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Introduction

Over the last decades, micro total analysis systems (WTAS) and Lab-on-a-chip
(LOC) devices have been investigated to potentially tackle the rising need for
cheap, fast and reliable point-of-care diagnostics [MGWgo, Knioz2, CLS12, LMS17].
Some of the reasons for the need to develop these systems include the demo-
graphic development towards an “older” society, support developing countries
with scarce access to sophisticated medical equipment, and early detection of life-
threatening diseases [YAL13]. However, these systems have to overcome the chal-
lenge of efficiently isolating and detecting disease-marker entities, e.g., viruses
and proteins, within a portable LOC device. Nevertheless, a promising solution
to address this challenge is the implementation of magnetic particles with appro-
priate surface receptors within these LOC devices [PCJo3, Gijo4, Pamo6, MVP19].
To implement this type of particles, several key functionalities need to be ad-
dressed: The interaction of the magnetic particles with the analyte (specific bind-
ing), isolation from a screened sample and reproducible detection of the analyte
binding events. Related research has been focused so far on superparamagnetic
particles due to their high flexibility in surface functionalization and magnetic
content [HKB15, HANLi15, LTK17, RHE21, RLG21, HRS22]. Within these studies,
different systems to guide superparamagnetic particles on top of a chip surface
within a microfluidic environment were investigated. One simple way to trans-
port magnetic particles is via magnetophoresis, which consists of applying a mag-
netic field gradient to the system, initiating movement of the exposed magnetic
particles [YESo7]. Another way to induce particle transport is to combine mag-
netic field landscapes (MFL) in the micron-range with the application of time-
varying homogeneous magnetic fields. This method leads to a more controllable
one-dimensional (1D) and two-dimensional (2D) particle transport, which is ad-
ditionally accompanied with larger motion speeds [TSJog, ELW11, EKH15, HKB15,
KBS20]. Here, a difference can be made between MFL generated by stray fields
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emerging from micron-sized magnetic elements on the substrate [TSJog, KBS20]
or by stray fields emerging from domain walls (DWs) in magnetically patterned
thin films [ELW11, EKH15, HKB15]. However, in general, it is desired to increase
the probability of interaction between the magnetic particle surface and the an-
alyte to improve the applicability of the particles in these systems. This increase
in the probability of interaction can be achieved by inducing controlled particle
rotations in addition to translational motions. Unfortunately, superparamagnetic
particles typically do not exhibit this additional degree of freedom in their mo-
tion control due to their characteristic magnetic properties. Nevertheless, there
are magnetic particles that can be rotated [HRT21]. These magnetic particles are
asymmetrical structured, so-called Janus particles (JPs), which are the subject
of the investigations presented in this thesis. Magnetic JPs are typically fabri-
cated by means of a deposition technique on top of an array of template parti-
cles, with the preferred method to perform the deposition process being sputter
deposition [Sesi12], due to its capacity of depositing thin film systems. This JPs
fabrication method produces particles with an attached hollow hemispheric cap.
Following this fabrication method, magnetic JPs have been produced and investi-
gated for different deposited thin film systems, where not only different materials
have been used to create the caps but also different thicknesses, and even post
processing methods to alter the magnetic properties of the caps after their cre-
ation [AHGos, SKS12, SKR16, TRH21, Reg22]. These studies have established the
existence of different magnetization states/textures that can be present in caps
according to their size and the magnetic system used to create them. Of the dif-
ferent possible magnetization states, three seem to be the energetically preferred
ones: out-of-plane, onion and vortex [SKS12, SKR16]. Additionally, studies on JPs
capped with an Exchange-Bias system (EB-]JPs), as the particles used in this work,
showed that a pinning of an onion texture can be accomplished by introducing a
unidirectional anisotropy into the cap by means of Exchange interaction [TRH21].
JPs whose caps exhibit an onion magnetization texture at remanence posses a
fixed and larger magnetic moment, which can be then exploited to induce the ro-
tation of JPs. Experiments studying the rotational dynamics of EB-JPs have shown
that the rotation of these JPs can be addressed via an externally applied magnetic
field [HRT21].

Within this thesis, based on studies of the known 1D transport of EB-JPs over a
prototypical parallel stripe domain pattern [HRT21], two open research questions



were intended to be answered:

1. How do the magnetic properties of JP caps influence the motion dynamics,
in particular the qualitative behavior and motion speed, of the particles?

Consequently, considering a systematic study on the influence of the ferro-
magnetic layer thickness tr, which so far has not yet been performed for EB
caps in the micrometer range: How does the remanent magnetization tex-
ture of the cap, which is known to be dependent on tg, influence the motion
dynamics?

Furthermore, can the magnetic state of the caps be identified by simply ob-
serving the motion behavior of the particles in a microfluidic transport ex-
periment?

2. Can EB-JPs be transported above more complex domain patterns, e.g., a
checkerboard-like pattern, where the particles are thus induced to perform
2D transport?

A checkerboard-like pattern has proven to be applicable for superparamag-
netic beads to induce their 2D transport [Deui16]. Here, however, no rela-
tion between particle position during transport experiment and the position
of domains and domain walls in the underlying substrate was established.
Another task was therefore the development of a systematic experimental
routine for drawing this connection, exemplified for the investigated EB-JPs.

Prior to the discussion of these experiments, the theoretical background and
the utilized experimental methods will be introduced.
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Theoretical Background

To set the experimental results obtained in this thesis into theoretical context,
the relevant fundamentals will be presented in the following. Starting from the
origin of magnetism (Section 2.1) and the fundamental magnetic interactions (Sec-
tion 2.2), the focus will shift to the magnetic anisotropies arising from such in-
teractions (Section 2.3). Afterward, the concept of magnetic Janus particles and
their transport-relevant properties will be introduced in Section 2.4. Finally, the
concept of particle transport and the mechanism used in this project will be pre-
sented in Section 2.5, where a description of the origin of the required magnetic
stray field landscape, the relevant forces acting on magnetic particles, as well as
an introduction into a recent study on the motion dynamics of magnetic Janus
particles will be included.

2.1 Magnetic Moment

The magnetic moment /i is the principal quantity that gives rise to the phenom-
ena of magnetism. Although matter is composed at the atomic scale of electrons,
protons, and neutrons, its magnetic properties are mainly determined by the mag-
netic moments of its electrons in partly filled electron shells and their different
interactions. This is because the magnitude of the particle magnetic moment is
inversely proportional to the particle mass, leading to negligible values three or-
ders of magnitude smaller for i of protons and neutrons [Coe1o, Ste12]. Each of
the electrons has an orbital angular momentum [ related to its motion around
the nucleus and a spin angular momentum §. Then, the total orbital angular mo-
mentum L and the total spin angular momentum S for an atom is conformed by
the sum of the [ and 5 of the individual electrons, respectively [Ste12]. This leads
to the magnetic moments of the atom ji; and jis associated with its electrons’
orbital and spin angular momenta, respectively. This contributions to the total
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magnetic moment of the atom /i can be expressed in terms of the Bohr magneton
ug as [Ste1z2, Huh22]:

jir =—ps - L, (2.1)

fis=—-2pp-S, (2.2)

where pp is defined by the electron charge e, the reduced Planck constant 7, and
the electron mass m, as

_ lel-n

_Z'me.

(2.3)

The Bohr magneton is derived from the atomic model presented by Niels Bohr in

HB

1913 and represents the magnetic moment of the electron in the first Bohr orbital,
i.e., the orbital of lowest energy. This constant is fundamental and is used as a
natural unit of the magnetic moment [CGo8]. Consequently, /i is obtained from
the vector sum of Eq. 2.1 and 2.2 [Ste12, Huh22]

ji=-pg- (L+2-8), (2.4)

which takes into account the contributions from all electrons. Therefore, if the
magnetic moments of the individual electrons are overall oriented in opposite
directions, the atom does not have a permanent magnetic moment. If this con-
dition extends to the entire material, it is called diamagnetic. However, if the
magnetic moments of the electrons do not entirely cancel each other, the atom
has a net magnetic moment. Hence the need for the electron shells to be partially
filled. The materials composed of this type of atom are denominated paramag-
netic, ferromagnetic, antiferromagnetic, or ferrimagnetic [CGo8, Huh22]. The
specific classification of the materials into the latter mentioned magnetic cate-
gories depend on the interactions of the atomic moments, interactions defined by
quantum mechanical laws [Coe10].

2.2 Magnetic Interactions

In the following sections, the main interactions responsible for the macroscopic
magnetic properties of materials are summarized. These interactions describe the
relationship between the electron’s spin and its movement around the nucleus as
in the "spin-orbit coupling" (Section 2.2.1) and between the magnetic moments
of multiple electrons as in the "dipolar interaction" (Section 2.2.2) and "exchange
interaction" (Section 2.2.3).
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2.2.1 Spin-Orbit Coupling

In the previous section, it was already mentioned that the magnetic moment p
of an atom consists of the orbital [ and spin s angular momenta of the individual
electrons. Moreover, the atom has a total electronic angular momentum f, which
is also determined by T and 5 of its electrons. For this, it is necessary to consider
how [ and § are combined. This combination is determined by a relativistic in-
teraction known as spin-orbit coupling. This coupling originates, in a simplified
classical picture, from the electron’s motion around the nucleus, which, when
viewed from the electron’s perspective, appears as the nucleus rotating around
the electron. This "motion of the nucleus" generates a magnetic field

- Z-e-llo -
B=-2¢H T .
I g (2.5)

located at the electron and aligned parallel to I [HWBos5]. Here, Z is the nuclear
charge, i is the permeability constant, and r is the distance between the electron
and the nucleus. This magnetic field induces a parallel or antiparallel alignment
of the [ of the electron and its coupled s. Since the electron’s ji has an opposite
direction to the S, the interaction energy between the spin and the orbital field
will depend on the alignment of the spin to I. Then, the interaction energy from
the spin-orbit coupling effect is given by
2
By =~ Br= 5, (2.6)
13 m?

where, for 5 17  this energy is highest and lowest for s T I [TL12, HWBos].
It can be noted from Eq. 2.6 through Z that the spin-orbit interaction is weak
for light atoms and becomes more relevant for heavy elements, in particular for
the electrons close to the nuclei [Coe10]. Therefore, two limiting cases can be
distinguished for the coupling between the § and the I of the electrons to obtain
J [HWBos].

In the first case, the LS or Russell-Saunders coupling, is used to describe lighter
atoms. Here, the spin-orbit interaction (5; -Z-) of each individual electron i is weaker
than the coupling between different electrons [(5; - 5;) or (7, Z,)] [HWBos5]. Hence,
the total orbital L and spin S angular momenta are obtained from a vectorial sum
before combining to form 7 as:

f:ZZ, §=Z§}, J=L+S. (2.7)
i i
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On the contrary, as mentioned above, the spin-orbit coupling has a stronger
effect on the electrons of heavy elements. Whereby, the Z and s; of the electrons
first couple to each other to form individual j;, before combining to J; known as
jj-coupling [HWBos5]:

Ji=li+%, J=2>J (2.8)
i

2.2.2 Dipolar Interaction

In a solid material, each individual magnetic dipole with a magnetic moment i
generates a magnetic field perceived by the other dipoles. This induces a mag-
netostatic interaction between all pairs of magnetic dipoles fi; and ji; within the
solid, separated by a distance r;;, shown by [Geto8, BSBos]

Ho Lo 3 (@ Fy) - (- Tp)
—— - (Hi B~ . (2.9)
4-7r-rl.j ri

Edip =

Considering two parallel aligned dipoles with fi; = ji, = jip separated by a dis-
tance r;j = 2 A, the dipolar interaction energy results in Eg;, = 2.1 X 107%* J, for
fi L 715 [Geto8]. This energy Eg;, can be transformed to a temperature T taking
E = kg - T, where kg is the Boltzmann constant, leading to a corresponding tem-
perature below 1 K [Geto8]. Hence, the dipolar interaction cannot set the order
of the atomic magnetic moments, which is characteristic for ferromagnetic ma-
terials, since temperatures higher than 1 K would imply a disorder of the atomic
magnetic moments and a loss of the magnetic properties. However, the dipolar
interaction strongly influences shape anisotropy (cf. Section 2.3.1) and magnetic
domain formation due to its long-range character [BSBos].

2.2.3 Exchange Interaction

It is still necessary to explain what induces the magnetic ordering of atomic mag-
netic moments. This fundamental property of magnetic materials originates in the
exchange interaction, which considers the electrostatic Coulomb repulsion and
the Pauli principle [Coe10]. The latter principle has to be taken into account due
to the fermionic character of electrons, which excludes the possibility of electrons
sharing a quantum state, described by the same set of quantum numbers [Coe10].
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To explain this interaction, a system consisting of only two electrons at positions
r1 and r, is first assumed [Geto8]. The total wave function of the two electrons
(71,51, 72, 52) can be represented by the product of the spatial ¢(71,7,) and the
spin y(s1,52) wave functions. The Pauli principle also establishes that the total
wave function must be antisymmetric, i.e., ¥/(F1,51,72,52) = —(7a, S2, 71, 51), to
keep the electron density |i/(¥1, 51, 72, $2) |2 unchanged under the exchange of elec-
trons. This antisymmetry condition can then be fulfilled by ¢ (7}, 72) being sym-
metric and y (51, ;) antisymmetric, or vice versa [Geto8, BSBos]. For y(s1,$3) to
be antisymmetric, the spins of the electrons have to be aligned as s T 53, leading
to a total spin S = 0 and to a state called singlet. However, if y(s1,5;) is symmet-
ric, the spins align parallel to each other as 57 17 s, forming a triplet state with
S = 1. These singlet and triplet states have corresponding energies Es and Er,
from which the exchange energy can be obtained as Egx = Eg — Et, representing
the energy cost of exchanging electrons from a singlet to a triplet state. Taking
this energy Egx and the Heisenberg model, an effective Hamiltonian that describes
the spin interaction in this two-electron system can be written as [Geto8]:

A 1 - -
A= (Es+3-Er) - (Bs - Er) -5 - 5, (2.10)

Ignoring the first term, which is constant, one can reduce the Hamiltonian to the
second term, which is the spin configuration-dependent part. Additionally, by
defining the exchange constant Jgyx = (Es — E1)/2, it follows [Geto8]

H=-2"Jix 51 - 5. (2.11)

From Jgy, it is possible to deduce how the spins are aligned. If Jgy is positive
(Es > Er), a triplet state is energetically preferred, i.e., ferromagnetic coupling.
Whereas, if Jgy is negative (Et > Eg), the spins align as in a singlet state, i.e., anti-
ferromagnetic coupling [Geto8]. Here, two opposing effects take place. The first
one is the Coulomb interaction which repeals the electrons, contributing posi-
tively to Jgx. The second one is the attractive interaction between the nucleus
and the electron, which has a negative contribution. Hence, Jzx depends on the
interatomic distance of neighboring atoms and the radius of the partially filled
electron shell, represented in the Bethe-Slater curve [BSBos].

The Hamiltonian can be extended to a many-particle system. However, it is
necessary to consider that the exchange interaction is limited to nearest neighbor
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spins due to the characteristic short range of this effect. This assumption leads to
H=->Jij- S-S} (2.12)
ij

with Ji; = Jex for neighboring spins and J;; = 0 otherwise [Geto8].

2.3 Magnetic Anisotropies

Magnetic materials have a fundamental characteristic called magnetic anisotropy.
This property arises from the directional dependence of the magnetization M of
the material, where M "prefers" to align along certain directions due to minimiza-
tion of the system’s free energy [BSBos]. These directions are called easy axes
and are determined by different properties in the material, such as shape, compo-
sition, and crystalline structure. However, M can be forced to align along other
directions, including the most energetically inconvenient ones, named hard axes.
The latter is done by introducing new energy, the anisotropy energy, into the
system as, e.g., by subjecting the system to an external magnetic field H [BSBos].

2.3.1 Shape Anisotropy

The term shape anisotropy is used to describe the preference of certain magne-
tization directions within a sample as a result of its shape. The only exception
is a spherical geometry for which the energy required to induce a magnetization
axis is equal for all directions [Geto8]. This effect originates from the long-range
character of the dipolar interaction (cf. Section 2.2.2) and the symmetry breaking
at the sample’s surface. The symmetry break leads to uncompensated magnetic
moments at the surface, i.e., a magnetization discontinuity. These uncompensated
moments create surface magnetic charges, which give rise to magnetic stray fields
ﬁs outside the sample and a demagnetizing field ﬁdem inside it [BSBos, Geto8].
The stray field has an energy Eg connected to it given by [Geto8]

1 - -
Es = _E / Ho - M - HgemdV. (2-13)
\%4

The direction of the stray field is dictated by the configuration in which the
system’s free energy is minimized. For thin film systems, Eq. 2.13 results in the

10
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stray field energy density [Geto8]
1
& =2 " Ho- M? - cos?0 (2.14)

where 0 represents the angle between the sample’s magnetization M and the nor-
mal 7 to the sample’s surface. From Eq. 2.14, it becomes clear that for a thin film,
the magnetization is oriented within the sample’s plane, in particular at an angle
0 = 90 deg from n [Geto8, BSBos].

2.3.2 Magnetocrystalline Anisotropy

Magnetocrystalline anisotropy refers to a preferential orientation of the magne-
tization of a material along distinct spatial axes determined by its crystal lat-
tice [Geto8]. This anisotropy does not originate in the exchange interaction, since
this interaction is not influenced by the spatial orientation of electron spins, but
in the spin-orbit interaction that couples the magnetic moments to the crystal
lattice [BSBos]. Since the electronic orbitals are closely related to the crystallo-
graphic axes, a rotation of the spins, interacting with each other via the exchange
interaction, out of the easy direction leads to a torque on the orbital angular mo-
menta. In the case of elements with partially filled shells and thus, anisotropic
electron density distributions, this rotation causes a change in the overlap of the
wave functions between neighboring atoms and thereby an energy-dependent ro-
tation of the orbital momenta [BSBos]. Hence, the energetically most favorable
orientation of the magnetic moments, in the absence of an external magnetic field,
is determined by the crystal structure of the magnetic material [Geto8]. This is
represented by the magnetocrystalline anisotropy energy, which is related to the
magnetocrystalline anisotropy constant of the material, and describes the mag-
netization energy required to rotate the magnetization vector away from the easy
axis [HS98].

2.3.3 Surface and Interface Anisotropies

For the previous descriptions of magnetic anisotropies, the interfaces and surfaces
of the system were neglected. However, when considering a low-dimensional
solid-state system, such as thin films, the contribution of symmetry breaking at
the surface/interface compared to the volume must be taken into account, due to

11
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the higher surface-to-volume ratio. This introduces the effective anisotropy con-

stant K., consisting of the volume- and surface-dependent anisotropy constants

Ky and Ks, respectively, and the thickness of the thin film d, shown by [Geto8]:
Ks

Kg=Ky+2- R (2.15)

Here, the factor 2 is included to consider both interfaces of the thin film system
and Ky is negative due to the shape anisotropy [Geto8]. As d determines the
surface-to-volume ratio, the contribution of Ks to K scales inversely with d.
Therefore, there is a critical thickness dc that dictates which anisotropy (Ky or Ks)
predominates. For d > dc, Ky dominates, giving rise to an in-plane magnetization,
whereas for d < dc, Ks prevails and an out-of-plane magnetization is preferred.
An example value for dc is 12 A for a Cobalt thin film [Geto8].

2.3.4 Unidirectional Anisotropy - Exchange-Bias

Exchange-Bias (EB) is a unidirectional anisotropy that can be induced in thin film
systems where a ferromagnetic (F) and an antiferromagnetic (AF) layer share the
same interface. This effect, also known as the exchange shift, originates from
the exchange interaction of magnetic moments at the F/AF interface, and was
first reported by Meiklejohn and Bean in 1956 by investigating the remagneti-
zation of ferromagnetic cobalt particles with an antiferromagnetic cobalt oxide
shell [MB56, MB57]. Phenomenologically, this interface effect leads to a horizon-
tal shift of the magnetization curve along the applied external field axis, defined
as the Exchange-Bias field Hgg, as well as an increase of the coercive field Hc in
the F layer [MB56, MB57]. This shift originates from the pinning of the ferro-
magnetic interface moments by the uncompensated AF, which feel an additional
torque due to the exchange coupling to antiferromagnetic moments when an ex-
ternal magnetic field is used to remagnetize the system. If the induced Hgp is
larger than the induced H¢ and the ferromagnetic magnetization curve, typically
referred to as the hysteresis curve, is rectangular in shape, only one macroscopic
magnetization state exists for the ferromagnetic layer in remanent magnetization,
i.e., in the absence of an external magnetic field. This unique property of EB thin
film systems has led to their exploitation for the fabrication of magnetic memo-
ries and sensors [NSqg]. With the coercive fields Hc; and He; corresponding to
the intersection points of the shifted hysteresis curve with the applied magnetic

12
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field axis, the values for Hgg and Hc are mathematically expressed by:

HEB = (2.16)

He = —. (2.17)

The EB effect can be initialized, on the one hand, by applying an external mag-
netic field during the fabrication of the thin film system and, on the other hand, by
afield cooling procedure [MB56, MB57, NSqg]. For the field cooling procedure, the
thin film system is heated to a temperature T above the Néel temperature Ty of the
AF, but below the Curie temperature Tc of the F, with Ty < T¢. Simultaneously, an
external magnetic field is applied, which is strong enough to saturate the F. From
T > T, the AF enters a paramagnetic state, while the F retains its ferromagnetic
properties. Subsequently, the system is cooled in the external magnetic field to a
temperature T < Ty, where a reorientation mediated by the exchange interaction
of the AF magnetic moments at the interface to the F moments aligned by the
external magnetic field takes place. Thus, the remaining AF moments align with
respect to the ones at the interface. Here, in contrast to a uniaxial anisotropy, the
F has only one energetically preferred magnetization state along a distinct spatial
axis, hence, it results in a unidirectional anisotropy [NS99, Geto8]. This effect
can theoretically be described in a simplified picture, considering the F and AF in
single-domain states and the uncompensated AF spins as an effective interfacial
magnetic moment, aligned along the easy axis of the AF due to a higher magnetic
anisotropy in the AF [Mei62]. In this model, the energy per unit area of an EB sys-
tem Egpr, which describes the magnetization state of F under coherent rotation
of the magnetization in F and AF, can be written as [NSgg]:

EEB,F =—-H -Mg-tp- COS(Q - ﬁ) + Kp -t - sinz(ﬂ)
(2.18)
+KaF - tap - sin’(a) — Jp/ar - cos(f — a),

where H is the applied field, My and tr the saturation magnetization and thick-
ness of the F layer, respectively, tar the thickness of the AF layer, Kr and Kar the
anisotropy constants of F and AF, respectively, and Jg/ar the exchange constant
for the interaction of the interface magnetic moments. The angles f, « and 0 de-
note the angle between the F magnetization and the F anisotropy axis, the angle
between the AF magnetization and the AF anisotropy axis, and the angle between
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2 Theoretical Background

the applied magnetic field and the F anisotropy axis, respectively [NSgg]. Here,
the F and AF anisotropy axes are commonly assumed to be collinear to each other.
Equation 2.18 accounts for four different effects: The effect of the applied mag-
netic field in the F layer (first term), the effect of the F anisotropy (second term),
the influence of the AF anisotropy (third term), and the influence of the exchange
coupling at the interface [NSgg]. Here it is further assumed that the coupling at
the interface between the F and AF moments is ferromagnetic in character. Fur-
thermore, domain nucleation and domain wall movement are neglected [NSgg].
By minimizing the energy with respect to « and S in Eq. 2.18, an expression for
Hgp can be derived, resulting in [NSg9]:

Hgp = (2.19)

Mg - Z'F.
This minimization leads to an important observation, that Hgg is inversely pro-
portional to tp, restating the EB as an interface effect. Moreover, Kar - tar >
Jr/aF is required for the observation of a unidirectional anisotropy. However, if
Jr/ar > Kar - tar, it is energetically preferred for the system to rotate the AF and F
moments simultaneously, hence, no Hgpg should be observed, only an increase in
Hc [NSgg]. Although this simplified model establishes a baseline for determining
Hgg, it predicts values for Hgp that are orders of magnitude larger than the ex-
perimental results, due to the strong dependency on the value for Jg/ar, which is
experimentally difficult to determine [NSgg]. Therefore, a manifold of more com-
plex models have been developed since the discovery of this effect, taking into
account the structural composition of the system. For more detailed information
on polycrystalline models, the reader is encouraged to refer to the work presented
by Merkel in [Mer22].

Modification of EB by Helium lon Bombardment

Another possibility of initializing the EB effect is in the form of local energy
input into the material system in the presence of an external magnetic field.
This can be achieved in different ways, e.g., with a heated scanning probe mi-
croscope tip [APP16], with a laser [KCJo4] or by means of ion bombardment
(IB) (cf. Fig.2.1 (a)) [CBF98]. However, IB stands out from other techniques be-
cause of its ability to rapidly process larger sample areas and has proven to be
suitable to produce micromagnetic domain patterns used for magnetic particle
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Figure 2.1: Modification of EB by low-energy (10 — 30 keV) Helium ion bombardment.
(a) Exemplary EB layer system, where the EB bilayer system (NiO, Fe) is embedded be-
tween a buffer and capping layer (Ta). He*-IB is indicated by gray arrows, blue and red
arrows indicate the directions of the fields applied during EB initialization by field cooling
(Hrc) and of the field applied during ion bombardment (Hyg), respectively. (b) Measured
hysteresis loop of the EB layer system after field cooling (FC). (1)-(3) Measured loops of
the same layer system after IB by 3 x 104, 1 x 10!> and 8 x 10'° 10 keV He*-ions/cm?,
respectively. At an ion dose of around 1 X 10'¢ ions/cm? the loop returns to a loop char-
acteristic for the pure ferromagnetic layer. (c) Typical dependence of the ratio between
Hgg(D), the EB field after bombardment, and Hgp (field after layer deposition and field
cooling) as a function of the applied ion dose D. Filled circles indicate values when Hg is
parallel to Hgc, open circles when Hyg is antiparallel to Hpc. Modified from [EKHis].

transport [ELW11, EKH15, HKB15]. Here, bombardment with light ions, in par-
ticular Helium ions, with kinetic energies in the keV range acts like local field
cooling, i.e., the EB effect can not only be initialized but also subsequently modi-
fied [MLFoo, MMJo1, EJEos, EESos]. The energy from the ions is transferred into
the layer system through hyperthermal heating and by nuclear impact processes.
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2 Theoretical Background

An EB layer system may show an increase, decrease or even disappearance of the
EB effect as a function of ion dose D (cf. Fig.2.1 (b)). However, the dose range
that establishes the effect of IB on the EB system depends on the material as well
as its layer thickness. Nevertheless, in general, very high ion doses (number of
ions introduced per area) can lead to the suppression of the EB effect, which is
attributed to an induced intermixing at the F/AF interface by impinging He ions,
effectively destroying the exchange coupling [MLFoo, Ehrog4]. A typical ion dose
dependency for the measured Hgpg of a bombarded system, normalized to Hgp
measured for the untreated sample, is shown in Fig.2.1 (c). Additionally, IB can
be used to locally set Hgpg along another direction defined by the applied external
magnetic field, e.g., antiparallel to the magnetic field direction applied during an
initial field cooling (cf. Fig.2.1 (c)), leading to the possibility of creating different
magnetic textures in a sample.

This can be exploited to artificially create magnetic stray field landscapes (MFL)
used for particle transport (cf. Section 2.5.1). This technique to create magnetic
texturing is defined as ion bombardment induced magnetic pattern (IBMP), and
can be used with a focused helium ion beam to directly write magnetic structures
on the sample or in combination with a photolithography process performed prior
to IB. During the photolithography process a resist structure is created on top of
the sample, which can act as a mask for the helium ions in the IB process, pre-
venting them from penetrating the EB layer system underneath. Afterward, the
resist mask can be chemically removed, resulting in a magnetically textured but
still topographically flat substrate. The magnetic pattern thus created is formed
by stable magnetic domains with defined borders, so-called domain walls. This
allows to engineer patterns leading to samples with tailored MFLs.

2.4 Magnetically Capped Particles

Janus particles (JPs) are characterized by having two or more distinct physical
or chemical properties on their surfaces, resulting in anisotropic characteristics.
These types of particles are named after the two-faced Roman god Janus and
were first introduced as particles possessing one hydrophobic and one hydrophilic
side [CFR89], however, this term is nowadays employed to refer to any type of
two-sided particle. Based on this basic concept, magnetic JPs are typically charac-
terized by having a magnetic and a non-magnetic side. These magnetic particles
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can be easily fabricated by depositing a thin magnetic film on a self-assembled
array of non-magnetic particles [AHGo5]. This method results in the formation
of a thin hemispherical shell, in this work usually referred to as a cap, covering
half of the original template particle. In this thesis, investigations on the transport
of magnetic particles, in particularly, Exchange-Bias capped Janus particles (EB-
JPs), are presented. Therefore, given the relevance in the context of this work, a
brief introduction on recent research on the magnetic properties of purely ferro-
magnetic and EB hemispherical shells/caps is presented in the following.

2.4.1 Ferromagnetic Caps

JPs’ caps can exhibit magnetic properties resembling ferromagnetic behavior, e.g.,
a permanent magnetic moment, i.e., a non-zero magnetization in remanence.
These properties are strongly influenced by the size of the template particle and
the material and thickness of the deposited thin film [SKS12, SKR16, Reg22]. For
the applications within this work, the permanent magnetic moment of JPs’ caps
is of paramount importance, as it drives the dynamics of JPs’ motion in microflu-
idic transport experiments. The effective magnetic moment of the cap is deter-
mined by the orientation of its atomic moments, resulting in a characteristic mag-
netic state or magnetization texture. Therefore, the magnetic state of the caps
at remanence is the focal interest, as the magnetic fields applied during trans-
port experiments are assumed to be weak enough to not significantly influence
the magnetic texture of the JP caps. Investigations have shown that JPs’ caps
can be tailored to exhibit different magnetic textures [SFK16]. These investiga-
tions were initiated by Albrecht et al. who covered hexagonally packed poly-
meric particles with [Co/Pd]™ multilayers, resulting in JP caps that showed an
orientation of magnetic moments perpendicular to the cap surface (out-of-plane
state) [AHGos5]. During the last decade, Streubel et al. have carried out numerous
investigations on magnetism in curved geometries [SFK16], e.g., studies on soft-
magnetic JPs, where the equilibrium magnetic states in individual hemispherical
NiFe (permalloy) caps were determined [SKS12]. To this end, they experimentally
analyzed caps with a film thickness of the permalloy of 20 nm and a diameter
ranging from 50 nm to 800 nm by means of x-ray magnetic circular dichroism
photoelectron emission microscopy (XMCD-PEEM) in order to visualize the caps’
magnetic textures. From this analysis, caps exhibiting curled alignment of mag-
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Figure 2.2: Phase diagrams of possible magnetic textures within permalloy spherical half
shells for (a) individual caps and (b) caps assembled in arrays, as a function of cap thick-
ness and radius. Data points for individual caps were obtained from simulation (single
circles) and experimental results (double circles). Here, the dashed line indicates the sim-
ulated phase transition for individual planar discs. Data points for caps in arrays were
obtained from PEEM experiments. Note the different scale of the coordinate axes for (a)
and (b). Taken from [Reg18]. Adapted from [SKS12, SKR16].

netic moments (vortex state) or uniform surface tangential alignment of magnetic
moments in a defined direction (onion state) were visualized. Additionally, they
modeled the caps as extruded hemispheres to theoretically construct a phase di-
agram of equilibrium magnetic states as a function of particle size and cap thick-
ness (cf. Fig. 2.2 (a)) [SKS12]. Besides studies on individual caps, Streubel et al.
also investigated the magnetic states of JP caps arranged in closely-packed ar-
rays for the same range of Py film thickness and cap diameter as before [SKR16].
The resulting phase diagram is shown in Fig. 2.2 (b). From these studies it was
demonstrated that the phase for the onion state is extended towards larger cap
diameters in particle arrays, due to magnetostatic interaction acting during vor-
tex nucleation in the transition from saturation to remanence [SKR16]. In gen-
eral, analyses on magnetic JPs’ caps have shown that when a thin film is de-
posited on a template particle, the caps cannot be perceived simply as hollow
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2.4 Magnetically Capped Particles

hemispheres with constant thickness, since the deposition process is not homo-
geneous when comparing the top and the sides of the particles. This results in
a thickness gradient in the cap from the top of the particle (nominal thickness)
towards its edge (reduced thickness), which could affect the exhibited cap mag-
netization state [AHGos, SFK16, Reg22].

From the phase diagrams shown in Fig. 2.2, it can be assumed that the most
likely stable magnetization state for individual JPs with softmagnetic permalloy
caps in the micrometer size range is a vortex state. In the context of microfluidic
particle transport, this means that these particles would move comparably slowly
due to the rather small macroscopic magnetic moment formed by the vortex core
within their caps. However, the magnetic vortex state of micron-sized JP caps can
be switched to an onion state by introducing additional magnetic anisotropies into
the system [TRH21, Reg22].

2.4.2 Exchange-Bias Caps

Combining the principles for fabricating ferromagnetic caps exhibiting tailored
magnetization states (see previous section) and for inducing a unidirectional
anisotropy in thin film systems (cf. Section 2.3.4), micron-sized JPs with stabi-
lized magnetic Onion states can be produced [TRH21, Reg22]. This was found
by Tomita et al. by investigating the influence of an EB system on the mag-
netic state of 1 pm sized JPs assembled in a closely-packed array [TRHz21].
They compared via micromagnetic simulations the magnetization state in re-
manence of two JPs, one silica particle capped with an EB layer system of
Cu(5 nm)/Ir;;Mng3(30 nm)/Co7gFes0(10 nm)/Si(10 nm), and another one capped
with a layer system without the EB contribution, i.e., without the AF. Figure 2.3
shows the results of micromagnetic simulations for the magnetization distribution
within both hemispherical caps. It was observed that by introducing a unidirec-
tional anisotropy to the cap, provided by the exchange interaction at the interface
between F and AF, the JP cap reaches an onion state (cf. Fig. 2.3 (a)), whereas the
JP cap without this additional anisotropy exhibits a vortex state (cf. Fig. 2.3 (b)).
The orientation of magnetic moments for the onion state leads to an effectively
larger magnetic moment of the corresponding JP caps compared to those in a vor-
tex state. Thus, JPs with caps exhibiting an onion state at remanence are expected
to move faster when their microfluidic transport is induced.
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Figure 2.3: Micromagnetic simulations of magnetization distributions within hemispher-
ical caps of 1 pm diameter. (a) Caps consisting of an EB thin film system. (b) Ferromagnetic
cap without EB. (a/b.1) and (a/b.2) Projection of the spatial magnetization distribution
form the top view and side view, respectively. Similarly, (a/b.3) and (a/b.4) are top and
side views of the simulated surface charge distribution. Taken from [TRH21].

Within this project, magnetic JPs were produced by depositing an EB thin film
system on top of 3 um sized template particles. To trigger the formation of dif-
ferent magnetization states within the resulting EB caps, the thickness of the fer-
romagnetic layer (tr) was varied between 5 nm and 100 nm. This range of thick-
nesses is expected to be large enough to result in different cap magnetization
textures ranging from onion states to vortex states, as with increasing ty the EB,
as an interface-related effect, looses its unidirectional pinning character [Reg22].
Possibly, a multidomain state can also form, which has been shown to be the the
preferred state of disks with a diameter of 3 pm [SAKSog].

2.5 Directed Transport of Magnetic Particles

The investigations presented in this thesis are centered around the controlled
transport of magnetic particles, therefore, it is fundamental to introduce the trans-
port concept used to perform the experiments. The concept is based on the gener-
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ation of a time-varying potential energy landscape above a topographically pla-
nar EB thin film system by means of temporally alternating external magnetic
field pulses [HKB15]. The potential energy landscape determines the positions
of magnetic particles above the substrate and is generated from the superposi-
tion of the external magnetic field pulses with the magnetic stray field landscape
(MFL) originating from the thin film substrate.. The MFL is composed of stray
fields emerging from transition regions between individual domains within the
magnetically structured EB thin film system. In the following, magnetic domain
walls with tailored distributions of magnetic charges as the origins of the utilized
stray fields will be introduced, followed by the forces acting on the magnetic par-
ticles while being transported. Afterward, the physical transport mechanism will
be explained. Finally, the state of the art on EB-JPs transport above magnetically
patterned substrates will be presented.

2.5.1 Magnetically Charged Domain Walls

The magnetic stray fields emerging from a magnetically patterned domain
substrate originate from the accumulation of uncompensated magnetic partial
charges at the boundaries of two domains, i.e., areas with uniform magnetization
direction [HS98]. These magnetic partial charges can be positive or negative de-
pending on the specific magnetization configuration and act as sources and sinks
of domain magnetization. The transition region between two adjacent domains
is called a domain wall (DW). It is within this DW volume where a rotation of the
magnetization vector takes place, starting from the orientation corresponding to
one domain and ending up aligned with the orientation of the adjacent domain.
To explain this DW formation, the simplest scenario is to consider two adjacent
domains with in-plane antiparallel magnetization separated by a DW. Depend-
ing on the rotational axis of the magnetization, vector two types of DWs can be
defined: A Bloch wall and a Néel wall. In a Bloch wall, the magnetization vector
rotates in a plane parallel to the DW plane, resulting in the formation of magnetic
partial charges at the opposite interfaces of the magnetic film (cf. Fig. 2.4 (a)). In
contrast, in a Néel wall the magnetization vector rotates in a plane perpendic-
ular to the DW plane, resulting in magnetic partial charges within the DW vol-
ume [HS98, Geto8]. The formation of one or the other DW is strongly determined
by the thickness of the film dr. Therefore, Néel walls are preferentially formed in
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Figure 2.4: Representation of domain walls formed in thin ferromagnetic films of thick-
ness dr between two domains with in-plane antiparallel magnetization directions (indi-
cated by arrow ends). Depending on the orientation of the spin rotation plane, a Bloch
wall (a) and a Néel wall (b) with different domain wall widths wg and distributions of
magnetic partial charges can be identified. Taken from [Holi5]. Adapted from [HS98].

thin films, where the thickness becomes comparable to the DW width wg [HS98].
In a system with in-plane magnetization M, a distinction can be made between
surface charges (o5 = M- ns) and volume charges (py = -V ]\_;I), where 7 is the
surface normal vector [HZK13]. From these surface and volume charge densities,
the stray field H(P) emerging from a magnetic film is given by [RMGgo]:

H(F) = / ov(7) % dv’ + / o5 (7') % ds’, (2.20)
A s IR

where V is the volume of the film, S its surface area and R = 7—7 refers to specific

positions within the film. Hence, in Néel walls, the generated stray fields above

the surface of the film can be adjusted by inducing a defined spatial distribution of

the magnetic volume charges, e.g., by creating charged DWs. Charged DWs are

characterized by having an uneven distribution of negative and positive charges,

leading to a non-zero net charge (ppet). In Néel walls, ppet is given by [HZK13,
Holis]:

-

Pnet = Ay - A = Ay (A711 - ]\712) (2.21)

where iy is the DW normal vector and A is the vector difference between magne-
tization M; and M, corresponding to the domains divided by the DW. Hence, ppet
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is maximized for DWs with adjacent domains with opposite in-plane magnetiza-
tion orientation. This domain magnetization configuration is typically referred
to as head-to-head or tail-to-tail DW, and can be imprinted into an EB thin film
system via IBMP (cf. Section 2.3.4) [HZK13]. A substrate patterned with such a
repeating domain configuration leads to a formation of a micro-scaled periodic
MFL above the substrate, which can be used for directed microfluidic transport of
magnetic particles [HKB15].

2.5.2 Acting Forces

In the microfluidic particle transport system used in this project, different forces
dictate the motion dynamics of magnetic particles (cf. Fig. 2.5). However, the
directed transport of the magnetic particles is achieved primarily from the in-
teraction of the particles with the MFL generated above the EB patterned sub-
strate. Taking the case where the particles are transported above an EB system
with a hh/tt domain magnetization configuration, a defined distribution of the
magnetic partial charges at the DWs can be assumed. This magnetic charge dis-
tribution leads to an inhomogeneous magnetic stray field landscape (along the x-
and z-axes). Hence, the magnetic particles are attracted to the DWs where the
stray field density is at maximum. The distribution of the magnetic stray field
FIMFL (x, z) over one DW transition along the x-axis can be calculated for the x-
and z-components according to the analytic model from Rugar et al. [RMGgo]:

Hy(x,z) = 4M; [tan_1 ( * e+ 2) ) — tan™! (L)l . (2.22)

x°+a’+a(tp+2) x2+a’+az

(2.23)

2 t 2
H(es) oM log(x +(tp+z+a) )

x%+ (z+a)®
where M, is the remanent magnetization of the F layer, tr the thickness of the F, z
the distance and a the domain transition parameter. Assuming that the patterned
substrate has n identical domain transitions, the distribution of the magnetic stray
field for the total MFL can be written by superposing the stray fields generated
from individual DWs. Considering that hh- and tt-DWs have different polarity
and are separated by the domain width w, with the periodicity of the pattern
situated along the x-axis, ﬁMFL can be written as [RMGgo, Holis]:

Hyrr (x, 2) = Z (-1)"H(x — nw, 2) . (2.24)
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Figure 2.5: Schematic representation of the relevant forces acting on a magnetic parti-
cle within the microfluidic particle transport system. Along the vertical axis, the elec-
trostatic (Fj(z")), van der Waals (Fyqw(z’)), and magnetic force (ﬁm(z)éz) are indicated.
The drag (ﬁd(z’)) and time-dependent magnetic force (ﬁm(x, z,1)) determine the lateral
particle velocity. The thin film system consists of a buffer layer, an EB bilayer and a cap-
ping layer of thickness t.] and is covered with a PMMA spacer of thickness tpynva. Here,
z =2+ tq + tpmma. Modified from [RHE21].

The potential energy of the magnetic particle can be calculated from the scalar
product between its time-dependent magnetic moment i, (x, y, z, t) and the ef-
fective magnetic field H.g [HKB15]:

Up(x: y, Z, t) = _I'IO ﬁlp(xa y: Z, t) ' ﬁeﬁ(xa y, Z, t) . (2'25)

Here, He is obtained from the superposition of the time-dependent externally
applied magnetic field Hex (x, z, t) and the static MFL Hypp (x, 2):

ﬁeﬁ(x, Z: t) = ﬁex(x, Za t) + I?[MFL(.X, Z) 5 (2"26)

where, Hey (x, z) is assumed to be in a range where it does not affect the remanent
magnetic state of the substrate. Considering that the magnetic force exerted on
the magnetic particles Fy, is proportional to the applied field gradient [Huh22]:

—

Fonag = o (- V) - H, (2.27)
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and taking Eq. 2.25, F., can be written as [Holis]:
F, = —%U(x, ¥, 2z, t) = o (rﬁp(x, z,t) - %) 'ﬁeﬁ(x, z,t). (2.28)

Thus, the magnetic force Fim acting on the particles has the contribution of both,
ﬁex and ﬁMFL, which leads to the particles being located above the DWs. ﬁm, in
particular its z-component Fm(z) - &, is the main force attracting the magnetic
particles towards the substrate, however, the particles do not physically touch
the substrate due to other forces balancing their z-position, i.e., their steady-state
distance from the substrate. To get a numerical expression of Fo, it is necessary
to know iy, which depends on the type of magnetic particle. In the case of mag-
netic JPs with remanent magnetization within their caps, such as those used in
this project (cf. Section 2.4), a fixed magnetic moment can be assumed under the
condition that Hey does not change the remanent state of the particles. It has been
shown that this is true for the EB capped JP [HRT21]. However, for other magnetic
partlcles e.g., superparamagnetic beads, their magnetic moment is determined by
Heff [Hol15, Huh22]. In addition to this, H off also exerts a torque 7 = m X H off ON1
the magnetic particles, however, this only holds true for particles where m is not
aligned to an external magnetic field via remagnetization or spin flip.

Another primary force acting on the particles that needs to be considered is
the drag force Fy. This force originates from the friction that the surrounding
liquid exerts on the particles upon movement and can be approximated for the
here considered system by Stokes’ law under the condition of laminar flow and
at small Reynolds numbers [WSFXos5]:

Fi(x,z) = —61 o 1 0p(x, 2) f(2). (2.29)

Here, r, is the hydrodynamic radius of the particle, # is the viscosity of the sur-

rounding fluid, and f(z) is the z-distance dependent drag force coefficient. Hence,

a equilibrium of this force and Fn leads to a steady-state velocity for the parti-

cle [HKBi5]: _

o (ip (x,2) - V) - Hegt(x, 2)
61y f(2)

Here, the usually very short acceleration time of the particle can be neglected, for

Up(x,2) = (2.30)

which reason g, describes the velocity of a particle in a time-constant Heg.
In addition to the aforementioned forces, the gravitational force F, and the
buoyancy force Fy, also have to be taken into account for objects in a liquid
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medium. These forces act on the particle in opposite directions. Therefore,
whether the particle floats closer to the liquid surface or to the substrate surface
depends on the relationship between these two forces. These forces are given by
Fy =V, ppgand F, =V, p1 g, with V, and p,, the volume and density of the parti-
cle, p) the density of the liquid and g the gravitational constant. Hence, the critical
condition for sinking or ascending of a particle is the ratio between p, and py, i.e.,
for p, > pi the particle sediments and for p, < p; buoyancy occurs.

DLVO Forces

The DLVO forces, named after Derjaguin, Landau, Verwey and Over-
beek [WSFXos], incorporate the electrostatic force F. and the electrodynamic
van der Waals force ﬁvdW- They can be described as surface forces mediating the
colloidal stability of a system (cf. Fig. 2.5) [WSFXos5]. For this system in par-
ticular, the forces influence the steady-state z-position of the particle above the
substrate. Fyaw represents the electrodynamic interaction between two surfaces
(here, particle and substrate) separated by a liquid medium, while F.; describes
the Coulomb interaction arising from adsorption of ions from the liquid medium
on both surfaces [Huh22, WSFXos5]. Typically, Foaw has an attractive character
(cf. Fig. 2.5) due to the interaction of induced dipoles in the electrically neutral
atoms involved and is highly dependent on the geometries of the objects, the dis-
tance between them and the medium surrounding them [Huh22, WSFXos5]. For
the case where these objects are spheres, Hamaker derived a general equation for
the retarded ﬁvdw [Ham37], from which the interaction between a sphere and a
flat substrate can be expressed as [Isri1]:

= A123 R

1 .
1+ 14 z//lretl - (231)
Here, A3 is the Hamaker constant for a sphere of material 1 with radius R at a
distance z from the substrate of material 2 with infinite surface surrounded by the
liquid medium 3 [Isr11]. This constant considers a retarded Fyqw, which is the case
for distances above 5 nm [BGKo3]. Additionally, A, represents a characteristic
wavelength of the retardation.

On the other hand, the electrostatic interaction F_)el has to be also considered to
determine the z-position of the particle. This interaction arises from the electri-
cal charged surfaces of both substrate and particle, which can be charged from:
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2.5 Directed Transport of Magnetic Particles

Adsorption or binding of ions from the surrounding medium, ionization and dis-
sociation of chemical surface groups, and/or transfer of electrons or protons be-
tween two closely spaced surfaces [Huh22, Isr11]. A charged surface in contact
with a fluid medium is compensated by oppositely charged bound and unbound
ions from the surrounding liquid, thus reducing the effective surface potential
by forming a so-called electrochemical double layer, also known as the Stern
layer [Huh22, BGKo3]. Hence, the attractive or repulsive character of Fap is deter-
mined from the interaction between both electrochemical double layers, which is
defined by the respective surface potentials of the substrate ¥s and particle ¥,
the permittivity € of the surrounding medium and the Debye length x [WSFXos5]:

= 2rexR
Fa= g 2% %e 7 (B + ) 6_2’“] éz . (2.32)

2.5.3 Transport Mechanism

Having introduced the particle transport concept, the generation of stray fields
used to induce the transport and the main forces governing particle mobility, the
theoretical background is complemented by describing the actuation mechanism
used to transport EB capped JPs. This mechanism, developed by Holzinger et
al., requires a magnetically structured EB substrate with an hh/tt magnetization
configuration of parallel-stripe domains and was initially used in combination
with superparamagnetic particles (SPPs). The mechanism consists of dynami-
cally transforming the potential energy landscape of the particles Uy, by means
of external trapezoidal magnetic field pulses in z- and x-direction as shown in
Fig. 2.6 [HKB15]. Different studies on the directed, remotely controlled trans-
port of superparamagnetic particles in MFLs of varying complexity validate the
effectiveness of this mechanism [HKB15, Deu16, G619, RHE21, HRS22]. The mech-
anism is better understood when following the temporal evolution of Uy, above
the EB substrate as a function of the applied external magnetic field sequence (cf.
Fig. 2.6 (a)-(e)).

When performing a transport experiment, at first no external magnetic fields
are applied and the SPPs sediment until reaching a certain position close to the
substrate, in particular above a DW, as these positions are energetically preferred
due to the stray fields emerging from them. Hence, SPPs create particle rows with
the same periodicity than the stripe pattern, in this case, every 5 pm (cf. Fig. 2.6),
with the particles aligning parallel to the corresponding stray field. For the first
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Figure 2.6: Schematic representation of the magnetic particle transport mechanism. The
particles are transported above a EB thin film system with parallel-stripe domain pattern
and hh/tt magnetization configuration. Directed magnetic particle transport is induced
by dynamically transforming the potential energy landscape U, ,(x) (a)-(e) through a se-
quence of applied external magnetic field pulses (f). An inversion of H, transforms the
potential energy landscape such that previous maxima convert to minima and vice versa,
resulting in transition of particles from one DW to the neighboring DW (e.g., from (b)
to (c) and (d) to (e)). The inversion of Hy slightly shifts the potential energy landscape
along the x-axis (e.g., from (c) to (d)), thereby defining the direction of the subsequent
movement. Adapted from [Holis].
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2.5 Directed Transport of Magnetic Particles

step, an external magnetic field pulse in +z-direction +H, n,x is applied (cf. cf.
Fig. 2.6 1)), causing the degeneracy of potential energy minima above hh- and tt-
DWs to vanish for the particles, i.e., there are now energy minima above hh-DWs
and maxima above tt-DWs. Consequently, SPPs perform lateral motion steps to-
wards the newly formed minima. The direction of this movement (positive or
negative x-direction) is, however, statistically distributed at first. Next, at T'/4 for
the external magnetic field pulse sequence (cf. Fig. 2.6 (f)), a field in +x-direction
+Hy max is now additionally applied. As can be seen in the resulting potential
energy landscape (cf. Fig. 2.6 (b)), the minima for the particles are now slightly
shifted toward positive x-direction. This leads to a small step of SPPs and a tilting
of the respective magnetic moments (black arrows), as they are aligning with the
direction of the effective magnetic field Heg (cf. Eq. 2.26). In the next step, at T/2
for the external magnetic field sequence (cf. Fig. 2.6 (f)), a large transport step of
the particles is initiated. Here the sign of the H, . is inverted, i.e. a magnetic
field pulse in —H, nax is applied, leading to another transformation of the potential
energy landscape now creating minima above the tt-DWs and maxima above the
hh-DWs (cf. Fig. 2.6 (c)). Since +Hy max slightly shifted the particles’ position away
from the center of the hh-DWs, a unified motion of the particles in the positive
x-direction is now favored. Again, due to Hy pax, the position of minima is not
directly above tt-DWs but with a small shift towards negative x-direction with
respect to the DW center. The lateral transport of the particles is again accompa-
nied by a realignment of the particles’ magnetic moments towards the new Heg.
To continue transporting the particles in the positive x-direction, an inversion of
the sign for Hy pax, induced at 3T /4 (cf. Fig. 2.6 (f)), is necessary. This again leads
to a small transport step of the particles towards the other side of the tt-DWs now,
as can be seen by the potential energy landscape shown in Fig. 2.6 (d). Again, the
magnetic moments of the particles are also realigned. Finally, the sign of Hy nax is
inverted at T (cf. Fig. 2.6 (f)), thus completing a full cycle for the external field se-
quence. Once again the potential energy landscape of the particles is transformed,
creating minima above hh-DWs and maxima above tt-DWs (cf. Fig. 2.6 (e)), thus
resembling the initial situation after the first H,,,x was applied. The particles
again perform a large lateral transport step towards the newly formed positions
of energy minima, placing them above the hh-DWs but with a slight displace-
ment with respect to the DW center with their magnetic moments realigned. To
summarize, the described periodic transformation of the potential energy land-
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scape for SPPs above a parallel-stripe domain pattern with hh/tt magnetization
configuration by applying several cycles T of trapezoidal magnetic field pulses in
x- and z-direction leads to a directed, step-wise particle transport along positive
or negative x-direction. To illustrate the transport mechanism, only a transport
in one direction (positive x-direction) was described, however, transport can also
be initiated in the other direction (negative x-direction) by inverting the phase
relation between Hy max and H, max. Furthermore, this mechanism can be used to
induce 2D (in x y-plane) particle transport if a magnetic field in y-direction Hy max
is additionally applied and inverted within the same phase than Hy . This con-
cept was first introduced for SPPs, but, as Huhnstock et al. have shown, is also
applicable for EB-JPs [HRT21]. As this work forms the basis for the experiments
conducted within this thesis, it will be introduced in the following section.

2.5.4 Janus Particles in Dynamically Transformed Magnetic
Field Landscapes

Huhnstock et al. investigated the question of whether magnetically capped Janus
particles subjected to the same prototypical transport mechanism presented in
the previous section would also perform a directed lateral translational motion,
but in addition defined rotations. This was expected, as the magnetic Janus
particles used incorporate a spatially fixed remanent magnetic moment within
their caps and not a magnetic field-dependent moment like SPPs. They used
3 micron-sized EB-JP, leading to the assumption that the EB-related unidirec-
tional anisotropy stabilizes an onion magnetic texture within the caps (cf. Sec-
tion 2.4.2) [HRT21, TRH21]. Therefore, due to the fixed net magnetic moment of
the caps, the particles, when subjected to a temporally changing magnetic field
should reorient their magnetic moments by the so-called Brownian relaxation,
i.e. by a physical rotation of the whole particle [CBV13]. On the contrary, SPPs
are likely to perform Néel relaxation in this case, which means that the parti-
cles do not physically rotate, but realign their magnetic moment by spin flip in-
stead [TKW13].

In their proof-of-concept experiment, Huhnstock et al., subjected the EB-JP
inside a microfluidic environment to the MFL emerging from a parallel stripe
domain pattern with 5-micron stripe width and a hh/tt magnetization configu-
ration [HRT21], just like Holzinger et al. did for SPPs [HKB15]. When applying
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Figure 2.7: Correlation of EB-JPs lateral position and spatial orientation with respect
to Up,(x) (right column) and Heyer (left column). The calculated Uy, (x) is shown in
blue, solid lines and a representation of the magnetic moment of EB-JP caps is depicted
by a black arrow aligned with Heyer. (a)-(d) Order of external magnetic field configu-
rations applied in a magnetic field pulse sequence during transport experiments. Taken
from [HRT21].

external magnetic fields in the perpendicular to the substrate plane z-direction,
they observed that particles were trapped above either hh- or tt-DWs (depending
on the direction of the z-field). Each displacement of the EB-JPs was accompa-
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nied by a defined spatial orientation of the visible magnetic cap of the particles.
This spatial orientation was attributed to the alignment of the fixed net magnetic
moment of the caps with the direction of the externally applied field, effectively
leading to a torque exerted onto the particles [HRT21]. Starting from this ob-
servation, periodic magnetic field pulses in x- and z-direction were applied in the
same fashion as shown in Fig. 2.6 (f). This resulted in a step-wise directed transla-
tional movement of the EB-JP along the x-direction, whereby each transport step
was accompanied by a distinct rotational motion of the particles. Evaluating the
transport motion speed of the EB-JP, their steady-state velocities were found to be
around 200 pm/s, which is an order of magnitude larger than previously reported
motion speeds for magnetic JPs [HRT21]. Looking closer at the rotational dynam-
ics of the particles, they were found to rotate around different axes depending on
whether a large or a small transport step was performed. As Fig. 2.7 illustrates,
these different rotation axes can be explained when looking at the configuration
of the effective external magnetic field vector Hey o throughout the experiment
(left side of Fig. 2.7) and relating it to the observed spatial orientation of the EB-JP
(right side of Fig. 2.7). Here, the initial direction of H,, s, defined by negative
directions of the external magnetic fields in z- and x-directions (cf. Fig. 2.7 (a)),
cause a corresponding alignment of the fixed net magnetic moment within the
EB-JP cap. For this H,,.rs configuration, the EB-JP is placed above a tt-DW, as
confirmed by the calculated potential energy landscape (blue solid lines on the
right side of Fig. 2.7) for the particle, which positions energy minima above tt-
DWs. Due to the external x-field, the energy minima are not placed directly above
the DWs center, but are slightly shifted sideways (see previous section). Then, by
changing the sign of the z-field which is now positive, potential energy minima
are shifted to the positions of hh-DWs and the magnetic moment of the EB-JP is
realigned with the new direction of Hey e (cf. Fig. 2.7 (b)). This realignment is
only possible by rotating the whole particle around an axis along the y-axis (not
shown here). Afterward, the sign of the x-field is inverted (cf. Fig. 2.7 (c)), leading
to another reorientation of the EB-JP cap magnetic moment and, consequently,
to another rotational motion to achieve this realignment. In this case, however,
realignment is only possible by rotating the particle around the z-axis. As can be
seen by the calculated potential energy of the particle in this case, this rotation is
occurring when a small transport step is performed. In the last step, the sign of
the z-field is inverted again, causing the EB-JP to rotate again around the y-axis
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2.5 Directed Transport of Magnetic Particles

due to the new direction of the Hey s along with conducting a large transport step
in the positive x-direction.

The results obtained from the described proof-of-concept experiment of Huhn-
stock et al. will be the basis of the investigations carried out within this thesis. In
addition to their work, the influence of the thickness of the ferromagnetic layer t¢
within the EB cap on the particles’ motion dynamics, as well as the motion behav-
ior of prototypical EB-JP within a dynamically transformed 2D potential energy
landscape, will be studied in the following. Before that, the used experimental
methods will be introduced in the next chapter.
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Experimental Methods

This chapter presents the experimental methods used to carry out the experiments
of this thesis. First, the fabrication process of the Exchange-Bias Janus particles
(EB-JP) is described in detail in Section 3.1. Afterward, Kerr magnetometry is
explained in Section 3.2. This technique was applied for the magnetic charac-
terization of the sample used for the two-dimensional (2D) transport. Section 3.3
presents the experimental setup employed to perform the EB-JPs transport exper-
iments along with the corresponding sample preparation. Finally, in Section 3.4,
the software used to track the particles’ motion from the recorded videos is intro-
duced, and two tracking modes are described. These tracking modes were used
systematically for one-dimensional (1D) and 2D particle transport analysis.

3.1 Fabrication of Exchange-Bias Capped Janus
Particles

EB-JPs were fabricated by depositing an EB thin film system on top of self-
assembled spherical polystyrene particles with a nominal diameter of 3 pm. A
step-by-step description of the fabrication procedure is given in the following.

3.1.1 Self-Assembly of Template Particles

Glass slides with a size of ca. 15 mm X 10 mm were used as base substrates for the
self-assembly of polystyrene template particles. The substrates were exposed to
a concentrated sulfuric acid bath for 24 hours to enhance the attraction between
the substrate and water molecules [MFOgs]. This attractive interaction improves
the distribution of the particle suspension on the substrates during self-assembly.
Afterward, the substrates were stored in a container with ethanol to prevent them
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Figure 3.1: Depiction of the particle self-assembly procedure: (a) A droplet of the particle
dispersion is placed in the middle of a previously cleaned glass substrate and is left for
sedimentation for 5 min. (b) The substrate is transferred onto the heating device set at
an angle (6gp). (c)-(d) The substrate is rotated 180° and 90° respectively, maintaining each
orientation for 2 min. (c) and (d) are repeated until the droplet evaporates completely,
remaining only the particles adhering to the glass (e). The particles are distributed in
regions of multi- and monolayers. (f) Monolayer of hexagonal self-assembled particles.
Adapted from [Reg22].

from losing their hydrophilic property and getting contaminated. Additionally,
before usage, the substrates were cleaned with isopropyl alcohol.

For the self-assembly of the particles, the methodology described by Micheletto
et al. in [MFOgs] was followed. The parameters were varied as displayed in Ta-
ble A.1in Appendix A.1. Here, 3 um nominal diameter micromer® particles from
micromod Partikeltechnologie GmbH were used as template. These are polystyrene
particles suspended in water with a nominal concentration of 50 mg/mL.

The first step in the particle self-assembly procedure was to set a heating plate
to an inclination angle 6y, and a temperature Tg,. Then, a droplet of volume Vj
with a concentration ¢, of particles suspended in distilled water was placed on
the center of a clean glass substrate (see Fig. 3.1(a)). After five minutes (to al-
low sedimentation of the particles), the substrate with the droplet was carefully
moved onto the tilted sample heating device. Once the substrate was in posi-
tion, a sequence of in-plane rotations alternating between 180° and 90° every two
minutes was performed (see Fig. 3.1(b)-(d)). These rotations improve the droplet
distribution, and thereby the particle distribution, over the substrate during the
evaporation process. The evaporation of the liquid takes place mainly at the top
border of the sample [MFOgs]; there, the contact area between the droplet and
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the glass is reduced from the border to the center, dragging the particles closer
to each other, thus forming closely-packed arrays. Then, by rotating the sample,
the evaporation will occur on another area of the substrate (at the new top bor-
der), keeping the droplet in circular rather than oval form (cf. Fig. 3.1(e)). The
homogeneous distribution of particles over the whole area decreases the creation
of multilayers of arrays of particles. This is advantageous for the efficient produc-
tion of magnetically capped Janus particles as the subsequent sputter deposition
procedure solely functionalizes the particles at the top of a multilayer structure.
Thus, the particles underneath are not usable for microfluidic transport experi-
ments due to their lack of a magnetic cap.

3.1.2 Thin Film Sputter Deposition on Assembled Particles

The assembled particles were capped with magnetic thin films by sputter deposi-
tion in radio-frequency (RF) mode. The machine employed for this process was a
Leybold Heraeus Z400 and its setup is schematically depicted in Fig. 3.2 (a).

Sputter deposition is a thin film fabrication technique within the category of
physical vapor deposition (PVD) [Sesi2]. In this technique, high-energetic ions
collide with a solid target, thereby ejecting its atoms. The free atoms are then
adsorbed on the sample surface, where they will diffuse and eventually form
molecule-molecule and molecule-surface bonds. As more atoms/molecules aggre-
gate to the surface (nucleation), a self-organized film-like structure grows [Mer22,
Paeo2, Sesi2].

This process is carried out in a vacuum chamber, generally maintained at a
base pressure ppase > 107¢ mbar. Here, an inert gas, in this case, argon (Ar), is ini-
tially supplied at a maximum flow rate of 200 sccm. After the ignition of the Ar
plasma via gas discharge, the Ar flow is reduced to 140 sccm to achieve a working
pressure pspuiter ~ 1072 mbar for the sputtering process [Mer22]. The ignition
of the plasma and the further acceleration of its ions (Ar*) is achieved through a
potential difference created between the grounded substrate holder (anode) and
the target (cathode). In RF mode, an alternating current (AC) voltage is applied
to the cathode with a radio frequency of ~ 13.6 MHz [Ses12, Paeoz], inducing an
oscillation movement of the plasma Ar* and free electrons in opposite directions,
where the electrons, due to their lighter mass, will reach the substrate and target
more easily. The electrons arriving at the substrate will dissipate from the system
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Figure 3.2: (a) Schematic representation of the main components in a sputter deposition
system in RF mode. The ions (Ar") from the argon plasma are accelerated towards the
target via the given potential (Upc) created between the substrate and target. Due to col-
lisions with the target, the ions eject target atoms into the chamber, which are eventually
adsorbed on the substrate surface. (b) Depiction (not to scale) of the 3 um particle ar-
ray half-covered with the thin film system. The selected EB system consists of a buffer
layer/antiferromagnet (AF)/ferromagnet (F)/capping layer stack. The sliced magnetic cap
illustrates the thickness gradient formed from its pole towards the edges. For the latter,
an Cu(5 nm)/IrMn(30 nm)/CoFe(10 nm)/Al(5 nm) system was taken as reference, keeping
the ratio between layers to scale. Adapted from [Mer18] and [Reg22].

through grounding, whereas the ones reaching the target will accumulate there
due to the capacitor, which isolates the target from the power source. In con-
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sequence, a potential difference (Upc) between the plasma and the target builds
up. This potential decelerates the electrons while simultaneously accelerating the
Ar* towards the target. The formation of this potential induces the collisions of
the Ar* into the target, hence, initiating the sputtering process. This way of ac-
celerating the Ar*™ towards the target makes the RF mode particularly relevant
for the deposition of insulating materials. Additionally, the oscillatory motion of
the electrons and Ar* in the plasma increases the number of collisions with the
Ar atoms, leading to higher ionization rates, which results in higher deposition
rates [Mer22, Paeoz, Ses12].

For the sputter deposition on top of self-assembled arrays of particles, an EB
thin film system was chosen. The layer stack starts with a Cu buffer layer, fol-
lowed by an Ir;;Mngs AF layer, and a Co7Fesq F layer, and culminates with an Al
capping layer to prevent the underlying system from oxidation (see Fig. 3.2 (b)).
The samples with the particle arrays were then fixed onto a sample holder with
Kapton® tape and inserted through a load-lock chamber into the main cham-
ber. In addition to the previously explained elements, a homogenous magnetic
field ﬁsputter = 28 kA/m was applied parallel to the substrate surface by using
two permanent magnets (see Fig. 3.2 (a)). This induces a unidirectional magnetic
anisotropy (cf. Section 2.3.4) in the F layer during the sputtering process. This
anisotropy is induced due to the pairing of the uncoupled interfacial spins in the
AF layer with the F layer on top, which establishes a magnetically ordered state
in the system [MHR20]. Moreover, the presence of a magnetic field during depo-
sition increases the sputter rate due to its influence on the plasma [Mer22, Sesi2].

Once the sputter deposition process is completed, the final result will be a sub-
strate composed of arrays of half-covered particles and fully covered flat areas
(cf. Fig. 3.2 (b)). In the regions with multilayers of particles, only those particles
at the surface of the volume will get covered. Hence, the particles underneath
will have non to lesser magnetic content on their surface. The latter particles will
not reflect the properties to study in this work and, therefore, will be discarded
during the evaluation phase of the experiments (cf. Section 3.4). Additionally, to
induce different magnetic states (cf. Section 2.4) in the cap of the EB-JPs, particles
with different F layer thicknesses were produced. The values for the buffer, AF
and capping layer were kept constant, while the thickness of the F was variated
from 5 nm to 100 nm (cf. Table 3.1).
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Table 3.1: Parameters for the sputter deposition of thin film on top of the self-assembled
particle arrays. Different JPs were produced by changing the thickness of the CoyoFes
layer, while keeping the rest of the system constant. The sputter rates on the same side
of the column (left/right) correspond to similar deposition batches.

Material Deposited thickness Sputter rate Ar gas flow DC potential
ateria
[nm] [nm/min] [sccm] [V]
Cu 5 6.16/6.53 140 600
Tr;7Mngs 30 5.71/6.00 140 750
5,10, 20, 30,
CoroFes 3.35/3.44 140 600
40, 50, 60, 100
Al 5 1.76/2.45 140 600

3.2 Kerr Magnetometry

Kerr magnetometry was selected to magnetically characterize the substrate used
for the 2D EB-JPs transport experiments. This method was chosen due to its
ability to characterize magnetic thin film samples with in-plane magnetization,
whereupon variation of an external magnetic field (Hey), magnetization rever-
sals can be induced. This change in magnitude of the magnetization vector with
respect to the Hey applied is called magnetic hysteresis [HS98].

3.2.1 Magneto-optic Kerr Effect

Kerr magnetometry is based on the magneto-optic Kerr effect (MOKE), named
after John Kerr, who first reported about this phenomenon [Ker77]. This effect
occurs when linearly polarized light changes its intensity and/or rotates its plane
of polarization after reflecting off a magnetized surface [HS98, Coe1o]. These
changes in intensity and polarization plane are proportional to the sample’s mag-
netization. Therefore, MOKE can be used to investigate the magnetic properties
of magnetic thin films as a function of an applied Hey. A similar effect, called the
Faraday effect, results when light is transmitted rather than reflected. Consider-
ing the linearly polarized incident light to be constructed by the superposition
of two opposing circularly polarized light waves, the MOKE can be explained
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through magnetic circular birefringence (MCB) and magnetic circular dichroism
(MCD) [Mer22, Coe1o]. The rotation of the polarization plane of the reflected
light arises from the magnetic sample having different refractive indices for both
helicities of circularly polarized light (MBC). This difference in refractive indices
leads to unequal propagation of left (LCP) and right (RCP) circularly polarized
light in the sample, thereby creating a phase shift, which ultimately translates
into the Kerr rotation. In addition to the difference in propagation velocity, the
absorption of LCP and RCP light in magnetic samples also differs according to the
respective absorption coefficients (MCD). This uneven absorption leads to ellipti-
cal polarization of the reflected light. The Kerr angle will then correspond to the
change in the polarization direction between the incident light and the reflected
elliptically polarized light (major axis) [Reg22, Coe1o].

MCB and MCD, and hence, MOKE, originate from two relevant physical inter-
actions taking place in the magnetized sample, the spin-orbit coupling, and the
exchange interaction [Kus11]. The spin-orbit coupling is a relativistic effect caused
by a weak magnetic interaction of the electron spin and the orbital motion of this
electron, i.e., its angular momentum. On the other hand, in the exchange inter-
action, the electron spins are coupled to each other. These interactions lead to
splitting the electron’s atomic energy levels and lifting the degeneracy between
spin-up and spin-down states (Pauli principle), respectively. The energy level
splitting leads to different allowed electric dipole transition for LCP (Al = =+1,
Am = -1, As = 0) and RCP (Al = +1, Am = +1, As = 0) light, i.e., different
absorption rates [Mer22, Kus11].

Macroscopically, the MOKE can be explained via the Lorentz force
ﬁL =—e U, X B. This force is exerted on the electrons of the magnetic sample, caus-
ing them to oscillate and act as Hertzian dipoles after interacting with the incident
light. Here, e and o, are the elementary charge and velocity of an electron, and Bis
the magnetic flux density linked to the sample’s magnetization M [Mer22, HS98].
If the incident linearly polarized light is considered as an electromagnetic wave
with an electric field amplitude E and the sample is non-magnetic, then the elec-
trons would only oscillate parallel to E. In this case, the reflected light with an
electric field amplitude R would remain in the same plane of polarization. The lat-
ter is also mostly true for the magnetized sample, leading to a major component
of the reflected electric field amplitude Ry. However, in this case, the electron
oscillation is induced perpendicular to the initial electron motion and the magne-
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Figure 3.3: Schematic representation of different MOKE geometries. Here, E denotes
the polarization plane of the incident beam, which can be in a p-geometry (parallel) or
s-geometry (perpendicular) with respect to the plane of incidence. R is the rotated polar-
ization plane of reflected light and results from the superposition of the regularly reflected
electric field amplitude Ry and the Kerr amplitude Rk. For simplicity, Rk is only depicted
for the P-MOKE. Taken from [Reg22].

tization direction of the sample. This electron motion creates part of the reflected
light to have a rotated electric field amplitude Rx. Thus, the total reflected light
amplitude R will have a polarization plane obtained from the superposition of Ry
and Rk. This interaction between light, electrons, and magnetization can then be
used to study the rotation in the polarization plane of the light as a function of the
magnetization direction. Additionally, this effect can be quantitatively described
by means of the dielectric displacement law:

D = ¢e(E +iQm X E), (3.1)

where D is the electric displacement field, ¢ the dielectric permittivity tensor, m
the sample’s normalized magnetization vector, and Q the material-specific Voigt
constant [Huh22, Mer22, HS98]. Here, it can again be noted that in the absence
of magnetization, the electric displacement effect will take place exclusively rel-
ative to E and that in magnetic samples, this displacement will be maximal for
configurations in which E and m are perpendicular to each other. Therefore,
it is necessary to consider the different geometrical arrangements with respect
to the polarization plane of the light and the direction of magnetization in the
sample. These geometries are categorized as polar MOKE (P-MOKE), longitudi-
nal MOKE (L-MOKE), and transversal MOKE (T-MOKE) (cf. Fig. 3.3) and will be
briefly explained in the following. Additionally, in each of these geometries, E
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of the incident light can lay within the plane of incidence (p-polarized light) or
perpendicular to it (s-polarized light) [Huh22, HS98].

« P-MOKE: The polar configuration has an out-of-plane magnetization M,
i.e., the magnetization is oriented perpendicular to the sample surface. Here,
both p- and s-polarized light induce the Kerr rotation and display a maximal
effect at a normal incidence to the surface [HS98].

« L-MOKE: In this geometry, M lies parallel to the sample plane and longi-
tudinal to the plane of incidence. For both p- and s-polarized light, a Kerr
rotation is induced but in opposite directions. In this case, the Kerr effect is
strongest at a grazing angle and disappears at normal incidence [HS98].

« T-MOKE: Similarly to L-MOKE, M is oriented parallel to the sample plane,
however, perpendicular to the plane of incidence. Here, p-polarized light
does not induce a Kerr rotation but modifies the intensity of the reflected
light. For the case of s-polarized light, the E and the M are aligned parallel
to each other, hence, no Kerr effect can be observed.

3.2.2 Kerr Microscopy

Kerr microscopy was selected to perform a spatially resolved Kerr characteri-
zation, since this technique allows visualization of magnetic domains and mag-
netization processes, such as nuclei formation and domain wall (DW) propaga-
tion [HS98]. Therefore, this technique facilitates the creation of a laterally re-
solved magnetic domain map of the analyzed sample. For the purposes of this
project, this magnetic domain map was subsequently correlated with the trajec-
tories of the EB-]JPs after being transported over the characterized area (cf. Chap-
ter 5). To this end, an evico magnetics high-resolution Kerr microscope was em-
ployed (cf. Fig. 3.4). This device uses white light to illuminate the sampled area,
which is supplied to the microscope through four pairs of LEDs arranged in a
cross pattern, fed through optical fibers. The LEDs arrangement allows to set two
planes of incidence perpendicular to each other and the sample surface. Then,
by selecting an incidence plane in combination with a polarizer alignment paral-
le]l or perpendicular to this plane, the light can be set to be in a predefined p- or
s-polarization state, respectively [Mer22]. After the light interacts with the sam-
ple, the incoming beam path is separated from the reflected one through a beam
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Figure 3.4: Picture of the MOKE microscope employed for the spatially resolved mag-
netic characterization of the sample with its main components: (i) camera, (ii) ana-
lyzer, (iii) compensator, (iv) beam splitter, (v) 50X objective, (vi) in-plane electro-magnets,
(vii) polarizer, and (viii) LED lamp from glass fiber array.

splitter so that only the reflected light is analyzed. The reflected light passes then
through a compensator made out of birefringent material, which in this case, cor-
rects the elliptical polarization state of the reflected light into a linearly polarized
state. Afterward, the reflected light passes through the analyzer (a second po-
larizer), which filters the portion of the light aligned to the original polarization
state (set by the first polarizer). The analyzer is crucial to detect the MOKE signal
since only a small part of the reflected light shows this effect [HS98]. Finally, the
light is detected by a camera with an integrated charge-coupled device (CCD).
The image then captured by the camera contains information related to surface
magnetization within the field of view. Here, each pixel is directly related to a
point in the sampled area, and the color it displays (typically, within a grayscale)
denotes the magnetization state. Opposite colors within the chosen scale repre-
sent antiparallel magnetization states. The visibility of the domains depends on
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the optimization of the image contrast. This optimization is performed by ad-
justing the analyzer and compensator in parallel until the image shows enhanced
contrast and brightness [HS98].

To induce changes in the magnetization state of the sample, the microscope is
equipped with different sets of electromagnets. However, in this project, only the
arrangement of electromagnets with in-plane (xy-plane) magnetic fields shown
in Fig. 3.4 was employed. These electromagnets allow fine-tuning of their longi-
tudinal external magnetic field, resulting in a controlled change of the sample’s
magnetization state.

3.3 Particle Transport Setup

The remote-controlled transport of the EB-JPs and the microscope image acqui-
sition for subsequent analysis were achieved through the particle transport setup
shown in Fig. 3.5(a). This setup has two main components, a coil arrangement,
which will induce the transport of the EB-JPs over magnetically patterned sub-
strates (cf. Section 2.5.3), and an optical microscope with a high-speed camera
capable of recording the fast motion of the particles.

The coil arrangement consists of three pairs of orthogonally-placed, cupper-
wired Helmholtz coils, enabling the application of homogenous magnetic fields
in each direction of space. By using a computer-controllable power supply, these
magnetic fields can be generated as pulses with periodic sequences, where the
pulses are set to have a trapezoidal shape [Huh22]. Each pulse has a duration of a
sequence’s half period T /2 and is characterized by a linear rise time At;, a plateau
time Atp, and a linear fall time At;. Here, At, and At; are constrained according
to the time it takes to achieve the desired amplitude of the pulse (Hpax), in this
case, with a given alternation rate of ca. 4.02 X 10°> mT/s [Huh22, Holi5, HKB15].
The pulses are alternated in sign (e.g., from +Hpax; t0 —Hpax ;) and temporally
phase-shifted by /2, i.e., T/4, to induce the motion of the particles (cf. Fig. 2.6).
The latter, and further specifications for the magnetic field pulse sequence are set
in a custom LabView computer program.

For the controlled motion of the EB-JPs, two different magnetic patterns within
the underlying substrate were employed, one for the 1D and one for the 2D
translation. Both substrates were fabricated prior to this project by means
of sputter deposition of an EB thin film system on top of Si(100) substrates
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Figure 3.5: (a) Picture of the experimental setup used to perform and record the par-
ticle transport experiments in the framework of this project: (i) CCD high-speed cam-
era CR450x2 from Optronis, (ii) white LED light, (iii) 100X magnification objective, (iv)
Helmbholtz coil pairs (x-, y-, and z-direction), (v) sample holder, (vi) adjustable xy table,
and (vii) damping structure. (b) Components of the microfluidic chamber. Left (stripe)
pattern on the substrate corresponds to the experiments related to the 1D particle trans-
port, whereas the right (checkerboard-like) pattern was used for the 2D motion analysis.
Different substrate samples were used for the respective domain patterns. The microflu-
idic chamber is mounted directly on the sample holder, where, for ease of transport and
handling, the substrate covered with the PMMA layer is glued in the central area with
double-sided tape. Afterward, the Parafilm® chamber, the EB-JP dispersion and the cover
glass are added. Checkerboard-like pattern image taken from [Deu16].
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and ion bombardment induced magnetic patterning (IBMP) [EKKo4, EKHis,
GHH16, G619]. The 1D transport of the EB-JPs was realized over a substrate
with a magnetic domain stripe pattern with the following EB layer stack sys-
tem: Cu(5 nm)/Ir;7Mng3(30 nm)/CozoFeso(10 nm)/Au(10 nm). The stripes were
aligned parallel to the y-axis of the setup (cf. Fig. 3.5(a)), having then the
magnetization direction of the domains along the x-axis. Hence, only mag-
netic fields along the z- and x-direction are needed to transform the MFL
and induce 1D transport of JPs (cf. Fig. 2.6). For the case of the 2D trans-
port, a substrate with a checkerboard-like pattern on an EB layer stack of
Cu(10 nm)/Ir;7Mng;3(30 nm)/Co7oFeso(10 nm)/Si(10 nm) was used. This sample
was placed so that the DWs of the domains were aligned to the x and y axes of
the particle transport setup. Here, magnetic field pulses were applied in all three
directions, with a phase shift T/4 only with respect to the z-pulse sequence, i.e.,
x- and y-pulses are inverted simultaneously.

To perform the particle transport experiments, the particles have to be con-
tained above the magnetically patterned substrate; this is achieved by cre-
ating a microfluidic chamber. The chamber is composed of the elements
shown in Fig. 3.5(b). The assembly starts by spin-coating a thin Aldrich®
Poly(methylmethacrylate) (PMMA) layer on the surface of the substrate with ei-
ther the striped (1D) or checkerboard (2D) pattern. This layer increases the dis-
tance between the EB-JPs and the substrate, thus decreasing the strength of the
MFL felt by the particles, hence preventing particles from irreversibly attaching
to the surface. Another reason could be that the PMMA provides more favor-
able DLVO interactions between substrate and particles (cf. Section 2.5.2), fur-
ther preventing particle sticking. The PMMA layer was deposited following the
procedure described in [G619], taking 150 uL of a solution with a PMMA concen-
tration of 70 mg/mL and a spin-coating for 60 s at 3000 rpm with an accelera-
tion ramp of 1000 rpm/s. After curing the substrate for 10 min on a hot plate at
100°C, the PMMA layer is estimated to have a thickness of ca. 1000 nm. The next
step in the chamber assembly is to glue the substrate to the center of the sample
holder with a double-sided tape and attach a Parafilm® frame with an inner area
of ca. 5 mm X 5 mm on top of it. Within this area, the thickness of the Parafilm®
(120 um) will confine the 20 puL EB-JP dispersion with 0.1 wt % sodium dodecyl
sulfate (SDS) that will be supplied by means of a microliter pipette. The anionic
surfactant SDS is introduced into the system due to its proven enhancement in
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the particle’s mobility when utilized at low concentrations [RHE21]. The particle
dispersion is obtained by manually and gently collecting the EB-JPs from half the
surface of the glass substrate (cf. Section 3.1) with the help of a thin coverslip. The
harvested particles are then contained in an Eppendorf PCR tube (V = 200 pL)
by allowing two 50 pL droplets of distilled water to (not simultaneously) move
across the coverslip before entering the tube. The Eppendorf tubes with the EB-
JP dispersions are then sealed with Parafilm® and stored until needed. Before
pipetting the particle dispersion into the microfluidic chamber, the dispersions
are thoroughly mixed by subjecting the Eppendorf tube to a Vortex machine for
two minutes. The latter minimizes particle agglomeration, which has an unfavor-
able impact on the transport experiments. The 20 uL EB-JP dispersion with 0.1
wt % SDS are supplied into the chamber as 10 pL EB-JP dispersion, followed by
a slow supply of 10 pL of distilled water with 0.2 wt % SDS and using the tip of
the microliter pipette to mix the two solutions to avoid bubble formation. Finally,
the chamber is sealed with a cover glass to suppress liquid evaporation. Once the
microfluidic chamber is fully assembled, the sample holder is placed in the center
of the Helmholtz coil arrangement. The coil arrangement, and thus the sample,
is on an adjustable table in the xy plane. Therefore, the area of interest on the
sample can be aligned with the optical path of the microscope unit, which con-
sists primarily of a high-speed camera, a white LED light, and a magnification
lens. The microscope unit can be moved toward the sample by a stepper motor,
thus, bringing the area of interest into focus. The stepper motor is also controlled
through a custom LabView program, which enables the adjustment of the step
size of the motor. This step can be set to have a size of approx. 200 um down to
approx. 400 nm. Here, the shortest step ensures a careful approach to the sample
at close range and facilitates obtaining a sharp image by adjusting the position to
find the focal point. Another factor influencing the sharpness and magnification
of the images is the microscope objective used. All transport videos within this
project were recorded using a 100X magnification immersion objective. This ob-
jective sets two additional requirements: The use of a specially thin cover glass
(thickness between 60 um and 130 pm) and immersion oil. For the latter, a 10 pL
droplet of AppliChem GmbH (A0699,0100) is placed on the coverslip enclosing the
microfluidic chamber before placing the sample holder in position [Huhz22]. Ulti-
mately, the particle transport can be recorded by a Optronis CCD high-speed cam-
era (CR450x2), which transmits images to a connected PC at a maximum frame
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rate of 1000 frames per second. This camera has a maximal sensor resolution of
800 px X 600 px, and a pixel size of 14 pm X 14 pym. To minimize the influence of
the external vibrations on the experiments, the particle transport setup is placed
on top of a damping structure, consisting of a concrete plate mounted on top of
an aluminum profile fixed on air-damped feet.

Manual activation of the video acquisition and magnetic field pulse sequence
was required to perform the particle transport experiments. The activation was
done after examining the field of view provided by the camera and finding an
area with the least amount of particle agglomeration possible. Video acquisition
was initiated first, followed immediately by activation of the magnetic field pulse
sequence to ensure the collection of as much information as possible.

3.4 Particle Tracking

The particle transport videos were first analyzed by tracking the position of the
EB-JPs. To ease the tracking process, a preprocessing of the transport videos was
routinely implemented as a step prior to tracking the particles (see Fig. 3.6). This
image processing exhibited its advantages for the tracking procedure in the early
stages of the analysis and consists of subtracting an "average image" from each
frame and afterward filtering the noise to improve the signal-to-noise ratio. The
average image is obtained, as its name suggests, by averaging all the frames of the
video. Whereas, the noise of each image is reduced by performing a Fast Fourier
Transformation (FFT) to the input image, subsequently attenuating the high fre-
quencies of the image with a low-pass filter and finally transforming the image
back to its equivalent in the spatial domain by means of an inverse FFT [Huh22].
The resulting images (cf. Fig. 3.6 (b)) display an improved light homogenization
over the whole sampled area, which helps to identify the particles away from
the center of the sample and, in particular, their cap. Additionally, background
subtraction through the average image, which in this case, considers the static
particles as part of the background, avoids potential erroneous tracking of the
particles. The latter is due to the possibility that the selected particles may pass
over visible defects in the sample or near static particles during their trajectory,
in which case, the assigned trackers could mistake the originally tracked particle
for the defect or static particle and continue tracking one of the latter. It is impor-
tant to mention that particle transport analyses were performed on the original
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Figure 3.6: Example of a frame from a particle transport video. (a) Shows the original
frame, whereas (b) shows the processed image obtained after subtracting the "average
frame" from (a) and reducing the noise of the resulting image. The average frame is
obtained by averaging all frames in the video. This process leads to homogeneous illu-
mination and removal of non-moving particles and visible defects on the surface of the
sample.

video, as well as on a video with only the background subtraction and another
with the additional noise reduction to the latter, where no significant deviations
were found.

The tracking was achieved by means of a free software called Video Spot Tracker
(version 8.01) from the Center of Computer Integrated Systems for Microscopy
and Manipulation (CISMM) of UNC Chapel Hill [CIS]. This software not only al-
lows for visualization of the particle trajectories in the xy plane by following the
x- and y-coordinates of the particle but can also track the orientation of the cap
with respect to the xy-plane when the contrast of the EB-JP cap with respect to
the transparent template particle is visible (cf. Section 3.1). Both the position of
the particle and the orientation of the cap will be essential information for study-
ing the motion dynamics of the magnetic EB-JPs, such as their translational and
rotational velocity, respectively. This information will be tracked by the software
in each frame of the loaded video. Figure 3.7 shows an image of the Video Spot
Tracker user interface (UIl) with a video frame taken as a reference.

Throughout this project, two tracking modes were used to analyze the trans-
port videos, which will be referred to as "rectangular” and "circular" tracking
modes. These names were chosen according to the shape of corresponding track-
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Figure 3.7: (a) Video Spot Tracker (version 8.01) user interface [CIS]. Here, an example
image is shown along with the selected settings for the two different tracking modes.
The settings used in both tracking modes are marked in red. The initial frame number
for tracking (FrameNum), in this case, 450, corresponds to the frame in which the particles
have aligned with the MFL after the first pulse of the magnetic field pulse sequence was
applied (b). Additional settings for the (c) "rectangular” tracking mode are indicated in
green. This mode tracks the x- and y-coordinates of the EB-JP cap and its orientation.
(d) Shows an insert image of the particles and their markers in "circular" tracking mode.
In this mode, the position in the xy plane of the particle center is followed. The settings
selected that are not marked with any color are the default settings when starting the
program.
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ing markers in each mode (see Fig. 3.7 (c) and (d)). Generally, before proceeding to
select the corresponding tracking mode settings, the "flip_in_y" option should be
selected in the "clip_and _{flip" menu, especially when analyzing a 2D transport
video. The latter ensures to analyze the video following the original alignment of
the sample in the lab reference frame, since the program inverts the image with
respect to the y-axis by default when loading a new video. When working in
rectangular tracking mode, it is necessary to determine the initial frame for the
tracking process. This frame corresponds to the first alignment of the EB-JPs with
the MFL triggered by the first pulse of the magnetic field pulse sequence, typically
along the negative z-axis (cf. Fig. 3.7 (b)). In this frame, the particles will ideally
be aligned so that maximum visibility of the dark-contrasted magnetic cap is en-
sured. It was found relevant to display this frame in the UI before selecting other
settings to ensure the proper assignment of the rectangular tracking markers. Al-
though the latter does not influence the position of the tags in circular tracking
mode, it was kept as part of the procedure for consistency. The following setting
to activate is "dark_spot". This setting is chosen due to the darker appearance of
the particles and, in particular, the magnetic cap compared to the lighter back-
ground. Then, the option "disc" is selected with a radius r, = 3 and r, = 11 for
rectangular and circular modes, respectively. This will give the tracking mark-
ers the shape shown in Fig. 3.7(d), which will require additional activation of
"rod3" with length = 11 to obtain the rectangular shape necessary to track the
cap (Fig. 3.7(c)). The corresponding markers will then be assigned manually to
the EB-JPs under study by clicking on top of them; this excludes dimers, agglom-
erates, and static particles. When selecting "optimize", the program will confirm
and automatically correct the position of the markers if necessary. Another im-
portant setting is "follow_jumps". This option ensures the correct tracking of the
particles through their characteristic jumping-like motion caused by the alter-
nating MFL. After the different settings have been selected, a file is created to
store the information; this is done by clicking "Logging" and naming the file. The
tracking process is then started by selecting "play_video". The generated file will
consist of the x- and y-coordinates of the particle/cap with respect to the assigned
tracker ID per frame number. If the tracking is done in rectangular mode, the file
will also show the orientation angle of each cap per video frame.

It should be noted that the Video Spot Tracker software has the limitation that
only particles in the selected initial frame will be tracked unless manually added
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afterward. Therefore, if particles appear in the field of view in subsequent in-
stances, it would be necessary to perform additional tracking. The latter is also
required if one of the particles in the initial frame leaves the field of view, as this
will cause the program to stop tracking. Discarding these additional traceable par-
ticles/steps may represent a considerable loss in statistical terms (cf. Section 4.3).
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1D Transport: Influence of the
Ferromagnetic Layer Thickness

In this chapter, the results of the experiments related to the one-dimensional
(1D) directed transport of Exchange-Bias capped Janus particles (EB-JP) over a
parallel-stripe domain pattern via dynamic transformation of magnetic field land-
scapes (MFL) are presented. Within the framework of this project the motion
dynamics of 3 pm sized EB-JPs with different thicknesses of the cap’s ferromag-
netic layer (tg) were investigated. Previous investigations on submicron-sized
disks [CKA99, WGP16, WRP19] and nanometer-sized JP [SKS12, SMKi12, Reg22]
have shown that different magnetization textures can be induced within the disk
or cap depending on the ferromagnetic layer thickness. Therefore, EB-JPs were
fabricated following the methodology presented in Section 3.1, with t; varied be-
tween 5 nm and 100 nm to trigger the formation of different magnetization states
within the EB-JPs’ caps (cf. Section 2.4.1). It is hypothesized that the magnetiza-
tion state, i.e., the magnetic properties of the EB-JPs will influence their motion
behavior in a 1D transport experiment, thus potentially allowing for an identifi-
cation of the EB-JP cap magnetization state solely from observing its movement
pattern. For this analysis, a parallel-stripe domain pattern fabricated by means
of ion bombardment induced magnetic patterning (IBMP) was selected [GEU18].
This pattern was chosen in combination with a stripe width of 5 pm due to its
proven effectiveness in generating the MFL required to induce transport of parti-
cles with diameters on the order of a few microns [Holi5, EKHi1s, HRT21, RHE21].
The stripes have opposite magnetization direction with respect to adjacent stripes
along the periodicity axis, defined as head-to-head (hh)/tail-to-tail (tt) magneti-
zation configuration. This configuration maximizes the strength of the magnetic
stray fields emerging at the domain walls (DW) [HZK13]. In general, this sys-
tem requires only weak external magnetic field pulses to induce particle trans-
port [HKB15, HRT21], which is relevant in order not to destabilize the EB-JPs caps
from their remanent magnetic state.
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In addition to having a specific magnetic state, magnetic Janus particles pos-
sess the ability to physically rotate upon application of an external magnetic field
due to their asymmetric structural composition. This distinguishes their motion
behavior from symmetric magnetic particles, e.g., superparamagnetic beads, that
typically do not exhibit rotational movements. The ability to rotate arises from
the intrinsic magnetic state of the JP, which gives its cap a magnetization direc-
tion that can be used to control the orientation of the particle and, thus, rotate
it. Therefore, another relevant aspect of this project was the determination of the
rotational velocity of the EB-]JPs.

Upon initial analysis of the particle transport recordings, an asymmetry in the
stripe domains’ width in the sample used for the transport experiments became
evident. This asymmetry was subsequently confirmed by characterizing the sam-
ple with Kerr microscopy, resulting in average stripe widths of ca. 6.3 um and
3.7 um (cf. Appendix A.2), while maintaining the (hh)/(tt) magnetization config-
uration and periodicity of ca. 10 um. Therefore, working with this sample im-
plied modifying the analysis method usually used in the research group, since it
is necessary to distinguish between the particle transport performed over the two
different stripes. Nevertheless, this also gave rise to the possibility of additionally
studying EB-JP transport dynamics with respect to the stripe domain width.

In the following section, a description of the evaluation process developed to
determined the translation and rotation velocities of the EB-JPs as a function of
the width of the two stripes will be introduced (Section 4.1). Subsequently, a qual-
itative analysis of the EB-JPs individual and agglomerate motion as a function of
tp will be presented in Section 4.2. Finally, the obtained translational and rota-
tional EB-JPs velocities as a function of tp, the main focus in this chapter, will be
discussed in Section 4.3.

All particle transport experiments regarding the 1D transport of EB-JPs were
recorded at 250 fps using a 100X magnification objective, with strength of the ex-
ternally applied magnetic field pulses of Hyax,/x - o = 3 mT alternating every
T/4 = 1 s. It should be noted that the scale factor used to convert the dimensions
from the captured images to the physical system was obtained from the analysis
of the 2D motion of the EB-JPs presented in the following Chapter (5). However,
since both studies were performed under similar conditions (similar microfluidic
chamber and same amplification objective for the particle transport setup), they
are considered to represent the same system. Additionally, the scaling factor leads
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to similar values for the stripes widths determined from the sample characteriza-
tion.

4.1 Evaluation Process

To determine the translation and rotation velocities of the EB-JPs, a systematic
procedure to evaluate the particle transport experiments needed to be established.
In particular, to correctly classify the information obtained from the tracking pro-
cedure (cf. Section 3.4). Information that later on will be categorized into trans-
port steps, according to the principle of the particle transport mechanism (cf. Sec-
tion 2.5.3). For this purpose, tracking data corresponding to a transport video of
EB-JPs with a ferromagnetic layer thickness tr = 10 nm will be used as an ex-
ample. The first frame of this transport video is shown in Fig. 3.6, while Fig. 3.7
shows the ID assignment to the transported particles. Following the methodol-
ogy described in Section 3.4, the particles were tracked twice, once with a circular
tracker and a second time with a rectangular one. The resulting data is plotted
as presented in Fig. 4.1, except for the data points corresponding to the first T/4,
which are removed from the evaluation, since they do not contribute to the ve-
locity determination. Here, (a) shows the displacement along the x-axis for the
five tracked particles for the two tracking modes. The distance traveled obtained
from the rectangular tracking is plotted with an offset of 5 pm to differentiate
it from the circular tracking data. However, since the particles 1, 2, and 3 are
aligned and move parallel with respect to the x-axis (cf. Fig. 3.7), it is not pos-
sible to distinguish them without introducing additional offsets. Furthermore,
Fig. 4.1(b) displays the angular change of the EB-JP’s cap relative to the x y-plane.
This information can only be obtained with the rectangular tracker. Additionally,
the applied magnetic field sequence is plotted in (c), to correlate the information
from (a) and (b) with the corresponding change of the external magnetic field (H,
or Hy) (cf. Section 2.5.3).

To ease the description of the data in the following section, where the differ-
ent steps are classified, the analysis is focused on the data highlighted in graphs
Fig. 4.1(a) and (b) for the particles 1 and 4.
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4 1D Transport: Influence of the Ferromagnetic Layer Thickness

a) Displace-

(

10 nm.
ment along the x-axis. (b) Angular change in cap orientation. (c) Applied magnetic field

Figure 4.1: Particle transport tracking data of five EB-JPs with tp

sequence. For more information, see the text.
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4.1.1 Transport Step Classification

Upon analysis of the tracking data, four different types of induced motion steps
could be identified. These steps were determined from the combination of the
translational motion induced by the particle transport mechanism, giving rise to
the so-called small and large steps (cf. Section 2.5.3), and from the width asym-
metry of the stripe domain pattern, identified as wide and thin stripes.

Figure 4.2 (a) shows the schematic representation of two distinct rotations and
four distinct translational movements that EB-JPs where observed to perform
while being transported over the asymmetric stripe domain pattern with hh and tt
configuration. The rotation depicted on the left side (y-rotation) can be described
as a rotation in the xz-plane, which takes place simultaneously as the EB-JP per-
forms a large step [HRT21], crossing over the wide or the thin stripe domain, or
in other words, crossing from a side of a tt-domain wall (DW) to the next hh-DW
or vise versa. This rotation cannot be followed unambiguously by the tracking
system, as the tracker loses visibility of the contrast between the opaque EB-JP
cap and the transparent template particle, represented here as the intermediate
step of the rotation, where the cap is completely oriented downward with re-
spect to the z-axis. However, the rotation illustrated on the right side (z-rotation)
takes place in the xy-plane and can be followed when the rectangular tracker is
assigned to the EB-JP cap. Similar to the y-rotation, the z-rotation occurs in par-
allel to a translation of the EB-JP, although, in this case, with respect to the small
step [HRT21], which corresponds to the crossing from either wide-stripe to thin-
stripe or vice versa. The small step can also be explained as the transition from
one side of a tt- or hh-DW to the other side of the same DW. By additionally con-
sidering the stripe width, the steps can then be classified as shown in Fig. 4.2 (f)
in wide stripe-large step, thin stripe-large step, wide stripe-small step, and thin
stripe-small step.

The need for this classification procedure for further evaluation became appar-
ent after a close look at the tracking data, e.g., in Fig. 4.2 (b). Once again, the data
obtained with the rectangular and the circular marker is shown with an offset of
5 um. Focusing first on the trajectory traversed by the particle 1 tracked with the
circular marker, different segments with a behavior similar to a step function can
be observed. This stepwise motion is an intrinsic property of the particle trans-
port mechanism (cf. Section 2.6), where the applied external magnetic field (here,
H, or Hy) that induces the particle movement is periodically alternated, as shown
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Figure 4.2: Visualization of the particle transport step classification for EB-JPs over a
hh/tt stripe domain pattern with asymmetric width. (a) Schematic depiction of the pos-
sible two rotations and four translation steps of the EB-JPs over the stripe pattern. (b)
Displacement along the x-axis and (c) angular change of particles 1 and 4 from the data
highlighted in Fig. 4.1 with the corresponding (d) applied magnetic field sequence. (e)
Close-up of a small translation step for comparison of data obtained with a rectangular
vs. circular tracker. (f) Step categories with color association to the highlighted areas
within (b) and (c).
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in Fig. 4.2 (d). Here, the frequency of the alternation is defined as a quarter of a
period T, with T/4 = 1 s. Thus, one transport step is induced every second. It
is well established that, when working with a hh/tt stripe pattern configuration,
a reversal of H, induces a large translational motion step [HKB15], e.g., at times
t =1s,3s,5s, etc. This is followed by a small step induced by the subsequent
sign inversion of Hy, here, at times t = 2 s, 4 s, 6 s, etc. However, comparing only
large steps, it was noted that steps at timest = 1 s, 5s, 9 s show a distance trav-
eled of ca. 5 pm, whereas, large steps at times t = 3 s, 7 s show a smaller distance
of ca. 2.5 pm. Contrary to the latter, the EB-JPs traversed a similar distance of
ca. 1.5 pm in all the small steps. This asymmetry regarding the large steps was
observed in all tracking data sets and for all particles, evidencing a stripe width
asymmetry in the sample used for the 1D particle transport experiments and the
need for proper motion step processing to ensure correct statistical analysis of
particle transport velocities.

To determine the steady-state translational and rotational velocities of the EB-
JPs acquired during an induced motion event, the data sets were cropped accord-
ing to the step to be evaluated. The translational velocities are hereby derived
solely from the large steps. For each of these steps 250 data points were selected
from the initial data set, with the step being at the center of these data points, as
shown in Fig. 4.2 (b) by the blue highlighted areas. The size of the cropped data
section for each individual step, i.e., 250 data points, is equivalent to the number
of video frames within which one motion step of the EB-JP could be recorded.
In this case, the transport experiments were recorded at 250 fps with T/4 = 1 s,
resulting in 250 frames per step. On the other hand, the rotational velocities are
determined solely from the small steps. However, here, the data points to be ana-
lyzed are selected as such that the step is located at 50 points (20% of the cropped
data per step) from the beginning of the selection range, as marked in Fig. 4.2 (b)
with green color. In addition to the vertically highlighted areas, the horizontal
lines in the same figure indicate the steps corresponding to the wide stripes (dark
gray) and the thin stripes (white areas between the dark gray). The overlap of
the horizontally and vertically marked sections indicates the selected data for the
corresponding step category, as shown in Fig. 4.2 (f). It should be noted that since
for the small steps the EB-JP moves from one stripe to another (cf. Fig. 4.2 (a)), the
correlation of the small steps with a wide or thin stripe was made by convention.
Here, the small steps were assigned to the stripe type on which the EB-JP finished
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Table 4.1: Overview of the EB-JP motion step categories defined in the framework of the

1D particle transport analysis.

Step Depiction in | Tracking Selected Used to
category Fig. 4.2 (a) mode needed | data sections | determine
) ) from tt-DW circular overlap of blue | translational
Wide stripe- , .
to hh-DW with dark gray | velocity
large step
) ) from hh-DW | circular overlap of blue | translational
Thin stripe- : . .
to tt-DW with white velocity
large step
. . from one side | circular and overlap of green | rotational
Wide stripe- . .
of a tt-DW rectangular with dark gray | velocity
small step
to the other
from one side | circular and overlap of green | rotational
of ahh-DW | rectangular with white velocity
to the other

its motion. This correlation was then transferred to the tracking data correspond-
ing to the angular change of the EB-JP cap orientation (cf. Fig. 4.2 (c)) in order to
determine the data sections used for the evaluation of the rotational velocities.

The rectangular tracking marker used for the identification of the EB-JP cap
orientation provides the translational displacement as well (cf. Fig. 4.2 (b)). The
corresponding trajectories, however, display more noise compared to the same
trajectories obtained with the circular marker. The latter can be seen in Fig. 4.2 (e),
which shows a magnified view of a small step. Here, the appearance of a small
peak in the small step tracked with the circular marker is particularly relevant, as
it was used to establish the time window in which the rotational step takes place
(cf. Section 4.1.3).

An overview of the EB-JP motion step categories and the relevant information
regarding them is presented in Table 4.1. Once the tracking data was correctly
classified, it was analyzed as explained in Sections 4.1.2 and 4.1.3 to determine the
corresponding steady-state translational and rotational velocities, respectively.
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4.1.2 Translational Velocity Determination

The translational velocities of the EB-JPs were determined following the same
methodology used in previous scientific studies in the research group [RHE21,
HRT21, Huh22]. First, the individual translational steps were plotted within
the same category as shown in Fig. 4.3 (a) for the steps corresponding to wide
stripe domains, and (b) to thin stripe domains. This allows to visualize the
difference in transport distances originating from the asymmetry of the mag-
netic stripe domain in the underlying substrate. Here, only every second data
point is shown for better distinction. A Gaussian error function is then fitted to
each individual step, shown in Fig. 4.3 (a) and (b) as color-matched lines. This
function was chosen since it has been previously used to resemble the step-
wise motion behavior of magnetic particles within the investigated transport sys-
tem [RHE21, HRT21, Huh22]. Additionally, this approach can be used to filter
out noisy steps or steps that were not tracked correctly by defining a threshold
value for the fitting error. Therefore, only fit functions that consistently repre-
sent tracking data of a clear stepwise movement are considered for determining
the velocities. Figures 4.3 (a) and (b) only show steps and fit functions that have
satisfied this condition. This is the reason why particle 1 in (b) has a transport step
less than particle 4. Once the steps have been filtered, the time derivative of each
individual fit function is calculated, leading to distributions of velocities for each
step as shown in Fig. 4.3 (c) and (d). The colors of the resulting time-dependent
velocity curves match their corresponding transport step in (a) or (b). Here, the
curves are plotted with increasing displacement along the time axis to improve
their visual distinction. Then, the maximum value of each curve, marked with a
circle or a triangle, is taken as the steady-state velocity of the EB-JP for the corre-
sponding step. In the framework of this project, this steady-state velocity is used
as a metric for comparing the translational motion speeds of the investigated EB-
JPs. The steady-state velocity takes the main forces governing the motion of the
particles, the drag force and the magnetic force (cf. Section 2.5.2), into account.
Focusing now on Fig. 4.3 (c) and (d), it can be seen that translational veloc-
ities for both particles (1 and 4) corresponding to transport steps above thin
stripes (d) are on average higher than those obtained from transport steps over
wide stripes (c). As a possible physical explanation, this is attributed to magnetic
stray fields being confined in a smaller space for thinner stripe domains, there-
fore leading to steeper field gradients and, according to Eq. 2.28, a larger magnetic
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Figure 4.3: Evaluation of single transport steps used to determine translational velocities
of EB-JP. (a) and (b) Data points corresponding to large steps extracted from the trajec-
tories shown in Fig. 4.2 (a), for wide and thin stripe, respectively. Each step was fitted by

a Gaussian error function, shown as a color-matched line. Only transport steps with a

sufficiently low fit error are shown. (c) and (d) Translational velocities determined from

the steps shown in (a) and (b). The velocities were calculated from the time derivatives

of the fitting curves, resulting in time-dependent velocity curves. These curves are arbi-

trarily placed along the time-axis to ease the distinction between the individual curves.

Here, the maximum of each velocity curve, marked with a circle or triangle, represents
the estimated steady-state velocity of the EB-JP during the corresponding transport step.
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force acting on the particles. This trend was also observed in studies on super-
paramagnetic beads [Huh22], where the beads were transported above a parallel
stripe domain pattern with a continuously increasing stripe width. Although it
has been shown that a critical pulse time length exists that marks the transition
between linear and non-linear transport behavior [Huh22], such an influence on
the velocity difference with respect to the bandwidth can be excluded. This is
evidenced by the transport steps occurring in less than 0.1 seconds for all cases,
as can be seen in Fig. 4.3 (a) and (b), which allows sufficient time for the particles
to finish their motion and attain a resting position before the next transport step
is induced by a change in the external magnetic field. Additionally, the ratio be-
tween the velocities of the particles 1 and 4 stays roughly the same for small and
wide stripes. The latter underlines the necessity to perform several transport ex-
periments to obtain an accurate representation of the average velocity for EB-JPs
with the same tF.

4.1.3 Rotational Velocity Determination

For a systematic and reliable evaluation of rotational velocities of the EB-JPs,
a relationship between the translational and rotational data of small transport
steps was established. For this purpose, as in the previous section, the individual
translational steps were separated and plotted within the same category. Here,
Fig. 4.4 (a) shows the translational steps classified as wide stripe-small step and
(c) as thin stripe-small step. The corresponding rotational steps were plotted be-
low in the same color, as shown in Fig. 4.4 (b) and (d), respectively. For clearer
visualization, only one out of every 10 data points is shown with a line connecting
them. Analyzing first the translational steps, a noticeable peak in the trajectory
can be observed, in particular in the steps of Fig. 4.4 (a). This peak is used as a ref-
erence for determining the time window in which the transport step takes place.
By analyzing a small transport step frame-by-frame, it has been observed that
the EB-JP first passes through the final resting position and then returns to it (cf.
Fig. 4.6). Furthermore, it has been identified that the time interval in which the
EB-JP changes its angular orientation corresponds to the time between the begin-
ning and the end of the peak in the translational data (cf. Fig. 4.4 (b)). Therefore,
each translational step paired with its corresponding rotational step was analyzed
individually. To illustrate the latter, Fig. 4.4 (e) shows a zoomed interval of a trans-
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Figure 4.4: Evaluation of the transport steps used to determine the rotational velocities.
Transport steps (data points) previously defined as (a) wide stripe-small steps and (c) thin
stripe-small steps extracted from the trajectories shown in Fig. 4.2 (a). (b) and (d) Angular
change for the corresponding transport steps shown in (a) and (c). Here, only every 10th
data point is shown for a clearer view of the data. (e) Close-up of a transport step in (a)
with (f) its respective rotational step, i.e., angular change. Here, all data points are shown.
The area marked in green highlights the time window in which the transport step takes
place. Diamond-shaped indicators mark the start and end of the time window and the
cutting points for the subsequent fitting procedure.

lational step from (a), and (f) its equivalent rotational step from (b). Here, all data
points are shown and the time window in which the motion event took place
can be clearly defined. However, it had to be taken into account, as in this case,
that upon beginning of translational movement the rotational orientation of the
EB-JP cap is often times drastically adjusted by the tracking software. This mea-
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Figure 4.5: Rotational steps (data points) extracted from the trajectories shown in
Fig. 4.1(b) for particles 1 and 4, for (a) wide stripe and (b) thin stripe. Each step was
fitted with a linear function. The rotational velocities were calculated from the slope of
the linear fits. Only rotational steps with a significant number of data points and suffi-
cient agreement of the corresponding fit function are shown.

surement artifact can be exemplary seen in Fig. 4.4 (f) by the jump of the tracked
angle from ca. 80° to ca. 0° within a few milliseconds, coinciding with the start of
the transport step visible in Fig. 4.4 (e). The data points containing this artificial
jump of the orientation angle should be excluded from the analysis, therefore, the
data points relevant for rotational velocity determination were selected manually.
The initial and final data points of the resulting area of interest for the rotational
step are marked with red diamonds and the relevant area is highlighted in green.
Although this step in the evaluation process is time-consuming, the noise in the
tracking data from EB-JPs with greater tr imposed the need to carry out the anal-
ysis in a handpicked fashion. Nevertheless, an alternative approach to determine
the relevant data for the rotational steps is presented in Appendix A.3. The latter
requires, however, less noisy tracking data, which could be obtained by recording
the images of the transport experiments with higher resolution and more homo-
geneous illumination or by using other tracking methods.

Once the rotation steps have been cropped according to the defined area of in-
terest, they are filtered by their duration, i.e., steps consisting of a number of data
points below a given threshold are discarded. This was implemented because it
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was observed that the EB-JPs require a certain minimum amount of time to per-
form the steps. Therefore, rotational steps with only a few tracking data points do
not represent a correctly tracked EB-JP cap orientation. Typically these steps are
characterized by not showing a distinct peak in the translational tracking data,
accompanied by unrealistic angular changes for rotation, e.g., the steps of the
particle 1 and the dark step of particle 4 shown in Fig. 4.4 (d). Afterward, a linear
function is fitted to each individual rotational step and the slope of this linear fit is
defined as the steady-state rotational velocity of the EB-JP for the corresponding
step. As in the analysis for the translational velocity (Section 4.1.2), fit functions
that showed a fit error larger than a selected threshold value were filtered out,
and those steps were not taken into account for the evaluation. The resulting
rotational steps with their corresponding fit functions are shown in Fig. 4.5 (a)
for the wide stripe category, and in (b) for the thin stripe category. Here, the ro-
tational steps corresponding to the particles 1 and 4 are presented for the entire
trajectories shown in Fig. 4.1 to improve the visualization of the trends. Com-
paring Fig. 4.5 (a) and (b), there is a clear difference between the average time
taken by EB-JPs to perform the rotational step corresponding to the two different
categories of small steps (wide stripe and thin stripe). Here, according to the pre-
viously established definition for the small step category (cf. Section 4.1.1), EB-JPs
take longer to perform steps when crossing the DW from the thin stripe side to-
ward the wide stripe than vice versa. The average steady-state rotational velocity
for each EB-JP is then calculated taking the absolute value of the rotational veloc-
ities calculated for the different steps. Therefore, the direction of rotation is not
taken into account, e.g., in the rotational step in Fig. 4.5 (b) located at the upper
left corner, which gives a negative velocity.

4.2 Influence of tr on the Motion Patterns of
Individual JPs and Agglomerates

As mentioned previously, as part of the investigation on the 1D motion of EB-JPs
with different #r on a substrate with hh/tt parallel stripe domain pattern, the mo-
tion sequences of the EB-JPs were analyzed frame-by-frame to qualitatively char-
acterize their motion dynamics. For illustration, Fig. 4.6 (a)-(d) shows microscope
snapshots of individual EB-JPs with tz = 5 nm, 20 nm, 40 nm and 60 nm, respec-
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Figure 4.6: Visualization of the movement of individual EB-JPs on a substrate with hh/tt
parallel stripe domain pattern. (a)-(d) Microscope snapshots of exemplary EB-JPs with
tp = 5 nm, 20 nm, 40 nm and 60 nm, respectively, at different times during the experiment.
The indicated time on each image corresponds to a time within the applied magnetic field
sequence shown in (e).

tively, at different times throughout the experiment. Here, motion sequences for
four transport steps are presented. Although there is no visual reference to the
underlying stripe-patterned substrate, the positions of the EB-JPs with respect
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to the stripe pattern can be deduced from the externally applied magnetic field
pulses Hmax z/x * o, which modify the MFL of the substrate and, thus, the poten-
tial energy of the EB-JP Up(x, z) [HRT21]. All trajectories shown in Fig. 4.6 start
with a snapshot corresponding to the time ¢ = 0 s of the applied magnetic field
sequence shown in Fig. 4.6 (d). At this time the EB-]JP caps are located on the right
of a tt-DW due to Haxz - o = =3 mT and Hpaxx - o = —3 mT [HRT21]. In resume,
for all EB-JPs in Fig. 4.6 (a)-(d) at t = 0 s the cap, which can be distinguished by
its darker contrast from the transparent template particle, is on the right side. In
some cases, the cap exhibits a light spot roughly located at its center, which is
attributed to light reflection at the aluminum capping layer of the cap. From this
initial position the EB-JPs perform a large step above the wide stripe, triggered at
t = 0.5 s, with their final position (¢ = 1 s) on the left side of a hh-DW and the cap
located on the particle’s left side. Then, the EB-JPs exhibit a small step crossing the
hh-DW (¢ = 1.5 s), followed by a large step above a thin stripe (from hh-DW to tt-
DW at t = 2.5 s), to finally take another small step over a tt-DW (¢t = 3.5 s). These
four transport steps illustrate a full cycle of the externally applied magnetic field
pulse sequence. Here, the stripe type can be distinguished by the length of the
large steps, i.e., the EB-JPs are displaced by greater length from ¢t =0stot=1s
than from t = 2 s to t = 3 s. Furthermore, these snapshots illustrate the traceable
rotation of the EB-JPs that takes place simultaneously while the particles perform
the small steps (around t = 1.5 s and t = 3.5 s) together with the overshoot used
to determine the time window for the rotational step described in Section 4.1.3.
From the intermediate stages of the large steps (around t = 0.5 s and t = 2.5 s)
it can be observed that the rotation cannot be followed unambiguously, since the
cap is at no time oriented perpendicularly (perpendicular to the xy-plane) to its
previous position. Apart from the variations in the time taken by the different
EB-JPs to perform the steps, observed from the intermediate stages of the steps,
no significant differences in their qualitative motion behavior and therefore no
obvious relation to their caps’ magnetic state can be inferred from Fig. 4.6 (a)-(d)
with the current image quality. For instance, observable differences would have
been expected for the rotational movement accompanied by the small transport
step when comparing JPs with onion and vortex state caps due to different spatial
alignments of the respective net magnetic moments. The physical reason for the
absence of recognizable motion variations in the conducted experiments is not
entirely clear, but may be attributed to either the JPs being in the same remanent
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magnetic state for all considered #r or an influence of the external magnetic field
on the JPs’ magnetic state. The first reason ca be easily discarded as magnetic
characterization measurements, conducted prior to particle transport, revealed
significant differences in the remanent magnetization of the JPs as a function of
tr. These measurements are not included, as their discussion would be beyond
the scope of this thesis. As for the second reason, the combination of MFL and
the externally applied magnetic field could lead to remagnetization within vortex
state JP caps and therefore to similar alignments of net magnetic moments within
the JPs’ caps for all considered tp, resulting in indistinguishable motion behav-
iors. To gain further insights, the motion of not only single EB-JPs but also of
agglomerates was qualitatively studied as well.

It should be noted, that the assembly behavior of ferromagnetically capped JPs
dispersed in liquid is a research field on its own [SGMog, YBG15, LCFK19]. Besides
planar hexagonal sheets and microtubes [YBB12], mostly double-chain or zigzag
structures have been reported [RRS12], where the formed configuration depends
on the choice of externally applied magnetic field sequence and the cap thickness
and composition. The here investigated EB-JPs also show assemblies of different
configuration depending on the ferromagnetic film thickness as will be analyzed
in the following.

Figure 4.7 (a)-(c) illustrates the movement of agglomerates for EB-JPs with
tp = 10 nm, 40 nm and 60 nm, respectively. These thicknesses were selected
as they represent the three main configurations that the agglomerates exhibited
in the experiments. These agglomeration configurations were observed in multi-
ple transport experiments for the corresponding thickness, typically formed for
agglomerates with high particle density. Here, in contrast to the snapshots shown
previously in Fig. 4.6, the motion dynamics start at t+ = 0 s related to the fields
H, - uy = Hy - ptp = 0 mT (cf. Fig. 4.7 (d)). This allows to visualize the agglomerates
prior to the modification of the MFL, i.e., without an alignment with respect to an
applied external magnetic field. Moreover, individual particles within the agglom-
erates can still be partially recognized at this position, since the agglomerates rest
within the focal plane of the microscope. At t = 0 s, the agglomerate of EB-JPs
with tp = 10 nm (cf. Fig. 4.7 (a)) shows an arrangement similar to an hexagonal ar-
ray, whereas the agglomerates for EB-JPs with ¢z = 40 nm and 60 nm display a for-
mation similar to a bent chain. Starting from tr = 40 nm the EB-JPs agglomerates
began to show this characteristic. The snapshots around ¢t = 0.5 s show how each
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Figure 4.7: Visualization of EB-JP agglomerate movement on a substrate with hh/tt paral-
lel stripe domain pattern. (a)-(c) Microscope snapshots of exemplary EB-JP agglomerates
with tr = 10 nm, 40 nm and 60 nm, respectively, at different times during the experiment.
The indicated time on each image corresponds to a time within the applied magnetic field
sequence shown in (d).
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of the agglomerates aligns after the external magnetic field Hpax, - o = —3 mT
is applied, where again, a clear distinction can be made between the agglomer-
ates for Fig. 4.7 (b) and (c) as compared to (a). Here, the agglomerates for thicker
tp align along the z-axis, while for thinner t, the agglomerate creates a cluster
shape. This may be explained as the magnetic moment of EB-JPs with #z > 40 nm
is larger than for thinner t¢, and thus, their magnetostatic interaction is strong
enough to keep the particles stable in a vertical chain. However, focusing on the
snapshots in Fig. 4.7 (b), it can be observed that the chain shows a wavelike shape,
particularly visible at times when the external magnetic field in z-direction is in-
verted (around t = 2.5 s and t = 4.5 s). This observation may be connected to
the magnetic states expressed by the particles caps (cf. Section 2.4). While in
purely ferromagnetic caps, thick ferromagnetic layers exert vortex states which
possess only a weak remanent magnetization. Thin ferromagnetic layers, on the
other hand, can stabilize magnetic textures, like onion states, which possess a
larger net magnetization. For the here studied EB-JPs, it has been shown that the
Exchange-Bias affects the magnetic cap’s remanent state [TRH21, Reg22]. Hypo-
thetically, EB-JPs with tz = 40 nm could exhibit an unstable magnetic state, i.e.,
around this thickness the particle caps potentially transition from an onion or a
shifted vortex with an absolute (non-zero) net magnetization to a vortex state or
a mixed or metastable state with reduced net magnetization [Reg22]. By further
increasing the thickness of the ferromagnetic layer, the caps transition to another
stable state, e.g., a multidomain state'. This magnetic configuration possibly al-
lows for the alignment of the magnetic orientation within these domains driven
by the external magnetic field and the other particles in their environment, so
that the particles can build and stabilize chains or tubular agglomerates by dipo-
lar interaction (cf. Fig. 4.7 (c) for t = 2.5 sand t = 4.5 s).

It should be mentioned that, although agglomerates cannot be used to deter-
mine single EB-JP velocities, they strongly interfere with the analysis of individ-
ual particles. This is because, while moving across the substrate, the agglomerates
pick up nearby individual particles or even merge with other agglomerates. This
observation was prominently made in experiments with EB-JPs with thick ¢, as
the agglomerates have a higher range due to their chain-like alignment. More-
over, because of their larger size, they move faster, in the sense that they can

'Multidomain state formation has been shown to be the the preferred state of EB
(IrMn(5 nm)/NiFe(6 nm)) disks with a diameter of 3 pm [SAKSo9].
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4 1D Transport: Influence of the Ferromagnetic Layer Thickness

cross more than one domain at a time, as can be seen by comparing the agglom-
erate with the individual particle in Fig. 4.7 (c). As a consequence, this behavior
unfortunately lowers the statistics of the quantitative analysis of the individual
particles velocity, as their number is more and more reduced when the chains
collect the individual JPs to form even larger agglomerates.

4.3 Influence of the Magnetic Cap Composition
on the Translational and Rotational Velocities

The analysis of the 1D EB-JPs transport step motion presented in Section 4.11ed to
the mean steady-state translational and rotational velocities of the EB-JPs shown
in Fig. 4.8 (a) and (b), respectively. The translation and rotation analyses were car-
ried out taking into account the two stripe domain types present in the parallel-
stripe domain patterned sample used for the transport experiments. In addition
to the mean steady-state translational and rotational velocities as a function of
EB-JPs cap thickness t, Fig. 4.8 (c) and (d) show the number of evaluated steps
from which the average velocities were determined. The translational and rota-
tional velocities both follow a trend, where with increasing cap thickness from
tr = 5 nm to 20 nm, the EB-JPs move and rotate faster. Afterward, both veloci-
ties decrease for tr = 30 nm and 40 nm, to finally increase again for EB-JPs caps
with tp > 40 nm. Comparing the mean steady-state velocities with respect to
the two stripe domain types, it can be observed that for the translational motion,
as well as for most of the rotational motion, the EB-JPs move/rotate faster when
this motion is related to the thin stripe. As previously mentioned in Section 4.1.2,
this is attributed to the stray fields of the thin stripe forming in a more confined
area (xy-plane), thus, creating larger potential energy gradients for the particles.
In this case, it is hypothesized that the faster rotation of the EB-JPs is related to
their faster translational motion, i.e., since both particle motions take place simul-
taneously, the faster transport of the JPs additionally accelerates the accompanied
rotational motion. Here, it should be noted that the substrate employed to per-
form these experiments was fabricated via IBMP (cf. Section 2.3.4). This method
modifies the magnetic properties of the bombarded area (in this case of one type
of stripe), more precisely, the anisotropy strength and saturation magnetization
are reduced for the bombarded stripes. This leads to asymmetric magnetic charge
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profiles within the DWs (cf. Section 2.5.1), thus creating a MFL with additional
asymmetry. This additional asymmetry in the MFL could also influence the ve-
locity difference with respect to the stripe width. This trend of higher velocity
for thin-stripe related motions seems to be in disagreement only for EB-JPs with
cap thickness tr = 100 nm. However, as the number of evaluable steps is signifi-
cantly decreased in this case, the resulting velocities for tr = 100 nm have a lower
statistical significance.

It was hypothesized that for thicker tr, the EB-JP caps have a higher magnetic
moment due to a larger amount of ferromagnetic material, leading to a stronger
magnetic force acting on the EB-JPs (cf. Section 2.5.2) within the transformed
MFL, and thus, faster particle motion. Therefore, it is striking that the EB-JP
steady-state velocities decrease for caps with t; = 30 nm and 40 nm. This can be
related to the qualitative analysis of the motion of EB-JP agglomerates presented
in Section 4.2, where it is assumed that around this thickness, the magnetic state
of the EB-JPs caps transitions from one texture to another. Therefore, taking the
qualitative and quantitative results from the influence on the motion dynamic of
EB-JPs with respect to tr and results from previous investigations on the magnetic
properties of caps (cf. Section 2.4) into account, the following hypothesis for a
phase diagram can be inferred:

1. Forlow tr (5 nm, 10 nm and 20 nm), the caps are expected to have a remanent
onion magnetization state or at least a far enough shifted vortex state due
to the contribution of the unidirectional anisotropy in the cap induced from
the EB interaction. This leads to caps with a certain (non-zero) net magnetic
moment.

2. For intermediate tr (30 nm and 40 nm), the EB interaction is not strong
enough to induce the unidirectional anisotropy, consequently, the caps in-
corporate the energetic more favorable magnetization, i.e., a vortex state.
This results in caps having a reduced net magnetic moment.

3. For high tr (tf > 50 nm), the caps present a multidomain texture with in-field
aligned domains [SAKSog], leading to caps with large magnetic moments.

Considering that the mobility of the EB-JPs is primarily determined by the mag-
netic moment of their cap (cf. Section 2.5), the trend of the determined steady-
state velocities (cf. Fig. 4.8 (a) and (b)) can be better understood.
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Figure 4.8: Quantitative results for the evaluation of translational and rotational motion
of EB-JPs over a parallel-stripe domain pattern as functions of their cap thickness tr. The
results are shown in relation to the two types of stripe domains present in the sample
used to perform the 1D transport experiments, where squares with dashed lines represent
wide stripes and triangles with dotted lines represent thin stripes. Mean steady-state
translational and rotational velocities of EB-JPs are shown in (a) as blue data points and
in (b) as green data points, respectively. Transport experiments were conducted with
external magnetic field strengths Hp,y ,/x - o = 3 mT and a quarter period of the external
magnetic field sequence T/4 = 1 s. Shaded areas indicate the standard deviation of the
mean velocities. (c)-(d) Number of transport steps evaluated for the determination of
the mean steady-state translational and rotational velocities, respectively. The lines are
included as a guide for the eye. There is no direct relationship between the number of
steps analyzed and the number of videos/particles analyzed for each tr.
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Although a greater number of evaluated steps is desired to improve the reliabil-
ity of the statistical analysis, it should be noted that the results present low stan-
dard deviations, shown in Fig. 4.8 (a) and (b) by the shaded areas. Particularly, low
standard deviation values can be observed for the EB-JPs with tg = 5 nm, 10 nm
and 50 nm, although, for #r = 10 nm and 50 nm only less than half as many steps
were evaluated as for 5 nm. To obtain the number of steps shown for tz = 5 nm,
it was only necessary to analyze three particle transport recordings, showing a
total of 27 traceable individual particles. However, for tr = 40 nm and 100 nm
six and four particle transport experiments were recorded, where only a total of
six and three particles could be used for the analysis, respectively. This can be
again related to the qualitative analysis, where it was shown that for thicker tp
the agglomerates impose difficulties on the transport of individual particles. Thus,
although EB-JPs with thinner tp of their caps exhibit slower steady-state transla-
tional and rotational velocities, their motion dynamics may be addressable in a
more controlled fashion, which improves their overall applicability.
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2D Transport: Correlation of JP
Trajectories and Domain Pattern

Continuing with the analysis of the motion dynamics of Exchange-Bias capped
Janus particles (EB-JPs) within tailored magnetic field landscapes(MFL), an ex-
perimental approach that correlates the trajectories of transported magnetic par-
ticles with the artificial domain pattern exhibited by the underlying substrate is
presented in this chapter. The concept of remotely controlling the motion of
magnetic particles via dynamic transformation of MFLs over a topographically
flat Exchange-Bias (EB) thin film system was initially proposed using a mag-
netic parallel-stripe domain pattern [HKB15]. Although the resulting MFL al-
lows only for a one-dimensional transport of magnetic particles, this prototyp-
ical system has been studied thoroughly [EKH15, USK16, RHE21, HRT21, HRS22],
building the foundation for the development and investigation of more com-
plex domain patterns for use in particle transport. For instance, magnetized
stripe domains exhibiting gradually varying length or gradually modified stripe
width [Huhz22], concentric hollow cylinders [UHE18], hexagons in a honeycomb-
like pattern [GO19], and squares in a checkerboard-like pattern [GHH16] have
been utilized for inducing all kinds of different particle motion behaviors. Typi-
cally, magnetic particles guided over these patterns show more complicated, two-
dimensional (2D) trajectories, which can be applied to achieving, e.g, focusing of
a particle population at a defined sample position. However, analyzing the parti-
cle motion with respect to the position of magnetic domains, respectively domain
walls (DWs), in the underlying substrate becomes a non-trivial task in this case,
since the domain structure at itself is not visible within the recordings of particle
transport obtained by optical bright-field microscopy.

This information is often times crucial for a more complete understanding of
the observed particle motion dynamics, especially when studying different char-
acteristics of the system, e.g., domain and particle geometries and sizes, mag-
nitude and length of the external magnetic field pulses, magnetic properties of
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the particles (e.g., the analysis presented in Chapter 4), biofunctionalization, etc.
Therefore, a systematic method for correlating particle trajectories, i.e., particle
transport individual steps, with the underlying magnetic domain pattern is de-
sired. Furthermore, a thorough understanding of particle motion over different
magnetic domain configurations would lead to an improvement in the design of
future patterns with more complex geometries. This holds especially true for
asymmetrically structured magnetic particles, like the herein investigated EB-JPs,
that exhibit an additional degree of motion freedom by being able to rotate.

As a case study, the motion of 3 pm sized EB-JPs over a 2D transport
checkerboard-like domain pattern was analyzed in this work. This pattern was
fabricated by means of a two-step photolithography process in combination with
ion bombardment induced magnetic patterning (IBMP) [GEU18, G619], and con-
sists of squared domains with an area of 5 um X 5 ym in a periodically repeated
head-to-head (hh)/tail-to-tail (tt) domain configuration along one spatial dimen-
sion and head-to-side (hs)/tail-to-side (ts) domain configuration along the other
dimension. The EB-JPs used for this analysis were fabricated as described in Sec-
tion 3.1, however, in contrast to the analysis presented in Chapter 4, only EB-JPs
with a ferromagnetic layer thickness t7 = 10 nm of the cap were investigated.
Typically, to induce the 2D directed motion of the magnetic particles within the
employed particle transport system, external magnetic field pulses are addition-
ally applied along the y-axis, which is defined to be within the substrate plane,
orthogonal to the x-axis (cf. Section 2.5.3). However, in this analysis the additional
pulses, compared to the one-dimensional (1D) transport mechanism, were applied
along the x-axis, due to the selected sample alignment, which consisted of rotating
the sample 90° in the x y-plane. This alignment was kept constant throughout all
analytical methods employed in this investigation. The pulses in the x-direction
were hereby applied with the same phase as the pulses in y-direction, i.e., with a
phase shift of 0 with respect to the y-pulses and a phase shift of 7/2 with respect
to the z-pulses. However, the amplitude of the x-pulses was varied for different
transport experiments (from Hyaxx - o = 1 mT to 4 mT), while the amplitude for
the pulses in y- and z-direction were kept constant at Hyay ;- o = 3 mT. All
transport experiments regarding this analysis were recorded at 500 fps using a
100x magnification objective and a quarter period of the external magnetic field
sequence T/4 =1s.

At the beginning of the investigation a selected area (cf. Section 5.1.1) of the sub-
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strate used for the 2D particle transport experiments was characterized by means
of Kerr microscopy (cf. Section 5.1.2) and Magnetic Force Microscopy (MFM) (cf.
Section 5.1.3). Afterward, the transport experiments were carried out, and the
recorded videos were analyzed following the method presented in Section 3.4.
Finally, a map of the EB-JPs trajectories over the checkerboard-like pattern was
obtained by combining the information obtained from the Kerr microscopy and
the particle transport analysis (cf. Section 5.2.1). Additionally, the translational
and angular motions of the EB-JPs were analyzed with respect to the individual
transport steps (cf. Sections 5.2.2 and 5.2.3, respectively), and a transition field
strength for switching from vertical to diagonal particle trajectories was deter-
mined (cf. Section 5.2.4).

5.1 Substrate Characterization

In order to relate the trajectories of transported EB-JPs to the underlying domain
pattern, it was first necessary to select a specific area of the sample later used for
the transport experiments and to magnetically characterize it by means of Kerr
microscopy and MFM. The results of these characterizations will be presented in
the following sections.

5.1.1 Reference Point Identification

To generate a map of the trajectories followed by the EB-JPs during their transport
over the sample with the checkerboard pattern, it was first necessary to establish
an area of interest of the sample. This was done to focus the magnetic characteri-
zation to a specified section of the sample and, consequently, to carry out particle
transport experiments over this area. This required generating a map of the sam-
ple itself as shown in Fig. 5.1 (a), which could then be used to analyze the entire
area for a large distinctive mark (cf. Fig. 5.1 (b)) that can easily be found in both
magnetic characterization and transport experiments. It is important to define the
area of interest as close to the center of the sample as possible for two reasons.
First, the border of the sample area is typically covered by the Parafilm® frame
used to create the microfluidic chamber needed for the transport experiments (cf.
Section 3.3), represented in Fig. 5.1 (a) by the light blue frame, and secondly, the
utilized microscope objective within the particle transport setup cannot reach the

81



5 2D Transport: Correlation of JP Trajectories and Domain Pattern

.

Figure 5.1: Identification of a reference point in the 2D transport substrate from optical
microscopy images at different magnifications. (a) Map of the full sample consisting of
226 individual optical microscopic images recorded with a 10X objective. (b) Zoomed area
of the rectangle indicated in (a). (c) Selected reference point for the transport experiments.

edges of the sample due to space limitations. However, it is also relevant to select
a mark large enough to be easily identified with the naked eye in order to cor-
rectly place the sample under the microscope. Afterward, a second mark close to
the initial large mark, but considerably smaller in size, was selected as the refer-
ence point (cf. Fig. 5.1 (c)). This mark had a unique form and an adequate size,
such that it would completely fit in the recorded images of the transport exper-
iments without covering most of the field of view (cf. Section 5.2.1). It should
be mentioned that these reference marks are defects on the sample, so they have
not been created deliberately. Therefore, the inclusion of a reference mark in the
future design of transport domain patterns would improve this procedure.

The large mark was first located with the optical microscope of the particle
transport setup in combination with a 40X magnification objective. Once the area
of interest was located, the process was repeated using an 80X magnification ob-
jective. Finally, from the previous position, the reference point was located using
a 100x magnification objective. For this process it was convenient to have the
map of the complete sample (cf. Fig. 5.1 (a)).
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5.1.2 Kerr Microscopy Imaging

Kerr microscopy imaging allows visualization of magnetic domains and magne-
tization processes (cf. Section 3.2.2) [HS98]. Therefore, it was used to obtain a
magnetic domain map of the checkerboard sample and establish the magnetiza-
tion direction of the individual domains. To this end, two analyses were carried
out with the Kerr microscope, one to investigate the magnetic domain contrast
of the sample in the remanent state regarding the y-axis (same axis system as
in Fig. 5.1) shown in the left column of Fig. 5.2 and the second with respect to
the x-axis, shown in the right column of the same figure. Considering that the
magnetically patterned thin film exhibits an in-plane magnetization, both mea-
surements were performed in longitudinal magneto-optical Kerr effect (L-MOKE)
geometry (cf. Subsection 3.2.1). The analysis for the magnetization of the sample
along the y-axis was done with parallel polarized (p-polarized) light (L-MOKE ||)
and with the external magnetic field +er)¢ y in the —y-direction (in the x y-plane).
For the analysis along the x-axis, perpendicularly polarized (s-polarized) light
(L-MOKE 1) was used in combination with +I:I)ext,x in the +x-direction. In both
cases, the microscopic analysis consisted of first locating the previously defined
reference point and then recording individual frames of an area surrounding the
reference point while varying the external magnetic field. The applied external
magnetic field was changed between ca. 30 kA/m and ca. —30 kA/m, to ensure
that positive and negative saturation of the sample magnetization are included.
At this point, the recorded raw images show no magnetic contrast visible to the
naked eye. Therefore, a reference frame must be subtracted from all other indi-
vidual frames. To do so, the drift between images occurring due to experimental
conditions must first be corrected. The drift correction, as well as other parts of
this analysis, were performed using analysis techniques developed in the research
group. To correct the drift between individual frames, each frame (f;) is compared
to the initial frame (fy). Here, the f; was taken at positive saturation, i.e., Hext =
ca. 30 kA/m. For each pair of frames (f;, fy) the image noise is reduced by means
of Fourier transformation and low pass filtering, with the resulting pixel gray
scale values being normalized. Then, f; is shifted with respect to f; for a defined
shift interval, resulting in a mean squared error when calculating the difference
between pixel gray scale values for a set area of f; and fy. Performing this proce-
dure for several shift intervals, the shift with the minimum error is selected and
applied to f; to obtain a corrected frame f’. Finally, the difference image f’ — fo
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yields the magnetic contrast for oppositely magnetized domains along the cho-
sen sensitivity axis, e.g., as shown in Fig. 5.2 (a) for Hey,, of ca. 0 kA/m and in
Fig. 5.2 (b) for Heytx of ca. =12 kA/m. Here, f; — f” would lead to an inversion of
the grayscale.

To determine the magnetization direction of the different domains present
within the analyzed checkerboard-patterned substrate, a magnetic contrast im-
age corresponding to the remanent magnetization state of the sample was initially
investigated. From this image, areas A; corresponding to visible domains with dif-
ferent magnetization directions were selected, as well as a larger section including
all occurring domain types to represent the entire sample (cf. Fig. 5.2 (a) and (b)).
Subsequently, as for the individual frames, a subtraction of the individual areas
f/(Ai) — fo(A;) was calculated. The mean pixel gray scale value of each result-
ing area was then taken as a representation for the magnetization M of that area
projected on the chosen sensitivity direction, for the corresponding Hey. After
normalization of M, the hysteresis loops shown in Fig. 5.2 (c)-(f) were obtained.

From the fabrication process described by Gaul et al. in [GEU18] for a
checkerboard-like domain pattern, the sample is expected to exhibit periodic rep-
etitions of domains with hh/tt magnetization configuration along one in-plane
axis and of domains with hs/ts magnetization configuration along the in-plane
axis perpendicular to the previous one. Focusing first on the hystereses shown
in Fig. 5.2 (c), it can be observed that two curves resemble magnetization rever-
sals along the easy axis (green and yellow solid lines), while the other two show
reversals for a hard axis (blue and purple dashed lines). Consequently, the mag-
netization direction for the domains marked by the yellow and green frames (top
and bottom left domains) lies within the axis of FIeXt, in this case, along the y-axis.
Additionally, the yellow hysteresis shows a larger coercive field Hc and EB field
Hgp, which indicates that the hysteresis corresponds to the domain with the origi-
nal magnetization direction (EB) imprinted on the sample. This is due to the fact,
that both Hc and Hgg magnitudes are known to be reduced for an ion-bombarded
sample given a large enough ion dose [CBF98, MM]Jo1]. Thus, the green hysteresis
(IB;) with lower Hc and Hgp is most likely resembling the ion-bombarded area of
the sample with inverted magnetization direction compared to the original mag-
netization state. Furthermore, it can be seen from the hysteresis that the mag-
netization for EB, at remanence has not yet reversed, which indicates that, the
domain corresponding to EBy marked by the yellow frame has a magnetization
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Figure 5.2: Magnetic domain mapping of the 2D transport substrate by means of Kerr mi-
croscopy. Analyses performed in L-MOKE geometry with p-polarized light to maximize
the contrast of the magnetic domains with vertically opposed magnetization directions
(left column) and with s-polarized light to show the contrast of the domains with hor-
izontally opposed magnetization directions (right column). (a) and (b) Contrast images
obtained from Kerr imaging subtraction. Here, part of the reference point used for sub-
sequent particle transport experiments can be seen at the left edges. (c) and (d) Magneti-
zation curves extracted from Kerr measurements for individual domains of the checker-
board pattern shown in (a) and (b), respectively. (e) and (f) Magnetization curves extracted
from Kerr measurements for the black marked areas shown in (a) and (b), respectively,
representing the remagnetization behavior of the whole sample. The circular points in

(c)-(f) mark the Hey at which the Kerr images (a) and (b) were taken.
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direction aligned parallel to +ﬁext,y as indicated by the black arrow. Following
a similar analysis for the green hysteresis, it is determined that this hysteresis
represents a domain whose magnetization direction has been imprinted after the
first ion bombardment procedure IB;, in this case, in the opposite direction to
EBy. These opposite domain magnetization directions, are also evidenced by the
highest contrast between the EBy and IB; domains in Fig. 5.2 (a). However, the
magnetization direction of the domains marked by the blue dashed and purple
dotted frames cannot be determined unambiguously by this analysis. Hence, ad-
ditional measurements with the sensitivity axis now being perpendicular to the
previous one were conducted, with the results presented in Fig. 5.2 (b),(d), and (f).
Following the same procedure as above, it can be observed that now EB, and IB,
correspond to reversals along a hard axis and the blue dashed and purple dotted
hystereses to reversals along the easy axis of their corresponding domains. Here,
the blue and purple hystereses represent domains with a similar remagnetization
behavior, i.e., their remanent magnetizations must be aligned in the same direc-
tions. However, the purple dotted hysteresis has a smaller Hc and Hgg, indicating
that the corresponding domains have been exposed to a higher ion dose during
the IBMP process than the domains marked by the blue dashed frames. Com-
paring with the IBMP process described in [GEU18] it can be deduced that the
domain with the blue dashed frame (top right) corresponds to areas of the sample
that have been ion bombarded in the second stage (IB,) of the IBMP, and that the
domain with the purple dotted frame (bottom right) corresponds to areas which
were ion bombarded twice (IB;+ IB;). Finally, considering that at remanence the
IB; and IB;+ IB; domains have not reversed their magnetization direction, when
coming from positive saturation, it can be determined that the remanent magneti-
zation direction of both domains points parallel to flext,x as indicated by the black
arrows. Although the image in Fig. 5.2 (b) was taken at around Hex;x = —12 kA/m,
which is shown here for maximum visibility of the different domain types, the in-
dicated magnetization directions of IB, and IB;+ IB, domains are still referring to
the remanent magnetization state.

In both analyses, a black hysteresis is included as shown in Fig. 5.2 (e) and (f)
to represent the contributions of the individual domains to the magnetic charac-
teristics of the whole sample. Furthermore, it can be seen in all hystereses that
the magnetization state of the individual domains is stable around remanence.
Therefore, external magnetic field pulses with magnitudes of a few kA/m applied
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to induce the transport of EB-JPs above this sample does not significantly alter
the magnetization state of the sample. Nevertheless, it should be noted that asym-
metric DWs are present in the sample due to different anisotropy strengths in the
neighboring domains [GEU18], which could influence the particle trajectories.

5.1.3 Magnetic Force Microscopy Analysis

In addition to the Kerr microscopy characterization of the checkerboard pattern,
a magnetic force microscopy (MFM) analysis of the sample was performed to ob-
tain information about the distribution of magnetic charges within present DWs.
MFM is situated within the family of scanning probe microscopy techniques,
where samples can be imaged through interactions between an ideally atomically
thin tip with the sample surface. In MFM, the focus is on magnetic interactions,
which can be measured by incorporating a magnetic force on the probe. This tech-
nique can be used to analyze magnetic stray fields above the sample surface and
thereby also magnetic charge distributions within the sample [RMGogo]. These
magnetic charge distributions can be used to characterize magnetic domain for-
mation, e.g., artificial domain patterns. Therefore, it was employed to laterally
characterize the checkerboard-like domain pattern used in this work.

The MFM measurements for this analysis were carried out in an area close to
the reference point established in Section. 5.1.1, at a tip elevation of 100 nm from
the sample. The phase contrast image of the selected area is shown in Fig. 5.3 (a).
Here, the domain color classification and magnetization directions obtained from
Kerr microscopy (cf. Section 5.1.2) is additionally included. In this image, the
checkerboard pattern is visible similarly to the contrast image shown in Fig. 5.2 (a),
as the pattern is particularly visible along the stripes similar to the one marked
by the number 1. It is also along these stripes where the phase contrast is great-
est, which is to be expected due to the opposite magnetization direction of the
domains located along these stripes, creating hh- and tt-DWs. A minor, but still
visible, contrast can also be observed along both types (3 and 4) of horizontal
stripes, corresponding to hs- and ts-DW. However, there is no visible contrast
within the vertical stripes similar to the one marked with the number 2, since
both types of domains located along this area have the same magnetization direc-
tion, ergo, there is no DW between them. These observation are corroborated by
the phase signal line profiles shown in Fig. 5.3 (b) and (c) extracted from the areas
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Figure 5.3: Characterization of magnetic charge distributions within a checkerboard pat-
tern by means of MFM. (a) Scan of a sample area, located in the proximity of the reference
point, with a size of 45 pm X 45 pm at an MFM tip lift height of 100 nm. (b) Phase signal
of line profiles in vertical direction extracted from the areas highlighted in blue in (a),
also marked by the numbers 1 and 2. Here, the y-axis increment corresponds to (a) from
bottom to top. (c) Phase signal of line profiles in horizontal direction extracted from the
areas highlighted in green in (a), marked by the numbers 3 and 4. The color coding for
the domains and magnetization directions established in Sec. 5.1.2 are included in (a) for
reference.

in Fig. 5.3 (a) highlighted in blue for the vertical stripes and in green for the hori-
zontal stripes. The vertical line profile corresponding to the stripe 1 (blue dashed
line), shows the largest variations of the phase signal in the form of peaks and
dips, with its maxima and minima located at the boundaries of the domains. This
line profile has the shape observed for profiles across 5 um stripe domains with
hh/tt configuration [GEU18], where the peaks and dips have a symmetry similar to
a monopolar charge contrast [HZK13]. Additionally, from the distances between
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the peak and dip positions, the vertical dimension of 5 pm for the individual do-
mains can be confirmed. Furthermore, the horizontal dimension of the domains
can also be confirmed from the distances between the peaks and dips in the hor-
izontal line profiles shown in Fig. 5.3 (c). Here, the peaks/dips are narrowed and
appear to be less symmetric, and have approximately half of the amplitude of the
peaks/dips from the profile 1, which are characteristics of hs-DWs [HZK13]. The
profiles 3 and 4 show opposite phase signal, which corresponds to the interaction
at the same x position of the parallel domains IB, and IB;+ IB; (cf. Section 5.1.2)
with the neighboring domains EB, and IB;, respectively, where EB, and IB; have
opposite direction. In resume, the results obtained by MFM imaging of the in-
vestigated checkerboard-patterned sample support the information gained from
Kerr microscopy measurements. The characterization of magnetic charge distri-
butions indicates that identified hh/tt and hs/ts DWs are the sources of magnetic
strayfields, therefore constituting the MFL above the sample that will guide the
directed transport of magnetic particles.

5.2 Trajectory mapping

Once the checkerboard pattern was magnetically characterized, the next step was
to perform EB-JP transport experiments and to obtain their trajectories via single
particle tracking. Here, an area within proximity to the previously established
reference point on the substrate was observed, so that acquired particle trajec-
tories can be viewed with respect to the already characterized magnetic domain
pattern (cf. Section 5.1.1). Afterward, the recorded videos were analyzed follow-
ing the tracking procedure described in Section 3.4, which establishes a double
analysis of the particle trajectories by using first a circular tracker and subse-
quently a rectangular one. From the tracking procedure, the x- and y-position
of each individual EB-JP and its cap, and the cap orientation in the x y-plane can
be determined for every frame of the recorded videos. Then, by combining in-
dividual frames of transport videos with positional information of transported
particles and the measured map (cf. Section 5.1.2) of the underlying domain pat-
tern, a visualization of EB-]JPs trajectories in relation to the domain pattern can be
obtained. The procedure for the practical realization that was conceptualized and
conducted within the framework of this thesis will be presented in the following
section.
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5.2.1 Image Processing

A map containing the EB-JPs trajectories aligned to the underlying checkerboard
domain pattern was obtained by merging information obtained from particle
transport experiments, particle tracking and Kerr microscopy. The procedure
developed to correlate the information from these different analyses consisted
mainly of image processing using a Python-based algorithm, since the images
recorded with the Kerr microscope and the particle transport setup had different
resolutions. The main stages of this procedure are illustrated in Fig. 5.4. The first
stage consisted of finding the correct scaling factor between images obtained by
the employed Kerr microscope (denominated as Kerr image in the following) and
the optical microscope used within the particle transport setup (denominated as
transport image in the following). For this, a reference image from each analysis
was taken. For the particle transport video, the selected reference image was a
computed average image of the whole recording. This average transport frame
was calculated by averaging all individual frames (their pixel values) of the cor-
responding transport video, resulting in an image in which only the background
is visible, i.e., transported particles are removed (cf. Fig. 5.4 (a)). This ensures that
the particles do not affect the comparison between the reference image from the
Kerr analysis and this image. The reference image regarding the Kerr microscopic
characterization is taken from measurements with sensitivity along the y-axis,
specifically, the unsubtracted image taken at remanence (cf. Section 5.1.2) shown
in Fig. 5.4 (b). To compare these images, the Kerr image must be scaled down, since
it originally has a higher resolution than the transport image. This is achieved by
transforming the image into a numerical array which can then be enlarged or re-
duced by spline interpolation using the Python libraries "OpenCV" [Braoo] and
"SciPy" [VGO20]. Additionally, it has to be taken into account that the images
could present a misalignment, originated from differing experimental procedures
and conditions. Therefore, a range of rotation angles and scaling factors were
tested on the Kerr image in order to find the best match towards the transport
image. For this purpose, an area of proportional size enclosing the reference point
is selected in both transport and reduced, rotated Kerr reference image. This area
is shown in Fig. 5.4 (a) and (b) by a blue square centered at a similar location of
the reference point. The images were then cropped so that only the selected ar-
eas are kept. Next, these regions of interest were compare to each other so that
the correct scaling factor and rotation angle for adjusting the Kerr image (cf. Ap-
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Figure 5.4: Image processing to determine 2D EB-JP transport trajectories in relation to

the underling magnetic domain pattern. (a) Average image of a particle transport record-
ing. (b) Unprocessed Kerr microscopy image of the checkerboard-patterned substrate.
(c) Cropped frame of a particle transport recording including the to be analyzed EB-JPs.
(d) Magnetic domain map (cf. Section 5.1.2). (¢) Frame of particle transport recording with
identified trajectories (yellow) of translated EB-JPs tracked by a circular marker (red or
blue). (f) Exemplary visualization of EB-JP trajectories and cap orientations with respect
to the underlying checkerboard-like domain pattern. For more information, please con-

sult the text. 91
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pendix A.4 for detailed information) could be found. From the reduced Kerr image
and its proportional scale bar, an approximation of the correspondence between
pixel size and physical dimensions in the transport images was determined. This
pixel size determined for the transport images was also employed in the 1D trans-
port analysis of EB-JPs presented in Chapter 4, since the particle transport setup
does not have a system that automatically determine the pixel size.

Once the scaling factor and rotation angle were identified, the image processing
procedure move to its second stage. To facilitate alignment of transport images
with the Kerr image, each individual frame of the particle transport video and
the average transport frame were cropped at the top and left edges according to
the margins set when selecting the areas around the reference point, as shown
in Fig. 5.4 (c). Subsequently, the average transport frame was subtracted from
each individual frame to obtain images in which only the particles were visible.
Then, the procedure described in Section 5.1.2 was performed on the original Kerr
image shown in Fig. 5.4 (b) to add a magnetic contrast and therefore visualize the
checkerboard-like domain pattern within the substrate. Afterward, the identified
rotation angle and scaling factor were both applied to this image in order to obtain
the corrected magnetic domain map like the one shown in Fig. 5.4 (d). In the next
step, the particles trajectories shown in Fig. 5.4 (e) obtained from the circular
tracking procedure (cf. Section 3.4) were corrected according to the corresponding
shifts along the x- and y-axis resulting from cropping the transport and Kerr
images. Finally, the information from the different analyses, i.e. the corrected
Kerr and transport images together with identified trajectories of directionally
transported EB-JPs, were merged to create the final image shown in Fig. 5.4 (f).
Here, the Kerr image is taken as the new background for the particles with the
trajectories on top. For clearer distinction, EB-JPs (blue or orange) are only shown
for the first and close to last tracked frame of the particle transport video. The
EB-JPs are depicted using a continuous color gradient so that the respective cap
orientation is visible and the particles are still distinguishable from the grey-scaled
background. The numbers to the left side of the particles in Fig. 5.4 (f) refer to
the numbers in Fig. 5.4 (c) that show the initial position of the EB-JPs, whereas
the numbers to the right side of the particles refer to the last visible position of
the EB-JPs shown in Fig. 5.4 (e). By performing this process on individual frames
of the whole particle transport recording, a video showing the translational and
rotational motion dynaimcs of the EB-JPs over the underlying checkerboard-like
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domain pattern can be generated.

The trajectories shown in Fig. 5.4 (f) correspond to EB-JPs transported by ap-
plying external magnetic field pulses with the following amplitudes Hyay, /2 - flo =
3 mT and Hyayxx - o = 1 mT. Here, EB-]JPs, although actuated above a pattern de-
signed for 2D transport, show vertical trajectories (in the xy-plane). Comparing
with the Kerr microscopy and MFM investigation, the particles are crossing the
positions of hh/tt domain walls in this case, making the mechanism analogous to
the 1D transport of magnetic particles over a stripe patterned substrate. The lack
of a 2D transport, which has been previously reported to be inducible for super-
paramagnetic particles above the same substrate [Deu16], is supposedly related
to the chosen amplitude of the external magnetic field pulses along the x-axis.
Therefore, transport experiments were performed for different amplitudes of the
field pulses Hpayx - pto (from 1 mT to 4 mT) keeping Hpayy/z - po = 3 mT. This
was done in order to find a transition field (for the x-axis) at which the particles
switch from moving vertically to moving diagonally across the different magnetic
domains. To get a complete picture of the observed motion dynamics, analyses
of the trajectories with respect to the individual steps induced by the field pulses,
for translational and angular motion, are presented in the following sections.

5.2.2 Translational Motion

Once a map of the trajectories of EB-JPs above the checkerboard pattern was ob-
tained (cf. Fig. 5.4 (f)), a qualitative analysis of the translational motion was per-
formed to relate the different steps taken by the particles to the externally applied
magnetic field pulses. For this, the transport experiment used to demonstrate the
image processing method in Section 5.2.1 was selected. Figure 5.5 (a) shows a sim-
ilar image to the one shown in Fig. 5.4 (f). However, here, the trajectories are
represented by fragments with different colors. These fragments were obtained
by dividing the tracking data into sections of 500 data points, corresponding to the
recording frame rate of the experiment videos of 500 fps and the quarter period
for the external magnetic field sequence of T/4 = 1 s, i.e. each fragment repre-
sents 1 s of recording time. Each of these colors signify a different motion event
observed throughout the whole transport of the EB-JPs. The starting point of each
colored section corresponds to the position of the EB-JP prior to the moment a
magnetic field pulse is applied, i.e., the sign of the external field in either z- or
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Figure 5.5: Translational motion of EB-JPs above a checkerboard-like domain pattern in
relation to externally applied magnetic field pulses. (a) Mapping of identified trajectories
for directionally transported EB-JPs in relation to a Kerr microscopy image of the under-
lying domain pattern. (b) Color-coded domain magnetization direction guide with the
stage of the pattern fabrication procedure. (c) Externally applied effective magnetic field
vector Hg and the corresponding alignment of an EB-JP. Axis systems (i)-(iv) show the se-
quence of experimentally applied configurations for Hegs. Here, the EB-JP is viewed from
the same viewing angle as the axis system. Color association is used to relate fragments
of the trajectories shown in (a) and preferred location of EB-JP relative to the domains
shown in (b), marked with circles, to the ﬁeﬁ configuration.
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x-/y-direction is inverted. The last point of the section corresponds to the resting
position reached by the EB-JP upon the induced transformation of the particle’s
potential energy landscape. From this depiction of the trajectories, four resting
positions can be recognized in relation to the domain magnetization configuration
shown in Fig. 5.5 (b), in particular, to the respective DWs. This magnetization con-
figuration was taken from the Kerr analysis presented in Sec. 5.1.2. Here, the Kerr
image used as background for the trajectory map presents a contrast opposite to
that of the Kerr image shown in Fig. 5.2 (a), which originates from a different sub-
traction order of the Kerr images. Therefore, to avoid confusion, the magnetiza-
tion domain configuration (black arrows) and a legend for the fabrication process
stage of a specific domain type are shown. The circles in Fig. 5.5 (b) with colors
matching the segments of the trajectories, represent the areas where a particle
comes to rest, i.e., where positions of minimal potential energy for the EB-JP can
be inferred. Each of these positions corresponds to a specific configuration of the
externally applied magnetic field, emphasized in Fig. 5.5 (c). Here, the colors of the
effective magnetic field vectors (I_-.)[eff) match the corresponding induced steps in
Fig. 5.5 (a) and thus, the positions in relation to the domain configuration reached
from that step (cf. Fig. 5.5 (b)). The (i)-(iv) Heg are presented in the order they
were applied in the magnetic field pulse sequence and the EB-JPs schematically
placed under the corresponding axis system illustrates the alignment of the EB-JP
cap to ﬁeﬁ. Here, it is assumed that the EB-JP caps have an onion magnetization
texture, originating from the sputtered EB system (cf. Section 3.1) that introduces
a strong unidirectional anisotropy to result in a pinning of the magnetic moments
in the ferromagnetic (FM) layer of the cap [TRH21, HRT21, Huh22, Reg22]. The
respective net magnetic moment of the cap is, thus, indicated by the white arrows
in Fig. 5.5 (c). Analyzing the supposed areas for the minimal potential energy of
the EB-JPs with respect to the domain pattern, it can be observed that they are
primarily located next to the hh-/tt-DWs. This is in agreement with theoretical
expectations as DWs originating from domains with opposing magnetization di-
rection exhibit stronger stray fields than hs/ts DWs [HZK13], therefore favouring
the attraction of magnetic particles.

Analyzmg the individual steps together with the corresponding conﬁguratlon
of Heff (cf. Fig. 5.5 (¢)), it can be observed that the applied pulses with Heff
configurations (i) blue and (iii) green induce large translational steps. This is
to be expected as the transport mechanism (cf. Section 2.5.3) establishes that
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an inversion of lEIext,Z induces a motion of the magnetic particle towards a DW
with intrinsically inverse stray field in z-direction compared to the previous
DW [HKBi15, HRT21, Huh22]. Additionally, a sing change in Hext along the x-
and y-axes induces a small transport step, where the particle moves to the oppo-
site side of the same DW, as it can be seen for the Heg configurations (ii) orange
and (iv) red. The trajectories shown here were obtained using the circular tracker
which follows the position of the center of the EB-JPs (cf. Section 3.4). Here, as in
Fig. 5.4 (f), four EB-JPs have been included in the trajectory map (cf. Fig. 5.5 (a)) to
show the first and last tracked visible location of the EB-JPs within the map area,
marked by a number to the left or right side of the particle, respectively. It can
be observed that particles show a downwards movement and that the particles 0
and 1 follow the same trajectory as they pass through the same domains.

5.2.3 Angular Motion

The previous analysis decomposed the particle trajectories into the individual
translational steps taken over the checkerboard-like domain pattern (cf. Sec-
tion 5.2.2). Now, the investigation of the EB-JP motion dynamics is deepened
by additionally studying tracking data obtained by using a rectangular marker
on the particles, where the orientation of the EB-JP cap with respect to the xy-
plane is followed. Then, based on the analysis of the translational motion Fig. 5.6
was generated to visualize the EB-]JP spatial cap orientation throughout the whole
conducted experiment. The trajectories of the EB-JPs are shown as well, however,
in addition to the x- and y-location of the center of the particles (gray points),
differently colored arrows illustrating the orientation of the EB-JP cap are now
included. The size and direction of each arrow was calculated from the vector
subtraction of the EB-JPs position obtained with the circular tracker and the po-
sition obtained with the rectangular one. Here, following the same methodology
as in the translational motion analysis, the arrows are shown in colors that match
the configuration of the corresponding He.g (cf. Fig. 5.5 (c)) for the individual steps.
Additionally, the arrows within a step show a gradient of color to indicate the di-
rection of the rotation, where the brightest arrow indicates the first orientation of
the cap and the darkest one the last orientation. To improve the visual distinction
between the arrows, they have been assigned the same length (longer than the
longest arrow obtained from the vector subtraction), and only a limited number
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Figure 5.6: Analysis for the rotational motion of EB-JPs above a checkerboard-like do-
main pattern in relation to externally applied magnetic field pulses. (a) Mapping of iden-
tified trajectories for directionally transported EB-JPs in relation to the Kerr microscopy
image of the underlying domain pattern. Here, the differently colored arrows indicate the
orientation of the EB-JP cap in the x y-plane with respect to the center of the particle. The
arrows follow the same color coding as used for distinguishing the Heg configurations of
the individual pulses shown in Fig. 5.5 (c) (i)-(iv). (b) Color-coded domain magnetization
direction guide with the stage of the pattern fabrication procedure. (c) Zoomed area to
improve visual distinction of the time-dependent cap orientations.

of them have been included. For the same reason, an inset showing an enlarged
selected area is included (cf. Fig. 5.6 (c)). In contrast to the previously shown EB-JP
trajectory maps (Fig. 5.4 (f) and Fig. 5.5 (a)), here, all the resting/reached positions
of the EB-JPs after each individual step along their trajectories are shown to im-
prove the association of the arrows with the particles’ positions. From this arrow
depiction of the trajectories, it can be observed that only for the small steps (red
and orange steps) a rotation in the xy-plane of the EB-JP cap can be followed.
This is in agreement with previous investigations on the employed prototypical
transport mechanism [HRT21, Huh22]. The rotations are easier to follow within
the red colored steps, where the JPs always have the same sense of orientation.
In the case of the orange colored steps, an angular change of ca. 180° can also be
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observed between the first and last arrow of the individual step, but the interme-
diate phases of the rotation can not be identified unambiguously for most of the
steps. This is attributed to difficulties for the tracking software to follow these
rotations. Analyzing now the large steps (blue and green), it can be observed
that although a change in the orientation of the arrows is visible, this angular
change takes place within the first milliseconds and that afterward, the arrows
keep their orientation for the same step. This angular reorientation within the
first milliseconds of the step has been discovered to correspond to a readjustment
of the rectangular tracker upon the initial movement of the particle and not to a
traceable particle rotation. Still, a physical reorientation of the EB-JP cap upon
inducing a large transport step is recognizable from the particles shown for the
initial and final positions in Fig. 5.6 (a) and (c), but a more detailed analysis of the
corresponding rotational motion is hindered thus far.

5.2.4 Transition Field Strength

In addition to the EB-JPs trajectory analyses presented in Sections 5.2.1, 5.2.2
and 5.2.3, transport experiments were conducted that had the premise of deter-
mining a transition field strength for switching from vertical to diagonal particle
trajectories and vice versa. From the initial particle transport experiments car-
ried out to determine the trajectories of the EB-JPs, it became evident that the
particles exhibit a preferential vertical trajectory (along the here defined in-plane
y-direction). Therefore, the question arose under which experimental conditions
the EB-JPs would perform diagonal 2D translational movement, since this be-
haviour has been previously observed for superparamagnetic particles [Deui6].
Probing different amplitudes for the external magnetic field pulses, it could be
deduced that the strength of the external field in x-direction is the critical pa-
rameter for provoking a transition in the observed transport trajectories. To this
end, EB-JPs transport experiments were performed with a constant amplitude
of the externally applied magnetic field pulses along the y- and z-direction of
Hyax,y/z © o = 3 mT, while the amplitude for the pulses along the x-direction
was varied in different transport experiments from Hyaxy - o = 1 mT to 4 mT.
Figure 5.7 summarized the trajectory maps obtained from these experiments and
close-ups of selected areas marked with black rectangles. To improve visualiza-
tion of the trajectories, no arrows and only particles corresponding to the initial
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Figure 5.7: Trajectory maps of EB-JPs above a checkerboard-like domain pattern ob-
tained with external magnetic fields pulses along the x-axis of (a) 1 mT, (d) 3 mT, (f) 3.5 mT,
and (h) 4 mT amplitude. Here, Hpax, y/; - o = 3 mT was kept constant for all experiments.
(b) Color-coded domain magnetization direction guide. (c), (e), (g) and (i) Close-ups of the

areas indicated on the corresponding maps by the black rectangle. For more information,

please consult the text.
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and last tracked position are shown in the trajectory maps this time. The numbers
to the left of the particles mark the initial tracked position, while the numbers to
the right mark the last tracked position. The close-ups, however, show the rest-
ing positions reached by the EB-JPs after performing each step. In Fig. 5.7 (a), the
map with the vertical trajectories used so far for the different transport analyses
is shown. Here, the amplitude of the x-pulses (1 mT) was smaller than for the y-
and z- pulses, therefore, no diagonal motion of the EB-JPs was observable. This
is supposedly due to Hex: x not being large enough to push the particles, i.e., their
cap, toward the outer boundaries of the hh-/tt-DWs, closer to the hs-/ts-DWs.
Thus, when Hey:, is inverted, the particles prefer to move to the opposite cor-
ner of the same domain. However, when the pulses along all three directions are
set to have the same amplitude of 3 mT, one of the visible particles in the map
(particle 0), exhibits a diagonal trajectory. This is particularly interesting, since
the particles shown in Fig. 5.7 (a) and (d) are the same, implying that a 2D pat-
tern combined with a predetermined transition field strength could be used to
sort particles with respect to their magnetic characteristics by directing them to
different substrate areas. Comparing the close-ups shown in Fig. 5.7 (c) and (e),
it can be observed that although both images exhibit sections of a vertical trajec-
tory, the EB-JPs move differently in the individual steps. The trajectories of both
small steps (red and orange) in Fig. 5.7 (e) show a more pronounced lateral mo-
tion, which is due to the particles aligning to a position closer to the hs/ts DWs
(cf. Fig. 5.7 (b)) in the blue and red steps compared to the positions reached by
the particles in the orange and green steps. This can also be distinguished by the
distance between the resting positions of the particles at the end of the red and
green steps, or blue and orange steps, when comparing them with the distances
between the particles at the equivalent positions in Fig. 5.7 (c). Additionally, the
blue particle trajectories differ slightly but significantly when comparing the re-
sults of Fig. 5.7 (c) and (e).

By further increasing Hextx to an amplitude of 3.5 mT, EB-JPs exhibit trajec-
tories that combine vertical and diagonal motion events (cf. Fig. 5.7 (f)) until the
field is strong enough to stabilize purely diagonal trajectories for all observed
EB-JPs (cf. Fig. 5.7 (h)). From the maps showing parts of diagonal trajectories, it
can be observed that the blue trajectory fragments, where the particle crosses a
domain with horizontal magnetization direction (IB;+IB;), is crucial for establish-
ing a diagonal trajectory. This is for Hey configurations used within the applied
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magnetic field pulse sequence. However, additional diagonal trajectory directions
can be obtained by selecting different relations between the magnetic field pulses
applied in all three directions. Inverting the current Hey; along the x- and y-axes
would lead to trajectories in the opposite direction (from bottom left to upper
right corner) to the ones shown here, while inversion of Hey; only along the x- or
y-axis, would cause particles to move upwards or downwards between the upper
left and bottom right corner. Nevertheless, in all these configurations for the ex-
ternal magnetic field pulses, the large steps (either blue or green) would be the
ones establishing the diagonal trajectories as the particles would cross over the
IB, or IB;+IB; domains during these steps. Looking at Fig. 5.7 (g) and (i), the lateral
motion of the particles when performing the small steps is also visible, however,
it is most noticeable when comparing the particle positions (red and orange) in
Fig. 5.7 (c) and (i).

In resume, an experimental and evaluation method has been successfully de-
veloped that can be used to obtain distinctive maps for the motion trajectories
of transported magnetic particles in direct relation to the underlying magnetic
domain pattern; an analysis which was previously not available when studying
solely particle transport data retrieved from optical bright-field microscope im-
ages. These maps have been used to qualitatively study the motion dynamics of
EB-JPs directed over a checkerboard-like domain pattern in relation to the con-
figuration of applied magnetic field pulses. Finally, a transition field strength that
modifies the trajectories from being vertical to diagonal, for all EB-JPs investi-
gated here, has been found, which is around Hyax x - o = 3.5 mT in combination
with Hpax,y/z * o = 3 mT.
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Summary and Outlook

The work presented in this thesis was focused on two main investigations regard-
ing the directed transport of Exchange-Bias capped Janus particles (EB-JPs) above
topographically planar, magnetically patterned substrates. For this purpose, EB-
JPs were fabricated via sputter deposition of an Exchange-Bias (EB) layer system
on a self-assembled array of nominal 3 um sized polystyrene particles, thus creat-
ing particles with an attached hemispherical EB thin film cap. For the first investi-
gation, the influence of the ferromagnetic layer thickness (t¢) in the cap’s EB layer
system, varied from 5 nm to 100 nm, on the one-dimensional (1D) translational
and rotational motion dynamics of EB-JPs was studied. In a subsequent study,
an analysis was carried out to determine the two-dimensional (2D) trajectories of
EB-JPs over a checkerboard-like domain pattern in relation to the configuration
of the applied magnetic field pulse sequence. The aim of these particle transport
studies was, on the one hand, to determine whether the magnetic properties of
EB-JPs caps have an influence on the particles’ motion behavior as well as mobil-
ity and, on the other hand, to develop a systematic method that would reveal 2D
trajectories of transported particles in conjunction to an underlying complex do-
main pattern, in particular of EB-JPs. To this end, two magnetic domain patterns
with in-plane magnetization fabricated via ion bombardment induced magnetic
patterning (IBMP) were selected: A prototypical parallel stripe domain pattern
used for the analysis of 1D particle transport, and a checkerboard-like domain
pattern for inducing 2D particle trajectories. The analysis of EB-JPs mobility, in
the framework of this project, consisted primarily of recording particle transport
motion with a high speed camera and subsequently tracking the time-dependent
positions of EB-JPs from individual frames of the recordings. The tracking pro-
cedure was systematically performed twice, by using a circular and a rectangular
particle marker, respectively, to gather information on the particles’ center and
cap position as well as the rotational in-plane orientation.
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Upon analysis of 1D particle transport experiments presented in Chapter 4, a
stripe width asymmetry became evident for the utilized periodic stripe domain
pattern. This asymmetry was characterized by means of optical microscopy and
exploited to simultaneously study the cap ferromagnetic-thickness-dependent
particle mobility above two types of stripes, in this work defined as wide (ca.
6.3 um) and thin (ca. 3.7 pm) stripes. This width asymmetry, however, imposed
the need to develop a sorting strategy of the tracking data obtained from the
transport experiments, leading to four step categories, depending on whether
a large or small transport step was induced by the externally applied magnetic
field sequence: "wide stripe-large step", "thin stripe-large step”, "wide stripe-
small step”, and "thin stripe-small step". According to these step categories, mean
steady-state translational and rotational EB-JPs velocities were determined for
both stripe types and a selected range of tp. Steady-state translational velocities
were extracted from the time-dependent particle center position data from the
large steps, whereas steady-state rotational velocities were extracted from the
time-dependent cap angular orientation from a specified range of data from the
small steps. From the determined mean steady-state velocities, a tendency for
EB-JPs to move/rotate faster when transported above the thin stripe compared
to the wide stripe was observed. This is attributed to the stray fields of the thin
stripe forming in a more confined area (xy-plane), thus, creating larger poten-
tial energy gradients for the particles. Furthermore, from the same results it was
observed that EB-JPs have similar ferromagnetic thickness dependency for both
translational and rotational steady-state velocities and with respect to the stripe
type. From the obtained mobility trend and the qualitative analysis of individual
and agglomerate EB-JPs motion with respect to t, a hypothesis of a phase dia-
gram correlating the particles motion dynamics with the EB-JP cap’s magnetic
properties was inferred.

For the second main investigation, presented in Chapter 5, particle transport
experiments above a checkerboard-like domain pattern were performed with the
primary objective to analyze EB-JPs motion with respect to the position of mag-
netic domains, respectively domain walls (DWs), in the underlying patterned sub-
strate. Hence, a magnetic domain map for the utilized substrate sample needed
to be acquired prior to conducting EB-JP transport experiments. Therefore, the
substrate was magnetically characterized by means of Kerr and magnetic force
microscopy (MFM). From these analyses, the positions, sizes, and magnetization
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directions of domains together with information about the magnetic charge distri-
butions within present DWs were obtained. By establishing a reference point on
the substrate and combining the magnetic domain map with the recorded particle
transport videos as well as the corresponding tracking data, a systematic method
was successfully developed to correlate particle trajectories, i.e., particle trans-
port individual steps, with the underlying magnetic domain pattern. The hereby
obtained map of EB-JP trajectories and magnetic domains was used to spatially
estimate the positions of local potential energy minima for the EB-JPs within the
magnetic field landscape (MFL) formed on top of the substrate in conjunction
with the externally applied magnetic field configuration. Based on this, a quali-
tative understanding of observed particle trajectories in relation to the positions
of differently configured DWs within the substrate was achieved. Additionally,
a critical magnitude for the externally applied field was determined for inducing
a transition between vertical and diagonal (in the xy-plane) trajectories of EB-
JPs. From experiments where the amplitude of external magnetic field pulses in
the lateral x-direction was varied, a critical transition amplitude of ca. 3.5 mT
was found. It was additionally observed however, that not all investigated EB-JPs
switch their motion direction at the same external field amplitude. The transition
amplitude is rather distributed. This demonstrates the possibility of sorting parti-
cles transported above a 2D pattern with respect to their magnetic properties by
directing them to different substrate areas.

Growing on the results of this thesis, different follow-up experiments are sug-
gested. Regarding the 1D motion analysis, further insights on the magnetic prop-
erties of the EB-JP caps are desired. Therefore, first order reversal curve (FORC)
measurements via vibrating sample magnetometry (VSM) could be the first step
towards magnetically characterizing the EB-JPs hemispherical caps, as FORC
measurements can resolve the magnetic behavior of individual entities within
arrays of particles, e.g., remagnetization routes [Reg22]. Additionally, similar ex-
periments on purely ferromagnetic capped JPs could help determine the veracity
of the stated hypothesis if the increase in steady-state velocities of the JPs for
tp = 5 nm to 40 nm is linear rather than a peaked curve. On the other hand, mag-
netic simulations of the checkerboard-like pattern could be performed to calculate
the potential energy landscape felt by the particles, in order to establish a con-
nection between the energetically preferred positions and the spatially resolved
positions obtained previously. As a side remark, it is strongly suggested to include
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6 Summary and Outlook

a reference point/structure in future design of patterns intended for use in par-
ticle transport experiments to facilitate the application of the developed method.
The reference structure should preferably be located at the center of the sample
area, have sharp edges and no symmetry points to avoid possible confusion when
analyzing the sample with different characterization methods.
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Appendix

A.1 Particle Self-Assembly Parameters

For the self-assembly of the particles, described in Section 3.1, different param-
eters were varied within the methodology of Micheletto et al. [MFOgs5] (see Ta-
ble A.1). This parameter study was carried out to find the optimal parameters for
the production of samples with a closed packed monolayer of 3 pm nominal diam-
eter polystyrene particles over a large sample area. Large monolayers of closed
packed particles facilitate the process of magnetic characterization of the parti-
cles [TRH21]. This is because having larger areas without particles considerably
decreases the signal ratio of the Exchange-Bias Janus particles with respect to the
planar thin film system. However, no set of parameters displayed both an opti-
mal assembly and accurate reproducibility. Nonetheless, the parameters that led
to the best self-assemblies are marked in magenta in the table.

Table A.1: Parameters tested for the self-assembly of polystyrene particles with 3 ym
nominal diameter on glass substrates.

Particle concentration (cp) [mg/mL] 1, 1.5, 2 with
0,1, 2.5, 5,10, 15, 25 vol% ethanol
Droplet volume (Vg) [pL] 15, 20, 25, 35, 40, 50, 70
Heating device temperature (Typ) [*C] 25, 30, 35
Drying process angle (0ap) 5%, 9°, 15°
Rotation of samples during drying process | 0°, 90°, 180°/90° every 2, 5 min
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A.2 1D Sample Stripe Size Determination

The width of the stripe domains in the sample used for the 1D transport of EB-JPs
was determined from line profiles obtained from the image shown in Fig. A.2 (a).
The line profiles were obtained by means of the free software Gwyddion (ver-
sion 2.58). The width of the stripes was determined by taking the midpoint of the
slopes between the valleys and ridges of the line profiles. Finally, the measure-

ments were averaged according to the stripe-type leading to the estimated values
of 6.3 pm and 3.7 pm for the wide and thin stripe, respectively.

Figure A.1: Images of the magnetically stripe-patterned EB substrate used for the 1D
transport experiments of EB-JPs. Both images were acquired via the Kerr microscope
described in Section 3.2.2. (a) Microscope image. It is assumed that the stripe pattern
is visible due to the residual resist on the sample surface from the lithographic process.
(b) Kerr contrast image. Here, the opposing in-plane magnetization directions of the
stripes along the x-axis allow for the visualization of the stripe pattern.
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A.3 Alternative Approach for the Rotational Step Size Determination

A.3 Alternative Approach for the Rotational Step
Size Determination

The methodology presented in Section 4.1.3 used to determine the rotational step
size consist of manually determining the step size by side to side comparing the
translational and rotational steps. This method is time consuming and excludes
the possibility of automating the evaluation process. Therefore, an alternative
approach is proposed. Here, similarly to Fig. 4.4 (e) and (f), a translational step
along with its corresponding rotational step are plotted as shown in Fig. A.2 (a)
and (b), respectively. However, in addition, the absolute value of the derivative
of the translational step (a) is calculated and its values are smoothed by means
of a Savitzky-Golay filter with a window of 9 points and a polynomial of order
1. The resulting derivative is plotted below the steps, as shown in Fig. A.2 (c).
Afterwards, the difference dy; between the maximum value and the minimum
value within the first 20% of the derivative (from ¢t = 0.0 stot = 0.2 s) is calculated.
The value obtained for dy; is then used to define a threshold to obtain the first
initial cutting point of the corrected rotational step, so that the first data point
(from t = 0 sto t = 1 s) in the derivative exceeding a predefined multiple of dy;
is marked with a red circle. The need to have a platou at the beginning of the
transport-rotational steps to improve the visualization of the actual start of the
rotational step is what led to initially crop the data for these steps as described
in Section 4.1.1. The same methodology is followed to determine the final cutting
point for the corrected rotational step, using in this case 50% of the derivative
(from ¢t = 1.0 sto t = 0.5 s) to calculate dyr. The first cutting points obtained
from the derivative are also shown in Fig. A.2 (a) and (b) for illustrative purposes.
So far, the analysis led to a selected data area for the rotational step marked in
yellow and green. However, it is also noted that sometimes, as in this case, when
the step is started the tracking program takes a few milliseconds(here the first
three data points) to correctly adjust the marker to the EB-JP cap. These data
points should be excluded from the analysis, so the cutting points are adjusted
as follows. If the line connecting the first initial cutting point (left red circle) to
the first final cutting point (right red circle) in the rotational data has a positive
slope, the minimum value within the yellow and green area is assigned as the new
initial cutting point (left black diamond), and the maximum value as the new final
cutting point (right black diamond). If the slope of the connecting line is negative,
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Figure A.2: Rotational step size determination for an example transport step. (a) Trans-
lational movement and (b) rotational movement of an EB-JP for the same transport step.
(c) Absolute value of the derivative of (a). Big circular-shaped indicators mark the initially
determined cutting points for the step size determination (area highlighted in yellow and
green). Diamond-shaped indicators mark the final cutting points for the relevant data
with its corresponding area marked in green.

the assignment of the cutting points is carried out inversely. Finally, the area of
interest is defined from the black diamond on the left to the diamond on the right
and highlighted in green.

This methodology, although simplistic, appears to correctly identify the time
window of the rotational step. However, it requires less noisy tracking data,
which could be obtained by recording the images of the transport experiments
with higher resolution and more homogeneous illumination and/or by using other
tracking methods. One proposed tracking software would be the Adaptable Par-
ticle Tracking software (AdaPT), which provides an intensity-based localization
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A.4 Scaling Factor Determination

technique to detect particles [DHK21]. Nonetheless, a more advanced version
would be required to cover angular changes in a finer range (tenths of a degree)
than what the current version provides (45° changes).

A.4 Scaling Factor Determination

To determine the scaling factor between two images taken with different experi-
mental setups and magnification objectives, here, Kerr microscope and particle
transport setup, the following image processing was employed. Each pair of
cropped images (transport image and one rotated reduced Kerr image) obtained
as explained in Section 5.2.1, which shown the same distinct reference point, were
taken for comparison. For that, both images were first passed though a Gaussian
filter to reduce image noise, which improves the sharpness of the reference point
edges. Afterward, the filtered transport and Kerr images were normalized and
passed through two additional filters, a median filter and a Sobel filter. The me-
dian filter further reduced the noise in the images and the Sobel filter applied to
the x- and y-axes was used to detect the edges of the reference point. After the
different filters, the transport and Kerr images were transformed into the images
shown in Fig. A.3 (a) and (b), respectively. These edges were used to determine
the correct scaling factor and rotation angle to be applied to the Kerr image by
means of image subtraction, transport image Fig. A.3 (a) - Kerr image Fig. A.3 (b)
(cf. Fig. A.3 (c)). For the subtraction of images, the method for drift correction
described in Section 5.1.2 was used. Here, for a pair of transport and Kerr images,
the Kerr image was shifted to test different alignments within a predefined shift
interval. For each alignment, an error from the subtraction was calculated and as-
signed to the corresponding combination of alignment, scaling factor and angle.
After iterating over different angles, scaling factors and alignments, a combina-
tion of settings with the minimum error was obtained and selected for use.

111



A Appendix

Figure A.3: Edge detection and image subtraction of reference point in 2D transport
sample as complementary images for Fig. 5.4. (a) Filtered normalized transport image.
(b) Filtered normalized Kerr image. Here, the image with the rotation angle, scaling and
alignment leading to the minimum error is shown. (c) Subtracted image, (a)-(b).
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