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Abstract

Magnetic skyrmions show great potential for future data storage and processing technology due
to their unique property combination of topological stability and the simultaneous existence of
several accessible manipulation pathways. Especially, the subclass of atomic-scale skyrmions
could be employed to replace current semiconductor-based logic gates with spintronic devices
due to predicted advantages in size, speed and energy consumption.

So far, atomic-scale magnetic skyrmions were observed only at very low temperature 7' < 10 K.
Their thermal stability is of high relevance for the transfer of skyrmion-based technology from
research to application.

In this work, skyrmions and other magnetic nanostructures of the Pd/Fe/Ir(111) multilayer
system were investigated via variable-temperature and time-dependent scanning tunneling mi-
croscopy and spectroscopy.

The recently discovered non-collinear magnetoresistance effect was utilized to explore the ther-
momagnetic phase space up to B = 3 T within the temperature range between 1 K and 100
K. The ordered magnetic spin-spiral (SS) and field-polarized (FP) phases, and evidence for the
presence of skyrmions (SK) were found at up to 7' ~ 78 K. Indications for temperature-induced
skyrmion dynamics were found via the analysis of the stochastic transitions between the SK and
the FP state, and by comparison of the observed nanostructures to spin-dynamics simulations
from the literature. Additionally, disordered spin structures were found at elevated 7" and could
be identified as a possible manifestation of a predicted fluctuation-disordered state.

The resulting thermo-magnetic phase diagram of the investigated PdFe nanoislands on Ir(111)
was found to be in good qualitative and quantitative agreement with predictions from Monte-
Carlo simulations of extended Pd/Fe/Ir(111) films.

As a second part of this thesis, several upgrades and successive functional tests were performed
on the current iteration of a multi-probe scanning tunneling microscope, which is designated for
atomic-scale skyrmion transport experiments. Constant-current images with atomic resolution

were achieved on HOPG(0001) for all three microscope tips at ambient conditions.






Kurzfassung

Magnetische Skyrmionen zeigen groB3es Potenzial fiir zukiinftige Datenspeicherungs- und Da-
tenverarbeitungstechnologien durch eine einzigartige Kombination von topologischer Stabili-
tdt und vielféltigen Manipulationsméglichkeiten. Insbesondere konnten Skyrmionen atomarer
GroBenordnung verwendet werden, um aktuelle halbleiterbasierte Logikgatter aufgrund vorher-
gesagter Vorteile beziiglich Grofle, Geschwindigkeit und Energieverbrauch durch spintronische
Bauelemente zu ersetzen.

Skyrmionen dieser Gro3enordnung konnten bisher nur bei sehr tiefen Temperaturen 7' < 10 K
beobachtet werden, obwohl ihre thermische Stabilitdt hohe Relevanz fiir den Transfer von der
Grundlagenforschung zur Anwendung von skyrmionenbasierter Technologie aufweist.

In dieser Arbeit wurden Skyrmionen und andere magnetische Nanostrukturen des Pd/Fe/Ir(111)
Mehrschichtsystems experimentell mittels temperaturabhingiger und zeitaufgeloster Rastertun-
nelmikroskopie und -spektroskopie untersucht. Zur Erkundung des thermomagnetischen Pha-
senraums bis zu B = 3 T im Temperaturbereich von 1 K bis 100 K wurde der kiirzlich entdeckte
nichtkollineare Magnetowiderstand eingesetzt.

Die geordneten magnetischen Phasen, Spinspirale (SS) und feldpolarisierter Zustand (FP), konn-
ten ebenso wie Skyrmionen (SK) bis zu einer Temperatur von 7' ~ 78 K nachgewiesen werden.
Durch Analyse der stochastischen Ubergiinge zwischen den Zustinden SK und FP sowie Ver-
gleiche der beobachteten Strukturen mit Spindynamiksimulationen konnten Hinweise auf eine
thermische Aktivierung dynamischer Skyrmionenprozesse gefunden werden. Zusitzlich wur-
den ungeordnete Spinstrukturen bei erhohter Temperatur gefunden, die moglicherweise einem
ungeordneten, fluktuierenden Zustand zugeordnet werden konnen.

Das resultierende thermo-magnetische Phasendiagramm der untersuchten PdFe-Nanoinseln auf
Ir(111) stimmt qualitativ und quantitativ gut mit Vorhersagen auf Basis von Monte-Carlo Simu-
lationen fiir ausgedehnte Pd/Fe/Ir(111)-Filme iiberein.

Der zweite Teil dieser Arbeit besteht aus verschiedenen Verbesserungen und darauffolgenden
Funktionstests eines Mehrfachspitzen-Rastertunnelmikroskops, das mit dem Ziel der Durch-
fiihrung von Transportexperimenten an Skyrmionen atomarer Groenordnung entwickelt wird.
Hier konnte atomare Auflosung auf HOPG(0001) bei Raumtemperatur und an Atmosphire fiir

alle drei Spitzen erreicht werden.
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Chapter 1

Introduction

In the last decades, the information age progressed further and further. The availability of
personal computers, the internet, smartphones and artificial intelligence based devices to the
general public leads to an accelerated computerization of our lives and environment, with an
increasing number of new machines equipped with processors and network connectivity ap-

pearing in every scientific, economic and social area imaginable.

As a consequence, demand in processing power, data transmission and storage volume in-
creases. The associated electrical power consumption increased to a significant fraction of the
global power consumption: In 2018, the data centers responsible for the global internet traffic
[1] and the specialized mining hardware of the cryptocurrency Bifcoin [2] alone contributed to
over 1 percent of the global power consumption, comparable to half of Germany’s total con-
sumption [3].

Most energy-intensive are the processors responsible for computation, the data storage units
and the associated cooling systems to remove the waste heat, which is generated by movement
of electric current through resistive conductors. Therefore, energy consumption can be vastly
decreased by replacing current based logical and storage operations with something more effi-

cient.

One way to achieve this goal is the application of spintronics ("spin electronics"), which in-
stead employs the magnetic orientation of nanoscale objects. A promising class of these nanos-
tructures are skyrmions [4], quasiparticle-like knots in the collective magnetization of non-
centrosymmetric crystals and thin films composed of multiple atomic layers of magnetic and
nonmagnetic metals. The chiral skyrmion structure is stabilized against decay by Dzyaloshinsky-
Moriya interaction [5, 6], which enforces a canted angle between neighboring atomic spins in
3d transition metals like iron, cobalt or manganese, mediated by spin-orbit coupling to adjacent

heavy metals, and can be manipulated by a multitude of control forces like electric [7] and mag-




netic fields [8], small neutral [9] or spin-polarized [10] electric currents, interaction with atomic
defects or adsorbates [11], or highly polarizable capping layers [10].

To create a useful skyrmionic demonstrator, the manufactured device has to be competitive
against current semiconductor technology in terms of size and operation temperature. While
skyrmions with sizes bigger than integrated circuit logic gates and individual magnetic stor-
age bits have been successfully stabilized and employed at room temperature [12], skyrmions
with diameters in the order of a few atoms were discovered so far only close to liquid helium
temperatures [7, 10, 13].

This includes the prototypical PdFe double layer on Ir(111), the most experimentally and the-
oretically investigated sample system with atomic-scale, tunable skyrmions. Therefore, this
thesis aims to gain insights into the thermal stability of these skyrmions.

The experimental technique of choice is scanning tunneling microscopy (STM), a method to
image topographic [14], electronic [15] and magnetic [16] material properties of surfaces with
picometer-resolution in real space by harnessing the exponential distance dependence of quan-
tum tunneling through a controlled vacuum gap between two metals. The time-resolved and
variable temperature experiments on magnetic nanostructures in Pd/Fe/Ir(111) are conducted in
an ultra-high vacuum chamber system equipped with a custom-designed cryostat and a super-
conducting magnet.

The second part of this thesis describes upgrades and successive functional tests of key com-
ponents of a home-built multi-probe scanning microscope, which will be used for skyrmion
transport experiments on Pd/Fe/Ir(111) in the near future to further explore the potential of the
sample system for the application and understanding of skyrmion physics.
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Chapter 2

Magnetic Nanostructures of Pd/Fe/Ir(111)

Pd/Fe/Ir(111) is used as a model-type sample system consisting of a crystalline iridium sub-
strate with a pseudomorphic, monoatomic iron layer on its (111) surface, which is capped by a
pseudomorphic palladium monolayer. At T < 10 K, three distinct magnetic textures were found
in the Pd/Fe/Ir(111) system [10]: Spin spirals, skyrmions and field-polarized state. This chapter
describes the competition between several magnetic interactions, which leads to the formation

of these magnetic structures, and their resulting properties.

2.1 Magnetic interactions at the nanoscale

The formation of nanoscale magnetic structures is determined by a subtle balance between dif-
ferent magnetic interactions, which will be described here in terms of a micromagnetic model
on a two-dimensional lattice. The model approximates the localized 3d transition metal elec-
trons responsible for magnetic effects with an effective, classical atomic spin, localized on the

center of its lattice position.

The four relevant interactions competing in the Pd/Fe/Ir(111) system are Heisenberg exchange
(term 2.1), magnetocrystalline anisotropy (term 2.2), Dzyaloshinsky-Moriya-interactions (term

2.4) [5, 6] and Zeeman interaction (term 2.3) [17]. The following combined Hamiltonian de-
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scribes the total energy of a system of atomic spins S; in a two-dimensional lattice:

H= — ZJij(si-sj) (2.1)
- ZZ(&,»Z (2.2)
- ;LBZZZ:SZ,i 2.3)
— ) Di;-(Si xS;), 2.4)
(i)

where the brackets under the sum sign represent all possible permutations except ¢« = j. All
stated interactions prefer distinct spin alignments. The exchange interaction prefers collinear
alignment of S; and S; due to the dot product in term 2.1, while the sign of the exchange constant
J;; decides about the parallel or antiparallel orientation of the spins.

Spin-orbit interaction introduces magnetocrystalline anisotropy, the preferred spin alignment is
collinear to the easy axis of the crystal which is chosen here to be along the z axis without loss
of generality.

In an external magnetic field B., the spins with total magnetic moment p tend to align parallel
to it, this is called Zeeman energy.

The Dzyaloshinsky-Moriya-interaction prefers a perpendicular alignment between S; and S;
due to the vector product in term 2.4. The left- and right-handed symmetry is broken through
the multiplication with the DM-vector D;;, inducing chirality. This phenomenon can only be
found in systems with broken inversion symmetry, like surfaces, interfaces and certain non-
centrosymmetric crystals [7, 8, 10, 12, 13, 18-22].

The final magnetic configuration is determined by minimizing the total energy and varies greatly,
depending on the relative strength of the interactions, given by the pre-factors in Eq. 2.1-2.4.
The trivial case of no interactions between the spins leads to a paramagnetic ground state with
fluctuating spins in random configuration. A ferromagnetic ground state can be constructed
by minimizing term 2.1 without the other contributions and only allowing nearest neighbor
exchange interaction with positive .J;;. All spins align parallel to each other in an arbitrary
overall orientation. If an external field acts on the spins, the ground state aligns parallel to B,
by minimizing term 2.3. To prevent confusion with the ferromagnetic ground state, which also
consists of a parallel spin configuration, this case is called "field-polarized" in this thesis.
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2.2 The spin spiral

Figure 2.1: The spin spiral ground state of Pd/Fe/Ir(111). A: Simplified cone model with color-
coded spin direction, wave vector roughly from left to right. B: 3D representation of a constant
current SP-STM image, colorized with its derivative. From [10]. Reprinted with permission from
AAAS.

The spin spiral is a simple example of a frustrated structure. It can be constructed by intro-
ducing ferromagnetic nearest neighbor exchange and DM interaction. Neither parallel nor or-
thogonal spin alignment can be realized and the minimum solution lies in between, i.e. the
spins are canted to each other. Fig. 2.1 A shows a model of such a spiral. The ground state
of Pd/Fe/Ir(111) is an inhomogeneous spin spiral with a wavelength A ~ 7 nm [10], which
corresponds to the stripe pattern on the surface of the Pd/Fe areas in Fig. 2.1 B. The inhomo-
geneity results from the influence of magnetocrystalline anisotropy, which prefers spins aligned
to the [111] direction perpendicular to the surface. The angle between spins, which are nearly
collinear to this direction, is decreased, and the angle between spins which are nearly perpen-
dicular to the preferred direction is increased. As a consequence, the spin angle is modulated
with a period of half the spin spiral wavelength.

The spin spiral in Pd/Fe/Ir(111) has been studied at T < 10 K in [10] and was found to exist up
to|B,|=1T.
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2.3 The skyrmion

If additional Zeeman energy introduced by an external magnetic field is added to the spin
spiral, it will be destabilized. The new energy minimum shifts to a configuration with more
spins aligned parallel to the external field. In Pd/Fe/Ir(111), this structure consists of individual
skyrmions within a field-polarized background.

2.3.1 Structure, size and arrangement

?//; 1
MAEREERER R

Figure 2.2: Skyrmion structure. A: Simplified cone model of a skyrmion in Pd/Fe/Ir(111) with
the field-polarized background. B: Constant-current SP-STM image of the Pd/Fe/Ir(111) surface.
The circular blue objects are skyrmions. Same coloring scheme as A. Reprinted with permission
from [23]. Copyright (2015) by the American Physical Society.

Fig. 2.2 A shows a model of such a skyrmion in a background of spins polarized parallel to
the applied external magnetic field. The central spin of the skyrmion is aligned antiparallel to
the background and magnetic field. Starting from there and going outwards, the spins succes-
sively rotate by 180 degree to match the surroundings. The radially symmetric skyrmion can be

characterized by a topological charge or winding number .S [10]:

1 on _ On

with normalized local magnetization n = S,/ |S;| and the integration over the whole skyrmion.
S counts the number of spin rotations to create the structure from a field polarized background
and is a primary measure of how much its corresponding spin configuration is protected from
unwinding back to it. For the skyrmion in Fig. 2.2 A, S = 1 follows. A hypothetical unwinding
of the skyrmion would consist of shrinking the central T domain until a configuration with only

one central 1 spin, surrounded by | spins, is reached. To transform this minimum structure to the
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Figure 2.3: Magnetic field-dependent one-dimensional skyrmion profile from center (left) to rim
(right). 6 is the angle between spin and negative z-axis. The insert compares skyrmion size and
structure at high and low |B,|. Reprinted with permission from [23]. Copyright (2015) by the
American Physical Society.

completely field-polarized case (S = 0), the last spin has to be flipped, which is impossible in a
continuous description of the magnetization. Therefore the topological charge is conserved and
transitions between different S' states are forbidden. This concept of strict topological protection
breaks down and translates to a finite potential barrier between different S-states, if the discrete
lattice hosting the spin configuration is taken into account [10]. The spin spiral shown in Fig.
2.1 has the winding number S = 0, as the directional derivative perpendicular to the spin spiral

wave vector in the integrand of Eq. 2.5 becomes zero.

The physical driving force behind the shrinking of the 1-domain is the external magnetic field.
A high field increases the amount of Zeeman-energy gained by aligning a maximum amount
of spins to the B-field, thereby stabilizing structures parallel to it and destabilizing antiparallel
areas like the T-domain. Consequently, the new energetic ground state of the whole spin ensem-
ble at an increased magnetic field consists of smaller skyrmions, where the 1-domain is reduced

in size, as shown in the insert of Fig. 2.3.

Apart from the shrinking of the central area, the wall of the skyrmion also changes its shape:
Now the whole 180 degree rotation from the center to the rim has to fit in a much smaller space,
thereby increasing the canting angle between neighboring spins. This leads to DM interaction
induced energy gain and further skyrmion stabilization, the new equilibrium between the in-

teraction forces determines the smaller skyrmion size. The location of maximum spin canting,
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equivalent to the inflection point of the angle-distance curves in Fig. 2.3, also moves closer to
the skyrmion center.
Due to the B-dependence of skyrmion size, structure and ultimately energy, three different

magnetic states can be identified:

1. If the magnetic field exceeds a certain threshold being roughly around |B.|= 1 T, the
skyrmions become thermodynamically favored compared to the spin spiral. To transition
between both states with different winding numbers (spin spiral: 0, skyrmion: 1), a po-
tential barrier has to be overcome. This kinetic inhibition allows the coexistence of spin
spirals and skyrmions in Pd/Fe/Ir(111) [24], which is shown in Fig. 2.4 B.

2. Further increase in |B,| leads to the complete disappearance of the spin spiral, only
skyrmions remain. As huge areas of field polarized spins are still energetically unfavor-
able due to DM interaction, multiple skyrmions form a loose hexagonally close packed
lattice [10] (Fig. 2.4 A,C).

3. If the magnetic field increases even further, the skyrmion lattice dissolved into isolated
skyrmions before the fully field-polarized state (Fig. 2.4 D) is reached and becomes the
thermodynamically stable phase. Similar to the transition from spin spirals to skyrmions,
a potential barrier has to be overcome to transform the skyrmions (S = 1) into the field-
polarized state (S = 0). Consequently, isolated skyrmions can survive as metastable
objects in the field-polarized phase (Fig. 2.4 E).
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Figure 2.4: Magnetic phases. A,D: Cone models of a skyrmion lattice and field-polarized ferro-
magnetic phase. B,C,E: Constant-current SP-STM images of the skyrmion sub-phases in a Pd/Fe
island on Ir(111). B: Coexistence with spin spiral. C: Skyrmion lattice. E: Field polarized, except
for a single, isolated skyrmion marked by the white circle. From [10]. Reprinted with permission
from AAAS.

10
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2.3.2 Creation and annihilation dynamics

reaction coordinate

B| B,

A Wwithout defect with defect

SK ~ FP SK FP

B

Figure 2.5: A: Simplified potential landscape of the harmonic transition state theory model for
skyrmion creation and annihilation. Definitions in the main text. B: Potential landscape modified
by pinning to a defect. Adapted from [11], licensed under CC-BY-3.0. C: Magnetic field influence
on the potential landscape. FM = FP. From [10]. Reprinted with permission from AAAS.

The transition between skyrmion and field-polarized configuration at a fixed location on Pd/Fe
/r(111) can be described by a simple asymmetric potential, as shown in Fig. 2.5 A. To switch
between SK and FP, the system has to overcome an energetic transition state T. The reaction
coordinate symbolizes the actual configuration between the pure SK and FP states along an ide-
alized one-dimensional path in the high-dimensional configuration space. Similar to chemical
reaction kinetics, the transition rates v; between SK and FP can be quantified by an Arrhe-
nius equation with the barrier height corresponding to the difference in energy £, ; between the

metastable state ¢ and the transition state [24]:

(2.6)

with temperature 7', state lifetime 7;, Boltzmann constant k;, and Arrhenius’ attempt frequencies
1,i» which incorporate the entropic differences of the involved states. The asymmetric shape of
the potential symbolizes the difference in entropy between SK and FP: the SK state has higher
entropy compared to the highly ordered FP state [24]. The potential depth is controlled by
Zeeman energy: a high magnetic field increases the SK energy and decreases the FP energy,

stabilizing the latter. The relative activation energy for skyrmion creation (FP — SK) increases

11
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Figure 2.6: Time-averaged switching rate at 7' = 4.2 K between the skyrmion (1) and field-
polarized (0) states for a selected pinning position on Pd/Fe/Ir(111); inserts show sections of the
magnetic telegraph noise. A: Non-linear voltage dependency at constant tunneling current. [ =
300 nA, B = 2.7 T. B: Linear current dependency at constant bias voltage. B =29 T, U = 650
mV. From [10]. Reprinted with permission from AAAS.

and the affected SK creation rate is depressed, thereby the lifetime of the FP state increases.
Conversely, the SK annihilation rate (SK — FM) is increased by the destabilization of the SK
state, and the SK lifetime decreases. This effect is shown in the bottom part of Fig. 2.5 C. In
the top part of the same figure, the inverse process is shown: a low magnetic field decreases
the SK energy and increases the FP energy, thereby stabilizing the former. Consequently, the
SK annihilation rate (SK — FM) is depressed and the SK lifetime increases. At a critical field
B = By (middle part of Fig. 2.5 C), creation and annihilation rate are equal. This does not
necessarily requires equal SK and FP state energies as implied by the simplified potential in
Fig. 2.5 C.

The local potential landscape can not only be influenced by the external magnetic field, but
also by pinning to defects in the Pd/Fe/Ir(111) surface, which are caused by incorporation of Fe
atoms into the Pd layer [11]. The presence of a different magnetic atom species modifies the
relative strength of the prefactors in Eq. 2.1-2.4. Skyrmions were observed to bind to the defect
position with their in-plane oriented spins, which are located within a ring around their center.
This preferred binding position could be explained for large skyrmions (low magnetic field)
either by decreased exchange interaction or increased DM interaction, or generally reduced
anisotropy for all skyrmion sizes at the binding site [11]. The result of the pinning is an energetic

stabilization of the skyrmion state, as illustrated in Fig. 2.5 B.

Additional mechanisms like pinning to subsurface defects [11], or deflection by other skyrmions

12
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[25] can influence the local skyrmion potential landscape and the associated skyrmion annihi-
lation and creation rates for Pd/Fe/Ir(111).

The switching dynamics of individual skyrmion-hosting positions can be investigated with time-
dependent spin-polarized scanning tunneling microscopy [10]. In Fig. 2.6, a magnetic telegraph
noise signal (inserts) was recorded by parking the SP-STM tip on top of a pinned skyrmion [10].
The changes in normalized d//dU reflect the transition between the skyrmion (1) and the field
polarized (0) state. The vertical lines at the switching events indicate, that the actual time
scale of the transition process is much faster than the time-resolution of the experiment. The
displayed transition rate was obtained by averaging over a large number of transitions from both
directions and shows a linear current (Fig. 2.6 A) and non-linear voltage dependency (Fig. 2.6
B).

Although a precise explanation for the cause of the stochastic switching is still missing in the
published literature as of September 2020, the reported dependencies provide hints about the
relative importance of different contributions to the transition rate. The authors of [10] excluded
thermal contributions at 7= 4.2 K: Thermally induced switching due to the non-zero sample
temperature was ruled out by the vanishing transition rate for U,/ — 0. Localized heating of
the sample through the tunneling current was excluded due to a remaining U dependency of the
transition rates at constant power U/. Instead, the determining factor was reported to be the

energy of the tunneling electrons, which is proportional to the applied bias voltage U.

13
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2.4 Disordered spin states

When temperature is introduced to an ensemble of ordered magnetic spins, thermally induced
disorder arises. A historical example for this observation is the ferromagnet-paramagnet transi-
tion within the two-dimensional zero-field Ising model [26, 27]: At T'=0, all spins are aligned 1
and the total magnetization of the spin ensemble is at its maximum. The model allows random,
temperature induced spin-flips between 1 and |, whose probabilities increase with temperature.
The magnetization decreases with temperature and drops to zero when the critical temperature
T., determined by a certain ratio between thermal energy and spin ordering interaction energy,
is exceeded. At this point, half of the spins are 1 and | respectively, and found to be in ferro-
magnetic domains with fluctuating sizes. While the long-range order of the whole system broke
down at 7, the domains still consist of spins aligned in the same direction. The short-range
order decreases further with temperature and breaks down totally for 7' — oc. This simple
example shows an important distinction between long-range and short-range order, which also
occurs in real magnetic systems.

In Pd/Fe/Ir(111), where the spin interaction is determined by a complex Hamiltonian with at
least 4 different contributions (Eq. 2.1-2.4) instead of a single type of interaction, the phase
behavior is more complex. At low temperature, the long-range ordered spin spiral, skyrmion
lattice and field polarized phases can be found depending on the applied magnetic field. For
high temperatures, different predictions based on Monte-Carlo (MC) simulations exist in the
literature [28, 29]. They share a common result: after a first critical temperature 7,;, which
is calculated to be 81 K in [29] and 100 K in [28], the long-range order breaks down and is
replaced by a short-range ordered phase, which in turn transitions to the paramagnetic state at
a second critical temperature 7., which is calculated to be 250 K in [29] and around 240 K in
[28]. In Fig. 2.7, a snapshot of the spin configuration of the short-range ordered phase obtained
by MC simulations at elevated temperature is shown [28]. Two distinct structural features can
be found: First, an irregular, but connected network of spins with out-of-plane components
parallel to the external magnetic field and secondly, compact objects of irregular size and shape
with an out-of-plane component anti-parallel to the external field. The objects were interpreted
as the result of thermally induced skyrmion creation, annihilation and movement events. In the
time evolution of the system, the total topological charge of the spin configuration fluctuates
above T,;.
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2.4. Disordered spin states

fluctuation
disordered
state

Figure 2.7: Snapshot of the high-temperature fluctuation disordered structure of Pd/Fe/Ir(111),
obtained by Monte-Carlo simulations. The simulation field consists of 128x128 spins on a hexag-
onal lattice with periodic boundary conditions, each one represented by a small arrow. 1" = 120K,
B =2 T. Spin distribution image reprinted with permission from [28]. Copyright (2016) by the
American Physical Society.
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Chapter 3

Scanning tunneling microscopy (STM)

This chapter describes the basics of STM operation and the magnetic imaging mechanisms

relevant to this thesis.

3.1 Quantum tunneling of electrons

Quantum objects, described by dual particle-like and wave-like properties, can penetrate classi-
cally impenetrable potential barriers with a certain probability, even if their kinetic or potential
energy is significantly smaller than the barrier height [30, 31]. This behavior is known as quan-
tum tunneling and can, for example, be observed for electrons, which can overcome a vacuum
gap between two solid metal objects in close proximity.

Electrons can tunnel from a filled or occupied state to an empty or unoccupied state, if the
wave functions of both states overlap, i.e. coexist at least partially in the same region. In
metallic solids, for example tip and sample of a scanning tunneling microscope, a huge number
of electron states exists, which can be combined to an energy- and location-dependent density of
states. Relevant for the tunneling process itself is only the local density of states (LDOS) at the
location of the tunneling event. A model of the tunneling process inside the STM was introduced
by Tersoff and Hamann [32], considering the sample LDOS pgampie(To,Er) at the center of the
tip ro and close to the Fermi level Er. The model is valid in the low-temperature and small
tunneling bias U limits, and assumes s-type wave functions for the electronic states in the tip
with radius R. For finite bias voltage, a more generalized equation describes the relationship of
the tunneling current between sample and tip (Fig. 3.1) with the convolution of their respective
LDOS’ [33]:

eU
]T (r07U) X / ptip (E + GU) : psample (I'Q,E) dE, (31)
0
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3.1. Quantum tunneling of electrons
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Figure 3.1: Tunneling contact between tip and 8 c
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where all energies £ are measured with respect to the Fermi level.

Within this approximation, U is small enough to not disturb the tip and sample wave functions
and just results in an energy shift eU of the tip LDOS py;, (E + eU) relative to the sample
LDOS. The latter strongly depends on the tip-sample separation s and can be separated in a

spatially constant part psample and a transmission coefficient 7:

2 P P
m Q ev ) (3.2)

psample (1'0, E) X ﬁsample (E) - €Xp [_2<5 + R) \/ﬁ ( 9 + 7 - kK

T(E,eU)

T depends on the tip and sample work functions ®;, electron mass m, elementary charge e and
Planck’s reduced constant A, and is the source of the exponential distance-dependency of the

tunneling current in the STM.
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Chapter 3. Scanning tunneling microscopy (STM)

3.2 Microscope operation

Due to the exponential distance-dependency of the tunneling current, only the tip atom closest
to the sample (tip apex) contributes significantly to the total tunneling current. This enables

sample examination with atomic resolution in the lateral directions.

tube scanner high voltage
electrod’e"s | - amplifier
L 7]
*_'i// Az(x,y,U,I)
xl s |UBxAy) " sT™
x| T operator
Samp'QA U(Az)
. feedback | fser
tip loop v settings,

STM ¢ UBIAS’ ISET

control
’_

ITUNNEL
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Figure 3.2: Microscope operation in constant-current mode. Tip-sample distance is changed
by a piezoelectric tube scanner, which combines lateral and vertical deflection. The feedback loop
is regulated by the STM control unit, which also drives the lateral scanning motion of the sample.
The control unit is programmed by operator inputs and generates the desired topography images
of the sample surface. Adapted with permission from [22].

When an electronic feedback loop (Fig. 3.2) is utilized to stabilize the tunneling current at a
fixed lateral tip position, the tip-sample distance will be stabilized, too. Each deviation Az
from a given tip-sample distance creates a change in tunneling current, which is converted to
a control voltage U, (Az), which in turn drives the piezo actuator responsible for z-deflection,
effectively negating the change in tip-sample distance. If the sample surface is now scanned
laterally (scan voltages U,(Axz),U,(Ay)) relative to the tip, the measured control voltages
U.(Az, Uy (Ax),U,(Ay))) can be used to reconstruct a map of tip height at constant tunnel-
ing current Az (x,y,U,I), which contains the encoded nanostructure of the sample and is known
as topography or constant-current STM image.

An alternate imaging mode scans the tip over the sample or vice versa at constant height while

recording the changes in tunneling current. The resulting map I (z,y,U,z) is free from feedback
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3.2. Microscope operation

loop influences, but involves the danger of tip-sample collisions, as the distance between them
is not regulated.

Absolute tip (or sample) positions are not known a priori, as there is no feasible way to directly
measure the absolute height with the desired accuracy. Therefore, the measured control voltage
maps have to be calibrated on known atomic-scale structures, e.g. step edge heights or atomic
distances on surfaces, determined by e.g. x-ray crystal structure analysis.

A calibration connects the scanner deflection voltages U,,U,,,U. to the physical length z,y,z via
linear calibration constants C,,C,,C.: i = C;U;.

The exponential distance dependency of the tunneling current is not only the source of the high
lateral and vertical spatial STM resolution, but also of the high sensitivity to external vibrations.
The resulting relative vibrations of tip and sample disturb the tunneling current or feedback loop
performance heavily, therefore effective vibration isolation is required for low-noise microscope

operation.
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Chapter 3. Scanning tunneling microscopy (STM)

3.3 Scanning tunneling spectroscopy

Apart from topographic information, the electronic sample properties could be of interest, too.
They can be extracted from the differential conductance of the tunneling junction d//dU, which

can be derived from Eq. 3.1 by applying Leibniz’s integral rule [15]:

@(U> X e - ptip(O) . ﬁsample(eU) . T(@U,GU) (33)
15" pip(E = eU) - prampie(E) - L0 E
+ er d,Omp(E el) ﬁsample(E) . T(EﬁU)dE

The assumption of small bias dependency of tip LDOS and transmission coefficient allows to
neglect both integral terms in Eq. 3.3. The d//dU signal can then be assumed to be directly pro-
portional to the sample LDOS at the bias voltage and only the electrons tunneling at the Fermi
edge contribute to the signal. The differential tunneling conductance can be recorded simul-
taneously to the control signals in constant-current mode by application of a small amplitude
Uy, high frequency fr; modulation to the bias voltage. The resulting high-frequency change in
tunneling current is too fast for the feedback loop to react and can be demodulated by a lock-in
amplifier. Apart from d//dU(U) spectra at a fixed location with or without enabled feedback
loop, maps of the dI/dU-signal at constant bias and current, which are directly proportional to
the sample LDOS, can also be recorded. With careful experimental analysis, it is possible to

separate topographic (height) and electronic (LDOS) sample information with this technique.
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3.4 Spin-polarized STM
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Figure 3.3: Tunneling magneto-resistance. Here, simplified d-type spin sub-bands of tip and
sample are shown. Depending on the relative magnetization angle, the | -tunneling current varies,
as the |- and 1-sub-bands are shifted by the exchange split. 1-current not shown. Adapted with
permission from [22].

Apart from topographic and electronic sample information, scanning tunneling microscopy can
also be employed to investigate the local magnetic properties of nanostructures.

If the metal-metal tunneling junction from Sec. 3.1 is replaced by magnetic electrodes, the
tunneling current and d//dU vary depending on the angle 6 between the magnetization directions
of both electrodes. The tunneling conductance is higher for parallel magnetization (Fig. 3.3 A)
than for antiparallel alignment (Fig. 3.3 B) and can be described by a cos(f) dependency [34].
For the simple case of ferromagnetic materials, this behavior can be explained by the spin-
dependent LDOS at the Fermi edge, which results from an energy split between spin-up (1)-
and spin-down ({)-bands due to exchange interaction [35, 36]. Conservation of spin during the
elastic tunneling process only allows tunneling between the same spin-subbands.

Because of the tip and sample LDOS dependency of the tunneling current in Eq. 3.1, the |-
current is high in the parallel case (Fig. 3.3 A) due to high tip and sample LDOS. The {-current
is low, as only a few occupied tip states are available for tunneling. In the antiparallel case
(Fig. 3.3 B), the |-current is lower due to less available empty sample states. The {-current is
still low due to the small number of occupied tip states even though the sample LDOS is now

higher than in the parallel case. The total tunneling current is the sum of both spin channels

21



Chapter 3. Scanning tunneling microscopy (STM)

and higher for the parallel case. Eq. 3.1 can now be rewritten as the sum of a spin-averaged I
and a spin-polarized Isp part under the additional assumption of energy-independent tip LDOS

within the energy integration interval [37]:

I(ro,eUﬁ) = Io(l'o,eU) + ISP(I'(),GU,H) (34)
8 ptipfgV(E76U)psample(r07Ean)dE + mtipfgV(E7€U>msample(r07E76U)dEa

with the difference of tip and sample Fermi functions gy (E,eU) = f(E) — f(E + eU), and
the local magnetization density of states of sample resp. tip m; = (py — p;)en. The latter
consists of the difference in 1- and |-LDOS oriented along the local magnetization direction.
Application of Leibniz’s rule similar to Eq. 3.3 yields the spin-polarized differential tunneling
conductance [37]:

df

@(r&e[]) 0.8 ptippsample(ranU) + mtipmsample(r07eU) (35)
Tunneling current and d//dU-signal variations at different relative tip and sample magnetization

are known as tunneling magnetoresistance (TMR).
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3.5 Non-collinear magnetoresistance
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Figure 3.4: NCMR effect. LDOS of hcp-Pd/Fe/Ir(111) simulated by a tight-binding model. In
case of collinear neighbors, |- (green) und T-LDOS (red) add to the spin-averaged LDOS (black).
Non-collinear neighbors lead to hybridization, the resulting LDOS (orange) deviates from the
spin-averaged one. The difference between both can be observed as NCMR-contrast via STS with
a nonmagnetic tip. Adapted with permission from [9]. Copyright (2015) by Springer Nature.

The last equation showed a possible description of the tunneling current and d//dU as a sum of
the spin-averaged and spin-polarized parts. A recent discovery proved that magnetic nanostruc-
tures could also be resolved at high contrast without a magnetic STM tip [9]. They discovered a
sample LDOS modulation by the local magnetic environment of the examined sample position.
Fig. 3.4 shows the simulated LDOS of hcp-Pd/Fe/Ir(111). The spin-split |- and T-LDOS are
shown in green and red. Their differences can be resolved experimentally by SP-STM and SP-
STS (magnetic tip) via the TMR-effect. Without a magnetic tip, the situation depends strongly
on the local environment: When all 6 nearest neighbors S; of a central spin S, are aligned par-
allel to S,, which is fulfilled for the field-polarized case where all spins are collinear, both spin
sub-bands are added to create the black curve. The LDOS-curve is independent of the absolute
magnetization direction of the sample and different ferromagnetic domains can not be distin-
guished. This changes when the nearest-neighbor spins deviate from the parallel alignment to
the central spin (non-collinear spins). Now, |- and T-channels are mixed and the hybridized
LDOS deviates significantly from the collinear case (orange curve). The deviation scales with
the angle between S; and S, averaged over all nearest neighbors [9]. At the particular bias volt-
age of 700 mV, the difference between collinear and non-collinear LDOS is maximized and a
relative dI/dU contrast (blue in Fig. 3.4) of up to 50 % was reported in [9] and up to 30 % for
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Chapter 3. Scanning tunneling microscopy (STM)

fcc-Pd/Fe/Ir(111) in [25]. This effect is called non-collinear magneto-resistance (NCMR) and
was up to now found only on Pd/Fe/Ir(111), 3Fe/Ir(111) and Rh/Co/Ir(111) [7, 9, 13].
TMR and NCMR contrast mechanisms can be combined to further split Eq. 3.5:

df

@ X ptippiample + Entipmsampls + Z A(Saasi) (36)

r i
spin—averaged TMR

NCMR

Another contrast mechanism named tunneling anisotropic magneto-resistance (TAMR) based
on spin-orbit coupling in the sample [38] contributes to the overall dI/dU-level, but can be
neglected for Pd/Fe/Ir(111) due to its small size compared to TMR and NCMR [39]. A detailed

discrimination between all three magnetic imaging contributions was performed in [39] and will

be conducted here only in a simplified manner.
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Figure 3.5: How to distinguish NCMR and TMR. Structural model of a skyrmion for low (A)
and high (D) magnetic field. Red and blue cones represent local magnetization vectors antiparallel
and parallel to the viewing direction, white cones the directions in between. B,E: Simulated
STM dI/dU-map with TMR only and tip magnetization antiparallel to the viewing direction. C,F:
Simulated STM d//dU-map with NCMR only and non-magnetic tip. Both effects can be easily
distinguished by the different shape at low magnetic fields. Adapted with permission from [9].
Copyright (2015) by Springer Nature.

Fig. 3.5 A and D show a structural model of a skyrmion at high and low magnetic field. For
low field, the maximum spin canting and therefore NCMR contrast lies on the circularly shaped
set of inflection points far from the skyrmion center (C), while the TMR contribution with
a completely out-of-plane tip (B) is maximized in the skyrmion center. Both effects can be
distinguished by the skyrmion shape: Ring-like for NCMR and point-like for TMR. At high
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3.5. Non-collinear magnetoresistance

magnetic field, the difference vanishes and both mechanisms show the same shape (E,F). The
reason for this shift lies in the compression of the skyrmion at higher magnetic fields. The
whole 360 ° spin rotation still has to fit in the skyrmion but has much less space compared to
the low-field skyrmion. Therefore, the maximum spin-canting position moves from the edge to
the skyrmion center, as the spin angles increase. As the area of collinear spins in the skyrmion

center vanishes, so does the ring shape.
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Chapter 4

Experimental implementation

This chapter describes the experimental setup of the STM UHV system used in this thesis
with emphasis on its essential features. The setup was designed and constructed by Johannes

Friedlein and Jonas Harm and is described in detail in [40] and [41].

4.1 UHV-system

Fig. 4.1 schematically shows the experimental setup. The ultra high vacuum (UHV) system
consists of three main chambers: STM chamber, molecular beam epitaxy (MBE) chamber and
oxygen annealing chamber. A fast entry lock separated by a gate valve enables tip and sample
insertion and extraction without breaking the vacuum in the remaining chambers. Sample and
tip transfers between the chambers and between individual preparation and analysis facilities
can be performed by magnetic transfer manipulators and wobble sticks. The system’s base
pressure below 10~° mbar can be achieved by a multi-step process: At first, all external open-
ings are closed, the internal gate valves between the chambers are opened and mechanical scroll
pumps start to evacuate the chambers. They are installed as roughing pumps on the exhaust side
of turbo-molecular pumps, as the latter cannot operate at atmospheric pressure due to aerody-
namic drag. As soon as a suitable medium vacuum is achieved, the turbo pumps start to spool up
and reduce the pressure down to p < 10~7 mbar. Further pressure decrease is now hindered by
atmospheric moisture, previously adsorbed to the inner chamber walls. Its high vapor pressure
can only be eliminated by removing the water film through a multiple day bake of the whole
chamber at up to 7" = 425 K. During and after the bake, turbo-molecular and other types of
vacuum pumps further reduce pressure. The latter operate purely electrically without moving
parts, examples are titanium sublimation, ion getter and non-evaporable getter pumps, which

all ad- and absorb remaining gas molecules through active chemical species inside the chamber.
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4.1. UHV-system
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Figure 4.1: Top view schematic representation of the experimental setup. Adapted with permis-
sion from [42].

After reaching the base pressure, the turbo-molecular and scroll pumps are separated from the
chambers via closed gate valves and subsequently shut down. The remaining non-mechanical
pumps do not generate mechanical vibrations, but can hold the necessary base pressure during
measurements.

Chamber pressure monitoring is continuously performed with vacuum gauges in all main cham-
bers. Atmospheric to medium vacuum (p > 1073 mbar) gauges are of the Pirani type and
exploit the pressure dependency of the thermal conductivity. At lower pressure, the amount of
residual gas is too low to employ this principle, and ionization vacuum gauges of the Bayard-
Alpert type are used instead. The remaining gas molecules are ionized by thermally emitted
electrons and collected by an electrode on high voltage potential. The resulting current corre-

lates to the remaining pressure.
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4.2 Low temperature and magnetic field generation systems
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Figure 4.2: Cut view schematic representation of the cryostat system located inside the STM
chamber. Reprinted from [41], with the permission of AIP publishing.

Fig. 4.2 shows a cut view of the cryostat system which is used to cool the STM to the desired
base temperature. Its structure consists of multiple thermally decoupled concentric cylinders.
The outer stage is an open bath cryostat, filled with 1201 of liquid nitrogen (LN5). Heat removal
is implemented by evaporation cooling and subsequent venting of the gaseous nitrogen to the
atmosphere. The bath equilibrium temperature of 7" = 77 K and its large thermal mass protect
the inner cryostat layers against radiative heat transfer from the room temperature environment.
Convective and conductive heat transfer are negligible, as the whole cryostat system is located
inside the STM vacuum chamber. The LN, bath also cools the outermost radiation shield.
Another bath cryostat, filled with 1301 of liquid helium (LHe), is located inside the outer stage.

Evaporation cooling leads to a base temperature near the helium boiling point of 7" = 4.2 K. The

28



4.2. Low temperature and magnetic field generation systems

gaseous helium exhaust generated by this process is still very cold and used to cool a radiation
shield between the LNy and LHe baths to reduce radiative heat transfer between them. Then,
the helium gas is led out of the cryostat and collected by the helium recycling system of the
building. The LHe bath is directly connected to and cools the third radiation shield. Together,
all three shields enclose the STM, the magnet coils and the forced evaporation stage almost
completely except for sliding gates to enable wobble stick and evaporator access to the STM.
The shields also act as a cryotrapping pump by temporarily adsorbing residual gas molecules
on their large surface, further reducing the base pressure around the enclosed STM.

Below the LHe bath, the forced evaporation stage ("1 K-pot") constitutes the innermost part of
the cooling system and is thermally decoupled from the bath cryostat via thin stainless steel
metal struts with low thermal conductivity. Liquid helium can be transferred from the bath
to a 1.21] tank through either a capillary for continuous cooling or a thicker tube for batch
cooling. A roots type vacuum pump is located at the exhaust of the 1 K-pot and can depress
the helium boiling point down to 1 K. The 1 K-pot is directly connected to the STM at the
center of the cryostat, whose only other thermal connections to the exterior are wires. The
resulting equilibrium between cooling from below and heat entry through the cables lies at
1.2 K, measured by a temperature diode directly at the STM body.

Superconducting Helmholtz coils located at the center of the cryostat can generate an almost
homogenous magnetic field B of up to £3.0 T perpendicular to the sample surface at the tunnel
junction of the STM. The coils are enclosed by the LHe bath cryostat and constantly held at
their operating temperature 7' = 4.2 K. Magnet operation is controlled by two separate electric
circuits, as shown in Fig. 4.3. Both coils consist of superconducting niobium-titanium wire in a
copper matrix and are connected to the control unit via thick, normally conducting copper leads.
A small applied magnet voltage leads to a huge current inside the coils, which in turn generates
the magnetic field, whose orientation and strength can be controlled by current direction and
intensity. In this mode of operation, the magnet mode switch from Fig. 4.3 is heated above
the critical temperature of an incorporated NbTi wire, which is in the normal-conducting state.
Consequently, no current flows through it, as the superconducting magnet coils provide a path
with much higher conductivity. After the desired magnetic field strength is achieved, the heater
is switched off. Now, the NbTi wire transitions back to the superconducting state, effectively
short-circuiting the coils and generating a quasi-perpetual magnetic field through the trapped
current (persistent mode). The magnet voltage can now be switched off and the current leads
can be disconnected. To change the magnetic field, the procedure has to be reversed.

The temperature of the energized magnet must remain below its critical temperature, else a

quench occurs. This phenomenon describes the sudden loss of superconductivity and the re-
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Figure 4.3: Magnet control scheme. The resistive element heats a part of the superconducting cir-
cuit above its critical temperature and enables a change of coil current and consequently magnetic
field. Without applied heater voltage, the current flows quasi-perpetual through the superconduct-
ing circuit (persistent mode). The resulting magnetic field is then independent from the applied
magnet voltage. Helmholtz coil image adapted from [43], licensed under CC-BY-SA-3.0.

sulting consequences. When temperature and/or current are too high in parts of the supercon-
ductor, a fast transition to the normal-conducting state leads to an increase in resistivity. Now,
the current can induce a high voltage which can damage the coils through arcing. Also, the
normal-conductive region warms up rapidly through Joule heating, forcing the neighboring ar-
eas out of superconductivity through heat transfer. The process cascades then through the whole
magnet and the magnetic energy is completely converted to heat, leading to material damage.
In modern superconducting coils, the risk of quench damage is greatly reduced through the use
of quench protection systems which quickly drain the current to load resistors in the magnet
power supply if a voltage variation at the current leads is detected. Nevertheless, the system
does not work if the power supply is disconnected or switched off in persistent mode.

Magnet operation also leads to vibration reduction in the STM: The magnetic field induces eddy
currents in all conductive parts moving relative to it, greatly damping high frequency vibrations

of the STM. The effect depends linearly on the magnetic field.
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4.3 STM design and operation
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Figure 4.4: Photograph (left) and corresponding 3D sketch (right) of the STM design. The sam-
ple stage approaches the tip from above through coarse drive motion. Sample and tip can be
exchanged in situ via a wobble stick. Reprinted from [41], with the permission of AIP publishing.

Fig. 4.4 shows the design of the STM, which is connected to the 1 K pot described in the section
above. Once the sample is inserted into the sample holder via a wobble stick, the coarse ap-
proach motor moves a sapphire prism containing the tube scanner with glued-on sample holder

to the tip. Then, the sample can be scanned over the fixed tip while the feedback loop described

in Sec. 3.2 regulates the tip-sample distance. The reason for this deviation from conventional

designs with a scanned tip lies in the rigidity of the installed RF cable, which would impede
macroscopic movements of the coarse drive. The cable is tightly clamped to the STM and

the LHe bath cryostat to reduce external heat input. The microscope is described in detail in
[40, 41, 44].
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4.4 Variable temperature capability and calibration

In scanning tunneling microscopy, design considerations for variable temperature capability
often antagonize the application of high magnetic fields and vice versa. For magnetic field
operation with a superconducting coil, a LHe bath cryostat is needed to prevent the supercon-
ducting material from exceeding its critical temperature and subsequent quenching. But if the
STM is cooled by the same bath cryostat as the magnet, a large temperature differential between
them is not possible. Also, the approach from the direction of a purpose-built variable temper-
ature microscope is not feasible. This type of microscope employs a flow cryostat to control
microscope temperature through the balance between helium flow, which is proportional to the
cooling power, and radiative and conductive heating from the room temperature parts of the
chamber assembly. A safe cooling of a huge magnetic coil cannot be realized this way. But
there exist several alternative methods to expose the tunnel junction to magnetic fields: First,
permanent magnets could be installed close to the sample or used as tip material, but magnetic
flux is inhomogeneous, the field strength can not be adjusted and the total field strength B is
limited to the high millitesla range. As a second method, water cooled Helmholtz coils outside
the vacuum chamber can provide adjustable field strength with high homogeneity, but total field
strength is limited by the huge coil bore and reasonable limits on coil size and cooling water
flux. Finally, a separate superconducting magnet system with an air filled bore in its center
could be used, in which the STM inside its own vacuum chamber is inserted. Here, the field

strength is limited by the bore diameter, too.

The solution for this problem is a STM located inside, but thermally decoupled from the LHe
bath cryostat, which cools the superconducting magnet coils. As described in Sec. 4.2, the
microscope temperature can be significantly depressed from the bath temperature through the
use of forced evaporation cooling. Conversely, it can be significantly higher, if the 1 K pot in-
cludes a resistive heating element to warm up, while the magnet coils remain at their operation
temperature, safely suspended in the LHe bath. The STM temperature is then balanced between
heat flux from the 1 K pot, conductive heat loss through cabling to the LHe bath and radiative
heat loss to the surrounding LHe bath and shield. The maximum temperature under full mag-
netic field strength is likely limited by radiative heat transfer from the STM body to the magnet
coils, which increases with 7% according to the Stefan-Boltzmann law of black body radiation.
For the experiments in this thesis, a safe operational upper limit of 100 K was chosen, at which
3.0 T could be easily achieved. A higher temperature should be possible, but the risk of quench

damage and subsequent cryostat repairs outweighed the experimental gains here.

When STM experiments are performed at different temperatures, several material properties of
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the microscope components influence the results. The dominant contribution is caused by tem-
perature dependent variations in the piezoelectric parameters of the tube scanners. Therefore,
the STM has to be calibrated individually for each temperature step. Such a calibration was
performed in the Master’s thesis of Lennart Bargsten [45], from where Fig. 4.5 was adapted. It
shows the relative height of Ir(111) monoatomic step edges, imaged with a piezo drive calibrated
at 1.2 K on Au(111). The observed step height decreases with increasing temperature, which
means that for a given physical distance, less voltage is required to deflect the tube scanner as
the relevant piezoelectric parameter increases. Under the assumption of a constant aspect ratio
between lateral and vertical piezoelectric deflection, the x,y and z-values of the STM images
have to be multiplied by the inverted relative Ir(111) step heights to correctly display length and
topographic height.
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4.5 Pd/Fe/Ir(111) sample preparation and characterization

The UHV system is equipped with a multitude of sample preparation facilities. Both the MBE
chamber and the oxygen annealing chamber contain two types of sample heaters. For high
temperature annealing processes above 1300 K, electron beam heating is used. A tungsten
filament from an off the shelf halogen lamp is heated by an electric current and creates free
electrons by thermionic emission, which are accelerated to the back side of a sample holder at
positive high voltage. Variations in emission current and high voltage are used to control the
heating power, and the sample temperature can be monitored remotely with a pyrometer.
Resistive heaters are used to adjust the sample temperature between RT and 1300 K for prepa-
ration steps with precise temperature requirements. A glowing tungsten wire inside insulating
ceramic tubes heats the sample holder through radiative and conductive heat transfer while tem-
perature monitoring takes place via a chromel/alumel thermocouple.

The oxygen annealing chamber also contains leak valves for the controlled creation of high-
purity argon or oxygen atmospheres. Balancing the inflow of processing gas against the turbo-
molecular pumping power enables the operator to increase the chamber pressure to typical
values of 107% — 10~® mbar. The pure oxygen atmosphere at elevated pressure is important
for the process of oxygen annealing which cleans the heated sample surface by oxidation of
carbon species which diffuse from the bulk to the surface of metal samples.

Sputtering is the second sample cleaning technique available in the oxygen annealing chamber
being especially suited to remove oxide layers or other surface contaminants. Here, argon ions
accelerated by high voltage will impact on the sample surface and induce collision cascades
in the material. Some atoms are ejected from the sample after these impacts and erode the
surface over time. The intensity of this process can be controlled by monitoring the ionic
current between the sputtering gun and the sample.

The MBE chamber is used primarily to grow metallic films on the substrate. Different evaporant
metal rods of high purity are bombarded with an electron beam to induce local overheating
which sublimates the metal atoms without melting the rod itself. The resulting beam of neutral
and ionized metal atoms is directed onto the sample. Beam intensity is proportional to the ionic
current, which can be measured at the exit of the evaporator. The MBE chamber’s sample holder
is located on top of a resistive heater. By adjusting beam intensity and substrate temperature,
different growth modes can be achieved.

The cleaning procedure for an Ir(111) single crystal is described in [10] and subjects the sample
to repeated cycles of sputtering, annealing and oxygen annealing. The experiments in this thesis

used a crystal with 0.15 ° miscut relative to the (111) plane which promotes big terrace growth.
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The sample was inserted in the fast entry lock and transferred to the oxygen annealing chamber

to clean the surface:

1. Ar ion sputtering (pa, = 4 - 107" mbar, Uy, = 1kV, Ly = 1.4pA, t>1h) to remove

surface contamination from air exposure outside the chamber.

2. Annealing for 30 min at 32 W electron beam power heats the sample to 1450 K and leads
to the healing of sputtering damage and diffusion of diluted carbon atoms to the surface,

where they create small graphene patches.
3. Ar ion sputtering with the same parameters for 60 min to remove the graphene.

4. Multi step oxygen annealing at po, = 1 - 1077 mbar to oxidize contaminants (20 min at
16 W — 20 min at 24 W — 10 min at 32 W electron beam power).

5. Repeated sputtering and oxygen annealing leads to the creation of a depletion zone close

to the crystal surface with very low amounts of contamination.

6. Atabase pressure below 1-107? mbar, flash annealing for 60 s at 1450 K removes surface

contaminants created by the last oxygen annealing step.

Pd/Fe films from previous preparations can be removed by repeating the cleaning cycle several
times. The cleaned crystal was transferred to the MBE chamber to subsequently grow iron and

palladium layers on the substrate with the following parameters:

1. <0.5MLPFe, T = 525K, p = 6.8 - 1071 mbar, [ionic = 10nA, Upeeer. = 990V, 90 s.

2. <0.2MLPd, T = 375K, p = 6.2 - 10719 mbar, lignic = 5nA, Usccel, = 927V, 40 s.

The choice of substrate temperature was determined by a compromise between ideal step flow
growth and the avoidance of alloying between Fe and Pd. High temperature promotes regular
growth of Pd and Fe monolayers due to the atoms’ high surface diffusion. But high temperature
also promotes interlayer diffusion, leading to defects, where Fe atoms are incorporated into
the Pd layer [11]. The completely prepared sample was transferred to the STM chamber and
inserted in the cold (1" = 4.2 K) STM.

Fig. 4.6 A shows the topography of the prepared Pd/Fe/Ir(111) surface which is divided in
terraces of differing width by monoatomic steps of the fcc-Ir(111) substrate. Iron and palladium
growth starts at the Ir(111) step edges. The first evaporated layer grows from the step edges and

can be identified as fcc-Fe-monolayer terraces, as hcp-Fe can not continue the fcc substrate
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Figure 4.6: Pd/Fe/Ir(111) sample topography. A: Characteristic surface area with different struc-
tures and growth modes. B: Height profile and corresponding cut view of the composition along
the black arrow in A with position "0" at the white dot. Different materials are represented by
different colors. IT = 1nA, U =700mV,T =4.2K, B =2.45T.

structure and would instead grow as islands. On the edge of the fcc-Fe-ML, a Pd monolayer
continues the fcc structure on top of the substrate (Fig. 4.6 B).

Pd grows on top of the Fe terraces in two different modes: Island growth with and without
contact to the Ir step edges. Without contact, fcc and hcp stacking are both possible due to the
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4.5. Pd/Fe/lr(111) sample preparation and characterization

absence of defined structures for nucleation, instead contaminant atoms inside the Fe monolayer
serve as probable nucleation centers. Pd monolayers also grow directly on the step edges,
but lack nucleation structures similar to the non-contact patches. Consequently, hcp and fcc
stacking are possible there too. Fig. 4.6 B shows a cut view along the height profile indicated
by the dashed line in Fig. 4.6 A, where both growth modes are visible. The Pd island on the
right side of the profile grows over the step edge, but shows different heights depending on the
layer directly below it.

Apart from the already discussed terrace growth, Fig. 4.6 A also shows islands growing directly
on top of the Ir substrate. The big islands, like the one on the right side of the image, consist of
an Fe monolayer in fcc or hep stacking with a partial Pd layer grown on top of it. Similar to the
terraces, Pd grows also laterally from the sides of the Fe island. The small islands are probably
monolayer Pd with a center of double layer Pd.

To uniquely identify which island has which one of the four possible stacking combinations, two
methods can be used: First, relying on the alignment of Fe island edges relative to the Ir steps,
fcc and hep Fe stacking were distinguished in [46]. This method cannot be easily transferred
to the preparation used in this thesis, where irregular island shapes hinder the identification.
Therefore, the investigation was limited to Pd islands grown on top of fcc-Fe terraces at the Ir
step edges. To determine the stacking of the Pd on top of the fcc-Fe, a second method relying
on the d//dU difference between both has been used. At a bias voltage of 700 mV and 1 nA
tunneling current, fcc Pd/Fe appears brighter than hcp Pd/Fe [9]. Fig. 4.7 A shows a dI/dU map
of a surface area with step-flow growth of Fe terraces at the Ir step edges. On top of the terraces,
Pd islands grow. The histogram of the image is displayed in Fig. 4.7 B. The five distinct peaks
each correspond to a differently colored surface feature: While Pd/Ir, bare Ir and Fe/Ir appear
in different shades of blue in the used color scheme (low d//dU), the Pd islands can be easily
recognized by their yellow color (high dI/dU). Islands with a brighter yellow are fcc Pd, and

islands with a darker yellow are hcp Pd.
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Figure 4.7: Fcc and hep stacking of the Pd layer on fcc-Fe/Ir(111). A: dI/dU map of a character-
istic surface area. Ir step edges are marked by pink lines. B: Histogram of A, peaks correspond to
different surface features. fcc-Pd/Fe appears brighter than hcp-Pd/Fe at the tunneling conditions
of [t =1nAand U =700mV. T =128K, B=2T.
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4.6 Cr tip preparation and characterization

The STM tips used in this thesis were prepared from an electrolytically etched high purity
chromium wire [47], which was glued on a tip holder with electrically conductive epoxy. After
the tip was inserted into the STM, short voltage pulses up to 10 V were used for further in situ
tip preparation.

Antiferromagnetic chromium bulk STM tips are used to resolve the magnetic textures of nanos-
tructures [47, 48]. They are typically sensitive to in-plane and out-of-plane TMR contrast due
to a canted tip magnetization [49] and do not generate a stray field in contrast to ferromagnetic
bulk or thin film Fe tips. The effective tip magnetic moment and its direction strongly depend on
the local nanostructure of the tip apex, therefore one does not only have to prepare an atomically
sharp tip, but also one with the right magnetic properties. The upper part of Fig. 4.8 A shows
the topography and corresponding d//dU map of a Pd/Fe nanoisland obtained with such a tip.
The three skyrmions within the island are clearly visible as dips in topography and two-lobe
objects in dI/dU. A profile through the center of the skyrmion (Fig. 4.8 C (left)) shows a dip
followed by a peak along the skyrmion diameter and can be used to reconstruct the actual spin
configuration of the skyrmion. The sample magnetization angle 6(z) relative to the magnetic
field along a one-dimensional cut through the skyrmion center x, can be approximated by a
linear combination of two 180 degree domain walls [23]:

0(x) = Z arccos (tanh(%/zgl)ﬂ))7 4.1)

with skyrmion center xy, diameter D and wall width w. The shape of the experimentally ob-
tained profile is highly dependent on the tip magnetization due to the dI/dU signal being pro-

portional to the cosine of tip and sample magnetization angle:

df
dU t™r

with the d//dU intensity of the field-polarized surroundings ¥, a scaling factor A, and the angle

() = yo(1 + Acos (0(x) — Oyp)), 4.2)

of the tip magnetization relative to the magnetic field 6,. Eq. 4.2 can be fitted to the ex-
perimental skyrmion profile with fit parameters v, ¢, D, w, A, 6,;, and approximates its shape
well, as seen in Fig. 4.8 C (left). The obtained fit parameters x(, D and w can then be inserted
into Eq. 4.1 to reconstruct the underlying spin angle through the skyrmion, which is shown in
the bottom left part of Fig. 4.8 C. Additionally, the direction of tip magnetization relative to
the magnetic field 6y;, can be extracted. When following the tip along the profile through the

skyrmion, it first encounters a region of the skyrmion with magnetization antiparallel to it, then
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a region parallel to it, resulting in the two-lobe shape. The position of greatest alignment and

therefore highest d//dU signal is marked by the striped green line.

The profile was chosen to go through the positions on the skyrmion with lowest and highest
dl/dU in Fig. 4.8 A, therefore the in-plane projection of the tip-magnetization has to be parallel
to the profile arrow. Combined with 6, = (94 £ 2)° obtained from the profile fit, which
is equivalent to an almost in-plane tip orientation, the three-dimensional direction of the tip

magnetization can be reconstructed.

To compare magnetic structures over a long time at different locations and in varying envi-
ronmental conditions like a wide range of sample temperatures, which favor accidental tip
changes, a reproducible magnetic imaging method has to be used. One such pathway is the tip
magnetization-independent NCMR contrast which can be accessed by non-polarized chromium
[25, 39] and tungsten tips [7, 9, 39]. Fig. 4.8 A (lower part) and B show the topography and
corresponding d//dU maps of the same nanoisland as discussed above. Now, no indications for
a skyrmion can be found in topography, but a characteristic structure (see Fig. 3.5 C) appears in
the dI/dU maps. The skymion profile (Fig. 4.8 C (right)) appears in a double-dip shape, as the
tip moves over the maximum spin canting region twice, which is located outside the skyrmion
centerat B =1.50T.

The actual spin structure of the skyrmion can be reconstructed from the NCMR-profile, too [45]:
NCMR is sensitive to the average relative angle between a central spin and its neighbors [9],
therefore a change in NCMR dominated dI/dU-signal intensity corresponds to a change in angle
difference between neighboring spins. For the analytical double domain wall approximation of
the one-dimensional profile through the skyrmion center (Eq.4.1), this translates to the spatial

derivative of 6:

2 ( z—xzo£D/2
do sech (—w/2 )
—(@)==)_ : (4.3)
dz 2 ((x—x0+D/2
N PRy p—

under the assumption of a negligible change in ¢ perpendicular to the profile direction due to the
rotationally symmetric skyrmion structure. The total d//dU intensity can then be approximated
as:

df(x)

I
g @) = W0 (1 + 0= ) (4.4)

with the dI/dU intensity of the surrounding FP region y, and a scaling factor C', which incor-

porates the relative d//dU difference of SK and FP at the given tunneling conditions. For dI/dU
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maps at U = 700 mV, C'is positive, as the negative sign of the derivative already considers the
darker skyrmion center relative to the field-polarized surroundings. Eq. 4.4 can be fitted to the
experimental skyrmion profile with fit parameters v, o, D, w, C' and approximates its shape
well, as seen in the right part of Fig. 4.8 C.

Similar to the TMR case, 7y, D and w can be inserted in Eq. 4.1 to reconstruct §, which is
shown in the bottom right part of Fig. 4.8 C. The spin profiles reconstructed through the resp.
TMR and NCMR fits match well. The numerical values for skyrmion diameter and wall width
are D = (2.22£0.03) nm and w = (1.64 £ 0.04) nm for the NCMR fitand D = (2.51 £ 0.07)
nm and w = (1.50 £ 0.07) nm for the TMR fit. The small difference between the obtained
values can be explained by a different skyrmion configuration of the island in Fig. 4.8 A to
B. In [25], skyrmion displacement and compression due to the presence of other skyrmions
in a confined island geometry was found to change the apparent skyrmion width up to 15 %.
Additionally, the TMR fit implicitly assumes no NCMR contribution to the recorded d//dU
signal, although magnetic contrast generated by Cr bulk tips is a combination of NCMR and
TMR contributions, as shown in Eq. 3.6. NCMR is always present at U = 700 mV, but the
TMR part highly depends on the tip magnetization. Both effects can be discriminated by two
factors: First, the NCMR contribution was not visible in topography, therefore structures in
topography indicate TMR contrast. Secondly, the unique NCMR d//dU skyrmion shape will
be disturbed by any in-plane TMR contribution which can be easily identified. The only tip
magnetization direction which cannot be excluded this way, is purely out-of-plane, parallel to
the magnetic field. It would not deform the NCMR skyrmion shape in an unambiguous way,
but should be visible in the constant-current map.

All STM measurements and images in chapters 4 and 5 of this thesis except Fig. 4.8 were taken

with a Cr tip without noticeable spin polarization.
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Figure 4.8: TMR and NCMR imaging with a chromium bulk tip. A: Topography (left) and
d//dU-map of a Pd/Fe nanoisland. An accidental tip change occurred during the scan and lead
to switching between TMR- (top) and NCMR- (bottom) dominated contrast. B: Same nanoisland,
recorded with NCMR contrast only. Note the difference in skyrmion configuration compared to
A. C: Line profiles along the red arrows in A and B, fitted with the TMR resp. NCMR functions
defined in the text. TMR (left) shows a two-lobe structure, whereas a double-dip like feature is
observed with NCMR contrast (right). Bottom row: Corresponding spin angles relative to the

magnetic field, reconstructed from the fit functions. It = 1nA, U = 700mV, T = 1.2K,
B=15T.

42



Chapter 5

Results

This chapter contains the results of the experimental investigation of the Pd/Fe/Ir(111) system

at low and elevated sample temperatures.

5.1 Confirmation of the ordered magnetic phases at low

temperature

The known spin spiral, skyrmion and field-polarized phases were confirmed for the prepared
Pd/Fe/Ir(111) sample as a control experiment. Fig. 5.1 combines the results of this confirma-
tion: Fig. 5.1 A shows the topography (left) and corresponding d//dU-map (right) of a nanois-
land at zero external field. A meandering structure with a wavelength close to 3.5 nm between
locations alternating with high and low signal intensity can be found in the d//dU map. This
structure is a spin spiral, imaged by NCMR contrast. An ideal, homogeneous spin spiral would
be invisible, as the angle between neighboring spins, averaged over all 6 neighbors, would be
the same at all positions of the spin spiral, providing no NCMR contrast. Due to magneto-
crystalline anisotropy with an out-of-plane (oop) easy axis in Pd/Fe/Ir(111), the atomic spins
gain energy by increased collinear alignment to the easy axis. Therefore, regions aligned closer
to the easy axis (oop spin orientation) grow and regions aligned perpendicularly to the easy axis
(in-plane (ip) spin orientation) shrink compared to the homogeneous case. As the spin spiral
still consists of a full 360 ° rotation, the angle between neighboring spins increases in the ip and
decreases in the oop region, leading to a periodic modulation in NCMR contrast with half of
the magnetic wavelength. The length of two periods of the structure in the d//dU-map of Fig.
5.1 A matches the observed 7 to 8 nm magnetic spin spiral wavelength in the literature well.

In Fig. 5.1 B (right), three skyrmions can be found at moderate magnetic fields. The typical low-

field skyrmion ring shape caused by the NCMR contrast mechanism is well pronounced for the
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Figure 5.1: Low temperature magnetic phases of fcc-Pd/Fe/Ir(111). Left side: Constant-current
topography. Right side: Simultaneously obtained d//dU-maps acquired via NCMR contrast. A:
Spin spiral phase on the whole nanoisland, 7' = 2.1 K. B: Skyrmions in field-polarized back-
ground, 7' = 1.8 K. C: One stable skyrmion and two switching skyrmion sites with field-polarized
background, 7' = 1.3 K. All images: IT = 1nA, U = 700 mV.

left and middle skyrmion, whereas the right one is closer to the high-field dot shape. Skyrmion
stability can be influenced by repulsive interaction with other skyrmions in confined geometries,
leading to variations in diameter and apparent NCMR-based shape even for the same nanoisland
[25]. The rest of the island appears uniform, indicating a constant angle between neighboring
spins in these areas. This corresponds to the field-polarized state, where all spins are aligned
to the external magnetic field. At further increased magnetic field (Fig. 5.1 C), the skyrmions
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5.1. Confirmation of the ordered magnetic phases at low temperature

appear dot shaped as the location of maximum spin canting moves closer to the skyrmion center.
The partial skyrmions shown in Fig. 5.1 C are artifacts of the scanning process and occur when
a switching (Sec. 2.3.2) between the SK and FP state occurs just during the scan over the
skyrmion. The distinction between a stable and switching skyrmion is also highly dependent on
the experimental time scale and tunneling parameters, here the lower skyrmion is stable during
the scan time of around 10 minutes.

To summarize, the low-temperature ordered phases could be reproduced: The spin spiral wave-
length matches the ones in [10], the observed skyrmion shapes transforms from the low-field
ring to the high-field dot due to the NCMR contrast mechanism [9], and also shows switching
behaviour [10]. No regular skyrmion lattice phase could be observed, caused by the irregu-
lar shape and the size constraints of the nanoislands. The areas in between the skyrmions are

uniform in d//dU intensity and therefore indicate the coexistence of the field-polarized state.
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5.2 Thermal influence on skyrmion creation and annihilation

dynamics
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Figure 5.2: A: Constant-current topography of a fcc-Pd/Fe nanoisland. B: Simultaneously
recorded dI/dU map with two switching skyrmion sites, one pinned to the defect. C: Section
of the recorded dI/dU telegraph noise signal, obtained at the tip position indicated in B, with
definitions of skyrmion and field-polarized lifetimes. D-F: Signal correction and mean lifetime
extraction. D: Uncorrected FP lifetime histogram, deviation from the exponential distribution is
caused by errors in automated lifetime detection, triggered by a shift in telegraph signal amplitude.
E: Examples for normal and cut parts of the telegraph signal. F: FP lifetime histogram without
the cut parts. The decay constant of the exponential distribution fit corresponds to the inverse
mean lifetime. Analog method for SK lifetimes not shown. A,B: IT = 1nA, U = 700mV,
T=123K,B=25T.C-F: It =10nA, U =700mV,T =6K, B=25T.

The appearance of fractional skyrmion artifacts in d//dU maps is caused by switching between
the SK and FP state, which can be accessed and evaluated by telegraph noise signal analysis,
which was first described for thermally induced magnetization switching of superparamagnetic
Fe nanoislands on Mo(110) in [50] and applied to the SK-FP switching on Pd/Fe/Ir(111) in [10].
Fig. 5.2 A and B show a constant-current topography and d//dU map of a fcc-Pd/Fe nanoisland,

which hosts two sites with switching skyrmions. The STM was stabilized over the center of the
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5.2. Thermal influence on skyrmion creation and annihilation dynamics

lower site, and the fluctuating d//dU signal recorded. A time-trace of this signal is shown in
Fig. 5.2 C and consists of varying durations of alternating high and low d//dU with vertical
transitions between them. High and low signal levels correspond to the absence (high,FP) and
presence (low,SK) of a skyrmion at the tip position. The actual transition process between both
states cannot be resolved by the experimental time resolution, which is limited by the chosen
integration time of 3 ms of the lock-in amplifier which is used to record the d//dU signal.

As shown in Fig. 5.2 C, the individual state lifetimes 75k and 7pp are defined by the duration,
over which a dI/dU-signal corresponding to the SK or FP state remains at the same level. If the
dI/dU-signal switches from SK to the FP level, the event is called "annihilation"; and "creation",
if it switches back to the original SK level, respectively.

In Fig. 5.2 C, the times between transition events are not constant. The transitions between the
SK and FP states can be described by individual stochastic Poisson processes, where the actual
probability of a transition event is time-independent. As a result, the random lifetimes 7; follow
an exponential distribution N (7;) = Ny exp(—7;/7;) with the number of lifetimes of a certain
duration N(7;), a proportionality factor Ny, and the average lifetime 7;.

The average lifetimes of the FP and SK states can be extracted by histogram analysis of the
telegraph noise signal. Due to the large number of transition events 300 < n < 4000 at each
of the data points in this study, manual extraction of the individual 7; would be tedious, and a
computer program is utilized to register the jumps in the signal, instead. The number of events
with high or low signal in a certain 7;-interval is then plotted against 7;. Fig. 5.2 D shows the
raw Typ histogram of a 360 s long telegraph signal, obtained by this method. The result does not
follow an exponential distribution, which would be linear in the logarithmic plot. This is caused
by a change in the telegraph signal amplitude midway in the signal, which triggers errors in the
automated detection scheme. While events in the "normal" part of the telegraph noise signal
(Fig. 5.2 E top) are registered correctly, the signal amplitude is close to the noise level in the
corrupted part (Fig. 5.2 E bottom), and noise is registered as a switching event. Therefore,
the program has to be supervised in the event detection. The low amplitude part of the signal
was probably caused by thermal drift of the tip from the SK center to the SK rim, where the
difference in dI/dU between SK and FP is lower, and consequently cut from the time-trace.
The remaining part was reanalyzed and the resulting histogram is shown in Fig. 5.2 F. Now,
the lifetimes follow the expected exponential distribution of the Poisson process. In general, the
validity of the recorded telegraph noise signal can be judged by checking the lifetime histogram,
as certain factors like a changed configuration of the neighboring [25] or remote [40] skyrmions
can displace skyrmions from their original position and therefore change the telegraph noise

signal. The corrected histogram was fitted with the exponential distribution function, and the
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Figure 5.3: A: Temperature dependent mean SK and FP lifetimes obtained by analysis of the
telegraph noise signals, which were recorded at the marked position in Fig. 5.2 B. B: Correspond-
ing T'-dependent skyrmion asymmetry. The striped black curves indicate general trends in the
data ("guide to the eye"), from which the shaded points deviate in all three sets. IT = 10nA,
U=700mV,B=25T.

mean lifetime 77p = (1.10 £ 0.09) s extracted. The mean SK lifetime 75k can be extracted
from the SK lifetime histogram in the same way.

The calculated mean lifetimes can be utilized to compute additional related physical quantities,
the transition rates and the skyrmion asymmetry. The transition rates represent the average
number of SK—FP (skyrmion annihilation) resp. FP—SK (skyrmion creation) events per time
unit: ANNtHILATION = 75K and VcreaTtion = 7rp +. The skyrmion asymmetry represents the

proportion of time spent in the SK state compared to the total measurement time Agx = %

and ranges from 0 (always FP) to 1 (always SK).

To investigate possible thermal effects on the skyrmion annihilation and creation dynamics,
the telegraph noise signal was recorded at different temperatures between 7" = 1.55 K and
T = 7.7K at the same switching site marked by the tip in Fig. 5.2 B while warming up the
empty 1K-pot and subsequently analyzed with the method described above. The resulting mean
lifetimes are displayed in Fig. 5.3 A. Both SK and FP lifetimes show a similar behavior: At low
temperature, they remain rather constant, followed by a significant decrease, starting at roughly
4 K. Additionally, Trp is higher than Tgk over the whole investigated range, indicating a lower
stability of the SK state compared to the FP state at the chosen magnetic field B = 2.5T. In Fig.
5.3 B, the skyrmion asymmetry is displayed, which shows a trend to decrease with increasing
temperature. This is equivalent to the system’s preferred state moving closer to FP. Obviously,
the thermal behavior of the SK and FP states at the investigated position is not the same. In all
three data rows, the data points marked by the ellipses deviate significantly from the observed
trends.
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5.2. Thermal influence on skyrmion creation and annihilation dynamics

To compare the experimental data to the telegraph noise data from [10] and the Arrhenius model
of thermal activation from [24], which are both described in Sec. 2.3.2, the transition rates v
between the SK and FP states are examined. Within the harmonic approximation of transition
state theory, the skyrmion annihilation and creation rates can be described by an Arrhenius
equation like Eq. 2.6, which is typically linearized by plotting the transition rates v; on a loga-
rithmic scale against the inverse temperature 7~* on a linear scale. This is called an Arrhenius

plot and can be described mathematically as

—FEy;

no= wiep(o ) (5.1)
Byl

Iny, = Inwy,; — k‘; = (5.2)

The energy barriers Ey,; and attempt frequencies 1 ; can then be computed from the slope and

intercept of the linear function Eq. 5.2.

The Arrhenius plot of the experimentally obtained transition rates v; between the SK and FP
states is shown in Fig. 5.4. The data points clearly do not follow a linear slope, instead they
can be described by a constant rate at high 7! (low T"), which increases with decreasing 7"+
(increasing 1'). Therefore, Eq. 5.1 alone is not sufficient to match the data and the underlying

model has to be extended.

In [10], thermal contributions to the transition rate were ruled out for 7' = 4.2 K and v ~ 3.5 /s
was found for It = 300nA, U = 700mV, B = 2.7T at the investigated switching position.

The reported linear current dependency of the transition rate can be used to extrapolate the

10nA
300 nA

smaller than the experimentally obtained transition rates at similar temperature in Fig. 5.4.

transition rate at /1 = 10nA to v =

3.5 /s ~ 0.1 /s, around one order of magnitude

This deviation is consistent with the observed transition rate variation of two to three orders of

magnitude for different switching positions at otherwise constant conditions in [25].

In contrast to the proposed non-thermal switching in [10], the transition rates found in this
study (Fig. 5.4) strongly indicate a temperature dependency, which clearly does not follow the
Arrhenius law (Eq. 5.2). Both concepts of temperature-independent and temperature-dependent
contributions to the transition rates can be considered simultaneously by using a combined
ansatz, which is structurally identical to Matthiessen’s rule of phonon scattering, where the
total scattering time is approximated by an inverted sum of the inverse partial scattering times
of its different contributions. Transferred to the case of SK-FP transitions, the ansatz for the

total mean lifetime and corresponding transition rates can then be written as
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Figure 5.4: Arrhenius plot of mean skyrmion creation and annihilation rates derived from the
telegraph noise signal acquired at the position indicated in Fig.5.2 B. Vertical error bars are smaller
than the symbols. Constant and exponential part of the fit function shaded in green and red. Black
data points not included in the fit. Inserts: Sketch of the potential landscape, transition direction
indicated by arrows. IT = 10nA, U = 700mV, B = 2.5T.

1 1 \—1
T = (_ + ) < Vi = Vo, + Vhi, (5.3)
TC,i Tth,i

with the respective constant non-thermal and variable thermal partial transition rates vc; and

Vg i Substituting 14y, ; with the right side of Eq. 5.1 yields

—Fy;
" = voi + i exp(— ;’ ), (5.4)
B

which was subsequently fitted to the experimental transition rates in Fig. 5.4 A and B. Due to
the deviant behavior of the shaded data points in Fig. 5.3 A and B, their corresponding transition
rate data points were excluded from the fit. The functions with optimum fit parameters (Tab.
5.1) are shown as the red curves in Fig. 5.4, and the model provides a good match to the
transition rate data points for the annihilation and creation cases. In the low temperature limit
(T-! — o0 ), the total transition rates become equivalent to the non-thermal contribution
v; ~ vc; and remain constant. This part of the function is represented by the dotted lines and
areas shaded in green in Fig. 5.4 and provides the offset for the thermally dependent part of Eq.
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5.2. Thermal influence on skyrmion creation and annihilation dynamics

5.4, which itself is represented by the areas shaded in red. Its exponential slope is represented by
the striped lines. In the high temperature limit (7~ — 0), the total transition rate is equivalent
to the sum of non-thermal transition rate and thermal attempt frequency 15 ~ vc; + 1. The
crossing point of the striped and dotted lines is the temperature, where non-thermal and thermal
parts are of the same size and contribute equally to the total transition rates. For both Fig. 5.4 A
and B, the leftmost (highest 7") data points are close to the crossing points, therefore the upper

temperature of the measurement series is located in the crossover region of both model regimes.

Table 5.1: Optimum fit parameters of Eq. 5.4 for Fig. 5.4 with their standard regression uncer-
tainties.

Transition | vc (1/s) | vy (1/s) | By (meV)
creation 078001 | 60£30| 32+0.3
annihilation | 1.35+0.07 | 500 =600 | 3.8+0.8

This observation is reflected by the high relative regression uncertainty of the attempt frequen-
cies v 3, which are determined by the extrapolated intercepts of the fitting functions. For a set
of similar fitting functions with slightly different exponential slopes, which all describe the data
points in the crossover region well, its value varies strongly due to the mutual interdependency
of the fit parameters 14 ; and E}, ;. The uncertainty should be reducible by extending the mea-
surement range to higher temperatures, which probably leads to an increase of the transition
rates. Data obtained by such an experiment would be able to better map the exponential part of
Eq. 5.4 and increase the validity of the obtained physical parameters.

The experimentally obtained energy barriers are significantly smaller than £}, ~ 80 meV for SK
creation and E, ~ 35 — 50 meV for SK annihilation from [24]. The difference could, of course,
be caused by the insufficient mapping of the assumed Arrhenius behavior, but may also result
from the aforementioned variation of transition rates and energetic stability for skyrmions in
different local environments. Here, a systematic study for many skyrmion switching positions
could help to isolate the environmental influence.

To summarize, indications for a temperature dependence were found in the skyrmion creation
and annihilation dynamics, which could be described by a combined model of non-thermal and
thermal contributions to the transition rates between the SK and FP states. A 7'-dependent
increase in the transition rates at constant U and [ indicates, that local heating of the sample by
the tunneling current is not a determining factor, as the injected power U/ remained constant
during the experiment. Instead, thermal excitation of the creation and annihilation via increased

sample temperature is sufficient to explain the observations.
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5.3 The ordered phases at elevated temperature

5.3.1 Spin spiral, skyrmion and field-polarized phase at T ~ 40 K

FP

Figure 5.5: The ordered magnetic phases of fcc-Pd/Fe/Ir(111) at T = 40 K. A: Constant current
topography of a Pd/Fe nanoisland. B,C;D: Simultaneously obtained d//dU-maps. A: Spin spiral
phase on the whole nanisland. B: A single ring-shaped skyrmion pinned to a defect in field-
polarized background. C: Completely field-polarized island. All images: IT = 1nA, U =
700mV.

Fig. 5.5 shows a fcc-Pd/Fe nanoisland topography (A) with corresponding d//dU maps for
different magnetic fields (B-D) at a sample temperature 7' = 40 K. At zero field, the spin spiral
can be clearly identified in Fig. 5.5 B due to its matching appearance with the SS at 7' = 2.1 K
in the right part of Fig. 5.1 A. The length of two periods in d//dU variation d ~ 7.4 nm, which
is equal to the magnetic period of the SS, is comparable to the observed length of d ~ 7.0 nm
atT =21K, d~74nmatT =2Kand d ~ 7.0nm at 7" = 50K from [45], and d ~ 7nm
from [10] and [11].

With increasing field, the spin spiral is substituted by a skyrmion, which appears ring-shaped
in Fig. 5.5 C, similar to the skyrmions observed at 7" = 1.8 K in Fig. 5.1 B. At even higher

magnetic field, the skyrmion vanishes, leaving a nanoisland with uniform d//dU signal intensity
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5.3. The ordered phases at elevated temperature

(Fig. 5.5 D) corresponding to the field-polarized state. The remaining dark spots in the d//dU
maps are caused by the aforementioned in-layer defects, which can serve as pinning centers for

skyrmions.

5.3.2 Skyrmion movement and contrast changes

So far, the appearance of the low temperature ordered phases could be reproduced at elevated
temperature. But a closer look at Fig. 5.5 C reveals additional dark sites apart from the skyrmion
and the defects. The cause for the dark areas, of which one is highlighted in Fig. 5.6 C, appears
to be temperature induced skyrmion movement. The authors of [51] used the same fcc-Pd/Fe
nanoisland as a template for micromagnetic simulations in confined geometries. In the simu-
lation, all sites on the island are energetically equal, except for a single impurity modeled by
a fixed atomic spin pointing parallel to the sample surface and to the right of the image. Mag-
netic interactions were modeled with an effective magnetic field representing the Hamiltonian
in Eqn. 2.1 - 2.4, with material parameters extracted from the experimental skyrmion profiles
in [23]. Fig. 5.6 A shows the temporal evolution of the island at simulated 7' = 25K, each
image consists of a time frozen snapshot of the spin configuration, with grayscale coding of the
z-component of the local magnetization mz. While the skyrmion on the top left of the island
rapidly changes its shape between the images taken at 5, 10 and 20 ns, its position remains the
same due to the strong pinning to the simulated impurity. Conversely, the other four skyrmions
inside the island are freely changing positions in the right part of the island due to the absence
of strong pinning locations. Their movement is confined to the center of the island by SK-SK

and SK-edge repulsive interactions [51].

The simulated time scale in the order of nanoseconds is not accessible by the experimental
setup used in this thesis. The experimental time resolution is limited by the lock-in amplifier
integration time of 3 ms which is several orders of magnitude higher than the time scale for the
skyrmion dynamics. Therefore, the individual skyrmion movements cannot be observed in the

experimental d//dU map shown in Fig. 5.6 C.

Instead, a much better consistence between experiment and theory is achieved in Fig. 5.6 B,
where a 20 ns average of all individual simulation snapshots is displayed. Here, the movement
of the mobile skyrmions blurs to a diffuse region with mz lower than the surrounding field-
polarized regions. The skyrmion pinned to the artificial defect now appears as a round shaped
object similar to Fig. 3.5 B. Apart from the ring-shape caused by the NCMR imaging mode,

the skyrmion in Fig. 5.6 C also deviates from the forced artificial pinning direction due to the
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presence of additional defects near the pinning location and no directional constraints at the
defect site itself.

To further compare Fig. 5.6 B to C, the lower part of the images shows profiles along the red,
striped arrows, representing the change in z-magnetization resp. relative d//dU intensity along
the pinned SK” and mobile SKM skyrmion sites.

Both profiles start at a FP area, characterized by high dI/dU resp. high positive my, then con-
tinue through the pinned skyrmion SK* marked by the dI/dU double-dip resp. negative my to
another FP area. The following, right part of the profile consists mostly of the SKM area, where
d//dU intensity and my are lower than their values for FP, but higher than their corresponding
SK? values. The observed decrease in signal intensity depends on the ratio of skyrmion occupa-
tion time to total measurement time at the investigated spot, which is equivalent to the skyrmion
asymmetry Agk. A high dip in intensity results from a high skyrmion dwell ratio relative to
its absence. Conversely, a low dip in intensity results from a low skyrmion dwell ratio. In the
extreme cases of 100% SK or 0% SK, the signal converges to the values for SK and FP at low
temperature.

The good agreement between experimental data and micromagnetic simulations leads to an up-
dated interpretation of the physical spin configuration behind the d//dU maps at elevated tem-
perature: According to Sec. 3.5, NCMR imaging is not sensitive to the sample spin orientation
relative to the tip but rather the angle between the investigated spin and its neighbors. Therefore,
dI/dU maps acquired with this technique only show the local non-collinearity or spin canting of
the magnetic structures like spin spirals or skyrmions in the sample. By including the findings at
elevated temperature, the d//dU maps now additionally contain a time-averaged skyrmion prob-
ability which modulates the static structure intensities, effectively generating maps of skyrmion

probability density.
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Figure 5.6: Effects of skyrmion movement. A: Temporal evolution of several skyrmions in the
field polarized (FP) background of a fcc-Pd/Fe nanoisland, computed by micromagnetic simu-
lation in [51]. The z component of the local magnetization m is greyscale coded. B: 20 ns
time-average of the simulation. C: Experimental d//dU map of the island used as motivation for
the simulation. Bottom row: profiles corresponding to the red arrows in C and D. A,B: T' = 25 K,
B=15T. C: It =1nA, U =700mV,T = 40K, B = 1.5T. A and B adapted from [51],
licensed under CC-BY-4.0.
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5.3.3 Thermal stability of the ordered phases

Fig. 5.7 shows magnetic field dependent d//dU maps of a fcc-Pd/Fe nanoisland at 7" = 78 K.
At zero magnetic field, indications for the spin spiral phase, characterized by a typical period
length of d ~ 7.5nm, are found in Fig. 5.7 A and marked by the dotted lines in the lower
half of the nanoisland. On the upper half of the island, patterns with different characteristics
arise, which cannot be described as a spin spiral due to the lack of a repeating period. At
B = 1.5T, the observed structures deviate strongly from the zero-field structures. The island
now contains two roughly circular dark objects, which are marked by the striped circles in the
middle of Fig. 5.7 B. Additionally, dark structures with asymmetric shape, but higher d7/dU
than the circular structure, are found at the upper and lower part of the island, replacing the SS
and irregular structures found at zero field. Between the dark structures and near the edge of the
island, a more uniform high d//dU signal is found. At the maximum available magnetic field
B = 3.0T, the dI/dU signal appears uniformly high for the whole island, except for some areas
with slightly darker structures.

Based on the comparison of the experimental d//dU map with the time-dependent simulation in
the last section, the observed features at 7' = 78 K can be interpreted: The round dark objects in
the middle of the island at B = 1.5 T would correspond to positions with high SK probability
(SK#), while the less dark, irregularly shaped objects would correspond to areas with medium
skyrmion probability (SK*/). Similar to the simulation, the structures seem to avoid the islands

edges, leading to a vanishing SK probability at these regions, which is equivalent to the FP state.

To justify this interpretation, one of the circular objects is investigated in detail: Fig. 5.8 A
shows zoomed-in d//dU-maps of the structure marked by the right circle in Fig. 5.7 B at dif-
ferent magnetic fields. The d//dU-maps are normalized to the area around the bottom "FP"
marker in Fig. 5.7 B for each individual B value and show a general shrinking of the dark area
with increasing magnetic field. Additionally, the distribution of relatively darker and brighter
locations inside the structure changes with the field, too. At B = 1.0 T, the lowest normalized
d//dU value is not found in the center, but roughly midway from the center to the rim, while the
lowest values are found at the center for B = 2.5'T. This behavior resembles the ring-to-disk
shape change of skyrmions under NCMR imaging conditions. For B = 3.0 T, some irregular,
faint structures remain at the position. As the fine structure of the object is superimposed with
noise, a radial average was chosen to minimize its influence on the profile through its diameter.
The obtained radial profiles are displayed in the row below the d//dU-maps in Fig. 5.8 A: For
B =1.0-2.0T, the lowest dI/dU values are found off center of the object, and for B = 2.5T,
at the center. The profiles were fitted with the NCMR skyrmion profile function given by Eq.
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Figure 5.7: Magnetic field dependent d//dU maps of a fcc-Pd/Fe nanoisland at 7' = 78 K. A:
Indications for the spin spiral state are found in the lower part, marked by the striped lines. The
upper part contains irregular structures. B: Bright areas arise, indicating field-polarized regions.
Dark spots of high SK probability (SK¥) are visible, marked by the striped circles. Also, irreg-
ularly shaped spots of medium SK probability (SK*) thread through the FP areas. C: Uniform
dI/dU intensity in the field polarized state. Color scale adjusted individually for each image.
It =1nA,U =700mV.

4.4 in section 4.6, with skyrmion center position z set to zero due to the radial profile and
FP dI/dU-intensity y, set to 1 due to the normalization. The fitted curves (red in Fig. 5.8 A)
reproduce the shape of the radial profiles for B =1.0-2.5T.

The successfully fitted functions can be used to extract the magnetic field dependent skyrmion
diameter D and wall width w, which are displayed in Fig. 5.8 B. Standard relative regression
uncertainties for D and w are below 5 % for all data points. The skyrmion diameter decreases
from D ~ 4.3nmat 1.0 T to D ~ 2.8 nm at 2.5 T, which is close to the reported decrease from
D ~ 4nm to D ~ 2nm obtained from TMR-based profiles at similar magnetic fields in [23].
The extracted wall widths w in Fig. 5.8 B do not show a strong B-dependency, in qualitative
agreement with the results from [23]. Therefore, the investigated structure has properties similar

to a skyrmion.

A significant difference to the skyrmions found at low temperature remains: a relatively low
dI/dU contrast. The scaling factor C' =~ 0.03 from the skyrmion profile at B = 1.5 T in Fig. 5.8

A significantly deviates from C' =~ 0.11, obtained by similar analysis of the skyrmion profile in
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Figure 5.8: A: Zoom-ins of the right skyrmion position from Fig. 5.7 B at different magnetic
fields and corresponding radially averaged profiles with NCMR fit. Striped white circles indicate
the skyrmion diameter obtained from the fit, the corresponding radii are marked by red striped
vertical lines in the profiles. d//dU signal normalized to the area around the bottom "FP" marker
in Fig. 5.7 B. B: Magnetic field dependent skyrmion wall width and diameter extracted from the
NCMR fitsin A. IT = 1nA, U =700mV, T = 78 K.

Fig. 4.8, which was recorded at 7" = 1.2 K and B = 1.5 T. C'is a measure for the relative d//dU
difference between SK and FP states, therefore the statement of the last sentence is equivalent
to a decrease in contrast between SK and FP by a factor of at least 3 at 7' = 78 K relative to the
contrast at 7" = 1.2 K. The difference is likely caused by the already discussed time-averaging
effect, which incorporates the SK asymmetry in the observed d//dU signal intensity.

The presented measurements in this section were performed at the highest temperature, at which

characteristic features of the spin spiral, skyrmion or the field-polarized state were found.
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5.4 Observation of disordered structures

di/du low

Figure 5.9: Magnetic field dependent dI/dU maps of a fcc-Pd/Fe nanoisland at T = 90 K. The
small period pattern along the diagonal direction results from mechanical noise. The very dark

spots inside the island are caused by defects. Image color scale corresponds to the same d//dU
range for A-D. IT = 1nA, U = 700mV.

For T' > 78 K, the observed structures deviate significantly from the previous observations. Fig.
5.9 shows a dI/dU map series of a fcc-Pd/Fe nanoisland at 7" = 90 K. The island contains three
very dark spots, as marked by the white arrows in Fig. 5.9 A, which are likely caused by the
already mentioned typical in-layer defects of the surface Pd layer. Apart from the defects, an ir-
regular fine structure, consisting of alternating areas of low (blue,dark) and high (yellow,bright)
dl/dU intensity with varying size and shape is found on the island. By comparison of the d//dU
maps A-D, which were recorded at different magnetic fields, an overall increase in d//dU signal
intensity with B is found. The increase does not occur uniformly for the whole nanoisland,

but seems to start at certain bright spots with no obvious, regular arrangement (Fig. 5.9 B).
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Figure 5.10: A: Zoom-ins of the bright spot marked in Fig. 5.9 and corresponding profiles along
the white striped line. B: Zoom-ins of the dark spot marked in Fig. 5.9 and corresponding profiles
along the white striped line. It = 1nA, U =700 mV.

Further increased B leads to stronger segregation of bright and dark structures: The former are
concentrated mostly near the island’s edge and at certain positions in the center, while the latter
mostly avoid the edge and group at the center (Fig. 5.9 C). At the instrumental high field-limit
B = 3.0'T, dark structures remain at the center of the island and less variations in d//dU signal
intensity are still found at the bright areas (Fig. 5.9 D).

Zoom-ins on the bright and dark spots marked in Fig. 5.9 C and dI/dU profiles through their
centers are displayed in Fig. 5.10. Here, the difference in magnetic field dependent behavior
between them becomes more pronounced than in the overview maps. The bright spot (Fig.
5.10A) increases in d//dU intensity with increasing B, and the center position of the profile
curves in the left part of the image shows a regular increase in d//dU intensity between the

magnetic field steps.

The dark spots behavior, as displayed in Fig. 5.10 B, is different. Profiles along the striped
white line show, that the dI/dU intensity at its center remains rather constant for B = 0.0, 1.0
and 2.0 T, and increases from 2.0 T to 3.0 T. The bright areas adjacent to the dark spot (left
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Figure 5.11: A,B: d//dU maps of a fcc-Pd/Fe nanoisland at 7" = 95 K. Small images: Zoom-ins
of the striped rectangles, some dark spots are highlighted with red circles. C: Profiles through
the zoom-ins of A and B along the striped lines. Length scales of the dark spots indicated by the
red shaded areas. Image color scale corresponds to the same d//dU range for A,B. IT = 1nA,
U=700mV.

and right side of the profile), start to increase in d//dU intensity at the first B step, similar to the
bright spot in Fig. 5.10 A.

Fig. 5.11 shows dI/dU maps of a nanoisland for B = 0.0 T (A) and B = 3.0 T (B), recorded
at 7' = 95 K. The individual observations of overall brightness increase and non-uniform local
brightness can be found for the displayed structures, too. At the zoomed-in areas, different sizes
of the dark spots are marked by red circles. At zero field, the structure size is small, and a lot
of fine dark and bright spots are found. At high field, the dark structures condense to few, but
bigger dark spots. Profiles along the striped lines are shown in Fig. 5.11 C, and dips in the
dI/dU intensity correspond to the dark spots. The zero field structures are not only smaller than

the high field structures, but also consist of less d//dU variation along the profile line.
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To summarize the observations, the investigated structures in the d//dU maps of the fcc-Pd/Fe
nanoislands show three distinct effects with increasing magnetic field: First, the overall dI/dU
intensity of the nanoislands increases. Second, the local d//dU intensity of bright areas increases
faster than for dark areas. Third, the characteristic feature size increases. Additionally, the
dI/dU intensity of the island is not uniform at the maximum achievable B = 3.0T.

An interpretation of these observations can be given, if an NCMR-dominated imaging mech-
anism is assumed and applied to the irregular structures. This assumption can not be proven
explicitly due to the unknown spin structure of the investigated objects, but is probable due to
the good agreement of the skyrmion, spin spiral and field-polarized surface features at up to
T = 78 K with their known appearance in low-temperature NCMR-images. A low d//dU inten-
sity would then indicate a low local collinearity, i.e. high average angle between the neighboring
magnetic moments. Conversely, a high dI/dU intensity would indicate a high local collinear-
ity or small average angle between the neighbors. Transferred to the consistently used color
scheme of the d//dU-maps in this study, bright (yellow) areas indicate higher local collinearity
than dark (blue) areas.

Based on the previous considerations, the following statements about the observed structures

can be derived:

1. Sensitivity to changes in the applied magnetic field indicates a magnetic origin.

2. The structures are spatially non-uniform at all investigated magnetic fields, therefore the
underlying spin structure has to be spatially non-uniform, too. This especially excludes
the presence of a fully field-polarized configuration, which would lead to a uniform d//dU

intensity.

3. They are generally driven to a more collinear configuration by the magnetic field, indi-
cated by the overall increase in d//dU signal intensity. This is energetically favorable only
for a spin configuration, which gradually aligns to the field. Therefore, the spin configu-

ration of the island is approaching the FP state, but has not reached it yet at B = 3.0 T.

4. This approach is conducted unevenly at different areas of the island: As a first step, the
filigree fine structure is compressed to bigger non-collinear patches, while the remaining
areas start to align to the external field. The bigger patches remain in a highly non-
collinear state and start to align to the external field at higher 5. This is reflected by the
increased contrast between dark and bright areas at B = 2.0'T, compared to the 0.0 T

and 3.0 T structures.

62



5.4. Observation of disordered structures

5. The structures contain neither regular periods (indicator for the spin spiral) nor rotation-
ally symmetric objects of low collinearity (indicator for skyrmions), therefore no indica-

tions for SS and SK based structures can be derived from the observations.

The experimentally obtained d//dU maps at B > 2.0T bear a strong resemblance to the sim-
ulated spin configuration of the fluctuation-disordered phase from [28], which is shown in Fig.
2.7. Both consist of patches of non-collinear spins with similarly irregular shapes and sizes in a
more collinear background, which is aligned to the external magnetic field.

Due to the similarities with the fluctuation-disordered state and the absence of indications for
ordered structures like SS, SK and FP in the d//dU maps, the structures found for 7' > 78 K are
labeled as a disordered state.

The exact nature of the constituting objects cannot be determined by the experimental approach
used in this study due to the averaging effect of the limited time resolution. An experimental
technique to differentiate between possible static and dynamically fluctuating spin configura-
tions in the island would need to combine sub-nanometer spatial resolution with simultaneous

nanosecond time resolution.
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5.5 The thermomagnetic phase diagram

A thermomagnetic phase diagram visualizes the observed magnetic phases as a function of tem-
perature 7" and magnetic field B. While the magnetic field perpendicular to the sample plane B
and the STM temperature T are clearly defined quantities, which can be adjusted within the safe
operational limits of the cryomagnet system, the observed "phase" depends on the interpretation
of the structures found in the dI/dU maps at variable B and 7'. Therefore, consistent criteria

were used:

Spin spiral: The d//dU-maps contain regular stripe patterns within the Pd/Fe nanoislands
which correspond to the spin spiral wavelength of ~ 7 nm [10]. A typical example for the
SS is found in Fig. 5.5 B.

Field-polarized: The d//dU-maps show a uniform d//dU-level on significant parts of the Pd/Fe
nanoisland. A typical example for the FP state is found in Fig. 5.5 D.

Skyrmions: The d//dU-maps contain dark objects with unique skyrmion properties such as
rotational symmetry or ring-shape at low magnetic fields. A typical example for a skyrmion is

the ring-shaped object in Fig. 5.5 C.

Disordered: The d//dU-maps contain B-sensitive structures which can not be attributed to
SS, SK or FP. A typical example would be Fig. 5.9 A-D.

The experimental phase diagram was mapped within the instrumental limits 0.0 T < B < 3.0T
and 1.2K <7 <100 K: The STM temperature was stabilized via PID feedback at the desired
elevated 7' to record magnetic field dependent d//dU maps of fcc-Pd/Fe nanoislands. The cu-
mulative result of the individual measurements for numerous nanoislands is displayed in Fig.
5.12: each white or red point represents an individual data point, taken at a particular fcc-
Pd/Fe nanoisland at defined B and 7. The spin spiral, field-polarized and disordered phase
were uniquely identified according to the definitions above and are marked by the colored back-
ground. Spin spirals were found for B < 1.0 T and 7' < 78 K. Field-polarized spin arrange-
ments were found for B > 1.0T and 7" < 78 K. The disordered state was found above the
critical temperature 7> = 78 K at all available magnetic fields.

Experimentally observed skyrmions in Pd/Fe/Ir(111) occur either in coexistence with the SS,

as individual skyrmions in the FP state, or as a loosely connected hexagonal lattice in a field-
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Figure 5.12: Cumulative thermomagnetic phase diagram of the Pd/Fe nanoislands. Every data
point represents the phases found for different temperature and magnetic field values. The spin
spiral, field-polarized and disordered phases are indicated by the color shaded regions. Red data
points indicate the existence of skyrmions within the host phases. IT = 1nA, U = 700 mV.

polarized background [10, 23], depending on the applied perpendicular B. The distinction
between the latter sub-phases is blurred by the size restriction of the Pd/Fe nanoislands of the
preparation used in this study: If only a small number of skyrmions exists in an island, the
difference between individual skyrmions and the loose skyrmion lattice becomes somewhat
arbitrary. Therefore, indications for skyrmion occurrence either in stable or rapidly switching
form are marked by the red points inside the host phases and found for 1.0 T < B < 2.5T and
T < 80K.

Monte-Carlo simulation based phase diagrams in [28] and [29] are in very good qualitative
and quantitative agreement with the experimental results of this thesis. Both are shown in
Fig. 5.13 and yield a critical temperature of 7 = 100K resp. T- = 81 K compared to the
experimental result of 7> = 78 K. Both simulated phase diagrams contain a regular skyrmion
lattice phase between the low B spin spiral and high B field-polarized phase, which is not found
for Pd/Fe nanoislands. Therefore, the concept of a phase boundary between the field-polarized
and skyrmion lattice state does not strictly apply here, but the experimental boundary between
the skyrmion containing FP phase and SS phase at B ~ 1.0T is reproduced well by both
simulated diagrams with B ~ 1.0T and B~ 1.5T.
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Figure 5.13: Thermomagnetic phase diagrams of fcc-Pd/Fe/Ir(111) obtained by Monte-Carlo sim-
ulations. Differently coded symbols represent different methods to obtain the phase boundaries
at their locations. A: The faded areas and red arrows between spin spiral (SS), skyrmion lattice
(SKL) and field-polarized (FP) phases represent transition regions which could not be resolved by
the simulation. PM = paramagnet. Adapted with permission from [28]. Copyright (2016) by the
American Physical Society. B: Adapted from [29], licensed under CC-BY-3.0.
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Chapter 6

Upgrading an existing multi-probe

scanning tunneling microscope

This chapter describes the upgrade of a multi-probe scanning tunneling microscope (MP-STM).

It includes several improvements over the original design and consequential function tests.

6.1 Motivation and MP-STM basics

A MP-STM is essentially a STM with multiple scanning tips. The simultaneous application
of multiple tunnel junctions or contact electrodes to a sample allows to investigate electron
transport via 4-point resistance or potentiometry measurements on various sample surfaces [52—
56].

A special class of transport experiments concerns the response of magnetic nanostructures like
domain walls [57, 58] or skyrmions [12] to currents applied parallel to the sample surface. If the
current density is high enough, the magnetic nanostructures can be manipulated in a controlled
fashion which provides essential insights into the physics of interactions of non-collinear spin
textures with spin currents.

For a nanoscale transport experiment, at least three individually controlled STM tips are needed:
Two outer tips to induce a lateral current by an applied differential voltage and one central tip
to image the manipulated magnetic nanostructure. Fig. 6.1 shows the tips of such an experi-
mental setup. The tips L,C and R are glued to individual piezo tube scanners to provide three-
dimensional nanopositioning above the sample surface. The side tips L and R can be moved
by a coarse approach system in three dimensions to contact the sample S at the desired posi-
tion and relative angle. The central tip C is then used to image the sample surface. Similar to

conventional STM (one tip only), the movement range of the tube scanners is limited to a few
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microtips

Figure 6.1: A: Core of a MP-STM setup. Tunneling tips L,C and R near the golden sample S. B:
Optical micrograph of the microtips in very close proximity to the sample surface S. Top part of
the image shows the reflection of the tips on the shiny crystalline gold sample surface.

micrometers. Therefore, they have to be positioned in close proximity to the sample by piezo
motors operating via the stick-slip principle. Here, the increased complexity of a multiprobe
STM arises: For each tip, a three-dimensional coarse approach has to be constructed. With
optical microscope control, the three tips can be brought together to less than 30 pm distance
between the outer tips. Further approach to the targeted sub-micrometer distance between the

tips can be realized by an automated program described in [42].
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6.2 State of the MP-STM before upgrade

The three tip STM was designed and constructed by Jonas Harm and a detailed description of
its properties and performance evaluation can be found in his Ph.D thesis [44]. It will serve as
a replacement for the single tip RF-STM, which was used for the skyrmion experiments in this
thesis. Due to the size constraint caused by the magnet’s inner bore diameter of just 70 mm in
Fig. 4.2, the whole microscope, including all the coarse positioning piezo drives for the side
tips and the sample, is restricted to an outer diameter of 60 mm. Therefore, the design is highly

integrated.

In [44], the assembled MP-STM was shown to be capable of atomic resolution on HOPG in
ambient conditions on an air cushioned table for the central and right scan units in constant-
height mode with very fast scan velocities to reduce the impact of mechanical vibration in the
tunnel junction. In a room-temperature UHV test chamber with advanced vibration isolation,
the monoatomic steps of Au(111) on mica could be resolved with the right and central scanning
unit. Using the same microscope, Jonas Koch imaged the characteristic herringbone recon-
struction [59] with the central tip at room temperature and UHV in his Master thesis [60]. The

monoatomic steps could be resolved at 7' = 48 K with the same setup.

During further development work, the lateral coarse positioning units of the side tips were
identified to be the central weak point of the design and hindered further testing. Fig. 6.2 shows
the complete nano and coarse positioning unit for one of the side tips. The tip is glued on top
of the piezo tube scanner inside the Z coarse positioning drive, which consists of a sapphire
prism inside a phosphor bronze mantle. Relative movement in Z direction is provided by piezo
stick-slip motors, which did not show exceptional susceptibility to problems, characteristic for
the proven Pan design [61]. The slip-stick drive is based on the transition from static to dynamic
friction between two sapphire slide pieces, of which one is glued on top of a shear piezo and
the other connected to the object which is to be moved, in this case the tube scanner with
attached tip. If the shear piezo is deflected slowly by an applied voltage with long rise time, the
friction between the slide plate stays static and causes a movement of the tube scanner. If the
shear piezo is now retracted fast with high rise time in the opposite direction, the inertia of the
tube scanner overcomes the static frictional force and the slide plate glides back to its original
position with less tube scanner movement than in the static case. When used in alternating
fashion and repeated often enough, a macroscopic tip movement with step sizes of a few dozen

nanometers and total ranges of multiple centimeters is possible.

However, the repeatability and accuracy of this process depends strongly on the normal force

Fy between the touching slide plates, which determines the maximum lateral static frictional
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Figure 6.2: 3D schematic drawing of the side scanning unit. Left: Location of the scan unit in the
STM body. Bottom right: XY piezo driver clamping mechanism. Top right: Side scanning unit
with internal Z-drive and tip. Adapted with permission from [44].

force Fs via the static friction equation |Fs| = 15| Fiy| with the static coefficient of friction .
The normal force is usually applied by clamping both pieces together with a screw-adjustable
external spring, as shown in the top right part of Fig. 6.2. Too tight clamping does not allow
sliding between the sapphire pieces, therefore no net movement is possible. Conversely, too
loose clamping leads to sliding on both the forward and back parts of the cycle, therefore, no
net movement occurs, too. The process is further complicated by changes in normal force due

to differential thermal contraction of the materials during cooldown of the microscope, caused

70



6.2. State of the MP-STM before upgrade

by different coefficients of thermal expansion (CTE).

For XY coarse movement of the MP-STM side tips, a compact simultaneous X and Y drive
design was chosen: On the outside of the Z-drive mantle, phosphor bronze wings with glued-on
sapphire plates serve as slide surfaces for the coarse drive. Three pairs of piezo stacks, marked
in green in Fig. 6.2, are pressed against the slide plates on the wings by a force distributor,
which simultaneously clamps all three pairs with a joint normal force applied by the adjustable
leaf spring. Stick-slip movement can then be performed either in X or Y direction by the piezo
stacks, which consist of a pair of orthogonally oriented shear piezos each.

In principle, the design is well suited to equally distribute forces and provide a smooth move-

ment of the side scan unit. In the actual experimental setup, several problems occurred:

* The long arms of the force distributors tend to jam in their narrow shafts, negating the

purpose of the force distributor.

* Due to manufacturing tolerances, different glue thicknesses between piezo stacks and the
arms, and/or handling-induced bending, the length of the three arms is not necessarily

uniform and the magnitude of the normal force varies between the piezo stacks.

* If the stacks are not glued perfectly parallel on the arms, or the combined length of arms
and piezo stacks are not equal, the normal force vector is tilted, leading to additional

unwanted lateral forces.

* If the surfaces of all six sapphire slide plates are not in the same plane or tilted against
each other, the normal forces gain a location-dependent component. As a consequence,

the drive can get stuck at certain positions.

Apart from the problems induced by the force distributor, the glued connections between the
sapphire plates and side scan unit wings often broke during a single consecutive cool down
and warm up cycle. Each side tip has 6 of these glued connections and if only one is broken,
the MP-STM becomes significantly more prone to external vibrations due to the rattling of the

loose plate.
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6.3 Upgrades

6.3.1 Improved side scanner XY coarse drive

B side

steel ball scanning unit

leaf
spring

steel ball side adjustment screws
scanning unit

Figure 6.3: 3D sketches of the new clamping mechanism. A: Cut-view through the microscope
in the XZ-plane. B: Cut view through the microscope in the XY-plane.

The problems of jamming and uneven force distribution were solved by a redesign of the side
scanner XY coarse drive motor. Fig. 6.3 shows cut view sketches of the new clamping mecha-
nism. The first change is the replacement of the joint force distribution system by three individ-
ual leaf springs: Each leaf spring is placed on top of adjustment screws, which simultaneously
compensate for manufacturing induced length differences in the STM body support and allow
independent changes of individual normal forces acting on each piezo contact position while
the MP-STM is in an assembled state.

The second change replaces each of the lower three shear piezos with a stainless steel ball. The
ball is held in position by small holes in the leaf springs and transmits the normal force of the
leaf springs to the sapphire slide plates of the side scanning unit. This mechanical point contact
prevents lateral components of the normal forces from reaching the slide plate. When the three
remaining piezo shear stacks are operated to move the side scanning unit, the lower sapphire

plates glide over the stainless steel balls.

72



6.3. Upgrades

6.3.2 Improved bonding of the side scanner slide plates

The problem of broken glue bonds between the gold-plated phosphor bronze wings of the side
Z-drive mantle and the sapphire slide plates tended to be more complex. Fig. 6.4 A shows a
simplified sketch of the problematic parts of the side scanner unit. As the lateral coarse drive
needs to be functional even at low temperature 7' ~ 1 K, the common bonding techniques using
the epoxy glue H77 or H20E turned out to be insufficient as the sapphire plate surfaces glued
onto the wings are significantly larger than the surfaces which are commonly glued together
in Z-coarse drive designs. Two failure modes occurring under thermal stress were found in
the old design: Adhesive and cohesive failure due to the large CTE mismatch between gold-
plated phosphor bronze, epoxy glue and the sapphire slide plates. Adhesive failure refers to the
separation of the gold-epoxy or sapphire-epoxy interface, cohesive failure to a critical fracture

inside the epoxy glue.

Adhesive failure could be prevented with an enhanced pre-glue treatment of the contact sur-
faces. The gold surface was hydrophobic after the standard UHV-cleaning procedure of subse-
quent water/soap, demineralized water and isopropyl alcohol ultrasonic baths. As epoxy glue in
general acts hydrophilic, this leads to de-wetting of the interface and poor bond performance.
The isopropyl alcohol step was removed to avoid possible solvated non-polar contaminations
and the gold surface was subjected to a 20 second aqua regia treatment. Directly after, the
freshly etched gold surface was found to be hydrophilic and therefore a better match to the
epoxy glue.

Cohesive failure risk could be reduced by changing the glue geometry. The original design
opted for one up to five non-connected, very thin (d <0.05 mm) glue points between sapphire
and gold. After contact with the glue manufacturer Kummer GmbH, it was found that, a) the
conductive epoxy EJ2189 is more suited to the application than H77 and H20e and b) a uniform,
thick (d >0.2mm) slab of glue over the whole contact area is better suited to distribute the
mechanical stress due to the CTE mismatch. Also, a pre-glue vacuum treatment to remove
trapped air bubbles from the epoxy, which could act as fracture nucleation sites, and a change in
the epoxy heat curing to a two step process to achieve better form stability and crosslinking of
the glue matrix, were included. The first step consists of 2 hours at 7" = 65 degrees C to set the
glue and prevent the leaking of binder agents, followed by a one-hour ramp to 7" = 150 degrees
C and one hour hold at the same temperature to harden the epoxy. The ramp was chosen to

minimize thermal stress due to CTE mismatch.

Apart from the epoxy handling induced problems, the old design was very sensitive to man-

ufacturing and handling-induced variations of the milled phosphor bronze wings parallelism,
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Figure 6.4: A: 3D sketch of the current side sled. The Z drive is located inside the mantle. B:
Glueing control mechanism.

which here refers to the geometrical alignment of the top and bottom sapphire slide plates. If
these are not perfectly parallel, the angle between them induces uneven, turning, or completely
hindered movement of the XY coarse drives due to varying normal forces at different positions.
To achieve a parallel configuration of all 6 slide plates, their alignment was stabilized during the
curing process with the holder shown in Fig. 6.4 B. The side sled was clamped into the holder
via 6 grub screws on 3 different sides. Then, after calculating the required controlled gap from
parts and glue thicknesses, the sapphire plates were clamped between two precision manufac-
tured rings, which are moveable on the guide rails. The gap width was then measured and/or
adjusted via micrometer screws. The final position was fixed with nuts above and below the
clamp rings to prevent the ring weight from squeezing out the glue during the curing process.
Measured after the sled cooled to room temperature, the deviations from the parallel surface
were below 20 micrometers.

A side sled with slide plates glued on via the control mechanism shown in Fig. 6.4 B was in-
stalled in the new XY coarse drive motor. The leaf spring controlled normal forces were then
individually adjusted to allow smooth operation at ambient conditions and the design was sub-
sequently tested in UHV at 7' =~ 293 K, 140 K, 65 K and 10 K with the same spring adjustment

settings. At all temperatures, drive operation was successful [62].
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6.3.3 Proposed general XY coarse drive improvement
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Figure 6.5: Proposed XY-coarse drive design to eliminate parallelism problems for the sample
stage based on a solid sapphire slide piece glued to a modified mantle for the Z drive. Front (A)
and back (B) view.

To further increase parallelism and smooth XY-drive motion, a new design proposal for the
sample stage sled is shown in Fig. 6.5. The optical grade solid sapphire slide piece replaces the
glued-on sapphire plates and the phosphor bronze wings, and guarantees a surface parallelism
below 5 micrometers. For a nearly perfect CTE match to reduce thermal stress, the new Z-
drive mantle will be composed of molybdenum. Also, the new design incorporates a removable
backplate for easy access to the Z drive shear piezos. Mantle and slide piece will be glued

together with a technique similar to the one described above.
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6.3.4 New side tip design
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Figure 6.6: The new side tip design. A: Photograph of the new tip in a test holder. B: Cut-view
schematic. C: Optical micrograph of the microtip.

The original side tips, as shown in Fig. 6.2, were composed of 4 consecutive 90 degree bends in
the RF cable to incorporate the tip change mechanism shown in Fig. 6.2. The RF cable loop was
presumed to be a good conductor of mechanical vibrations and therefore stabilized by a copper
plate. Together with the rather bulky tip exchange mechanism, a lot of mass was concentrated
on the top of the tube scanner. Higher mass on top of the tube scanner leads to a downshift of
its mechanical resonance frequencies and makes the noise in the tunnel junction worse.

A lighter, streamlined version without unnecessary bends and minimal weight on top of the
scanner is shown in Fig. 6.6. The center conductor of a semi-rigid RF coax was removed and
replaced by a commercial Pt/Ir-tip (Nauga Needles) to prevent tip/wire interface connection
problems. The lower end of the tip was then sharpened and inserted in the spring-based cen-
ter conductor socket of a G3PO female RF adapter or female-female bullet. The connection
was secured with either solder or conductive epoxy. Then, the RF coax and RF adapter outer
conductors were connected via solder or epoxy to ensure proper shielding and mechanical sta-
bility of the STM tip. The resulting construction is very rigid and compatible with the standard
SMPS connection system used elsewhere in the MPSTM. Tip to sample angle can be controlled
primarily through the defined bend of the RF coax and secondarily through small but defined
angle backlash in the SMPS connector.
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6.4 System tests

The new tips and side scanners were installed in the MP-STM and tested in ambient conditions

on top of an air-cushioned table.

6.4.1 Tube scanner XY calibration

To correlate the tube scanner control signals with a physical atomic-scale length, the XY-
components of the scanner piezos were calibrated using highly oriented pyrolytic graphite
(HOPG), a synthetic polycrystalline carbon allotrope. It consists of multiple, slightly misori-
ented and fused grains of monocrystalline graphite. Each individual crystallite is composed of
vertically stacked sheets of graphene, a two-dimensional honeycomb lattice of carbon atoms
in the (0001) plane, which are held together by strong covalent bonds with a bond length of
a = 142 pm [63]. The graphene sheets stack in the ABAB configuration along the [0001] di-
rection perpendicular to the (0001) plane and are held together by comparatively weak van der
Waals forces. These weak bonds allow the preparation of a clean sample surface by removing
some of the topmost graphene layers with adhesive tape.

A model of the HOPG surface is shown in Fig. 6.7 B. Due to the ABAB stacking, not all surface
atoms are equal: The blue colored atoms lie above carbon atoms of the first subsurface layer,
while the yellow colored ones lie above the empty centers of the honeycomb hexagons. Due
to asymmetrically increased LDOS near the Fermi energy, the yellow atoms appear higher in
topographic STM images and form a triangular lattice [64].

Fig. 6.7 C shows a STM topography of a freshly cleaved HOPG sample, recorded with the left
tip of the upgraded MP-STM. A triangular lattice is visible in the image, but disturbed by noise
due to relative vibrations between tip and sample, and probable ad- and desorption events at
the tip apex. Both effects lead to horizontal stripes in the image, parallel to the fast scanning
direction. To improve lattice visibility, the dynamic range of the brown color scale was limited
to 80 pm, and all height values outside of this band were displayed as black and white. A fast
Fourier transform (FFT) of the image is displayed in the small insert in Fig. 6.7 C and shows
6 bright spots, marked by the green circles. Each spot corresponds to a periodic structure of
the real space image, and its distance from the center equals the inverse period length, averaged
over the whole image. By cutting out all regions outside the green circles and computing the
inverse FFT, all that remains from the original image is the triangular lattice, which is blended
into the original image via the blue-yellow round insert in Fig. 6.7 C. The big insert shows

a zoom-in on one of the white hexagons, with marked atom positions. The triangular lattice
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of yellow spots appears to be rotated relative to the FFT spots, therefore the FFT spots do not
correspond to the distance between the individual yellow atoms, but to the distance of yellow
atom rows, which is marked in Fig. 6.7 B with striped lines. Based on the honeycomb lattice
geometry, a line distance b = (1 + cos 60°) - a = 213 pm results.

The actual calibration consists of comparing this computed line distance with the FFT-measured
line distance and multiplying the measured image length scale with the calibration factor r =
beomp. /brrr. The size bar in Fig. 6.7 C is equivalent to an image distance of 1 nm, calibrated via
this method. The calibration factor as determined on HOPG can be used to accurately display
distances in future STM images.

The same procedure was repeated for the central and right tip, and the used STM topographic
images are displayed in Fig. 6.7 A and D. All hexagons in the big inserts of A, C and D
are irregular due to the presence of thermal drift during image acquisition, which compresses
or stretches the measured lattice. To minimize its influence on the calibration factor, the fast
scan axis was oriented close to perpendicular to one of the yellow atom rows and only the

corresponding FFT spot was used for the calibration.
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Figure 6.7: Scanner XY-calibration using HOPG. A,C,D: Atomic resolution STM topography
in ambient conditions, color scale described in the main text. Filtered topography blended in
via round inserts, honeycomb lattice marked in white. Small inserts: Fast Fourier transform of
the topography with high symmetry points marked by green circles. Big inserts: Zoom-in of
the filtered topographic images with marked atomic positions. B: HOPG lattice model, blue and
yellow circles represent individual carbon atoms of the surface layer. A: It = 5nA, U = 2mV.
C:It=3nA,U=100mV.D: IT =9nA, U = 7mV.
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6.4.2 Tube scanner Z calibration

The Z-components of the tube scanners were calibrated with another known atomic length scale,
the distance between Au(111) atomic layers. In the fcc crystal, the distance between (111) layers
bis defined by b = a/+/3 =235 pm, with the Au lattice spacing a = 408 pm. The Au(111) single
crystal was cleaned via flame annealing and constant-current STM images were recorded. The
images were tilt-corrected, then rectangular shapes were cut out with the long side parallel to
the fast scan direction for drift influence minimizing. The results are shown in Fig. 6.8 A
for the individual STM tips. The Au crystal was polished at a slightly different angle to the
(111) surface, therefore monoatomic terraces form at the Au(111) surface during the annealing
process. The height difference between the terraces is equivalent to the (111) layer distance, as
shown by the model in Fig. 6.8 B. On the right side of Fig. 6.8 A, the z histograms of the STM
images show separate peaks for each height level, marked with the same numbers as the terraces
in the STM images. Each histogram peak was individually fitted with a gaussian distribution
f(2) ocexp (—(z — 20)?/(20?)) to determine the average z value of an individual terrace z, and
its standard deviation o. The fit centers of all peaks of the left tip image histogram from Fig. 6.8
A are plotted against the Au(111) layer number x in Fig. 6.8 C and subsequently fitted with a
linear function A 4 bx, weighted with the standard deviations, to extract the average step height
b. The intercept of the fit function A is equivalent to the extrapolated z value of terrace number
0, depends on the arbitrarily chosen zero point of the z-scale and is therefore of no significance.
The actual calibration consists of comparing the measured b to the known layer distance of
235 pm and multiplying the image z-scale with the recalibration factor » = 235 pm/b. The
procedure was repeated for the center and right tip of the MP-STM and results in the calibrated
z-scale of the height histograms in Fig. 6.8 A.

The results of the room temperature XY and Z calibrations are combined in Tab. 6.1. The
displayed scan ranges in rows 2 and 4 are obtained by multiplication of the calibrated linear
calibration constants C; with an applied scanner deflection voltage U = 80 V for the lateral and
U = £ 200 V for the vertical directions.
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Figure 6.8: Scanner Z-calibration using Au(111) step edges. A: STM topography in ambient
conditions with corresponding height histogram and marked Au(111) layer numbers. B: Au(111)
side view lattice model. C: Step height fit of the calibration procedure described in the text.
Center tip: IT = 5nA, U = —60mV. Left tip: It = 8nA, U = —60mV. Right tip: IT = 6nA,
U=—-60mV.

Table 6.1: Room temperature tube scanner calibration results.

left scanner

center scanner

right scanner

Cyy (nm/V)
Xy-range (nm)
C, (nm/V)
z-range (nm)

Cay/C-

8.13
650
1.92
766
4.24

20.37
1630
1.44
574
14.20

9.63

771
2.68
1072
3.59
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6.4.3 Lateral current test
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Figure 6.9: A: Optical micrograph of the tip configuration. B: Simplified wiring schematics.
C: Lateral current and loop resistance vs. applied supply voltage plot. The black dotted line
represents the linear I(U) curve expected from an ideal ohmic resistor. The red dotted line is the
circuit resistance at low voltage. The black striped curve serves as a guide to the eye for the loop
resistance without switch effects.

One of the main reasons to build a MPSTM is to conduct transport measurements with an
applied lateral current. To demonstrate this capability, the outer Pt/Ir tips were contacted very
close to each other with the Au(111) crystal and a lateral current of up to 220 mA was applied
between them (Fig. 6.9 A,B). Tip to sample approach was realized by the coarse Z positioning
system, while the current between the tip and biased sample (U, < 1mV) was monitored with
the Nanonis SPM control system. After contact was indicated by a sudden jump from zero to
finite current, the tip wiring was disconnected and the same procedure repeated for the other side
tip. After both were in contact, the sample bias wire was disconnected, resulting in a floating
sample potential.

A lateral current is the result of a potential difference at both ends of a resistor. Here, the resistor
consists of the serially connected Au(111) sample, two Pt/Ir tips and the RF cables leading from
the UHV feedthroughs to the tips, all of which are highly conductive. Therefore, a small voltage
has to be used to prevent sudden high current flow.

A series resistor switch with selectable resistance from R, = 822 to R, = oo (disconnected)
was installed between the outer tips and the output of a power supply Us. The loop resistance

of the circuit (resistor switch at 822 plus sample, tips, contact resistance, and cables) was
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6.4. System tests

R—Rs
R

high supply voltage leaves a small voltage between the tip contacts U; ~ 0.035 Ug. Therefore,

measured to be R ~ 85 (2. According to the voltage divider formula U, = Ug, arelatively
a stable voltage source can be used as a stable very low voltage source.

Supply voltage was provided by a standard laboratory power source, and the resulting cur-
rent through the circuit was measured by a multimeter. Loop resistance was calculated via
Ohm’s law R = Ug/I, both quantities are shown in Fig. 6.9 C. For small voltages (and cur-
rents), the voltage-current relationship remains linear. Above U; = 5 'V, the current increases
faster than the ideal Ohmic behavior and consequently, the loop resistance decreases. This
behavior was caused by Joule heating of the ceramic 82 ) resistor, which has a slightly nega-
tive temperature coefficient. Irregularities in the resistance curve are caused by voltage range
switching in the power supply, which allows the resistor to cool for a short time. At the maxi-
mum tested current [ = 225 mA at Us = 18.6 V, the thermal heating power can be calculated
by Py, = Usl = 4.2W. Most of the heat is generated in the resistor switch according to
Py, = RI? = 4.04 W, the remaining 160 mW are shared between the rest of the circuit’s ele-
ments. At the point contacts between the tips and sample, the highest resistance and therefore
Joule heating are expected, but no evidence for spot welding of the tips to the sample was found,
as they could be separated after the experiment with no apparent damage.

To estimate the distribution of Joule heating in the tips and sample, the individual resistances
of the sample and the two contact points have to be measured. In the two-probe geometry of
this lateral current experiment, only the sum of sample and contact resistances is accessible. A
separation of both components is possible by a four-point resistance measurement, which could
be performed with a four-probe STM.

In [65], the lateral current between two tips on the surface of a thick sample was estimated to
spread to a width roughly twice the tip distance d. Symmetry considerations suggest, that the
current spreads to a sample depth of d, therefore the current between both point contacts must
flow through an area of A = 2d - d. The corresponding current density j = /A then yields
40 MA /m? for I = 200 mA with d = 50 um from the experiment.

With the automated lateral approach program described in [42], a tip-tip distance of 500 nm
should be easy to reach. The resulting j = 0.4 TA/m? exceeds the threshold of 0.2 TA /m?
needed for skyrmion movement as found in [12]. In a thin film based sample, much lower
lateral currents are needed due to changes in sample geometry. At a sample thickness of 100

nm, 0.4 TA /m? can be achieved with [ = 40 mA at the same tip separation.
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Chapter 7. Conclusion

Chapter 7

Conclusion

As main part of this thesis, the properties of skyrmions and other magnetic nanostructures in-
habiting the Pd/Fe/Ir(111) sample system were investigated by variable-temperature and time-
resolved scanning tunneling microscopy and spectroscopy.

Measurements were performed on the face centered cubic palladium-iron double layer, which
was grown by molecular beam epitaxy on the surface of an Ir(111) single crystal. The prepara-
tion method resulted in fcc-Pd/Fe nanoislands of different sizes and shapes.

Magnetic nanostructure imaging was conducted by utilization of the non-collinear magnetore-
sistance effect (NCMR), which manifests in d//dU signal intensity differences for spin tex-
tures with different mean canting angles between neighboring spins. NCMR is caused by local
density of states (LDOS) modification due to mixing of the spin-up and spin-down tunneling
channels in the tunneling junction. Parallel and anti-parallel aligned (summarized as collinear)
neighboring spins do not modify the sample LDOS. The field-polarized (FP) phase, where spins
align with the external field, is an example. With increased angle between neighboring spins,
thereby increased non-collinearity, the LDOS is reduced proportional to the canting angle at
U = 700mV. Skyrmions (SK) and other inhomogeneous spin textures like spin spirals (SS) of
Pd/Fe/lr(111) are examples for this scenario.

As a control experiment, the previously known low-temperature SS, SK and FP phases were
confirmed at 7' < 4 K. Due to the finite size of the Pd/Fe nanoislands, the regular, hexagonal
skyrmion lattice phase could not be found, instead the skyrmions occured either in coexistence
with the SS at low magnetic fields B = 1T perpendicular to the (111) sample plane or in
coexistence with the FP phase at high magnetic fields B > 1T. At even higher B > 2T,
stochastic skyrmion creation and annihilation events were found.

Time resolved scanning tunneling spectroscopy was employed to record the magnetic telegraph
signal caused by the stochastic changes in d//dU signal intensity at a fixed position on the sam-

ple. Through statistical telegraph signal analysis, mean SK and FP lifetimes, the SK asymmetry,
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and creation/annihilation rates could be extracted for the same switching position at different
temperatures 1.58 K < T' < 7.7K and B = 2.5T. With increasing 7', a decrease in the
lifetimes and SK asymmetry was found. The non-thermal and thermal contribution to the SK
annihilation and creation rates could be separated by fitting a combined model. Crossover from
non-thermal to thermal creation and annihilation occurred at 7' ~ 4.0 K.

Caused by the rapid increase of transition rates with 7', time-resolved methods were not avail-
able at elevated temperature. Instead, the interpretation of the d//dU maps had to change to
a time-averaged concept. Based on a comparison with micromagnetic simulations of a simi-
larly shaped and sized nanoisland [51], one can conclude that skyrmions move inside the island
on trajectories determined by the lateral potential energy landscape shaped by pinning defects,
island edges and the interaction with other skyrmions. The resulting patches of d//dU signal
intensity in between FP and SK levels correspond to positions with a certain averaged skyrmion
probability, effectively transforming the d//dU map to a map of skyrmion probability density.
The ordered magnetic phases could be found within their particular magnetic field boundaries
atup to 7' = 78 K and showed no significant deviations from their low-temperature appearance,
except for a general decrease in SK-FP d//dU contrast, probably caused by the time-averaging
effect.

Above the critical temperature 7> = 78 K, a new magnetic texture with significant differences
to the ordered phases was discovered. It consists of irregularly shaped objects with varying
degrees of local spin collinearity, whose characteristic length scale and average collinearity
increases with B. Through d//dU map analysis at 7' = 90K and 95 K, a two-step process
was found to phenomenologically describe the B dependence of the observed structures: First,
the filigree patches with lower collinearity are compressed into less, but larger objects. The
remaining large structures are gradually forced to align with the external magnetic field. At the
maximum achievable B = 3T, the process is still incomplete and the field-polarized state is not
yet reached. The experimental d//dU-maps of the new spin phase closely resemble Monte-Carlo
simulations of a fluctuation-disordered (FD) phase consisting of rapidly fluctuating objects with
irregular size and shape.

A cumulative thermomagnetic phase diagram was constructed by combination of the inves-
tigated fcc-PdFe nanoislands. For each NCMR image of an island, the occurring magnetic
phases were assigned according to fixed criteria. The experimental B — 7' phase diagram cor-
responds quantitatively and qualitatively well to Monte-Carlo based phase diagrams, which
report the first critical temperature 7 = 81 K [29] resp. T = 100 K [28], compared to the
experimental result of Tx = 78 K. Compared to the nanoskyrmion lattice of Fe/Ir(111) with a

critical temperature of 7 ~ 28 K [21], the additional capping layer of palladium increased the
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Chapter 7. Conclusion

thermal skyrmion stability by a factor of nearly 3. This is likely caused by enhanced exchange
interaction between the Fe atoms and the highly polarizable, almost ferromagnetic Pd atoms
[17].

The second part of the thesis focused on the improvement of a multi-probe scanning tunneling
microscope (MP-STM), which ultimately could be used to access dynamic transport properties

of skyrmions.

The side tip lateral macro-positioning motors were radically altered to counter several of the the
weak points found in the previous iteration of the MP-STM. Its joint force distribution system
was split into individually adjustable clamping springs for each piezoelectric driver. Also, one
set of the drivers was replaced with stainless steel glide balls to eliminate uneven and tilted
force distributions. Additionally, the epoxy glued bonds between the support structure and glide
plates of the macro-positioning system were found to be prone to thermocycling damage during
subsequent MP-STM bakeout and cool-down. The epoxy glue was changed in formula, bond
geometry and curing process, and a tailored surface treatment and pre-cure epoxy treatment
procedure was developed to maximize adhesion and bond toughness between the glide plates
and support structure. The new motor design was tested at variable temperature and found to
be operational at ambient conditions as well as for 293 K > 7" > 10 K in UHV conditions with

the same mechanical settings of the clamping springs.

The side tip design and exchange mechanism were also improved to a lightweight, rigid design

without unnecessary bends in the RF cables leading to the tip.

Test measurements on freshly cleaved highly oriented pyrolytic graphite and flame-annealed
Au(111) surfaces were used to calibrate the tube scanners of all three tips. Here, constant-
current atomic resolution was achieved for all tips in ambient conditions on an air-cushioned
table, which proves enhanced MP-STM stability over the previous design, where only the center

tip was able to achieve this result in a vibrationally isolated UHV chamber.

A lateral current experiment was performed to showcase the MP-STM readiness for transport
experiments with a maximum current of 225 mA between two side tips in contact with the
sample. If a smaller current of 200 mA is imprinted with an easy to achieve tip—to-tip distance of
500 nm, the resulting current density of 0.4 TA /m? will already exceed the skyrmion movement
threshold of 0.22 TA /m? in [12].

The next step will consist of more design changes to include the proposed new single crystal
sapphire slide piece on the sample coarse drive and a compatible new STM head with improved
wiring. After that, the assembled microscope will be tested in cryogenic UHV conditions with

the ultimate goal of replacing the RF-STM used for the skyrmion experiments in this thesis,
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enabling radio-frequency atomic-scale skyrmion transport experiments at variable temperatures

and external magnetic fields.
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