of the tunneling signal is

either maximized or minimized. The propagation direction of the spin spiral is strongly

influenced by the island shape: The spiral stripes typically prefer to connect perpen-

dicularly to the island edge as opposed to a parallel orientation, because in this way a

ferromagnetic ordering along the island rim can be avoided, which only serves to reduce

the exchange energy but not the DMI energy of the system [79]. Furthermore, the con-

figuration with perpendicular stripes allows the DMI energy of the system to be further

reduced by edge tilting effects [21], i. e., the spins at the island edge can perform an ad-

ditional rotation towards the edge (within the plane which is perpendicular to the edge),

without costing much exchange energy. This is not possible for the configuration with

parallel stripes, because here the spins are already rotating towards the edge and the
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Figure 3.2: Field-dependent evolution of the magnetic state in Pd/Fe/Ir(111). a At B =
1.5 T the Pd/Fe island is filled with skyrmions. b, c When the field is reduced below 1 T,
skyrmions start to strip out and connect to the island edge to form spin spiral stripes.
d At 0 T only a few skyrmions remain in a metastable state (I = 2 nA, U = 15 mV,
T = 4 K).

effects of an additional edge tilting would be minor [81].

The magnetic state of the Pd/Fe bilayer changes when an external magnetic field is

applied: Starting at a field strength of B ≈ 1 T the system transitions from the spin spi-

ral state into a skyrmion phase. In contrast to the spin spiral state, the skyrmion phase

has a net magnetization, therefore it is favored by the Zeeman energy and can be sta-

bilized by an external field. Due to the interfacial DMI of the system, the skyrmions

are cycloidal and all exhibit the same clockwise rotational sense, which was confirmed

by DFT calculations [76, 82] and experiments in tilted magnetic fields [79]. Figure 3.1b

shows two different Pd/Fe islands filled with several skyrmions in a perpendicular field

of B = 1.5 T. Depending on the strength of the external field, the skyrmion diameter

may vary between 2 and 4 nm [77]. At higher fields, the skyrmions become smaller and

the system becomes more and more polarized with individual skyrmions surviving in

an otherwise ferromagnetic surrounding. As shown by Romming et al. [42], in such an

environment individual skyrmions can be written and deleted by using the STM tip to

locally inject currents into the sample.

At the measurement temperature of T = 4.2 K, the magnetic state of Pd/Fe exhibits a

strong hysteresis [77]. Figure 3.2a-d shows a series of measurements of the same Pd/Fe

island at decreasing field strengths. In Fig. 3.2a (B = 1.5 T), the island is filled with

circular skyrmions. In Fig. 3.2b (B = 0.8 T) the skyrmion size has increased signifi-

cantly, and some skyrmions have begun to strip-out, i. e., they lost their circular shape

and started to transform into individual spin spiral stripes. In Fig. 3.2c (B = 0.4 T), even
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Figure 3.3: TMR and NCMR contrast of skyrmions. a dI/dU map of a Pd/Fe islands
filled with skyrmions measured at U = 40 mV showing dominantly TMR contrast. b The
same island as in a, measured with a dominantly in-plane magnetized tip. c dI/dU map
measured at a higher bias voltage (U = 710 mV) showing NCMR contrast (I = 2 nA,
B = 1.5 T).

more skyrmions have stripped-out and also connected to the edge of the Pd/Fe island.

Finally, in Fig. 3.2d (B = 0 T), a few skyrmions remain. However, these skyrmions are

in a metastable state and likely stabilized by pinning effects [78] or repulsive skyrmion-

skyrmion interactions with the surrounding (stripped-out) spin spiral stripes. By inject-

ing energy into the sample, e. g., by temperature increase or high voltage scans, it is ex-

pected that the remaining skyrmions would also be destroyed and that the island would

revert to a disordered spin spiral state.

3.1.2 TMR and NCMR contrast in Pd/Fe/Ir(111)

Throughout this thesis two different magnetoresistance mechanisms are utilized to study

and depict the magnetic states in the Pd/Fe bilayer: TMR and NCMR (see chapter 2.4).

The TMR contrast strongly depends on the polarization and quantization axis at the tip

apex. Figure 3.3a and b show images of the same Pd/Fe island measured with different

microscopic tips. The measurements were made with a Cr tip, which was modified by

gentle contact with the sample surface between the two images. In Fig. 3.3a the skyrmions

appear mostly circular with radial symmetry. This indicates an out-of-plane magnetized

tip, which is not sensitive to the differing in-plane components of the skyrmion struc-

ture. In Fig. 3.3b the skyrmions show an asymmetric two-lobe contrast, where the spin-

polarized contrast is strongest between specific in-plane areas of the skyrmion structure.

Such a contrast is characteristic for a tip magnetization with a large in-plane component.

Note that, due to the unique rotational sense of the skyrmions, for every skyrmion the

two-lobe contrast is oriented in the same way, i. e., for this measurement the upper half

of the skyrmion shows a brighter contrast than the lower half.

The dI/dU map in Fig. 3.3c was measured at a bias voltage at which Pd/Fe shows

a strong NCMR contrast (U = 710 mV) and the skyrmions appear as ring-shaped ob-

jects [72]. These dark rings are signatures of high non-collinearity within the magnetic
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Figure 3.4: Estimating the tip magnetization. a Pd/Fe island with Co/Fe rim on Ir(111)
in an external field (I = 3 nA, U = −310 mV, B = −1.5 T). The Pd/Fe island is filled
with skyrmions that all show an asymmetric two-lobe contrast, typical for skyrmions
measured with an in-plane magnetized tip. b Line profile along the mirror plane of the
encircled skyrmion in a. The profile was fitted with a 360◦ domain wall model. θ is the
out-of-plane angle of the tip magnetization, c and w are fit parameters determined by the
shape of the skyrmion profile.

texture. In both the spin spiral and the skyrmion phase of the Pd/Fe/Ir(111) system, the

angle between adjacent spins is distorted by a perpendicular magnetocrystalline aniso-

tropy (PMA): Out-of-plane pointing areas, e. g., the center of a skyrmion, are more collinear

compared to the surrounding in-plane areas. In in-plane areas, e. g., the rim of a skyrmion,

the angles between adjacent spins become larger, i. e., the non-collinearity increases. When

imaging with NCMR contrast, the STM tip is therefore equally sensitive to all in-plane

components of the spin structure. For the spin spiral phase, this means that the amount of

stripes is doubled for the same area measured with TMR contrast, while for the skyrmion

phase it leads to the aforementioned ring shape. Note that, above a critical field, also the

skyrmion center becomes highly non-collinear and the contrast in the skyrmion center

darkens [72]. The NCMR contrast can be detected with a non-magnetic tip by measur-

ing at specific bias regimes. If the tip is magnetic, it is possible that the tunneling signal

contains contributions from both TMR and NCMR effect.

3.1.3 Skyrmion profiles and tip characterization

As shown in Fig. 3.3, skyrmions imaged with TMR contrast may look drastically different

depending on the properties of the tip. The magnetization direction of a Cr tip is arbitrary,

however, by analyzing the observed skyrmion contrast, it is possible to derive the tip

magnetization axis: Figure 3.4 shows a Pd/Fe island in an external field of B = −1.5 T.

The skyrmions inside the island show a two-lobe contrast, which implies that the tip

magnetization has a significant in-plane component. The axis of this in-plane component
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(orange arrow) is given by the mirror plane within the two-lobe skyrmion contrast.

In order to quantify the out-of-plane angle of the tip magnetization, line profiles across

the skyrmion can be analyzed. Figure 3.4b shows such a skyrmion profile, taken along

the mirror plane of the encircled skyrmion in Fig. 3.4a. This profile was fitted by using a

360◦ domain wall model to describe the skyrmion profile as the sample magnetization θs

in eq. 2.17:

dI/dU(x) = dI0/dU + PtPs · cos

(
θt − ∑

+,−
arcsin(tanh(

−x± c
w/2

))

)
(3.1)

wherein c and w are fit parameters that are determined by the shape of the skyrmion and

θt is the polar angle of the tip magnetization, for which a value of 53◦ was derived from

the fit. With both in-plane and out-of-plane information, the tip magnetization axis can be

characterized. This fitting method for skyrmion profiles was introduced by Romming et
al. [77] and it was utilized to investigate the field-dependent size and shape of skyrmions

and ultimately to extract important material parameters of the Pd/Fe bilayer such as an

effective exchange interaction Jeff and the strength of the Dzyaloshinskii-Moriya interac-

tion D. These parameters can then be used for atomistic model type simulations [83] to

further study skyrmion properties in the Pd/Fe/Ir(111) system.

3.2 The Co/Fe/Ir(111) thin film system

In this section a study investigating the growth and magnetic properties of the Co/Fe

bilayer on Ir(111) is presented. Parts of the results shown here have been published to-

gether with a subsequent study investigating the effects of the Co/Fe bilayer on skyrmion-

edge interactions in adjacent Pd/Fe islands [84], which will be the topic of the next chap-

ter. This section, however, will only discuss the properties of the Co/Fe bilayer.

3.2.1 Growth of Co/Fe on Ir(111)

For the preparation of the samples shown in this section, typically 0.7 monolayers of Fe

followed by 0.5 monolayers of Co were deposited onto a clean Ir(111) surface. At this

coverage, the Fe layer is typically only one atom thick, however, small islands of dou-

ble layer Fe may exist. When evaporated onto such a surface, the Co can either stay

directly on the Ir(111) surface or grow on top of the Fe monolayer. Here the Co can ei-

ther grow as free standing island, or it grows around existing double-layer Fe island or

attached to an Ir(111) step edge. Figure 3.5a and b show STM images of such a sample

surface. Whereas both Co and Fe on Ir(111) individually grow pseudomorphic, i. e., with

the same lattice constant as the Ir(111) surface [85, 40], the Co/Fe bilayer on Ir(111) re-

leases lattice strain by forming a uniaxial reconstruction during the growth process. In

STM images this reconstruction can be observed in the form of dislocation lines along

the 〈112〉 directions. Due to the hexagonal symmetry of the surface, these dislocation
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Figure 3.5: Co/Fe islands on Ir(111). a Constant-current STM image of several Co/Fe
islands on the Ir(111) surface (I = 2 nA, U = −280 mV). Co/Fe grows in a uniaxial re-
construction with three rotational domains. The color scale is adjusted to maximize the
contrast on the Co/Fe. b The same measurement as shown in a, but partially differenti-
ated to also show the underlying Fe and Co areas on the Ir(111) surface.

lines can occur in three symmetry-equivalent directions, which leads to the formation of

three rotational domains with an angle of 120◦ between each other. Islands of the Co/Fe

bilayer typically consist of different rotational domains, with sharp transitions from one

rotational domain to the other.

By inspecting the dislocation lines carefully, a pattern with three distinct sections can

be identified: A brighter section A, a darker section B and a third section C that always

separates the other two sections. This results in a repeating sequence of sections ACBC.

Figure 3.6a and b show dI/dU maps of the same Co/Fe sample region taken at 20 mV and

-1 V, respectively. In both images section C shows the brightest contrast, but the resulting

images still look quite different. The contrast between different sections depends strongly

on the applied tunneling bias, nevertheless, the period and sequence of the pattern does

not change. Figure 3.6c shows two line profiles perpendicular to the dislocation lines,

which were taken at different bias voltages at the same sample position. Here the three

different sections can be identified again. The period of the reconstruction pattern is

2.5 nm, yet small deviations from this value may occur. Typically, this happens close to

the Co/Fe island rim or around defects where the dislocation lines are branching.
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Figure 3.6: Dislocation lines in Co/Fe. a dI/dU map of several Co/Fe islands showing
three types of dislocation lines (I = 2 nA, U = 20 mV). b dI/dU map of the same area,
measured at a higher tunneling bias (I = 2 nA, U = −1 V). a Line profiles perpendicular
to the dislocation lines from a and b. In both profiles the dislocation pattern can be
divided into three distinct areas.

The reconstruction pattern of Co/Fe is reminiscent of the uniaxial reconstruction found

for the Fe double layer on Ir(111) [86]. In order to find a structure model for the Fe double

layer, the upper Fe layer was compressed along a close-packed [110] direction, while the

lower Fe layer remained pseudomorphic. In Fig. 3.7a, the same approach was used to

create a structure model for the Co/Fe bilayer. Here the Co layer was compressed by

10%, which amounts to 10 Co atoms sitting on top of 9 Fe atoms. In order to make room

for the additional atom in the Co layer, the Co atoms are continuously shifted between

hcp (orange atoms) and fcc (yellow atoms) hollow sites. The hcp and fcc sections are

separated by areas in which the Co atoms sit on the bridge position between two Fe

atoms from the bottom layer in a bcc(110)-like fashion (blue atoms). This leads to the

formation of a repeating pattern with three distinguishable sections and the same period

as observed in the experimental data. Since the bcc-like sections appear with twice the

frequency, they can be assigned to the previously established section C. However, the

correct assignment of hcp or fcc hollow site positions to sections A or B is more difficult.

Additional information about the atomic structure of the surface can be extracted by

performing atom manipulation imaging: Figure 3.7b shows a Co/Fe bilayer adjacent to

an Ir(111) terrace, which is covered with monolayer Fe. Figure 3.7c shows an atom manip-

ulation image, which was measured by moving an adatom across the Ir(111) step edge.

Whereas the Fe monolayer shows a homogeneous atomic lattice, because it is pseudo-

morphic, the Co/Fe area shows a periodic modulation of the atom positions. This modu-

lation is consistent with the shift between hcp and fcc hollow sites that was assumed for

the structure model in Fig. 3.7a. Directly at the Ir(111) step edge, where the Fe monolayer

connects to the Co/Fe bilayer, a distinct shift of the atom positions can be observed. This

shift suggests that the Co/Fe bilayer does not continue the fcc stacking of the Fe mono-

layer, but directly transitions into the hcp-stacked Co/Fe section. In both Fig. 3.7b and

c, a crystallographic defect site can be observed at the Ir(111) step edge. The position of
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Figure 3.7: Reconstruction of Co/Fe on Ir(111). c Atomic structure model of the Co/Fe
reconstruction on Ir(111). The Co layer is compressed by 10% along the [110] direc-
tion. The arrows indicate alternating high-symmetry directions in the bcc-like sections.
b Constant-current image of Co/Fe island adjacent to a Ir(111) step edge (U = −210 mV,
I = 3 nA). c Atom manipulation image across the Ir(111) step edge as indicated by the
rectangle in b (U = 1 mV, I = 50 nA). The right side of the image shows the fcc-stacked
Fe monolayer, the left side reveals structural details about the Co/Fe reconstruction.

this defect can be used to identify the hcp-stacked section of the Co/Fe reconstruction,

i. e., the section with the brightest contrast in Fig. 3.7b.

3.2.2 In-plane ferromagnetic domains

In order to investigate the magnetic ground state of the Co/Fe bilayer on Ir(111), dI/dU
maps of the sample surface were measured with a spin-polarized Cr tip. Figure 3.8

shows such a dI/dU map with several Co/Fe islands. At the bias voltage chosen here

(U = −310 mV), a contrast between structurally equal Co/Fe areas can be observed. This

contrast indicates that (at cryogenic temperatures) the Co/Fe bilayer is divided into ferro-

magnetic domains with different magnetization directions. Figure 3.9a-f shows zoom-ins

of different domains selected from Fig. 3.8. The observed contrast levels are connected to

the direction of the dislocation lines in Co/Fe. Each rotational domain of the Co/Fe re-

construction has two distinct contrast levels and, depending on the tip magnetization, up

to six different contrast levels can be observed in total. For an out-of-plane ferromagnetic

system, only two different magnetic domains (up and down) would be expected, inde-

pendent of the direction of the dislocation lines. Thus, the easy magnetization axis of the

Co/Fe bilayer must have an in-plane component. The spin-polarized contrast depends

on the cosine of the angle between tip and sample magnetization direction. Therefore,

when a large contrast between oppositely polarized domains is observed, the tip magne-

tization is almost parallel to the magnetization axis of these domains (see Fig. 3.9a and d),

and for domains where the spin-polarized contrast nearly vanishes (see Fig. 3.9c and f),
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Figure 3.8: Magnetic domains in Co/Fe. dI/dU map of multiple Co/Fe bilayer islands
on Ir(111) (I = 3 nA, U = −310 mV, T = 4 K, Cr tip). The Co/Fe islands show areas with
darker and brighter contrast levels, which indicates a ferromagnetic domain ordering.
The displayed tip magnetization direction was calculated based on the conclusion drawn
in the following.

the tip magnetization is almost perpendicular to the magnetization axis of the rotational

domain.

To verify these conclusions, line profiles (see Fig. 3.9g) from the different rotational

domains shown in Fig. 3.9a-f were analyzed: All line profiles show a regular pattern with

the same periodicity due to the structural reconstruction of Co/Fe. The averaged dI/dU
signal was calculated for each line profile and displayed in Fig. 3.9h. The resulting data

points were fitted with eq. 2.17:

dI/dU(ϕs) = dI0/dU + PtPs · cos(ϕt − ϕs) (3.2)

wherein ϕt and ϕs now describe the azimuthal angles of tip and sample magnetization,

respectively. The dI/dU data shows the expected cosine dependence of an in-plane fer-

romagnetic system and enables the calculation of the relative angle between tip magne-

tization and the six ferromagnetic domains, as indicated by the arrows in Fig. 3.9h and in

the insets of Fig. 3.9a-f. Since the absolute direction of the tip magnetization is unknown,

at this point, no definite conclusion about the actual direction of the magnetization axis

in Co/Fe can be drawn. However, looking back at the structure model of the Co/Fe

reconstruction (see Fig. 3.7a), certain arguments can be considered: The magnetization

axis is coupled to the direction of the dislocation lines, therefore there must be some part

of the Co/Fe reconstruction that breaks the hexagonal symmetry of the surface and in-

duces a uniaxial anisotropy term. On the one hand, the hcp- and fcc-stacked sections of

the reconstruction both have a threefold (C3) symmetry, i. e., the same symmetry as the

Ir(111) surface, which would be more likely to induce an isotropic in-plane anisotropy.
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Figure 3.9: In-plane ferromagnetic domain order. a-f Zoom-ins of selected areas from
Fig. 3.8. There are two different contrast levels per rotational domain of the Co/Fe re-
construction and six different contrast levels in total. The insets illustrate the conclusion
drawn in g and h. g Line profiles from the different sample areas shown in a-f. h Av-
eraged dI/dU values of the different profiles from g fitted with a cosine function. The
displayed tip magnetization (orange arrow) was calculated from the fit.
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Figure 3.10: Magnetization axis of Co/Fe. a-c dI/dU maps of several Pd/Fe islands sur-
rounded by a Co/Fe rim all measured with the same magnetic tip which was character-
ized in Fig. 3.4 (U = −510 mV, I = 3 nA, B = 0 T). The inset shows the tip magnetization
direction relative to the scan angle. d Line profiles of different rotational domains from
a-c. e Dots show the averaged dI/dU values from the line profiles in d. The cosine fit
was performed with a fixed tip magnetization angle.

The bcc-like sections, on the other hand, have a twofold (C2) symmetry with alternating

high-symmetry directions (see arrows in Fig. 3.7a), which could be the cause for a uniax-

ial anisotropy axis. This anisotropy axis would zigzag along the [110] direction, which

could cause either a zigzag of the magnetization axis as it was seen for the Fe double

layer on Ir(111) [86], or it could cause a net anisotropy perpendicular (or parallel) to the

direction of the dislocation lines. No signs for a zigzag of the magnetization axis were

observed for Co/Fe, i. e., adjacent bcc sections show no significant contrast differences.

Thus it appears that the Co/Fe has a net anisotropy either perpendicular or parallel to

the direction of the dislocation lines.

Regardless of these considerations, without characterizing the magnetization angle of

the STM tip, the absolute magnetization direction in Co/Fe cannot be determined. There-

fore, the experiment and analysis shown in Fig. 3.9 was repeated with a known tip mag-

netization. To characterize the tip, a sample with both Pd/Fe and Co/Fe islands was

prepared and the tip magnetization was characterized based on the skyrmion contrast
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Figure 3.11: Spin-polarized tunneling spectroscopy. dI/dU spectra of two magnetic
Co/Fe islands with opposite magnetization. Insets show dI/dU maps of the two islands
(U = −510 mV, I = 3 nA, Cr tip) and indicate the tip position during the spectroscopy.
The tip was stabilized at U = +1.2 V, the bias modulation was 50 mV.

measured on the Pd/Fe islands as shown in chapter 3.1.3. Figure 3.10a-c show dI/dU
maps measured with the same tip that was characterized in Fig. 3.4. The sample was

prepared by depositing Co onto an existing Pd/Fe/Ir(111) sample. In such samples, the

Co typically grows around preexisting Pd/Fe islands in smaller domains. The scan an-

gle was rotated by 60◦ for each consecutive image to reduce scan artifacts caused by the

STM feedback-loop. Figure 3.10d shows line profiles of oppositely magnetized domains

of the three rotational structural domains as indicated in Fig. 3.10a-c. In Fig. 3.10e, the

dI/dU signal was averaged for each line profile and the resulting data points were fitted

with equation 3.2. This time the fit was performed with a known tip magnetization angle

ϕt = 4◦, demonstrating that the easy magnetization axis of Co/Fe is indeed perpendicu-

lar to the structural dislocation lines.

3.2.3 Spin-polarized density of states

Figure 3.11 shows spin-polarized tunneling spectroscopy data that was measured for two

oppositely magnetized domains and on different sections of the Co/Fe reconstruction

in a and b. The spectroscopy curves show two spin-polarized peaks at negative bias

voltages. Whereas one domain has a higher density of states in the first peak at U ≈
−170 mV, the oppositely magnetized domain has a higher density of states in the second

peak at U ≈ −580 mV. When comparing the spectroscopy curves taken from the hcp- and

fcc-stacked sections of the Co/Fe reconstruction, a slight shift of the peak positions can be

observed. Also the crossing point between the two curves is shifted from U ≈ −200 mV

to −300 mV. The data shown in Fig. 3.9 was measured at a bias voltage close to this

crossing point (U = −310 mV), which might explain why the displayed line profiles of

oppositely magnetized domains appear to be qualitatively different. In the experiment
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Figure 3.12: Field dependency of Co/Fe. a-d dI/dU maps of a Co/Fe + Pd/Fe/Ir(111)
sample area in different external fields (I = 3 nA, U = −510 mV). In a-c the field is raised
from B = 0 T to B = 5 T. d shows the remanent state after applying an inverted external
field of B = −5 T and going back to B = 0 T.

shown in Fig. 3.10, the line profiles look more similar, because here a higher bias voltage

(U = −510 mV), at which the different sections of the Co/Fe reconstruction show a

similar spin-polarization, was used.

3.2.4 Field-dependency and domain switching

Since the Co/Fe bilayer is ferromagnetic, the different magnetic domains are expected to

align with an external magnetic field. While the field-dependency of the Co/Fe bilayer

was not studied extensively, a vanishing of the spin-polarized contrast between different

domains was indeed observed in perpendicular fields of 1-2 T. Figure 3.12a-c shows a

series of measurements at different external field values increasing from B = 0 T to B =

5 T. Figure 3.12d shows the same sample area at zero field in the remanent state after the

direction of the external field was inverted to a field strength of B = −5 T. The sample has

three magnetic layers that are affected differently by the external field: The Co monolayer

directly on top of the Ir(111) surface, the Pd/Fe bilayer and, finally, the Co/Fe bilayer. The

Co monolayer does not react to the increasing external field, because it is in an out-of-

plane ferromagnetic state [85]. Note that the experiment was not started in the magnetic

virgin state of the sample, thus all the Co/Ir islands are still aligned with a previously

applied magnetic field. Since the dI/dU contrast does not change on the Co monolayer

in Fig. 3.12a-c, it can be concluded that the Cr bulk tip did not react to the external field.

However, by applying an inverted field, the Co domains can be flipped, which leads to

a change of contrast in Fig. 3.12d. The Pd/Fe bilayer is filled with remanent skyrmions

and spin spiral fragments in the measurements at 0 T. In Fig. 3.12d the skyrmion contrast

is inverted compared to Fig. 3.12a, because the skyrmions were created in opposite field

directions. By increasing the field to 5 T, the skyrmions are destroyed and the Pd/Fe
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Figure 3.13: Field dependency of Co/Fe. a Skyrmion profile measured with the same tip
as Fig. 3.12; the inset shows the real space data (I = 3 nA, U = −310 mV, B = −2 T).
The skyrmion profile was fitted with a 360◦ domain wall fit to estimate the polar angle θt
of the tip magnetization. b Co/Fe line profiles across the same domain at different field
values. g Cos fit of the averaged dI/dU values from c. Arrows indicate the magnetization
direction of the Co/Fe island. The angle at B = 2 T was calculated with the resulting fit
function.

bilayer becomes fully polarized.

The Co/Fe bilayer shows spin contrast between different rotational domains at 0 T,

which means that the Cr tip must have a significant in-plane component. When increas-

ing the field, the contrast between domains decreases and at a field strength of 2 T it

has almost vanished. This indicates that the Co/Fe domains now have obtained a large

out-of-plane component. At 5 T only a small change relative to the contrast at 2 T can be

observed. This suggests that at 5 T the Co/Fe bilayer has almost completely aligned with

the direction of the external field. When the external field is removed, the spin contrast

between different domains appears again, meaning that the magnetization has returned

back to the in-plane direction. After applying an inverted field of -5 T and going back

to 0 T (see Fig. 3.12d), most of the Co/Fe domains have switched their magnetization

direction with only a few exceptions. It is unclear why most of the domains switch the

magnetization direction instead of returning to their original configuration. This switch-

ing could be related to a coupling between Co/Fe and the surrounding Pd/Fe bilayer

islands that have been flipped also by the field inversion experiment, e. g., via edge DMI

preferring one rotational sense over the other. However, the available data is inconclusive

and further experiments would be necessary to obtain a better understanding.

Since many of the measurements shown in the upcoming chapter were performed in

an external field of B = 2 T, it is of interest to determine the magnetization direction of the

Co/Fe bilayer at this field strength. For this, the Cr tip was again characterized as shown

in section 3.1.3 using skyrmion profiles. Figure 3.13a shows the respective skyrmion pro-

file together with the real space data in the inset. By fitting the profile with a 360◦ domain

wall, a polar angle of θt = 119◦ was estimated for the tip magnetization. Next, line

profiles (see Fig. 3.13b) from the same Co/Fe area as indicated in Fig. 3.12 were analyzed

and an averaged dI/dU signal for different field strengths was determined. The strongest
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Figure 3.14: dI/dU map of a Co/Fe sample area with spin-polarized contrast between
rotational domains (I = 2 nA, U = −280 mV, B = 0 T). The orange arrow shows the
estimated in-plane component of the tip magnetization. The remaining arrows indicate
different magnetization directions of the different ferromagnetic domains.

contrast difference can be found between the two images at 0 T and 0 T*, i. e., before and

after performing the field inversion experiment. This signal contrast can be attributed

to the Co/Fe domain rotating its in-plane magnetization by 180◦. Since there is no de-

tectable contrast between different domains at B = 5 T, it can be assumed that the Co/Fe

has fully aligned with the direction of the external field. When taking these considera-

tions into account there are three different dI/dU signals that can be correlated to three

different magnetization directions of the Co/Fe island: Two opposite in-plane directions

and a fully out-of-plane magnetization. These three data points were fitted to a cosine

function using equation 3.2 and the calculated tip magnetization θt. The resulting fit (see

Fig. 3.13c) allows an estimate of the polar angle of the Co/Fe magnetization for different

strengths of the dI/dU signal. By inserting the dI/dU signal, which was measured on top

of the Co/Fe island at B = 2 T, into the fit function, the angle of the Co/Fe magnetization

can be estimated to be θs = 15◦. Thus, it appears that the magnetization of the Co/Fe

bilayer has a large out-of-plane component already at B = 2 T.

3.2.5 Summary

In this chapter, both the Pd/Fe bilayer and the Co/Fe bilayer on Ir(111) were discussed.

The Pd/Fe bilayer is a well-studied skyrmion model system. Since it can be prepared

alongside the Co/Fe bilayer, it enables a full characterization of the tip magnetization

and thereby allowed further investigation of the Co/Fe bilayer. The major findings re-

garding growth and the magnetism of the Co/Fe bilayer are summarized in Fig. 3.14: The

Co/Fe grows in a uniaxial reconstruction with periodically changing sections of hcp and

fcc stacking type and dislocation lines along the [112] direction. There are three structural

rotational domains which also impose a specific magnetic order on the bilayer: The mag-
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netic ground state is in-plane ferromagnetic with an easy axis along the 〈110〉 directions,

i. e., always perpendicular to the dislocation lines within a given rotational domain. Fur-

thermore, in applied fields of B = 2 T, the Co/Fe bilayer is approximately (within about

15◦) aligned out-of-plane.
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4 Zero-field skyrmionic states and
edge-skyrmions induced by boundary
tuning

In the previous chapter, the properties of the skyrmion-hosting Pd/Fe bilayer and the

ferromagnetic Co/Fe bilayer on Ir(111) were discussed separately. In this chapter I will

discuss how the Co/Fe bilayer can be utilized to tune the edge-properties of the Pd/Fe

bilayer. In the first section I will present how the Co/Fe bilayer has an immediate effect

on the spin spiral ground state, stabilizes skyrmions and target states at zero field and

gives rise to skyrmions pinned to the Pd/Fe island edge in applied magnetic fields. In

the second section spin dynamics simulations are employed to investigate the role of

different magnetic parameters in causing the observed edge effects. The content of this

chapter has been published (Spethmann et al. [84]) and was only slightly adapted for the

purposes of this thesis.

4.1 Tuning the edge-properties of the Pd/Fe bilayer

One limitation that potential skyrmion applications may face is the occurrence of the

skyrmion Hall effect (SkHE), which arises due to the topological nature of the skyrmions

and drives them towards the edge of their hosting material when they are moved via

currents [11, 12, 13]. This can cause skyrmion annihilation at the edge [87, 88, 89], which

would be detrimental to their use in any type of memory device, due to the potential

loss of information. One proposal to mitigate this problem is to use skyrmionic states

with compensated topological charge (Q = 0) that theoretically do not show the SkHE,

e. g., antiferromagnetic skyrmions [24, 90, 91] or 2π skyrmions, which often are also

called target states or skyrmioniums [21, 22, 23, 83, 80]. Alternatively, it was proposed

to manipulate the magnetic properties of the skyrmion material itself by creating a po-

tential well that guides the skyrmions along a desired pathway [88, 92, 93]. Recently two

groups have made experimental advances in this regard using sputter-deposited thin film

systems: Juge et al. created skyrmion-stabilizing tracks with weakened PMA and DMI

by slightly altering their Pt/Co/MgO film with focused He+ ion beam irradiation [94].

Ohara et al. were able to grow a multilayer film patterned with high-PMA areas that re-

pel skyrmions [55]. In both approaches the magnetic parameters of the skyrmion-hosting

material were altered along specific tracks to counteract the SkHE.
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Figure 4.1: The Pd/Fe/Ir(111) system with Co/Fe-decorated edges. a Three-dimensional
view of a constant-current topography measurement of a Co|Pd/Fe/Ir(111) sample. The
coloration was added by using the contrast of a simultaneously measured dI/dU map
(I = 3 nA, U = 700 mV, 4K, Cr tip). b Sketch of the sample composition.

In this thesis, the previously introduced epitaxially grown Pd/Fe bilayer on Ir(111)

was used to investigate this idea further. While the experimental SP-STM set-up does not

allow the direct observation of the SkHE, the interaction between skyrmions and the edge

of the Pd/Fe bilayer can still be investigated: It was shown that the Pd/Fe bilayer has

a considerable amount of edge tilt, which does not only affect the propagation direction

of the spin spiral ground state [79], but can also confine skyrmionic structures in small

islands [80]. These results show that the island edge has a clear influence on the details

of the magnetic state and the question arises, whether the island edge can be utilized to

manipulate the magnetic state inside the Pd/Fe island in a desired fashion.

4.1.1 Preparation of Co/Fe-decorated islands

Here, such a tuning of the edge-properties was achieved by growing self-assembled fer-

romagnetic Co/Fe stripes adjacent to the Pd/Fe islands. For the preparation of such

samples, the Ir(111) crystal surface was first cleaned by cycles of annealing in an oxygen
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Figure 4.2: The spin spiral state with Co/Fe-decorated edges. a dI/dU map of a Pd/Fe
island on Ir(111) showing the spin spiral state (I = 2 nA, U = 15 mV). b, c Constant-
current image with apparent sample height z and simultaneously measured dI/dU map
of a Pd/Fe island surrounded by Co/Fe (I = 2 nA, U = −310 mV); with the Co/Fe rim
the spin spiral stripes are oriented parallel to the island edges. d, e Sketches of the sample
composition before and after Co deposition.

atmosphere of 10−6 − 10−8 mbar with temperature ramps to about T = 1600 K and sub-

sequent sputtering with Ar-ions. The surface was cured by a final 60 s long electron-beam

flash to 1600 K. Afterwards, approximately 0.7 atomic layers of Fe were deposited onto

the crystal, while the crystal temperature was still elevated (≈ 400 K), followed by 0.5

atomic layers of Pd and finally 0.2 atomic layers of Co. The Co was deposited 30 min-

utes after the electron-beam flash with the sample now being close to room temperature.

Figure 4.1a shows a three-dimensional topographic overview image of such a sample.

The color represents the simultaneously measured dI/dU signal. The Co grows either on

the uncovered Ir surface or on top of the Fe monolayer, where it preferentially attaches

itself to the Pd island edge. In this way, free standing Pd/Fe islands are typically fully

surrounded by Co/Fe; occasionally Co islands can also be observed on top of the Pd/Fe.

Figure Fig. 4.1b shows a sketch of the sample composition and the three different mag-

netic bi- and monolayers: Co/Fe, Pd/Fe and Co on Ir(111). All measurements shown in

this chapter were performed at 4K using a Cr bulk tip.

Figure 4.2a shows an SP-STM image of a free standing Pd/Fe bilayer island at zero

field. The spin spiral can be identified by periodically occurring stripes of darker and

brighter signal. As discussed in the previous chapter, the island shape has a strong effect
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on the propagation direction of the spin spiral: the spiral stripes are oriented along the

shorter island extension and bend in such a way, that they connect perpendicular to the

Pd island edge. This configuration is preferred over a parallel alignment, due to edge

tilting effects that serve to minimize both the exchange and DMI energy in the Pd/Fe

island [21, 79, 81]. Figure 4.2b shows a constant-current image of a Pd/Fe island sur-

rounded by Co/Fe at the right and upper edge, while the left island rim is adjacent to a

buried Ir(111) step edge. Note that the structural reconstruction that was observed for the

free standing Co/Fe bilayer is still intact when the Co/Fe grows from the Pd/Fe island

edge and that the rotational domains also keep their in-plane ferromagnetic ordering.

Figure 4.2c shows a dI/dU map of the same Pd/Fe island as shown in b. Here the

magnetic contrast of the Pd/Fe spin spiral in the magnetic virgin state is observed. Com-

parison with the island in Fig. 4.2a demonstrates that the adjacent Co/Fe strongly affects

the path of the spin spiral stripes, which are now oriented parallel to the Co/Fe-decorated

island edges. Only at the left island edge, which is not next to a Co/Fe area, the spiral

stripes seem to prefer an orthogonal orientation. Due to the shape of the island the spin

spiral in the interior of the island is also affected by the Co/Fe edge and is much more

disordered.

4.1.2 Zero-field skyrmions and target states

In Fig. 4.3 an overview image with several Pd/Fe islands surrounded by Co/Fe is shown.

At the bias voltage chosen here (U = 710 mV), it is possible to discriminate between hcp-

stacked (orange) and fcc-stacked (yellow) Pd/Fe islands. These two Pd/Fe stackings

exhibit subtle differences in their magnetic interaction parameters which lead to, e. g., a

slightly larger spiral period in the case of hcp-stacked Pd/Fe. Note, that these images

were measured with a non-magnetic tip, utilizing the NCMR effect, and that the tip is

therefore equally sensitive to all in-plane sections of the spin spiral, i. e., the dark stripes

in the contrast. In both Pd/Fe stackings, the Co/Fe-decorated edges appear to affect the

spin spirals in a similar fashion: The spin spiral stripes prefer to be parallel to the island

edges, which often leads to the formation of more exotic spin structures in the magnetic

virgin state of the system (see Fig. 4.4a-c), including skyrmions (white arrows) and target

states (black arrows). Figure 4.4d and e show the spin structure and expected NCMR

contrast for a skyrmion and for a target state. The appearance of skyrmions in the virgin

state of the system is remarkable, because typically external fields above 1 T are necessary

to stabilize them in Pd/Fe/Ir(111). These zero-field skyrmions are often observed in

rather small Pd/Fe islands or corners of larger islands, where the surrounding Co/Fe

seemingly prevents the skyrmion from connecting to the island edge.

Zero-field target states in Pd/Fe/Ir(111) have not been observed in previous studies,

despite an effort to stabilize them in confined geometries [80]. However, in samples with

added Co/Fe at the boundaries, they appear frequently. Depending on the Pd/Fe island

size and geometry, the target states often deviate from their ideal circular shape and their
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Figure 4.3: Overview image of a Co|Pd/Fe/Ir(111) sample measured with NCMR con-
trast (I = 3 nA, U = 710 mV). The spin spirals in hcp-stacked (orange) and fcc-stacked
(yellow) Pd/Fe islands are affected by the Co/Fe rim in a similar fashion; the inset shows
a sketch of the two possible stacking orders.

Figure 4.4: Skyrmions and target states in the magnetic virgin state. a, b Pd/Fe island
with a zero-field skyrmion (white arrow) in a corner; the inset shows the spin structure
and the expected non-collinear magnetoresistance (NCMR) contrast of a skyrmion. In
the spin structure red and blue areas represent opposite out-of-plane directions, in-plane
oriented spins are depicted as green cones. c Magnetic target state (black arrow), almost
fully encircled by a third ring. d Target state and zero-field skyrmion confined inside
relatively small Pd/Fe islands. e Spin structure of a magnetic target state and the corre-
sponding NCMR contrast. All dI/dU maps: I = 3 nA, U = 710 mV.

diameter may vary in the range of 10-20 nm. The target state shown in Fig. 4.4c is sur-

rounded by an almost complete third ring, which would make it a 3π skyrmion, were it
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Figure 4.5: Target state imaged with TMR contrast in different magnetic fields (I = 3 nA,
U = 40 mV). a-c Target state at increasingly positive external fields up to +0.4 T. d-e The
same target state in an inverted magnetic field down to -0.4 T.

not for the small section that is connected to the island rim. Nevertheless, these findings

suggest that it may be possible to stabilize and study kπ skyrmions with k > 2 by care-

fully adjusting the size and shape of the Pd/Fe islands surrounded by Co/Fe. Figure 4.5

shows a series of measurements of a target state measured with TMR contrast in different

external fields. The target state is confined in a small Pd/Fe island surrounded by Co/Fe

except for the left side where it is connected to an Ir(111) step edge. The tip appears to

be sensitive to the out-of-plane sections of the spin structure. The measurement shows

that, as expected, the center of the inner skyrmion and the outer spiral ring point in op-

posite out-of-plane directions. When an external field is applied, it can be observed that

one part of the target states extends at the cost of the other part, depending on the direc-

tion of the field. For example, between +0.4 T and -0.4 T the area of the inner skyrmion

increased from 22 nm2 to 32 nm2, because at negative fields, the inner skyrmion center

points in the same direction as the external field and therefore is more stable than the

outer ring. Note that, during the increase of the field to +0.4 T, the outer spiral ring broke

and a spiral arm connected with the Ir step-edge, however, the overall structure of the

target state appeared to remain unchanged.

To conclude this part about zero-field measurements, I want to emphasize that a strong

impact of Co/Fe onto the magnetic configuration within Pd/Fe can be observed. The

presence of a ferromagnetic domain at the island edge seems to impose the formation of



4.1 Tuning the edge-properties of the Pd/Fe bilayer 41

Figure 4.6: Remanent skyrmions after magnetic field-sweep. a Two differently stacked
Pd/Fe islands surrounded by Co/Fe in an external field B = −2 T; skyrmions can be writ-
ten or deleted by scanning the sample surface with a sufficiently high bias voltage [42].
Inset shows a zoom-in of the magnetic objects at the island rim. b-e The same two islands
after step-wise reducing the external field as indicated in the top right corner. f Final im-
age at B = 0 T; Many skyrmions have survived and are now in a metastable state. A
skyrmion performing a partial strip-out parallel to the island edge is encircled in red. All
dI/dU maps: I = 3 nA, U = 20 mV.
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a ferromagnetically ordered rim in Pd/Fe. This forces the spin spiral to change its prop-

agation direction at the edge from perpendicular to parallel and also allows for the stabi-

lization of different skyrmionic states including zero-field skyrmions and target states.

4.1.3 Skyrmions at the edge

Whereas in the previous section it was shown that the Co/Fe rim stabilizes skyrmions

in zero-field, in the following, the impact of the ferromagnetic rim on field-induced

skyrmions will be addressed. Figure 4.6a shows a measurement of two differently stacked

Pd/Fe islands in a perpendicular magnetic field of B = −2 T. Both islands are sur-

rounded by thin patches of Co/Fe along most parts of the island boundary. Instead

of spin spirals, the Pd/Fe islands are now filled with several skyrmions in an otherwise

ferromagnetic background. When the external field is reduced from −2 T to 0 T step-by-

step (see Fig. 4.6b-f), the skyrmion size increases and some skyrmions perform a partial

strip-out, typically parallel to the island edge. However, even at 0 T many skyrmions

survive, likely because they cannot connect to the island edge, which is the dominant

pathway of skyrmion annihilation in low magnetic fields [89]. Such a stabilizing effect

was also predicted for the edge tilt occurring at the boundary of magnetic materials due

to DMI [21, 80]. Yet, experimentally it was observed that in free-standing Pd/Fe islands,

skyrmions typically strip out and connect to the island rim upon a decrease of the ex-

ternal field, forming spiral stripes perpendicular to the edge (see Fig. 3.2 in the previous

chapter). Therefore it can be concluded, that skyrmion escape via the island edge is ef-

fectively inhibited by the adjacent ferromagnetic Co/Fe.

In both Pd/Fe islands shown in Fig. 4.6 the skyrmions survive in remanence at 0 T

due to the modification at the island rim, yet significant differences in the skyrmion-edge

interaction between the two Pd/Fe stacking types can be found. In fcc Pd/Fe the mag-

netic texture is typically separated from the rim and the skyrmions keep a distance of at

least 1-2 nm to the island boundary. In hcp Pd/Fe, on the other hand, at B = −2 T the

rim is populated with several magnetic objects that have a similar size and shape as the

skyrmions inside the island (see inset of Fig. 4.6a). When the field is lowered, these objects

eventually become larger and form more continuous single spiral-like stripes, that seem-

ingly prevent skyrmions from inside the island to connect to the island edge. Figure 4.7a

and b shows another set of hcp and fcc Pd/Fe islands surrounded with Co/Fe, but this

time measured with NCMR contrast. Again it can be observed that in fcc-stacked Pd/Fe

the skyrmions do not touch the island rim, while in the hcp-stacked Pd/Fe island, the

rim is occupied with skyrmion-like objects. In these measurements a relatively high bias

voltage of U = 710 mV was used. Even though this has been shown to induce skyrmion

displacement, nucleation or annihilation (see red circles), the skyrmion-like objects at the

Co/Fe rim remain relatively stable.

In order to investigate the origin of the different edge interactions in hcp- and fcc-

stacked Pd/Fe, one can further analyze the structure of the Co/Fe reconstruction and
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Figure 4.7: Differences between fcc- an hcp-stacked Pd/Fe islands. a A dI/dU map of an
fcc-stacked Pd/Fe island in an applied external field. The contrast is dominated by the
non-collinear magnetoresistance effect. b dI/dU map of a triangular hcp-stacked Pd/Fe
island, surrounded by Co/Fe (U = 710 mV). c Constant-current image of the same is-
land, scanned at a different bias voltage (U = 20 mV). Red circles indicate skyrmions be-
ing written or deleted by the scanning procedure. d Close-up constant-current image of a
Co/Fe area located between a hcp-stacked and fcc-stacked Pd/Fe island; the reconstruc-
tion pattern changes close to the island rim. e dI/dU map of the same area, the different
hollow site sections and the bcc(110)-like bridge sites can be clearly distinguished. All
images: I = 3 nA, B = 2 T.
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Figure 4.8: Bias dependence of Co/Fe contrast. a-e Constant-current STM images of a
Co/Fe island at different bias voltages. f-j Simultaneously measured dI/dU maps of the
same area. A defect atom sits on top of the hcp-stacked section of the Co/Fe reconstruc-
tion and can be used to identify the section at different bias voltages.

how it connects to the Pd/Fe island edge. As discussed in the previous chapter, the

Co/Fe shows a uniaxial reconstruction in which the Co film is compressed with respect to

the Fe monolayer and the Co atoms periodically shift from hcp- and fcc lattices sites with

bcc(110)-like sections in between. Figure 4.7c shows the same triangular Pd/Fe island as

in Fig. 4.7b, but measured at a different bias voltage. Here an approximately 1 nm wide

bright rim surrounding the Pd/Fe island can be observed. The rim suggests that there is

a narrow pseudomorphic Co/Fe transition region near the Pd/Fe island edge, before the

reconstruction within the Co/Fe develops.

When comparing the island rim in Fig. 4.7a and b, subtle differences can be observed.

These differences become more apparent in Fig. 4.7d and e, which show zoom-ins of a

Co/Fe stripe located between a hcp-stacked and fcc-stacked Pd/Fe island. The assign-

ment of bcc, hcp and fcc sections in the reconstructed Co/Fe is based on the analysis of

the atomic resolution images shown in the previous section (cf. Fig. 3.7). On both ends of

the Co/Fe stripe at the island rim a contrast modulation can be observed (see red circles).

These modulations are shifted with respect to each other depending on the stacking of

the adjacent Pd/Fe island. Figure 4.8 shows a series of measurements at different bias

voltages of a Co/Fe island that is attached to an hcp-stacked Pd/Fe island at the bottom

of the image. Here, a single defect atom marks the hcp section of the Co/Fe reconstruc-

tion. Depending on the chosen bias voltage, different parts of the reconstructed Co/Fe

area appear to merge more smoothly with the island rim. In Fig. 4.8h, e. g., the contrast

appears like the hcp section can directly attach to the Pd/Fe island rim, while in Fig. 4.8j

this seems to be true for the fcc section instead. This bias dependence makes it difficult

to interpret the measured STM data of the transition region, yet in the following a simple

structure model will be proposed.

Figure 4.9 shows a model of the Co/Fe reconstruction that transitions into two pseu-

domorphic Co/Fe areas with different stackings at the top and bottom of the image.
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Figure 4.9: Atomic structure model for the Co/Fe reconstruction and how it connects to
hcp and fcc-stacked Pd/Fe islands. Within the reconstruction the Co atoms are com-
pressed by 10% along the [110] direction. At the top and bottom of the image the recon-
struction transitions sharply into differently stacked pseudomorphic Co/Fe areas. The
red circles indicate areas with stacking mismatch which could lead to the observed con-
trast modulations at the Pd/Fe island rim.

The Co/Fe reconstruction transitions into the same stacking as the adjacent Pd/Fe is-

lands. Here a very sharp transition was chosen, which leads to the creation of empty

lattice spaces (red circles) at positions that coincide with contrast modulations observed

in the STM measurements (see Fig. 4.7d). However, in reality, these transition areas are

likely realized more smoothly. The two pseudomorphic Co/Fe areas are expected to

have different magnetic properties due to their differing stacking, and therefore might

cause different interactions with the magnetic texture in the Pd/Fe island, i. e., the pin-

ning of skyrmion-like objects in hcp-stacked Pd/Fe, while in fcc-stacked Pd/Fe islands,

the skyrmions are rejected from the island rim.

Further examples of hcp-stacked Pd/Fe islands, see Fig. 4.10a-c, show that in an ap-

plied field the island rim is actually populated with different skyrmionic objects. On

the one hand, there are localized skyrmion-like states (blue arrows) that have a similar

size and shape as the skyrmions in the island interior, hence they will be called edge-

skyrmions, on the other hand, one can also find more stripped-out objects (green arrows)

that resemble a single spin spiral stripe. These two types of objects typically pin to dif-

ferent parts of the Co/Fe rim. Through analysis of all available data, a general trend

emerges: In areas where the dislocation lines in the adjacent Co/Fe (see dashed lines) are

perpendicular to the Pd/Fe island edge, typically the rim is occupied by edge-skyrmions.

On the other hand, if the dislocation lines run parallel or with an angle of up to 30◦ to-
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Figure 4.10: Details of the skyrmion-edge interaction in hcp-stacked Pd/Fe. a-c dI/dU
maps of hcp-stacked Pd/Fe islands with localized edge-skyrmions (blue arrows) and
more stripped-out spiral stripes (green arrows) at the island edge. Dashed lines indi-
cate the direction of the dislocation lines in the adjacent Co/Fe. d,e Simplified sketches
showing the two skyrmionic objects pinned at different Co/Fe edge types and their rela-
tion to the direction of the magnetocrystalline anisotropy K at the rim. All dI/dU maps:
I = 3 nA, U = 710 mV, B = 2 T.

wards the rim, mostly spiral stripes can be found. Fig. 4.10d and e schematically illustrate

this trend, and also display the relation to the easy magnetization axis of Co/Fe. These

findings are remarkable, because they indicate that it is possible to realize several differ-

ent magnetic states at the island rim by slight modification of the surrounding material

properties.

4.2 Investigating skyrmion-edge interactions

In the following, I will present atomistic spin dynamics simulations which were per-

formed using the MonteCrystal simulation code [95]. The findings of the previous sec-

tion have served as an inspiration to investigate the role of different magnetic interactions

with regards to their ability to pin or repel skyrmions at the island edge.
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4.2.1 Performing spin dynamics simulations

MonteCrystal is a simulation code that uses a numerical algorithm to solve the Landau-

Lifshitz-Gilbert equation and find the energy minimum for a two-dimensional lattice of

atomic spins. The following standard Hamiltonian for skyrmions in ultra-thin films was

employed [83]:

H = −J ∑
〈i,j〉

(Si · Sj)−∑
〈i,j〉

Di,j · (Si × Sj)−∑
i

Kz · S2
i,z −∑

i
Kx · S2

i,x −∑
i

µSi · B (4.1)

where Si and Sj are classical spins with |S| = 1, J is the Heisenberg exchange interaction

coefficient for the nearest-neighbor exchange, Di,j is the Dzyaloshinksii-Moriya vector

acting on nearest-neighbor spins, Kz and Kx are uniaxial anisotropy parameters and µ is

the strength of the magnetic moment. Due to the small volume of magnetic material in

the Co|Pd/Fe bilayer system, the stray-field is expected to only have a minor impact and

therefore dipole-dipole interactions were not included in the Hamiltonian. The film sys-

tem consisting of Pd/Fe and Co/Fe is mapped onto a single hexagonal monolayer with

three different regions: A Pd/Fe area which hosts spin spirals and skyrmions, a ferro-

magnetic Co/Fe area and finally a narrow pseudomorphic transition region in between

to represent the changes of the Co/Fe structure close to the Pd/Fe island. In the entire

layer the magnetic moment was set to µ = 3 µB as calculated for Pd/Fe [96]. The different

materials and sections of the layer were mimicked by varying the magnetic interaction

parameters J, D, Kz, and Kx (see Tab. 4.1).

For the Pd/Fe bilayer, experimentally determined magnetic parameters [77] were used.

The magnetic parameters of the reconstructed Co/Fe bilayer are unknown, therefore val-

ues were chosen that reflect the experimental findings. To induce ferromagnetic order-

ing, the strength of the exchange interaction was increased with respect to Pd/Fe while

keeping the DMI contribution at the same value. The DMI comes from the Fe/Ir inter-

face, which is the same in both Pd/Fe/Ir and Co/Fe/Ir, and thus was kept constant.

The Co/Fe bilayer exhibits in-plane ferromagnetic domains, magnetized perpendicular

to the dislocation lines. This was modeled by adding an in-plane uniaxial anisotropy

energy parameter Kx = 0.65 meV/atom. Furthermore, as shown in the previous chap-

ter (see chapter 3.2.4), in a perpendicular field of B = 2 T, the Co/Fe magnetization is

nearly aligned with the external field. The total magnetic moment of the Co/Fe bilayer

is assumed to be larger compared to Pd/Fe and therefore Co/Fe is more easily magne-

tized. However, due to software limitations, the magnetic moment of the Co/Fe cannot

be increased separately, therefore instead an additional out-of-plane anisotropy parame-

ter Kz = 0.4 meV/atom was included for the reconstructed Co/Fe and the strength of

both anisotropy parameters was adjusted to fit the experimental details. For the pseudo-

morphic Co/Fe transition area in between Pd/Fe and reconstructed Co/Fe, an isotropic

easy plane anisotropy of Kz = 0.4− 0.65 = −0.25 meV/atom was chosen, obeying the
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Table 4.1: Spin dynamics simulation parameters. Strength of the magnetic interaction pa-
rameters (exchange interaction J, Dzyaloshinskii-Moriya interaction D and magnetocrys-
talline anisotropy K) used for the spin dynamics simulation in Fig. 4.11 (meV/atom). The
simulated layer is split into three different areas, representing the different sample bilay-
ers found in the experiment. The skyrmion hosting Pd/Fe bilayer, the pseudomorphic
(ps) Co/Fe transition area and the reconstructed (re) Co/Fe.

Bilayer Exchange DMI Anisotropy
Pd/Fe J = 2.86 D = 0.76 Kz = 0.4, Kx = 0
Co/Fe ps (a-f) J =varied D = 0.76 Kz = −0.25, Kx = 0
Co/Fe ps (i-g) J = 2.86 D =varied Kz = −0.25, Kx = 0
Co/Fe re J = 7.86 D = 0.76 Kz = 0.4, Kx = 0.65

hexagonal atom arrangement in this part. The final parameter set for the three different

sample bilayers is shown in Tab. 4.1.

The simulated lattice consisted of 80 rows with 100 atomic sites each and periodic

boundary conditions in the horizontal direction. The damping parameter was set to

α = 0.5 for all simulations. The reconstructed Co/Fe was modeled with 10 atomic rows,

while the pseudomorphic Co/Fe was 4 atom rows thick. Whereas experimentally it is dif-

ficult to precisely determine the width of this transition area, the simulations show that

the exact number of atomic rows is not crucial for the results presented in the following.

4.2.2 Variation of J, D and K

The simulation shown in Fig. 4.11a was performed at 0 K with an applied external field

of B = 2 T. The three different areas of the lattice are indicated by dashed lines. In

the initial state a single skyrmion was written in a ferromagnetic background at the

position marked by the white cross, its outer rim touching the pseudomorphic Co/Fe

area. During the simulation the skyrmion was repelled from the Co/Fe edge and slowly

moved further inside the Pd/Fe film. To now investigate the role of magnetic interac-

tions at the Pd/Fe edge the strength of different parameters in the pseudomorphic Co/Fe

area is varied. First, the strength of the exchange interaction is reduced step-wise from

4.86 meV/atom in Fig. 4.11a to 0.86 meV/atom in Fig. 4.11f, while DMI is kept constant at

the same value as the adjacent Pd/Fe. The simulations were carried out for at least 250 ps

and were stopped either after they had converged with the skyrmion pinned at the edge

or after the skyrmion was repelled from the edge. When J is considerably higher in the

pseudomorphic Co/Fe area than in Pd/Fe, the skyrmion is repelled from the bound-

ary during the simulations, as shown in Fig. 4.11a. In Fig. 4.11c exchange and DMI have

the same strength in the transition area as in Pd/Fe. Here the skyrmion is pinned to

the edge only by the in-plane anisotropy, which is energetically more favorable for the

outer skyrmion part than the out-of-plane anisotropy within Pd/Fe. With a smaller J,

the skyrmion moves further inside the pseudomorphic Co/Fe area, because here a large

nearest-neighbor spin angle does not cost as much exchange energy, compared to the

Pd/Fe area. The reconstructed Co/Fe area with its relatively high exchange interaction
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Figure 4.11: Varying J and D in the transition area. Spin dynamics simulations with dif-
ferent values for J and D in the pseudomorphic Co/Fe area. Red and blue areas represent
spins pointing in opposite out-of-plane directions. In-plane pointing spins are visualized
as green cones. The hexagonal lattice is split into three distinct sections, as marked by the
dashed lines, with different magnetic interaction parameters, see Tab. 4.1, to represent
the Pd/Fe bilayer and the pseudomorphic (ps) and reconstructed (re) Co/Fe bilayer. Ini-
tially, the skyrmion was written at the position of the white cross. All simulations were
performed at T = 0 K and B = 2 T. The displayed area was cut from a larger simulation
area, see simulation section of methods.

on the other hand serves as a barrier and prevents the skyrmion from entering the Co/Fe

completely. When J is sufficiently small the skyrmion strips out along the edge and is

fully confined within the Co/Fe transition area (see Fig. 4.11f). In the next step, these

kind of simulations were repeated, but this time the strength of the DMI vector D = |Di,j|
was varied (see Fig. 4.11g-i), while the exchange interaction is set to the same values as

in Pd/Fe (J = 2.86 mV/atom). Here the skyrmion is repelled when D becomes very

small and strips out into a single spin spiral stripe for a larger D. Figure 4.12 shows a set

of further simulations that reveal a certain parameter range for both J and D in which

the skyrmion is stable at the edge. In general, a stronger exchange interaction inside the

pseudomorphic area leads to skyrmions being repelled at the edge, whereas a stronger

DMI causes the edge-skyrmions to strip out along the edge.

When the skyrmions in these simulations pin to the Co/Fe edge, their spin structure

continues inside the Co/Fe transition region and while their shape might change, the

topological charge of the skyrmions is preserved. Based on these simulations, it can be
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Figure 4.12: Spin dynamics simulations with the same setup as shown in Fig. 4.11. There
is a certain parameter range for J and D in which edge-skyrmions are stable. Red and
blue areas represent spins pointing in opposite out-of-plane directions. In-plane pointing
spins are visualized as green arrows. See Tab. 4.1 for the magnetic interaction parameters
of Pd/Fe and the reconstructed Co/Fe.

concluded that the skyrmion-like magnetic objects at the island edge, which were ex-

perimentally observed for the Co|Pd/Fe/Ir(111) system, are indeed skyrmions. These

simulations also show that already small parameter changes in the Co/Fe transition area

can be the cause for skyrmion pinning or repulsion at the Pd/Fe island edge. Finally it

can also be concluded, that for the edge-pinning two distinct areas are needed: A nar-

row area that is favorable for certain parts of the skyrmion structure, and also a repulsive

area, that prevents the skyrmions from fully leaving the Pd/Fe island. Together both

areas create a potential well that effectively pins the skyrmions at the island edge.

4.2.3 Impact of the magnetization direction at the edge

The reconstructed Co/Fe of Fig. 4.11 was nearly saturated by the applied magnetic field

of B = 2 T, making it effectively an out-of-plane magnetized surrounding. The following

simulations were performed in smaller magnetic fields, where the in-plane magnetiza-

tion component of Co/Fe is larger, to investigate the effects of an adjacent in-plane fer-

romagnetic state on the spin structure in Pd/Fe. In Fig. 4.13 simulations were performed

with zero-field and in Fig. 4.14 with an external field of B = 1.5 T. The simulations were

started from a random spin configuration and the temperature was reduced in 2 K steps

from 80 K to 0 K until the energy reached a stable value. To induce different magnetiza-

tion directions at the boundary of the reconstructed Co/Fe, as observed experimentally

(cf. Fig. 4.10), the orientation of the in-plane anisotropy axis Kx was changed. Further-
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Figure 4.13: Rotating the in-plane magnetization component in the reconstructed Co/Fe
in zero field. The hexagonal lattice has periodic boundary conditions in the horizontal
direction and is split into three distinct areas with the magnetic parameters as shown
in Tab. 4.1 with J1 = 2.86 meV/atom and D = 0.76 meV/atom in the pseudomorphic
transition area. In the reconstructed Co/Fe area the uniaxial anisotropy was rotated to be
parallel to the edge in a-b and perpendicular in c-d as indicated by the white arrows. The
side view sketches show the influence of DMI preferring a clockwise rotation towards
the island edge.

more, the magnetization of the lowest Co/Fe atomic row was fixed in the same direction

as indicated by the white arrows, while all other spins were able to relax freely. The

simulations at B = 0 T arrive at very similar spin spiral structures as observed exper-

imentally in the magnetic virgin state (cf. Fig. 4.3 and Fig. 4.4), with spin spiral stripes

dominantly parallel to the boundary and zero-field skyrmions in the case of Fig. 4.13d.

When the magnetization in Co/Fe points parallel to the boundary, the simulated spin

spiral stripes are also dominantly parallel to the edge, and the phase of the spiral, i. e.,

whether the spiral spins are pointing up (red) or down (blue), does not seem to make a

difference (see Fig. 4.13a and b). When the magnetization is perpendicular to the edge

(see Fig. 4.13c and d), the spiral phase clearly depends on the magnetization direction of

the Co/Fe area, which can be attributed to the presence of DMI preferring clockwise rota-

tional sense towards the island edge. This is shown in the side view sketches in Fig. 4.13c

and d. Here the spin structure performs a Néel-wall-like rotation to couple to the Co/Fe

edge. Such walls are stabilized by DMI which chooses one rotational sense (clockwise)
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Figure 4.14: Rotating the in-plane magnetization component in the reconstructed Co/Fe
with an external field of B = 1.5 T. At this field the Co/Fe magnetization has begun to ro-
tate towards the out-of-plane direction but still has a remaining in-plane component. The
simulations were set up in the same fashion as in Fig. 4.13. a-b Skyrmions spontaneously
form along the Co/Fe edge for a parallel anisotropy. With perpendicular anisotropy ei-
ther the inclusion of a spiral stripe (c) or a repulsion of all skyrmions from the edge (d)
can be observed.

over the other depending on the sign of D. In the case of Fig. 4.14a and b, the spin struc-

ture rotates in a Bloch-wall-like fashion where DMI is not expected to play a deciding

role between the two rotation directions.

At B = 1.5 T (see Fig. 4.14) the magnetization of the reconstructed Co/Fe area has be-

gun to rotate towards the out-of-plane direction. Yet, an in-plane component remains and

differences between different in-plane directions can still be found: When the magneti-

zation is parallel to the boundary (see Fig. 4.14a and b), circular skyrmions appear spon-

taneously at the edge and remain stable during the simulation process. With the mag-

netization pointing perpendicular to the edge (see Fig. 4.14c and d), the following can be

observed: First, in Fig. 4.14c a stripped-out skyrmion, similar to a single spin spiral stripe,

is stabilized at the edge. Secondly, for the opposite magnetization direction neither com-

pact nor stripped-out skyrmions are stable at the edge, as shown in Fig. 4.14d. Here the

incorporation of skyrmions or spiral stripes at the edge would require an anti-clockwise

spin rotation towards the edge, which is unfavorable for the DMI in this system. For the
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Figure 4.15: Racetrack with edge-skyrmions. Possible racetrack structure with edge-
skyrmions functioning as spacers between skyrmion bits. The material parameters are
the same as shown in Tab. 4.1 with J = 2.86 meV/atom and D = 0.76 meV/atom in the
transition area. At the upper rim, the magnetization of Co/Fe is orthogonal to induce
a skyrmion-repelling spiral stripe. Center- and edge-skyrmions are moved simultane-
ously by a spin-polarized current js. The minimum distance between two skyrmions dSS
is determined by repulsive skyrmion-skyrmion interactions. Red and blue areas repre-
sent spins pointing in opposite out-of-plane directions, while in-plane pointing spins are
green. B = 1.5 T and T = 0 K.

opposite anisotropy direction a clockwise rotation only becomes possible through the in-

clusion of an edge-skyrmion, as shown in the side view sketch. Therefore, skyrmions are

repelled in Fig. 4.14d but not in Fig. 4.14c.

4.3 Discussion

The presented work demonstrates that by altering the edge properties of a film its mag-

netic state can be effectively manipulated. Here the ferromagnetic Co/Fe rim changes

the propagation direction of the spin spiral in Pd/Fe so that the spiral stripes are parallel

to the island edge instead of perpendicular. As shown in the simulations, the in-plane

magnetization direction of the rim can also have a small effect on how the spiral connects

to the boundary. Furthermore, depending on the size and shape of the Pd/Fe island, the

Co/Fe rim enables the formation of zero-field skyrmions and target states in the magnetic

virgin state. Judging by the unique spin spiral structures that were found in the magnetic

virgin state of this system, one might also be able to utilize the edge to stabilize a zoo of

different topological spin states like, e. g., the recently discussed skyrmion bags [97, 98].

The Co/Fe rim enormously increases the amount of skyrmions that survive in the re-
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manent state. In fcc-stacked Pd/Fe, this happens because a connection between skyrmions

and the boundary is inhibited by the ferromagnetic surroundings. In hcp-stacked Pd/Fe

the edge-pinned skyrmions strip out along the Co/Fe rim when the field is lowered and

hinder further skyrmions from connecting to the edge by repulsive skyrmion-skyrmion

interactions. In both cases I anticipate that these additional repulsive forces at the bound-

ary would counteract the SkHE and effectively prevent skyrmion annihilation. The spin

dynamics simulations have shown that there are several material parameters that can

be responsible for a repulsion or pinning of skyrmions at the film edge, e. g., the edge-

pinning observed in hcp Pd/Fe can be caused by either lower exchange interactions,

higher DMI, or stronger easy-plane anisotropy at the island rim.

Furthermore, it was observed in experiment and simulations that the magnetization

direction at the Co/Fe boundary has an effect on the edge-skyrmions in hcp Pd/Fe. A

magnetization parallel to the edge favors the formation of localized skyrmions, while a

perpendicular magnetization enables the skyrmions to strip out along the edge even in

applied external fields. While here a self-organized model system was used to inves-

tigate skyrmion physics, I expect that these findings can also be applied to top-down

approaches to deliberately create structures with different magnetic properties, as it has

been shown to be viable by Ohara et al. [55] and Juge et al. [94]. Modifying the bound-

aries of a skyrmion system with tailored materials is a means to set up guard railings,

which can improve speed and reliability of potential skyrmion devices.

Finally I want to propose a possible application for edge-pinned skyrmions: In skyrmion

racetrack memory devices the information is stored in the distance between skyrmions [5],

and such devices rely on equidistant bit positions. Yet there are several factors that can

change the distances between skyrmions including thermal drift, noise generated by de-

vice operation, as well as attractive or repulsive skyrmion-skyrmion interactions. To

overcome these challenges different approaches have been put forward, e. g., the use

of a two lane racetrack [99], or a periodic arrangement of notches [100]. I propose the

use of edge-skyrmions as spacers to divide the track into separated skyrmion-sized bits

as shown in Fig. 4.15. In the displayed setup the skyrmion track is confined between two

ferromagnetic Co/Fe edges, one with perpendicular and the other with parallel magneti-

zation at the edge. The information is contained in the central row, stored in the absence

or presence of a skyrmion along the track. The upper Co/Fe rim repels skyrmions, here

realized by inducing a single spin spiral stripe, and forces skyrmions in the center of

the track to interact with the edge-skyrmions at the bottom rim. The minimum distance

between skyrmions dSS leaves enough space for one center-skyrmion to be positioned

between two edge-skyrmions and the upper rim. Additionally the repulsive interactions

with edge-skyrmions hinders center-skyrmions from hopping from one bit to another. It

is anticipated that all skyrmions, the ones that store the information and the ones that

are used as bit separators, move coherently under lateral currents. Additionally, small

distance variations between bits could be corrected for, because each arrival of an edge-
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skyrmion near the read/write unit would unambiguously signal the beginning of a new

bit.
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5 Discovery of the AFM Single-, Double-
and Triple-Q states in Mn/Re(0001)

In this chapter I will discuss the magnetic properties of the Mn monolayer on Re(0001),

which exhibits two different antiferromagnetic states depending on its stacking-type. I

will discuss the properties of the row-wise antiferromagnetic (RW-AFM) state and the

triple-Q (3Q) state. The former has uniaxial symmetry and features a new type of an-

tiferromagnetic domain wall with a transient double-Q (2Q) structure, the latter is a

non-collinear multi-Q state. This chapter is based on the content of two publications

(Spethmann et al. [43] and Spethmann et al. [101]). As part of these publications, DFT

calculations were performed by Sebastian Meyer and Stefan Heinze, and spin dynam-

ics simulations and SP-STM simulations of the AFM domain walls were performed by

André Kubetzka.

5.1 Introduction

Antiferromagnetic (AFM) materials are of great interest for the development of future

spintronic devices. They are expected to have generally faster spin dynamics compared

to ferromagnetic systems and show unique transport properties [26, 102]. Antiferromag-

netic skyrmions, e.g. , have a compensated topological charge and thus could be utilized

as information carriers in memory type devices without being affected by the skyrmion

Hall effect [24, 91]. Between collinear [103, 57], non-collinear [104, 32] and synthetic an-

tiferromagnets [25, 105], there is a large variety in the complexity of AFM orderings.

Hexagonal monolayers with AFM nearest-neighbor exchange are promising model-type

systems to study complex AFM states. Due to the hexagonal symmetry, the exchange

interaction in such systems is geometrically frustrated. Thus, beyond nearest-neighbor

exchange (J2, J3) and other magnetic interactions such as DMI or higher-order interac-

tions (HOI) [30] can play the deciding factor, when it comes to determining the magnetic

ground state of a system (see also chapter 2.1).

The 3Q state is a multi-Q state that can be constructed by the superposition of three

RW-AFM (1Q) states. In the ideal 3Q state, the magnetic unit cell consists of 4 spins that

all have an angle of τth = 109.4◦ between each other, i. e., they all point in different corners

of a tetrahedron. The 3Q state has a constant magnetic moment at every lattice site and

is one of the few examples of an exact multi-Q state that is degenerate with its respective

single-Q states in the classical Heisenberg model [56]. The 3Q state was first predicted
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Figure 5.1: Impact of different magnetic parameters on AFM ordering. For all simula-
tions J1 = −25 meV and J2 = −5 meV. Green arrows represent spins with only in-
plane components, red and blue arrows indicate opposite out-of-plane components. The
black and white contrast indicates a first approximation of the SP-STM contrast for an
in-plane magnetized tip as indicated by the orange arrow. a-c Varying MAE from an
easy-axis (Kz = +0.4) to an easy-plane (Kz = −0.4) system. d-f Lifting the degeneracy
between single- and multi-Q states with the higher order two-site interaction coefficient
B1 (Kz = −0.4 meV). g-i Selecting different RW-AFM states with the anisotropic exchange
interaction JASE (Kz = −0.4 meV, B1 = +0.5 meV).

more than 20 years ago for the Mn monolayer on Cu(111) [29]. However, due to inter-

mixing between Mn and the substrate, the system could not be realized experimentally

and both the RW-AFM state and the 3Q state have not been observed experimentally in

a hexagonal monolayer prior to the publication in PRL [43].

Pair-wise Heisenberg exchange interactions cannot lift the degeneracy between the
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RW-AFM and the 3Q state, thus the question arises what the role of other magnetic inter-

actions is in the formation of these two states. Figure 5.1 shows spin dynamics simula-

tions which were performed using the LLG algorithm of the software MonteCrystal [95].

For all simulations a hexagonal grid of spins was cooled down from 20 K to 0 K until the

spins reached a stable configuration. The nearest- and next-nearest-neighbor exchange

interactions were set to J1 = −25 meV and J2 = −5 meV, respectively. The magnetic mo-

ment was set to 3.3µB according to results from DFT calculations for the Mn/Re(0001)

monolayer [43]. In each row of Fig. 5.1, additional magnetic interactions were consid-

ered during the simulations. Figure 5.1a-c shows the resulting spin configurations for

variations of the magnetocrystalline anisotropy energy (MAE). For an out-of-plane easy-

axis (Kz = +0.4 meV) the lattice orders in a RW-AFM state with alternating rows of spins

pointing in opposite out-of-plane directions. The RW-AFMOOP state is clearly favored,

because it is collinear and all spins can be aligned along the easy-axis. Without MAE (Kz

= 0 meV) the RW-AFM state is degenerate with its multi-Q equivalents, thus the resulting

spin structure is a mixture of RW-AFM, 2Q and 3Q states. With an easy-plane anisotropy

(Kz = −0.4 meV) both the RW-AFM state and the 2Q state are favored, because they are

collinear or coplanar, respectively, and thus can be aligned within the easy-plane, in con-

trast to the 3Q state. HOI lift the degeneracy between single- and multi-Q states. Figure

5.1d-f demonstrates this for the two-site exchange interaction. Here the sign selects be-

tween the RW-AFM state (B1 = +0.5) and the 3Q state (B1 = −0.5), but never the 2Q
state. The same trend can also be observed for the four-site interaction K1 and the three-

site interaction Y1, with the exception that for the latter, the signs need to be inverted.

Finally, Fig. 5.1g-i shows the effect of the anisotropic symmetric exchange (ASE) interac-

tion, which can choose between different RW-AFM configurations, i. e., a configuration in

which the spins are all aligned either perpendicular (RW-AFM⊥), or parallel (RW-AFM‖)

to the rows versus an arbitrary in-plane direction (RW-AFMIP). MAE and ASE both push

the spin texture to a collinear or coplanar ordering, regardless of the sign of the interac-

tions. Thus, only the higher-order exchange interactions can favor the formation of a 3Q
state.

DFT calculations by Sebastian Meyer for fcc- and hcp-stacked Mn monolayers on Re(0001)

predict that the RW-AFM state and the 3Q state are very close in energy (|∆E| = |E3Q −
ERW−AFM| < 1 meV). With the expected precision of such DFT calculations, both the

RW-AFM and the 3Q state are possible candidates for the magnetic ground state in both

Table 5.1: Calculated values for the Heisenberg exchange constants J1 to J3, the higher-
order (four-spin) exchange constants B1, Y1, and K1, as well as the energy difference ∆E =
E3Q − ERW-AFM (all in meV/atom). DFT results by Sebastian Meyer [43].

J1 J2 J3 B1 Y1 K1 ∆E
fcc −22.4 −3.4 0.88 −1.56 −2.29 −0.43 −0.7
hcp −18.7 −4.2 −1.38 −1.25 −2.49 −0.66 −0.4
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Figure 5.2: Growth of the Mn monolayer on Re(0001). a Three-dimensional view of a
constant-current STM topography measurement of a Mn|Co/Re(0001) sample. The color
indicates the simultaneously measured dI/dU signal (I = 1.2 nA, U = 500 mV, 4K, Cr
tip). The Re(0001) step edges are decorated with Co, which triggers the growth of hcp-
stacked Mn. b Sketch of the sample composition.

stacking types of the Mn monolayer. Furthermore, the calculations reveal a large AFM

nearest-neighbor (J1) and still sizable next-nearest-neighbor (J2) exchange interaction and

also show that the two-, three- and four-site higher-order interactions are quite large as

well (see Tab. 5.1) [43]. When it comes to stabilizing either the RW-AFM or the 3Q state,

the three-site interaction shows the inverse effect compared to the two-site and the four-

site interaction, i. e., depending on the sign of Y1, the opposite spin state is favored. It

turns out that, in the DFT calculations for both Mn-stackings, the energy contributions

of the three higher order interactions nearly cancel, i. e., the RW-AFM, 2Q, and 3Q are

nearly degenerate. This means that experimental investigations are needed to correctly

determine the magnetic ground state of each Mn stacking.

5.2 The Mn|Co/Re(0001) monolayer film system

The Re(0001) single crystal was prepared for the Mn growth by cycles of annealing in

an oxygen atmosphere of 10−7 to 10−8 mbar and temperature ramps up to 1400 K, fol-

lowed by a final flash in UHV to 1800 K shortly before the Mn deposition. The Mn was

evaporated from a Knudsen cell evaporator with a pyrolytic boron nitride (PBN) crucible

with a volume of 1 cm3. The deposition temperature in the crucible was varied between
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Figure 5.3: Determination of the Mn stacking. a Partially differentiated constant-current
STM topography image of a Mn monolayer on Re(0001) with several dislocation lines
zigzagging along the Re step-edge (see blue arrows). Some extended hcp-stacked Mn
areas are highlighted by circles (I = 1 nA, U = −100 mV, 5K). b Current map measured
during atom manipulation on Re and Mn across a Re step-edge (I = 500 nA, U = 17 mV,
4K, Cr tip, unknown adatom). Due to the hexagonal surface symmetry, the atoms are
located at the crossing point of three up-facing and three down-facing triangles as indi-
cated. A stacking shift can be observed between the Re terrace (left) and the Mn mono-
layer (right). c Current map with atomic resolution showing the same stacking shift in
standard STM mode (I = 20 nA, U = 4 mV, 8K, W tip). d Side view sketch of the atomic
structure in b and c.

620◦C and 680◦C, which resulted in deposition rates between 0.1 and 0.5 monolayers per

minute. The crystal temperature was still elevated (≈ 100◦C) during the Mn deposition.
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Grown in this fashion, the Mn forms pseudomorphic monolayer islands that all have the

fcc stacking-type. A change of the crystal temperature during evaporation, e. g., by pre-

cooling the crystal in a STM chamber had no impact on the stacking growth. In order to

obtain hcp-stacked Mn, the Re step edges were decorated with small patches of Co prior

to the Mn deposition. Figure 5.2 shows such a sample surface. The Co shows a rather

dendritic growth and the Mn areas that are in between these Co branches show a differ-

ent stacking contrast in dI/dU images than more extended or free standing Mn islands.

This demonstrates that the adjacent Co induces the growth of a different stacking in the

Mn monolayer.

The two different stacking-types can be determined by paying close attention to the

Re step edges: Figure 5.3a shows a Mn/Re(0001) sample surface, in which the Mn was

deposited from a standard electron-beam evaporator without adding Co to the step edge.

Here, the surface shows much more defects and the overall quality of the pseudomorphic

Mn film is poor. Yet, one can observe dislocation lines zigzagging close to the Re step

edge (see blue arrows), which is a clear indicator for a stacking shift, i. e., close to the Re

step edges, the Mn continues the hcp stacking of the Re substrate, but larger and free

Figure 5.4: Zoom-in on the Mn monolayer. Spin-resolved constant current image (I =
7 nA, U = −30 mV, 4K, Cr tip). The Mn grows in two different stacking-types which are
separated by dislocation lines. The fcc-stacked Mn grows in extended areas and features
a magnetic stripe contrast with prominent domain walls. The hcp-stacked Mn grows
only adjacent to Co islands and features a hexagonal magnetic contrast.
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standing Mn islands favor the fcc stacking. There are some more extended areas with

hcp-stacking, however, in samples that have better film quality, because they were grown

with a Knudsen cell evaporator, the hcp-stacked areas disappear. To further add to this

argument, Fig. 5.3b shows atom manipulation imaging (AMI) data across a Re(0001) step

edge. The left side shows a bare Re(0001) terrace, the right side shows part of an extended

Mn island. From symmetry arguments the top positions of the underlying atomic lattice

can be determined. By comparing the two resulting lattices, a clear shift that is compatible

with a shift from hcp to fcc stacking-type can be observed. Figure 5.2c shows a similar

sample area measured with standard atomic resolution, which shows the same shift of

the atomic lattice, and thus complements the results from the AMI data.

Figure 5.4 shows a spin-resolved measurement of a Mn|Co/Re(0001) sample surface.

The Co is partially covered by Mn (white areas) and grows reconstructed, albeit some

areas show fewer reconstruction lines than others. The hcp-stacked Mn grows primarily

between the Co patches and is separated by dislocation lines from the more extensive

fcc-stacked Mn monolayer. The spin-resolved data reveals several features that will be

discussed in greater detail in the following: On the one hand, the fcc-stacked Mn shows

a uniaxial magnetic contrast pattern with prominent domain walls. On the other hand,

the hcp-stacked Mn shows a p(2x2) hexagonal superstructure.

5.2.1 The RW-AFM state

Starting with the results on the fcc-stacked Mn, Fig. 5.5a shows a sample area with spin-

resolved contrast. The Mn shows alternating bright and dark rows that run along crystal-

lographically close-packed directions. The alternating contrast and the spacing of these

rows is compatible with a RW-AFM state. The RW-AFM state has a twofold radial sym-

metry axis (C2) perpendicular to the sample surface, i. e., rotating it by 180◦ yields a spin

state, that cannot be differentiated from the original configuration. Since the twofold ra-

dial symmetry of the RW-AFM state does not match the threefold radial symmetry (C3)

of the hexagonal atomic lattice, three orientational domains can be observed. These ori-

entational domains can be transformed into each other by a 120◦ rotation of the spin

structure along the radial symmetry axis. The different domains are separated by do-

main walls, which will be discussed in a later section. The measured corrugation of the

spin contrast depends on the orientation of each orientational domain relative to the tip

magnetization. The displayed tip magnetization (orange arrows) was estimated by com-

paring the different contrast amplitudes of the three orientational domains assuming the

RW-AFM‖ configuration shown in Fig. 5.1i. In general, it was observed that two domains

with the same row orientation always show the same contrast amplitude, while two dif-

ferent orientational domains may show a different corrugation. Figure 5.5b and c shows

the same sample area before and after an induced change of the tip magnetization via

gentle tip-surface contact. Here the contrast in the central domain nearly vanishes after

the tip change and instead the AFM contrast in the other domains become more visible.
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Figure 5.5: The RW-AFM state in fcc-stacked Mn/Re(0001). a Constant-current SP-STM
image showing three orientational domains with different magnetic contrast amplitudes
(I = 7.5 nA, U = −20 mV, 8K, Fe/W tip). The displayed tip magnetization was estimated
assuming a spin alignment along the direction of the AFM rows. b Constant-current SP-
STM image of a different sample area and c the same area after an induced change of the
tip magnetization (I = 7 nA, U = −30 mV, 4K, Cr tip). The magnetic corrugation of the
different orientational domains changes with the tip magnetization.

In Fig. 5.1 different possible configurations of the RW-AFM state are shown. In the case

of the RW-AFMOOP state, different orientational domains would always show the same

contrast corrugation, independent of the tip magnetization direction. Thus, experimen-

tally, the RW-AFMOOP state can be excluded for the Mn monolayer. This is in agreement

with DFT calculations predicting an easy-plane anisotropy on the order of 1 meV/atom

for both stackings of the Mn monolayer [43]. Naturally, the question arises, which of the

possible in-plane configurations of the RW-AFM state is realized in the Mn monolayer.

For Heisenberg exchange, DMI and MAE all in-plane configurations are degenerate. The

configuration with an arbitrary in-plane orientation (RW-AFMIP) can be excluded, since

the observed contrast corrugation is consistently coupled to the direction of the AFM

rows. Hence, from the experimental results only the RW-AFM‖ and RW-AFM⊥ state are

suitable candidates. As shown in Fig. 5.1g-i, the ASE can favor one of these configurations

over the other and, indeed, DFT calculations by Sebastian Meyer have shown, that the

ASE favors the RW-AFM‖ state by 0.1 meV/atom, which is a similar value to that of the

magnetic dipolar interaction which favors the same state with 0.14 meV/atom [43]. Thus,

it can be concluded that in the fcc-stacked Mn monolayer the RW-AFM‖ state is present.

Both, the effects of ASE and dipolar interactions are typically not considered separately,

when calculating the magnetic ground states of monolayer film systems. However, in the

Mn/Re(0001) system they appear to play a crucial role for the selection of the RW-AFM‖
state.

The Mn area in Fig. 5.5a has a small vacancy island, i. e., a hole in the layer exposing

the bare Re(0001) surface. This vacancy island is surrounded by four different domains of

the RW-AFM state. Figure 5.6a and b shows some additional sample areas with a typical

domain distribution. Both of these areas have one extended orientational domain and
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Figure 5.6: Orientational domains at the island edge. a Constant-current SP-STM image
showing one extended orientational domain of the RW-AFM state. b A vacancy island
surrounded by one expanded orientational domain. In both areas smaller orientational
domains can be observed at the island edges. c-d Schematic depiction of an AFM and a
ferromagnetic RW-AFM configuration at the Mn island edge. The boxes at the bottom of
each image show contributions to the total energy of the green or blue encircled spins
from the exchange interactions with nearest- (red circles) and next-nearest-neighbors
(black circles).

some smaller domains close to a vacancy island or step edge (see white circles). At the

edges of the Mn monolayer, additional orientational domains of the RW-AFM state are

induced. This is a trend that was frequently observed throughout many sample areas.

To understand the reasoning for this we look at two possible edge configurations for the

RW-AFM , which are shown in Fig. 5.6c and d: An AFM edge where the spins along the

edge are antiparallel with respect to each other, and a ferromagnetic (FM) edge where the

spins are all parallel. In the Mn/Re(0001) system, additional orientational domains are

induced at the island edge, whenever the incorporation would avoid the formation of a

FM edge configuration. The general favoring of one extended domain implies that the

incorporation of additional domains has a cost, i. e., in form of domain wall energy. At
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the island edge, however, the preference for an AFM edge is stronger than the domain

wall energy and additional orientational domains are created.

In order to estimate the energy difference between the AFM and FM edge configura-

tion, we assume an ideal island edge and that the magnetic parameters do not change

compared to the interior of the island. Then we calculate the energy contributions from

nearest- and next-nearest-neighbor exchange interactions J1 and J2 of an atom at the is-

land edge (see Fig. 5.6c and d). We assume that J1 and J2 both favor an AFM configuration

and start with the AFM edge: An atom at the island edge (green circle) has four nearest-

neighbors (red circles), three of those are coupled antiparallel to the atom, one is parallel,

which results in a net energy contribution of 3J1 − J1 = 2J1. Looking at the three next-

nearest-neighbors (black circles), one of them is coupled parallel and two are antiparallel,

resulting in an energy contribution of 2J2 − J2 = J2. We also consider the energy of an

atom one row away from the edge (blue circle): The contribution from nearest-neighbor

exchange is 2J1 which is the same value as for an atom further in the island interior. For

next-nearest-neighbors, however, the interactions sum up to J2, which is different from

the island interior. To calculate the total energy cost of the AFM edge (per lattice con-

stant) all terms must be added, which results in EAFM = 4J1 + 2J2. An analogous string

of arguments can be made to arrive at the energy cost of the FM edge EFM = 2J1 + 4J2.

Looking at the energy difference of both edge configurations EAFM− EFM = 2J1− 2J2, we

arrive at the conclusion that as long as |J1| > |J2|, which is always true for the RW-AFM

state on a hexagonal surface, the AFM edge is lower in energy and thus favored over the

FM edge.

5.2.2 The 3Q state

Before moving on to the results of the hcp-stacked Mn, Fig. 5.7a-c shows the spin struc-

ture of an ideal 3Q state with three possible orientations along high-symmetry directions

of the hexagonal lattice 3Q1, 3Q2 and 3Q3. In the 3Q1 configuration, the magnetic unit

cell has one fully out-of-plane aligned spin (red circle) and three spins that have the oppo-

site out-of-plane direction and point in three different in-plane directions (green circles).

In the 3Q2 configuration, the spins are oriented in such a way, that each spin in the unit

cell has the same ratio between out-of-plane and in-plane component, which leads to al-

ternating rows with opposite out-of-plane components. Finally, in the 3Q3 configuration,

there are alternating rows with spins that are fully aligned with the in-plane direction

(yellow circles) and rows which have a large out-of-plane component (red and green

circles). Above and below the spin structure, SP-STM simulations for an out-of-plane

magnetized tip are displayed. The simulated contrast ranges from a hexagonal pattern,

to alternating stripes and a distorted checkerboard lattice. Depending on the tip magne-

tization, all three of these contrast patterns as well as mixtures of these patterns could be

observed in SP-STM measurements of a 3Q state. Similar to the RW-AFM state, the 3Q2

and 3Q3 states have twofold symmetry, and can be rotated by 120◦ to generate a total of
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Figure 5.7: Different orientations of the 3Q state. a-c Spin structure of the three 3Qi states
with different orientations. Red and green arrows indicate opposite out-of-plane direc-
tions, yellow arrows are fully in-plane. The upper and lower part of the image show the
simulated SP-STM contrast for an out-of-plane magnetized tip pointing up and down,
respectively. The simulations were performed by André Kubetzka in the spirit of [66].

Figure 5.8: The 3Q state in hcp-stacked Mn. a Constant-current image of a hcp-stacked
Mn area surrounded by Co. b The same area after a spontaneous tip change (I = 7 nA,
U = −30 mV, 4K, Cr tip). The letters indicate different (and equivalent) contrast patterns.
c-d SP-STM simulations of two orientational domains of the 3Q3 state with a tilted tip
magnetization (θ = 32◦) by André Kubetzka.

three orientational domains. The 3Q1 state has only two orientational domains, but they

cannot be differentiated with SP-STM measurements.

Figure 5.8a shows a spin-resolved measurement of a Mn area surrounded by Co is-

lands. Here a Cr bulk tip with an arbitrary tip magnetization was used. The Mn shows

a hexagonal superstructure with a period of twice the atomic lattice constant (p(2x2)),
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which corresponds to a magnetic unit cell of four atoms and is compatible with a 3Q
state. In total three domains with different contrast patterns can be observed (i, ii, iii).

Figure 5.8b shows the same sample area after a spontaneous change of the tip magneti-

zation. Whereas details of the contrast patterns have changed, the domain borders are

the same. Thus, one can conclude that also the 3Q state has three orientational domains

similar to the RW-AFM state. Out of the three proposed 3Q states, only the 3Q2 and

the 3Q3 can have orientational domains that are detectable in SP-STM measurements. In

contrast to the RW-AFM state, the magnetic contrast of the 3Q state cannot be derived

as easily as for the RW-AFM state and orientational domains may appear vastly differ-

ent in SP-STM measurements. Figure 5.8c-d shows exemplary SP-STM simulations with

a tilted tip magnetization (θ = 32◦) for two orientational domains of the 3Q3 state. The

simulations show a perfect hexagonal lattice contrast in the case of Fig. 5.8c, and a heavily

distorted pattern in the case of Fig. 5.8d. These simulations have great similarity with the

experimentally observed orientational domains i and ii in Fig. 5.8a. However, for specific

tip magnetization directions, orientational domains of the 3Q2 state might show similar

contrast patterns and since the magnetization direction of the tip is unknown, neither the

3Q2 nor the 3Q3 can be excluded based on this data.

Whereas the 3Q1 configuration can be excluded because it has no (observable) orien-

tational domains, the 3Q2 and 3Q3 configurations can be distinguished based on their

out-of-plane SP-STM contrast (see Fig. 5.7). In the following a field-dependent Fe/W tip

was utilized to further characterize the hcp-stacked Mn. Since the RW-AFM and the 3Q
state have a net magnetization of zero, they are not expected to react to moderate fields.

The Fe/W tip, however, does react to the field. At 0 T it is expected to be in-plane mag-

netized, while at 2.5 T and -2.5 T it is aligned with the external field and thus sensitive

to the out-of-plane components. Figure 5.9a-c shows a Mn/Re sample area in different

Figure 5.9: Orientation of the 3Q state. a Constant-current SP-STM image with an in-
plane magnetized Fe/W tip (I = 7 nA, U = −30 mV, 8K, B = 0 T). The contrast was
partially differentiated. The two circles indicate two qualitatively different areas within
the hcp-stacked Mn. b-c The same sample area in opposite magnetic fields. The contrast
pattern has changed in both hcp areas. Insets show enlarged views of the two areas
alongside SP-STM simulations of the 3Q3 state.
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magnetic fields with hcp-stacked Mn on the left and fcc-stacked Mn on the right. The

circles indicate two different orientational domains of the 3Q state. With an in-plane sen-

sitive tip the two domains show very different contrast patterns. At +2.5 T they both

show a distorted checkerboard pattern, rotated by 120◦ to each other. This contrast is

only compatible with SP-STM simulations of the 3Q3 state, which are displayed as in-

sets next to zoomed-in images of the raw experimental data. Finally, upon inverting the

magnetic field to −2.5 T, the tip magnetization flips, which results in a phase shift of

the checkerboard contrast. As can be best seen in the insets, the phase shift occurs in

different directions in the two domains, which further proves that these are indeed two

orientational domains of the 3Q3 state.

While experimentally, the 3Q1 and the 3Q2 were excluded, from a theoretical point

of view, it is more difficult to explain the selection of the 3Q3 state. Due to its tetrahe-

dral symmetry, the ideal 3Q is not affected by MAE. Heisenberg interactions, DMI and

higher-order interactions are also not able to rotate the 3Q state in a specific configura-

tion. Similar to the RW-AFM state, the dipolar interaction and the ASE have a small effect

on the orientation of the 3Q state, however, the energy scale is much smaller and both

interactions favor the 3Q1 state, which was excluded experimentally. An alternative ap-

proach is to consider a 3Q state with less rigid angles between adjacent spins. In further

SP-STM simulations, Haldar et al. [106] have shown that a slightly distorted variant of the

3Q3 state would be difficult to distinguish from the ideal 3Q3 state. Such a distorted 3Q3

state without tetrahedral symmetry could gain energy due to the in-plane anisotropy of

the Mn/Re(0001) monolayer and still be compatible with the experimental observations

in Fig. 5.9.

5.3 Antiferromagnetic domains walls

Antiferromagnetic domain walls are of particular interest, not only because of their soliton-

like properties that they share with ferromagnetic domain walls, e. g., being movable by

current pulses [107, 108], but also their ability to manipulate spin waves, e. g., as spin

wave polarizer and retarder [109, 110]. While there is the notion, that AFM domain walls

should show a high structural variety [111], in theoretical works such domain walls are

often described equivalent to their ferromagnetic counterparts, i. e., as a coherent rota-

tion of the two opposing sub-lattices [112, 113]. Due to their net zero magnetization and

the requirement for atomically resolved imaging, the experimental investigation of AFM

domain walls is challenging [114].

In 2006 Bode et al. characterized the spin structures of domain walls in an AFM mono-

layer of Fe on W(001) and revealed a coherent spin rotation throughout the wall [115]. In

the Mn/Re(0001) system domain walls with such a coherent rotation can also be found.

Figure 5.10a shows two orientational domains of the RW-AFM state. In one of the do-

mains, there is a narrow boundary area in which the spin-resolved contrast nearly van-
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Figure 5.10: Phase domain walls. a A constant-current image of a 180◦ phase domain wall
(blue box). The spin-resolved contrast vanishes along the phase domain wall. b The same
area after a spontaneous change of the tip magnetization. The spin-resolved contrast is
strongest along the phase domain wall (I = 7.5 nA, U = −20 mV, 8K, Fe/W tip, B = 0 T
(a), B = 2 T (b)).

ishes. It runs diagonally from the upper left corner towards the vacancy island and can

be best seen inside the blue box. This boundary will be called a phase domain wall, be-

cause the AFM rows shift their phase within the wall, i. e., the spin structure rotates by

180◦. At some point during this rotation the spins will be perpendicular to the tip mag-

netization and the spin-resolved contrast vanishes. Figure 5.10b shows the same area

after a spontaneous change of the tip magnetization. Here the tip is sensitive to the spin

direction within the phase domain wall, but the surrounding two phase domains almost

show no contrast. In combination, both measurements confirm a coherent rotation of the

spin structure within the domain wall. This type of phase domain wall was observed

relatively rarely in the Mn monolayer. Much more common are the domain walls be-

tween two orientational domains, which have a more complex spin structure and will be

discussed in the following.

5.3.1 Complex AFM domain walls

Whereas the phase domain walls appear very subtle, domain walls between orientational

domains of the RW-AFM state can be easily spotted. Such orientational domain walls

have a noticeable effect on the spin-averaged LDOS and can be detected in larger im-

ages even without atomic-scale resolution. Figure 5.11a shows an fcc-stacked Mn area in

which three orientational domains of the RW-AFM state meet. The inset shows a dI/dU
map of the immediate surroundings. Here the RW-AFM state cannot be detected, but

the orientational domain walls still show a strong contrast. Figure 5.11b shows the same

sample area after an induced tip change. The spin-contrast is relatively low in two out of

the three orientational domains, yet the domain walls still show very characteristic fea-
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Figure 5.11: Domain walls in the RW-AFM state. a Three orientational domains of the
RW-AFM with domain walls between them. The inset shows a larger dI/dU map of the
surrounding sample area with electronic domain wall contrast. b The same area mea-
sured with vanishing spin resolution for two of the orientational domains. Two different
types of domain walls are indicated. Both images: I = 7 nA, U = −30 mV, 4K, Cr tip.

tures. Possibly, this is an effect similar to the NCMR [72], where a change of the nearest-

neighbor angles can lead to a modification of the electronic structure of the monolayer.

A change of the spin quantization axis inside the domain wall could also alter the elec-

tronic contrast [70]. However, such a TAMR contrast would generally be expected to

have a relatively weak contribution, unless the spin quantization axis gains a significant

out-of-plane component inside the wall.
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The characteristics of a domain wall depend on the orientation of the domain wall

in relation to the AFM rows of the two adjacent orientational domains of the RW-AFM

state. The domain walls can be divided into three categories: There are 120◦ walls, 60◦

walls and a broader category of asymmetric walls. 120◦ walls typically show two paral-

lel dark stripes. The angle refers to the sum of the angles between the domain wall and

the row directions of the two adjacent RW-AFM states (60◦ + 60◦). In 60◦ walls the total

angle is halved (30◦+ 30◦) and typically they show a hexagonal pattern with a dark back-

ground contrast. Asymmetric walls have an uneven angle distribution of, e. g., 30◦ + 90◦.

Such walls lack mirror symmetry and their two sides can appear very different. Figure

5.12a-d shows further examples of different domain walls that can be assigned to these

categories. In Fig. 5.12a a domain wall is shown that changes its appearance whenever

it changes direction. The white circle shows an example of an asymmetric domain wall.

The domain wall width is in a regime of 1.5 nm to 2.5 nm, however, the strong directional

Figure 5.12: Selection of highly symmetric domain walls. a A single domain wall with
different contrast patterns depending on its relative angle to the stripes of the adjacent
RW-AFM domains. b A 120◦ domain wall, showing a double wall feature and c a 60◦ do-
main wall showing a hexagonal pattern (I = 7 nA, U = −30 mV, 4K, Cr tip). d Constant-
current SP-STM image measured at a different bias voltage, revealing more subtle dif-
ferences between the 120◦ and 60◦ domain wall type (I = 5 nA, U = 15 mV, 4K, Cr
tip).
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Figure 5.13: Domain wall simulations showing the spin structure and expected SP-STM
contrast of the 60◦ (a) wall and the 120◦ wall (b). The simulations were performed for
different values of the two-site interaction B1. The pairs of spins that are encircled in
pink rotate in opposite directions along the width of the domain wall.

dependence paired with additional electronic contrast modulations make it difficult to

determine exact domain wall widths. Figure 5.12d shows a 120◦ wall and a 60◦ wall that

were measured at a different bias voltage (U = +15 mV). In this measurement the elec-

tronic contrasts appear less dominant, instead two slightly different p(2x2) patterns can

be observed. This contrast is very different from that of the phase domain walls and is

not compatible with a coherent spin rotation. One way to realize such a contrast is by the

superposition of the two adjacent RW-AFM (1Q) states to a local transient 2Q state with

90◦ nearest-neighbor angles. However, the contrast is also compatible with a transient

3Q state.

5.3.2 Simulations of AFM walls

Spin dynamics simulations similar to Fig. 5.1 were performed by André Kubetzka to fur-

ther investigate the domain wall structure. The following Hamiltonian was used [101]:

H = −J1(Si · Sj)− J2(Si · Sj)− K(S2
z)− JASE(Si · dij)(Sj · dij)− B1(Si · Sj)

2 (5.1)

where dij is a unit vector pointing from Si to Sj and J1, J2, K, and JASE were set to values
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close to the results obtained by DFT calculations for the Mn/Re(0001) system [43]. The

results are shown in Fig. 5.13 for different values of the two-site interaction B1, together

with the calculated SP-STM contrast. In these simulations two types of domain walls can

be stabilized that are equivalent to the experimentally found 60◦ and 120◦ domain walls.

Both walls are realized by a transient 2Q state with a unit cell that is comprised of four

spins with 90◦ angles between each other. The transformation from RW-AFM state to 2Q
state is achieved by pairs of spins rotating in opposite directions across the wall (see spins

encircled in pink). Starting at one orientational domain of the RW-AFM state, one spin

rotates clockwise, while the other spin rotates anti-clockwise until the nearest-neighbor

angles match that of the 2Q state in the center of the domain wall, then the rotation

continues until the spin structure arrives at a different orientational domain of the RW-

AFM state. The SP-STM simulations show great resemblance with the experimentally

obtained data and even show subtle differences between the p(2x2) patterns observed in

Fig. 5.12d. This is a new type of domain wall because the spin rotation throughout the

wall is not coherent.

Based on the simulations in Fig. 5.13, one can inspect the contribution of nearest and

next-nearest neighbor exchange interactions J1 and J2: In order to analyze the energy

contributions of J1 and J2 to the wall energy, the spin interactions within the domain wall

have to be compared with the spin interactions within a domain of the pure RW-AFM

state. Starting with the 60◦ wall, we look at the interactions of an arbitrary spin (blue

circle) with its nearest neighbor spins (red circles). The two spins above and the two

spins below are always configured in such a way, that their contributions exactly cancel

each other (dashed circles). For the left and right nearest-neighbor spins, the situation is

different: Within a RW-AFM domain they are exactly antiparallel to the spin in the center,

which results in a net contribution of 2J1. Inside the domain wall, however, the angle of

the left and right neighbor spins slightly changes, which results in a net wall energy that

depends on the strength of J1. If we now consider next-nearest neighbor spins (black

circles), one can see again that there are two vertical pairs that always exactly cancel

each other (dashed circles), and a pair of spins directly above and below the spin in the

center that result in a net contribution of 2J2. In contrast to the contribution from nearest-

neighbors, across the domain wall and within a single domain these spins always are

exactly antiparallel to the spin in the center. This means that the energy of the 60◦ domain

wall only depends on J1 but not on J2. Following the same logic, we find that for the 120◦

domain wall the situation is reversed, and the wall energy only depends on J2. This is in

agreement with the experimental finding that 120◦ domain walls are more common than

the 60◦ domain walls, since J1/J2 ≈ 4.5 in fcc-stacked Mn/Re(0001) according to DFT

calculations [43].

As shown in Fig. 5.1, the HOI lift the degeneracy between the RW-AFM, 2Q and 3Q
states. Thus increasing the value of B1 increases the energy cost of the 2Q state and

thereby reduces the width of the simulated domain walls. Figure 5.14a shows the energy
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Figure 5.14: a Energy contribution of the three HOIs in a 1Q-2Q-1Q transformation. The
data points were fitted with the function E(Θ) = y + a · cos2(2α). Note that Y1 has the
opposite sign compared to B1 and K1. b Rotation of adjacent spins in opposite directions
with rotation angle α. c Coherent spin rotation by 180◦, rotating the RW-AFM state from
one phase domain to the other.

contribution of the three HOIs in a 1Q-2Q-1Q transformation, which is comparable to

their energy contribution across a domain wall between orientational domains. All HOIs

show the same cos2(2α) dependence, where α is the rotation angle of the individual spins

ranging from 0◦ to 90◦. Figure 5.14b shows the 1Q-2Q-1Q transformation with opposite

rotation directions of neighboring spins. Here the 2Q state is achieved after each spin was

rotated by 45◦. Qualitatively, all HOIs show the same impact on the spin structure. As

previously established, the total contribution of the HOIs is expected to be rather small

and the RW-AFM and 2Q state are nearly degenerate in the Mn/Re(0001) monolayer.

This makes the implementation of a domain wall between two RW-AFM domains in form

of a 2Q superposition state very natural. Figure 5.14c shows a 180◦ coherent rotation that
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is comparable to the spin rotation found inside a phase domain wall. Throughout this

rotation the energy contribution from the HOIs are not expected to change, as the HOIs

cannot differentiate between, e. g., the RW-AFM‖ and RW-AFM⊥ configuration. Contrary

to that, such a coherent rotation will cost wall energy in form of J1 and J2, as both the

nearest- and next-nearest neighbor angles change across such a domain wall. This makes

domain walls with transient 2Q states, which only depend on J1 (60◦ wall) or J2 (120◦

wall), energetically more favorable than domain walls with a coherent spin rotation.

5.4 Summary and Outlook

The Mn/Re(0001) is a model system that enables the investigation of different AFM

single- and multi-Q states. The fcc-stacked monolayer is the host of a RW-AFM state

as well as a transient 2Q state that exists between the walls of different orientational do-

mains. The hcp-stacked monolayer is the host of the 3Q state. These three states are

all degenerate in the classical Heisenberg model, which proves that in the Mn/Re(0001)

monolayer system, higher-order interactions play a decisive role for the determination

of the magnetic ground state. The RW-AFM states as well as the 3Q state were ob-

served experimentally for the first time in the Mn/Re(0001) system. Both stackings of

the Mn monolayer contain non-collinear (2Q) or non-coplanar (3Q) spin structures at

the interface with a superconducting material, which has been predicted to induce topo-

logical superconductivity, which is a criteria for the appearance of Majorana quasiparti-

cles [116, 117, 118]. Additionally, the effects of a superconducting current flowing in the

adjacent Re(0001) onto the spin structure inside the Mn monolayer would be an interest-

ing topic for further investigations [119].
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6 The multi-Q states in GdRu2Si2

In this chapter I will discuss the magnetic compound material GdRu2Si2 . This material

is part of a group of rare-earth compounds with the chemical formula RM2X2 (R: rare-

earth metal, M: 3d, 4d, 5d element, X: Ge, Si) and the centrosymmetric tetragonal space

group I4/mmm [120, 121]. In contrast to the previously investigated Pd/Fe/Ir(111) and

Mn/Re(0001) systems, DMI and geometric frustration are not expected to play a role

for the magnetic ground state of GdRu2Si2 , due to the intact inversion symmetry and

fourfold nearest-neighbor arrangement.

6.1 Introduction

Recently the magnetic phases of GdRu2Si2 have been investigated with multiple tech-

niques including resonant X-ray scattering (RXS) and Lorentz transmission electron mi-

croscopy (TEM) [123]. Magnetization curves with an external field parallel to the c-axis

of the crystal structure have been measured and a phase diagram with three different

non-collinear spin structures has been proposed. The RXS experiments have shown that

each of these magnetic phases contains the same two orthogonal modulation vectors

Q1 ≈ (0.22, 0) and Q2 ≈ (0, 0.22). Due to the spatially averaging nature of RXS exper-

iments, it is difficult to distinguish if the two modulation vectors come from a multi-Q
character of the magnetic phases or if they reflect two rotational domains of a single-

Q state that occur in the same crystal. However, the Lorentz TEM experiments clearly

identified a multi-Q lattice structure in the second phase.

Based on these results three multi-Q spin structures for the different phases were

proposed, which are shown schematically in Fig. 6.1: The spin structures can be un-

derstood as two intertwined square sublattices, one with vortices and one with anti-

vortices [124, 125], and a period that corresponds to Q1 and Q2. Phase I is a uniaxial

screw-like state that is stable up to a field value of 2.1 T. The vortices and anti-vortices

are arranged in alternating stripes with the same core magnetization along one of the

Q vectors. This results in a spin structure with zero net magnetization. Phase II is a

square skyrmion lattice (SkX) that is stable at field values between 2.1 T and 2.6 T. Here

all anti-vortices have their cores aligned with the external field, while half of the vortices

are up and the other half are down. By flipping all the anti-vortex cores, from Phase I

to Phase II, the spin texture gains a net magnetization and is stabilized by the Zeeman-

energy. In Phase III all remaining cores are flipped and all cores point in the direction of
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Figure 6.1: Sketch of the different magnetic phases of GdRu2Si2 . The proposed spin struc-
tures are periodic lattices made up of vortices (circles) and anti-vortices (crosses). Blue
and red coloration indicate opposite out-of-plane components of the (anti-)vortex cores.
a Phase I (Screw) has alternating rows with opposite core orientations. b In Phase II
(SkX) the cores of all anti-vortices are aligned with the external field. c In Phase III (Fan)
all cores point in the direction of the magnetic field. The square shows the size of the
magnetic unit cell taking into account all in-plane components.

Figure 6.2: Previous experimental results by Yasui et al. [122] reproduced with permis-
sion. a-d dI/dU spectroscopy maps (U = −20 meV) of the Si-terminated surface in dif-
ferent magnetic fields. e-h FTs of the STM data shown in a-d. The highlighted spots corre-
spond to different modulation vectors: Q1 = (0.22, 0) and Q2 = (0, 0.22) (yellow circles),
Q1+Q2 = (0.22, 0.22) and −Q1+Q2 = (−0.22, 0.22) (blue squares), and 2Q1 = (0.44, 0)
and 2Q2 = (0, 0.44) (orange diamonds).

the external field, which results in a fan structure that eventually transitions into a fully

polarized state at even higher magnetic fields.

In a study by Yasui et al. [122] dI/dU spectroscopy maps were measured with a spin-

averaged STM tip to investigate magnetic field dependent changes in the LDOS of Gd-

Ru2Si2. Figure 6.2 shows the results for each magnetic phase measured on the Si-termina-
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ted surface. Panels a-d show the spectroscopy maps for U = −20 meV and panels e-h

show the Fourier transformed (FT) STM data with several spots highlighted that cor-

respond to two different modulation vectors. The magnetic texture has an impact on

the local electronic properties, giving rise to magnetism-related spatial modulations ob-

served in spin-averaged STM. In the magnetic Phases II and III, the observed electronic

contrast shows fourfold symmetry that clearly reflects the multi-Q nature of the magnetic

texture and is compatible with the proposed spin structures. Looking at the FT data, the

magnetic modulation vectors determined by RXS Q1 and Q2 (yellow circles) were only

observed for Phase II. In Phase III only higher harmonic modulation vectors 2Q1 and 2Q2

(orange diamonds) were observed. The results for Phase I are more puzzling: The two

spots that are observed correspond to 2Q2 and to Q1 +Q2 (blue square), i. e., the observed

contrast does not correspond to a uniaxial spin structure and thus does not support the

proposed multi-Q state shown in Fig. 6.1a.

Here, I will employ the SP-STM technique to investigate the details of the magnetic

phases of GdRu2Si2 . I will provide evidence for the multi-Q nature of Phase I, investigate

details of the magnetic and electronic contrast components, and discuss differences in the

magnetic phase diagram of the Gd-terminated surface layer compared to that of the Si-

terminated surface, which seems to reflect the bulk properties of GdRu2Si2 .

6.2 Sample preparation

All GdRu2Si2 single crystals used in this thesis were grown and kindly provided by the

group of Shinichiro Seki from the University of Toyko. In addition, the purity of the sin-

gle crystals was verified by powder X-ray diffraction. Furthermore, a field-dependent

magnetization curve was measured for each crystal in order to identify critical field val-

ues for the magnetic phase transitions similar to Ref. [123].

6.2.1 Crystal growth

For the crystal growth, first polycrystalline rods were prepared by arc-melting elemental

Gd, Ru and Si in a copper crucible under an Ar atmosphere. Using the optical floating

zone method, single crystals of GdRu2Si2 were then grown from these polycrystalline

rods. In this method, two such polycrystals, a feed rod and a seed rod, are mounted in

opposite positions in such a way that their tips are touching. The tips are melted using

focused infrared light, which creates a liquid floating zone between the two rods. Then

the focal point of the infrared light is moved so that the floating zone wanders up the feed

rod, meanwhile at the seed rod, the liquid cools down and starts to crystallize. During

the process both rods can be rotated at different speeds to ensure the required mixing of

the materials [126].
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Figure 6.3: Cleaving a GdRu2Si2 crystal. a One of the GdRu2Si2 crystals grown by the
group of Shinishiro Seki. Blue lines indicate an area of 1 mm2. b GdRu2Si2 sample on
sample plate in sample shuttle with a metal rod glued on top. c Sketch of the cleaving
process. The blue arrow depicts the direction of force. d STM chamber in which the
sample was precooled (circle) and cleaved.

6.2.2 Cleaving the sample

Figure 6.3a shows a GdRu2Si2 single crystal. In order to make this crystal accessible to

surface sensitive techniques, such as spin-polarized STM, a flat and pristine surface must

be created in UHV conditions. This can be achieved by breaking apart the crystal along

the required crystallographic plane. This cleaving process was performed in two steps:

First the GdRu2Si2 crystal was glued on top of a sample plate and a metallic rod was

glued on top of the crystal using a conductive and UHV-suited two-component epoxy

glue (EPO-TEK H20E R©). As can be seen in Fig. 6.3c, the area of the pin touching the

crystal was slightly smaller than the surface area of the crystal itself. Still, the entire top

face of the crystal was covered with glue while the sides were kept free of glue to facilitate

a more homogeneous cleave through the entire crystal. The glue was cured for 1 hour

at 150 ◦C following the manufacturers instructions. For the second step, the sample was

introduced into the UHV system. Here the pin was pushed against a rigid edge which

ideally breaks the crystal at a specific cleaving plane and exposes a pristine (001) sur-

face. Figure 6.3c shows this cleaving process schematically. One possible complication

during this process is that the glue breaks apart without cleaving the crystal. This indi-

cates a problem with the overall quality of the glue and can be solved by either switching

to another batch or by adjusting the curing process so that the glue is still performing

adequately at low temperatures. In the case of GdRu2Si2 , the best strategy to prepare

clean surfaces was to precool the crystal before the cleaving. This was done in the low

temperature STM chamber in a sample parking spot, see circle in Fig. 6.3d, which is ther-

mally connected to the LHe bath cryostat of the STM. After approximately 20 minutes
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Figure 6.4: GdRu2Si2 surface after cleaving. a STM image of a pristine Si-terminated sur-
face after the cleaving (I = 100 pA, U = 120 mV). b Sample area with both Gd and Si
terraces (I = 100 pA, U = 100 mV). c Structure model of a centrosymmetric tetragonal
GdRu2Si2 crystal. d Line profile of indicated area in c.

in this parking spot, the crystal was cleaved by holding the sample upside down and

pushing the pin against the lower edge of the LN2 shield. Afterwards the sample was

immediately moved inside the STM.

On samples cleaved after precooling, two types of surface layers were observed. These

surface layers can either appear in extended sample areas in which every terrace is of

the same type (see Fig. 6.4a) or in mixed sample areas where both layer types appear

adjacent to each other (see Fig. 6.4b). GdRu2Si2 crystallizes in the ThCr2Si2-type struc-

ture (see Fig. 6.4c) that consists of layers of quadratically arranged Gd3+ ions and more

tightly packed Ru2Si2
3- layers [120, 121]. The GdRu2Si2 sample typically cleaves between

layers of Gd and Si. Naturally, this will only expose Gd- or Si-terminated surfaces, but

never layers of Ru. The layers were identified in a previous STM study by comparing

spectroscopic data of the different surfaces with the LDOS from DFT (VASP) calcula-

tions [122]. Experimentally the two layers can easily be differentiated, because they ap-
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pear qualitatively different, i. e., with sufficient image resolution features of the atomic

lattice (a = 4.16 Å) can always be detected on the Si-terminated surface while this is not

the case for the Gd-terminated surface. In some areas the cleaving process was rather

inhomogeneous, creating more fractured areas of Gd and Si. Figure 6.4d shows a line

profile across such a mixed surface area with Gd and Si present as indicated in Fig. 6.4b.

For the terrace steps between surfaces of the same chemical species, e. g., Si and Si, al-

ways the same step height (≈ 520 pm) is measured. However, terrace steps between

Si- and Gd-terminated surfaces can differ depending on the exact plane the crystal was

cleaved and may appear either slightly bigger (≈ 550 pm) or much smaller (≈ 30 pm). In

the following, the Si- and Gd-terminated surfaces will be discussed separately, since the

SP-STM measurements show that the two surfaces exhibit different properties.

6.3 The Si-terminated surface

To begin with the results on the Si-terminated surface, Fig. 6.5a shows a zoom-in onto a

Si terrace at zero field. The image shows the fourfold atomic lattice of the Si-terminated

surface, several surface defects that appear either as holes or protrusions in the surface

layer, and additionally two types of contrast modulation: There are slim bright lines that

appear along the [100] direction. Along the [010] direction, a pattern of more sinusoidal

bright and dark stripes can be observed. The lines and stripes have a period of 4.5 times

the lattice constant a (≈ 1.9 nm). This means the exact pattern repeats every ≈ 9a, i. e., a

two-dimensional commensurate approximation contains 4 magnetic unit cells. The im-

age was measured with a magnetic Cr tip with a fixed, albeit unknown tip magnetization

direction.

The large corrugation of the atomic lattice and the incommensurate nature of the mag-

netic structure can make it difficult to interpret such real space data. Therefore, in the

following the Fourier transforms (FTs) of the measured images will be analyzed as well.

Figure 6.5b shows the FT of the STM raw data of Fig. 6.5a. The spots that are related to the

atomic lattice are defined as G1 ≡ (1, 0) and G2 ≡ (0, 1) (red triangles). The center of the

FT contains many low frequency spots that make the analysis difficult. To improve the

overall quality of the FT, the aforementioned surface defects were removed from the STM

data. This was done by using the interpolate data under mask function from the software

Gwyddion. Figure 6.5c shows a line profile across the surface in Fig. 6.5a before and after

removing the defects in this manner. The FT of this interpolated STM data is shown in

Fig. 6.5d. It features fewer low frequency spots compared to the FT of the raw data and

now clearly reveals the magnetic modulation vectors Q1 and Q2 (yellow circles), which

correspond to the period of the observed contrast modulations. The remaining spots in

the FT can be attributed to replicas of these basic modulation vectors shifted by the atomic

lattice distance G2-Q2 = (0, 0.78) (white circle) and G2-2Q2 = (0, 0.56) (green diamond).

Such a series of higher harmonic spots is a signature of a sharper, less sinusoidal contrast
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Figure 6.5: Fourier Transform of the Si-terminated surface. a Constant-current STM im-
age of the Si-terminated surface with atomic resolution and spin contrast (I = 100 pA,
U = −20 mV, T = 4 K, B = 0 T, Cr tip). b FT of the raw STM data in a. Signal spots
that correspond to the atomic lattice can be observed at G1 ≡ (1, 0) and G2 ≡ (0, 1) (red
triangles). c Line profiles across the surface shown in a before and after masking surface
defects. d FT of a after removing surface defects. Modulation spots at Q1 = (0.22, 0) and
Q2 = (0, 0.22) (yellow circles) are now clearly visible. Replicas of these modulation spots
are highlighted as well.

modulation. The same interpolation procedure was applied prior to every FT shown in

the following.

6.3.1 SP-STM simulations of Phase I and Phase II

To investigate if the observed contrasts in SP-STM experiments are compatible with the

proposed spin structure of GdRu2Si2 , the expected SP-STM contrast for different tip mag-

netization directions was simulated by Satoru Hayami from the University of Hokkaido

after a joined discussion (see Fig. 6.6). The spin structures were calculated similar to
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Figure 6.6: SP-STM contrast for Phase I and Phase II. a-d Calculated spin structure for
Phase I. The red and blue contrast can be viewed as spin contrast for an out-of-plane
polarized tip (a) and for different in-plane tip directions (b-d). e-h Expected spin con-
trast of Phase II for different tip directions. The individual figures were calculated by
Satoru Hayami from the University of Hokkaido similar to Ref. [122, 125] after private
communications.

Ref. [122, 125] in which a magnetic period of 6a was assumed. For this new set of sim-

ulations, however, the experimentally found 4.5a period was used, which has the conse-

quence that the exact spin structure only repeats after two magnetic unit cells (9a). The

spin structures for the different phases were obtained by Monte Carlo simulations us-

ing an effective Hamiltonian that describes long-range spin interactions conveyed by the

coupling between itinerant electrons from the conduction band and localized magnetic

moments (in d or f orbitals). In case of the GdRu2Si2 , the localized moments are mostly

provided by the 4 f orbitals of the Gd3+ and the itinerant electrons mostly provided by

the Ru 4d orbitals [122]. The Hamiltonian is based on the Kondo lattice model and is

given by

H = 2N ∑
ν=1,2

[
− J
(

∑
α=x,y,z

Γα
Qν

mα
Qν

mα
−Qν

)
+ K

(
∑

α=x,y,z
Γα

Qν
mα

Qν
mα
−Qν

)2
]
−∑

i
B ·mi (6.1)

where N = 962 is the system size, mi is a localized magnetic moment at position i and

ΓQ1 = (0.855, 0.9, 1) and ΓQ2 = (0.9, 0.855, 1) define the magnetocrystalline anisotropy

and effectively lock the spin modulation in the [100] and [010] directions. There are two

terms describing different types of exchange interactions. J = 1 represents the strength

of a pairwise (two-spin) long-range exchange interaction. K = 0.3 represents the strength

of the higher-order (4-spin) biquadratic exchange which can lift the degeneracy between

single- and multi-Q states. The modulation vectors were set to Q1 = (2π/4.5, 0, 0) and
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Q2 = (0, 2π/4.5, 0). This defines the periodicity of the resulting spin structure, i. e., with

J > 0 the energy is minimized if the spins rotate by 360◦ every 4.5 lattice sites. The last

term describes the Zeeman energy resulting from the magnetic moments coupling to an

external magnetic field B.

Each arrow in Fig. 6.6 displays the in-plane spin component at its respective lattice po-

sition. The colors indicate parallel and antiparallel sample magnetization components

relative to the sketched tip magnetization direction (see insets) and can be interpreted as

the expected SP-STM contrast for different tip magnetizations. For Phase I the SP-STM

contrast is expected to show a simple stripe pattern, if either an out-of-plane tip, or an

in-plane tip magnetized along the [100] or [010] direction (see Fig. 6.6a-c) is used. With

a tip magnetization along the [110] direction (see Fig. 6.6d), a square pattern with bright

and dark dots is expected. In the case that the tip is not magnetized along any of the

high-symmetry directions, a mixture of these stripe and square patterns is expected. Fig-

ure 6.6e-h shows the proposed square SkX structure and expected SP-STM contrast for

Phase II. Analyzing the simulated contrasts, it becomes apparent that the in-plane com-

ponents of Phase I and II are nearly identical: In Fig. 6.6a and e, the aforementioned lat-

tice of vortices and anti-vortices is indicated. The spin structures of Phase I and Phase II

only differ in their out-of-plane components, i. e., the magnetization direction within the

vortex cores.

6.3.2 The multi-Q nature of Phase I

For the following measurements an Fe-coated W tip was used that is typically magne-

tized along an arbitrary in-plane direction in zero field. Figure 6.7 shows two similar

Si-terminated surface regions. The two images were measured before and after a spon-

taneous tip change, which can lead to a reorientation of the magnetization direction. In

order to analyze the data in real space in a better way, the atomic lattice was removed

from the image via reverse Fourier transformation (see Fig. 6.7c and d). The observed

contrast patterns are very different for the two measurements and also differ from the

contrast observed in Fig. 6.5a. In Fig. 6.7c the magnetic contrast is dominated by stripes

along the [010] direction with a period that corresponds to the Q1 modulation vector. In

Fig. 6.7d instead a square pattern of bright dots with the same period can be observed.

These different contrast patterns are also reflected in the FTs of STM images (see Fig. 6.7e

and f). In Fig. 6.7e there is a very high intensity spot at Q1 that corresponds to the stripes

along the [010] direction in Fig. 6.7a. In Fig. 6.7f there are spots at Q1 and Q2 with over-

all lower but similar intensity. A plausible scenario for the two different patterns is a

reorientation of the tip magnetization between the two images, leading to sensitivity to

different sample magnetization components of the same spin structure. Both patterns are

compatible with, e. g., the simulated SP-STM contrast of Phase I shown in Fig. 6.6b and d.

In addition to the spots that correspond to the magnetic period, the FTs of both images

also show a spot at 2Q2 and a second spot at Q1+Q2, albeit with slightly different intensi-
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Figure 6.7: Spin contrast of Phase I. a, b Constant-current SP-STM images of the Si-
terminated surface in Phase I measured with different tip magnetization directions
(I = 100 pA, U = −20 mV, T = 8 K, B = 0 T, Fe/W tip). c, d The same data shown
in a and b after removing the atomic lattice via reverse Fourier transformation. e, d FTs
of a and b. Spots are observed at the modulation vectors Q1 = (0.22, 0), Q2 = (0, 0.22)
(yellow circles), Q1+Q2 = (0.22, 0.22) (blue square) and 2Q2 = (0, 0.44) (orange dia-
mond).
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Figure 6.8: Measurements with a field-sensitive tip. a Constant-current SP-STM image
of the Si-terminated surface with an in-plane sensitive Fe/W tip without external field
(I = 100 pA, U = −20 mV, T = 8 K). b Measurement of the same area at B = 1.9 T. At
this field value the Fe/W tip is expected to be out-of-plane sensitive while the GdRu2Si2
crystal remains in Phase I. c The same area after increasing the field to B = 2.3 T (Phase
II). d-f The same data shown in a-c after filtering the atomic lattice via reverse Fourier
transformation. Insets show the expected tip magnetization. g-i The corresponding FTs.
Spots are observed at the modulation vectors Q1 = (0.22, 0) and Q2 = (0, 0.22) (yellow
circles), Q1 + Q2 = (0.22, 0.22) and Q1 −Q2 = (0.22,−0.22) (blue squares), and 2Q1 =
(0.44, 0) and 2Q2 = (0, 0.44) (orange diamonds).

ties. These exact spots also appear in measurements with non-magnetic tips (cf. Fig. 6.2).

Therefore, they can at least partially be attributed to an electronic contrast mechanism,

i. e., to a periodic modulation in the LDOS due to the spin texture. The proposed spin

structure of Phase I is uniaxial, but the appearance of the Q1+Q2 spot is a clear indicator

that in the real spin structure the uniaxial symmetry is broken.
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Looking at pure SP-STM contrast, Phase I and Phase II can only be differentiated with

an out-of-plane magnetized tip (see Fig. 6.6a and e). Thus, in the following further mea-

surements with a Fe/W tip are shown. Figure 6.8a-c shows measurements at different

external field values of the same Si-terminated surface area as shown in Fig. 6.7b. Figure

6.8d-f shows the same data after removing the atomic lattice via reverse Fourier trans-

form, and Fig. 6.8g-i shows the corresponding FTs. In zero field the Fe/W tip is expected

to be in-plane magnetized and the contrast shows a pattern with fourfold symmetry simi-

lar to Fig. 6.6d. The FT shows an even intensity distribution between the Q1 and Q2 spots.

At B = 1.9 T the magnetic tip is expected to be aligned almost fully with the external field,

i. e., out-of-plane, and according to the magnetization curves [123], the GdRu2Si2 crystal

is still in Phase I. The observed contrast has changed from a square lattice to stripes along

the [010] direction, which is in agreement with the simulations in Fig. 6.6a. In the FT

the ratio between Q1 and Q2 has strongly shifted toward Q1. A low intensity spot for

Q2 remains, which could be interpreted as the tip not being completely aligned with

the external field. The 2Q2 and Q1+Q2 modulations remain unchanged by the field. At

B = 2.3 T the GdRu2Si2 crystal is in Phase II and the tip magnetization is still expected to

be aligned with the field. The observed contrast shows a lattice with fourfold symmetry

again, but the overall pattern is different from that observed at zero field and similar to

the expected SP-STM contrast for the SkX in Phase II (see Fig. 6.6e). The FT shows again

an even distribution between Q1 and Q2. Furthermore, an additional 2Q1 spot with

nearly the same intensity as the 2Q2 spot has appeared. Thus, also the higher harmonic

contrast modulations now reflect the fourfold symmetry of Phase II.

In conclusion, the SP-STM measurements clearly support the interpretation of the RXS

experiments that the spin structure of Phase I has a multi-Q nature, which has not been

verified in the previous STM study. Furthermore, the magnetic contrast shows a transi-

tion that is compatible with the simulations of an in-plane contrast of Phase I (B = 0 T) to

an out-of-plane contrast of Phase I (B = 1.9 T) and finally to a contrast that is compatible

with the fourfold symmetry of Phase II (B = 2.3 T). Whereas the magnetic contrast com-

ponents are fully compatible with the proposed spin structure for Phase I, the electronic

contrasts, i. e., the appearance of the Q1+Q2 spot, reveals that the true spin structure of

Phase I has another component that breaks the uniaxial symmetry.

6.3.3 Charge density wave simulations

In contrast to the Pd/Fe/Ir(111) system, where the NCMR and TAMR effect [72] have

been in the focus of possible electronic contrast mechanisms, for the GdRu2Si2 system a

charge density wave (CDW) due to coupling between itinerant electrons and localized

moments was put forward. In order to better disentangle which parts of the experimen-

tally observed contrast can be attributed to the TMR effect and which to an electronic

modulation of the LDOS, CDWs were calculated for the different magnetic phases by

Satoru Hayami similar to simulations shown in Ref. [122]. Previously the CDWs were
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calculated for a commensurate magnetic unit cell with a period of 6a (see Fig. 6.9a-d for

the spin structure and Fig. 6.9e-h for the simulated CDWs). Here these calculations are

repeated for the 4.5a magnetic period. The simulation of CDWs is based on the coupling

between itinerant electrons and the calculated spin textures. The Hamiltonian is given

by:

H = −t ∑
〈i,j〉,σ

(c†
iσcjσ + h.c.) + JK ∑

i
si · Si (6.2)

where the first term represents the nearest-neighbor hopping (t = 1) of itinerant electrons

with c†
iσ and cjσ as the creation and annihilation operators of an electron at lattice sites i

and j with a spin σ. The second term describes the exchange coupling (JK = 0.1) between

the spin of an itinerant electron si and a localized spin Si. The charge density at each

lattice site is then calculated by diagonalizing the Hamiltonian. The modulation vectors

found in the CDWs depend on the details of the spin texture, however, the intensities of

the different modulations depend largely on the band structure itself [127]. The CDWs

were calculated for a variety of different electron fillings, which can lead to large vari-

ations in the intensities of specific modulations and thus also in the observed patterns.

The CDW data shown in the following serves only as an example of what kind of contrast

modulations can be expected due to the coupling between itinerant electrons and local-

ized moments. The results are shown in Fig. 6.10. Panels a-c show the spin structures

and expected TMR contrast (with an out-of-plane tip) for Phase I, II and III, panels d-f

Figure 6.9: Previous CDW simulations reproduced with permission from Yasui et
al. [122]. a-d Simulated spin structure of Phase I, II and III, as well as the fully polar-
ized state for a magnetic period of 6a. Colors indicate opposite out-of-plane components.
e-h Calculated CDWs of the different magnetic phases. The black boxes indicate the size
of the regions shown in a-d.
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show the corresponding FTs of the spin structures, panels g-i show the calculated charge

density modulations and panels j-l show the FTs of the calculated CDWs.

The newly calculated CDWs for the 4.5a magnetic period reveal additional details that

were previously not observed. As indicated by the green boxes in Fig. 6.10g-i, the CDW

patterns clearly only start repeating after two magnetic periods. In the unit cell of Phase I,

one can observe two blue stripes with low charge density along the [100] direction, which

are adjacent to two white stripes with only some blue spots in them. The spacing of these

four stripes corresponds to the period given by the 2Q2 spots that have been detected

in STM measurements of Phase I (with and without magnetic contrast). This contrast

appears similar to a TAMR-like effect (see section 2.4.3): Those spins that have the biggest

out-of-plane components show the lowest charge density, while spins that are mostly in-

plane show the highest charge density. The CDW calculated for Phase I shows uniaxial

symmetry, i. e., the intensities of the 1Q2 and 2Q2 modulation are different. However,

the experimentally observed Q1+Q2 spot does neither appear in the FT of the magnetic

structure nor in the calculated CDW (see Fig. 6.10d and j), showing further that the spin

structure proposed for Phase I is not fully compatible with the experimental results.

In Phase II, the CDW shows a complex pattern with more localized and more washed

out high-contrast areas, which correspond to different vortices with one, two or four

spins in their core. The CDW has fourfold symmetry and contains modulation vectors

Q1 and Q2, Q1+Q2, as well as 2Q1 and 2Q2, which were all observed also in experiments.

Here the highest charge density can be found in the center of the core-up vortices, which

is where the spin texture has the strongest out-of-plane component. The areas with lowest

charge density generally have a larger in-plane component. Since the CDW contains

modulations that correspond to the magnetic period Q1 and Q2, one can understand why

it is possible to detect the magnetic period of the SkX also in measurements with a non-

magnetic tip (cf. Fig. 6.2b and f). Moving on to Phase III, where all the cores of the vortices

and anti-vortices are now aligned with the external field, the expected TMR contrast

with an out-of-plane magnetized tip is rather weak. Looking at the calculated CDW

for Phase III (see Fig. 6.10f), the highest contrast in charge density again has a TAMR-like

nature and occurs between spins with large out-of-plane and spins with large in-plane

components.

6.3.4 Disentangling electronic and magnetic contrast

In the previous STM study by Yasui et al. [122], the magnetic phases of GdRu2Si2 were

investigated with a spin-averaged tip based on modulations found in the electronic struc-

ture of the system. These electronic modulations can also be detected in measurements

with spin-polarized tips and can make data interpretation challenging, because they co-

exist with the magnetic contrasts originating from spin-polarized tunneling (TMR effect).

The following is an attempt to disentangle the different contrast mechanisms.

Figure 6.11 again shows an experiment with an Fe-coated W tip. The measured con-
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Figure 6.10: Charge density calculations for GdRu2Si2 . a-c Monte Carlo simulations for
the different magnetic phases of GdRu2Si2 . The blue and red contrast indicates opposite
out-of-plane components. The arrows display the in-plane spin directions corresponding
to the atomic lattice sites. Longer arrows indicate a larger in-plane component. d-f FTs of
the spin structures shown in a-c. g-i Calculated charge density wave patterns for the spin
structures shown in a-c. The green boxes indicate the unit cell of the expected contrast,
which is twice as large as the magnetic period. j-l FT of the calculated CDWs in g-i.
Different modulation vectors are found including Q1 and Q2 (yellow circles), 2Q1 and
2Q2 (orange diamonds), Q1+Q2 (blue squares) as well as 1

2 Q1 and 1
2 Q2 (purple hexagons)

that represent the size of the 92 atoms large unit cell indicated by the green boxes. These
calculations were performed by Satoru Hayami similar to the ones shown in Ref. [122].
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Figure 6.11: Additional data of Phase I. a Constant-current SP-STM image of a Si-
terminated surface in Phase I with an in-plane sensitive Fe/W tip (I = 100 pA, U =
−20 mV, B = 0 T, T = 8 K). b The same area at B = 1.9 T with an out-of-plane sensitive
tip. Two surface adatoms are encircled to highlight how the underlying spin contrast has
changed due to the field increase. c-d The same data shown in a and b after filtering the
atomic lattice via reverse Fourier transformation. e-f FTs of a and b. The Q2 spot has
vanished in f because the tip is no longer sensitive to the in-plane components of the spin
texture.
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trast is more complex than in Fig. 6.8 and likely contains both magnetic and electronic

components. The data was measured on a different sample area with several adsorbed

species, which appear as bright dots and are likely Gd atoms or clusters. At B = 0 T the

data shows a square pattern of dark spots (Q1 and Q2 have a similar weight), but there

are also additional slim lines along the [100] direction. At B = 1.9 T Q1 is significantly

more prominent then Q2 (see Fig. 6.11b, d and f). By comparing the positions of the sur-

face atoms (see circles) it can also be observed that the center of the dark contrast has

moved up by 1-2 atomic rows compared to the zero field data. This complies with the

expected shift of the magnetic contrast between an in-plane and an out-of-plane magne-

tized tip (cf. Fig. 6.6a and d). The slim lines along the [100] direction also appear to shift

by approximately one atomic row. Whereas the origin of this shifting is unclear, the over-

all quality of these slim lines does not change when changing the tip magnetization, thus

they are likely originating from an electronic contrast mechanism. They can be attributed

to the 2Q2 spot and its replicas (see orange and green diamonds in the FT), and are likely

related to the red and blue stripes along the [100] direction observed in the simulated

CDW (cf. Fig. 6.10g). To summarize the observations for Phase I: The broader more sinu-

soidal contrasts along the [010] direction are of magnetic origin and change with the tip

magnetization direction. The slim, bright lines along the [100] direction are of electronic

origin and might be connected to a TAMR-like contrast mechanism.

Figure 6.12a-c shows another measurement series of the Si-terminated surface at differ-

ent external fields. Figure 6.12d-f shows the same data after removing the atomic lattice

and Fig. 6.12g-i shows the associated FTs. Here the different field strengths correspond

to the three multi-Q phases of the GdRu2Si2 crystal. The measurement was performed

using a Cr bulk tip, that is expected to keep the same magnetization direction regardless

of the external field. In these measurements it becomes particularly apparent that the

commensurate unit cell of the spin structure (see green boxes) is twice as large as the

fundamental magnetic modulation corresponding to Q1 and Q2. This can be observed

for all three phases. In Phase I there are again bright stripes along the [100] direction that

alternately appear either by themselves or in pairs of two. In Phase II one can see a pat-

tern that has similarities to the red CDW contrast shown in Fig. 6.10h: In the center of the

unit cell there is one localized dark spot, at each corner of the unit cell is a more washed

out dark contrast, and finally there is a dark stripe at the center of each side of the unit

cell. In Phase III an even more complex pattern of slim stripes along the [100] and [010]

directions can be observed that shows some similarities with the CDW pattern shown in

Fig. 6.10i. As expected, the TMR contrast is small and neither Q1 nor Q2 can be detected.

The FT shows a small difference between the 2Q1 and 2Q2 spots, which indicates some

magnetic contrast component, but the electronic contrast appears to be dominant. It is of

fourfold symmetry and compatible with the spin structure of Phase III.

The electronic contrast components are strongly affected by the larger commensurate

unit cell: If, e. g., the center of a spin vortex is positioned exactly on top of one atom, the



94 6 The multi-Q states in GdRu2Si2

Figure 6.12: Field-dependent measurements of GdRu2Si2 . a-c Constant-current SP-STM
images of the same Si-terminated surface area at different magnetic fields (I = 100 pA,
U = −20 mV, T = 4 K, B = 0− 3 T) measured with a Cr tip. d-f The same data shown
after removing the atomic lattice via reverse Fourier transformation. Green boxes indicate
the unit cell of the measured contrast. g-i FTs of the data shown in a-c. Spots are observed
at the modulation vectors Q1 = (0.22, 0) and Q2 = (0, 0.22) (yellow circles), as well as,
2Q1 = (0.44, 0) and 2Q2 = (0, 0.44) (orange diamonds). The additional spots can be
attributed to replicas of these Q vectors: G−Q1 = (0.78, 0) (white circles) and G− 2Q1 =
(0.56, 0) (green diamonds).

center of an adjacent vortex would then be expected to be exactly between two atoms.

This appears to have a large effect on the observed contrast. Only after two periods (= 9

atoms) the spin vortex would be on top of an atom again and thus the contrast pattern

starts repeating. In the FTs this beating of the spin texture with the atomic lattice is re-

flected in the appearance of replica spots, that in some cases even have higher intensities

than their basic modulation vectors (see white circles and green diamonds in Fig. 6.12g-i).
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Table 6.1: Summary of the electronic and magnetic modulations detected in Phase I, II
and III.

Phase I (Screw) Phase II (SkX) Phase III (Fan)

Magnetic
contrast
(TMR)

Weight between Q1 and
Q2 depends on tip mag-
netization. With an out-
of-plane tip only Q1 can
be detected

Weight between Q1
and Q2 depends on tip
magnetization. With
an out-of-plane tip the
ratio between Q1 and
Q2 is equal

Q1 and Q2 were only
detected in form of
replicas. The expected
out-of-plane contrast is
weak

Electronic
contrast
(CDW)

TAMR-like contrast be-
tween in-plane and out-
of-plane areas that cor-
responds to 2Q2. Ad-
ditional spot at Q1+Q2
does not fit predictions

CDW also contains
components of Q1 and
Q2. 2Q1 and 2Q2 are
symmetric

TAMR-like contrast
between in-plane and
out-of-plane areas.
2Q1 and 2Q2 are
symmetric

The results of this analysis are summarized in Tab. 6.1. The three investigated phases

are multi-Q states containing the same basic magnetic modulation vectors (Q1 and Q2),

but since the out-of-plane components of the spin structure vary drastically, they can be

distinguished using SP-STM. The electronic modulations detected are in line with the re-

sults from Yasui et al. [122], however, here they are analyzed in greater detail. While the

non-commensurate nature of the spin texture has only a minor effect on the TMR con-

trast, a large effect on the electronic contrast can be observed. Matching details between

experiment and simulated CDW allows to identify the three different phases based on the

electronic contrast alone. In Phase I and Phase III the electronic contrast consists mostly

of 2Q1 and 2Q2 modulations and seems to be dominated by a TAMR-like mechanism,

yet the two phases can be differentiated based on their differing symmetries. The CDW

of Phase II is more complex, but shows unique details that match the experimental data

as well.

6.4 The Gd-terminated surface

In the previous STM study with a non-magnetic tip by Yasui et al. , it was reported that

for the Gd-terminated surface additional phase transitions might occur [122]. Here the

Gd-terminated surface was investigated using a spin-polarized tip. STM is a surface sen-

sitive technique and it is the surface layer where the inversion symmetry of the bulk

crystal is broken. Whereas on the Si-terminated surface, phase transitions were observed

at magnetic field values that coincide with those observed for the GdRu2Si2 bulk crystal,

it is unclear, how strong the spin textures of different layers are coupled to each other.

Thus, it is possible that a Gd-terminated surface layer might, e. g., share the same mag-

netic period as the bulk crystal, but still shows a different magnetic spin texture or phase
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Figure 6.13: The Gd-terminated surface. a Constant-current image across a Si-Gd step
edge (I = 100 pA, U = −20 mV, T = 8 K, Fe/W tip). The height contrast was adjusted
separately for the Si and the Gd terraces and the resulting images were merged after-
wards. Due to a small double tip, the adsorbed surface defects on the Si-terminated sur-
face do not appear circular, but the magnetic/electronic contrast is not affected. b The
same sample area scanned with U = +20 mV. c Constant-current image of the Gd-
terminated surface. During the measurement, the bias voltage was changed from -20 mV
to 120 mV and back to -20 mV. Depending on the bias either a stripe or a square pattern
can be observed on the Gd-terminated surface.

diagram.

Figure 6.13a shows a Gd and a Si terrace, separated by a step edge. Note that the

height contrast was adjusted individually for the two terraces. On the Gd-terminated

surface there is typically no atomic resolution, also the surface defects look very differ-

ent. Instead of protrusions or adatoms, the defects appear like depressions in the layer

and sometimes they are moved by the scanning process even with moderate scanning pa-

rameters. In Fig. 6.13a, the tip was spin-polarized, as can be seen by the magnetic contrast

contributions on the Si-terminated surface. Both terraces show diagonal stripes along the

[010] direction with a period corresponding to Q1.

The contrast on the Gd-terminated surface is strongly bias dependent: Figure 6.13b

shows the same sample area as Fig. 6.13a, but measured with U = +20 mV instead of

−20 mV. Here an additional contrast modulation perpendicular to the one at −20 mV

and corresponding to Q2 can be detected. Figure 6.13c shows a measurement on a Gd-

terminated surface in which the bias voltage was changed during the scanning process.

The image was started with U = −20 mV, then the bias was switched to +120 mV and

finally back to −20 mV. At +120 mV the modulations corresponding to Q1 and Q2 are

equally strong. Accordingly, the contrast switches between a stripe pattern with uniaxial

symmetry and a pattern with fourfold symmetry. The contrast on the Gd-terminated sur-

face shows a strong bias dependence, whereas changes of the tip magnetization appear

to have relative minor effects on the overall quality of the observed contrast.
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Figure 6.14: Field-dependent measurements on the Gd-terminated surface with U =
+120 mV. a-d Constant-current images of the same Gd-terminated surface area in dif-
ferent external fields (I = 100 pA, U = +120 mV, B = 0− 2.3 T, T = 8 K, Fe/W tip). e-h.
FTs of the data above. In addition to the Q1 and Q2 (yellow circles) as well as the 2Q1
and 2Q2 (orange diamonds), different modulation spots appear at (Q1 + Q2)/2 (green
hexagons) in an external field of B = 1.2 T.

Figure 6.15: Field-dependent measurements on the Gd-terminated surface with U =
−20 mV. a-d Constant-current images of the same Gd-terminated surface area shown
in Fig. 6.14 in different external fields (I = 100 pA, U = −20 mV, B = 0− 2.3 T, T = 8 K,
Fe/W tip). e-h. FTs of the data above. In addition to the Q1 and Q2 (yellow circles)
as well as the 2Q1 and 2Q2 (orange diamonds), different modulation spots appear at
(Q1 + Q2)/2 (green hexagons) in an external field of B = 1.2 T.
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6.4.1 Field dependent investigation of the Gd-terminated surface

Figure 6.14 shows a measurement series on a Gd-terminated surface area at different

external fields using a field-sensitive Fe/W tip. Compared to the Si-terminated surface,

the measurements show an additional change of the contrast pattern at a field of B =

1.2 T. The contrast pattern measured at this field is distinctly different and, independent

of the tip magnetization, it is not compatible with any of the previously discussed spin

structures. Furthermore, Yasui et al. [122] performed a similar measurement series using

a spin-averaged tip and the results of both measurement series show strong similarities.

At zero field (see Fig. 6.14a and e), the Gd-terminated surface shows a contrast pattern

that is almost fourfold symmetric. The FT contains spots corresponding to modulation

vectors Q1 and Q2 (yellow circles). Both spots were also observed with a non-magnetic

tip [122]. Here, the two spots have slightly different intensities, which might be caused by

different TMR contributions. At 1.2 T (see Fig. 6.14b and f), the contrast pattern changes

and resembles dotted vertical lines. The FT reflects this change and shows new basic

modulation vectors Q′ = (Q1+Q2)
2 and Q′′ = (Q1−Q2)

2 (green hexagons) in addition to Q1

and Q2. Neither of the previously discussed spin states contains these new modulations

and therefore they are not compatible with the observed contrast. At 2 T (see Fig. 6.14c

and g), the contrast is compatible with the uniaxial screw state of Phase I, including the

previously discussed 2Q2 modulation. Finally, at 2.3 T (see Fig. 6.14d and h), the contrast

shows fourfold symmetry and is compatible with the SkX of Phase II.

At the selected bias voltage (U = +120 mV) no significant differences, i. e., additional

modulation vectors, were found between the measurements with a spin-polarized and

with a spin-averaged tip. The electronic contrast appears to be very strong on the Gd-

terminated surface and the spin-polarized component of the tunnel current only has min-

imal effects on the intensities of different Q spots. Figure 6.15 shows a measurement se-

ries with the bias voltage set to U = −20 mV. Here the FTs of the measured images at

0 T and 2.3 T show uniaxial symmetry (see Fig. 6.15e and h), but at 2 T the FT is almost

fourfold symmetric (see Fig. 6.15g). Only in the magnetic phase at 1.2 T the symmetry

of the measured contrast appears to be the same for the two bias voltages. Whereas the

strong overlap between electronic and magnetic contrast contribution make it difficult to

interpret the details of this data, it confirms that the Gd-terminated surface indeed shows

additional phase transitions compared to the Si-terminated surface and bulk GdRu2Si2 .

6.4.2 Additional magnetic phases

For bulk GdRu2Si2 and the Si-terminated surface, magnetic phase transitions were ob-

served in a perpendicular field of 2.1 T from Phase I to Phase II and at 2.5 T [123] from

Phase II to Phase III. In the Gd-terminated surface two additional phase transitions occur,

one at a field of 1.1 T and another at 1.4 T. The next phase transition occurs at 2.1 T which

coincides with the change from Phase I to Phase II observed on the Si-terminated sur-
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Figure 6.16: Additional phases of the Gd-terminated surface. a-d Enlarged images of the
data shown in Fig. 6.14a-d (I = 100 pA, U = +120 mV, B = 0− 2.3 T, T = 8 K, Fe/W
tip). The elemental unit cell of the contrast is indicated. e-h Schematic drawings of the
spin structures in the Gd-terminated surface with respect to the observed symmetries.
Each circle represents a spin vortex or anti-vortex with 4-6 atoms. The different colors
represent different core magnetizations. i-l Schematic drawings of the spin structures
inside the GdRu2Si2 bulk at the respective field strengths.

face. In the GdRu2Si2 crystal most of the localized magnetic moments are provided by

the Gd atoms [123]. When measuring on the Si-terminated surface, the Gd atoms are still

covered by a layer of Ru2Si2. Thus, the closest Gd atoms are still in a surrounding simi-

lar to bulk conditions. This is not the case for the Gd-terminated surface, where the Gd

atoms are exposed freely. Here the Gd orbitals are expected to hybridize differently with

the surrounding, which could lead to the stabilization of magnetic ground states that are

different from that of the bulk crystal. While the spin states of surface layer and bulk

might be different, it does not mean that they are decoupled from each other. Hence, the

exchange coupling between surface and subsurface layers could distort the spin texture

in the Gd-terminated surface layer and impose, e. g., the same magnetic period in surface

and bulk layers or mutual phase transitions at higher fields.

Figure 6.16a-d shows zoom-ins of the experimental data in Fig. 6.14. The green squares

indicate the fundamental unit cells of the measured contrast patterns. Note that at 1.2 T

the unit cell is rotated by 45◦ and the size of the area is doubled. In Fig. 6.16e-h schematic
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spin configurations for the additional phases in the Gd-terminated surface are proposed

following a joint discussion with the groups of Shinichiro Seki, Testuo Hanaguri and

Satoru Hayami. Each circle represents a spin vortex or anti-vortex, blue and red indicate

different out-of-plane core orientations, green indicates mostly in-plane magnetization.

In Fig. 6.16i-l the established spin configurations inside the GdRu2Si2 crystal bulk are

sketched in the same fashion for the corresponding fields. Recently, the formation of

different multi-Q spin textures due to higher-order spin interactions has been investi-

gated [128]. One of these multi-Q states is a skyrmion lattice with rectangular skyrmions

(rSkX), which is schematically shown in Fig. 6.16f. The unit cell of this rSkX is compatible

with the contrast measured on the Gd-terminated surface at 1.2 T. Furthermore, this rSkX

can be transformed into a square SkX with zero net magnetization (see Fig. 6.16e) by low-

ering the external field [128]. Such a SkX is compatible with the contrast measured at 0 T

and might explain why on the Gd-terminated surface the magnetic modulations Q1 and

Q2 can be detected even in measurements with non-magnetic tips. At higher fields the

spin texture becomes more unclear: One possible explanation is that in the Gd-terminated

surface layer, the spin texture is saturated at much lower fields and the detected contrast

modulations actually come from the spin texture of the sub-surface layers. Thus, at 2 T

the contrast would show the screw state of Phase I and at 2.3 T the SkX of Phase II.

6.5 Conclusion

GdRu2Si2 belongs to a material class of itinerant magnets that has not been studied ex-

tensively using the SP-STM technique. The measurements on the Si-terminated surface

prove the multi-Q nature of Phase I, and exclude the possibility of two single-Q rotational

domains. Furthermore, with theory support it was possible to disentangle some of the

electronic and magnetic contrast contributions. In Phase I and Phase III a TAMR-like con-

trast seems to dominate the electronic contrast. In the skyrmion lattice phase additional

electronic contrasts must be present. On the Si-terminated surface, phase transitions oc-

cur at the same fields as detected for the bulk GdRu2Si2 crystal. This is not the case for

the Gd-terminated surface, which seems to follow a different phase diagram. The Gd-

terminated surface shows two additional phase transitions at fields below 2 T. Also, one

of the additional phases is compatible with a lattice of rectangular skyrmions. However,

details of the underlying spin textures are unclear and further theoretical support might

be needed to verify the existence of these rectangular skyrmions.
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Throughout this thesis a variety of systems with skyrmionic or non-coplanar spin struc-

tures was investigated. In the first part I have examined skyrmion-edge interactions in

the Pd/Fe monolayer on Ir(111). For this purpose the growth and magnetism of the

Co/Fe bilayer on Ir(111) was characterized. Co/Fe is an in-plane ferromagnetic system

and by depositing the Co onto an existing Pd/Fe/Ir(111) sample, the edge-properties

of the Pd/Fe bilayer can be tuned. The ferromagnetic rim stabilizes zero-field skyrmions

and target states through confinement effects and also very effectively prohibits skyrmion

annihilation at the island edge. This nullifies two disadvantageous skyrmion proper-

ties: The requirement for external fields and the possibility of being destroyed at the

island edge due to the skyrmion Hall effect. Further, these results indicate that the is-

land edge may be utilized as a powerful means to manipulate or create even more exotic

spin states [83, 80, 97]. In the hcp-stacked Pd/Fe, the interactions with the ferromagnetic

rim lead to a skyrmion pinning at the island edge. Spin dynamics simulations show that

this pinning can be caused by a combination of attractive and repulsive interactions with

the edge and the extended Co/Fe film. Further it was also shown that the magnetiza-

tion direction of the Co/Fe rim at the island edge plays a crucial role and can allow the

edge-skyrmions to strip out along the rim. The resulting spiral stripes at the island edge

appear to be very effective barriers for skyrmions inside the island interior. In a next

step, it would be interesting to investigate the transport properties of edge-skyrmions

under lateral currents. I expect the skyrmion Hall effect to be suppressed due to edge-

pinning, which could enable higher skyrmion velocities than for conventional skyrmions

and might allow some practical applications.

In the second part of the thesis I have discussed the discovery of two related AFM

spin structures in the Mn monolayer on Re(0001). The fcc-stacked Mn hosts a RW-AFM

state with three symmetry equivalent orientational domains. These domains are sepa-

rated by a new type of non-collinear AFM domain wall which has the form of a tran-

sient non-collinear 2Q state. The exact shape of these domain walls depends on the an-

gle between domain and domain wall and it was found that the experimentally most

commonly found wall (120◦ wall) is independent from the next-neighbor exchange in-

teraction J1 and thus preferred over a domain wall that is realized as a conventional

coherent spin rotation. The hcp-stacked Mn exhibits a multi-Q state that is made up

of three symmetry-equivalent 1Q states and thus called the 3Q state. Similar to the

RW-AFM state, the 3Q state also shows three orientational domains and together with

field-dependent measurements this was used to determine the orientation of the 3Q state
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compared to the surface plane. The RW-AFM, 2Q and 3Q state are degenerate in the clas-

sical Heisenberg model. This makes the Mn/Re(0001) monolayer an interesting system to

study higher-order exchange interactions and their role in the formation of complex spin

structures. All three of the discovered AFM spin states show interesting prospects: Re-

cently, Aldarawsheh et al. have predicted ring-shaped domain walls in a RW-AFM state

for the triple layer of Cr/Pd/Fe on Ir(111) that are equivalent to non-synthetic antiferro-

magnetic skyrmions [129]. Furthermore, both the 2Q and the 3Q state are non-collinear

or non-coplanar spin structures that exists on the interface to a superconducting material

and thus are interesting candidates to induce topological superconductivity [116].

In the final part of this thesis the surface of the compound bulk crystal GdRu2Si2 was

characterized for the first time using SP-STM. GdRu2Si2 belongs to a very different mate-

rial class than the other systems investigated in this thesis. It is free of DMI and geomet-

ric frustration and still has a skyrmion lattice phase and several other multi-Q phases.

In bulk GdRu2Si2 the skyrmion lattice phase is stabilized by a combination of higher-

order interactions and applied magnetic field. In this thesis, the Si-terminated surface

and the Gd-terminated surface were investigated separately. On the Si-terminated sur-

face the multi-Q nature of Phase I was confirmed and some of the magnetic and electronic

contrast contributions were disentangled. Whereas the Si-terminated surface follows the

magnetic phase diagram of the GdRu2Si2 bulk crystal, the results on the Gd-terminated

surface raise several open questions. The nature of the observed additional magnetic

phase remains unclear, even though the measured contrast is compatible with a previ-

ously discussed lattice of rectangular skyrmions [128]. A better understanding of uncon-

ventional skyrmion formation processes might lead to the discovery of new classes of

materials that host skyrmionic or other non-collinear and non-coplanar spin structures

with new and exciting properties.

The development of new spintronic devices is an exciting field that requires funda-

mental knowledge of the properties and formation processes of non-collinear and non-

coplanar spin structures such as skyrmions, domain walls and multi-Q states. In this

thesis I have approached the subject matter from multiple perspectives. I have shown

how skyrmion properties can be tuned via the film edge, have investigated a material

with an unconventional skyrmion formation process and made progress in the field of

complex antiferromagnetic spin structures. AFM skyrmions especially are expected to

show various desirable properties for many types of spintronic applications. Thus, it is

my hope that the knowledge gathered in this thesis proves to be helpful in future efforts

toidentify systems with such AFM solitons.
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