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Abstract

Modern data storage technology is facing the inevitable obstacle that soon, the currently
available storage capacities cannot simply be extended by a continued miniaturisation.
Instead, fundamentally new approaches have to be found to accommodate the increasing
amount of data generated each year. One possible candidate as information carrier in future
spintronics devices is the magnetic skyrmion. These topologically stabilised, magnetic
knots could e.g. be used in three-dimensional arrays of race-track-type memory devices
that would increase the available storage density manifold and thereby overcome the above
mentioned impediment. Whereas the observation of skyrmion lattices in bulk materials was
reported before, the realisation of skyrmion-based devices requires individual skyrmions,
which can be manipulated in a controlled fashion.

This thesis presents the discovery of nanoscale, interface-induced, isolated magnetic skyr-
mions, which were found in the ultrathin film system Pd/Fe/Ir(111) by (spin-polarised)
scanning tunneling microscopy ((SP-)STM). It is demonstrated how (spin-polarised) cur-
rents from the STM tip can be used to write and delete them individually and in close
vicinity to one another.

In addition, the high spatial resolution of SP-STM paired with the direct access to the
sample spins was employed to investigate the size and shape of an isolated skyrmion as a
function of external magnetic field. A novel analytical description for the skyrmion spin
structure was introduced to connect these findings to the original micromagnetic model,
which was used for predicting magnetic skyrmions, demonstrating excellent agreement.
However, analysing slightly different PdFe systems in a similar manner showed that the
simplified model fails; based on density functional theory results, this is attributed to the
importance of the frustration of exchange interactions at different distances.

The investigation of further PdyFe and RhFe systems revealed the sensitive dependence
of the magnetic properties of Fe/Ir(111) on the overlayer(s) and on the stacking order of
the ultrathin film systems, emphasising the importance of atomic scale precision for the
tailoring of magnetic states. The observed magnetic periodicities in these systems range
from 1 to 15 nm, and additional skyrmions and skyrmion lattices with transition magnetic
fields between <0.8 and >9 T were found. Due to the meta-stability of topologically distinct
magnetic states at low temperature, novel skyrmionic spin structures are reported, which
can be categorised into common and uncommon states using the concept of topology.
At the island edges, SP-STM measurements revealed the theoretically predicted edge tilt
induced by the Dzyaloshinskii-Moriya interaction.

In conclusion, this thesis covers some of the key aspects of fundamental research on
the path to the realisation of skyrmion based devices, while hopefully inspiring further

experimental and theoretical research in the developing field of skyrmionics.



Inhaltsangabe

Die heutige Technologie zur Datenspeicherung steht vor dem fundamentalen Problem, dass
die verflighbare Speicherdichte schon bald nicht mehr allein durch Miniaturisierung erweitert
werden kann. Stattdessen miissen grundlegend neue Ansitze gefunden werden, um dem
steigenden, jdhrlich generierten Datenberg Herr zu werden. Ein moglicher Kandidat als
Informationstriger in kiinftigen Spintronik-Anwendungen sind magnetische Skyrmionen.
Diese topologisch stabilisierten, magnetischen Knoten kénnten z.B. in dreidimensionalen
Anordnungen von sog. Race-Track-Speichern zur Anwendung kommen und damit die er-
reichbare Speicherdichte um ein Vielfaches erh6hen. Skyrmionengitter wurden zwar bereits
in Volumenmaterialien nachgewiesen, jedoch werden fiir die Realisierung von Skyrmionen-
basierten Anwendungen einzelne Skyrmionen bendtigt, die auf kontrollierte Weise mani-
puliert werden koénnen.

In dieser Arbeit wird die Entdeckung von Grenzflichen-induzierten, isolierten magne-
tischen Skyrmionen auf Nanometer-Skala beschrieben, welche in dem Diinnfilm-System
Pd/Fe/Ir(111) mittels (spin-polarisierter) Rastertunnelmikroskopie ((SP-)STM engl. (spin-
polarised) scanning tunneling microscopy) nachgewiesen werden konnten. Es wird demon-
striert, wie sie anhand (spin-polarisierter) Strome aus der STM Spitze einzeln und in di-
rekter Nachbarschaft zueinander geschrieben und geldscht werden koénnen.

Zusétzlich wurde die hohe laterale Auflésung von SP-STM, gepaart mit dem direkten Zu-
gang zu den Proben-Spins, dazu genutzt, die Gréfse und Form eines isolierten Skyrmions als
Funktion des externen Magnetfeldes zu untersuchen. Uber die Einfiihrung einer neuartigen,
analytischen Beschreibung fiir die Spinstruktur von Skyrmionen konnten die Ergebnisse,
in sehr guter Ubereinstimmung, mit dem zur Vorhersage von Skyrmionen verwendeten
mikromagnetischen Modell verbunden werden. Jedoch zeigte die Analyse leicht andersar-
tiger PdFe Systeme, dass das simplifizierte Modell nicht ausreicht, was auf Grundlage von
Ergebnissen aus Dichtefunktionaltheorie-Rechnungen auf die Bedeutung von Austausch-
frustration zuriick gefiihrt werden konnte.

Mittels der Untersuchung weiterer PdyFe- und RhFe-basierter Systeme konnte die emp-
findliche Abhéngigkeit der magnetischen Eigenschaften von Fe/Ir(111) von den Deckschich-
ten und der Stapelfolge der Diinnfilmsysteme gezeigt werden, was die Bedeutung hoher
Prézision auf atomarer Skala fiir mafsgeschneiderte magnetische Zustédnde hervorhebt. Die
beobachteten magnetischen Periodizitdten in diesen Systemen reichen von 1 bis 15nm,
wobei weitere Skyrmionen und Skyrmionengitter mit Ubergangsfeldern zwischen < 0.8
und >9T entdeckt werden konnten. Aufgrund der Meta-Stabilitidt von topologisch un-
terschiedlichen magnetischen Zustdnden bei tiefen Temperaturen wurden neue skyrmioni-
sche Zusténde ausgemacht, welche nach ihrer Topologie in gewohnliche und ungewd6hnliche
Zustande unterteilt werden konnen. An Inselrdndern konnte mittels SP-STM-Messungen

das theoretisch vorhergesagte Verkippen der Spins aufgrund der Dzyaloshingkii-Moriya-

i



Wechselwirkung nachgewiesen werden.

Insgesamt beantwortet diese Doktorarbeit mehrere Schliisselfragen der Grundlagenfor-
schung auf dem Weg zur Realisierung von Skyrmionen-basierten Anwendungen und eroft-
net hoffentlich das Feld fiir weiterfithrende experimentelle und theoretische Forschung im

aufstrebenden Gebiet der Skyrmionik.
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Introduction

Ever since the cognitive revolution about 70,000 to 30,000 years ago, when humankind
started to form elaborate social structures, humans have been generating information that
needed to be passed on to the next generation. With the evolvement of ever more complex
societies, including kingdoms, empires and today’s globalised community, the language of
choice for passing on the information constantly had to improve. Whereas in the beginning,
oral communication was sufficient, at the latest when having to keep tax records of a large
kingdom, new ways of storing information (or data) had to be developed. Only about
5,000 years ago, when the Sumerians invented a data-processing method called "writing"
for storing large amounts of mathematical data, it was possible to keep tax records of
hundreds of thousands of individuals and thereby to sustain the first large kingdoms. The
first "storage devices" used were clay tablets and the language to store information on
these storage devices were two types of signs. One type for numbers and the other type
representing people, animals, merchandise and so forth. [Harari, 2014]

With every new invention for storing a larger quantity of increasingly more complex
information in faster ways - e.g. the printing of books in sophisticated languages - the total
amount of data stored and available world-wide boosted. For instance, a modern standard
laptop could easily store every single drawing, written word or number that was available
in all the medieval libraries in the year 1500 AD, with still room to spare. However, in
the early 21st century, keeping up with the amounts of data just generated by one family
during numerous holidays in the form of high-resolution photos and videos can already
reach the maximum capacity of modern storage devices.

The main language to store (digital) data nowadays is the binary code, consisting of
bits with the possible states "0" and "1". Typically, 8 bits contribute to 1byte. The
total amount of digital data generated world-wide in the year 2016 was 16.1 zettabyte
or 16.1 x 10%! byte, estimated to increase by an order of magnitude by the year 2025 to
163 zettabyte of generated data per year [Seagate, 2017]. Up to now, most of this vast
amount of data is stored as collinear magnetic bits (representing "0" or "1" depending
on their orientation) in storage devices called hard disk drives (HDDs). To cope with
this flood of data, the capacity of modern HDDs has been increased over the last decades
by packing the magnetic bits more and more densely, today reaching an areal density
of nearly 1TB/inch? [Shilov, 2016]. Inevitably, this miniaturisation will reach its limit

due to conflicting material requirements known as the trilemma of magnetic recording




Introduction

[Richter, 2007]: at some point it is impossible to make the magnetic bits any smaller while
maintaining their thermal stability, easy switchability and a decent signal-to-noise ratio.
Although approaching the limit is still being postponed by new improvements to magnetic
recording techniques such as heat-assisted magnetic recording [Rottmayer et al., 2006], the
storage of information in two-dimensional (2D) arrays of magnetic bits needs to be replaced

SO01.

The magnetic skyrmion is one possible candidate as information carrier (the presence
or absence of a skyrmion can be attributed to the bit states "1" or "0") in storage devices
which make use of the third dimension. These solitonic magnetic whirls [Bogdanov and
Yablonsky, 1989], essentially being 2D knots in a continuous magnetisation field, can be
moved along a magnetic track by electric currents [Jonietz et al., 2010; Yu el al., 2012;
Jiang et al.; 2015; Woo et al., 2016]. Due to their nature as quasi-particles, information
can thus be transferred without the need for any mechanically moving parts. Ideas have
been proposed to use skyrmions in race-track-type storage devices [Parkin et al., 2008;
Fert et al., 2013; Sampaio et al., 2013; Zhang el al., 2015b]. As opposed to HDDs, in
which the read/write head needs to move over the bits, the write and read heads in such
devices can be stationary, because the magnetic information can be moved along the tracks.
This enables an arbitrary arrangement of the tracks, including an undulation in three-
dimensional (3D) arrays. This way, the areal density of bits could be boosted manifold
and continue to accommodate the flood of generated data in the future. Whereas magnetic
skyrmion lattices were observed experimentally for the first time in 2009 [Miihlbauer et al.,
2009], the realisation of skyrmion-based devices requires individual skyrmions, which can

be written and deleted in order to store information.

This thesis covers some key aspects of fundamental research about magnetic skyrmions
in Fe-based ultrathin magnetic films on an Ir(111) single crystal. First, a short introduction
about the relevant magnetic interactions and models, and about the working principle of
(spin-polarised) scanning tunneling microscopy ((SP-)STM) - the experimental technique
applied in this thesis - is given in Chapter 1, before introducing the experimental set-
up and the sample preparation in Chapter 2, including a short overview of the observed
nanoskyrmion lattice in Fe/Ir(111). Chapter 3 presents the first experimental observation
of individual nano-scale skyrmions in a bilayer of PdFe on Ir(111). It is demonstrated, how
skyrmions can be addressed individually and written and deleted in close vicinity to each
other with the scanning tunneling microscopy (STM) tip. By analysing time-dependent
switching signals as a function of the tunnelling parameters, the key aspects of the switching
mechanism are identified. In Chapter 4, the thesis offers an in-depth exploration of the
magnetic field dependent spin structure of skyrmions in Pd/Fe/Ir(111), combined with the
comparison of high-resolution experimental data to the original model used for predicting

skyrmions [Bogdanov and Yablonsky, 1989]. A literature overview about research related




to skyrmions is placed in Section 4.4 to also put the work in Chapters 3 and 4 in perspective.
The connection of experimental observables to the micromagnetic model, yielding the
relevant material parameters for skyrmion formation, is subsequently used to quantify the
tuning effect of Pd adlayers on the magnetic properties of Fe/Ir(111) in Chapter 5. Also
in the sample systems with a double-layer (DL) of Pd, magnetic skyrmions (with different
properties) are discovered. The concept of topological charge is used in Chapter 6 to classify
non-collinear magnetic structures as common skyrmionic structures and uncommon novel
spin textures. The experimental observation of the tilting of spins at edges of magnetic
samples in Section 6.5 may also be important for future race-track devices. Finally, the
influence of an adlayer of Rh on the magnetic properties of Fe/Ir(111) is studied as a
comparison to Pd/Fe/Ir(111) in Chapter 7.

Besides answering some fundamental questions about skyrmions and the tuning of in-
teractions in thin films, the research presented in this thesis, including the discovery and
manipulation of interface-induced isolated skyrmions, hopefully has the potential to inspire
more investigations and developments on the path to a possible next generation of storage
devices capable of coping with the flood of data generated by our rapidly evolving global

community.







Chapter 1.

Theoretical Background

This thesis is about the magnetism in different combinations of the 3d and 4d transition
metals Fe, Pd and Rh, grown as epitaxial ultrathin films on the (111)-surface of the 5d
transition metal single crystal of Ir. All of the itinerant magnetic systems, investigated
by (spin-polarised) scanning tunneling microscopy ((SP-)STM) in the following chapters,
exhibit non-collinear magnetic ordering, which is a result of the coupling of magnetic mo-
ments via a variety of interactions that stem from relativistic and non-relativistic effects
acting on the electrons of the system. Section 1.1 offers a brief overview of the relevant
interactions' first in an atomistic model (Section 1.1.1), followed by the continuum approx-
imation of the interactions (Section 1.1.2) and a section about important micromagnetic
characteristics in non-collinear (skyrmionic) systems (Section 1.1.3). Section 1.2 presents
a short introduction into the working principle of (SP-)STM (Section 1.2.1), including the
description of a routine to simulate (SP-)STM-images (Section 1.2.2) and considerations

about a simplified calculation of SP-STM-images (Section 1.2.3).

1.1. Magnetism and Magnetic Interactions

1.1.1. Magnetic Interactions in an Atomistic Model

The relevant interactions for the magnetic systems in this thesis will briefly be intro-
duced in this section within an atomistic model. Especially important for this thesis is
the frustration of exchange interactions in combination with the Dzyaloshinskii-Moriya
interaction (DMT). Although magnetism of itinerant magnets originates from the (close
to freely) moving electrons, their magnetic moments can safely be assumed as localised
at the atom positions due to the accumulation of spin density around the atom. In the
following, for simplicity the magnetism will be represented by spins S, of length 1 at the

atom positions R;.

1A detailed introduction to itinerant magnetism and interactions can be found in [Hubert and Schifer,
2000; Blundell, 2001].




Chapter 1. Theoretical Background

Figure 1.1.: Relative atom positions corresponding to exchange constants. J;;,
numbered by distance to central atom. Jog and J4, possess the same distance to the central
atom but different symmetries and therefore need to be treated separately.

Exchange Interaction

The Heisenberg exchange interaction is a quantum mechanical phenomenon that stems
from the Coulomb repulsion between electrons, and from the Pauli exclusion principle.
The associated energy, depending on the relative orientation of pairs of spins S; and 57]

can be expressed as:
Eex:Z_Jij‘Sﬂ’i"gja (11)
i?j

with the summation over all possible pairs of spins. For many magnetic systems, the ex-
change constants J;; decay fast with the distance between the spins. For most magnetic
systems, only the nearest-neighbour exchange plays a role and determines, whether they
are ferromagnetically (FM) (J; > 0) or antiferromagnetically (AFM) ordered (J; < 0).
Still, for a complete modelling of some magnetic systems, e.g. for small Jp, it is necessary
to include J;; up to several atomic distances (see Fig. 1.1). Above some distance, these J;;
do not originate from electron wavefunction overlap any more, but are mediated by con-
duction electrons in a Ruderman-Kittel-Kasuya-Yosida (RKKY)-type fashion [Ruderman
and Kittel, 1954; Kasuya, 1956; Yosida, 1957].

It is easily imaginable that, as soon as e.g. J; and Js have a different sign, the magnetism

becomes frustrated. If |J3| > |J1]/4, a FM or AFM arrangement of spins is no more
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favourable, but instead the magnetic ground state can become a non-collinear spin spiral
(SS) state. In a spin chain with the lattice constant a, the period A of this SS simply
depends on the sign and magnitude of J; and Jy [Blundell, 2001, Eq. (5.32)]:

2ma

A= arccos (—Jy/4J3) (12)

The energy of this SS does neither depend on the plane of rotation nor on the rotational

sense, when only considering Heisenberg exchange interactions.

Dzyaloshinskii-Moriya Interaction

The rotational sense starts to play a role for another interaction, the DMI, which stems
from the antisymmetric part of the exchange energy and can provide a considerable contri-
bution for a system with broken inversion symmetry and large spin-orbit coupling (SOC)
[Dzyaloshinskii, 1957; Moriya, 1960]. A large SOC and therefore a large DMI-contribution
is especially given for heavy elements like Ir. For the DMI between two spins, the energy

can be written as:
Epm = Zf)z‘j : (gz X 53) ; (1.3)
4,J

where f)ij is the material specific DM-vector. The spins prefer a perpendicular alignment
to one another with the DM-vector pointing to the normal of their rotation plane. For
the case of a (light) 3d element like Fe on a heavy substrate like Ir(111), the DM-vector
can be assumed in-plane (IP) and perpendicular to the vector ﬁj —R; connecting the two
spins S; and S_'; [Moriya, 1960; Fert, 1990; Crépieux and Lacroix, 1998]. This means, the
DMI together with FM Heisenberg exchange leads to Neél-type cycloidal spin spirals with

a rotation over the out-of-plane (OOP)-direction with the period (for a spin chain):

2ma
— __ 1.4
A arctan (Dy/J7)’ (14)

in which a is the lattice constant.

Magnetocrystalline Anisotropy

Another energy contribution that originates from SOC and therefore tends to be larger for
heavy elements, is the magnetocrystalline anisotropy. It can prefer certain spin orientations
with respect to the crystal symmetry axes, and for the special case of a uniaxial anisotropy

the energy equals:

Eaniso = Z _Ki : (SZZ)2 (15)

i
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with the anisotropy constant K; > 0 for an easy axis along the z-direction. This anisotropy
energy then prefers OOP alignment of spins and tends to make SSs inhomogeneous, if K;
is of considerable strength. For an OOP easy axis, a S5 rotates faster over the IP part and
slower over the OOP part. If the anisotropy becomes large compared to the contributions

from exchange interaction and DMI, the SS state is suppressed and large domains form.

Zeeman-Energy

The Zeeman-energy for the magnetic moments p in an external magnetic field B is ex-

pressed as:

Ezceman = Z _,US_;' : g (1~6)

(2

and favours parallel alignment of the spins with the magnetic field. A SS in a magnetic
field can be distorted in such a way that the parts (anti-)parallel to B are (compressed)
expanded.

1.1.2. Continuum Approximation of Magnetic Interactions

To calculate the magnetic energy of an ensemble of spins, it is necessary to sum up
Egs. (1.1), (1.3), (1.5) and (1.6). It is often only possible to find the energy minimum
of a large spin ensemble by numerical calculations such as Monte-Carlo simulations. These
calculations can quickly exceed the limits of analytical as well as numerical solving meth-
ods. To overcome these problems and to simplify the calculations, it is possible to use the
continuum approximation of some of the interactions.

For small lateral changes in the magnetisation vector field 7 () and constant saturation
magnetisation Mg (|m| = 1), the Eqgs. (1.1), (1.3), (1.5) and (1.6) can be approximated by
[Bogdanov and Hubert, 1994b; Skomski et al., 2005; Lin and Hayami, 2016]:

Bens = [ [A(V7)? + Dupns = Kegm? — B ] i (17)
\%4

with the four magnetic material parameters A, D and K. being the exchange stiffness,
DM-constant and effective uniaxial anisotropy constant?, respectively. The four material
parameters are the continuum analogues of the atomistic constants J;;, D;;, K; and p for
Mg, respectively. The magnetic field B points along the z-direction. In the continuum
case, this is now an integral over the volume V of the magnetic sample. wpy represents

the DMI energy functional and depends on the crystal symmetry class. For the thin film

2The effective anisotropy constant K.g contains, additionally to the magnetocrystalline anisotropy, an
effective term for the demagnetisation field. In extended thin films, the demagnetisation field can be
included as an effective hard axis anisotropy term: Keg = K — K4, with Kq = poM3 /2.
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samples on the Ir(111)-crystal with interface DMI treated in this thesis, Eq. (1.7) simplifies
to its 2D-formulation [Bogdanov and Yablonsky, 1989]:

exchange energy

DM energy
om\*  [om\” om om om om
Econt =t A e — D ZJ — My o . Y z
‘ /Area { ( Ox > * ( ay ) * <m Oz mn ox tm 0 My ay >

—  Kegm? — BMgm, }dxdy, (1.8)
N — N’

anisotropy energy  Zeeman energy

with constant magnetisation along the z-direction and with the sample thickness ¢.

This simplified continuum approximation has the disadvantage that all J;; are incorpo-
rated in one parameter, the exchange stiffness A. As a consequence, only a FM ground
state favoured by the exchange interactions can be modelled by this approximation. As
soon as the magnetic ground state of a system is a non-collinear SS state, resulting from
frustration of exchange interactions, this model fails. Reproducing a certain spin spiral

with this approximation will then result in an undesired overestimation of D.

There are some first attempts to incorporate a frustration of the exchange interactions
in this approximation model [Leonov and Mostovoy, 2015; Lin and Hayami, 2016; Rozsa
et al.,2017; da Silva Oliveira et al., 2017] with an additional parameter A, for the frustrated
exchange. In principle, frustration can also play a role in the DMI [Menzel et al., 2012;
da Silva Oliveira et al., 2017]. Nonetheless, this thesis will only use the well-established
model in Eq. (1.8) to characterise the various skyrmionic systems and their underlying

material parameters.

1.1.3. Micromagnetic Characteristics in Skyrmionic Systems

Using the model in Eq. (1.8) and radial representations thereof, it is possible to show that,
for certain material parameter sets and magnetic fields, (meta-)stable, spatially localised,
solitonic magnetic whirls with axial symmetry and fixed rotational sense exist as possible
solutions, see Fig. 1.2a [Bogdanov and Yablonsky, 1989; Bogdanov and Hubert, 1994b,a;
Rokler et al., 2006, 2011; Wilson et al., 2014]. They were initially named vortices but later
called magnetic skyrmions, due to the resemblance of their stabilising mechanisms to parts
of the Skyrme model in particle physics field theory [Skyrme, 1962; Braun, 1999; Bogdanov

et al., 2002]. A more thorough literature overview about skyrmions is given in Section 4.4.
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Figure 1.2.: Skyrmion and reduced phase diagram for skyrmionic systems. a
Sketch of a Néel-type skyrmion. Each arrow represents an atomic spin. b Phase diagram for
skyrmionic systems for reduced parameters, reprinted figure with permission from [Wilson
et al., 2014, Fig. 3]. Copyright (2014) by the American Physical Society. The values for
hi (k) and hg (k) are given in Table C.1.

Phase Diagram and Transition Fields

Figure 1.2b shows a zero temperature phase diagram based on reduced parameters that
was computed by [Wilson et al., 2014]. To apply this phase diagram to a manifold of

magnetic systems, the reduced parameters h and k are introduced:

Koy 4AK.g
= — = 1.
K Ko D? (1.9)
B 2AMg D?
Bo Dz 9AMs (1.10)

Here k is the reduced anisotropy, which basically is a magnetic material parameter-based
classification of any material in this phase diagram. h is directly proportional to the
external magnetic field B, but also reduced with respect to the material parameters. It
should be possible to classify any skyrmionic magnetic material, which is driven by FM
exchange and DMI only (if frustrated exchange plays a significant role, the model will fail)
in this phase diagram and thus find the calculated critical transition fields between the SS
and the skyrmion lattice (SkX) state (Bss_sk), and between the SkX and the FM state
(Bsk—rMm). They are represented in the diagram by h; and hg, respectively. By manually
extracting the characteristic points from Fig. 1.2b and linearly interpolating between the
points A and C, and B and C, the critical phase transition fields can roughly be estimated
to:
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1.1. Magnetism and Magnetic Interactions

hy (k) ~ —0.065 - k + 0.22 (1.11)
hs (k) ~ —0.35 - k + 0.64. (1.12)

The resulting critical magnetic fields can be estimated, using Eqs. (1.9) and (1.10), as:

SS—Sk ~ M . eff . 1 .
Sk—FM ~ M. J eff . A :

These equations only serve as a rough estimate for how the different material parameters
influence the transition fields. For a more accurate numerical calculation of Bgg_gx and
Bsi_wum and fits to experimental data, a cubic interpolation between more extracted values

from Fig. 1.2b is used (see values in Table C.1).

Spin Spiral Profile and Period

Without an external magnetic field, the ground state of skyrmionic systems over a large
range of k is the SS state (named "Helicoid" in Fig. 1.2b). The period of a SS, even with
an applied magnetic field, can be calculated as [Bogdanov and Hubert, 1994b, Eq. (19)]:

A 27 AMS A 9 . 9 -1
)\:D/O' d9 |:BD2(1—COSG)+21?2(KQH+IUOMS)S1H 0+C (115)

with C' being the solution of [Bogdanov and Hubert, 1994b, Eq. (20)]:

™ AN A _ x
/; de\/Bm(].C089)+21)2(Keﬂ‘+MOMSQ)Sln20+C:2, (116)

which can be found numerically. For the special case of B = Keg = 0, Eq. (1.15) simplifies
to A = 4w A/D. The actual position-resolved spin spiral profile 6 (p) (0 is the polar angle, p
the spatial coordinate) can be calculated numerically by applying the fourth order Runge-
Kutta-method [Runge, 1895; Kutta, 1901] on [Bogdanov and Hubert, 1994b, Eq. (18)]:

dé AMs
dp_\/B_DQ(l_COSQ)—i_

A .
otk (Kefr + poM2) - sin? + C, (1.17)
scaling the resulting p by A/D.

Figure 1.3a shows the polar angle of such a calculated inhomogeneous SS profile and

the atomistic 3D representation of the corresponding spin configuration for the material

11
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Figure 1.3.: Example of a spin spiral profile. a Polar angle 6§ of a typical zero
field SS profile as obtained from the analytical formula Eq. (1.17). Material parameters
from [Romming et al., 2015] (A = 2.0pJm™!, D = 3.9mJm2, K = 25MJm~3, M =
1.1 MAm~1). Rendered ball model spins show a side view of the spin spiral configuration
of atomic spins with the Ir lattice constant a = 2.715A. b Calculated magnetisation
components of a SS profile in a.

parameters of hexagonal close-packed (hcp) Pd/Fe/Ir(111) obtained in [Romming et al.,
2015] (see also Chapter 4). Figure 1.3b shows the magnetisation components.

(360°-)Domain Walls

Other non-collinear magnetic structures that are regularly seen are domain walls. If the
DMI is too small to form the SS state (D < D¢ = 4/ AKqg/m [Heide el al., 2008; Rohart
and Thiaville, 2013]), still domain walls between larger domains can form. For vanishing
DMTI, these domain walls can have both rotational senses. The magnetisation rotation is
then given by [Hubert and Schéafer, 2000; Braun, 1994]:

(180 = arcsin <tanh w:/2> (1.18)

with the domain wall width wy = 2%. As soon as there is a considerable amount of
DMTI in thin films, a unique rotational sense is found without affecting the shape or width
of the wall, given by Eq. (1.18) [Meckler et al., 2012]. Upon application of an external
magnetic field, the domains antiparallel to the field shrink, causing the domain walls to
move closer to each other in pairs. Due to their unique rotational sense, they cannot simply
annihilate each other, but instead join to one 360°-domain wall (360°-DW), of which the
profile is then described by two walls at the positions +c¢ [Kubetzka et al., 2003; Braun,
1994]:

12



1.1. Magnetism and Magnetic Interactions

> {arcsin <tanh zﬂ/ﬂgﬂ +7 |B;>0
-

P360 (T, c,w) = (1.19)

JFZ [arcsin <tanh fig)} |B, <0,

with the sign of w determining the rotational sense. For the only two parameters ¢ and

w a surprisingly simple exact solution exists that connects them to the magnetic material
parameters [Kubetzka et al., 2003; Braun, 1994]:

w ) 2K g A
= — =2/ 1.20
¢ = - arcsin < s ) , W \/ Kog = MsBJ2 ( )

Also for skyrmionic systems with SS ground states (D > D¢), spin spiral fragments can

remain at higher magnetic fields, which are the same as 360°-DW and can be described in
the same way (see Section 5.1). It will be shown in Chapter 4, how the 360°-DW-profile

in Eq. (1.19) can also be used to describe magnetic skyrmions.

1.1.4. Numerical Fit Procedure to Extract Material Parameters from
Experiment

Having described several characteristic properties of skyrmionic systems in theory, the next
step is to compare them to their experimental counterparts and use them to extract the
magnetic material parameters A, D, Ko and Mg in a fit. In the framework of this thesis, a
flexible fitting procedure was developed that is used with a variety of known experimental
input parameters y; (for example in Section 5.1 the spin spiral period A and the domain wall
parameters ¢; and w; at two magnetic fields). Together with their estimated absolute errors
& they are compared to their theoretically calculated values Y; (here A from Eq. (1.15)
and ¢;, w; from Eq. (1.20)). A numerical fit is implemented by reducing the problem to

the error-weighted total square deviations of experimental and theoretical values:

N w2
S(P) = Z{Zw—n (P))Q-Ng}, (1.21)

with

w;

&
as the chosen relative error-dependent weights of each summand. P represents the magnetic
parameter sets, consisting of A, D, Ko, Mg (and B;). If there are N experimental values
of one kind (e.g. 360°-DWs at two magnetic fields), these summands are divided by the
number of values provided. This way, all parameters get the same weight within the total
square deviations, irrespective of their magnitude or multitude. For example, the zero-field

spin spiral period A is equally important as a set of domain walls in several magnetic fields.
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To get the magnetic material parameters from a set of experimental input values, first
a set P is randomly picked within the range of the phase diagram that is reasonable
(k(A) < k < k(E) in Fig. 1.2b). Equation (1.21) is then numerically minimised with
respect to P, using a Nelder-Mead simplex method as implemented in Matlab [MATLAB,
2016; Nelder and Mead, 1965; Lagarias et al., 1998].

To estimate how the uncertainties of the experimental values influence the uncertainty
of the resulting fitted material parameters, this procedure is repeated many times, but the
experimental input parameters are randomly varied according to their error §; before each
run. This way, a distribution of each material parameter is obtained, of which the mean

value and standard deviation can be calculated and used as the result.

1.2. Scanning Tunnelling Microscopy and Image Simulation

All experimental results in this work are based on measurements, acquired with STM.
This section is dedicated to shortly® giving an overview of how (SP-)STM works and how

(SP-)STM images of known (spin) structures can be simulated.

1.2.1. Working Principle of STM

The principle of STM is to bring a sharp metallic tip so close to the conducting sample
surface that the electrons between tip and sample can tunnel through the gap between the
tip apex atom and the nearest surface atoms (the gap is typically less than 1 nm wide), see
Fig. 1.4a. When applying a bias voltage between tip and sample, the resulting net current
is exponentially dependent on the distance between tip and sample, and proportional to the
local density of states (LDOS) of both tip and sample, integrated from the Fermi energy
up to the energy chosen by the applied bias voltage. If a magnetic tip is used (SP-STM),
an additional dependency of the current on the spin-split LDOSs of tip and sample and
the angle between tip and sample magnetisation appears, see schematic in Fig. 1.4b. The
current in the typical range of pA to nA can be measured with a current amplifier. Any
change in the electronic structure of the sample will be reflected in the (spin-split) LDOS
and can thus be accessed by (SP-)STM. Therefore, several magnetoresistive effects can in-
fluence the tunnel current, depending on the tip and the bias voltage chosen: For magnetic
tips, the tunnel magnetoresistance (TMR) [Heinze, 2006; Wiesendanger, 2009] produces a
contrast depending on the relative orientation of tip and sample magnetisation direction

(scalar projection) and on the net spin-polarisation of the current n = (I4 — I})/(I+ + I}).

3Because (SP-)STM is a well-known and standard technique by now, many assumptions and steps before
coming to the conclusions in this section are skipped for simplicity. For complete descriptions of
(SP-)STM theory, see for example Refs. [Bardeen, 1961; Binnig and Rohrer, 1982; Tersoff and Hamann,
1983, 1985; Chen, 1988, 1990; Wiesendanger et al., 1990a,b; Chen, 1993; Wiesendanger, 1994; Heinze
et al., 1998; Wortmann et al., 2001; Heinze, 2006; Wiesendanger, 2009, 2011].

14



1.2. Scanning Tunnelling Microscopy and Image Simulation
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A

Figure 1.4.: SP-STM geometry and spin-split LDOS. a Geometry of the experimental
set-up including the magnetisation directions of tip 1\7[T and sample 1\715. b Sketch of the
spin-dependent electronic structure of tip and sample. Extracted from [Heinze, 2006, Fig. 1]
with permission of Springer.

The tunneling anisotropic magnetoresistance (TAMR) [von Bergmann et al., 2012] results
from changes in the LDOS due to SOC and can thus lead to a contrast between IP and OOP
magnetised sample spins, irrespective of the magnetisation of the tip. Also accessible with
a non-magnetic (or magnetic) tip is the non-collinear magnetoresistance (NCMR) [Han-
neken et al., 2015; Crum et al., 2015; Kubetzka et al., 2017], which results from changes
in the LDOS due to a mixing of spin-up and spin-down bands for non-collinear structures.
One way of acquiring an image of the sample surface is to scan the tip laterally over the
sample while keeping the measured current constant via a feedback-loop that controls the
z-position of the tip (constant-current mode). The recorded signal z (z,y) represents the
topography of the sample surface.

Another signal that can be recorded - via modulating the bias voltage with the Lock-
In-technique - is the differential tunnelling conductance (d//dU). Since the bias voltage is
modulated in a small interval around the chosen constant bias voltage, the resulting change
of the current is proportional to the LDOS of the sample at the location of the tip and at
the energy chosen. This way, certain features of the electronic structure of the sample can
be accessed separately. Maps of the d//dU-signal can be recorded both in constant-height
or in constant-current operation of the STM. Throughout this thesis, they are recorded

simultaneously to constant-current topography images, unless stated otherwise.

1.2.2. Simulation of (SP-)STM Images

In 2006, Heinze showed how (SP-)STM images can be simulated from any (spin) structure
[Heinze, 2006]. This section will give a detailed description how a fast and simple numerical
procedure can be set up for calculating such images, also incorporating an approximation
of the NCMR. As input, a list of spins with their normalised direction vectors S; and their

respective atom positions R; are given. For an image with a x b pixels, the position of each
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pixel has to be given as the position of the tip R]-T, typically at a constant height zy above

the atom positions. The current at each pixel I; can then be calculated as:

—

1 (B) =" 1o exp (<26 ‘R]T ~ R

) (1.22)

with the decay constant k = \/W . Here @ is the work function with a typical value
of ® = 4.8eV, m, is an electron’s mass and & is the reduced Planck constant. Generally,
the sum has to be evaluated over all atom positions, but can be limited to atoms in the
near vicinity of R_;-T to reduce computing time significantly. The exponential decay leads
to negligible contributions from atoms further away (a cut-off distance of 3 - zq is used in
this thesis). I°¢ is the sum of local contributions to the tunnel current corresponding to

the atom position R;-, which only needs to be calculated once for each atom as:

- 5 LN
I}OC:IU'(1+’7P‘Si'7ﬁT+'7T'SiZ + W - ;T ) (1.23)

with vp, 77 and N as the prefactors of the current contributions caused by the TMR
[Heinze, 2006; Wiesendanger, 2009], the TAMR [von Bergmann et al., 2012] and the NCMR
[Hanneken et al., 2015; Crum et al., 2015; Kubetzka et al., 2017], respectively. Since
the intensity of the NCMR, scales approximately linearly with the mean angle of nearest
neighbours [Kubetzka et al., 2017], such a contrast is implemented in the simulations
in a simplified way as Z?IN /7, which is the mean angle of S, to its nearest neighbours,
normalised by the maximum possible value 7. For a fast numerical calculation of the
whole image, it is advantageous to first calculate Eq. (1.23) once for all atoms 7 and then
evaluate Eq. (1.22) for all pixels j, which can be done in parallel to decrease computing
time.

The change in tunnel current as a function of the lateral tip position Ri” can be re-
lated to a corrugation in the height Az by making use of the linear approximation of the
exponential decay [Chen, 1993; Heinze, 2006]:

I (R;,H,ZO) — 1o (20)
21y (20) '

Az (R7y) = (1.24)

Here Iy (zg) is the much larger laterally constant spin-independent tunnel current, which
can be chosen arbitrarily in the simulations. Choosing I (20) as the constant current in the
middle of a large film without magnetic contributions ~; leads to Az = 0 for no magnetic
contributions (neglecting atomic corrugations).

Figure 1.5a shows a schematic top view of two skyrmion spin structures (see Sec-
tions 1.1.3 and 4.4), a larger one at low magnetic field and a smaller one at high field.

Panels b-e show simulated STM images of these spin structures with the respective pre-
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Figure 1.5.: Different magnetic STM contrasts. a Schematic top view of two skyrmion
spin structures, a larger one at low magnetic field (left) and a smaller one at high field (right).
b-e Simulated STM images according to Egs. (1.22) to (1.24) as described in the text with
all contrast mechanisms v, = 0 except the one indicated. 7 x 7nm images, zp = 0.6 nm. b,c
SP-STM-contrast with tip direction as denoted in upper right corner. d TAMR-contrast.
e NCMR-contrast (linear relation to mean angle between nearest neighbours). b,c Colour
coded according to Fig. C.1b. d,e Colour coded according to Fig. C.1a.

factors 7, as denoted. Spin-polarised STM images (vp) lead to a contrast between spins
that are aligned parallel to the tip direction m, and spins that are aligned in the oppo-
site direction. The TAMR (y7) leads to a contrast between IP and OOP aligned spins,
whereas the NCMR (vn) is different between collinear and non-collinear spin structures
[Hanneken et al., 2015; Kubetzka et al., 2017|. These last two contrasts can also be seen

with a non-magnetic tip.

1.2.3. Simplified Calculation of SP-STM-Images

Since images simulated according to the previous section, are still time-consuming to cal-
culate, throughout this thesis, SP-STM-images (based on the TMR) are often calculated

in a simplified manner by calculating the local part of the signal as:

z(z,y) = 20 + a-m-ms (z,y) . (1.25)

Here the sample magnetisation is defined as a vector field at the pixel positions projected
onto a fixed tip direction. This calculation is much faster because there is no need to
calculate the distances to neighbouring atoms, the exponential decay of each of the atoms
and the sum. For the analysis of dI/dU signals, z can be substituted by d//dU. In

principle, this simplified approach can lead to a systematic overestimation of the width of
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Figure 1.6.: Magnetic contrasts on 180°-domain walls. a,d Schematic top view of
180°-DWs as defined by Eq. (1.18) with wy = 3nm and wy = 0.5 nm, respectively. b,c,e,f
Simulated SP-STM-images of the structures in a and d according to Eq. (1.22) (upper
part of panels, zop = 0.8nm, vp = +0.1) and images, which are directly calculated using
Eq. (1.25) (lower part of panels), tip directions as indicated. Colour code according to
Fig. C.1b. g-1 Line profiles taken from simulated SP-STM-images (solid lines) and directly
calculated images (dashed grey lines) of 180°-DWs with domain wall widths wy, tip-sample
distance zg and the tip direction as indicated, yp = +0.1. Labels show the apparent widths

of the domain walls in the simulated images.

small magnetic structures, especially when their size approaches the distance between tip

and sample, zg.

To demonstrate this, Fig. 1.6 shows the overestimation effect using the example of
180°-DWs as defined by Eq. (1.18). Panels a and d show the spin structure of a Neél-type
180°-DW with the domain wall widths wg = 3nm and wg = 0.5 nm, respectively. Panels
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b, ¢, e and f show simulated SP-STM-images of the structures according to Eq. (1.22)
(upper part of panels) and images which are directly calculated using Eq. (1.25) (lower
part of panels). For the wider 180°-DW, the images calculated either way appear the same
(panels b and c¢), whereas for the narrower 180°-DW, the SP-STM-images are broadened
compared to the direct images (panels e and f). This results from the sum over neighbour-
ing atoms, which do not all have the same orientation, reflecting the (distance dependent)
instrumental broadening.

Panels g-j show line profiles taken from simulated SP-STM-images (solid lines) and
directly calculated images (dashed grey lines) of 180°-DWs with domain wall widths wy as
indicated for a tip-sample distance zp = 1.0nm (g and h) and zp = 0.5nm (i and j). From
the shift of the SP-STM profiles compared to the direct profiles, it can be concluded that
the smaller the magnetic structure, the larger the deviation between the two methods and
that the deviation is higher for an OOP tip compared to an IP tip for these IP domain
walls. Panels k and 1 show that the overestimation effect decreases approx. linearly with
decreasing tip-sample distance zp.

The following conclusions can be made from this exemplary study of simulated SP-STM-
images: As long as the magnetic length scale of the spin structure is longer than twice the
tip-sample distance, the systematic error of the simplified calculation of SP-STM-images
via Eq. (1.25) is negligible (approx. 5%). Generally, for smaller spin structures, smaller
tip-sample distances should be used, i.e. a lower bias voltage and higher current set-point
should be chosen. For typical tip-sample distances of 4 to 8 A, any spin structure smaller
than 1nm should be analysed using the full STM simulation to prevent an overestimation

of its size.
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Chapter 2.

Experimental Set-up and Sample

Preparation

2.1. Chamber System and Microscopes

The samples investigated in this thesis were prepared under ultra-high vacuum (UHV) con-
ditions (ppase < 1 x 10719 mbar) in a UHV chamber system that was described elsewhere
[Witt et al., 1997; Menzel, 2011; Hanneken, 2015]. It consists of several chambers, each
serving specific purposes. This way, contaminations from some procedures like electron
beam heating or Ar-sputtering do not have an influence on the pressure in the chamber,
in which clean materials are deposited by molecular beam epitaxy (MBE).

Once a sample is prepared as desired, it can be transferred into one of the two available
low temperature STMs. One operates at approx. 8 K and provides a maximal magnetic
field of |B| < 2.5 T, perpendicular to the sample surface [Pietzsch et al., 2000]. The other
one can be cooled down to a minimal temperature of approx. 1.3 K but is usually operated
at 4.2K for the work presented in this thesis. A maximal magnetic field of |B| < 9T can
be applied, also in the OOP direction. Both low temperature STMs possess a mechanism
for exchanging the tip in-situ. Therefore, a variety of tips can be used for different kinds of
investigations. For instance, W tips can be used for non-spin-polarised measurements or Fe-
coated W tips for spin-polarised measurements, in which the tip magnetisation direction
can be controlled via the external magnetic field. For tips with a fixed magnetisation
direction independent of the applied magnetic field and a negligible stray field, Cr-coated
W-tips or bulk Cr tips can be utilised [Kubetzka et al., 2002; Schlenhoff et al., 2010]. Most

measurements in this thesis were conducted using a bulk Cr tip, unless stated otherwise.

2.2. Sample Preparation

2.2.1. Ir(111)

All samples studied in this thesis are based on the Ir(111) crystal, which was initially

cleaned and depleted of carbon contamination by repeated annealing cycles in an oxy-
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|2100 nm->» |215 nm->»

Figure 2.1.: Clean Ir(111)-substrate. a,b STM constant-current topography images of
a typical Ir(111) substrate after the cleaning procedure as described in the text. b Image
taken along rectangle indicated in a. Bulk Cr tip, T'=4.2K, a: U = 41V, Iy = 750 pA,
b: U =+30mV, I; = 3nA.

gen atmosphere of po, in the range of 1075 to 107" mbar. During the cycles the crystal
temperature was continuously increased via electron beam heating to Tiax ~ 1800 K. To
get rid of surface contaminations, the crystal was sputtered with Ar-ions (Uyee = 800V
at par ~ 9 x 10~°mbar and a sputtering rate of around 3 ML /min) for approx. 10 min.
Subsequently, the sample was annealed to about 1600 K for about 90s to restore a smooth
surface.

Such a clean Ir(111) substrate exhibits atomically flat terraces, separated by 1 ML high
step edges, see Fig. 2.1. Depending on the substrate quality and the position on the
crystal, the terraces can vary in width between a few nm and several hundred nm. Once,
the Ir(111) crystal is sufficiently clean and free of carbon contaminations in a depletion
zone near the surface, the initial annealing in an oxygen atmosphere need not be repeated

for every preparation procedure.

2.2.2. Fe/lr(111)

Each sample preparation in this thesis starts with Ar-sputtering and subsequent annealing
of the Ir(111) crystal to about 1600 K for about 90s. After a transfer of the sample to the
evaporation chamber, lasting about 5 min, 0.7 to 1.0 ML of Fe was deposited by a standard
electron-beam evaporator onto the warm surface at around 0.6 ML/min. Metal on metal
growth is known to exhibit three main growth modes: (1) Volmer-Weber (VW) growth,
i.e. 3D island growth; (2) Frank-van der Merwe (FvM) growth, i.e. layer-by-layer growth,
and (3) Stranski-Krastanov (StKr) growth, i.e. 3D islands on top of one or a few epitaxial
layers [Bauer, 1982]. The terrace size, the substrate temperature and the deposition rate

can have an influence on the sample morphology. On the one hand, at a low deposition rate,
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Figure 2.2.: Nanoskyrmion lattice in fcc Fe/Ir(111). a,b SP-STM constant-current
images of a typical Fe/Ir(111) sample with approx. 0.8 ML fcc Fe. The inset in b shows the
(commensurate) spin model of the nanoskyrmion lattice as derived in [Heinze et al., 2011].
Lt = 1nA, T = 42K, a: U = +50mV, b: U = +30mV.

atoms arrive on the surface individually. If they are mobile at the substrate temperature,
they randomly move around until they reach a step edge and get bound by the available
substrate neighbours. In this step-flow growth, the adatoms mostly continue the same
stacking as the sample. On the other hand, if more atoms arrive simultaneously and have
more space for movement before reaching a step edge, they can bind with each other until
they become stationary and thus form an island anywhere on a terrace and possibly in a

different stacking than at a step edge.

Density functional theory (DFT) calculations showed that the hep stacking of Fe is
energetically preferred on the Ir(111) surface [von Bergmann et al., 2007]. Section 5.2
shows such hep Fe islands with a hexagonal nanoskyrmion lattice as ground state [von
Bergmann et al., 2015]. Nonetheless, the mobility of the Fe on the Ir(111) surface leads
mostly to self-organised step flow growth in a FvM growth mode. The first layer of Fe then
grows pseudomorphically, continuing the face centered cubic (fcc) stacking of the substrate

[von Bergmann et al., 2006], see Fig. 2.2a.

The magnetic state of fce Fe/Ir(111) was previously shown by Heinze et al. to be a square
nanoskyrmion lattice with a magnetic unit cell of 1nm x 1nm, see Fig. 2.2b. The system
is characterised by a flat spin spiral energy dispersion driven by frustration of exchange
interactions with a considerable amount of DMI originating from the Fe/Ir-interface. Since
the dispersion is so flat, other higher order exchange interactions such as the biquadratic
and the 4-spin-interaction also play a role in forming the highly non-collinear ground
state, which does not react to external magnetic fields up to 9T. [Heinze et al., 2011; von

Bergmann et al., 2014]
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Chapter 2. Experimental Set-up and Sample Preparation

Figure 2.3.: Sample preparation of Pd/Fe/Ir(111). a SP-STM constant-current
image of a Pd/Fe/Ir(111) sample, prepared as described in the text. The Pd islands are fcc
stacked. The dashed yellow line marks a buried Ir step edge. b,c Zoom-ins of the image in a
along the dashed rectangles with the contrast adjusted to £20 pm. Bulk Cr tip, T'= 4.2 K,
B=0T, U = 4+20mV, L = 300 pA.

2.2.3. Pd/Fe/Ir(111)

In this thesis, one or two adlayer(s) of non-magnetic Pd or Rh are used to fine-tune the
magnetic interactions in Fe/Ir(111). For this, a standard sample preparation of Fe/Ir(111)
as described in the previous section is continued by subsequently depositing the desired
amount of the respective element by MBE.

Figure 2.3 shows an SP-STM image of a Pd/Fe/Ir(111) sample with approx. 0.5 ML of
Pd evaporated in direct subsequence to the Fe deposition. On the Fe/Ir(111) in Fig. 2.3,
the nanoskyrmion lattice is visible similarly to Fig. 2.2, although the domains are much
smaller (seemingly due to the defects). The stripes on the Pd islands in Fig. 2.3 result
from the SS ground state, which will be described in Section 3.1.

Mostly, the Pd also exhibits FvM growth in either stacking and forms islands consisting
of a single atomic layer with only small DL islands on top. Based on atomic resolution
STM images, it is possible to identify the stacking of Pd by their relative d//dU signals
[Hanneken, 2015]. For instance, at U = +700mV, the fcc stacking always appears brighter
in dI/dU-maps than the hep stacking. The assignment of the Pd stacking throughout this
thesis is based on those previous results. On a sample prepared as described above, the
fce stacking occurs with much higher probability.

Besides the three main growth modes described above, modified growth modes due to
interfacial alloying or intermixing are possible [Rousset et al., 1992; Pleth Nielsen et al.,
1993; Sakmannshausen, 2016]. Indications for intermixing can be seen in the zoom-ins in

Fig. 2.3 as the clearly visible bright defects. These are attributed to single Pd atoms in
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2.2. Sample Preparation

Figure 2.4.: Rh/Fe/Ir(111) - defects due to intermixing. a,b Topography maps
of Rh/Fe/Ir(111) samples prepared as described in the text (Differentiated in z- and —y-
direction). Rh deposited 5min (a) and 20min (b) after the Fe deposition. W tip, T' = 8K,
a: U =4700mV, I, =2nA, b: U =4600mV, I,; = 1.5nA.

the Fe layer or Fe atoms in the Pd layer [Hanneken et al., 2016]. Jonas Sakmannshausen
showed that the tendency for intermixing is element- and temperature-dependent. For the
example of Pb on Fe/Ir(111), a disordered, alloyed phase is obtained when depositing Pb
at room temperature, whereas a temperature of 140 K during the deposition leads to highly
ordered growth of Pb on the iron [Safmannshausen, 2016]. To reduce intermixing effects
for Pd or Rh on Fe/Ir(111), it is sufficient to let the sample cool down at room temperature
for about 1h before depositing the desired amount of Rh or Pd.

If many but small islands are required, additional cooling before and during the depo-
sition leads to even less mobility and more nucleation centres for islands. Because of this
reduced mobility of Rh and Pd at lower temperature, the resulting islands may not develop
the desired size and shape. This can be overcome by slightly heating the sample after the
deposition. Hence, the islands become mobile again and can reshape to the energetically
most preferred shape, which often includes long and straight edges along the high sym-
metry directions. During this post-annealing process, intermixing is suppressed, because
the Rh or Pd is already bound in islands. Such well-defined, small Pd islands with little

intermixing can be seen in Chapter 6.

2.2.4. Rh/Fe/Ir(111)

The preparation of Rh/Fe/Ir(111) samples is similar to the preparation of Pd/Fe/Ir(111)
samples as described in the section above. After the preparation of step-flow grown
Fe/Ir(111) as described above, roughly half a ML of Rh is deposited subsequently.
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Fellr Rh/Fe/lr Rh/lr Ir

Figure 2.5.: Stacking of Rh/Fe/Ir(111). a STM constant-current topography image
of a typical Rh/Fe/Ir(111) sample with approx. 0.8 ML Fe and 0.4 ML Rh. Red lines mark
the (110) directions (close-packed rows), as obtained from straight island edges. b dI/dU-
map recorded simultaneously to the image shown in a. Inset shows a ball model sketch
of triangular fcc and hep Rh/Fe islands. Different edge coordinations are indicated by the
triangle and rectangle. W tip, T'= 8K, U = +500mV, I;; = 750 pA, Upog = 50mV.

Figure 2.4 shows differentiated topography maps of such Rh/Fe/Ir(111) samples, with
the Rh deposited 5min (a) and 20 min (b) after the Fe deposition. Comparing the number
of defects due to intermixing in Fig. 2.4a to the amount of defects in Fig. 2.3 indicates that
the tendency to intermix with the Fe is higher for Rh than for Pd. Comparing Fig. 2.4a
to Fig. 2.4b suggests that the intermixing is reduced for a lower temperature during the
deposition of Rh. Besides the slightly different tendency to intermix, the morphology of
the Rh/Fe/Ir(111) samples is similar to the one of Pd/Fe/Ir(111) samples: The Rh exhibits
mostly growth of ML islands with small DL islands on top.

Figure 2.5a shows the topography and Fig. 2.5b a simultaneously recorded differential
tunnelling conductance (d//dU)-map of a Rh/Fe/Ir(111) sample. At this bias voltage,
the Fe and Ir have a similar dI/dU-signal. However, there are two clearly distinguishable
contrast levels for the Rh islands on the Fe stripes, accompanied by triangular shapes
either pointing up or down. This indicates pseudomorphic growth and the different levels
are caused by the electronic difference due to the two possible stackings of the Rh. Their
triangular and not hexagonal island shapes are caused by the two inequivalent types of
edges ((001)-like and (111)-like), see inset of Fig. 2.5b. The two edge types possess different
diffusion energies [Miiller et al., 2005]; this leads to a preference of one type of edge. As

evident from the inset in Fig. 2.5b, straight island edges can be used to determine the
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crystallographic (110) directions (or close-packed rows), which are marked by red lines in
Fig. 2.5a. The fact that we observe both stackings with similar probability indicates similar
energies of the two stackings. To assign the stackings of Rh to either fcc or hep, we have to
consider island shapes and, since it was not possible to determine the stacking directly from
atomic resolution on the Rh, make two assumptions. (i) We assume that the Rh connected
to the Fe on the Ir surface continues the fcc stacking of the Fe. The same d//dU-signal,
as obtained for these fcc Rh stripes, is obtained on freestanding, up-pointing islands of Rh
on Ir, which are thus also fcc. Down-pointing Rh/Ir islands with higher d//dU-signal are
hep-stacked. (ii) The fee (hep) Rh islands on the Fe prefer the same type of edge as on the
Ir and thus also point up (down). Based on these two assumptions, we conclude that the
fece (hep) Rh/Fe/Ir(111) islands in Fig. 2.5b correspond to a lower (higher) d//dU-signal
at U = +500mV. This knowledge is used to assign the Rh stacking throughout Chapter 7.
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Chapter 3.

Discovery and Manipulation of Individual

Skyrmions

After the first prediction of magnetic skyrmions, see Section 1.1.3 and Chapter 4, in 1989
[Bogdanov and Yablonsky, 1989], they were first observed experimentally as a lattice phase
in 2009 using neutron scattering on the helical magnet B20 compound MnSi |Miihlbauer
et al., 2009]. Subsequently, these magnetic skyrmion lattices were also investigated in real
space |Yu et al., 2010], including observations of individual skyrmions (called diluted skyr-
mion lattice phase by Yu et al.) in a helical magnet [Yu et al., 2010; Pfleiderer and Rosch,
2010].! This chapter is dedicated to the first observation of interface-induced magnetic
skyrmions in the sample system of ultrathin PdFe films on Ir(111). Whereas the exact
spin structure of isolated magnetic skyrmions will be explored in more detail in Chapter 4,
this chapter focusses on the ability of the STM tip to manipulate skyrmions individually
and independently, in close vicinity to one another. Different contributions playing a role
in the switching process are investigated performing repetitive switching experiments in
Section 3.3. Parts of the results in this chapter originate from my master thesis [Romming,

2013] and were published in the collaborative work [Romming et al., 2013].

3.1. Magnetic Field Dependent Phase Transitions in
Pd/Fe/Ir(111)

As shown in Chapter 2, well-defined islands of Pd can be grown pseudomorphically on
a clean Fe/Ir(111) sample by MBE. It will be shown in this chapter and especially in
Chapter 5, that Pd, being a non-magnetic material in its elementary form, gets polarised
by the Fe [Weber et al., 1991] and significantly influences the magnetic interactions in the
resulting PdFe bilayer. Using a bulk Cr tip for SP-STM measurements on a Pd/Fe/Ir(111)
sample, prepared as described in Chapter 2, leads to the observation of stripe patterns

on the Pd islands with a period of A = 6 nm, see Fig. 3.1a,g. Upon application of an ex-

! A more thorough literature overview of international publications about skyrmions is given in Section 4.4,
also putting the work presented in this chapter and in Chapter 4 into perspective.
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Larga S0C

Az (nm)

Figure 3.1.: Magnetic field dependence of Pd/Fe/Ir(111). a,c,e SP-STM images of
fce stacked Pd islands on Fe/Ir(111) with the contrast adjusted locally to +15pm. Bulk Cr
tip with canted magnetisation direction mostly IP as depicted by the arrow in a, T'= 4.2 K,
U = +50mV, I, = 500pA. b,d,f Sketches of a spin spiral, SkX and FM with a single
skyrmion, respectively. Spins have actual atomic distances. g Line profile along dashed
rectangle in a. Dashed line is a cosine-fit as guide to the eye. h Sketch of DMI at the
interface between a ferromagnetic metal (grey) and a metal with a strong SOC (blue). The
DMI vector D;, related to the triangle composed of two magnetic sites and an atom with
a large SOC is perpendicular to the plane of the triangle, reprinted by permission from
Macmillan Publishers Ltd: [Fert et al., 2013, Fig. 1f], copyright (2013).

30



Pd (hop)

——— 3.1. Magnetic Field Dependent Phase Transitions in Pd/Fe/Ir(111)

ternal magnetic field B, perpendicular to the surface, the observed structure changes, see
Fig. 3.1c, demonstrating its magnetic origin. Figure 3.1c, recorded at B = 41T, permits
additional observations: Upon the application of an external magnetic field, areas parallel
to the field expand, separated by single stripes and round entities, which all show a lower
spin-polarised signal on their left side and a higher signal on their right side for this tip.
This can only be explained for a tip with an IP magnetisation component and proves that
the rotation of the local magnetisation direction has a unique rotational sense. The only
interaction known for imposing a unique rotational sense on non-collinear magnetic struc-
tures is the DMI, see Section 1.1.1, [Dzyaloshinskii, 1957; Moriya, 1960]. Since it originates
from spin—orbit scattering of electrons in an inversion-asymimetric crystal field, it becomes
especially important for magnetic thin films on heavy substrates [Fert, 1990; Fert et al.,
2013]. From symmetry considerations, it can be deduced that the Dzyaloshinskii-Moriya-
vector must be IP and perpendicular to the connecting line between interacting spins,
see Fig. 3.1h [Moriya, 1960; Fert, 1990; Fert et al., 2013]. The resulting spin structures
therefore have a Neéel-type, cycloidal character. Although the rotational sense cannot be
deduced from this data, DFT calculations [Dupé et al., 2014] and experiments using a
vector magnetic field [Schmidt et al., 2016] showed that it is as sketched in Fig. 3.1b,d,f.

From these considerations and in comparison to earlier work [Bode et al., 2007; Ferriani
et al., 2008; Meckler et al., 2009], the origin of the periodic stripe pattern in the Pd
islands without an applied magnetic field is assumed to be a cycloidal SS, see sketch in
Fig. 3.1b. This explanation of the periodic stripes in SP-5TM images with cycloidal SSs
also matches the observation of varying corrugation amplitudes for different propagation
directions, recorded with an IP tip, see Fig. 3.1a. A propagation of the spin spirals parallel
to the tip direction leads to the maximal contrast, a propagation perpendicular to the tip
direction leads to a vanishing projection of the sample spins onto the tip direction and thus
to no contrast in the SP-STM image. The deduced magnetisation direction of the tip in
the plane is marked by the arrow in Fig. 3.1a. From the fact that the bright and the dark
parts in the SP-STM images are not symmetric, see e.g. Fig. 3.1c¢,e, it can be deduced that

the tip must also have a (small) OOP magnetisation component.

With the knowledge about the tip’s spin direction, the direction of the magnetic field and
the fact that the spin structure must have a Néel-type character with a unique rotational
sense, it is possible to also find out what the observed magnetic structures at higher
magnetic field must resemble. The left-over stripes in Fig. 3.1c and e are attributed to
360°-DWs, see Section 1.1.3, and the round entities must be magnetic skyrmions with their
center pointing opposite to the external magnetic field, see see sketch in Fig. 3.1d and f.
Whereas Fig. 3.1c at B = +1T shows a mixed phase of 360°-DWs and a SkX (see sketch
in Fig. 3.1d), at B =+4+2T (Fig. 3.1e) most of the PdFe island is aligned ferromagnetically

along the magnetic field with a small number of individual magnetic skyrmions present,
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Figure 3.2.: Influence of bias voltage in Pd/Fe/Ir(111). a SP-STM based difference
dI/dU image series (calculated by subtracting the non-magnetic reference image (mean
of data at highest positive magnetic field and data at highest negative magnetic field))
taken during a continuous sweep of the magnetic field from B = —3.0T to B = +3.0T
at approx. 87mT/image. Bulk Cr tip with canted magnetisation direction mostly IP as
depicted by the arrow in the first image, U = 420mV, It = 21nA, Upoq = 2.4mV. b
Series of dI/dU-maps of the same island during another sweep of the magnetic field from
B =+3.0T to B= —3.0T, recorded with the same tip, but at a higher bias showing the
NCMR contrast. U = +700mV, It = 2nA, Uynoq = 40mV. The duration of one complete
sweep was about 9h. The Pd island shown here is hep stacked, see Section 2.2.3. T = 4.2 K.
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mostly pinned at defects in the film (see sketch in Fig. 3.1f). The exact spin structure of the
isolated skyrmions, which are observed for the first time in this sample, will be investigated
in more detail in Chapter 4. More details on the phase transition field between the SS,
SkX and FM phase and on other characteristic differences, depending on the stacking of
the Pd, will be presented in Chapter 5.

The main focus of this chapter is the controlled manipulation of the particle-like, isolated
skyrmions with the STM tip. For that, it is necessary to have the ability to perform
non-disturbing measurements of the sample on the one hand, and to efficiently influence
the magnetic structure on the other hand. Figure 3.2 shows the magnetic field dependent
evolution of the magnetic structure in one hcp PdFe island during two separate, continuous
sweeps of the external magnetic field between £3T. The upper series of images was taken
with a low bias voltage of U = +20mV after sweeping the field down to B = —3 T, whereas
the lower series was recorded using a higher bias voltage of U = +700mV directly after the
upper series with the same tip. Two main differences are important when regarding the
images: (i) The images of the low bias series are dominated by the spin-polarised signal
that originates from the projection of the sample spins and the fixed spin direction of the
tip (TMR), whereas in the high bias series the contrast is caused by a difference in non-
collinearity due to the NCMR, see Section 1.2. The skyrmions thus appear in a doughnut-
like shape at low | B| and as dark dots at higher | B|. It should be noted here that due to the
exact knowledge of the skyrmion size and shape as a function of magnetic field, which will
be shown in Chapter 4, it was possible to distinguish this novel magnetoresistance NCMR
from the TAMR [Hanneken et al., 2015; Hanneken, 2015; Kubetzka et al., 2017]. (ii) The
low bias series in Fig. 3.2a depicts mostly undisturbed, stable magnetic structures with
only occasional switching events, which are caused by the changing magnetic field, visible
as abrupt changes between scan lines. On the contrary, the high bias series in Fig. 3.2b
shows many of these switching events of skyrmions, even in the course of single images.
This demonstrates the significant influence of the scanning tip on the magnetic structures
at high bias, because the chosen voltage is the only tunnel parameter changed between the

two series.

As a result of the manipulating effect of the tip at high bias, another key difference
between the two series becomes apparent. Whereas at high bias, the magnetic structures
qualitatively resemble each other at =B for equal |B|, at low bias considerable hysteresis
effects can be observed. For instance at low bias, at |B| ~ 1.1 T the PdFe island exhibits
single skyrmions in a FM background (B = —1.13T) when coming from high |B|. At
B = +1.12T (coming from zero field), the image shows a mixed phase of 360°-DWs, single
skyrmions and the FM background. During the whole series, no SkX appears. At high bias,
the corresponding images both qualitatively depict the same magnetic state with several

skyrmions in the FM background, suggesting vanishing hysteresis. Similar examples can be
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found at different magnetic fields. This can be explained by a finite energy barrier between
the different magnetic states that is not overcome at the low temperature of T = 4.2K
and while applying low bias voltage, but the application of high bias provides a scheme
for overcoming energy barriers between the topologically different states (see Chapter 6
for a more detailed discussion of the topology of skyrmionic magnetic states). Generally,
the number of skyrmions during the high bias series in Fig. 3.2b is higher than at low bias
voltage in Fig. 3.2a.

3.2. Writing and Deleting Single Magnetic Skyrmions

This combination of hysteresis at low temperature leading to meta-stable magnetic states
and the ability to overcome energy barriers and therefore manipulate skyrmions by high
bias voltage applied to the tip is now used in a more controlled fashion to create skyrmions
individually and localised. For this, the upper Pd island shown in Fig. 2.3a is first brought
into a FM state by ramping the magnetic field up to +3T (Fig. 3.3a) and then to a
meta-stable mostly FM state by setting the magnetic field to B = +1.8T.

The resulting magnetic state is shown in Fig. 3.3c. Most of the PdFe island is ferro-
magnetically aligned with the magnetic field with only very few skyrmions left, pinned at
clearly visible defects. The local potential landscape of the skyrmion state and the FM
state can be pictured as an asymmetric double well potential as depicted in Fig. 3.3b. Of
the two states, which are separated by an energy barrier, the skyrmion state (1) is favoured
at lower magnetic fields, whereas at higher magnetic fields, the FM state (0) is preferred?.
If the available energy by thermal fluctuations or by the STM tip is not sufficient to over-
come this barrier, meta-stable configurations do not decay. Starting from Fig. 3.3c, the
tip is sequentially positioned at the locations of the circles depicted in Fig. 3.3c and the
bias voltage is ramped up while keeping the current constant. The resulting dI/dU spec-
troscopy curves, consisting of the up-sweep (blue lines) and down-sweep (red lines) of the
bias, are shown in Fig. 3.3e. Whereas in the first bias-sweep, there is no change detectable
between the up- and down-sweep, in the second sweep, a clear jump in the differential
tunnelling conductance is visible in the down-sweep. The subsequently recorded image in
Fig. 3.3f shows that the origin of this jump is the creation of a skyrmion at the position
of the second bias-sweep. Additionally, another skyrmion was created, which now resides
above the position of the first bias sweep. A possible explanation for this is that also

during the first sweep, a skyrmion was created but it immediately moved away from the

2The preferred state does not necessarily need to be the energetically lower state due to the asymmetry
of the potential landscape. It was shown in collaboration with Hagemeister et al. that a considerable
difference in attempt frequencies of the two switching directions (e.g. due to the different entropies
of the two states) can make them equally probable, despite a difference in the energies of the states
[Hagemeister et al., 2015].
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Figure 3.3.: Writing single skyrmions in Pd/Fe/Ir(111). a,c,f-j SP-STM images
with the contrast adjusted locally to 15 pm. f-i are taken along dashed rectangle in j. Bulk
Cr tip with mostly OOP alignment, T'=4.2K, I;o¢ = 1nA, U = 4+70mV, a: U = +20mV,
c: U =+100mV. b Sketch of the potential landscape of skyrmion and FM. d Sketch of the
SP-STM tip located over a magnetic skyrmion. e dI/dU spectroscopy curves (I = 1nA),
consisting of the up-sweep (blue line) and down-sweep (red line) of the bias. The tip was
positioned at the corresponding circles marked in e¢. Spectrum 2 is vertically shifted by
+larbu. Ugap = +100mV, Upoq = 15mV. The circles in f mark the corresponding
written skyrmions.

tip position to the pinning defects above. Due to the low time-resolution of the STM, the

creation was not captured in the corresponding spectroscopy curve.

In between the subsequent image series in Fig. 3.3g-1, similar bias sweeps were performed
at various positions on the island with similar spectra (not shown). The result is the

controlled population of that part of the island with several skyrmions. Figure 3.3j shows
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Figure 3.4.: Writing and deleting single magnetic skyrmions. a SP-STM image
of an fcc Pd island on fcc Fe/Ir(111) with the contrast adjusted locally to £15pm. Bulk
Cr tip with mostly IP alignment, T' = 4.2K, I, = 500pA, U = +100mV. b SP-STM
image of the area marked in a with four defects, each hosting one skyrmion marked by a
circle containing about 270 surface atoms. Iy = 1nA, U = 4250mV. c-f,h-k Sequences
of difference SP-STM images (with respect to g, subsequently shifted in z to equalise the
absolute maximal and minimal contrast) showing the selective annihilation and creation
of the four skyrmions. g Same area as in b, but without skyrmions. 1 Schematic spin
configuration with distances twice the atomic lattice, superimposed on the experimental
data. Figure adapted from [Romming et al., 2013, Fig.3].
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the same area of the sample as in Fig. 3.3c, but after the sequence of writing skyrmions
within the area, marked by the dashed rectangle. As evident from the unchanged state
of the magnetic structure in the rest of the island, skyrmions were only created within
the marked part of the island, where a higher bias was applied between tip and sample.
This also demonstrates the absence of the spontaneous creation of skyrmions by thermal

fluctuations during the writing sequence, which lasted about 3 hours.

For the use of skyrmions in storage devices, they need to be written, but also deleted in
a controlled fashion. To have both the skyrmion and FM states meta-stable, a higher mag-
netic field is needed, compare Fig. 3.3b. Figure 3.4 shows how writing and deleting can be

done at a fixed magnetic field by voltage/current ramps. The island that was also shown in
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Fig. 3.1 up to a magnetic field of +2 T, is now depicted in Fig. 3.4a at B = +3.25T. Most
of the island is aligned ferromagnetically with the external magnetic field, except for a few
isolated skyrmions located at atomic defects. Figure 3.4b shows a closer view of the area
marked by the dashed rectangle in Fig. 3.4a with four pinning defects, each hosting one
skyrmion. By locally injecting higher energy electrons during voltage sweeps with the tip
held stationary inside the encircled areas, any desired skyrmion configuration for the four
pinning sites can be generated. In the series of difference SP-STM images in Fig. 3.4c-f,
the skyrmions are annihilated one by one until no skyrmion is present (Fig. 3.4g). Skyr-
mions are then created in a different sequence until the starting configuration is restored
(Fig. 3.4h-k). The voltage sweeps were performed between +250mV and +750mV at a
constant height, simultaneously causing an increase in current, which - as will be shown in

the next section - leads to a more efficient manipulation of the magnetic state.

3.3. Exploration of the Switching Mechanism

So far it was shown that non-disturbing measurements of skyrmions are possible using low
bias and current, whereas they can be manipulated at higher bias voltage and current.
To disentangle the different contributions to the switching process, measurements were
performed as a function of bias voltage U, tunnel current I and applied magnetic field B.
While keeping the lateral tip position stationary via atom tracking at a defect hosting a
skyrmion, see Tip#1 in Fig. C.2; the time-dependent tip height z and dI/dU-signal can be
recorded. Due to the continuous, probabilistic switching between the two states, the time-
dependent d//dU signals resemble a telegraph noise signal, see Fig. 3.5a,c. The signals,
typically consisting of more than 1000 switching events, can be analysed regarding their

asyminetry by fitting two Gauss-curves to the histogram graphs of the data, see Fig. 3.5b,d:

ap (z — )? aop (x — mo)?
: - + : PO 3.1
o1V 21 exp ( 207 ) ooV 2T P ( 202 (3:1)

with the prefactors a;, variances o7 and expectation values p;. The relative occupation of

R(z) =

the skyrmion state (skyrmion probability) can be calculated as:

a1
Py = 2
Sk a1 + ag (3 )

or by simply counting all the datapoints of the normalised telegraph signal higher than 0.5
(Nsk) and lower than 0.5 (Npyp):

Nsk

Py = —————
Nsi + Nrem

(3.3)

Another characteristic property that can be extracted from the telegraph signals is the
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state (norm. dI/dU)

state (norm. dI/dU)

=

Figure 3.5.: Exploration of the switching mechanism: telegraph noise. a,c Time-
dependent switching signal, recorded on a defect hosting a skyrmion in fcc Pd/Fe/Ir(111),
see Tip#1 in Fig. C.2, at U = +750mV (a) and U = +400mV (c), It = 300nA, T =
42K, B = +2.7T. Data shows 10s excerpts of the whole recording time (a: 303s, 1382
switching events, ¢: 3102s, 1019 switching events). b,d Normalised histograms of a and
¢, respectively. PDF: estimate of the Probability Density Function (integral of data points
equals 1). Solid red lines are fits with Eq. (3.1). States (0) and (1) correspond to the FM
and the skyrmion state, respectively.

mean lifetime of the two states 7, which represents the average duration the magnetic state
is in one of the two states before a switching event occurs. For this, the number of switching
events Ng, is counted as the number of crossings of the center value 0.5 (horizontal red
lines in Fig. 3.5a,¢), leading to the relation:
T
T=—" 34
N 1 (3.4)
with the recording time of the telegraph signal between the first and the last switching
event T. The mean switching rate f is calculated as:
- 1
==

= (3.5)

Several observations can be made regarding the U- and I-dependent changes of the mean
switching rate f. Figure 3.6a shows the increase of f as a function of the bias voltage U
at a constant current of Iyoq = 300nA and a magnetic field of B = +2.7T. For a better
comparability, all of the data points from this data set, which were collected with one

tip on one skyrmion, are colourised according to the bias U, see colour bar in Fig. 3.6.
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Figure 3.6.: Exploration of the switching mechanism: U and I dependence. a,b
Mean switching rate f as a function of U at constant I, = 300 nA and as a function of I at
three constant values of U, respectively. c¢,d The corresponding skyrmion probabilities P.
All data points were extracted from respective time-dependent switching signals, recorded
on one defect hosting a skyrmion in fcc Pd/Fe/Ir(111), see Tip#1 in Fig. C.2. f according
to Eq. (3.5), P according to Eq. (3.3). The circled data points in a are extracted from the
data shown in Fig. 3.5. Dashed lines in a and c are linear guides to the eye. Coloured,
dotted lines in b and d serve as guides to the eye for constant bias voltages. T = 4.2K,
B =42.7T.

Starting from the first data point with enough statistics within a reasonable amount of
time at U = +300mV, the switching rate first increases slowly with U before increasing
with a higher slope and approximately linearly above U ~ +500mV. Figure 3.6b shows
the mean switching rate at three chosen bias voltages as a function of the tunnel current I,
recorded with the same tip. The switching rates scale approximately linearly with I, with
different slopes depending on the bias voltage U (see dotted lines in Fig. 3.6b), suggesting
on average a constant yield per electron to activate a switching event for a given bias

voltage.

The average switching yield per electron T can be calculated as:

f
T = 3.6
I-(6.24 x 10" electrons/Coulomb) (3.6)

and represents the average probability for each tunnelling electron to result in a switching
event. In other words, 1/ is the average number of electrons tunnelling before a switching
event occurs. Figure 3.7a shows the data points from Fig. 3.6b, now represented as Y (I).

The dotted lines are constant values as a guide to the eye, suggesting that T is mostly
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Figure 3.7.: Exploration of the switching mechanism: switching yield T. a Mean
switching yield T as a function of I at three constant values of U. b T as a function of U for
the full data set of Fig. 3.6. ¢ The corresponding skyrmion probabilities P of the complete
data set plotted as a function of Y. All data points were extracted from respective time-
dependent switching signals, recorded on one defect hosting a skyrmion in fcc Pd/Fe/Ir(111),
see Tip#1 in Fig. C.2. T according to Eq. (3.6), P according to Eq. (3.3). Coloured, dotted
lines in a serve as guides to the eye for constant bias voltages. Dashed lines in b are linear
guides to the eye. T'=4.2K, B =+42.7T.

constant for all I at each voltage. Figure 3.7b shows the two data sets of Fig. 3.6a and b
combined in one graph, represented as the switching yield Y (U), colourised with the value
of the current I. The increase of the switching yield with bias voltage can be divided into
two linear regimes separated at U ~ 4500 mV, as suggested by the dashed line in Fig. 3.7b.
The switching yield seems to mainly depend on U with an additional small scattering
within the uncertainties with respect to I. Especially when regarding the switching yield
as a function of the injected electrical power I - U, Fig. 3.8a, it can be concluded that
the main parameter responsible for activating the switching process is the bias voltage U,
whereas the power I - U is not a decisive value. I simply increases the number of electrons
available per time to activate a switching event and thereby increases the mean switching
rate.

In addition to the change of the mean switching rate as a function of U and I, also a
change of the skyrmion probability P as a function of the tunnel parameters is observed.
Figure 3.6c and d show the skyrmion probability as a function of bias voltage and current,
respectively. Once again, the bias voltage U is the decisive parameter that changes the

skyrmion probability from just above 50 % at U = +250mV to over 80 % at U > +700mV.
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Figure 3.8.: Exploration of the switching mechanism: injected power [ -U. a
Mean switching yield T as a function of the injected power I - U for the full data set of
Fig. 3.6. b The corresponding skyrmion probabilities P as a function of I - U. All data
points were extracted from respective time-dependent switching signals, recorded on one
defect hosting a skyrmion in fcc Pd/Fe/Ir(111), see Tip#1 in Fig. C.2. Y according to
Eq. (3.6), P according to Eq. (3.3). Coloured, dotted lines in a serve as linear guides to the
eye for constant bias voltages. T =4.2K, B =+2.7T.

The skyrmion probability first increases approximately linearly for U < +500mV before
saturating to a value of P ~ 85%. A change of the current leaves the skyrmion probability
(nearly) constant at the value defined by the voltage as suggested by the horizontal dotted
lines in Fig. 3.6d. Also looking at both data sets together as function of power IU in
Fig. 3.8b corroborates the observation that the skyrmion probability is set by the applied
bias voltage and (mostly) independent of the current. Figure 3.7c¢ shows a monotonous
correlation of P and T, suggesting that a higher switching yield per electron also leads to
a higher skyrmion probability.

As mentioned before, the local potential landscape can be tuned with the external mag-
netic field, see Fig. 3.3b, leading to a preference of the skyrmion state at lower magnetic
field and of the ferromagnetic state at higher field. This effect manifests in the skyr-
mion probability as a function of external magnetic field. Figure 3.9c shows P(B) for
U = +600mV and U = —600mV at I = 100nA, i.e. for fixed energy of the injected
electrons |eU| and magnitude of the current |I| but for two current directions®. As ex-

pected, the skyrmion probability decreases with increasing magnetic field for both current

3The data in Fig. 3.9 is recorded with a different tip, on another stacking and skyrmion. Nonetheless,
the observed trend is expected to be the same for the skyrmion and tip investigated above.
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Figure 3.9.: Exploration of the switching mechanism: B-dependence. a,c Mean
switching yield T and skyrmion probability P as a function of magnetic field B for the
two bias voltages indicated, I = 100nA. All data points were extracted from respec-
tive time-dependent switching signals, recorded on one defect hosting a skyrmion in hcp
Pd/Fe/Ir(111), see Tip#2 in Fig. C.2. T according to Eq. (3.6), P according to Eq. (3.3).
Solid lines in c are fitted hyperbolic tangent functions. b,d The skyrmion writing and dele-
tion yields T, and Tq as a function of magnetic field, calculated from Egs. (3.7) and (3.8)
for the data points shown in a and c¢. Bulk Cr tip, T'=4.2K.

directions, and we find that it follows the shape of a hyperbolic tangent function, see fitted
lines. More importantly, the data points show a uniform shift of AB ~ 100mT upon
current direction reversal. So once again, the skyrmion probability is different for different
applied bias voltage or in this case different current direction. The maximum difference in
P at a constant magnetic field for the two current directions is AP (B =3.9T) ~ 18 %.

Another observation is that the mean switching yield increases with magnetic field and
that it differs to a great extent for the two chosen bias voltages or current directions,
see Fig. 3.9a. The mean switching yield is on the order of 1.5 to 3 times higher for
U = —600mV than for U = +600mV. The mean switching yield T contains the different
yields for skyrmion creation and annihilation. The respective values (skyrmion writing
yield Ty, and skyrmion deletion yield Tq) can be calculated, analogous to Eq. (3.6), from
the mean switching rate f (Eq. (3.5)) and the skyrmion probability P (Eq. (3.3)) via:
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f
Ty = 3.7
21 - (1 — P) - (6.24 x 10'8 electrons/Coulomb) (8.7)

_ f
S 2l-P. (6.24 x 10'8 electrons/Coulomb)

Tq

These state-resolved switching yields are shown in Fig. 3.9b,d for the two bias voltages,
respectively. It can directly be seen that Yy, and T4 scale differently with the magnetic
field and that the increase of T (B) in Fig. 3.9a mostly results from the increase of the
skyrmion deletion yields T4. The different curve shapes for the two switching directions are
not surprising, because the two respective origin states, FM and skyrmion, are distinctively
different. On the one hand, the magnetic starting configuration of the writing process,
the FM alignment of spins, does not significantly change with the magnetic field, which
matches the mostly constant (only slightly decreasing) curve shape of the skyrmion writing
yields Ty in Fig. 3.9b,d. On the other hand, the origin state of the deletion process, the
skyrmion configuration, considerably responds to changes of the magnetic field. As will be
investigated in more detail in Chapter 4, the size of the skyrmion roughly decreases with
1/B. Possibly as a result, the skyrmion deletion yields Y4 increase greatly in Fig. 3.9b,d.
In other words, a higher magnetic field leads to a drastic decrease of the skyrmion stability.

To understand the qualitatively different behaviour of the two switching directions,
Monte Carlo simulations were performed in collaboration with Hagemeister et al.. It was
found that the different stabilities of the FM and the skyrmion configuration result from a
different field dependence of the activation energies. Additionally, the attempt frequencies
for the two switching directions vary considerably, resulting in an asymmetric potential
landscape as schematically shown in Fig. 3.3b. The shallower slope of the potential well
in the skyrmion state, representing a lower attempt frequency, leads to an additional sta-
bilisation of the skyrmion. [Hagemeister et al., 2015]

Regarding the previous paragraphs, the experimental observations can be summarised

in the following way:

e The mean switching yield per electron T is determined by the applied bias voltage
U. On average every 10'% to 10'* tunnelling electrons, a switching event occurs for
the parameter range investigated. Higher positive U leads to a higher T in two linear
regimes with different slopes. It can also be different for £U, meaning it does not

simply depend on the energy of the injected electrons |eU].

e Also the directionality of the switching process, represented as the skyrmion probabil-
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ity, crucially depends on U and can vary by about 30 % in the bias range investigated.
For one set of U, it was also shown that the sign inversion of U and with it the

current direction leads to a change in skyrmion probability.

e The tunnel current I only changes the average switching rate f but not the switching

yield T or the skyrmion probability P to a significant extent.

e The external magnetic field B influences the skyrmion probability, leading to less

skyrmion probability for higher magnetic fields.

e Also the switching yield depends on the magnetic field, with generally a higher yield
for higher magnetic field. This mainly results from an increased skyrmion deletion

yield, whereas the skyrmion writing yield stays mostly constant.

In principle, several contributions may activate the switching process between the two
states FM (0) and skyrmion (1), of which the following are considered as possible expla-

nations here:

(i) Thermal fluctuations caused by the substrate electrons, which may randomly

activate a switching process.

(ii) Local Joule heating of the sample due to the electrical power injected by the
tunnel current from the STM tip can also heat up the sample locally and thus lead

to thermally activated switching.

(iii) Nonthermal excitations from the scattering of the injected electrons.

Additionally, a number of effects can break the symmetry of the switching process and add

a preferred directionality:

(iv) The Oersted field generated by the tunnel current with its chirality could prefer or

decrease skyrmion creation.

(v) Similar to the external magnetic field, which tunes the local potential landscape, a

local stray field of the tip may influence the preferred state.

(vi) The local electric field due to the applied bias voltage between tip and sample
may alter the magnetic interactions locally and thus distort the potential landscape,
leading to either a change of the barrier height [Sonntag et al., 2014] or also to changes

of the energies of inequivalent states like skyrmion and ferromagnet [Hsu et al., 2017].

(vii) Spin-transfer-torque (STT) as a known mechanism to provide a preferred di-
rectionality in magnetic switching processes can occur when spin-polarised electrons

interact with the sample.
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(viii) Differences in the local density of states (LDOS) of the two states may lead to

different yields for the two switching directions.

Using the available data presented above and additional deduced parameters, some of the
effects (i) to (viii) can be identified or excluded as major contributions to the switching

process:

(i) Thermal Fluctuations

The thermal stability of the skyrmions at T" = 4.2 K was already demonstrated in Fig. 3.3¢
vs. j. During 3 hours of manipulation in the left side of the island, the undisturbed part of
the island on the right side remained unchanged. Additionally, the average switching rate
f as a function of U and I, see Fig. 3.6a and b, approaches 0 for U, I — 0. This leads to
the conclusion that thermal noise can be neglected as the origin of the switching process
at T =4.2K.

(ii) Joule Heating

Joule heating of the local environment of the skyrmion via the injected tunnel current
leading to thermal switching can be excluded as a major activation process because of
the following reasoning: If Joule heating was important here, the resulting temperature
increase should linearly depend on I at a constant voltage [Bat’ko and Bat’kova, 2005]. For
similar tunnelling experiments on Fe-islands, it was shown that the temperature increases
on the order of 1.6 KpA~! [Krause et al., 2011]. Although, this effect could be higher in
Pd/Fe/Ir(111), it is assumed that the temperature will not rise above 7" = 8 K in the U-
and I-range used here. Because skyrmions will later be shown to still be stable at T' = 8 K,
see e.g. Fig. 5.1, switching rates of up to 10s™! cannot be due to Joule heating, which is

therefore neglected as a major contribution in the switching process.

(iii) Nonthermal Excitations

When electrons with a certain energy and spin tunnel between tip and sample, several
processes for the relaxation of both energy and spin can occur, including elastic or inelastic
electron-phonon or electron-electron interactions [Schlenhoff, 2013|. Besides the electron-
phonon processes, which were already ruled out as the main mechanisms in (i) and (ii),
electron-electron processes can take place, e.g. in the form of magnon generation, spin-flip
scattering or other scattering processes including hot electrons [Plihal et al., 1999]. Which
of the relaxation processes contributes predominantly can crucially depend on the involved
states and the energy of the tunnelling electrons [Plihal et al., 1999; Echenique et al., 2000;
Schlenhoff, 2013]. The dependence of the switching yield on the bias voltage, see Fig. 3.7b,

therefore suggests that some forms of electron-electron scattering processes, which start
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above a certain electron energy, are responsible for the activation of the observed switching

processes.

(iv) Oersted Field

In principle, the Oersted field generated by the tunnel current can have an influence on
magnetic switching processes |Krause et al., 2007]. With its clock-wise or counter-clockwise
orientation around the flow of current depending on the current direction, it is imaginable
that it can also stabilise or destabilise the skyrmion vs. the FM state, especially when
the tunnel current is not injected in the center of the skyrmion position. Because the
Oersted field is proportional to the current, this directional effect should, however, result
in a change of the skyrmion probability P as a function of I. As such a change is not
observed, see Fig. 3.6d, the Oersted field is excluded as a major contribution adding a

directionality to the switching process.

(v) Stray Field of the Tip

Hanneken showed that even antiferromagnetic bulk Cr tips may have local stray fields at
the sample on the order of &~ 100 mT for close distances of < 6 A [Hanneken, 2011]. Because
the distance of tip and sample changes depending on both U and I, the stray field could in
principle explain the observed changes of the skyrmion probability with the experimental
parameters. To test this hypothesis, Fig. 3.10a and ¢ show the switching yield and the
skyrmion probability for the complete data set of Fig. 3.6 as a function of the estimated tip-
sample distance d, respectively.® If the stray field was the dominating effect determining
the directionality of the switching process, there should be a clear dependence of P(d),
irrespective of U or I. As there are multiple values of P for one d visible in Fig. 3.10c¢, the

effect of the stray field of the tip is negligible.

(vi) Electric Field

Changes in electric fields can alter the magnetic interactions in metallic thin films e.g. due
to changes in the interlayer distance or by spin-dependent screening of the electric field
[Matsukura et al., 2015]. Such alterations of the magnetic interactions have for example
been observed in Fe islands on tungsten and molybdenum single crystals [Sonntag et al.,
2014] or in the triple layer of iron on iridium (111) (TL Fe/Ir(111)) [Hsu et al., 2017], each
leading to changes of the switching process via tuning of the local potential landscape. In
principle, changes in the electric field could hence also be responsible for the change of
switching yield or skyrmion probability. As a crude approximation, the electric field at the

sample below the tip can be described in the plate-capacitor model as:

“See Appendix A.1 for the estimation of the tip-sample distance d.
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Figure 3.10.: Exploration of the switching mechanism: d and E. a,c Mean switching
yield T and skyrmion probability P as a function of the estimated tip-sample distance d (see
Appendix A.1) for the full data set of Fig. 3.6. b,d The corresponding values as a function
of estimated electric field F (see Appendix A.1). All data points were extracted from
respective time-dependent switching signals, recorded on one defect hosting a skyrmion in
fce Pd/Fe/Ir(111), see Tip#1 in Fig. C.2. T according to Eq. (3.6), P according to Eq. (3.3).
Coloured, dotted lines in c,d serve as linear guides to the eye for constant bias voltages.
T=42K, B=+2.7T.

U
E~ 7 (3.9)
with an estimated tip-sample distance d(U, I) as described in Appendix A.1. To test the
hypothesis, Fig. 3.10b and d show the two parameters T and P for the complete data set
in Fig. 3.6 as a function of electric field. Once again, there are multiple possible values of
T and P possible for one value of the electric field, leading to the exclusion of the electric

field as a major contribution for the observed changes.

(vii) Spin-Transfer-Torque

The macroscopic spin-torque effect is proportional to the spin-polarisation factor of the
tunnel current n = (It — 1)) /(14 + 1), with I+ and I} being the up and down spin-polarised
parts of the current, respectively, and depends on the current direction [Slonczewski, 1996;
Krause, 2008]. The observed shift of the magnetisation curves upon inversion of the current
direction in Fig. 3.9b therefore is a typical indication for the presence of STT [Khajetoorians
et al., 2013]. In the limit of small bias voltages, the net spin-polarisation of the tunnel

current can safely be assumed constant due to a negligible change of the LDOS in a
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Figure 3.11.: z-spectroscopy for constant current. a,b Relative tip height Az and
the differential tunnelling conductance during a constant current sweep of the bias from
Us = +300mV to U, = +800mV with the tip positioned over the defect shown in Fig. C.2
(Tip#1) (same tip and position as complete data set in Fig. 3.6). Solid green line in a depicts
the value of z in the skyrmion state, as a guide to the eye. Sweep recording duration: 50s,
Iset = 300nA, Upog = 10mV, T =4.2K, B=+2.7T.

small region around the Fermi energy. Due to the conservation of angular momentum
during the interaction of the tunnelling electrons with the sample magnetisation, a transfer
of spin angular momentum can lead to a reversal of the magnetisation with a preferred
directionality depending on the net spin-polarisation and on the direction of the current
[Berger, 1996; Slonczewski, 1996; Krause et al., 2007; Khajetoorians et al., 2013]. However,
for higher bias voltages, as used here, the spin-split LDOS of the sample and the tip can in
principle have an arbitrary distribution regarding the energy and the tip-sample distance.
The net spin-polarisation of the tunnel current can vary and even invert sign depending
on the chosen tunnel current I and bias U, rendering the STT a possible explanation for
the bias-dependent change of P.

A good test of the proposed STT mechanism being responsible for the bias dependent
directionality of the switching process would thus be correlating the skyrmion probability
P(U) with the bias-dependent spin-polarisation of the tunnel current. As described in
Section 1.2, also the TMR-based signal strength Az (m4)) is proportional to the spin-
polarisation n of the tunnel current. The directional STT-effect should thus correlate with
the change in z between skyrmion and FM state.

Figure 3.11a shows the z-signal during a slow sweep of the bias voltage, recorded on
the defect, hosting a skyrmion; Fig. 3.11b shows the simultaneously recorded differential
tunnelling conductance-signal. Due to the high current of Ist = 300nA and the slow sweep
rate, the magnetic state is continuously switching between the skyrmion and the FM state,
resulting in a telegraph signal superimposed on the general shapes of z (U) and dI/dU (U).

As a guide to the eye, the z-value in the skyrmion state is marked by the solid green line in
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Fig. 3.11a. The bias dependent signal strength, here defined as S, (U) = zpm(U) — 25k (U),
changes as a function of U and has a point of sign inversion at Uy &= +630mV.

If the magnetic signal was purely a result of the TMR, the spin-polarisation of the tunnel
current 7 could be extracted from the signal strength S,(U). However, it is now known
that in the investigated bias range, another magnetoresistive effect, the NCMR, plays a
crucial role [Hanneken et al., 2015; Hanneken, 2015; Crum et al., 2015; Kubetzka et al.,
2017]. As the NCMR results from a change of the LDOS of the sample due to a mixing of
spin up- and down-channels in non-collinear magnetic structures, it can also lead to a bias
dependent change of the signal strength S, (U), independent of the spin-polarisation of the
tunnel current. Due to the lack of appropriate data, the bias-dependent spin-polarisation
of the current hence cannot be extracted. Although it still serves as a good explanation,
the STT as the main effect responsible for the directionality of the switching process can
therefore neither be validated nor ruled out. The large variation of the LDOS, manifesting
in the d//dU-signal as a function of U in Fig. 3.11b, however, inspires the suggestion of a

new effect based on variations in the LDOS, which will be described in the next paragraphs.

(viii) Differences in the LDOS

As mentioned in the previous paragraphs, the measured d//dU signal is known to be
significantly altered in the bias range investigated here due to the NCMR. The NCMR-
effect is essentially a magnetoresistive imaging mechanism in STM that changes with the
degree of non-collinearity of the sample magnetisation, see schematic drawing in Fig. 3.12a.
It was shown that the NCMR-related difference in tunnelling conductance originates from
a change of the band structure of Pd/Fe/Ir(111) due to a mixing of spin-up and spin-down
bands [Hanneken et al., 2015; Hanneken, 2015; Crum et al., 2015; Kubetzka et al., 2017].
A different band structure leads to a different LDOS, which leads to qualitatively different
dI/dU(U)-spectra for the skyrmion state and the FM state, see spectra in Fig. 3.12a,
which were taken from [Kubetzka et al., 2017].

Also the spectrum in Fig. 3.12¢, recorded with the same tip and on the same defect as
used for the recording of the complete data set in Fig. 3.6, looks qualitatively similar to
the reference spectra in Fig. 3.12a, and the general shapes of the skyrmion state and the
FM state can be identified, see annotations in Fig. 3.12c. Figure 3.12d shows the I(U)-
spectrum, simultaneously recorded with the d//dU-spectrum in Fig. 3.12¢, also enabling
the identification of both states in the I(U)-spectrum, see annotations in Fig. 3.12d. As
the magnetic state switches during the up-ramp and down-ramp of U (marked as U
and U N\, in Fig. 3.12c and d), both configurations can be accessed in one graph for a
given tip height and at the same bias voltages. As evident from Fig. 3.12d, not only the
dI/dU-spectra but also the I(U)-spectra have a qualitatively different shape for the two
states. Below Uiy = +630mV, the skyrmion state leads to a larger current than the FM
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Figure 3.12.: Different LDOS of skyrmion and ferromagnet. a Schematic drawing
for the NCMR and its manifestation in spectra of the differential tunnelling conductance as
a function of sample bias U. Both adapted from [Kubetzka et al., 2017, Fig.2]. Spectra are
taken in the center of a skyrmion and in the FM background of an fcc Pd/Fe/Ir(111)-island,
respectively. Ugap = —1V, Igap = 10A, Upog = 7TmV, B = 25T, T = 4.2K. b The
skyrmion writing and deletion yields Yy, and Y4 as a function of bias voltage, calculated
from Egs. (3.7) and (3.8) for the data points shown in Fig. 3.6a and c. c¢,d The differential
tunnelling conductance and the current, recorded during a constant-height sweep of the
bias from U; = 4+900mV to U, = +250mV and back with the tip positioned over the
defect shown in Fig. C.2 (Tip#1, same tip and position as complete data set in Fig. 3.6).
Ustab = +900mV, Istap, = 50nA, Upog = 10mV, B = -28T, T =4.2K.

state, whereas, due to a bend in the FM curve around Upeng = +500mV, above Uiy the
FM state results in a larger current. The skyrmion curve generally exhibits a more steady
increase in current.

Naturally, as the different tunnelling conductances for the skyrmion and the FM state
originate in locally different LDOSs of the sample (see explanation of the NCMR above),
fundamentally different states of the sample can contribute to the tunnelling process at
a certain bias voltage, depending on the magnetic state of the sample at the time of the
tunnelling. Depending on the nature of these states and the respective relaxation paths of
the tunnelling electrons (see e.g. considerations to contribution (iii)), different switching
yields are conceivable for skyrmion creation and annihilation.

Figure 3.12b shows the direction-resolved switching yields calculated via Egs. (3.7)
and (3.8) from the values of f and P shown in Fig. 3.6a and c. The respective y-scales were

adapted to have them artificially cross at U = Ui,y for didactic purposes. This way, the
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3.3. Exploration of the Switching Mechanism

resemblance of the curve shapes of YTy, 4 to the shapes of Iy sk(U) is most pronounced.’
Surprisingly, the Ipy(U)-curve has a similar shape as the curve for the skyrmion writing
yield T (U) and the Igx(U)-curve resembles the curve for the skyrmion deletion yield
Y4(U). This means that the writing yield seems to have a connection to the FM state,
which is the state from which the writing process also starts, and vice versa for the deletion
yield.

Based on these observations and on similar observations with another tip-apex (see
Appendix C.1), I propose here that besides the possible explanation with STT, a new
effect may play a crucial role in switching skyrmions in Pd/Fe/Ir(111) using an STM
tip. Apparently, this effect is related to the bias-dependent LDOS of the sample and can
influence the switching yield depending on which electronic states contribute to the tunnel
process. Due to the significant alteration of the LDOS in the skyrmion state with respect to
the FM state, this influence can behave differently in the two inequivalent magnetic states
skyrmion and ferromagnet, because of the NCMR. This would thus be another possible
explanation for the observed change of the preferred directionality of the switching process
P with U.

If this new effect is indeed responsible for the observed bias-dependent directionality of
the switching mechanism, some intriguing, possible applications of the effect are imagin-
able. Without the need for a magnetic tunnel junction, skyrmions could be preferably
written or deleted with a non-magnetic tunnel junction just by the choice of the right bias
voltage. Assuming the possible arbitrary design of the band structure of the magnetic
system, a device could be built that incorporates the writing, deleting and read-out of
skyrmions in a single tunnel junction at three different bias voltages Uy, Ugq and U;. At
Uy, the skyrmion deletion yield would need to be suppressed, at Uy, the skyrmion writing
yield, and at U, both. Depending on the control over the electronic states responsible, this

could be realised without the need for high (spin-polarised) currents.

SIf the magnetic field for the data set had been chosen appropriately, this crossing at U = Uiny would have
occurred naturally (for P (U = Uinyv) = 50 %). Figure C.5d shows a similar data series, recorded with
a different tip apex on a different defect and at a different magnetic field, confirming similar shapes of
the Iem,sk(U)-curves.

51



Chapter 3. Discovery and Manipulation of Individual Skyrmions

Summary of the Switching Mechanism

The analysis of measurements of the telegraph noise, caused by the repeated switching
of the magnetic state in Pd/Fe/Ir(111) at different bias voltages U, tunnel currents [
and magnetic fields B, yielded two main experimental observations. The mean switching
rate f depends on both U and I, but only U determines the switching yield per electron.
The directionality of the switching process, represented as the skyrmion probability P, is
significantly changed depending on U (and B). Two possible explanations are proposed

for these observations:

(1) A nonthermal activation of the switching process via higher-energy electrons (iii),
paired with an additional directionality imposed by STT (vii). This is also the

explanation, stated in [Romming et al., 2013].

(2) The two inequivalent states FM and skyrmion possess a distinctively different LDOS.
This could lead to an asymmetric switching process caused by the different electronic
states participating in the tunnel process and their corresponding relaxation paths,

depending on the bias U and the current magnetic state of the system (viii).

With the data available, it is not entirely clear which of the two possible explanations is
the correct one. Appendix C.1 offers another data set, recorded with a different tip apex
and on a different fce Pd/Fe/Ir(111) island, corroborating the observations and conclusions
made here, but also without identifying one of the two possible explanations. It remains to
be explored by future experiments and theoretical considerations, whether the new effect

may indeed play an important role in the switching of magnetic skyrmions.
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Chapter 4.

Field-Dependent Size and Shape of Single
Magnetic Skyrmions

In Section 1.1.3, skyrmions are described as spatially localised, solitonic magnetic whirls
with axial symmetry and fixed rotational sense (sketch in Fig. 4.1a) [Bogdanov and Yablon-
sky, 1989; Bogdanov and Hubert, 1994a,b; Rokler et al., 2011]. In the previous chapter,
the discovery of individual skyrmions and their manipulation was reported without ex-
plicitly analysing their internal structure. This chapter is dedicated to investigating the
spin structure of skyrmions in Pd/Fe/Ir(111) in detail and to connecting the experimental
findings to the micromagnetic model described in Section 1.1.2. Section 4.1 is based on
[Romming et al., 2015].

4.1. The Skyrmion Structure in Detail

Figure 4.1b shows a ML Pd/Fe/Ir(111)-island in an external magnetic field of B = —1.5T,
exhibiting several circular skyrmions and three 360°-DW sections, see Section 1.1.3, re-
maining from the spin spiral phase. Due to the use of an OOP sensitive SP-STM tip, the
axisymmetric character of the skyrmions becomes directly evident. When an IP sensitive
SP-STM tip is used, the appearance of the skyrmions changes: now two lobes with maximal
and minimal spin-polarised current flow are imaged per skyrmion (Fig. 4.1c) as a result of
a positive or negative projection of the local magnetisation direction of the skyrmion onto
the spin direction of the tip. When tip and sample magnetisation directions are orthogonal
to each other, the spin-polarised contribution to the tunnel current, and thus the magnetic
signal, vanishes: for the image in Fig. 4.1c this is true close to the center of the skyrmion
and above and below the center. The four skyrmions in the sample area of Fig. 4.1¢ ap-
pear identical, which is always the case for all skyrmions imaged with a given SP-STM
tip. This implies that they exhibit indeed a unique rotational sense. According to the
symmetry selection rules of the DMI, these interface-induced skyrmions are expected to
be cycloidal (sketch in Fig. 4.1a) [Moriya, 1960; von Bergmann et al., 2014], in agreement

with recent DFT calculations and Monte Carlo simulations for this system [Dupé et al.,
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Figure 4.1.: Spin structure of an individual skyrmion in PdFe/Ir(111). a Sketch
of the experimental setup of a spin-polarised STM tip probing a magnetic skyrmion.
b Constant-current SP-STM image measured with OOP sensitive magnetic tip; each blue
circular entity is a skyrmion. U = +200mV, [ = 1nA, T =2.2K, B=—-15T. c,e Mag-
netic signal (an image of the same area without skyrmions was subtracted) of four skyrmi-
ons measured with an in-plane magnetisation of the tip, mr, revealing a two-lobe structure.
U=+250mV, I = 1nA, T = 4.2K. d,f Line profiles across a skyrmion along the rect-
angles in ¢, e, respectively, and fits with Eqgs. (1.19) and (1.25) (d ¢ = (0.90 £ 0.01) nm,
w = (1.18 £0.02) nm; f ¢ = (0.91 +0.01)nm, w = (1.17 £ 0.01) nm) and corresponding
calculated out-of-plane magnetisation m,. The sketches show spins with atomic distance,
colourised according to the SP-STM contrast. e Same area as in ¢ with inverted mag-
netic field; due to the preserved rotational sense, the contrast is inverted. Measurements

conducted together with Dr. André Kubetzka and Christian Hanneken, Univ. Hamburg.
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2014]. When the external magnetic field, which induces the skyrmions, is applied in the

opposite direction, the contrast of the two lobes of the skyrmions is inverted (Fig. 4.1e)

since each spin in the sample is inverted while the spin structure of the anti-ferromagnetic

tip remains unchanged, providing an additional proof of the unique rotational sense caused

by the DMI. The four skyrmions in Fig. 4.1¢ and e appear at identical positions due to

pinning at atomic defects.

To characterise the size and the shape of a skyrmion we take height profiles across
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4.1. The Skyrmion Structure in Detail

JMMM 1994

20

P

Figure 4.2.: Comparison of proposed skyrmion profile with numerical calcula-
tions. a Circles: numerically obtained magnetisation profiles of an isolated skyrmion for

different values of 7D/ (4\/AK ) in zero magnetic field (graphically extracted from ref.
Bogdanov and Hubert [1994a]), solid red lines: fits with Eq. (4.1). The arrow points to a
deviation of the analytical and the numerical profile for 7D/ (4\/AK ) = 0.5. b Circles:

numerically obtained magnetisation profiles for zero effective anisotropy for different mag-
netic fields (graphically extracted from ref. Bogdanov and Hubert [1994b]), solid red lines:
fits with Eq. (4.1). Insets show original graphs from refs. Bogdanov and Hubert [1994a,b].

the center (see black rectangles in Fig. 4.1c and e). Since there is no exact analytical
expression to describe skyrmion profiles, we approximate the cross-section of a skyrmion
using a standard 360°-DW profile [Braun, 1994; Kubetzka et al., 2003|, Eq. (1.19):

> [arcsin <tanh fig)} +7 |B;>0

w360 (T, c,w) = 7 N (4.1)
Jrz: [arcsin (tanh z—/g)} |B, <0,

The good agreement between experimental data and fit, see black data points and red
fit lines in Fig. 4.1d and f, justifies the chosen description. Furthermore, a comparison
to numerically calculated skyrmion profiles leads to the conclusion that Eq. (1.19) is an
excellent approximation for a wide range of material parameters and field values (Fig. 4.2).
From Eq. (1.19) it is straightforward to determine the perpendicular magnetisation com-
ponent m(z), see blue dashed lines in Fig. 4.1d, f, and the diameter of the skyrmion d,
which we define as the diameter of the circle with m, = 0. Exploiting the axial symmetry’,

the spin structure of an isolated skyrmion in two dimensions is then described by:

) —sin (360 (p, c,w)) - x/p
S(z,y) = | —sin(pse0 (0, cw)) - y/p | (4.2)
cos (360 (p, c,w))

'In the framework of this thesis, the model was also extended to distorted skyrmions in the TL Fe/Ir(111),
see Appendix B.1.
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Figure 4.3.: Evolution of the size and shape of skyrmions in PdFe/Ir(111) as
a function of external magnetic field. a-d Magnetic signal of SP-STM differential
conductance maps (calculated by subtracting the non-magnetic reference image (mean of
data at highest positive magnetic field and data at highest negative magnetic field)) with IP
magnetised tip, combined with a gray-scale image of the topography at the magnetic fields
as indicated (the full data set can be found in [Romming et al., 2015, supplemental online
material]). U = +20mV, I = 3nA, Upoq = +2.4mV, T = 4.2K. e The size and shape of
the skyrmion indicated by the box in a is evaluated by a fit with Eqs. (1.25) and (4.2) as
a function of magnetic field. Inset shows geometrical meaning of ¢ and w and of d, which
is numerically calculated; dashed blue line is a fit to d with 1/(B — By). Solid black lines
are obtained theoretically for the fitted set of material parameters A, D, and K (see text).
Error bars correspond to the standard deviation of fit parameters.

in which @360 is the 360°-DW description (Eq. (1.19)) and p = /22 + y? is the radial
distance from the center of the skyrmion located at the origin. Note that within this
model the spin structure of the skyrmion is fully determined by only two parameters, ¢
and w.

The impact of external magnetic fields on the size and shape of a skyrmion becomes
evident in field-dependent SP-STM experiments: Fig. 4.3a-d show the identical area of
an hep Pd/Fe/Ir(111)-island imaged at different external magnetic field strengths. The
colour scale resembles the magnetic contribution to maps of d//dU, and the use of an IP
sensitive tip leads again to the two-lobe appearance of the skyrmions. The decrease of the
skyrmion size with increasing field can be directly seen in the displayed image sequence
(the full data set can be found in |[Romming et al., 2015, supplemental online materiall).
For a quantitative analysis we fit a single isolated skyrmion (black box in Fig. 4.3a) with
our two-dimensional skyrmion model and obtain the characteristic parameters ¢, w, and
thus also d and m (z,y).

The evolution of these parameters with external field is shown in Fig. 4.3e. The diameter
of the skyrmion roughly scales with 1/(B — By), see dashed blue line, in agreement with
numerical calculations [Bogdanov and Hubert, 1994a; Wilson et al., 2014]. While in the

investigated field range, the diameter changes by more than a factor of two, the effect
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Figure 4.4.: Validation of material parameters via micromagnetic simulations.
a Internal spin structure of the skyrmion as described by Eq. (1.19) for the field values
indicated. Inset shows the visualisation of spins with atomic distance as parametrised by
Eq. (4.2); ¢, w given by fits in Fig. 4.3e. b Comparison of experimental and simulated height
profiles across an individual skyrmion (box in insets) for several magnetic field values, and a
fit with Eq. (1.19). Left and right insets show SP-STM experimental data from Fig. 4.3a-d
and micromagnetic simulations, based on the derived material parameters, respectively. The
colour scale of the simulations is adapted to reproduce the experimental data.

on the width of the transition region is only about 25%. Consequently, as can be seen
in Fig. 4.4a, the skyrmion shape changes qualitatively with magnetic field, leading to a
significant decrease in the number of spins with a component opposite to the magnetic
field. This results from a subtle balance of all energies involved, where the Zeeman energy
leads to a compressing force and the DMI stabilises skyrmions against collapse to the

ferromagnetic state.

To assess these underlying interactions for the hep biatomic PdFe layer in the framework
of micromagnetic continuum theory, we establish a connection to the standard micromag-
netic energy functional (Eq. (1.8)), rewritten in cylindrical coordinates |[Bogdanov and
Yablonsky, 1989; Bogdanov and Hubert, 1994a,b; Wilson et al., 2014; Bogdanov and Hu-
bert, 1999; Rohart and Thiaville, 2013]:
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exchange energy

> dg\? , sin?0
Feont = 27Tt/ A () + -
0 dp p

— Kcos’) — BMgcosf }pd,o, (6.2)
—_— N ,

anisotropy energy  Zeeman energy

DM energy
df  sinfcos 0]
- + -
dp p

0|

with the exchange stiffness A, DMI constant D, uniaxial effective anisotropy constant K,
and saturation magnetisation Mg as the material dependent parameters. B, is the external
out-of-plane magnetic field and ¢ is the film thickness. From DFT calculations [Dupé et al.,
2014], we estimate Mg ~ 1.1 MAm™! (see Appendix A.3). The magnetisation profile 6(p)
is given by our experimentally verified skyrmion model, Eq. (4.1). Now for each set of
A, D, K, B the energy functional can be minimised with respect to ¢ and w. These
theoretical curves ¢(B) and w(B) are fitted to the experimentally obtained values for ¢(B)
and w(B) via an error weighted? least square fit with A, D, K as fitting parameters
(Fig. 4.3e). The solid lines are the calculated values of d, ¢, w for A = (2.0 £0.4) pJm™1,
D= (39402 mJm 2 and K = (2.5+0.2) MJm~3 as a function of magnetic field® (best
fit). These parameters are in the range expected for thin-film systems [Dupé et al., 2014;
Simon et al., 2014a], and the agreement of ¢ and w obtained from theory with those from
a fit to the experimental data is evident.

To demonstrate that these derived material parameters can be used to accurately repro-
duce the experimental data, we performed micromagnetic simulations! [Rohart and Thiav-
ille, 2013; OOMMF, 2016]. Figure 4.4b shows height profiles across an isolated skyrmion at
four different magnetic field values. The SP-STM data (black circles), the skyrmion fit with
Eq. (1.19) (red line), and the height profile across the skyrmion in a micromagnetic sim-
ulation (blue dashed) nicely coincide, and the real-space agreement between experimental

data and simulation is demonstrated in the insets to Fig. 4.4b.

4.2. Improvement of the Fit

Despite the good agreement of the micromagnetic simulations with the experimental data,
the material parameters in the previous section were derived from the size and shape of

one single skyrmion during one magnetic field sweep from B = —3T to B = —1T. In this

2The error weighting in this fit was different from the one described in Eq. (1.21). See Appendix A 4.

3For a detailed discussion on these error bars, see Appendix A.5.

“The micromagnetic simulations were performed on a disc with a diameter of 50 nm and a thickness of
4.08 A, using a lateral cell size of 1A x 1A, A central skyrmion was relaxed at every field step with a
Runge-Kutta evolver at 7' = 0 K.
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section, the fitting procedure is extended to more experimental input parameters such as
the zero-field spin spiral period A and the size and shape of a SS segment (360°-DW).

It is known that defects in and on the PdFe film can influence the size and shape of
skyrmions quite significantly [Hanneken et al., 2016]. The local area of the skyrmion
investigated in the previous section contains at least one clearly visible defect and possibly
several subsurface defects or inhomogeneities that define the position of the skyrmion and
have an influence on the size and shape. Also at large |B|, the skyrmion position starts to
fluctuate, leading to a smeared-out contrast and a misestimation of the values for ¢ and w.
As mentioned in Section 1.2.3, the approximation of the spin-polarised signal via Eq. (1.25)
additionally leads to a systematic overestimation of ¢ and w at large |B|. All this leads
to uncertain inputs to the fitting procedure and therefore a possible miscalculation of the
magnetic material parameters.

To demonstrate the variability of the skyrmion size and shape, Fig. 4.5a shows the
skyrmion parameters of the same skyrmion, but now as the mean value of the forward
and backward scan direction and also during a later time of the sweep from B = +1T
to B = +37T. The main difference between the two sets is that going from B = —3T
to B = —1T, the skyrmion size increases, whereas going from B = +1T to B = 43T,
the skyrmion starts large and decreases in size. As evident from the spread between the
respective values at negative field and at positive field, the skyrmion appears not to have
exactly the same size and shape for both directions. A reason could be the skyrmion
moving either on a fast time scale, leading to a smeared-out contrast in the STM images,
or on a slow time scale, leading to a slightly different skyrmion position with possibly
slightly different magnetic interactions.

To make the fit more accurate and reproduce the behaviour of the complete system also
at lower magnetic fields, now all the skyrmion ¢- and w-values from both field and scan
directions are included in the fit up to only |B| < 2.45T. Skyrmion parameters above this
value are excluded due to their unreliability (dimmed colour in Fig. 4.5a). Additionally,
the zero field SS period A as obtained from a sine fit in Fig. 4.5b,c and the domain wall
parameters ¢ and w of the 360°-DW in Fig. 4.5d,e are added as input parameters to the fit
procedure described in Eq. (1.21). Similar to the fit comparing the skyrmion size and shape
to calculated values of ¢ and w via Eq. (6.2), these additional experimental input para-
meters are compared to the calculated values via Egs. (1.15) and (1.20), respectively. The

resulting fit minimising Eq. (1.21) yields these material parameters for hep Pd/Fe/Ir(111):
A=(1.95+£029)pJm !, D=(386+0.55mJm 2, K =(2.50+0.74) MJm3,

with the saturation magnetisation Mg = 1.1 x 10 Am~"! once again fixed as input. These
material parameters correspond to an effective reduced anisotropy value of £k = 1.28 +0.19

(Eq. (1.9)). The material parameters obtained here agree well with the ones obtained by

99



Pd (hep)

Chapter 4. Field-Dependent Size and Shape of Single Magnetic Skyrmions ——

=N

w

N

—

Skyrmion parameters d, ¢, w (hm) o

I
- 1 1 1 1 M 1 -
1 N 1 v I v 1 N 1 N 1 N 1 -
b il from A4, D, K: -
§ 5 c=12nm ¢ R  c=(1.17+006) nm]
% = w=16nm W, W= (1.59£0.10) nm
' b ¥4 7 .-_‘“ e ‘:D"‘( llllll
- 1 1 1 1 1 1 1 -

02 IREN 0,22 -6 4 2 m?nm) 2 4 6
Figure 4.5.: Uncertainty of the material parameter fit. a The size and shape of the
skyrmion indicated by the box in Fig. 4.3a is evaluated by a fit with Eqs. (1.25) and (4.2)
as a function of magnetic field. Each data point is the mean value of the forward and
the backward scan direction. Blue colour corresponds to positive field values, red indicates
negative magnetic field values. b,d Magnetic signal of SP-STM dI/dU maps (calculated by
subtracting the non-magnetic reference image (mean of data at highest positive magnetic
field and data at highest negative magnetic field)) with IP magnetised tip (U = +20mV,
I =3nA, Upoa = +24mV, T = 4.2K) at the magnetic fields as indicated. c,e Line profiles
along the respective rectangles in b,d. Solid line in c is a sine-fit as guide to the eye. Solid
line in e is a fit with Egs. (1.19) and (1.25).

the simpler procedure above using only the skyrmion size and shape and a different error

weighting procedure®.

5See Appendix A .4.
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This extension of the fit procedure originally used in [Romming et al., 2015] to other
experimental input parameters, besides the skyrmion size and shape, now paves the path
to also estimate material parameters for other magnetic systems, as will be shown in
Chapter 5.

4.3. Influence of the Material Parameters on the Magnetic

Properties

For future investigations and applications of isolated skyrmions, it is desirable to accurately
tune their size and shape, as well as further properties, such as the transition fields or
zero field SS period A, according to the respective requirements. Should it be possible
to individually tune each of the magnetic material parameters in a desired direction, it is

imperative to know their impact on those properties.

To demonstrate the influence of changing the material parameters individually, Figs. 4.6a-d
show the skyrmion parameters as a function of magnetic field for the same magnetic mate-
rial parameters A, D, K and M as for hcp Pd/Fe/Ir(111) but with one of them decreased
(red values) or increased (blue values), respectively: The skyrmion diameter d decreases
when increasing any of the parameters except for D, for which, in contrast, a raise leads
to quite a big increase of d. This is counter-intuitive because an increase of D leads to
a reduction of the SS period A. It can be explained, though, by the fact that the bigger
an isolated skyrmion, the more spins are non-collinear, thus the more DMI-energy can be
gained. For the parameter ¢, the same behaviour as for d can be observed. Regarding w,
the impact of a change in any parameter is only comparably small. An increase of A or D

leads to an increase of w, whereas an increase of K or M leads to a decrease of w.

The SS period A is also influenced by changing the material parameters. As expected, A
and D have the biggest (reciprocal) impact, whereas K and M only influence A marginally,
but both the same way. An increase of A, K or M decreases both transition magnetic fields,
whereas an increase of D leads to a raise of the transition fields. The reduced anisotropy
k (Eq. (1.9)) is increased by both an increase of A or K. An increase of D reduces k and

a change of M does not have an influence on k. This is obvious when looking at Eq. (1.9).

Many suggestions for future applications of skyrmions involve FM strips of magnetic
material in a so-called racetrack-geometry with single isolated skyrmions imprinted at ar-
bitrary positions [Fert et al., 2013; Iwasaki et al., 2013; Zhang et al., 2015b,c; Miiller, 2017].
For simplification of the experimental requirements, the ground state at zero magnetic field
should be FM. This corresponds to a value of k > k(E) = 2.5 in Fig. 5.7. To realise such
a magnetic system, starting from the parameters of hcp Pd/Fe/Ir(111), A and K can be

increased to raise k.
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Figure 4.6.: Influence of the material parameters on the size and shape of an
isolated skyrmion. Theoretically obtained curves for the skyrmion size and shape by
minimising the energy of Eq. (6.2) with Eq. (4.2) with respect to ¢ and w for each set of A,
D, K, M and B. Reference values (black) correspond to A = 1.95pJm~!, D = 3.86 mJm~2,
K =250MJm™3, Mg =1.1x105Am™!.

4.4. Literature Overview: International Activities on

Skyrmions

After the initial theoretical predictions of magnetic skyrmions starting in 1989, they were
first observed experimentally as a lattice phase in 2009 by Miihlbauer et al. using neutron
scattering on the helical magnet B20 compound MnSi. Subsequently, many more obser-
vations of skyrmions in various types of systems were reported, including samples with
chiral crystal structure [Yu et al., 2010, 2011, 2012; Jonietz et al., 2010; Minzer et al.,
2010; Adams el al., 2012; Schulz et al., 2012; Seki et al., 2012; Milde et al., 2013; Leonov
et al., 2016], magnetic thin film and multilayer systems [Heinze et al., 2011; Fert et al.,
2013; Romming et al., 2013, 2015; Jiang et al., 2015; Boulle et al., 2016; Moreau-Luchaire
et al., 2016; Woo et al., 2016; Hsu et al., 2017|, polar magnets [Kezsmarki et al., 2015] and
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antiskyrmions in tetragonal Heusler compounds [Nayak et al., 2017]. Depending on the
sample symmetry and the resulting directions of the DMI-vectors, the skyrmions are either
of Bloch- or of Néel-type. The samples investigated in this thesis are thin film systems on
a single crystal. The DMI in such systems prefers Néel-type rotations of spins (see also
Section 1.1.1).

Many possible applications of magnetic skyrmions in storage and computing technology
have been predicted up to now [Kang et al., 2016; Fert et al., 2017], including race-track
(RT)-type storage devices [Parkin et al., 2008; Fert et al., 2013; Sampaio et al., 2013; Zhang
et al., 2015b], skyrmion based logic gates [Zhang et al., 2015a] or skyrmion based transistors
|[Zhang et al., 2015¢|. On the path to realising such proposed devices, many prerequisites
have been proven experimentally up to now, such as their possible creation and annihilation
by currents [Romming et al., 2013; Biittner et al., 2017b|, electric field [Hsu et al., 2017]
or heat [Finazzi et al., 2013, their existence at room temperature [Chen et al., 2015; Jiang
et al., 2015; Moreau-Luchaire et al., 2016; Woo et al., 2016; Soumyanarayanan et al., 2017]
and the possibility for lateral manipulation by electric currents [Jonietz et al., 2010; Yu
et al., 2012; Jiang et al., 2015; Woo et al., 2016]. A promising candidate for the all-electrical
detection of skyrmions is the NCMR [Hanneken et al., 2015; Crum et al., 2015; Kubetzka
et al., 2017].

For the ultimate design of small skyrmions needed in such devices that are stable at
room temperature, ideally without an external magnetic field, it is imperative to be able
to tune each involved material parameter and to develop fast theoretical models to predict
the resulting properties of the skyrmions. Also in this area, quite a few advancements have
been made, including the tailoring of the chirality of domain walls [Chen et al., 2013], tuning
the SOC strength [Shibata et al., 2013] or the strength of the DMI [Soumyanarayanan et al.,
2017]. It was proposed by Dupé¢ et al. to tune the exchange and DMI in multilayer stacks
separately by changing certain interfaces individually [Dupé et al., 2016]. Parts of the
work shown in this chapter and in [Romming et al., 2015] (together with its subsequent
confirmation by [Boulle et al., 2016]) inspired the development of a fast analytical model to
screen the full phase diagrams of isolated skyrmions depending on six material parameters
[Biittner et al., 2017a).
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Chapter 5.

Tuning Effect of Pd on Fe/Ir(111):
Many Stacking Possibilities

As shown in the previous chapters, adding Pd on top of Fe/Ir(111) leads to pseudomorphic
growth of nicely shaped islands with significantly different magnetic states than observed
in Fe/Ir(111). This chapter focuses on the additionally altered magnetism in different
stacking possibilities of Pd on Fe/Ir(111). To roughly quantify the tuning effect of the
Pd on the magnetism of Fe/Ir(111), the flexible fit procedure introduced in the previous
chapter and in Section 1.1.2 is applied to the characteristic magnetic properties available.
The following section first describes the magnetic states of the two possible stackings of Pd
on fcc Fe/Ir(111), validating the new approach at the example of hep Pd on fec Fe/Tr(111).
Then, a short section about Pd on hep Fe/Ir(111) follows, finished by two sections about
the DL Pd on fcc Fe/Ir(111). The magnetism of all the different combinations of Pd
and Fe on Ir(111) differs significantly regarding the periodicity, transition magnetic fields
and magnetic material parameters and their characteristic properties are summarised in

Section 5.5.

5.1. ML Pd in Two Stackings on fcc Fe

Similar to the growth of Rh/Fe/Ir(111), see Section 2.2.4, also Pd can grow in the two pos-
sible stackings on fcc Fe/Ir(111). Figure 5.1a shows a 3D view of SP-STM data of a sample
area exhibiting elongated stripes of both stackings of Pd on fce Fe/Ir(111), colourised with
the simultaneously recorded, spin-resolved d//dU-map. On both terraces, the Fe exhibits
step-flow growth, continuing the fcc stacking of the Ir(111)-sample [von Bergmann et al.,
2006]. The well-known nanoskyrmion lattice with its square symmetry is easily recognis-
able, cf. Chapter 2 and [Heinze et al., 2011]. On the Pd, the different d//dU-signals of
the upper and lower island are caused by the altered electronic structure due to a different
stacking of the pseudomorphically grown Pd. In comparison with previous work showing
atomic resolution [Hanneken, 2015], the brighter (darker) contrast on the upper (lower)
island can be attributed to the hcp (fec) stacked Pd, see also Fig. 5.1b. This assignment
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Figure 5.1.: Magnetic field dependent evolution of ML Pd/Fe(fcc). a 3D view of
a constant-current SP-STM-image (same data as in b) colourised with the simultaneously
recorded, spin-resolved dI/dU-map (Upnoa = 1 mV). b,d-h Constant-current SP-STM im-
ages with the contrast adjusted locally to +15pm. Image g was creep-corrected by sub-
tracting a parabolic plane. Cr-bulk tip, T'=8K, U = +12mV, I;o; = 1nA. ¢ Line profiles
taken along dashed rectangles in bj; linear trends were removed. Dotted lines are cosine-fits
as guide to the eye. Dashed rectangles in d-h indicate the positions of line profiles shown
in Fig. 5.3.

agrees with the fact that the lower (fcc) island is directly connected to the fcc Fe on the
terrace above.

All images that are shown in Fig. 5.1 are recorded with the tunnel parameters of
U = 4+12mV, Iy = 1nA. Under these conditions, the STM tip is expected to have
a negligible effect on the magnetic structures, see Chapter 3 and [Romming et al., 2013].
Figure 5.1b shows an SP-STM image of the sample without an applied external magnetic
field. On both islands (stackings), a periodic modulation along the long directions [Schmidt
et al., 2016] of the islands is visible. The magnetic periodicities are about (7.2 £+ 0.4) nm
and (6.4 £ 0.3) nm for the hep and fec stacking, respectively. These modulations were pre-
viously shown to be caused by cycloidal SSs in the PdFe bilayer, see previous chapters and
[Romming et al., 2013; Dupé et al., 2014; Simon et al., 2014b].

Upon application of an external magnetic field of B = 0.8 T perpendicular to the sample

surface (Fig. 5.1d), the magnetism of the two stackings responds differently. Whereas
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Figure 5.2.: ML Pd/Fe(fcc) at higher bias. a-c dI/dU-maps recorded simultaneously
to constant-current images (not shown). Cr-bulk tip, T'= 8K, It = 1 1A, Upoa = 30mV,
a: U =+600mV, byc: U = +700mV.

in the hep stacking, the SS locally transforms into skyrmions with a few remaining SS
fragments, in the fcc stacking, the SS state remains stable while changing its shape (bright
areas parallel to the field expand, other areas shrink). These trends are continued with
increasing magnetic field (Fig. 5.1e-h). The magnetic state in the hcp stacking exhibits
no spiral fragments at 1.2 T, and only individual skyrmions, pinned at defects, at 1.45T.
For the fcc stacking, the first skyrmions appear at 1.0T, and still two spiral fragments
are left at 1.7T. This leads to the conclusion that the critical fields for phase transitions
from the SS state to the SkX (Bgsg_sk) and from the SkX to the FM (Bgk_ gy ) state are
lower for hep stacking than for fcc stacking. However, the results for the SS period and
the transition fields in Fig. 5.1 could be qualitatively and quantitatively different from
extended films or larger islands due to the narrow elongated stripe shape of the island.
Edge related effects and a change of the effective anisotropy due to a reduced stray field

can have a considerable influence on the magnetic structure.

The absolute values of the critical fields are difficult to extract from the experiments
because the transitions between the different magnetic phases are hindered at low tem-
perature due to pinning, energy barriers related to topology (see Chapter 6) and due to
confinement. Since the images in Fig. 5.1 are taken at low bias, also the tunnelling elec-
trons cannot push the magnetic state towards its thermodynamic equilibrium. Figure 5.2
shows two other islands of Pd/Fe/Ir(111) (hcp stacking for the right one, fcc stacking for
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the left one), imaged at higher bias (U > +600mV) and therefore significantly influenced
by the STM tip, see Chapter 3 and [Romming et al., 2013]. This can in principle change
the magnetic state at a certain field by exciting the state and pushing it over potential
barriers, resulting from confinement, pinning or topology. Also the extracted transition
fields from higher bias measurements can be misleading such as the manipulation by the
tip can have a preferred directionality, see Chapter 3. The transition fields would then be

systematically over- or underestimated.

Nonetheless, together with the low bias measurements, the phase transition fields can
be estimated from Fig. 5.2 for both stackings of Pd/Fe/Ir(111). As evident from Fig. 5.2a,
at B = 0.8T, the fcc island is still mostly in the SS state, whereas the hcp island has
fully completed a transition to the SkX state (ngiSk <0.8T). At B=1.2T, Fig. 5.2b,
the fce stacking exhibits a dense SkX. The transition field for SS to SkX for fcc Pd is
therefore estimated to be at roughly B o = 1T (also comparing with Fig. 5.1e). The
SkX in the hep stacking is already diluted to a certain extent, indicating a transition to
the mostly FM state with individual skyrmions at around BgliEFM < 1.2T. For fcc, this
transition happens above 1.2T. Figure 5.1f, which is also recorded at B = 1.2T, shows
a similar magnetic state of the hcp island, but the fce stacking is still mostly in the SS
state. The last image, Fig. 5.2c, shows a mostly FM state with single skyrmions for both
islands. It is visible that a moderately large number of skyrmions remain, pinned at the
considerable amount of defects for this sample preparation. The transition field from SkX
to FM state with single skyrmions is estimated to be around Béﬁf_FM =14 to 1.7T for
the fcc stacking. The single, pinned skyrmions can survive up to quite high magnetic fields

above 3T [Hanneken et al., 2016], as was seen in the previous chapters.

Estimation of the Material Parameters

As described in Sections 1.1.3 and 4.2, it is possible to estimate the micromagnetic material
parameters A, D and K from the zero-field spin spiral period A (shown in Fig. 5.1¢) and
the shape of 360°-DWs in an external magnetic field; the saturation magnetisation Mg has
to be chosen separately as a fixed input to the fitting procedure'. Figure 5.3 shows several
line profiles across 360°-DWs taken along the dashed rectangles in Fig. 5.1. To extract their
size and shape with sufficient accuracy, combinations of Egs. (1.19) and (1.25) were fitted
to all the 360°-DWs at each magnetic field simultaneously. During this fit, the tip polar
angle 0, the amplitude a and the characteristic 360°-DW-parameters ¢ and w were shared,

whereas their lateral (zo;) and vertical shifts (zp;) were left free. Thus the influence of

!The fit also converges for any Ms to equivalent sets of different values, depending on the initial set of
parameters. To get values that are comparable between different systems, Ms is chosen for all the Pd
and Fe based systems as Ms = 1.1 x 105 Am™*, see Appendix A.3.
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Figure 5.3.: Line profiles of 360°-DWs in the ML Pd/Fe(fcc). a-d Solid lines: Line
profiles taken along the respectively coloured dashed rectangles in Fig. 5.1. Line profiles
are shifted vertically by multiples of 10 pm (hcp Pd) or 4 pm (fcc Pd) and laterally to align
the centres of the first domain walls for better visibility. Dashed lines: simultaneous fits for
each magnetic field with sums of Eq. (1.19) combined with Eq. (1.25). During the fits, the
tip polar angle 6, the amplitude a and the characteristic 360°-DW-parameters ¢ and w were
shared, whereas their lateral (z¢;) and vertical shifts (zo ;) were left free.

single defects is minimised and the parameters ¢ and w are the ones that describe the
complete set of 360°-DWs at one magnetic field best.

The resulting 360°-DW-parameters ¢ and w, as shown in Fig. 5.3, are used together
with the zero-field spin spiral period A, as shown in Fig. 5.1c¢, as input values for a fitting

procedure according to Eq. (1.21). The resulting magnetic material parameter sets are:

hep: A=(26402)pJm~!, D=47+£04)mJm 2 K=(3.2+04)MJm3
fcc: A=B1£07)pJm™l, D=(6.6+20)mJm? K =(8.0+4.0)MJm3,

with Mg = 1.1 x 105 Am~" being fixed as input. This results in reduced material pa-
rameters (as defined in Eq. (1.9)) of £ = 1.5+ 0.2 and k = 2.4+ 0.5 for hcp and fec Pd,
respectively. As evident from the comparably large uncertainties, these results can only
serve as a rough estimate of the material specific parameters. Nonetheless, the comparison
of the values for hcp Pd/Fe/Ir(111) with the ones obtained in Chapter 4 validates this
approach to estimate material parameters from the zero-field SS period and the size and
shapes of 360°-DWs in magnetic fields (360°-DWs were also used in [Kubetzka et al., 2003]

to estimate magnetic material parameters).
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1k ———hcp Pd on fec Fe _
M—&CPdonfche =~
Pd on hep Fe 1 (x2)

———Pd on hep Fe 2

0 5 10 Az (nm) 15 20 25

Figure 5.4.: Pd on hep Fe. a dI/dU-map of Pd/Fe/Ir(111)-sample with fcc and hep Fe
areas. T = 4.2K, I;o; = 300pA, U = +700mV, Upoq = 70mV. Dashed yellow line marks
an Ir step edge. b Line profiles taken along the dashed arrows in a coloured accordingly,
vertically offset by multiples of 0.3 arb.u., Yellow line was scaled by a factor of 2.

One way to assess whether it is reasonable to use the material parameters and with
them the applied model to describe a certain skyrmionic system, is to classify them with
respect to the phase diagram, as derived by Wilson et al. As obvious from the marked k-
ranges in Fig. 5.7, the model works well to describe hcp Pd, because the k-range indicates
a part of the phase diagram, in which the typical phase transitions are expected (SS,
SkX, FM). The respective transition fields can be estimated, following Section 1.1.3, to
Bgss_skx = (0.53 £0.11) T and Bgx_rm = (0.85 £+ 0.27) T, which is in reasonable agreement
with the experimental observations (ngliSk <0.8T, Béll?iFM <1.2T).

In contrast, for the fce stacking the obtained k-range is above the area, in which SkXs
are expected and also in parts above the area, in which SS ground states are expected, in
general. This is a strong indication that this model - including only exchange, DMI and

anisotropy - is not sufficient for capturing all characteristic properties of fcc Pd/Fe/Ir(111).
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5.2. Pd on hcp Fe: Increase of the Magnetic Period

Besides the previously treated fcc growth of Fe at Ir step edges, the Fe can also grow in
hep stacking (see also Chapter 2), leading to another two possible stacking combinations
of Pd/Fe/Ir(111). Figure 5.4 shows the dI/dU-map of a large overview of a particular
sample preparation of PdFe on an Tr(111)-crystal with, in this area, very large terraces
(one visible step edge is marked by the dashed yellow line). Due to kinetic growth of Fe
and Pd, these large terraces lead to a different sample morphology (see Chapter 2). At
the upward step edge, marked by the dashed yellow line in Fig. 5.4, there is a stripe of fcc
step-flow grown Fe. Further away from this step edge, many Fe islands have formed. Since
the Fe is not forced by the fcc Ir edge to continue this stacking, the Fe islands can grow
in either possible stacking, resulting in hcp (here up-pointing triangular shapes) and fcc
islands (here down-pointing triangular shapes) of various sizes. The magnetic ground state
of the hep Fe/Ir(111) is known to be a hexagonal nanoskyrmion lattice [von Bergmann
et al., 2015]. On top of the Fe, there are islands of Pd visible. As known from the previous
section, the Pd also grows in both stackings on the fcc Fe. The well-known SS ground
state with roughly 6 to 8 nm periodicity can be seen as modulations in the SP-STM-image
(Fig. 5.4), despite the low resolution.

In addition to the already known magnetic system Pd on fcc Fe on Ir(111), there are
islands of Pd on hcp Fe visible in Fig. 5.4a. It is already evident from the image that the
magnetic periodicities on these islands are larger. By looking at several line profiles taken
from a number of islands, see Fig. 5.4b, the magnetic periodicity of both stackings of Pd
on hep Fe can be estimated to approximately 10nm and 15nm for the two stackings of
Pd, respectively. Compared to Pd on fcc Fe, this change could be explained by e.g. an
increase of the exchange stiffness or a decrease of the effective DMI. Unfortunately, there
is no additional data on this stacking combination of Pd on hcp Fe. Therefore, the two
possible magnetic systems of Pd on hcp Fe are not investigated in more detail in this work
and no magnetic material parameters can be estimated. Since the occurrence of large hep
Fe patches on a regularly stepped Ir(111)-crystal is quite rare, the following sections focus

on Pd on fce Fe only.

5.3. Pd on fcc Pd/fcc Fe: Skyrmion Lattice up to 7T

As seen on some of the previously shown Pd/Fe/Ir(111) islands, also the second layer of Pd
grows pseudomorphically, adding more possibilities for tuning the magnetism in Fe/Ir(111).
Figure 5.5a shows the topography of a Pd/Fe/Ir(111) sample at high Pd coverage, deposited
shortly after Fe, therefore at elevated temperature. This leads to the growth of hexagonal
to triangular Pd islands on fcc Pd on fce Fe. The stacking of the second layer of Pd

is unknown in this case, although the island shapes suggest that mostly one energetically
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Figure 5.5.: Magnetic field dependent evolution of Pd on Pd(fcc)/Fe(fcc). a
Topography overview STM image of a Pd/Fe/Ir(111)-sample. b Topography image with
contrast adjusted locally to 10 pm. GauR-filtered in y-direction with o = 1.2A. ¢ Line
profile taken along dashed rectangle in b. d-h Topography images with contrast adjusted
locally to +£10pm. Gauf-filtered in y-direction with o = 1.2A. T = 4.2K, I,o; = 1nA, a:
U=+50mV, b: U =+30mV, d-h: U = 4+50mV.

preferred stacking occurs?. Figures 5.5d-h show three small and one larger DL Pd island at
different out-of-plane magnetic fields B. The magnetic states are imaged using the NCMR-
contrast [Hanneken et al., 2015; Kubetzka et al., 2017]. This can be easily identified in

2The small patches of higher height in the large DL island are attributed to the less common other
stacking.
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Fig. 5.5e, as - upon application of a magnetic field - the stripe pattern develops a periodicity
with twice the period of the pattern in Fig. 5.5b,d, which is an expected observation for
spin spirals in magnetic field, imaged with the NCMR. The parts of the SS, which are
(close to) parallel to B, expand and the antiparallel parts compress. Therefore, the SS
locally becomes less or more non-collinear, hence attenuating or enhancing the NCMR,
respectively. Lower signal in the d//dU-maps can therefore be attributed to a higher
degree of non-collinearity. A homogeneous SS with the same magnetisation gradient over
the whole period would not produce a periodic NCMR-signal without magnetic field, since
the degree of non-collinearity is constant. Therefore, one can conclude from Fig. 5.5b-d that
the SS is inhomogeneous, thus being influenced by some considerable effective anisotropy.
From the fact that the bright parts (without magnetic field) grow/shrink upon application
of an out-of-plane magnetic field, these can be attributed to the more slowly rotating
out-of-plane areas of the SS. This leads to the conclusion that the anisotropy is of the
easy-axis out-of-plane type. The magnetic period of the SS is twice the visible periodicity
of the NCMR signal, therefore Apppq &~ 4.6 nm, see Fig. 5.5¢c. At B = 3T, Fig. 5.5f, the
transition field to the SkX state is reached and the first typical doughnut shaped skyrmions
appear (when imaged with the NCMR). At least up to a field of 5T, the SkX prevails,
showing a mostly hexagonal order (disturbed by defects), Fig. 5.5e. Between 5 and 7T,
the magnetic structure undergoes a phase transition to FM alignment of most spins except
for few single skyrmions, pinned at defects and for the remaining SkX in the upper right
island, Fig. 5.5h. This is probably induced by an increased hysteresis effect in smaller

islands and will be discussed in more detail in section 6.3.

Once again, it is attempted to estimate the magnetic material parameters from the
experimental observations. This time, there is no TMR-contrast of 360°-DWs or skyrmions
in magnetic field, but only NCMR-based data, which cannot be used in a straightforward
way to extract their size and shape. Therefore, different characteristic values are used as
input for the fitting procedure based on Eq. (1.21), i.e. the zero field spin spiral period
A = (4.6 £0.3) nm and the phase transition fields Bgs_gx = (3.0 +0.6) T and Bgskx_pym =
(6.0+1.2) T. As mentioned in Section 5.1, the accurate values for the transition fields
are difficult to extract without systematic errors, meaning the results from this fit are
less trustworthy. With these experimental observations as input, the fit converges to two
solutions, one in the k-range between points A and B, and one between points B and C
in Fig. 1.2b. With the same saturation magnetisation as for the MLs Pd/Fe/Ir(111)3, the

material parameters result to:

30f course, the mean saturation magnetisation of the DL Pd on Fe is significantly different from the ML
Pd on Fe. Nonetheless, Ms only has a scaling effect in this fit. The fit converges for an arbitrarily
chosen Mg, with the same k but scaled A, D and K. For a better comparability and since most of the
magnetic moment is located at the Fe, Mg is kept the same here.
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Pd on fcc Pd, k = 0.09 +0.07 :
A=(414+£10)pJm~!, D= (124+2)mJm2 K = (0.554+0.12) MJm™3

Pdon fcc Pd, k=1.1£04:
A=(58420)pJm™!, D= (16+£5mJm 2 K=(14+8)MJm™3

To decide which of the two solutions is the better one to describe the experiment, more
input parameters would be needed. Despite the large uncertainties of these parameters,
the following conclusions can be made: Although the fit converges within the reasonable
k-range of Fig. 5.7, the large D and also its large change compared to the ML fcc Pd on
Fe serve as an indication that the simple model is also insufficient to describe the system
Pd on fcc Pd/Fe/Ir(111) completely.

5.4. Pd on hcp Pd/fcc Fe: Skyrmions at 9T

In this section, islands of the second layer of Pd grown on hcp Pd on fec Fe/Ir(111) are
studied. Figure 5.6a shows the d//dU-map of a sample preparation with a large coverage
of Pd. Besides the previously shown fcc ML Pd, there are also areas of hcp stacked Pd
possible in such samples, as seen as the large, dark ML area on the left side of Fig. 5.6a.
The brighter area on the right corresponds to fcc Pd/Fe/Ir(111). It will be shown in this
section that the magnetism of the DL Pd differs significantly depending on the stacking
of the underlying ML: Pd. The stacking of the second layer of Pd is once again unknown
in this case, although the island shapes and the d//dU-contrast in Fig. 5.6a also suggest
that mostly one stacking occurs.

Figure 5.6¢ shows an SP-STM image of several DL, Pd islands on hcp Pd without an
external magnetic field. By looking at the line profile (Fig. 5.6b), which was taken on the
largest of the islands (rectangle in Fig. 5.6¢), the magnetic period can be estimated to
around 3.4nm. As done previously, together with the magnetic field evolution, the period
can be used to identify the material parameters that are changed by the adlayer.

In Fig. 5.6d, a change of the magnetic structure towards a SkX is starting to appear at
B =1.5T. This is already roughly twice the value for the phase transition field of the ML
hep Pd. After scanning the same area with U = +700mV (not shown), the transition to
a skyrmion lattice is nearly complete (Fig. 5.6e). The approximated phase transition field
Bss_sk ~ 1.5 T could be under- or overestimated due to directed tip-mediated effects (see
Chapter 3 and Section 5.1). Also the following images in Fig. 5.6f-h show skyrmions in
the DL islands at magnetic fields of B = 3T, 7T and 9T. Only at B = 9T (Fig. 5.6h),
the skyrmion density seems to decrease, which indicates an approach of the second phase
transition field at Bgx_py > 9T. This is a remarkably high value compared to previous

experimental results on skyrmionic systems.
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Figure 5.6.: Magnetic field dependent evolution of Pd on Pd(hcp)/Fe(fcc). a
dI/dU-map (Umoa = 17mV) of Pd/Fe/Ir(111)-sample, red dashed rectangle indicates scan
area of images c-h. b Line profile taken along dashed rectangle in ¢ (blue solid line).
Red dashed line is a cosine-fit as guide to the eye. c-h SP-STM images with contrast
adjusted locally to +15pm. Cr-bulk tip, 7' = 4.2K, I;e; = 1.5nA, a: U = —170mV, c-h:
U=+12mV.

The large magnetic field range, in which the SkX is stable and the high transition field
Bsik_rym > 97T can be used to further estimate the tuning effect of the second layer of
Pd. Similar to the fitting procedure in the previous section, the zero field spin spiral
period A = (3.4+0.3)nm and the phase transition fields Bsg_gx = (1.5 £0.4)T and
Bsk—pm = (941 1) T are used to estimate the magnetic material parameters. The fit
terminates at k = 0.32 4+ 0.10, which seems to be the position of the maximum field range
of the SkX in Fig. 5.7, for all random start parameters. Nonetheless, the large spread
between the transition fields cannot be reproduced within this model. The closest fit is
Bss_sk = (2.3+£0.3) T and Bgi_pym = (7.4 +0.8) T for:
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Pdon hep Pd: A= (1.84+0.4)pJm~!, D= (6.7+0.9) mJm2,
(not converged) K = (2.0+£0.2) MJm™3

The failure of the fit to converge for these experimental input parameters suggests that
the simple model including only A, D, K and M is also not sufficient to describe the
system Pd on hep Pd/Fe/Ir(111).

5.5. Summary of Magnetic Systems of Pd/Fe/Ir(111),
Applicability of the Micromagnetic Model

As seen in the previous sections, the stackings of both the Fe layer as well as the additional
Pd layer(s) play an important role in fine-tuning the magnetism of the resulting sample
system. Although one ML of Fe on the Ir(111)-crystal is common to all of the magnetic
systems shown in this chapter, their characteristic properties vary widely. Also in the
sample systems with a DL Pd, skyrmions/SkXs were discovered, even up to a magnetic
field of 9 T. For a better overview, the main properties of the PdFe based systems obtained

from experiments are summarised in Table 5.1.

magnetic system A (nm) Bss-sk  Bsk-rm  section
on Ir(111) (T) (T)
hep Pd/ fecFe | 7.2+£04 0.8 <1.2 51
fcc Pd / feccFe | 6.4+03 1.0 1.4-1.7
Pd/hep Fe | 10—15  — - 5.2
Pd/ fcce Pd/ feccFe | 46+£03 3.0+£0.6 6.0+£1.2 53
Pd /hep Pd/ fecFe | 3.4+03 15+04 >9+1 54

Table 5.1.: Summary of magnetic systems based on Pd and Fe on Ir(111). Char-
acteristic magnetic properties for the Pd and Fe based systems as obtained from experiments
in this chapter.

Several observations can be made when comparing the different systems of Pd/Fe/Ir(111).
The spin spiral period, for example, ranges from 3.4 to 15nm. There is no systematic de-
pendence of the period on the stackings of neither Pd nor Fe. Whereas for the ML, the
period is longer for the hcp stacked Pd, for the DL, the fcc stacked Pd has the longer mag-
netic period. Since the spin spiral period depends on the (frustrated) exchange and the
strength of the DMI, at least one of these interactions has to be different for the different
systems. Since the DMI is expected to stem mostly from the interface between Fe and the
Ir-crystal [Fert and Levy, 1980; Crépieux and Lacroix, 1998; Finco et al., 2016], it should
only be different for Pd on hep Fe/Ir(111). The other systems all share the same interface
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between the fcc Fe and the Ir-crystal and should thus all have a similar size of the DMI.

Hence, the main tuning effect is expected to be via the effective exchange interaction.

magnetic system inputs k AJm™) D(Um™?) K (Jm™3)
on fcc Fe/Ir(111)
Sk 20+04 3.9+0.2 25+0.2
hep Pd |\ DW, Sk 1.95+£0.29 3.86+0.55 2.50 +0.74
A, DW 2.6+0.2 4.74+04 3.24+04
fce Pd A, DW 3.1+0.7 6.6 2.0 8.0+4.0

41+1.0 12+2 0.6 £0.1

Pd / fec Pd A, Br
5.8£2.0 16 £5 14 £8

Pd / hep Pd A, Bt 0.32£0.10 1.8£04 6.7£09 2.0£0.2

Table 5.2.: Summary of material parameters of PdFe based systems. Results
of the fitting procedures according to Eq. (1.21) with the inputs as shown (\: SS period
Eq. (1.15); DW ¢, w: 360°-DW Eq. (1.20); Sk ¢, w: skyrmion size and shape Eq. (6.2); Br:
magnetic phase transition fields Eqs. (1.13) and (1.14)). Green k-value marks a converged
fit to a reasonable result that also describes other characteristic properties well. Orange
k-values indicate satisfactory convergence of the fit but unreasonable results, concerning
other characteristic properties. Red k-value denotes the fit’s failure to reproduce the input
experimental parameters.

Table 5.2 shows a summary of the different fitting procedures applied in this chapter
and the previous one, and their results for the reduced anisotropy k (Eq. (1.9)), effective
exchange stiffness A, DMI strength D and effective anisotropy constant K. As can be
seen from the magnetic material parameters, all of the parameters change significantly
depending on the sample system. Especially the large change in D cannot be real due to
the above stated reasons.

Within the model applied in this chapter, which was originally used by Bogdanov and
Yablonsky to predict the existence of skyrmions, the exchange constant A can only de-
scribe effective ferromagnetic exchange interactions. The model cannot describe spin spi-
rals driven by frustrated exchange or complex shapes of spin spiral energy dispersions (only
parabolic shapes are possible, see below). Depending on which magnetic characteristic is
used as input to the fit and how frustrated exchange influences this magnetic property,
the effect of the frustrated exchange will lead to a misestimation of any of the material
parameters. For instance, in the model, the zero field spin spiral period A depends, besides
A, mostly on D, see Eq. (1.15). Therefore, D would be the parameter that is overesti-
mated to compensate for frustrated exchange. Considering a 360°-DW, only A, K and M

*In principle, the Pd adlayer(s) can also contribute to the DMI directly or can indirectly lead to a change
in DMI due to a different hybridisation of the Fe and the Ir or a different interlayer relaxation. Here,
these changes are considered minor and not sufficient to describe a change in A by a factor of two.
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Figure 5.7.: Phase diagram by Wilson et al. — adapted version of Fig. 1.2b. The
coloured bars at the bottom indicate the obtained k-range from fits to experimental input
parameters with Eq. (1.21) (see text). Adapted with permission from [Wilson et al., 2014].
Copyrighted by the American Physical Society.

determine the magnetic field dependent size and shape (see Eq. (1.20)). Should there be
frustration of exchange interactions in the magnetic system, either of the three parameters

will be estimated falsely.

Another observation when comparing the different magnetic systems in Table 5.1 is the
large spread in the magnetic fields for the phase transitions. These depend on the depth
of the spin spiral energy minimum compared to the Zeeman-energy. In reality, the depth
of the spin spiral energy minimum and with it the transition fields are determined by a
combination of frustrated exchange interactions and the DMI. Within the applied model,
this depth can again only be increased by an increase of D. Large transition fields, caused
by frustration of exchange, therefore again lead to an overestimation of D or cannot be
explained at all, as seen for Pd on hep Pd/Fe/Ir(111).

Summarising the tuning effect of Pd on a ML of Fe/Ir(111), it was shown that (1) the
stacking of the Fe and the Pd is very important and can change the magnetic characteristics
to a significant extent. (2) All of the investigated magnetic systems exhibit a spin spiral
ground state, and it was shown for all but Pd on hep Fe/Ir(111) that they undergo phase
transitions to the SkX and the FM state. (3) The model originally proposed by Bogdanov
and Yablonsky to describe skyrmionic systems is not sufficient for describing all of the
systems coherently. For hcp Pd, the model produces reasonable results and can describe

the magnetic characteristics investigated here. As shown in Chapter 4, it can also describe
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Figure 5.8.: Comparison of the model with spin spiral dispersion calculations.
Energy dispersion of homogeneous SSs including SOC along the high-symmetry direction
I — K with respect to the FM state, performed by the group of Prof. Stefan Heinze,
Univ. Kiel, reprinted by permission from Macmillan Publishers Ltd: [Dupé et al., 2014,
Fig. 4], copyright (2014). The additional parabolic graphs represent the calculated energy
dispersion for a homogeneous SS in the micromagnetic model by Eq. (5.1) with the micro-
magnetic parameters of the various PdFe-layers as indicated.

skyrmions at higher magnetic field. For fcc Pd, the model converges to values outside the
range where SkXs are expected although there is clear experimental evidence for skyrmions.
The material parameters obtained for Pd on fce Pd are within the reasonable range of the
phase diagram, but the values of D and K are unexpectedly high. Finally, the observed
phase transitions for Pd on hcp Pd were not reproducible by the model.

This leads to the conclusion that at least one interaction mechanism, which is not in-
cluded in the micromagnetic model, plays an important role in these systems. As it is
known from DFT calculations [Dupé et al., 2014, 2016; Simon et al., 2014b; Romming
et al., 2016], a possible missing element in the model is the frustration of exchange inter-
actions, which also leads to a SS ground state without the need for DMI. This becomes
particularly clear when looking at the energy dispersion of homogeneous SSs as obtained
by DFT calculations, see Fig. 5.8. Besides the spin spiral energies from DFT and their

corresponding fitted curves with an extended Heisenberg model up to the 10" neighbour,
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the calculated energy dispersions for the material parameters obtained in this and the pre-
vious chapter are added to the graph. Within the micromagnetic model, the energy of a

homogeneous spin spiral is calculated as:

K

\/gazt
Ess/re = <Aq2 —Dqg+ ) :

2

: (5.1)

per Fe-atom. Obviously, within this model only parabolic energy dispersions are possible.
A is responsible for the pitch of the parabola, whereas D shifts it towards the down-right
direction and K only adds a vertical offset. Whereas the energy dispersions within the
simple model can describe the SS energies of FM systems like Co/Pt(111) or Fe/Pd(111)
well, other shapes of energy dispersions cannot be reproduced sufficiently, see Fig. 5.8. It
may well be possible that the energy minimum and its close vicinity are captured by the
micromagnetic model, but the shape at higher ¢ and thereby higher angles between neigh-
bours significantly differs from the energies obtained by DFT. Also a minimum at any
q # 0 can only be produced within the micromagnetic model by D. If the minimum is pro-
duced, contrarily, by e.g. frustration of exchange interactions, it will be falsely interpreted
as a large DMI within the micromagnetic model.

Figure 5.8 and additional calculations from [Dupé et al., 2014; Simon et al., 2014b]
show that indeed frustration of exchange interactions plays a decisive role for the systems
investigated in this chapter, except for hcp Pd/Fe/Ir(111), in which it plays less of a role.
It is therefore not surprising that the micromagnetic model works well for hep but not for
fcc Pd/Fe/Ir(111) or the DL systems.
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Chapter 6.

Novel Magnetic States: Topology and
Edges

Besides spin spirals and skyrmions, there are several other magnetic structures with inter-
esting geometric and topological properties made up of combinations of skyrmions. One
concept to classify non-collinear spin structures and to distinguish between different ones, is
topology. The characteristic topological charge @) of a spin structure, which is essentially a
measure of the magnetisation curvature and the 2D equivalent of the one-dimensional (1D)
winding number, can be defined as:

1 . <8777'L om

_ 1 om  om . 1
Q gy Am 5 < ay)almaly (6.1)

Here A is the area of interest, i is the normalised magnetisation vector and x,y are the
lateral spatial coordinates. Please note that for simplicity, the sign is inverted, compared
to the standard definition, to have @ = +1 (Q = —1) for a regular skyrmion in a field-
polarised surrounding along +z (—z)-direction. This way, a @ with the same sign as the
magnetic field refers to a regular or naturally occurring skyrmionic state with the core
pointing opposite the field, whereas the opposite sign indicates an uncommon state.
Although this definition of topological charge originates in the description of continuous
magnetisation vector fields, it can be adapted to discrete lattices of spins, such as a hexag-
onal arrangement of spins in Pd/Fe/Ir(111). Any three neighbouring spins are chosen in a
counter-clockwise order (e.g. m; in Fig. 6.1a). The topological charge emerging from the
three neighbouring spins is equivalent to the signed area of the spherical triangle with the
corners my, my and m3 on the unit sphere |[Berg and Liischer, 1981; van Oosterom and
Strackee, 1983| (see Fig. 6.1b). The calculation of this area, which is equal to the solid
angle spanned by the three spins, can be facilitated by considering a plane triangle at some
arbitrary point in space [van Oosterom and Strackee, 1983] (see Fig. 6.1b). The solid angle

(2 can then be calculated for the three normalised spins 7721 2 3 via the relation:

tan <Q> _ e (ny X 173) (6.2)
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|-0.005 m +0.005

Figure 6.1.: The concept of topology in discrete magnetism. a Schematic 3D top
view of a skyrmion made up of discrete atomic spins. b Schematic 3D view of three spins
spanning a spherical triangle, which corresponds to the solid angle between them. The
calculation of the area of the spherical triangle can be facilitated by looking at a plane
triangle at an arbitrary point in space; inspired by [van Oosterom and Strackee, 1983,
Fig. 1]. ¢ Artistic 3D representation of the "unit sphere" of discrete spins. d Map of the
topological charge density of the spins in panel a as defined by Eq. (6.3).

The topological charge corresponding to the three neighbouring spins thus equals to:

1
Q (M, My, ms) = o arctan2 (N, D) , (6.3)
T

with N and D the numerator and denominator of Eq. (6.2) [van Oosterom and Strackee,
1983]. Similarly to skyrmions in continuum descriptions, the topological charge of a regular
skyrmion in an extended FM film results in integer values of +1, because the complete unit
sphere of possible spin directions (Fig. 6.1c) is covered. This discrete model for topological
charge can now also be used to describe the topological charge of a small island with open

boundaries. Here, uncompensated topological charges at the edges can lead to non-integer
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6.1. fcc Pd on fcc Fe/Ir(111) at Low Energy

values for the net topological charge of the spin structure of the island.

Figure 6.1d shows such a map of the topological charge density of the skyrmion spin
structure depicted in Fig. 6.1a. The topological charge between three neighbouring spins
is represented by a coloured triangle spanned by the spin positions.

In principle, so-called topological protection does not exist for real magnetic systems. It
is even debated, whether it exists in the continuum description of magnetism: although the
local energy density diverges when for example skyrmions are collapsed to a Bloch-point,
the associated total energy is finite [Feldtkeller, 1965; Biittner el al., 2017a]. Whenever
the topology of an extended magnetic system changes, such a local point of highly non-
collinear spins (similar to a Bloch-point) has to form, resulting in a higher energy or
potential barrier associated with the interactions involved [Cortés-Ortunio et al., 2017].
Instead of topological protection, it is therefore reasonable to speak of topological energy

barriers or potential barriers related to topology.

6.1. fcc Pd on fcc Fe/lIr(111) at Low Energy

In Chapter 5, the different magnetic systems have mostly been looked at in their thermo-
dynamic equilibrium or excited state. Once the magnetic system is deprived of the energy
needed to overcome e.g. topological barriers, a magnetic field induced transition of, for
example, spin spirals to a SkX will be suppressed. This can be achieved by cooling the
sample to even lower temperatures and using non-disturbing tunnelling parameters (low
bias and current, see Chapter 3). Figure 6.2 shows topography images of fcc Pd islands on
fcc Fe at a temperature of T' = 2K, recorded at low bias voltages. Images a and b show
the same island at magnetic fields of B = 0T and +1.75T, respectively. At the latter
magnetic field, the system is expected to be in the SkX to FM state (see Section 5.1).
Contrary to that, only very few single skyrmions are visible and still individual 360°-DWs,
see Section 1.1.3, are present, pinned to defects and edges. This can be explained by the
different topology of spin spirals (Q = 0) and skyrmions (@ = +1). To make a transition
from one to the other, topological charge has to be created (annihilated), meaning locally,
spins have to become highly antiparallel (Bloch-point) and thus exchange and DMI have
to be paid. If the available energy from the thermally excited electron bath of the sample
or from tunnelling electrons is not sufficient to overcome this barrier, skyrmions are not
created or annihilated in an extended film.

This barrier to create topological charge is lower at edges of the magnetic film [Cortés-
Ortunio et al., 2017]. Here, it is possible to continuously wind the magnetic structure
without the need for a Bloch point. Figures 6.2c and d respectively show the spin structure
and topological charge density of a 360°-DW terminating at an open boundary, just before

depinning by a magnetic field. The DMI induces a tilting of spins at an island edge or
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Figure 6.2.: Pd(fcc)/Fe(fcc) at 2K: Meta-stable states at low T. a,b SP-STM
images with the contrast adjusted locally to 10 pm. Measurements conducted together
with Dr. André Kubetzka, Univ. Hamburg. Cr-bulk tip, T" = 2.2K, I,y = 1nA, U =
+100mV. ¢ Schematic 3D top view of a simulation performed by the group of Prof. Hans
Fangohr, Univ. Southampton of a PdFe island with one 360°-DW between two straight edges
at B = +3.3T (details in Appendix A.2). d Map of the topological charge density of the
spins in ¢, calculated according to Eq. (6.3). e Simulation as in ¢ but at B = +3.4 T after
depinning of the 360°-DW from the edges. £ Map of the topological charge density of the
spins in e, similar to d.

open boundary [Rohart and Thiaville, 2013]. This is simply due to missing atoms on the
other side, which would compensate this effect. It is evident from Fig. 6.2c and d that,
in combination with the external magnetic field, this edge tilt starts to form a skyrmion-
like termination of the 360°-DW. As soon as the critical magnetic field for depinning
360°-DWs from island edges is overcome, a single 360°-DW can detach from two edges,
creating enough topological charge in the process to form one single skyrmion, Fig. 6.2¢,
f. For a real sample with inhomogeneities and pinning defects, it is also imaginable that
the 360°-DW only detaches from one side and then annihilates at the other side. This can
explain the direct transition of the SS in Fig. 6.2a to a mostly ferromagnetic alignment
with very few skyrmions present in Fig. 6.2b.

Also in Fig. 6.2b, a section of a 360°-DW pinned between two defects is visible (red
arrow). Such a segment already has the same topological charge as a skyrmion and can
be seen as the transition snapshot of a single 360°-DW depinning from two edges before
contracting to one skyrmion.

A similar suppression of the expected phase transitions can also be seen in Fig. 6.3a and
b. Once again, the temperature is reduced to T = 2K and the bias voltage is chosen to a
comparably low value of U = +200mV. Figure 6.3a shows the Pd/Fe island at B = —1.5T
after scanning it at higher bias of U = +1V; thereby mostly pushing its magnetic state
to the SkX, see Chapter 3. Figure 6.3b, shows the same island, but at B = +1.5T closely
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Figure 6.3.: Pd(fcc) /Fe(fcc) at 2K: Spin spiral junctions. a,b SP-STM images with
contrast adjusted locally to 20 pm. Before a, the area was scanned with up to +1V and
5nA. In between the images, the field was swept up. Measurements conducted together
with Dr. André Kubetzka, Univ. Hamburg. Cr-bulk tip: the tip magnetisation reversed
with the magnetic field, because there was probably a cluster at the apex of the tip with
a net magnetic moment. T = 2.2K, Iy, = 1nA, U = +200mV. ¢ Schematic 3D top
view of simulation performed by the group of Prof. Hans Fangohr, Univ. Southampton of
a PdFe island with one skyrmion at B = —1.3 T (details in Appendix A.2). d Map of the
topological charge density of the spins in ¢, calculated according to Eq. (6.3). e Simulation
of a PdFe island at B = +1.9T, similar to ¢ but started from a 5-skyrmion configuration
at B =—2.5T. f Map of the topological charge density of the spins in e, similar to d.

after changing the magnetic field, without disturbing the magnetic state by tunnelling with
higher bias than U = +200mV. The tip magnetisation reversed with the magnetic field
and therefore shows areas parallel to the magnetic field as dark areas in both images. The
resulting magnetic structure in Fig. 6.3b differs considerably from the one in a. Instead
of skyrmions, the island is dominated by a network of 360°-DWs enclosing areas of spins

parallel to the magnetic field.

This, once again, likely has its origin in the topology of the different magnetic states.
The SkX in Fig. 6.3a possesses an integer topological charge of Q = —1 for every skyrmion
in the island with B = —1.5T, see Fig. 6.3c and d. A direct transition to a corresponding
SkX at positive magnetic field, i.e. B = +1.5T, would need a change in topological charge
of AQ = 42 for each skyrmion in the lattice. This process is similarly hampered, since the
energy needed to overcome the potential barriers between the topologically different states
is not supplied. Instead, the island in Fig. 6.3b develops a combination of topological-
charge-less 360°-DWs and junctions of 360°-DWs with () = —0.5, see Fig. 6.3e and f. Since
there is no regular skyrmion with ) = +1 visible in Fig. 6.3b, the net topological charge in

the island can be safely estimated to still be negative and therefore topologically closer to
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Figure 6.4.: Confined Pd(hcp)/Fe(fcc). Spin-resolved dI/dU-maps of an hep Pd island
on an fcc Fe/Ir(111) sample at different magnetic fields. Contrasts for all images are adjusted
to the same values of [0.6 2.6] arb.u. Cr-bulk tip, T = 4.2K, I;x = 1nA, U = +610mV,
Umoda = 38 mV. The values for the topological charge @) were estimated from comparing the
images to magnetic states in Fig. 6.5 and neglecting edge tilt.

the SkX at negative field than to a regular SkX expected at B = +1.5T in thermodynamic
equilibrium. Both these measurements at reduced U and T suggest that most topological

transitions take place at the island edges.

6.2. Confined ML hcp Pd/Fe/Ir(111)

The relative influence of island edges compared to the interior becomes more important
when looking at small islands of Pd/Fe/Ir(111). To get well defined results that are re-
producible by simulations, it is advantageous to look at regularly shaped hcp Pd islands
on fce Fe, since for this stacking, the magnetic material parameters are known from pre-
vious experiments (see [Romming et al., 2015] and Chapter 4), and Chapter 5 suggests
that this system is well described within the continuum model. This way, spin-dynamics
simulations are expected to yield results that describe the experiments well. A well-defined
growth of the desired islands is possible by the right combination of temperatures during
the preparation process (see Chapter 2).

Figure 6.4 shows spin-resolved d//dU-maps of one nearly hexagonal hcp Pd/Fe/Ir(111)-
island at different magnetic fields. Since a Cr-bulk tip was used and the images are recorded
at a bias of U = +610mV, which is close to the main NCMR-peak [Hanneken et al.,
2015], the contrast visible is governed by a combination of TMR and NCMR. Due to the
considerable bias voltage, the sample is prone to be influenced by the STM tip during
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scanning, see Chapter 3 and [Romming et al., 2013|. This can be seen in Fig. 6.4e and f,
which are both recorded at the same magnetic field, but the magnetic structure changed

in the meantime due to tip-mediated effects.

Figure 6.4a shows the magnetic virgin state of the island with a SS running in a diagonal
direction, having a SS period of about 6 nm. From Section 5.1, the propagation direction
of the SS ¢ would be expected to run parallel to the longest edges or along one of the
high symmetry directions [Schmidt et al., 2016]. Obviously, this is not the case here, but
instead the SS seems to bend to accommodate the many edges and corners in the close
vicinity. [t is also conceivable that this particular propagation direction is a result of the

relation between the SS wavelength and the island diameter.

Figures 6.4b-d show the evolution of the magnetic state with changing magnetic field
up to B = 44T, including a mixed state of 360°-DW, a single skyrmion and incom-
plete skyrmions at the edges (Fig. 6.4b), a single skyrmion (Fig. 6.4c) and the FM state
(Fig. 6.4d). Figures 6.4e, f show the magnetic state after passing through zero magnetic
field at B = —0.5T. Just like in Section 6.1, the magnetic structure is dominated by a
network of 360°-DWs and their junctions, and is thus expected to have topological charge
of @ > 0. This will be discussed in more detail below. With increasing |B| to B = —1.25T
and B = —1.6'T, the magnetic state transforms to one junction of three 360°-DWs and
then to a single 360°-DW, respectively.

Figure 6.5 shows the results of atomistic simulations performed by the group of Prof. Hans
Fangohr, Univ. Southampton (see Appendix A.2 for methods) for the island shape seen
in the experiment, with different starting configurations and at different magnetic fields.
Since the island of Pd/Fe/Ir(111) is surrounded by Fe/Ir(111), which exhibits a highly
non-collinear nanoskyrmion lattice state on the length-scale of 1 nm, the potential mag-
netic coupling to the Fe/Ir(111) is neglected for simplicity (open boundaries are used).
Any changing magnetic material parameters due to a different LDOS near island edges
are also neglected. For each configuration, the Figure shows the spin alignment and the
corresponding local topological charge density. As evident from the topological charge val-
ues @, the sum of all topological charges does not need to be an integer value, when open
boundaries are involved. For example the FM island in Fig. 6.5e, f should be topologically
trivial, i.e. have the topological charge of ) = 0. But instead there is a residual value of
@ = —0.15, which is due to the tilting of spins at the island edges, which is induced by the
uncompensated DMI at open boundaries. This is also the cause for Q = +0.90 < 1 for the
single skyrmion in Fig. 6.5¢, d. This shows that the topological charge, induced by the edge
tilt, possesses the opposite sign of the topological charge of a regular single skyrmion in a
field-polarised surrounding. This is also corroborated by the negative topological charge

of the FM alignment in Fig. 6.5e, f along the +z-direction.
Neglecting small (|Q| < 0.2) contributions induced by the edge tilt, it is possible to
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Figure 6.5.: Pd(hcp)/Fe(fcc): Topological charge of simulated magnetic states.
a,c,e,g,i,k Schematic 3D top views of simulated magnetic states (performed by the group
of Prof. Hans Fangohr, Univ. Southampton, details in Appendix A.2) at different magnetic
fields with different histories and start configurations. b,d,f,h,j,1 Maps of the topological
charge density of the spins in a,c,e,g,i,k, respectively, calculated according to Eq. (6.3).
Blue/red contrast adjusted to £0.0008 7 (colour code according to Fig. C.1b).

discuss the different magnetic states in Fig. 6.5, which are similar to some of the states in
Fig. 6.4, regarding their topology. The magnetic structure in Fig. 6.5g, h, which resembles
qualitatively the one in Fig. 6.4e, possesses a topological charge of roughly @ ~ +2.5. This
can be explained by simply counting the 5 triple-junctions of 360°-DWs with a topological
charge of Q = 40.5 each. Another way to look at this structure is to regard the 360°-DWs
as the FM surrounding along +z-direction (green area in Fig. 6.5g) and then count one
skyrmion in the center with Q = +1 and 5 fractions of skyrmions around the outside with
Q~ +13—0 each. Similarly, the magnetic structure in Fig. 6.51, j can (topologically) be seen
as one triple-junction with @@ = +0.5 or as 3 skyrmion fractions with Q ~ —i—% each.
Interestingly, the lollipop-shaped spin structure in Fig. 6.5k, 1 has the same topological
charge as the triple junction, although it contains a skyrmion in the center. This can be

understood if the center skyrmion with ¢ = +1 is seen as embedded in a larger skyrmion
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with Q = —1. They compensate the topological charge of each other except for —%
topological charge, which is transferred from the outer skyrmion via the 360°-DW to the
island edge and lost there. Another way to look at it, is to once again count the triple-
junction of 360°-DWs with @) = 40.5 and regard the green ring on the right side as one
bent 360°-DW with @ = +0. If a 360°-DW is not straight, but bent around a corner,
topological charge is gained on one side, but compensated by a loss on the other side, see
Appendix B.1. With this knowledge, it is possible to assign estimates of the topological
charge to the magnetic structures observed in the experiments as shown in the labels of
Fig. 6.4, without calculations.

Except for the unusual SS direction, confinement of the ML Pd did not lead to signif-
icantly new magnetic states compared to the previous measurements in more extended
islands. They provide, however, a good model system to directly compare high-resolution
experimental data with real-space atomistic simulations, and most of the characteristic
states that are observed experimentally can be reproduced by the simulations. The con-
cept of topological charge provides an appropriate method to classify magnetic states into
common states like skyrmions (sgn (@) = sgn (B)) and uncommon states like domain wall
networks (sgn (Q) # sgn (B)), with @ as defined in Eq. (6.1) or (6.3). It is observed that
the uncommon states usually appeared after an inversion of the magnetic field via a sweep

through zero.

6.3. Confined DL Pd/Fe/lr(111): The Target Skyrmion

Another system exhibiting well defined, confined structures is the DI, Pd on Fe/Ir(111).
Besides the different magnetic material parameters (see Chapter 5), the main difference
to the previous section is the surrounding of these islands being Pd/Fe/Ir(111) instead of
Fe/Ir(111). This is discussed in more detail in Section 6.4. Figure 6.6 shows the same
area at the same magnetic field of B = 43T, imaged with the NCMR contrast, see also
Section 5.3, but with different histories. Before Fig. 6.6a, the magnetic field was swept
up from B = 0T. Figure 6.6b, on the contrary, is recorded directly after sweeping down
the magnetic field from B = +77T, ¢ and d are recorded subsequently. Between a and c,
no major change in the magnetic state is visible, whereas between images b and d, small
changes occurred (in the large island). The changes may be explained by either a delayed
relaxation of the magnetic state towards its thermodynamic equilibrium or a non-negligible
influence of the STM tip with tunnelling parameters of U = +50mV, Iy = 1nA. When
comparing the magnetic states of the bigger island to the ones of the smaller islands, it
becomes apparent that hysteresis is more pronounced in the small islands. In Fig. 6.6c,
the two right islands still show the SS state, whereas in Fig. 6.6d, they are FM. In the big

island, contrarily, the mixed state of spin spirals with skyrmions prevails for both images.
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Figure 6.6.: Pd on Pd(fcc)/Fe(fcc): Discovery of the target skyrmion. a-f STM
images of Pd islands on fcc Pd/Fe/Ir(111) with contrast adjusted locally to £10 pm. Gaufs-
filtered in y-direction with o = 1.2 A, creep corrected by subtracting a parabolic plane fit.
Cr-bulk tip, T = 4.2K, Isst = 1nA, U = +50mV, B = +3.0T for all images. Panel a is
identical to Fig. 5.5f. Between images c,d and e,f, respectively, the area was scanned with
U =41V, Iyt = 3nA (not shown).

Figures 6.6e and f are recorded following c and d, respectively, but only after a scan of
the same area with U = +1V, It = 3nA (not shown). The application of higher energy
tunnelling electrons is known to affect the magnetic state of a sample, see Chapter 3 and
[Romming et al., 2013; Hsu el al., 2017], which is also obvious from the comparison of
images c to e or d to f. The big island and the central island are transformed more towards
the pure SkX state for both starting conditions, whereas in the small islands different
transitions are visible. Starting from the SS state (the two right islands in Fig. 6.6c), the
propagation direction in the upper island is rotated, whereas the lower island undergoes

a transition to a so-called target-skyrmion-like state (explained in the next paragraph).
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[ Q=0

Figure 6.7.: Topological charge and STM contrast of a target skyrmion. a
Schematic 3D top view of simulated atomic spins (simulated by the group of Prof. Hans
Fangohr, Univ. Southampton, details in Appendix A.2) started from a manually defined
target skyrmion state. b Map of the topological charge density of the spins in a, calculated
according to Eq. (6.3). Blue/red contrast adjusted to £0.00157 (colour code according to
Fig. C.1b). ¢ STM simulation (see Section 1.2.2) of the NCMR contrast (approximated by
a linear dependence on mean angle to nearest neighbours) of the spins in a; zp = 0.8 nm.

Starting from the FM state (two right islands in Fig. 6.6d), both islands transform to a
state very similar to a target skyrmion.

The target skyrmion |Leonov et al., 2014; Beg et al., 2015; Liu et al., 2015] or multi-
m-skyrmion [Bogdanov and Hubert, 1999; Rohart and Thiaville, 2013] is a skyrmion-like
magnetic structure with additional radially symmetric windings of the spins. The special
case with two full windings across the center, the 27-skyrmion, also called the skyrmionium
|Komineas and Papanicolaou, 2015; Zhang et al., 2016], can be seen in Fig. 6.7a. Originally
predicted as another solution of the radially symmetric micromagnetic energy functional
that was also used to investigate skyrmions [Bogdanov and Hubert, 1994b, 1999|, the
novel magnetic structures were also found by micromagnetic simulations both in confined
nanostructures [Rohart and Thiaville, 2013; Leonov et al., 2014; Beg et al., 2015; Liu et al.,
2015] as well as in extended films [Komineas and Papanicolaou, 2015; Zhang et al., 2016].
Additionally, first experimental evidence of the existence of skyrmioniums was given by
Finazzi et al. [Finazzi et al., 2013].

These topologically trivial magnetic structures, skyrmioniums, are said to have special
properties regarding their dynamics under STT influence [Komineas and Papanicolaou,
2015; Liu et al., 2015; Zhang et al., 2016]. Compared to skyrmions as data carriers in
proposed racetrack-like memory devices, target skyrmions possess some advantages. Skyr-
mions are prone to the skyrmion Hall effect (SkHE) and experience an additional accel-
eration perpendicular to the current direction, which is caused by its integer topological
charge @ = £1. Target skyrmions with @) = 0 (skyrmioniums), on the contrary, are made
up of one skyrmion with Q = F1 embedded in one skyrmion with () = +1, thus being
topologically trivial, see Fig. 6.7b, and not susceptible to the SkHE. Instead, a target

91



Chapter 6. Novel Magnetic States: Topology and Edges

skyrmion moves along the track in a straight line, without significant deformation for low
current and with a stretching deformation along the perpendicular direction at high cur-
rent |[Zhang et al., 2016]. Furthermore, it was shown by Zhang et al. that, for current
applied perpendicular to the plane, the target skyrmion moves significantly faster than
a skyrmion |Zhang et al., 2016]. It was predicted by Komineas and Papanicolaou [2015]
that the skyrmionium acquires a momentum when moved by ST'T and carries on without
current.

Figure 6.7c shows an NCMR-simulation of the target skyrmion as depicted in Fig. 6.7a.
Originating from the easy-axis anisotropy, the spins rotate faster over the in-plane direc-
tion, leading to an increased NCMR-contrast and thus to the ring-like contrast seen in
the experiment. The simulated image does not agree with the experiments (Fig. 6.6e, f)
completely, because in the experiment, there are no perfect target skyrmions, but rather
lollipop-like spin structures like in Fig. 6.5k. It remains unclear from this set of experi-
mental data whether the center of the structure points along the magnetic field or in the
opposite direction. It is more likely, though, that the outer ring points along the field,
then a ring of spins with the opposite direction follows and the center points along the
field again. This way the largest number of spins is aligned with the magnetic field direc-
tion, thus gaining the most Zeeman-energy. Also, the outer ring would then be parallel to
the mostly FM surrounding Pd/Fe/Ir(111). The observation of target-skyrmion-like struc-
tures in the DL Pd on Fe/Ir(111) might therefore be facilitated by the existing boundary

conditions, which is discussed in more detail in the next section.

6.4. Comparison of Boundary Conditions

As mentioned above, the two systems Pd/Fe/Ir(111) and DL Pd on Fe/Ir(111) differ from
one another not only in their magnetic material parameters, but, when it comes to confine-
ment, also in their boundary conditions. This is simply a result of the different materials
surrounding the respective island. Whereas the DL system is surrounded by extended
areas of Pd/Fe/Ir(111) with its corresponding phase transitions, the ML Pd is surrounded
by the highly non-collinear nanoskyrmion lattice, which does not change its state upon
application of an external magnetic field. Since the magnetic period of the nanoskyrmion
lattice of about 1nm is small compared to the magnetic period of Pd/Fe/Ir(111) of about
7nm, the surrounding is assumed being non-magnetic (no net magnetic moment on the
length scale of interest), leading to no significant coupling of the ML Pd/Fe/Ir(111) to the
surrounding Fe/Ir(111)". These edges are simply modelled by open boundaries. Assuming

11t should be noted that FM islands can couple to the nanoskyrmion lattice, leading to certain orientations
of the nanoskyrmion lattice with respect to the island and with a net magnetic moment at the edge
[Hagemeister et al., 2016]. It is, however, more likely that the FM Pd/Fe/Ir(111)-island is imposing
this alignment onto the Fe/Ir(111) than vice versa.
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Figure 6.8.: The role of edge conditions for the existence of target skyrmions.
a Sketch of the surrounding magnetic material of PdFe-islands (nano-skyrmion lattice in
fce Fe/Ir(111)). b Sketch of the changed situation for the DL island surrounded by PdFe,
which is FM in a high external magnetic field. ¢,d (SP-)STM topography images of fcc
Pd/Fe/Ir(111) with DL islands on top with the contrast adjusted locally to £10 pm. Gauf-
filtered in y-direction with o = 1.2 A. Cr-bulk tip, T = 42K, Iy = 1nA, U = +50mV.

constant magnetic material parameters over the whole island, the spins are expected to tilt
at the open boundary edges [Rohart and Thiaville, 2013; Beg et al., 2015; Hagemeister,
2016], gaining DMI-energy, see Fig. 6.8a and Section 6.5. The edge tilt at open boundaries
also leads to a preferred propagation direction of the spin spirals in Pd/Fe/Ir(111) parallel
to edges [Hagemeister, 2016].

For the DL Pd on Fe/Ir(111), on the contrary, the surrounding Pd/Fe/Ir(111) undergoes
several phase transitions. Without magnetic field, it exhibits a SS with a similar period
(= 7Tnm) as the DL Pd on Fe/Ir(111) with a period of roughly 4.5nm. Figure 6.8c shows
indications for a general trend of the spin spirals in the ML and in the DL to run parallel
to each other. This is probably caused by a coupling of the two different spin spirals
with similar periods at the interface between ML and DL Pd/Fe/Ir(111). At an external
magnetic field of 43T, the surrounding Pd/Fe/Ir(111) is mostly FM, see Fig. 6.8d. Any
spin at the island boundaries that is not aligned with the FM surrounding along the
external magnetic field will lead to an increase in energy, thus imposing a FM boundary
condition on the islands, see Fig. 6.8b. Any non-collinear ordering along the edges (e.g. SS
propagating along the edge or half a skyrmion at the edge) is therefore unfavoured by
the boundary condition. However, target-skyrmion-like states as in the two right islands
in Fig. 6.8d can satisfy this boundary condition if the outer ring is pointing along the

external magnetic field. It can be speculated that this FM boundary condition is actually
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Figure 6.9.: Edge tilt in hcp Pd/Fe/Ir(111). a-d Spin-resolved dI/dU maps of a
Pd/Fe/Ir(111)-island (forward scan direction). e Line profiles along the dotted rectangles
in a-d (solid lines: positive magnetic field, dashed lines: negative magnetic field). Dotted
lines show the respective difference between line profiles taken at positive and at negative
magnetic field. f Calculated magnetisation component along the profile direction my as
dotted lines. For the calculation of my, the tip direction is given by the 2D fits to the
skyrmion with the polar angle 6t = 78" and the azimuthal angle ¢ = 35° (see also arrow in
a). The profiles are chosen along o« = 75°. The solid lines represent the my-component of
simulated data by the group of Prof. Hans Fangohr, Univ. Southampton (see Appendix A.2)
of a Pd/Fe/Ir(111)-island with an open boundary (inset shows top view representation of
spins at B = 1.2T, corresponding to the blue solid line).

the reason for the observation of target-skyrmion-like states in the DL Pd but not in the
ML Pd on Fe/Ir(111) system.

6.5. Experimental Observation of the Edge Tilt

For magnetic systems with considerable DMI, it is known from theoretical calculations
that spins tilt at island edges (see inset in Fig. 6.9f), due to the uncompensated DMI at
open boundaries (see Section 6.2 and e.g. Refs. [Rohart and Thiaville, 2013; Hagemeister,
2016]). The data recorded during the magnetic field sweep of Chapter 4 with an IP tip
permits a high resolution experimental observation of this DMI-induced tilting of spins at
island edges.

Figure 6.9a-d shows four exemplary raw data dI/dU maps from the magnetic field sweep
shown in Fig. 4.3 and in [Romming et al., 2015]. Figure 6.9e shows line profiles over the
edge of the Pd/Fe/Ir(111)-island, taken along the rectangles marked in Fig. 6.9a-d, at
positive (solid lines in Fig. 6.9¢) and at negative magnetic field (dashed lines in Fig. 6.9¢).
The difference between data at positive magnetic field and data at negative magnetic

field is shown as dotted lines, representing the magnetic signal, while the electronic and
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structural contrasts cancel. Figure 6.9f displays the calculated magnetisation component
my along the profile direction as dotted lines. The solid lines in Fig. 6.9f represent the
myx-component of simulated data by the group of Prof. Hans Fangohr, Univ. Southampton
(see Appendix A.2) of a Pd/Fe/Ir(111)-island with an open boundary (inset shows top
view representation of spins at B = 1.2T, corresponding to the blue solid line). Although
the simulations do not include a possible change of the magnetic material close to the edge
due to a change of the electronic structure, the agreement with the experimental profiles is
remarkable. As evident from the profiles and the calculated magnetisation component my,
DMI indeed leads to a considerable tilting of spins at open boundaries of up to g 30° with
respect to the surface normal. The negligible difference between the profiles at B =1.2T
and B = 2.4 T shows the comparably small influence of the external magnetic field on the
edge tilt.

95






Chapter 7.

Tuning Fe/lr(111) with Rh

In the previous chapters, the impact of Pd overlayers on the magnetic state of Fe/Ir(111)
was discussed. For comparison, the second element used here to tune the magnetic state
of Fe/Ir(111) is Rh. This chapter describes the magnetism of both stackings of Rh on Fe
individually, starting with fcc. Since the magnetism of hcp RhFe seems to be more compli-
cated, the corresponding section offers spin-resolved and spin-averaged measurements, an
analysis of observed Moiré patterns as well as a possible explanation for a propagation of
the periodic magnetic structure in a non-high-symmetry direction. Finally, the underlying
magnetic interactions in Rh/Fe/Ir(111) are briefly discussed in the context of spin spiral

dispersion calculations obtained from DF'T by the group of Prof. Stefan Heinze, Univ. Kiel.

7.1. fcc Rh/Fe/lr(111)

As shown in Section 2.2.4, Rh islands of both stackings grow pseudomorphically on Fe/Ir(111).
Figure 7.1a shows an SP-STM measurement of an fcc Rh/Fe/Ir(111) island with a cosine-
like modulation with Age /=~ 1.5nm period, Fig. 7.1c, which is a typical indication for
homogeneous spin spirals (see Fig. 7.1b), imaged with SP-STM [Wiesendanger, 2009; von
Bergmann et al., 2014]. As visible in the overview image (Fig. 7.1d), this modulation oc-
curs in the three possible rotational domains with the propagation direction ¢ strictly along
the (112) directions. The spin spirals are expected to be cycloidal due to the interface-
induced DMI [von Bergmann et al., 2014] (sketch in Fig. 7.1b, also cf. Section 1.1.1). In
Fig. 7.1d, we find different magnetic signal amplitudes for different propagation directions,
which is consistent with SSs and means that the tip has an in-plane component [Hsu et al.,
2016]. It should be noted that there is an apparent correlation between the overall is-
land shapes and the preferred propagation direction of the spin spirals along the longer
direction of the islands, comparable to the preferred propagation direction of the spin spi-
rals in Pd/Fe/Ir(111), possibly caused by a coupling to the island edges [Romming et al.,
2013; Schmidt et al., 2016]. The magnetic structure does not respond to fields of B =9T
[Romming, 2013|. Compared to the magnetism of Fe/Ir(111), the fcc Rh adlayer changes

the square nanoskyrmion lattice state to a cycloidal spin spiral with an increased period
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Figure 7.1.: Magnetism of fcc Rh/Fe/Ir(111)-islands. a SP-STM constant-current
image of an fcc Rh/Fe/Ir(111)-island measured with a magnetic Cr-tip (contrast level ad-
justed locally to £20pm). Red lines mark the (110) directions (close-packed rows), as
obtained from straight island edges (T = 8K, U = +30mV, Iy = 1.0nA). b Sketch of
a homogeneous, cycloidal SS with Ag.. = 1.5nm along the I' — M i.e. the [112] direction. ¢
Line profile along the rectangle in a. Solid line is a fit with a cosine-function as a guide to
the eye. d SP-STM constant-current image with an in-plane magnetised Fe/W tip, contrast
levels adjusted locally on the Rh/Fe/Ir(111)-islands to +20 pm, orange rims mark the hcp-
islands. Red lines mark the (110) directions (close-packed rows), as obtained from straight
island edges (T = 8K, U = 600mV, [y = 1.5nA.)

of 1.5nm (compared to 1nm in Fe/Ir(111)). A possible explanation could be that the
higher-order exchange interactions are suppressed or negligible due to a deep spin spiral

energy minimum.

7.2. hcp Rh/Fe/Ir(111)

Regarding hep Rh/Fe/Ir(111) islands (Fig. 7.2), also periodic stripes with a slightly differ-
ent period of (Apep ~ 1.1 nm) are visible, but it becomes directly evident that the magnetic

structure differs from the one in fcc islands in several aspects: The propagation direction
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Figure 7.2.: Magnetism of hcp Rh/Fe/Ir(111)-islands. a SP-STM image of an hcp
Rh/Fe/Ir(111)-island measured with a mostly OOP magnetic Cr-tip (contrast level adjusted
locally to +20pm). b Zoom-in to the area marked by the dashed rectangle in a. The
area enclosed by the green dotted line exhibits one singular tilted domain. Inset shows a
4nm~! x4nm~! cut-out of the FFT of the data in b. Red dotted circles mark spots caused
by SP-STM contrast, yellow dotted circles mark spots caused by an electronic contrast.
Additional spots, indicated by arrows, are caused by a beating of the electronic contrast
with the atomic lattice. ¢ Line profile along the rectangle in b. Solid line is a fit with a
cosine-function as a guide to the eye. Red lines in a,b mark the (110) directions (close-packed
rows), as obtained from straight island edges. (T'= 8K, a U = —30mV, Iyt = 1.5nA; b
U=-5mV, I = 3.0nA)

seems to be more flexible; it is not strictly along the (112) directions and varies locally.
The nature of the periodic signal significantly differs from a cosine-like shape (profile in
Fig. 7.2c). As also evident from the FFT of the data in Fig. 7.2b (inset), the image in-
cludes, in addition to the SP-STM signal (red dotted circles), a modulation in the same
direction (yellow dotted circles), with half the period of the SP-STM signal. This could be
induced by either TAMR or for inhomogeneous spin structures by NCMR or a variation of
the polarisation [Al-Zubi et al., 2011] (see also below). Also, there are additional modula-
tions visible in different directions (arrows) with a period of about A\, = 1 nm, which are so
far unexplained. Regarding the preferred propagation direction with respect to the island
shapes, there is a tendency for the propagation direction to be roughly perpendicular to
the long direction of hep islands (observed also in several other islands, not shown) as
opposed to the trend in the fcc islands. This suggests a different coupling of the magnetic
structure to the island edges for the two stackings.

To disentangle the various periodic signals, we separate the non-spin-polarised from the
spin-polarised part of the signal by using a non-magnetic tungsten tip (see Fig. 7.3). As

expected, the spin-polarised signal with A, ~ 1.1 nm vanishes, but the shorter period with
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Figure 7.3.: hcp Rh/Fe/Ir(111)-islands with a non-magnetic tip. a-d STM-images
of hep Rh/Fe/Ir(111) with a non-magnetic W-tip. Dashed rectangle marks the area of zoom-
in in Fig. 7.4a. Red triangle in a depicts close-packed rows. Note that a-d are recorded
at the same angle with respect to the crystallographic axes. e STM-image of a mixed
hep (left) and fee (right) Rh/Fe/Ir(111)-island with a non-magnetic W-tip. Contrast levels
adjusted locally on the Rh/Fe/Ir(111)-islands to £15pm. Tunnel parameters: T = 8K,
U =430mV, a-d: Iyt = 1.5nA; e: I = 1.0nA.

Ae = Ahep/2 = 5.5 A remains, with the additional modulation with Ay &~ 1 nm in a different
direction. The electronic contrast with Ae can originate from different changes in the LDOS,
depending on the underlying magnetic structure. It is possible that the periodic magnetic
structure is also a homogeneous cycloidal SS as observed in fcc Rh/Fe/Ir(111). Then
the electronic contrast with A. could be caused by the TAMR-contrast (cf. Section 1.2.2),
which is linked to the spin alignment with respect to a quantisation axis. Also, the magnetic
structure could be an inhomogeneous 55, which can induce modulations of the LDOS by
the varying degree of non-collinearity (NCMR) or by a varying polarisation of the Rh-atoms
induced by the neighbouring Fe-atoms [Al-Zubi et al., 2011].

Regardless of the origin of the electronic contrast, we propose that the additional pattern
with Ap is caused by a beating between the electronic contrast and the atomic lattice.
Whenever periodic modulations of comparable, but not exactly the same, wavelengths

interfere, Moiré patterns evolve |Oster and Nishijima, 1963]. It is clearly visible from
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Figs. 7.2 and 7.3 that the spin spirals do not propagate along the (112) directions, but
rather at an angle of about +10° off the (112) directions (see Fig. 7.3b). To validate
the hypothesis of a Moiré pattern induced by the short wavelength electronic contrast,
STM simulations were performed based on the model described in Refs. [Heinze, 2006;
von Bergmann et al., 2012] and in Section 1.2.2 of an assumed homogeneous cycloidal SS
as example. We chose the wavelength as Apcp, = 4.0 nearest neighbor distances (NND =
2.715 A) and its propagation direction tilted by a = +10° off the [112] direction (Fig. 7.4c)
with the prefactor of the TAMR part of the signal ypr = 0.1 and tip-sample distance zp =
0.8nm. As evident from the simulation result (Fig. 7.4b), without any new assumptions,
the experimental findings can be explained simply by a tilting of the SS propagation
direction away from a high-symmetry direction and an interference of the short-range

TAMR-contrast with the atomic close-packed rows.

This can be understood in more detail by taking some basic consideration about the
TAMR and geometry into account. Fig. 7.4c shows a sketch of the atomic lattice with
the typical unit parallelogram from Fig. 7.4b overlaid. The red and green arrows show
the locations of up or down spin direction for a homogeneous SS, respectively. Since the
TAMR-signal is proportional to cos?(#), with 6 being the polar angle of the spin, and
is a local effect originating at the atom position, it becomes clear that at the corners
of the parallelogram the maximum (minimum) TAMR-signal coincides with the close-
packed rows. In between, the spin up or down positions do not coincide with equivalent
atom positions and therefore result in a different TAMR-signal and thus a Moiré pattern
evolves. Although this explanation of the Moiré pattern is based on the assumption of a
homogeneous SS and the corresponding TAMR as the electronic contrast, it is also valid
for any similarly periodic magnetic structure with an electronic contrast with half the

magnetic period, because the explanation is merely considering geometry.

As Moiré patterns are known to be highly sensitive to small changes in angle or wave-
length of the overlaid structures, they have been used in a variety of experimental tech-
niques such as crystallography, metrology or optical alignment to obtain high-resolution
data [Sciammarella, 1982; Reid, 1984; Halioua and Liu, 1989]. A close analysis of the Moiré
pattern, represented by the unit parallelogram in Fig. 7.4a,b, also reveals a very sensitive
dependence of its shape and size on the wavelength Ay, and the propagation direction
determined by «, see Fig. 7.4d-k. Therefore we can conclude from Fig. 7.3, showing large
domains with a singular Moiré pattern, that there must be some intrinsic interaction that
forces the propagation direction of the SS to a certain angle away from the high-symmetry
directions. An analysis of several islands reveals a typical tilting of the propagation direc-
tion of o = (9 — 12)° with respect to the (112) directions and Apep = 3.90 — 4.15 NND.

Once again using a homogeneous SS as an example, one possible explanation for the

tilting of the propagation direction of the periodic magnetic structure can be found. The
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Figure 7.4.: Simulated contrast for hcp Rh/Fe/Ir(111). a Cut-out (dotted square)
of data shown in Fig. 7.3a (6.6 x 6.6nm). b,d,f,h,j STM-simulations of a homogeneous SS
with Anep and its propagation direction tilted by « off the [112]-direction, as indicated, with
the prefactor of the TAMR part of the signal being v = 40.1 and a tip-sample distance
zp = 0.8 nm. Same size as in a. c,e,g,i,k Sketches of the corresponding magnetic structures,
colourised according to the out-of-plane magnetisation component, with the TAMR unit
cell overlaid on the atomic lattice (green for experimental one, yellow corresponding to
simulation).

magnetic exchange interaction parameters J;;, see Fig. 7.5a, not only influence the period
A but also the propagation direction of a certain SS. If only short-range interactions —
short compared to A — are taken into account, only energy minima along either I' — M
or I' — K directions are possible (see yellow curve in Fig. 7.5d). Competing interactions,
regarding their directional dependence, can only weaken directional minima of each other
and not produce minima in between the high-symmetry directions, because their direction
dependences have a similar cosine-like shape. Long-range, indirect exchange interactions,
such as e.g. the RKKY exchange |[Ruderman and Kittel, 1954; Kasuya, 1956; Yosida,

1957], which are mediated by the conduction electrons, can also have an impact on the
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Figure 7.5.: Possible explanation for a propagation off high-symmetry directions
in hep Rh/Fe/Ir(111). a Sketch of the positions of spins corresponding to J<a5. Orange
dashed circle with radius Ancp = 4.0 NND, with ¢marked by orange arrow. Red dashed circle
with radius 1.48\cp. b Sketch of the positions of spins corresponding to Jo5 (highlighted)
with a homogeneous SS with Apep = 4.0NND and « = 13° (¢ marked by orange arrow). c
Direction dependence of the SS energy Fss j,, (o) for Jos = —0.1meV, Ay, = 4.0NND,
0° =T — M - direction. d Qualitative shapes of Ej,  («) for different A (A = 3.65 NND,
4.05 NND and 4.46 NND for the yellow, red and blue curve, respectively, 7, is the distance

to J15 = GNND)

propagation direction of a SS, even generating local minima in between the high symmetry
directions. It was shown that RKKY contributions to J;; may have a strong directionality,
which is induced by the anisotropy of the underlying Fermi-surface |Zhou et al., 2010], and

that it can have a strength of roughly 0.1 meV for adatoms on surfaces for a distance on

the order of 2nm [Wiebe et al., 2011].

We use Jos, which acts between spins about 2.2 nm apart, as a simplified example to show
how, in principle, a long-range exchange interaction of in our case J;>15 could influence
the propagation direction of the SS in hep Rh/Fe/Ir(111) and be responsible for the tilting
of the propagation direction away from high symmetry directions. Figure 7.5b depicts the
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Chapter 7. Tuning Fe/Ir(111) with Rh

locations of the spins that contribute to the energy of Jos, overlaid on the spin structure of
a homogeneous SS with Apep = 4.0 nearest neighbor distance (NND) at a propagation angle
of a = 13°. It becomes evident from the long distance to the involved spins compared to
the SS wavelength that multiple different relative spin orientations are possible when the
propagation direction is rotated. Indeed, an analysis of the energy of this homogeneous SS
as a function of the propagation direction for all J; 495 = 0 and Jo5 = —0.1meV, Fig. 7.5c,
shows distinct local minima at o = £13° of a few 100 ueV/atom. As seen from this simple
exemplary calculation, a combination of weak non-isotropic long-range (compared to the
magnetic period) interactions are a feasible explanation for the tilting of the propagation
direction of the observed magnetic state in hcp Rh/Fe/Ir(111).

Figure 7.5d shows the qualitative function shapes of E; . () for different wavelengths
A. From numerical analyses, it becomes apparent that for A < r/1.4801, with r being the
distance to Ej,;, Ej, (o) develops a minimum off the high-symmetry directions (0° and
30°) and changes its shape. Thus we conclude that for hep Rh/Fe/Ir(111) with Apep ~
4.0NND long-range exchange interactions of J;>15 (r 2 6 NND), cf. red dashed circle
in Fig. 7.5a, can tilt the propagation direction away from the high-symmetry direction.
Acting in combination, they could then produce a minimum at the experimentally observed
a = 19° to 12°. Also this general trend is not restricted to homogeneous SSs, but should
hold true for various periodic magnetic states.

In simple words, one possible explanation for the magnetic structure in hep Rh/Fe/Ir(111)
propagating in a direction that is not one of the high-symmetry axes of the crystal is pro-
posed here. Long-range exchange interactions can result in such a tilting effect if the
magnetic period is shorter than roughly 2/3 of the interaction distance. This is not the
only possible explanation. In principle, it is plausible that also long-range DMI can have a
similar effect. For other spin structures like inhomogeneous SSs or multi-Q states [Al-Zubi
et al., 2011], it cannot be excluded that a competition of higher-order interactions such
as the 4-spin interaction or the biquadratic exchange interaction |Heinze et al., 2011] with

the Heisenberg exchange and/or DMI is responsible for the tilting.

7.3. DFT Calculations

To extract the exchange constants J;; from first-principles calculations based on DEFT), it
is a common procedure to calculate the energy of several flat, homogeneous SS states with
different periodicities and fit a Heisenberg spin model to the resulting energy dispersion.
Figure 7.6 shows such spin spiral energy dispersion curves for the different stackings of Pd
and Rh on Fe/Ir(111), calculated by the group of Prof. Stefan Heinze, Univ. Kiel. The
exchange energy is given as a function of ¢ = 27/A, with ¢ = 0 (I'-point) representing
the FM state and ¢ = 27/ (v/3a) (M-point) referring to the row-wise AFM state. Since
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Figure 7.6.: Energy dispersion of spin spirals for Pd/Fe/Ir(111) and
Rh/Fe/Ir(111). Spin spiral dispersion along the T' — M direction of the 2D-Brillouin
zone in both fce and hep stackings of the Pd or Rh overlayer, respectively. SOC has not
been taken into account in these calculations. For Rh/Fe the magnetic exchange interac-
tion stabilises a spin-spiral of A =~ 1.2 nm period. The inset shows the exchange constants
extracted from fitting of energy dispersions along both high symmetry directions; the solid
lines show the fit results. Calculations were done by the group of Stefan Heinze using the
full-potential augmented plane wave (FLAPW) method as implemented in the FLEUR code
Heinze [2017] (taken from [Romming et al., 2016, Fig. 1]).

SOC and, resulting from it, the DMI are not included in this calculation, any deviation
of the curves from a cosine-shape with a minimum at a high-symmetry point, is a sign of
frustration of exchange interactions. Indeed, the calculations show clear minima' for both
stackings of Rh at around A ~ 1.2nm, driven by a weak J; combined with comparably
strong Jy or Js with the opposite sign. Additional calculations showed that also DMI is
present and responsible for a cycloidal nature of the SSs and a unique rotational sense
[Romming et al., 2016]. However, the energy gain due to DMI is small compared to the
deep energy minima of approx. 10 to 15meV with respect to the FM state. The depth of

the minima also corroborates the observed stability of the magnetic states against magnetic

! Although there is a minimum in the spin spiral dispersion for a certain wavelength, it does not necessarily
infer that a SS is the actual ground state. Other magnetic states not considered here, such as multi-Q
states, could have a lower energy.
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fields. An observation of magnetic field induced skyrmions within a reasonable magnetic
field range is highly unlikely for Rh/Fe/Ir(111) (also confirmed experimentally up to 9T
[Romming, 2013|). Figure 7.6 also shows spin spiral dispersion curves for Pd/Fe/Ir(111).
As has been shown in the previous chapters, the system Pd/Fe/Ir(111) is a better candidate
for the experimental observation of skyrmions, due to their much steeper shape and without

the deep minima.

7.4. Conclusions

Rh was used in this chapter as the element to tune the magnetic properties of fcc Fe/Ir(111)
as an adlayer. The resulting magnetic structures in Rh/Fe/Ir(111) differ from the one
observed in Fe/Ir(111) to a great extent, and the stacking of the adlayer plays a significant
role, influencing the magnetic period and additional characteristic properties. On the one
hand, in fcc Rh/Fe/Ir(111), a cycloidal SS ground state with a magnetic period of 1.5nm
along the three high-symmetry (112) directions was found. In hep Rh/Fe/Ir(111), on the
other hand, the magnetic structure with a period of 1.1nm propagates flexibly along a
non-high-symmetry direction that is tilted by roughly o = £(9 — 12)° with respect to the
(112) directions. This was confirmed with high accuracy by an analysis of Moiré patterns
caused by a short range (half of the magnetic period) electronic contrast together with the
atomic lattice that can also be observed with a non-magnetic tip. It was shown exemplarily
that, in principle, long-range exchange interactions between spins at a distance of £ 1.6 nm
in this case can produce such a directional minimum in a non-high-symmetry direction.
DFT calculations showed that the short magnetic periodicities in Rh/Fe/Ir(111) are
mainly caused by the frustration of exchange interactions, producing deep energy minima
in the spin spiral dispersions of Rh/Fe/Ir(111). In comparison to Pd/Fe/Ir(111), pre-
sented in the previous chapters, the much shorter magnetic periods of 1.5nm or 1.1nm
compared to 6 to 7nm in Pd/Fe/Ir(111) primarily stem from weaker J; in Rh/Fe/Ir(111).
In Rh/Fe/Ir(111), no skyrmions were observed experimentally up to magnetic fields of 9 T.
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Summary

Throughout this thesis, different contrast modes of STM have been employed to investigate
the influence of several configurations of Pd or Rh adlayers on the magnetism of Fe/Ir(111).
Starting from the non-collinear nanoskyrmion lattice state in Fe/Ir(111) with a square
symmetry and a period of 1 nm, the addition of the non-magnetic materials Pd or Rh on
top leads to also non-collinear magnetic states in all cases studied here; the characteristic
magnetic properties of these bilayer or triple-layer systems vary widely, depending on
the adlayer material with periodicities ranging from 1 to 15nm, and transition magnetic
fields to skyrmion lattices ranging from <0.8 to >9T. Another key factor, influencing the
magnetic properties, is the stacking order of both the Fe and the first layer of non-magnetic
Pd or Rh.

For the ML Pd on fcc Fe/Ir(111) systems, the magnetic ground state is a spin spiral
with a period of roughly 7nm with slight differences depending on the Pd stacking. Upon
application of an external magnetic field, the PdFe systems undergo phase transitions to a
skyrmion lattice state. At higher magnetic field, a mostly ferromagnetic state is obtained,
facilitating the first experimental observation of interface-induced, isolated magnetic skyr-
mions in ultrathin films. It was shown how these skyrmions can be written and deleted
individually in close vicinity to each other using the STM tip. The responsible tunnel
parameters for switching the skyrmions were identified by analysing continuous switching
signals. This yielded two possible explanations for the observed bias-dependent, preferred
switching direction: ST'T due to the net spin-polarisation of the tunnel current, or asym-
metric electronic relaxation processes due to major differences in the LDOS of skyrmion
and FM state due to the NCMR.

Subsequently, this thesis focused on the details of the spin structure of isolated skyr-
mions. The high spatial resolution of SP-STM paired with the direct access to the spin
structure of magnetic samples was used to prove the axial symmetry and fixed rotational
sense of the spatially localised, solitonic magnetic whirls. By introducing a standard 360°-
domain wall profile as an analytical function to describe the angular profile of magnetic
skyrmions, it was possible to establish a connection to the micromagnetic model that was
used to predict magnetic skyrmions [Bogdanov and Yablonsky, 1989|. Showing that the
size and shape of isolated skyrmions scale with an external magnetic field as expected from
the theory, a fitting procedure was implemented to extract the relevant material parameters

from the field-dependent evolution of an isolated skyrmion in hep Pd/Fe/Ir(111).
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Summary

This fitting procedure was then extended to flexibly connect a variety of experimental
observables with their theoretical counterparts, calculated in the micromagnetic model.
Hence, it was possible to estimate the material parameters of effective exchange, DMI and
uniaxial effective anisotropy for the various combinations of Pd adlayers on Fe/Ir(111). For
hep Pd/Fe/Ir(111), the model can very well describe the SS period, the field-dependent
skyrmion size and shape and even the shape of 360°-DWs and magnetic phase transition
fields for one set of distinct material parameters A, D, K and M. However, major dis-
crepancies appear for the other systems. This, together with DFT calculations by the
group of Prof. Stefan Heinze, Univ. Kiel, led to the conclusion that additional interactions
- especially frustration of exchange interactions - need to be included for a full description

of most of the Pd and Fe/Ir(111) based magnetic systems investigated here.

The good description of hep Pd/Fe/Ir(111) was used in atomistic simulations, performed
by the group of Prof. Hans Fangohr, Univ. Southampton (see Appendix A.2), to repro-
duce the experimental results. Within the framework of this thesis, the properties of the
simulations regarding the topology were discussed in detail. In particular, the concept
of classifying magnetic structures by the sign of the topological charge compared to the
sign of the magnetic field into common (skyrmionic) and uncommon (induced by hystere-
sis) states was introduced and applied. Networks of 360°-DWs and target skyrmions are
among the observed uncommon magnetic states, induced by magnetic field sweeps at low
temperature and stabilised by confinement effects. Also, it was possible to experimentally
verify the DMI-induced tilting of spins at open boundary island edges, which is another

prediction by previous theoretical studies and by the atomistic simulations.

Finally, the characterisation of the magnetic structures observed in Rh/Fe/Ir(111) in
comparison to Pd/Fe/Ir(111) emphasised, how sensitively ultrathin magnetic layer systems
react to the microscopic morphology and stacking of each involved layer, including the non-
magnetic ones. The periodicities of the uni-axial magnetic structures are 1.1 nm and 1.5nm

for the two stackings of Rh, respectively.

On the path towards the possible application of magnetic skyrmions in future spintronic
devices, this thesis has covered some key aspects of the fundamental research necessary.
Besides the discovery of individual, interface-induced skyrmions and the demonstration
of their manipulability, the field-dependent structure of isolated skyrmions was connected
to the micromagnetic theory, which was previously used for their prediction. Whereas it
could be shown that the micromagnetic model exhibits excellent agreement for the model
system hcp Pd/Fe/Ir(111), this thesis has shown that existing theories about skyrmionic
systems need to be extended by further magnetic interactions for a complete description of
the magnetic properties of all sample systems investigated here. Foremost, the frustration
of exchange interactions should be incorporated, as there are strong experimental hints for

its influence on the majority of the magnetic systems investigated in this work.
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In conclusion, this thesis answered some fundamental questions about magnetic skyrmi-
ons and the tuning of interactions in thin films. Hopefully, it inspires more investigations
and developments with the aim of skyrmion based memory or logic devices capable of

handling the vast amount of data which is generated world-wide each year.
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Appendix A.

Methods

A.1. Estimation of Tip-Sample Distance and Electric Field

The electric field between an STM tip and the sample surface can be estimated via the ratio
of the applied sample bias voltage and the tip-sample distance, E' = U/d |Gerhard et al.,
2010; Brovko et al., 2014]. As a result of the shape of the tip, the electric field derived in
such a parallel-plate model is an upper bound for the electric field at the surface [Sonntag
et al., 2014]. Although U and relative tip—sample distances Az are directly accessible
in STM experiments, the absolute distance d is estimated by extrapolation, in a similar
manner as in previous publications |Gerhard et al., 2010; Hsu et al., 2017]. Figure A.la
shows an I(Az)-spectrum, recorded at U = +650mV with the same tip and on the same
defect, mainly used in Section 3.3. The linear behaviour in this semi-logarithmic plot
(see solid green line) is characteristic for the tunnel regime. An extrapolation to the point
contact resistance of 12.9kQ [Gerhard et al., 2010; Hsu et al., 2017] leads to the assignment
of estimated absolute tip-sample distances for any current value at U = 4650 mV. Together
with the change of the relative tip height as a function of bias voltage U at I = 300nA,
see Fig. A.1b, all of the data sets shown in Fig. 3.6 can be assigned an absolute tip-sample
distance d and with it an estimated electric field E. These results are used in Fig. 3.10 to
rule out a major impact of the electric field on the switching mechanism of skyrmions in
Pd/Fe/Ir(111).

A.2. Spin Dynamics Simulation Details

The atomistic simulations in Chapter 6 were performed by David Cortés-Ortutio in the
group of Prof. Hans Fangohr, Univ. Southampton using the atomistic and micromag-
netic simulations package Fidimag [Cortés-Ortuno et al., 2016], which is written in C and
Python. The atomistic code solves the Landau—Lifshitz—Gilbert equation at T' = 0 using
a Hamiltonian based on a discrete spin Heisenberg model, as described in Section 1.1.1,
with a damping coefficient of 0.9.

The profile of the PdFe islands were obtained mapping black and white STM images

111



Appendix A. Methods

500 ™ ™

400 |

300 } U=650mV, /=300nA

Az (pm)

0@ PC

102 10° 1072 300 400 500 600 700 800 900
current I (uA) bias U (mV)

Figure A.1l.: Estimation of the tip-sample distance with z (/) and z (U). a Black
data points from I(z)-spectroscopy. U = +650mV, I, = 700nA, B = —2.8 T. b Relative
tip height Az during a constant current sweep of the bias from U; = +300mV to U, =
+800mV (same data is shown in Fig. 3.11a). Sweep recording duration: 508, Iset = 300nA,
Unod = 10mV, B = +2.7T, T = 4.2K. Both spectra are taken with the tip positioned
over the defect shown in Fig. C.2 (Tip#1) (same tip and position as complete data set in
Fig. 3.6). The absolute tip-sample distance is estimated from the extrapolation of I (z)-
spectrum to the point contact (PC) resistance of 12.9kQ (Ison; =~ 50pA). Az(U) is offset
by matching the same values in a and b at U = +650mV, I = 300nA, see blue circles.
Solid green lines depict the estimated absolute tip-sample distance d in the skyrmion state
for the respective tunnel parameters.

into a hexagonally arranged lattice of spins in Fidimag. Magnetic parameters for the
simulations are taken from Ref. [Romming et al., 2015] and converted to atomistic values:
J1 =5.88meV, D; = 1.56meV, K = 0.41meV and pu = 3.0 up.

Simulations of a field sweep starting from different magnetic states are based on, firstly,
relaxing artificially made magnetic configurations which resemble the ones observed exper-
imentally, e.g. a skyrmion, target skyrmion, skyrmion and helicoid, etc., under a specific
magnetic field. Secondly, the relaxed state is taken and the magnetic field is increased or
decreased before relaxing the system for every field, like a hysteresis loop. As a result, dif-
ferent magnetic configurations are obtained on this field sweep depending on the starting
magnetic configuration.

The 3D representation of the simulation results and their analysis regarding the topo-

logical charge was done by the author of this thesis.

A.3. Estimation of Saturation Magnetisation

The saturation magnetisation Mg of the PdFe bilayer was estimated by using values for

the atomic magnetic moments from DF'T calculations [Dupé et al., 2014] and assuming a
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A.4. Different Error Weighting in Section 4.1

uniform distribution of the magnetisation y in the volume V:

_ K _ _3uB

with @ = 2.715A and ¢t = 4.08 A as the DFT nearest-neighbor distance and bilayer thick-

ness, respectively.

A.4. Different Error Weighting in Section 4.1

To obtain a larger influence of the error weighting procedure such that the experimental
values with a small relative error have a much larger impact on the fitting procedure than
the ones with higher relative uncertainties (| B| > 2.6 in Fig. 4.3), in [Romming et al., 2015]

an error-weighting different to the one in Eq. (1.21) was used:

N 2
. wi
S(P) = { median (x:) - (xi — Yi(P)*- N ( (A.2)
X =1
with
w, = Xt
&i

as the error weight. The additional multiplication by the median of the experimental input
values leads to an artificial over-weighting of ¢ compared to w. This leads to a good fit to

the important data points, neglecting the faulty ones.

A.5. Error Estimation for A, D, K

Based on the magnetic moment derived from DFT and assuming that it is homogeneously
distributed over the PdFe bilayer, the error bars for A, D, K can be estimated in the
following way. Both the standard deviations of the experimental values of ¢(B) and w(B)
and their scattering around the fitted curves are within less than 5% '. The error bars of A,
D, K were obtained by applying the fitting procedure to four sets of ¢(B) and w(B), which
were artificially increased or decreased by +5%. The maximal deviation of the material
parameters during these fits was chosen as the reasonable error bar for each parameter A,
D and K.

This procedure was applied in Section 4.1. In all other cases, the fit procedure was

carried out numerous times while varying the experimental input parameters according to

'For |B.| > 2.5T, a small jiggling of the skyrmion position at a fast time scale could be the reason for
a systematic overestimation of w in the SP-STM-images. Due to the larger error bar of these values,
they only have a small influence on the error weighted fitting procedure.
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their error. The standard deviation of the resulting material parameters was then used as

their respective error.
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Triple Layer Fe/lr(111)

B.1. Distorted Skyrmion Model

In the framework of this thesis, the spin structure model of a skyrmion, as described in
Chapter 4 with Eq. (4.2), was extended to also model distorted skyrmions, as seen in the
TL Fe/Ir(111) [Hsu et al., 2017]. The spin structure is modeled as a bent 360°-DW of
length [ on the perimeter of a circle with radius r and capped at each end with half of an
axially symmetric skyrmion, see Fig. B.1a. The parameters of the 360°-DW as well as the
skyrmion are +c¢ and w, the position and width of two equivalent 180°-DW, as defined by
Eq. (1.19), and a rotational sense as shown (green/red indicates magnetisation up/down).

Throughout the work of Hsu et al., three SP-STM simulations were compared to the
experimental data and could explain the measured data with IP sensitivity. This way, it was
possible to conclude that these entities indeed have the topology of a skyrmion. Figure B.1c
shows a map of the topological charge of the modelled spin structure. Although there are
clear kinks in the topological charge density at the border between the domain wall section
and the skyrmion sections, the sum of the topological charge is exactly @ = +1 like for a
normal skyrmion with axial symmetry. The topological charge of the bent 360°-DW-section

sums up to zero.

2 ]

R 2

Q=+1.0

Figure B.1.: Model of a distorted skyrmion. a Spin structure as described in the text
with [ = 3.5nm, r = 3.8nm, ¢ = 0.45nm, w = 1.0nm. b SP-STM-simulation of the spin
structure in a according to Eq. (1.22) with OOP tip, zg = 0.6 nm, vp = 0.1. ¢ Map of the
topological charge of the spin structure in a, obtained as described in Chapter 6 (colour
code according to Fig. C.1b).
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Figure B.2.: Low-current writing of skyrmions. a 3D sketch of the measurement
procedure; for each line, the surface is first scanned (forward and backward, red trace) at
low voltage before retracing the same line with an offset of Ad = +880pm (blue trace). b
I(z)-spectroscopy at the two bias voltages of interest. The tip-sample distance is estimated
from the extrapolation of I (z,U = —270mV)-spectrum to the point contact resistance of
12.9kQ. c-h SP-STM based dI/dU maps of a TL Fe/Ir(111)-sample taken in subsequent
order. The images are recorded during the first pass of the sample at U = —270mV and
Iset = 1.5nA. After each line, the tip was lifted by Ad = 4880 pm while retracing the
previously recorded lines at half-speed and applying U = +4.5V (c-e) or keeping the same
voltage (f-h). Panels f-h serve as counter-experiment without the high voltage applied.
Cr-bulk tip, T = 4.2K, B = +2.8T, Upoq = 34mV.

B.2. "Zero-Current" Switching of Skyrmions

In [Hsu et al., 2017], the distorted skyrmions as described in the previous section were
written and deleted by local electric fields. Although it was shown by Hsu et al. that
the main mechanism responsible for switching the skyrmions is indeed the electric field,
the nature of the shown experiments always involved a tunnel current of typically 1nA or
more. The high electric fields of |[E| > 2V nm™! typically require a tip-sample distance
zo < lnm. This necessitates a considerable tunnel current flowing when bias voltages
above 2V are applied.

Figure B.2 shows a different approach to switching the skyrmions while minimising the
tunnel current. An area mostly free of skyrmions, but where skyrmions are typically seen
at the magnetic field of B = 4+2.8 T, is imaged with low bias voltage (U, = —270mV,
I; = 1.5nA, leading to an estimated!' absolute tip-sample distance zy ~ 410 pm). After

1To estimate the absolute tip-sample distance, the linear behaviour of the current vs. the distance in
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———— B.2. "Zero-Current" Switching of Skyrmions

each line being recorded in the forward and backward direction at the given set-point (red
line in Fig. B.2a), the tip is lifted by Ad = 4880 pm and a higher voltage of Uy = +4.5V is
applied while retracing the previously recorded height-profiles of the forward and backward
channel (blue line in Fig. B.2a). This way, a constant and relatively high electric field is
applied without the need for a measurable tunnel current. Although the current flowing
during the tip lift is below the detection limit of our STM, the tunnel current at a tip
lift distance of Ad = +880pm can be estimated by extrapolating an I(z)-spectrum to
I(z = zp + 880pm) < 100fA, see Fig. B.2b. Although this is a very low current, still on
the order of 600 electrons flow every ms and could potentially activate a switching process.

Panels c-h of Fig. B.2 show the d//dU-maps of such measurements, recorded at Uy, =
—270mV, I, = 1.5nA, each with a second trace of the lines in between with a tip lift of
Ad = 4+880pm. For the left column, the bias applied during the tip lift is Uy = +4.5V,
whereas for the right column, the bias stays at Uy = —270mV, serving as a counter-check
experiment. Comparing the left and the right column, it is directly evident that during the
measurements with Ug = +4.5V single skyrmions are written (marked by the red ellipses
in Fig. B.2e), whereas without the high bias, the magnetic state remains the same. This
shows that the electric-field driven switching of distorted skyrmions in the TL Fe/Ir(111)
still works with currents below 100 fA.

this semi-logarithmic plot is extrapolated to the point contact resistance of 12.9kQ (marked as PC in
Fig. B.2b) [Gerhard et al., 2010; Hsu et al., 2017], similar to Appendix A.1.
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Appendix C.

Additional Figures and Data

Eolhk) hs(k) | & [ k) hs@) || & | mik) hs(k)
0.06 | 0.215 0297 [ 0.90 | 0178 0421 [ 1.74 | 0.117  0.145
0.10 | 0.212  0.597 | 0.94 | 0.176 0.406 | 1.78 | 0.112  0.133
014 | 0.211 0.634 | 0.98 | 0174 0392 | 1.82 | 0.107 0.122
0.18 | 0210 0.655 | 1.02 | 0.171  0.379 | 1.86 | 0.102  0.110
0.22 | 0200 0.662 | 1.06 | 0.169 0.364 | 1.90 | 0.097  0.099
0.26 | 0.208 0.661 | 1.10 | 0.167 0.349 | 1.94 | 0.088  0.088
0.30 | 0.206 0.656 | 1.14 | 0.164 0.335 || 1.98 | 0.078  0.078
0.34 | 0203 0.649 | 1.18 | 0.162 0.320 | 2.02 | 0.068 0.068
0.38 | 0203 0.631 | 1.22 | 0.159 0.306 | 2.06 | 0.059  0.059
0.42 | 0.201 0.610 | 1.26 | 0.156 0.202 | 2.10 | 0.051  0.051
0.46 | 0.199 0.594 | 1.30 | 0.153 0280 | 2.14 | 0.043  0.043
0.50 | 0.198 0.577 | 1.34 | 0.150 0.267 | 2.18 | 0.036  0.036
0.54 | 0.196 0.557 | 1.38 | 0.147 0252 | 2.22 | 0.030  0.030
058 | 0.194 0.541 | 142 | 0144 0240 | 2.26 | 0.024 0.024
0.62 | 0.192 0.524 | 1.46 | 0.142 0227 | 2.30 | 0.019  0.019
0.66 | 0.191 0.508 | 1.50 | 0.138 0.214 | 2.34 | 0.014 0.014
0.70 | 0.189 0.493 | 1.54 | 0.135 0202 || 2.38 | 0.010  0.010
0.74 | 0.187 0478 | 1.58 | 0.132  0.191 | 2.42 | 0.006  0.006
0.78 | 0.185 0.463 | 1.62 | 0.128 0.179 || 2.46 | 0.003  0.003
0.82 | 0.183 0.448 | 1.66 | 0.124 0.167 | 2.50 | 0.000  0.000
0.86 | 0.180 0.435 | 1.70 | 0.120  0.156

Table C.1.: Values for h; (k) and hg (k). Values as used in the estimation of transition
magnetic fields. Graphically extracted from Fig. 1.2b.
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Appendix C. Additional Figures and Data
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3

Figure C.1.: Colour bars used throughout this thesis. a Gray-scale colour bar. b
Red-White-Blue Colour bar. The values indicated throughout the thesis correspond to the
minimum and maximum value of the colour code used.

Figure C.2.: Positions of spectra. a,c,e SP-STM constant-current images (contrast ad-
justed locally to +15 pm) and b,d,f simultaneously acquired d/dU images of Pd/Fe/Ir(111)
islands with the tip positions marked by circles/crosses, where telegraph noise signals and
spectra were recorded. a,b: Tip position of data shown in Figs. 3.5 to 3.8 and 3.10 to 3.12.
B =+429T, U = +600mV, I, = 750pA. c,d: Tip position of data shown in Fig. 3.9.
B =+4285T, U = 4700mV, I,; = 1nA. e,f: Tip position of data shown in Figs. C.3
to C.5. B=+427T, U = +700mV, I, = 1nA. Between the acquired data series (hori-
zontal red lines), major tip changes occured. Bulk Cr tip, T = 4.2 K, Upoq = 60mV.
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C.1. Additional Data: Exploration of the Switching Mechanism
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Figure C.3.: Additional data: U and I dependence of skyrmion switching. a,b
Mean switching rate f as a function of U at constant I, = 200nA and as a function of
I at U = +650mV, respectively. c¢,d The corresponding skyrmion probabilities P. All
data points were extracted from respective time-dependent switching signals, recorded on a
defect hosting a skyrmion, see Tip#3 in Fig. C.2. f according to Eq. (3.5), P according to
Eq. (3.3). Dashed lines in a and ¢, and coloured, dotted lines in b and d are linear guides
to the eye. T =4.2K, B=+29T.

C.1. Additional Data: Exploration of the Switching
Mechanism

Figures C.3 to C.5 show data sets similar to the ones presented in Section 3.3, but recorded
on a different defect hosting a skyrmion in fcc Pd/Fe/Ir(111) and with a different tip, see
Tip#3 in Fig. C.2. Even though a major tip change occurred in between the data set
presented in Section 3.3 and the one shown here and although a different skyrmion at a
different defect is investigated, several of the experimental observations in Section 3.3 can
be validated with the data shown in Figs. C.3 to C.5:

e Also for this data set, the mean switching yield per electron T is mainly influenced
by the applied bias voltage U, see Fig. C.4a. Higher positive U leads to a higher T

in two linear regimes with different slopes also separated at around U ~ 4+500mV.

e Also the directionality of the switching process, represented as the skyrmion proba-
bility, has a similar dependency on U as in Fig. 3.6¢, only shifted vertically. It also

varies by about 30 % in the bias range investigated.

e The tunnel current I once again only changes the average switching rate f but not
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Appendix C. Additional Figures and Data
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Figure C.4.: Additional data: injected power [ - U. a Mean switching yield T as a
function of the injected power I - U for the full data set of Fig. C.3. b The corresponding
skyrmion probabilities P as a function of I-U. All data points were extracted from respective
time-dependent switching signals, recorded on a defect hosting a skyrmion, see Tip#3 in
Fig. C.2. T according to Eq. (3.6), P according to Eq. (3.3). Coloured, dotted lines serve
as constant linear guides to the eye. T =4.2K, B=+29T.

the switching yield T or the skyrmion probability P to a significant extent, also down
to I = 3nA, see Fig. 3.6b,d.

e The external magnetic field B influences the skyrmion probability as expected, lead-
ing to less skyrmion probability for higher magnetic fields, see vertical shift in
Fig. 3.6c.

e Also the switching yield depends on the magnetic field, with generally a higher yield
for higher magnetic field, compare the maximal yield here of T . 43 ~ 8.5 x 10712
at B=+42.9T to Tpax#1 ~ 3.5 x 10712 at B = +2.7T.

e The skyrmion writing and deleting yields in Fig. C.5d exhibit similar shapes as the
ones in Fig. 3.12b.

None of the observations made here contradict the interpretations offered in Section 3.3.
But also from this additional data set, it is not possible to determine, which of the two

given explanations in Section 3.3 is the dominating one.
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Figure C.5.: Additional data: switching yield Y. a Mean switching yield T as a
function of I at U = +650mV. b T as a function of U for the full data set of Fig. C.3. ¢ The
corresponding skyrmion probabilities P of the complete data set plotted as a function of Y. d
The skyrmion writing and deletion yields T, and Y4 as a function of bias voltage, calculated
from Egs. (3.7) and (3.8) for the data points shown in Fig. C.3a, similar to Fig. 3.12b. y-
scales are adapted to have Y, and Y4 cross at Uy, =~ +630mV. All data points were
extracted from respective time-dependent switching signals, recorded on a defect hosting
a skyrmion, see Tip#3 in Fig. C.2. T according to Eq. (3.6), P according to Eq. (3.3).
Coloured, dotted line in a serve as constant guide to the eye. T =4.2K, B=+29T.
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