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Prüfer: Prof. Dr. Thomas Giesen

Prof. Dr. Stefan Y. Buhmann

Tag der Disputation: 26. Juli 2022





Abstract

The development of fast and reliable point-of-care diagnostics is a key objective for the early

detection of diseases in patients. Standard laboratory methods are nowadays mostly slow

and cost-intensive. Isolation and detection of a pathogenic organism can be miniaturized

onto the size of a small chip, typically referred to as Lab-on-a-chip (LOC) technology, by in-

tegrating magnetic particles as catcher objects. Combining a static magnetic field landscape

(MFL) with time-varying external magnetic fields was demonstrated to be a robust technique

for controllably transporting magnetic particles within a microfluidic environment. Many

works focused thereby on the controlled translational motion of superparamagnetic beads

(SPBs) above various kinds of magnetic substrates. Although underlining the versatility of

the approach, more detailed investigations regarding the impact of particle-substrate inter-

actions on the motion dynamics, especially for the three-dimensional (3D) movement, are

scarce. Plus, efforts to augment the scope by including asymmetrically designed magnetic

particles are limited. Therefore, this dissertation is dedicated to achieving a thorough under-

standing of the transport characteristics of magnetic particles with various properties using

dynamically transformed MFLs in order to facilitate integration into potential LOC devices.

Exchange biased thin films with micrometer-sized magnetic stripe domains were herein used

as prototypical transport substrates. By gradually modulating the emerging MFL as a func-

tion of sample position, opportunities for spatially concentrating and separating SPBs were

qualitatively revealed and quantitatively analyzed. In addition, the influence of electro-

static interactions between particle and substrate surfaces was investigated by evaluating

the transport of SPBs with differing chemical surface groups in aqueous solutions of varying

pH-values. Aiming to induce controlled rotational movements superposed on the transport

motion, the dynamics of exchange bias capped magnetic Janus particles in a dynamically

transformed, prototypical MFL was examined. The work is complemented by introducing

a proof-of-concept experiment that employs optical bright-field microscopy to identify the

vertical position of SPBs above a magnetically stripe patterned substrate. With the help of

defocused SPB images and a suitable calibration procedure, a first experimental estimation

of 3D trajectories within a dynamically modified MFL was achieved, corroborated by theo-

retical considerations. Altogether, the results acquired in the framework of this PhD thesis

aspire to be helpful for the implementation of new and the optimization of already existing

LOC strategies related to the actuation of magnetic particles.
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Kurzzusammenfassung

Die Entwicklung schneller und zuverlässiger Diagnostik ist ein wichtiges Ziel für die Früh-

erkennung von Krankheiten. Standardisierte Labormethoden sind heutzutage meist langsam

und mit hohen Kosten verbunden. Innerhalb der Lab-on-a-chip (LOC)-Technologie kann

der Nachweis eines pathogenen Organismus auf die Größe eines kleinen Chips miniatur-

isiert werden, indem magnetische Partikel als Fängerobjekte integriert werden. Die Kom-

bination einer statischen Magnetfeldlandschaft (MFL) mit zeitlich variierenden externen

Magnetfeldern hat sich als robuste Methode für den kontrollierten Transport von super-

paramagnetischen Partikeln (SPP) in einer mikrofluidischen Umgebung erwiesen. Obwohl

die Vielseitigkeit des Ansatzes in der Literatur unterstrichen wird, gibt es kaum detail-

liertere Untersuchungen zu den Auswirkungen der Partikel-Substrat-Wechselwirkungen auf

die Bewegungsdynamik, insbesondere im Hinblick auf die dreidimensionale (3D) Bewegung.

Außerdem sind Bemühungen, den Anwendungsbereich durch die Einbeziehung asymmetrisch

gestalteter magnetischer Partikel zu erweitern, begrenzt. Daher widmet sich diese Disserta-

tion der Erlangung eines gründlichen Verständnisses der Transporteigenschaften von mag-

netischen Partikeln mit verschiedenen Eigenschaften unter Verwendung dynamisch trans-

formierter MFLs. Exchange Bias (EB) Dünnschichtsysteme mit mikrometergroßen mag-

netischen Streifendomänen wurden hier als prototypische Transportsubstrate verwendet.

Durch graduelle Modulation der entstehenden MFL als Funktion der Probenposition wurden

Möglichkeiten zur räumlichen Konzentration und Trennung von SPP aufgezeigt. Darüber

hinaus wurde der Einfluss elektrostatischer Wechselwirkungen untersucht, indem der Trans-

port von SPP mit unterschiedlichen chemischen Oberflächengruppen in wässrigen Lösungen

mit verschiedenen pH-Werten ausgewertet wurde. Mit dem Ziel, kontrollierte Rotations-

bewegungen zu induzieren, die der Transportbewegung überlagert sind, wurden die Dy-

namiken von EB funktionalisierten Janus Partikeln untersucht. Ergänzt wird die Arbeit

durch die Vorstellung einer Machbarkeitsstudie zur Identifizierung der vertikalen Position

von SPP unter Zuhilfenahme von optischer Mikroskopie. Unter Verwendung defokussierter

SPP-Bilder und einem geeigneten Kalibrierungsverfahren wurde eine erste experimentelle

Abschätzung von 3D-Trajektorien erreicht, die durch theoretische Überlegungen unterstützt

wurde. Insgesamt sollen die im Rahmen dieser Doktorarbeit gewonnenen Ergebnisse für

die Implementierung neuer und die Optimierung bereits bestehender LOC-Strategien im

Zusammenhang mit der Aktuierung magnetischer Partikel eingesetzt werden.
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1 Introduction

Our globalized world has facilitated mobility and connectivity between countries and states,

hugely benefiting an international touristic and economic exchange. This development, how-

ever, poses new challenges for the medical sector and health administrations, as it could

exemplarily be seen for the ongoing COVID-19 pandemic: Outbreaks of highly infectious

diseases are prone to spread quickly around the globe if it is not recognized and contained at

a very early stage. A fast and reliable diagnosis is required to nurture the hope of keeping the

disease outbreak at an epidemic level.[YAL13] The worldwide rising life expectancy puts fur-

ther strain on the health system: While the global average life expectancy was at 46 years in

1950, it shot up to 71 years in 2015.[ROOR13] The accompanying demographic change to an

older society goes hand in hand with an increased occurrence of age-related diseases, like can-

cer and Alzheimer’s. Again, rapid and effective detection of those diseases is therefore in high

demand. Not only in wealthy countries but especially in developing ones, where people living

in rural regions have little to no access to sophisticated medical equipment.[YAL13, JWL11]

For a better understanding of potential improvements in medical diagnostics, it is worthwhile

to have a look at current strategies. An important role is played by the analysis of body

fluid samples in central labs.[Kri01, WAM10, JWL11, LMS17] Although resulting in high

reliability, this procedure is usually time-consuming, cost-intensive, and requires trained per-

sonnel for execution.[JWL11, RFM14, LMS17] In regions without the presence of the needed

machinery or personnel, the WHO provides systematic guidelines for medical staff to iden-

tify diseases based on symptom observation.[YAL13] Though the cost is low, this method,

unfortunately, fails to give quantitative insights in, e.g., viral loads and timeframes between

infection and diagnosis, rendering it also as ineffective when it comes to asymptomatic pro-

gressions of a disease.[YAL13] Lastly, medical diagnostics are complemented by rapid tests,

typically realized in membrane-based lateral flow assays.[WAM10, YAL13, CLD17, ZLW20]

As corona rapid tests become more and more mundane nowadays, the same technique is

already widely established for diabetes, pregnancy, and drug detection. This method, how-

ever, requires large sample volumes to be reliable [ZLW20] and usually offers only qualitative

results [CLD17].
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2 1 Introduction

The solution for the rising need for reliable, fast, and cost-efficient detection schemes,

that even work consistently for low analyte concentrations, is expected to be similar to de-

velopments in other technological areas: By going smaller and smarter. Hence, the idea of

Lab-on-a-chip (LOC) and micro total analysis systems (µTAS) was born.[MGW90, Kni02,

CLS12, Ruf16] The idea is here to compact all processes that are usually carried out in a

central laboratory for disease-marker detection onto a small chip within a centimeter size

range.[Kri01, Kni02, HK05] The fabrication of necessary structural components, e.g. fluid

channels, can be performed by employing the same microstructuring techniques already es-

tablished in the semiconductor microchip industry.[Kni02] Perhaps the greatest challenge

hereby lies in the separation of the analyte species (e.g. viruses, proteins, single cells)

from a complex fluid sample (e.g. blood, urine), where a manifold of other components

can lead to unspecific detection events. A high potential for overcoming this challenge

is attributed to the usage of magnetic micro- or nanoparticles as carrier objects for the

analyte.[PCJ03, Gij04, Pam06, Ruf16, MVP19] Due to a high surface-to-volume ratio and

flexibility in possible chemical surface properties, specific binding of analyte molecules to

the particle’s surface is inducible.[GVH13, MVP19] Once the analyte is captured, magnetic

particles offer a variety of possible detection strategies for the confirmation of the binding

event.[LGM20, WAA10, GLR20, JHP17, LMS17] Additionally, a controlled motion of the

particles can be used to mix tiny fluid volumes, which is typically not easily achievable due

to the preferred occurrence of laminar flow in this size regime.[HLG12]

A key prerequisite for the fulfillment of the mentioned LOC functionalities is considered

to be a robust transportation mechanism for the magnetic particles above the chip surface.

Here, translational movement can be achieved by simply applying an inhomogeneous mag-

netic field, i.e. magnetic field gradient, also known as magnetophoresis.[YES07, HRH15]

This is further beneficial when working with biological samples, as moderate magnetic

fields can be expected to not influence them. It was found that instead of utilizing macro-

scopic field gradients, the combination of micro-scaled magnetic field landscapes (MFL) and

time-varying homogeneous magnetic fields presents a way of controllable initializing one-

dimensional and two-dimensional particle transport together with comparably large motion

speeds.[TSJ09, ELW11, HKB15, EKH15, RLL16, LTK17, KBS20] The MFL can either be

generated by the stray fields of micro-structured magnetic elements on the chip substrate

or by stray fields emerging from domain walls in magnetic full films.[EKH15, RLL16] Es-

pecially for the latter, Ehresmann and co-workers developed a technique for introducing

tailored magnetic domain patterns in exchange biased (EB) thin film systems based on the

sample’s bombardment with He ions in the keV energy range.[EKK04, EKH15, GHH16]

Here it could be demonstrated, that when superposing the resulting MFL with only weak

external magnetic field pulses, a robust one-dimensional transport of magnetic particles is

achievable [HKB15, EKH15, USK16, HRT21], even when experimenting under physiological
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conditions with biofunctionalized particles [RHE21]. This transport concept, introduced by

Holzinger et al. [HKB15], is serving as the foundation for the work at hand: In the follow-

ing, it is intended to investigate the influences of crucial components and characteristics of

the system, that are so far not fully understood, but yet important for the realization of

potential LOC applications. Specifically, this work will cover studies on differently modu-

lated MFLs (chapter 4), varying chemical surface properties, and magnetic structures of the

employed particles (chapters 5 and 6), and lastly on the three-dimensional (3D) motion of

magnetic particles induced by the utilized prototypical transport mechanism (chapter 7).

The conducted experiments will now be introduced in more detail.

❶ Separating magnetic particles of different properties together with increasing local par-

ticle concentration in a designated chip area are considered to be important tasks for

LOC devices. Employing the ion bombardment induced magnetic patterning (IBMP)

technique, periodic parallel stripe domain patterns were fabricated that differ from

the previously investigated stripe pattern [HKB15, EKH15] in two aspects: Instead of

using equal stripe domain width and length throughout the whole sample, one of both

characteristics is varied gradually for the respective sample. When periodically mod-

ulating the stripe domain length, a MFL is constructed that potentially concentrates

magnetic particles at a specific location. For the periodic modification of the stripe

domain width, the controlled separation of particles with different mobility properties

is anticipated. Thus, after magnetically characterizing the fabricated domain pat-

terns, transport experiments were conducted using superparamagnetic beads (SPBs)

in order to analyze their motion behavior with respect to the outlined expectations.

Quantitative evaluations of microscope video recordings are combined with theoreti-

cal estimates for MFL structure and acting forces to obtain a sufficient picture of the

observed dynamics.

❷ For the investigated surface-near transport of magnetic particles, the motion character-

istics are crucially governed by the separation distance between the surfaces of particles

and the substrate. As liquid-mediated electrostatic forces between both components

have a considerable influence, another task presented itself in modifying this inter-

action deliberately by utilizing SPBs with differing chemical functionalization groups

for their surfaces and transporting them in an aqueous medium with varying ion con-

centrations, addressable by its pH-value. Here, the recorded transport behavior will

be correlated to theoretically estimated particle-substrate equilibrium distances, which

were obtained by considering a balance of forces at the particle’s vertical equilibrium

position. Making use of different electrostatic particle-substrate interactions, a pos-

sible spatial separation scheme for the employed SPB species with different chemical

surface properties using the established transport concept is analyzed.

❸ Having investigated the dynamics of symmetrically magnetized SPBs in a dynamically
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transformed MFL, the focus will be shifted towards the motion behavior of asymmet-

rically structured magnetic Janus particles (MJPs). The MJPs, which were fabricated

by functionalizing a spherical silica bead with a hemispherical EB thin film cap, are

analyzed with special regard to their ability to perform physical rotations superposed

on the induced lateral movement above one-dimensional and two-dimensional magnetic

domain patterns. Qualitative evaluations and quantitative parameter studies will be

presented to unravel the complicated motion characteristics of the MJPs.

❹ Lastly, a proof-of-concept experiment will be introduced that is aiming at quantifying

the 3D trajectories of SPBs within a dynamically modified MFL. Here, an approach

was chosen that is based on the defocusing of vertically moving particles in standard

bright-field microscopy image recordings. Having determined a suitable calibration

procedure, the progression of the SPB’s vertical position while being transported by

the prototypical mechanism will be evaluated. The findings will be corroborated by

theoretical estimates for the corresponding particle-substrate equilibrium separation

distance at each lateral location during transport. An outlook will be finally given

on applying the presented technique for the identification of real particle-substrate

distances in the considered environment.

All of these studies are aiming at fundamentally understanding the physical principles

and crucial parameters involved in the introduced near-to-substrate transport for magnetic

micrometer-sized particles. It will be discussed, how the obtained results can help develop

novel or optimize current strategies for efficient and reliable LOC functionalities.



2 Theoretical background

This chapter is dedicated to present the necessary theoretical background to understand the

results obtained in this work. Initially, the focus lies on the description of the basic inter-

actions giving rise to solid state magnetism and magnetic anisotropies. Especially, we will

concentrate on the so-called exchange bias (EB) effect as an interface related phenomenon,

which induces a unidirectional anisotropy in ferromagnetic materials. The deliberate modifi-

cation of the EB by light He ion bombardment is employed to fabricate the substrate-based

magnetic field landscapes (MFL) used in this work for the controlled transport of mag-

netic particles. General concepts for the transport of magnetic particles utilizing a MFL

above a substrate surface will be outlined together with a more focused treatment of the

transport mechanism used in this work, involving the accompanying forces acting on the

magnetic particles. Here, we will distinguish between different particle classes, specifically

superparamagnetic beads and magnetic Janus particles.

2.1 Magnetic matter

2.1.1 Atomic magnetism

The magnetic properties of solid state matter are governed by its atomic magnetic moments

and their specific interactions. First of all, the permanent magnetic moments of atoms

can be subdivided into magnetic moments of electrons and protons. Mainly however, the

atomic magnetic moment is defined by electrons present in partially filled shells.[Ste12] In

a classical approach the electrons with mass me and electric charge −e orbit the nucleus

and therefore have a orbital angular momentum l⃗. In addition, each electron possesses an

intrinsic, so called spin angular moment s⃗. The orbital motion of the electrons and their

spin are considered as the two sources for the atomic magnetic moment µ⃗e.[Ste12, BSB05] In

an atom with multiple electrons, the individual orbital angular momenta couple together to

a total orbital angular momentum L⃗.[Ste12] Accordingly, also the spin angular momenta of

single electrons add up to a total spin angular momentum S⃗.[Ste12] Henceforth, the magnetic

moment of an atom µ⃗L associated with the orbital angular momentum of the electrons can

5
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be expressed by [Ste12]

µ⃗L = −µB · L⃗. (2.1)

Here, µB represents the Bohr magneton, which is connected to the orbital angular momentum

related magnetic moment of an electron in the lowest atomic shell (according to the Bohr

model).[BSB05] It is given by [BSB05, Dem13]

µB =
e · ℏ
2 ·me

, (2.2)

with ℏ being the reduced Planck constant. Likewise, the magnetic moment µ⃗S based on the

spin angular momentum is found to be [Ste12]

µ⃗S = −2 · µB · S⃗. (2.3)

Finally, the total magnetic moment of the atom µ⃗ is obtained:[Ste12]

µ⃗ = −µB ·
(
L⃗+ 2 · S⃗

)
. (2.4)

In other words, the vector sum of all electron magnetic moments results in the atomic mag-

netic moment. If this sum is zero, the atom has no permanent magnetic moment and is

considered as diamagnetic.[Dem13] For a sum unequal to zero, the atom has in contrast

a permanent magnetic moment and is called paramagnetic.[Dem13] Atoms accommodating

unpaired electrons are a prerequisite for collective magnetic phenomena, leading to the forma-

tion of paramagnetic, ferromagnetic, antiferromagnetic, and ferrimagnetic materials.[Cul72]

The collective magnetic behavior within these materials is the result of short range and long

range interactions of individual atomic magnetic moments, respectively. Therefore, the most

important interactions will be described briefly in the following.

2.1.2 Magnetic interactions

Exchange interaction

This short range interaction between neighboring atomic spins is based on quantum mechan-

ical principles.[Ste12] Considering a two-electron-system as a simple case, the wave functions

that describe the eigenstate of a single electron couple to a total wave function. As elec-

trons are fermions, the Pauli exclusion principle (two or more fermions cannot be within

the same quantum state simultaneously) dictates an antisymmetric total wave function for

the coupling of two electrons.[BSB05, Get08] Due to the indistinguishability of electrons,

the squared absolute value of the total wave function must additionally be invariant with
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respect to an interchange of the electrons.[Get08] The total wave function can be written as

the product of the system’s spatial wave function and its spin wave function.[BSB05] Con-

sequently, there are two ways in which the two electrons can contribute to the total wave

function: either with parallel spins (↑↑) and antisymmetric spatial wave function or with

antiparallel spins (↑↓) and symmetric spatial wave function.[BSB05] For ↑↑-spins a total spin
of S = 1 results for the total wave function, called a triplet state, whereas for ↑↓-spins the
total spin yields S = 0, known as a singlet state.[BSB05] These states have two different po-

tential energies ES and ET, respectively, and their difference describes the exchange energy

EEx = ES−ET.[BSB05] With this exchange energy, one can derive the Hamiltonian HEx for

the spin interaction of the two electrons according to the so-called Heisenberg model:[BSB05]

HEx = −EEx ·
1

ℏ2
· S⃗1 · S⃗2 = −2 · JEx ·

1

ℏ2
· S⃗1 · S⃗2. (2.5)

Here, the exchange coupling constant JEx = EEx/2 is introduced, describing the spatial

overlap of the single electron wave functions as an exchange integral.[BSB05] Depending on

the Coulomb energy and the kinetic energy of the electrons, JEx can have negative or positive

values.[BSB05] For a positive JEx, it follows ES > ET and therefore an energetically preferred

↑↑ alignment of the electron spins. In contrast, if JEx is negative, the result is ET > ES and a

↑↓ spin configuration. Extending the two-electron picture to an extended solid state system,

the exchange energy is obtained by only considering exchange interactions between electrons

of neighboring atoms.[BSB05, Get08] Hence, the Hamiltonian within the Heisenberg model

can now be expressed by a summation of isolated exchange interactions between spin i and

j:[Get08]

HEx = −
∑
ij

Jij · S⃗i · S⃗j. (2.6)

The sign of the exchange constant Jij, i.e. ↑↑ or ↑↓ alignment of the spins, promotes either

a ferromagnetic or antiferromagnetic order.

Dipolar interaction

Analogous to the Coloumb interaction between electrostatic charges, magnetic dipoles, sep-

arated by a distance r⃗, exert a force onto each other. The magnetostatic interaction energy

between dipole moments µ⃗1 and µ⃗2 can hereby be written as [BSB05, Get08]

Edipole =
µ0

4πr3
·
(
µ⃗1 · µ⃗2 −

3 · (µ⃗1 · r⃗) · (µ⃗2 · r⃗)
r2

)
. (2.7)

Here, µ0 is the vacuum permeability. For assessing the strength of this interaction, one can

calculate the energy Edipole for two neighboring atoms with parallel oriented dipole moments

and convert this energy into a temperature T via the relation E = kB · T (with kB being the
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Boltzmann constant). Assuming r = 2 Å and µ1 = µ2 = µB, the dipole energy can be related

to a temperature within the sub-Kelvin range. In comparison with order temperatures of

typical ferromagnetic materials, which are within 100 - 1000 Kelvin, it becomes clear that the

dipole interaction cannot be responsible for their stable order of atomic magnetic moments

(at room temperature). Instead, the characteristic long range of the dipole interaction leads

to other effects that promote a globally preferred orientation of atomic magnetic moments,

e.g. magnetic anisotropies.

Spin-orbit coupling

Lastly, another important interaction, especially for the appearance of magnetic anisotropies,

is the so-called spin-orbit coupling. As discussed in section 2.1.1, the magnetic moment of

an atom is governed by the orbital and spin angular momenta of its electrons. The orbital

angular momentum l⃗ and the spin angular momentum s⃗ of an individual electron couple to

the total angular momentum j⃗:[TLS10]

j⃗ = l⃗ + s⃗. (2.8)

l⃗ and s⃗ are quantized properties and can therefore be characterized by the quantum numbers

l and s. Thus, j⃗ is also quantized, with j as the quantum number. The following relation

takes effect:[TLS10]

j = l + s or j = |l − s| . (2.9)

The absolute value of j⃗ can be written as [TLS10]∣∣∣⃗j∣∣∣ =√j · (j + 1) · ℏ. (2.10)

By means of a distance-dependent Coulomb potential V (r), the energy of the spin-orbit

interaction is described by [BSB05]

Els = ϵ (r) · l⃗ · s⃗ with ϵ (r) =
|e|

2 ·m2
e · c2 · r

· dV (r)

dr
, (2.11)

with e being the electron charge, me being the electron mass, c being the speed of light,

and r being the distance between the electron and the atom nucleus. Based on this, it can

be considered that the physical background of the spin-orbit interaction is a magnetic field

which, from the point of view of the electron rest frame, is generated by the motion of the

positive charge of the atomic nucleus. This magnetic field influences the spin of the electron

orbiting around the atomic nucleus, whereby the electron spin couples either parallel or

antiparallel to the magnetic field. The spin-orbit coupling is pronounced for heavy atoms
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due to a high gradient of the Coulomb potential dV (r)/dr.[BSB05] In this case, orbital

angular momenta l⃗i and spin angular momenta s⃗i of each individual electron are coupled

to a total angular momentum j⃗i of the electron, before they are summed up to the total

angular momentum J⃗ of the atom. This is also known as jj-coupling. Contrastingly for a

weak spin-orbit coupling, orbital angular momenta l⃗i of individual electrons are coupled to

a total orbital angular momentum L⃗ and spin angular momenta s⃗i are coupled to a total

spin angular momentum S⃗ accordingly.[BSB05] The sum of these result again in the total

angular momentum J⃗ of the respective atom, which is denoted as LS-coupling.

2.1.3 Magnetism in solids

Solid state magnetism is the result of a collective interaction or non-interacting behavior of

atomic magnetic moments, giving rise to ordered or non-ordered magnetic states within the

material. A classification into different magnetic materials, like paramagnets, ferromagnets,

antiferromagnets, etc., can be accomplished by characterizing the influence of an applied

magnetic field onto the material’s magnetization.[Ste12] The magnetization M⃗ hereby de-

scribes the overall orientation of atomic magnetic moments within a sample. When applying

an external magnetic field H⃗, the magnetization vector’s projection M onto the field’s di-

rection is typically measured. The following relation between M and the applied magnetic

field strength H =
∣∣∣H⃗∣∣∣ exists:[BSB05, Ste12]

M = χ ·H. (2.12)

The magnetic susceptibility χ is introduced as a measure for the magnetic response of a ma-

terial towards a magnetic field.[Ste12] DeterminingM in dependence of an applied magnetic

field strength H gives the magnetization curve of a sample. In paramagnetic materials the

thermal energy leads to a random orientation distribution of individual magnetic moments

[Ste12] and thus, the integrated magnetization of the whole material is zero. Only by ap-

plying a magnetic field, the so-called Zeeman energy is introduced into the system, forcing

magnetic moments to align along the now energetically preferred magnetic field direction.

In the process, a non-zero magnetization for the material is obtained. For paramagnetic ma-

terials, the increase of the magnetization with applied magnetic field is linear and a positive

susceptibility χ ensues.[Ste12, Dem13] In contrast for diamagnetic materials, the suscepti-

bility is negative, meaning that magnetic moments are aligned antiparallel to the applied

magnetic field.[Ste12, Dem13] If the applied magnetic field is switched off again, the material

goes back to the state of randomly oriented magnetic moments, i.e., no net magnetization

of the material remains. This holds true for paramagnetic as well as diamagnetic materials

and is different for ferromagnetic materials, where the exchange interaction leads to a col-

lective coupling of single magnetic moments and the formation of spontaneously magnetized
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regions, known as magnetic domains.[Ste12] For ferromagnets, the susceptibility is positive

as for paramagnets, but exhibits a non-linear dependency on the applied magnetic field.

The basis of ferromagnetism is the uncompensated spin of electrons in the conduction band

of a suitable solid state material.[BSB05] As these conduction electrons are not bound to the

nucleus of an atom, the orbital angular momentum is usually negligible when considering

their magnetic moment. Hence, it is mainly governed by the electron’s intrinsic spin. Ac-

cording to the nature of the exchange interaction (see section 2.1.2), these spins can couple

parallel or antiparallel to each other. The respective type of coupling results in a positive or

negative coupling constant JEx (compare equations 2.5 and 2.6). In order to distinguish ferro-

magnetic from antiferromagnetic behavior, one can employ in a semi-quantitative approach

the so-called Bethe-Slater curve (see Fig. 2.1).[SB33, Cul72, BSB05] The Bethe-Slater curve

JEx

a/r

Cr

Mn

γ-Fe

α-Fe

Co

Ni
Gd

0

+

-

Ferromagnetic

Antiferromagnetic

Fig. 2.1: Schematic depiction of the Bethe-Slater curve. Shown is the dependency of the exchange
integral JEx on the interatomic distance a and the average radius r of 3d electron orbitals. The
sign of JEx determines, whether a material exhibits a ferromagnetic or an antiferromagnetic order
of spins. For illustration, the positions of some common materials are indicated on the curve.
(adapted from [CR16] and [BSB05])

depicts the exchange integral of overlapping spin wave functions JEx as a function of the in-

teratomic distance a and the average radius r of 3d electron orbitals. For constant r, reducing

the interatomic distance results in an increase of positive JEx up to a maximum value. Reach-

ing very small distances, JEx decreases afterwards continuously until negative values start

occurring. This means that in a certain range of a and r, the positive JEx promotes a parallel

spin coupling and therefore induces ferromagnetism.[Cul72] In the regime of negative JEx, an

antiparallel spin orientation is energetically favored, leading to antiferromagnetism.[Cul72]

Both types of magnetic order occur below a critical temperature, named Curie temperature
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TC for ferromagnets and Néel temperature TN in case of antiferromagnets.[Ste12, BSB05] For

higher temperatures, the thermal energy overcomes the energy of the exchange interaction,

leading to a decoupling of electron spins and a suppression of magnetic order. Ferromag-

netic and antiferromagnetic materials therefore become paramagnetic in this temperature

regime.[Ste12, BSB05]

Characterizing a typical magnetization curve (also known as hysteresis) for a ferromagnetic

sample, as illustrated in Fig. 2.2, one can observe a net magnetization at zero applied mag-

netic field. This describes the remanent magnetization MR of the sample.[TMW15] In a

MS

MS

MR

MR

HCHC

H

M

0

VC

Fig. 2.2: Exemplary representation of a magnetization curve for a ferromagnetic material. The
graph depicts the magnetization M of the material as a function of the applied magnetic field H.
Following the virgin curve (VC), the remagnetization behavior shows a characteristic hysteresis,
with MS indicating the saturation magnetization, MR indicating the remanent magnetization, and
HC indicating the coercive field.

microscopic picture, this net magnetization can be correlated to the occurrence of so-called

Weiss domains or magnetic domains within the sample.[TMW15, Dem13] Magnetic domains

describe areas within which all single magnetic domains are aligned parallel to each other

along an energetically preferred direction. Without the application of an external magnetic

field however, the ferromagnetic sample does usually not reside in a mono-domain state (only

one direction of magnetic moment orientations) but instead in a multi-domain state. This is

due to a competition between exchange interaction energy and the stray field energy arising

due to a uniform magnetization of the sample.[HS98] A ferromagnetic sample, that has never

been subjected to an external magnetic field (neglecting for once magnetic anisotropy con-

tributions), will therefore have a zero net magnetization since the magnetization directions
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of all domains are statistically distributed. When applying an external magnetic field, the

Zeeman energy initializes a successive alignment of magnetic moments along the magnetic

field direction. As a result, the macroscopic magnetization of the ferromagnetic sample is

continuously increasing until all magnetic moments are aligned by the applied magnetic field

(indicated by the virgin curve (VC) in Fig. 2.2). In this case, the saturation state is reached

and MS accordingly denotes the saturation magnetization of the sample. The alignment

of all magnetic moments, i.e. reaching a mono-domain state from the initial multi-domain

state, can be achieved through three different remagnetization procedures: nucleation of new

domains, movement of domain boundaries alias domain walls (more detailed description in

section 2.4.3 to follow), and magnetization rotation.[Coe10] Coming from the saturation

state, lowering the applied magnetic field down to zero induces a decrease in the sample’s

magnetization until the remanent magnetization MR is reached. Applying the magnetic

field in the reversed direction then decreases the magnetization further up to the point of

opposite saturation. The magnetic field that is needed to reach a sample net magnetiza-

tion of zero is hereby called the coercivity or coercive field HC.[Dem13] It implies that for

each remagnitization step additional energy is needed to switch between the two saturation

states of the sample. Hence, the magnetization curve of a ferromagnetic sample shows a

hysteretic behavior. Different contributions of magnetic anisotropies can have an impact on

the energetic conditions for a sample’s net magnetization formation and consequently also

influence the shape of the magnetization curve. The most important magnetic anisotropies

shall therefore be described within the following section.

2.2 Magnetic anisotropies

A physical quantity is considered anisotropic if the magnitude of the quantity is not the

same for all spatial directions. With respect to magnetic materials, it is observed that the

free magnetic energy of the system typically does not exhibit isotropic behavior, but depends

strongly on the direction of magnetization M⃗ .[BSB05] Various magnetic anisotropies ensure

that the magnetization of a material is preferentially aligned in the direction of minimum

energy, the so-called easy direction.[BSB05, Get08] The origins of the magnetic anisotropies

are hereby the interactions of individual magnetic moments described in section 2.1.2 and

their resulting energetic contributions.

2.2.1 Magnetocrystalline anisotropy

The magnetocrystalline anisotropy describes the preferred orientation of the magnetization

along certain spatial axes in the crystal lattice of a solid material. The reason for this is

prominently the spin-orbit interaction of the electrons.[BSB05] Since the exchange interac-

tion is invariant with respect to a rotation of the spin coordinate system of the electrons,
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the exchange energy is an isotropic quantity and therefore, it cannot be responsible for the

magnetocrystalline anisotropy.[BSB05] Two spins coupling via the exchange interaction align

to the electronic structure of the material due to spin-orbit interaction, thereby following

closely the spatial arrangement of atoms given by the crystal structure. Thus, the spins

align with distinct crystallographic axes or symmetry axes.[Get08] Quantitatively, the mag-

netocrystalline anisotropy can be represented by the anisotropy energy, which describes the

magnetization energy that must be applied to rotate the saturation magnetization vector

from one direction away from the easy axis.[MJ12]

2.2.2 Shape anisotropy

Shape anisotropy describes the formation of a preferred magnetization orientation due to the

non-spherical shape of the corresponding system.[Get08] Responsible for this is the dipole

interaction, which is not considered to be very strong, but has a long-range effect (cf. equa-

tion 2.7). Accordingly, the contribution of the dipole interaction to the alignment of atomic

magnetic moments depends on the geometric shape of the system. The convergence of the

dipole field, which results from the summation of all dipole pairs in the system, is modified

at the surface due to the breaking of symmetry that occurs here. Consequently, uncom-

pensated magnetic moments are formed at the surface leading to so-called magnetic surface

charges.[BSB05] They are the sources of magnetic stray fields emerging from the system.

The magnetic surface charges further result in a demagnetizing field H⃗demag within the sys-

tem’s volume, which opposes the magnetization and thus suppresses a parallel alignment of

the magnetic moments. For the energy of a system in its own stray field H⃗s, the following

stray field energy can be written:[Get08]

Es = −1

2
·
∫

volume

µ0 · M⃗ · H⃗s dV. (2.13)

Here, the energy density of the stray field ϵs = 1/2µ0Hs
2 is integrated over the sample volume

V . If a thin film is considered, as employed in this work, then the energy density is given by

[BSB05]

ϵthin film
s = −1

2
· µ0 ·M2 · sin2 θ, (2.14)

with θ being the angle between the surface normal of the film and the direction of magneti-

zation.

2.2.3 Surface- and interface anisotropies

Considering low-dimensional systems, e.g. thin-film systems, the surface-to-volume ratio

is significantly increased compared to macroscopic systems. This gives rise to additional
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anisotropy effects, which occur due to symmetry breaking of the crystal lattice at the sur-

face/interface. In the case of a thin film, the film thickness varies the surface-to-volume

ratio and thereby critically affects the surface anisotropy. The dependence of the anisotropy

on the film thickness d can be explained by introducing an effective anisotropy constant

Keff, consisting of two other anisotropy constants for the volume KV and for the surface

KS:[Get08]

Keff = KV + 2 · KS

d
. (2.15)

The contribution of the surface anisotropy constant KS is dependent on the film thickness d

and the volume anisotropy constant KV is positive because of the shape anisotropy.[Get08]

Hence, it can be seen that for a critical film thickness dc a transition from positive to negative

values for Keff takes place. This is accompanied by a preferential orientation of the film mag-

netization, depending on which influence of the anisotropy constants for volume and surface

dominates. For d < dc, the surface component is dominant and the magnetization points

parallel to the film normal, which is also referred to as out-of-plane magnetization.[Get08] In

the opposite case of d > dc, the volume anisotropy constant prevails and the magnetization

is in the film plane, resulting in in-plane magnetization.[Get08] As the thicknesses of the thin

films used in this work were larger than dc, an in-plane magnetization was always obtained.

2.3 Exchange bias

The EB effect was firstly described by Meiklejohn and Bean in 1956, when they studied cobalt

nanoparticles.[MB56] Surprisingly, they measured a shift of the magnetization curve for the

particle conglomerate along the magnetic field axis, i.e. the hysteresis was not symmetrical

regarding zero magnetic field. They attributed this phenomenon to the formation of a cobalt

oxide layer and therefore the occurrence of an antiferromagnetic material in contact with

the ferromagnetic cobalt.[MB56] Up until now, many theoretical models were developed to

aim for a quantitative understanding of the effect and it is employed practically, among

others, for the fabrication of magnetic memories and sensors.[NS99, OFOVF10] Since the

EB is used in this work to obtain e.g. the necessary magnetic particle transport substrates,

it will be described in general in the following, touching also on a theoretical model for

polycrystalline systems. Additionally, it will be explained how bombardment with He ions

leads to a controlled modification of the EB in thin film systems.

2.3.1 General description

Considering a system of a ferromagnet (FM) and a directly connected antiferromagnet

(AFM), the EB is caused by a coupling of magnetic moments at the shared interface of
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FM and AFM via exchange interaction.[MB56, MB57, Mei62] It is commonly initialized

through a field cooling procedure, which is described visually in Fig. 2.3(a). In this process,

(b)

(a) Field cooling

Magnetization reversal
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AFM

Hext

TN < T < TC T < TN
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Fig. 2.3: Schematic representation of the EB effect in a system consisting of FM and AFM
layers with a shared interface. (a) A field cooling procedure is used to initialize the EB. At
first, the system is placed in an external magnetic field H⃗ext at a temperature T higher than
the Néel temperature TN of the AFM and below the Curie temperature TC of the FM. Cooling the
system towards a temperature T < TN induces an ordered magnetization state in the AFM while
the magnetic moments of AFM and FM couple ferromagnetically at the shared interface due to
exchange interaction. (b) A typical magnetization curve for EB systems with indicated schematic
magnetization states of FM and AFM during magnetization reversal (1-4). The characteristic shift
of the hysteresis is denoted as the EB field HEB. An intuitive description of the reversal behavior
is given in the text. Adapted from [NS99].

the system is initially kept at a temperature T above the Néel temperature TN of the AFM

but below the Curie temperature TC of the FM. As a result, the AFM is in an unordered

magnetic state, with random orientation distribution of the magnetic moments, while the

FM is still in its ordered state with preferred alignment of the magnetic moments.[NS99]

Simultaneously, an external magnetic field is applied in order to saturate the magnetization

in the FM and align the magnetic moments in a defined direction. From the temperature
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condition follows that the EB only occurs for systems with TC > TN. Subsequently, the sys-

tem is cooled in the external magnetic field to a new temperature T < TN, hence, allowing

the AFM to regain an ordered state of magnetic moments. Due to exchange interaction,

the magnetic moments of the AFM at the interface favor a parallel alignment towards the

magnetic moments of the FM (assuming ferromagnetic coupling).[NS99] The magnetic mo-

ments in the proceeding atomic planes of the AFM now orientate accordingly to achieve an

antiferromagnetic order.[NS99]

Measuring a magnetization curve of the system after the field cooling procedure yields a

characteristic shift of the hysteresis along the magnetic field axis, as shown in Fig. 2.3(b).

Commonly this shift is also accompanied by an increase of the hysteresis coercivity compared

to the curve of a sole FM.[NS99] The EB system exhibits a defined magnetization state in

remanence, while for a single FM the remanent magnetization depends on the magnetic field

history. Intuitively, this phenomenon can be explained by the introduction of a unidirec-

tional anisotropy in the FM caused by the exchange coupling to AFM magnetic moments at

the interface. In contrast to a uniaxial anisotropy, where two stable energetically degenerate

magnetization states along a distinct spatial axis are present, the unidirectional anisotropy

energetically prefers only one magnetization orientation in the FM.[NS99] Consequently, if

the remanent magnetization state of the FM resembles this energetically favored configu-

ration (1 in Fig. 2.3(b)) and a remagnetization of the system is induced by reversing the

applied magnetic field (2 in Fig. 2.3(b)), additional Zeeman energy must be applied towards

the system in order to overcome the unidirectional anisotropy. This additional energy can

be referred to as an additional, biasing magnetic field, known as the EB field HEB.[NS99]

The shift of the magnetization curve for an EB system is therefore given by -HEB. Having

applied an adequate magnetic field to saturate the FM in the opposite direction (3 in Fig.

2.3(b)), a following reduction of the magnetic field now allows the FM at some point to get

back to the original, energetically preferred magnetization direction. Hence, magnetization

reversal occurs in this case even if the applied magnetic field is still in the opposite direction

(4 in Fig. 2.3(b)).

In a simple theoretical treatment of the effect, both FM and AFM are considered to be in a

monodomain state and uncompensated AFM spins are found at the shared interface, leading

to an effective interfacial magnetic moment.[Mei62] This moment is aligned along the easy

axis of the AFM due to a comparably high magnetic anisotropy in the AFM.[OFOVF10]

Assuming a coherent rotation of the magnetization in both FM and AFM (neglecting domain

nucleation and domain wall movement) during magnetization reversal, the free energy area

density of the system ϵ, describing the magnetization state of the FM, can be written as

[Kiw01, NS99]

ϵ = −H ·MFM · tFM · cos (θ − β) +KFM · tFM · sin2 (β) (2.16)

+KAFM · tAFM · sin2 (α)− JFM/AFM · cos (β − α) .
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Within this equation, H represents the externally applied magnetic field, MFM represents

the saturation magnetization of the FM, tFM and tAFM represent the thickness of the FM and

AFM, respectively, KFM and KAFM represent the anisotropy constant for the FM and AFM,

respectively, and JFM/AFM represents the exchange constant for the interaction of magnetic

moments at the FM/AFM interface. The azimuthal angles are defined as follows: α denotes

the angle between the AFM magnetization and the AFM anisotropy axis, β denotes the angle

between the FM magnetization and the FM anisotropy axis, and θ denotes the angle between

the applied magnetic field and the FM anisotropy axis. It is hereby commonly assumed,

that FM and AFM anisotropy axes are collinear to each other.[NS99] Breaking down the

individual energy contributions, the first term in equation 2.16 describes the influence of the

applied magnetic field, the second term the influence of the FM anisotropy, the third term

the influence of the AFM anisotropy and the last term the influence of the exchange coupling

at the interface. Minimizing ϵ with respect to α and β allows for a derivation of the EB field

HEB:[NS99]

HEB =
JFM/AFM

MFM · tFM
. (2.17)

From this minimization, two observations can be made: Firstly, the shift of the magneti-

zation curve HEB is inversely proportional to the thickness of the FM tFM. This underpins

the character of the EB as an interface related effect, since with increasing tFM the influ-

ence of the FM/AFM interface and therefore also HEB is decreased. Secondly, the condition

KAFM · tAFM ≥ JFM/AFM must be fulfilled in order to observe a unidirectional anisotropy. For

the opposite case JFM/AFM > KAFM · tAFM the energy term responsible for interface coupling

is kept small for minimization, leading to a simultaneous rotation of moments in FM and

AFM upon magnetization reversal. Thus, no shift of the magnetization curve should be

observable, only an increased coercivity.[NS99]

HEB is dependent on the interface coupling constant JFM/AFM, which is experimentally diffi-

cult to determine and is therefore mostly estimated by assumptions.[NS99] This estimation

often times leads to predicted values of HEB, which are orders of magnitude larger than the

experimentally measured shifts of magnetization curves for EB systems.[NS99] This is due

to the simplified nature of this model, neglecting for example the formation of magnetic

domains in FM and AFM and assuming a collinear alignment of FM and AFM anisotropy

axes in addition to a ferromagnetic coupling of magnetic moments at the FM/AFM inter-

face. Several more intricate models were therefore developed after the first observation of

the EB effect, considering e.g. the structural composition of the system and interface. In

the following, a theoretical model for the description of polycrystalline EB thin film systems

will be introduced briefly, which is based on a two energy level approach. This is especially

of importance, as the EB thin film systems used in this work were fabricated by sputter

deposition and therefore exhibit a polycrystalline structure.
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The first approach to incorporate a granular composition of the AFM layer in a FM/AFM

thin film system was proposed by Fulcomer and Charap. They considered the AFM as an as-

sembly of small, non-interacting grains, which are in direct contact with the FM layer.[FC72]

As illustrated in Fig. 2.4(a), each grain i possesses a magnetically effective volume Vi and

couples via exchange interaction over the contact area Si at the FM/AFM interface with

spins in the FM layer.[EJE05] The FM layer is thereby assumed to reside in a monodomain

state. Additionally, each grain is attributed with an individual AFM uniaxial anisotropy

constant KAFM,i and an individual exchange coupling constant κEB,i.[EJE05] In the case of

β0

E

0 π

Ei Δi

-κEB,iSi
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Fig. 2.4: Schematic illustration of a theoretical model for polycrystalline EB thin film systems.
(a) A monodomain FM layer is in direct contact with an AFM layer, which is treated as an
assembly of individual grains i with magnetically effective volume Vi and contact area Si with the
FM layer. (b) Calculating the free energy of an individual grain in a two-energy level model reveals
in dependence on the angle β0,i between the direction of AFM uniaxial anisotropy, described by the

constant KAFM,i, and the direction of the AFM grain magnetization M⃗AFM,i a global and a local
energy minimum for the orientation of the interfacial magnetic moment of an AFM grain. Both
minima are separated by an energy barrier ∆i. Adapted from [EJE05].

equal directions for FM and AFM anisotropies, the orientation of uncompensated magnetic

moments at the FM/AFM interface for each grain can now be evaluated by the free energy

Ei:[FC72, EJE05, Müg16]

Ei = KAFM,i · Vi · sin2 β0,i − κEB,i · Si · cos β0,i. (2.18)

The angle β0,i is situated between the direction of the AFM grain uniaxial anisotropy KAFM,i

and the direction of the AFM grain magnetization M⃗AFM,i. Plotting Ei as a function of β0,i,

as schematically done in Fig. 2.4(b), reveals an upper local energy minimum for antiparallel

alignment of the grain-averaged uncompensated interfacial net moment and the FM layer’s

magnetization and a lower global minimum for the parallel configuration. It can also be

seen, that both minima are separated by an energy barrier ∆i, which can be derived from

equation 2.18 to be [EJE05]

∆i = KAFM,i · Vi − κEB,i · Si +
(κEB,i · Si)

2

4 ·KAFM,i · Vi
. (2.19)
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Described vividly, only the AFM grains residing in the global energy minimum exhibit a

stable coupling to the FM layer and therefore contribute towards HEB, while AFM grains

in the local minimum can relax over time by thermal activation processes into the global

minimum and therefore do not contribute to a stable coupling or HEB (given that the en-

ergy barrier is sufficiently low). Hence, HEB is expected to be proportional to the difference

between the number of grains populating the global and the local energy minimum.[EJE05]

Inferring from equation 2.19, a positive energy barrier and therefore a stable coupling can

only occur for AFM grains with 2 ·KAFM,i ·Vi > κEB,i ·Si. In general, the height of the energy

barrier is heavily influenced by the characteristic distribution of grain volumes, interfacial

contact areas, anisotropy constants and exchange coupling constants within a granular sys-

tem. Ergo, the energy barriers are distributed as well and different classes of AFM grains

can be assigned, depending on their energy barrier height and the corresponding thermal

stability.[ESW11] This thermal stability can be expressed by a transition rate 1/τ from the

local towards the global energy minimum. It is given at a certain temperature T by using

the characteristic transition rate ν0 for a spin flip:[EJE05]

1

τ
= ν0 ·

(
e

− ∆i/kB · T + e−
(
∆i + 2 · κEB,i · Si

)
/kB · T

)
. (2.20)

Taking this transition rate into account, the characteristics of polycrystalline EB thin film

systems can now be studied in dependence of temperature and time. The model also postu-

lates a maximum blocking temperature TB above which no EB is observable in the system,

as all the AFM grains contributing to HEB become thermally unstable.[FC72, OFOVF10]

Heating the system to a temperature above TB and letting it cool below TB in an external

magnetic field sets an initial distribution of grains within the local and global minimum of

the free energy.[EJE05] AFM grains with comparably small energy barriers also possess a

small relaxation time and therefore transit from the local to the global minimum shortly

after the initialization of the system. The population of both energy levels is therefore tem-

perature and time-dependent, leading to an increase of HEB over time at a temperature

below TB.[EJE05] Contrastingly, AFM grains with larger energy barriers switch from the lo-

cal to the global minimum on a greater time scale, thus, exhibiting very low transition rates.

This theoretical model for polycrystalline EB systems has been refined in several works,

introducing e.g. a rotatable anisotropy for AFM grains, resulting in a better understanding

of coercivity and time-dependent remagnetization behavior.[GPS02, HG12] Recently, it was

found that a time-dependent treatment of this anisotropy leads to a more accurate descrip-

tion [MGM16], being closely linked to the polycrystalline structure of the system [MHR20].

2.3.2 Modification by helium ion bombardment

Considering the two-energy level model introduced in the previous section, it can be con-

cluded that an energy input, e.g. an elevated environmental temperature T , with the system
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inside an external magnetic field, can modify the population of AFM grains in the local and

global minimum and therefore lead to a macroscopically observable change in HEB. Based

on this, several methods were investigated in the literature to supply this additional energy

locally and thereby obtain a magnetic pattern of sample regions with deliberately set di-

rections and magnitudes of HEB. For instance, heating EB thin film systems locally by a

laser [KCJ04, ZRL16, BLS14] or by a hot atomic force microscopy tip [APP16] achieves the

desired EB control. These techniques however do not allow for a fast processing of larger

sample areas. Here, the bombardment of the EB system with helium (He) ions, having ki-

netic energies in the order of keV, proofs to be more suitable and will therefore be discussed

in detail in the following, as this procedure was also used to produce the micromagnetic

domain patterns used for magnetic particle transport. The controlled modification of EB

via He ion bombardment is based on the work of Chappert et al., firstly demonstrating an

alteration of the coercive field and therefore magnetic anisotropy in a cobalt-platinum layer

system by irradiation with He ions.[CBF98] When applying this ion bombardment proce-

dure to a FeNi/FeMn EB system, it was found that the macroscopically measured HEB of

the system is suppressed, with the suppression increasing for higher ion bombardment doses

until the EB completely vanishes.[MLF00] The suppression was attributed to an induced

intermixing at the FM/AFM interface by impinging He ions, effectively destroying the ex-

change coupling.[MLF00] The possibility to use this method for creating magnetic patterns

in EB systems was already recognized. This was further highlighted in subsequent works,

when it was found that the application of an external magnetic field H⃗IB during the bom-

bardment process can lead to an arbitrary reorientation of the EB direction and a controlled

modification of the HEB magnitude.[MMJ01] Two cases can be distinguished: a field-cooled

EB system is placed inside a magnetic field which is pointing either parallel or anti-parallel

to the EB direction induced by the field-cooling field H⃗FC. For the parallel configuration,

an increase of the absolute HEB is observed for low ion doses, resulting in a more pro-

nounced shift of the magnetization curve in the field-cooled EB direction.[MMJ01] For the

antiparallel alignment however, He ion bombardment at low doses leads to a reversed sign of

HEB with again an increase of the absolute HEB.[MMJ01] The corresponding magnetization

curve therefore exhibits a shift in the opposite direction of the field cooling-induced EB.

Approaching higher ion doses, the magnitude of HEB is lowered in both cases, with a com-

plete diminishing of the EB in combination with a lowered coercive field occurring at very

large ion doses.[MMJ01] The EB shift as a function of the ion dose together with exemplary

magnetization curves is illustrated in Fig. 2.5.

From a microscopic point of view, the observed modification of the EB via the ion dose and

direction of H⃗IB can be explained by altered coupling sites at the FM/AFM interface.[Ehr04]

Assuming that HEB is proportional to an area density nC of coupling sites, impinging ions

create structural defects in the AFM volume, hypothetically leading to the generation of

new coupling sites, and at the FM/AFM interface, thereby eliminating coupling sites.[Ehr04]
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Fig. 2.5: Modification of EB shift and direction by bombardment with keV He ions in an external
magnetic field H⃗IB. (a) Schematic representation of magnetization curves for EB systems treated
with different ion doses. (b) Dependency of the EB shift after ion bombardment HEB,IB, normalized
to the original EB magnitude after field cooling HEB,0, on the ion dose during the bombardment

procedure. For a parallel alignment of H⃗IB and the field cooling direction H⃗FC, HEB,IB increases

for low ion doses until a maximum value is reached (1). For antiparallel alignment of H⃗IB and H⃗FC

the same tendency is observed, only that in this case the sign of HEB,IB is reversed, indicating an
opposite direction of the EB compared to the field cooling induced orientation (3). For both direc-
tions of H⃗IB, an increasing ion dose reduces HEB,IB, following the maximum, until it is decreased to
zero for very high ion doses (2). Both curves are based on equations 2.23. Adapted from [MMJ01].

Thus, an enhancement of HEB correlates with an increase in the number of new coupling site

at the FM/AFM interface. The increase Ω is thereby a function of the effective cross section

σAFM for the creation of a defect in the AFM volume by an incoming ion at a certain depth

t.[Ehr04] In addition, Ω is proportional to the probability α that the introduced defect also

leads to the formation of a new coupling site at the interface.[Ehr04] The complete increase

Ω in coupling sites at a given ion dose D can be written as follows for a thickness tAFM of

the AFM layer:[Ehr04]

Ω = α · nAFM,0 · tAFM ·
(
1− e−σAFM·D) , (2.21)

where nAFM,0 stands for the area density of atoms at their lattice position in the AFM before

ion bombardment. Coming back to the two-energy level model introduced in section 2.3, the

enhancement of HEB can be related to two effects: Supposing that the ions penetrating the

system release their kinetic energy by collision with surrounding atoms, this results in a local

hyperthermal heating of individual AFM grains, since the released energy is usually several

orders of magnitude larger than the available thermal energy.[EJE05] As a result, AFM

grains with a large effective magnetic volume and therefore comparably high energy barriers

are provided with enough energy to transition from the local energetic minimum across the

barrier to the global minimum (cf. Fig. 2.4). Given only the thermal energy, these grains

would not relax into the global minimum on an experimental time scale, which is why due to
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the hyperthermal heating they can now contribute to the magnitude of HEB. Additionally,

the ion bombardment generated defects in the AFM contribute towards a reduction of the en-

ergy barrier, which is either attributed to a reduction in the effective magnetic volume of the

AFM grains by the defects or results from a weakening of the antiferromagnetic order within

a grain.[EJE05] Thus, owing to the smaller energy barriers, larger grains can also transition

to the global energetic minimum by using thermal energy, thus contributing towards HEB.

As this transition is a time-dependent process, it was observed that HEB can get larger when

measuring magnetization curves over time after the bombardment procedure.[EJE05] The

change of sign for HEB observed for antiparallel orientation of HIB during bombardment can

now be understood as a relaxation of AFM grains into the global energy minimum, which

in this case promotes a parallel coupling to the now oppositely magnetized FM layer. Con-

sidering now the decrease of HEB to complete suppression, this effect can be explained by a

destruction of coupling sites due to structural defects at the FM/AFM interface, caused by

the ion bombardment with probability β.[Ehr04] The ensuing decrease in the area density

nC of coupling sites can be expressed as an exponential function of the ion dose D and the

effective cross section σi of the impinging ions:[Ehr04]

nC = nC,0 · e−β·σi·D. (2.22)

Here, nC,0 is the area density of coupling sites before ion bombardment. Combining equations

2.21 and 2.22, finally gives a description of the modification of HEB by ion bombardment in

a parallel (↑↑) or antiparallel (↑↓) oriented magnetic field H⃗IB by means of two competing

exponential functions:[Ehr04]

HEB

HEB,0 ↑↑
=
(
1 + Cp ·

(
1− e−σAFM·D)) · e−β·σi·D , (2.23)

HEB

HEB,0 ↑↓
=
(
1− Cap ·

(
1− e−σAFM·D)) · e−β·σi·D. (2.24)

This is true for the following conditions: Cp = α · nAF,0 · tAF and Cap = Cp + 2.

2.4 Transport of magnetic particles in aqueous solu-

tion

Having covered the basics of solid state magnetism and the EB effect, the focus will now be

switched to a presentation of the important theoretical aspects of magnetic particle trans-

port in a liquid environment. In the beginning, an overview of established concepts and

mechanisms presented in the literature will be given.

As a basic principle, the transport of magnetic particles within a magnetic field H⃗ relies on

the exerted magnetic force F⃗mag, which is proportional to the applied field gradient:[Gij04,
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PCJ03, RLL16]

F⃗mag = µ0 ·
(
m⃗ · ∇⃗

)
H⃗. (2.25)

Here, µ0 represents the magnetic field constant and m⃗ represents the magnetic moment of

the particle, which is dependent on the type of the considered magnetic particle and will

therefore be reviewed in section 2.4.2. Considering the required magnetic field gradient for

particle transport, investigations ranging from the application of macroscopic field gradients

to dynamically transformed microscopical MFLs are known and will therefore be summarized

in the next section 2.4.1. As artificially designed MFLs were used in this work for the

controlled actuation of magnetic particles, a theoretical description will be given in section

2.4.3. For the theoretical interpretation of the acquired results, a detailed consideration of

the acting forces during the transportation of a magnetic particle within a MFL is needed

and will therefore complement this chapter.

2.4.1 Actuation concepts

In terms of magnetic force employment to manipulate magnetic particles, one can achieve

either magnetic separation or magnetic transport for integration in LOC systems. Magnetic

separation of particles can thereby be induced, in the simplest case, by approaching a flu-

idic suspension with a permanent magnet.[PCJ03, Gij04] Once the magnetic particles are

immobilized at the container wall due to the attraction towards the magnet, unwanted super-

natant can be extracted, resulting in a remaining fraction of solely magnetic particles upon

removal of the permanent magnet. However, this method suffers from usually slow accumu-

lation rates [PCJ03] and the possible formation of unwanted particle aggregates. Another

approach, which allows the integration of microfluidic structure elements, involves the inte-

gration of a fluid flow within the magnetic particle suspension.[PCJ03, Gij04, Pam06, Ruf16]

Here, the magnetic force attracting the particles needs to exceed the fluid drag, so that par-

ticles stay immobilized while unwanted fluid contents are washed away.[PCJ03, Gij04] This

process can be miniaturized using microfluidic channels, which ensure a laminar flow for

small fluid volumes. Permanent magnets can be used to exert the magnetic force, but also

micrometer-scaled, current driven coils are an option, as they make a more local application

of magnetic fields and particle trapping possible.[CLA01] However, the magnetic fields gener-

ated by the coils usually suffer from low flux densities and gradients, therefore the magnetic

force on the particles is much lower as compared for permanent magnets. To overcome this

limitation, a strong uniform magnetic field (exhibiting no gradients) can be applied in ad-

dition [TGF01], so that commonly used superparamagnetic particles gain a larger magnetic

moment and accordingly, as can be seen by equation 2.25, the magnetic force is increased as

well.

Magnetic separation, which is typically understood as the actuation of magnetic particles by
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a fluid flow and immobilization by a magnetic force, is attributed to be in contrast to the

concept of magnetic transport. Here, particle motion is induced by magnetic forces within

a static fluid environment.[Gij04] Particle motion is only within reach when the magnetic

force overcomes the counteractive hydrodynamic drag force. According to Stoke’s law for

laminar fluid flow, the drag force F⃗drag can be written for a spherical particle with radius r

in a liquid with viscosity η as [PCJ03, Gij04]

F⃗drag = 6 · π · η · r · ∆⃗v, (2.26)

where ∆⃗v expresses the velocity difference between the magnetic particle and the liquid.

For the special case of a static liquid, the drag force is governed by the steady-state motion

velocity of the particle. In a macroscopic approach, magnetic fields stemming either from per-

manent magnets or electromagnets can be employed to transport magnetic particles within

field gradients.[Pam06] For the former method, mechanically moving permanent magnets can

be used to achieve a constant movement of magnetic particles, since the trapped particles

will follow the movement of the magnet. Electromagnets have the advantage, that magnetic

fields can controllably be switched on/off and that an arrangement of several perpendicularly

placed electromagnets can create rotational fields, allowing, e.g, induced rotation of magnetic

particles or chains for fluid mixing.[Pam06, ANPMS21] In an effort to miniaturize transport

systems, and thereby attaining a more precise local control over particle motion within a

microfluidic environment, first works were focused on the usage of magnetic fields generated

by micron-sized coil structures.[Gij04] Here, automated batch micro-fabrication technologies

can be employed to fabricate the necessary elements, paving the way towards a stream-

lined production of LOC systems.[Gij04] Transport of individual magnetic particles can be

achieved by running currents subsequently through adjacently placed coil structures, thereby

shifting the position of maximum field gradient and maximum attraction for the particle.

For instance, tapered micro-conductors could be used to observe the transport behavior of

superparamagnetic particles (diameter of 2 µm) in fluids with different pH values.[WSFX05]

In further studies, circularly shaped four-phase conductors were introduced to separate par-

ticles with diameters of 2 µm and 4.5 µm [LLWS07], and loop structures of microscopic gold

wires were employed to guide magnetic particles towards a designated sensing area [GKL16].

A disadvantage of conductor elements is, however, the possible occurrence of Joule heating

caused by the application of a current.[Pam06] This may lead to unwanted heat dissipation

into the liquid.

Another promising technique for the controlled transport of magnetic particles presents it-

self in the usage of micromagnetic structures or domain walls (DW) in embedded magnetic

thin films as trapping sites. These manipulation methods allow a more precise control over

individual particles, as local magnetic field gradients in the micrometer-range are used for

exerting a moving force onto the particles.[ANPMS21] By employing periodical structures
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the opportunity is given to actuate many individual particles in parallel, with a potential

for automation and high throughput. Fig. 2.6 gives an overview over existing concepts and

mechanisms for this area of magnetic substrates in LOC systems. Regarding micromagnetic

elements, one can distinguish between the application of hard magnetic (HM) and soft mag-

netic (SM) materials (Fig. 2.6 (a)).[RLL16] They can be fabricated by standard lithography

techniques and can have, as illustrated, various shapes ranging for instance from ellipses and

circles to triangles. For both cases, the transport mechanism is connected with the appli-
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Fig. 2.6: Schematic depiction of existing concepts for the controlled transport of magnetic par-
ticles based on tailored MFLs. (a) Magnetic particles (brown) are moved above magnetic micro
structures, e.g. ellipses, circles and triangles. Emerging magnetic stray fields are capturing the par-
ticles through attractive magnetic forces and controlled motion is induced by applying temporally
changing external magnetic fields. In the case of HM elements, particles are moved by superposing
the microscopic magnetic stray field from the structure with the external field, hence, modifying
the position of minimal potential energy for the particles. For SM elements, the external magnetic
field induces a remagnetization, thereby manipulating the emerging stray fields and consequently
the particles’ position. (b) DWs forming in confined magnetic structures are also usable as trapping
sites for magnetic particles. Exemplary zig-zag and circular structures, incorporating head-to-head
and tail-to-tail dDWs, are shown for illustration. The DWs, and therefore also the trapped par-
ticles, are movable by means of an external rotating magnetic field. (c) In this concept, particles
are transported above a topographically flat magnetic thin film with a specific magnetic domain
pattern, either occurring naturally or created artificially. As a result, a periodic magnetic stray field
landscape is formed above the substrate, attracting the magnetic particles towards positions above
a DW. Particle motion can be induced by applying time-varying external magnetic fields, leading
e.g. to remagnetization of the domains and therefore to changing positions of DWs and particles.
Using only weak external magnetic fields, particle transport can also be induced by superposing the
static local magnetic stray field landscape generated by the substrate with the external fields, thus,
achieving a dynamic alternation of the positions for minimum particle potential energy. Adapted
from [RLL16].

cation of a time-varying (rotating) external magnetic field in order to shift the position of

minimum potential energy for a magnetic particle above the magnetic elements. The poten-

tial energy U (x, y, z, t) is described by the scalar product of the time-dependent particle’s
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magnetic moment m⃗ (x, y, z, t) and the local magnetic field H⃗ (x, y, z, t):[RLL16]

U (x, y, z, t) = −µ0 · m⃗ (x, y, z, t) · H⃗ (x, y, z, t) . (2.27)

Referring to equation 2.25, the acting magnetic force is given by

F⃗m = −∇⃗U (x, y, z, t) . (2.28)

Hence, magnetic particles are attracted towards positions of local maximum magnetic field

strength (minimum potential energy) and are guided by the magnetic force, which is propor-

tional to the local field’s gradient. One way to achieve a modulation of the local magnetic

field and thereby particle position is an induced remagnetization of the magnetic substrate

structure by a sufficiently large external magnetic field. This method is especially effec-

tive for SM structures (prominently made up of NiFe) since then remagnetization fields can

be rather small. Here, flexible transport mechanisms were demonstrated for a large range

of possible structure geometries: periodic arrays of circular elements [TGV11], triangles

[SKB21], antidots [OB17], and a more sophisticated spider web structure [LTK17]. All al-

low for a two-dimensional transportation of magnetic particles due to deliberately induced

magnetization states in the elements by an external rotating in-plane magnetic field.[LVS17]

Contrastingly, for periodic structures made of HM elements the transport mechanism relies

on the combination of a static but locally varying MFL with a time-varying macroscopic

external magnetic field (cf. Fig. 2.6(a)). This leads to a temporal modification of a mag-

netic particle’s potential energy landscape above the elements with the particle following the

position of minimum energy and thereby being transported. Previous works have proven

this concept for periodic arrays of HM disks [CBV13, YES07], zig-zag wires [CBV13], EB

microstripes [DDH12], and out-of-plane magnetized ring structures [UHE18]. Upon the ap-

plication of an external rotating driving field, the potential energy landscape resulting from

the superposition of local stray fields and the external field can be described as a traveling

wave. Therefore, magnetic particles travel within the wave troughs at an average velocity

proportional to the rotation frequency ω of the external field.[YES07, RLL16] This, however,

only holds true when the rotational frequency does not exceed a certain critical frequency

ωc. In this so-called “phase-locked” regime, magnetic particles are transported across the

HM elements with the same velocity for the time-varying minima of the potential energy

landscape.[YES07, RLL16] Beyond ωc, the drag force (see equation 2.26) inhibits a con-

tinuous motion of particles, as they slip out of the potential energy wells and perform a

rocking motion between adjacently placed HM elements. In this “phase-slipping” regime,

the average velocity of the particles is consequently reduced.[YES07, RLL16] Considering a

periodic array of HM elements, with k = 2π/d describing the periodicity of the array (d is the

distance between two HM elements), and transport of particles with viscous drag coefficient

γ induced by the magnetic force Fmag, the critically frequency is in general expressed by
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[YES07, RLL16]

ωc =
Fmag · k

γ
. (2.29)

So it becomes obvious that the critical frequency is mainly influenced by the properties of

the experimental setup (e.g. magnetic substrate configuration and liquid medium) and of the

used magnetic particles. The described phenomenon can be exploited to achieve a controlled

separation of magnetic particles with varying properties, i.e. placing one fraction of particles

in the “phase-locked” regime and another fraction in the “phase-slipping” regime by tuning

ω accordingly. This is especially promising for application in LOC devices, where particle

fractions shall be distinguished depending on binding events with analyte molecules.

For the so-far discussed periodic arrays of SM and HM micro-magnets, local magnetic stray

fields are emerging from the structure element’s edges. Another source for such micrometer-

scaled magnetic fields, however, can be DWs in magnetic thin films. As it will be further

described in section 2.4.3, DWs characterize the transition region between areas of different

uniform magnetization. Here, different substrates and strategies can be found regarding the

controlled transport of magnetic particles in DW-based stray fields.[RLL16] First of all, a

common approach is to use DWs, forming in magnetic structures with confined geometries

after the application of a saturation field, for trapping magnetic particles in the magnetic

stray field emerging above the DW (as illustrated in Fig. 2.6(b)). Subsequently, an external

rotating magnetic field is applied to induce remagnetization within the structure and thereby

gradually shift the position of the DW and henceforth also the particle.[RLL16] This has

been demonstrated for SM zig-zag tracks [DVG10], SM curvilinear tracks [RB17], an ar-

rangement of “T” and “I” shaped elements [ANB21], and a periodic array of ferromagnetic

ring structures [STD14].

Making use of full magnetic thin films, one method that does not involve microstructur-

ing techniques is the employment of ferromagnetic garnet films with uniaxial magnetic

anisotropy.[TSJ09, RLL16] In these kind of magnetic thin films domains are occurring nat-

urally in two typical periodic structures, depending on the applied magnetic field history:

either as a one-dimensional array of alternating up and down magnetized parallel stripes or

as a two-dimensional array of cylindrical bubbles inside a monodomain environment with

opposite out-of-plane magnetization.[TSJ09] For inducing particle transport in case of the

stripe pattern, local positions of maximum magnetic stray field (minimum potential energy)

can be modulated by applying a time-varying magnetic field in z- and x-direction. The

field’s z -component (out-of-plane direction) increases/decreases the width of the stripe do-

mains, depending on their magnetization direction with respect to the applied field. The

x -component (in-plane direction) weakens/strengthens particle trapping sites at the DWs

depending on the direction of the local stray field.[TSJ09] Therefore, a hopping-like motion

of magnetic particles from one DW to the adjacent one is observed. Owing to the domain
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pattern symmetry, the transport direction is one-dimensional for this instance. Switching to

circular bubble domains, also two-dimensional transport can be achieved. Here, an in-plane

rotating magnetic field is combined with a static field in z -direction. The rotating field

induces a circular particle motion around the edges of a bubble domain, while the z -field

increases/decreases the size of the domains, allowing for a jump of particles from one bubble

domain to the adjacent one.[TSJ09]

Periodic domain patterns in full magnetic thin films can as-well be artificially induced. A

prominent example is the local modification of the unidirectional magnetic anisotropy in

EB thin films by bombardment with helium ions in an external magnetic field, also referred

to as ion bombardment induced magnetic patterning (IBMP).[MPF01, FPM02, EKK04] As

explained in section 2.3.2, modifications of the thin film due to defect creation and en-

ergy transfer by the impinging ions lead to changes in the EB whereat its direction can be

deliberately set by the external field. Using a micro-structured resist layer on top of the

system allows for the creation of basically arbitrary magnetic domain patterns with a tai-

lored magnetic stray field landscape emerging from the resulting DWs, since the penetration

of ions into the system at defined areas/locations is prevented.[EKH15] For a prototypical

stripe domain pattern of alternating in-plane magnetization orientation (as sketched in Fig.

2.6(c)), emerging magnetic stray fields act as trapping sites for superparamagnetic particles.

Similar to the previously discussed mechanism for stripe domains in magnetic garnet films,

inducing DW motion through periodic magnetic field pulses in x - and z -direction results in

a one-dimensional directed transport of the particles [ELW11]. This concept, also known

as domain wall movement assisted transport (DOWMAT) [ELW11], requires, however, suf-

ficiently large fields in order to induce remagnetization and thereby DW motion. Especially

in the case of EB systems, where magnetization curves are shifted and typically exhibit

a comparatively large coercive field, this field can be up to 30 kAm−1 (38mT) [ELW11],

which would be unfavorable with respect to energy-efficient LOC devices. In order to cir-

cumvent this issue, the static magnetic stray field landscape forming above EB systems with

an artificially imprinted periodic domain pattern can also be superposed with weak external

magnetic field pulses. Analogous to periodic arrays of HM micro-magnets, the superposition

with the time-varying external field modulates the position of minimal local potential energy

for a magnetic particle, thereby inducing a controlled transport [HKB15]. This transport

concept was vital for the experiments conducted in this work and will therefore be covered

more in depth in chapters 4, 5, 6, and 7.

2.4.2 Magnetic particle classes

Regarding the potential application in LOC devices, the magnetic properties of nano- or

micrometer sized particles can be distinguished on whether a particle possesses a zero or non-

zero remanent magnetization in the absence of an applied magnetic field. This leads to the
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classification of particles exhibiting superparamagnetic or ferromagnetic properties.[Gij04,

Ruf16] Superparamagnetic particles are characterized by a magnetic monodomain state,

which occurs solely due to the physical dimension of the material: it needs to be of the

order or smaller than the typical size of a magnetic DW.[Gij04] In the case of Fe/iron,

the typical DW width can be calculated to 42 nm.[Gij04] Additionally, superparamagnetic

behavior is only observable, if the time-averaged magnetization of a particle is zero, when no

external magnetic fields are applied.[Gij04] As a requirement, the magnetic anisotropy of a

monodomain particle, described by the product of the magnetic anisotropy constant K and

the particle’s volume V , needs to be lower than about ten times the thermal energy. The

latter is defined by kB ·T with kB as Boltzmann’s constant and T expressing the observation

temperature.[Gij04] For room temperature, one can estimate a maximum radius of 6 nm as

the superparamagnetic size limit for a spherical iron particle.[Gij04] The application of a

magnetic field leads to an induced non-fluctuating magnetic moment for the whole particle.

Superparamagnetism is therefore comparable with paramagnetism, but contrastingly can

also occur below the critical temperature of the material.[Ruf16]

As superparamagnetic particles are sufficiently small magnetic particles [Ruf16], they still

exhibit the same saturation magnetization of the respective material. Changing the direction

of the magnetic field, the magnetic moment of the particle will align accordingly by two

possible relaxation mechanisms: Brownian or Néel relaxation.[Gui17, TKW13, Bie12] In the

case of Brownian relaxation the particle rotates physically to achieve the alignment. If the

particle is dispersed within a fluid, the relaxation time τBrown depends on the hydrodynamic

volume VH of the particle, the viscosity η of the surrounding fluid, and the thermal energy

kB · T :[Bie12]

τBrown =
3 · η · VH
kB · T

. (2.30)

Néel relaxation is characterized by a magnetic moment’s realignment due to an induced

remagnetization process, also called a spin-flip. This thermally activated process can be

described by the Néel-Arrhenius equation [Bie12]

τNéel = τ0 · e
K · V/kB · T , (2.31)

with τ0 being a material specific attempt period (usually between 1 ps and 100 ps).[Ruf16]

In order to work with particles of larger sizes (e.g several micrometers), that still exhibit

superparamagnetic behavior, several fabrication methods are known. They are mostly based

on the embedding of superparamagnetic nanoparticles (usually made of iron oxide) within

a non-magnetic matrix.[Ruf16] Depending on the specific arrangement, the following classes

of superparamagnetic microparticles, which are often times referred to as superparamag-

netic beads (SPB), can be named: “fruitcake” (homogenous distribution of nanoparticles
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within the matrix), “orange peel” (concentration of nanoparticles at the bead surface), and

“plum cake” (concentration of nanoparticles at the bead center).[Ruf16] Specifically in this

work, two different types of SPB were investigated and are therefore illustrated schemati-

cally in Fig. 2.7(a). One type refers to a distribution of superparamagnetic nanoparticles

around an organic core, while the other type is characterized by a uniform dispersion of the

superparamagnetic material throughout the whole bead. For both SPB types the nanopar-

ticles are contained by a polymer layer at the bead surface. As initially discussed, magnetic

nm

superparamagnetic
material

organic core

polymer layer

magnetic cap

non-magnetic
template particle

(a) (b)

Fig. 2.7: Schematic illustrations of the classes of magnetic particles employed in this work. (a)
SPBs: Depending on the distributor, two structures can be distinguished. On the one side, the
superparamagnetic material, consisting of magnetite nanoparticles, is distributed evenly around an
organic core and hold into a spherical shape by a polymer shell layer (left). On the other side, the
superparamagnetic material is distributed homogeneously throughout the whole particle (no core)
and contained by a polymer layer (right). (b) Magnetic Janus particles: For this type of asymmetric
spherical particles, this work focussed on the following structure. Non-magnetic template particles
are covered by a magnetic cap exhibiting a permanent magnetic moment. The cap can constitute
of different magnetization states, which critically influence the direction and strength of the cap’s
magnetic moment and are therefore further described in the text.

particles can also exhibit a non-zero magnetization in remanence, resembling ferromagnetic

behavior. Regarding the application in LOC devices, this can be advantageous for achieving

higher average transport velocities and for inducing controlled physical rotations.[HRT21]

As a drawback, however, particles with a permanent magnetic moment tend to aggregate

due to a strong magnetic interaction. This can be suppressed for SPB, as they loose their

induced magnetic moment when the applied magnetic field is turned off. Alternatively, one

can also design asymmetrically structured particles with a permanent magnetic moment.

These are commonly referred to as magnetic Janus particles (MJP).[CGS19] Janus particles

are in general characterized by consisting of two sides with differing surface properties.[dG92]

Transferring this basic concept to MJP, they are typically described by having a magnetic

and a non-magnetic side. This particle structure can be advantageous, as it allows for the

combination of magnetic field actuation and the usage of two different chemical surface

compositions.[CGS19] One simple method to fabricate MJP relies on the deposition of a
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magnetic thin film on top of a self-assembled layer of non-magnetic particles.[AHG05] As

sketched out in Fig. 2.7(b), this leads to the formation of a magnetic cap covering one half

of the original template particle. Depending on the size of the template particle, the ma-

terial and thickness of the deposited cap, different magnetization textures can be observed

within the cap.[SKS12] These range commonly from a perpendicular to surface orientation

of magnetic moments (out-of-plane state), a curled formation of magnetic moments (vor-

tex state) and a uniform surface tangential alignment of magnetic moments in a defined

direction (onion state).[SFK16] MJP are recognized as promising candidates for LOC ap-

plications since several proof-of-concept works demonstrated their transport and rotational

capabilities.[BMS12, LYY16, CGS19, HRT21]

2.4.3 Tailored magnetic stray field landscapes

When describing the origin of magnetic stray fields in FM thin films, especially with regard to

periodic stray field landscapes, one needs to consider the accumulation of magnetic partial

charges at the boundary of a magnetic domain, i.e. an area with uniform magnetization

direction.[HS98] Depending on the specific magnetization configuration, positive (+) and

negative (-) magnetic partial charges can be distinguished. In general terms, they can

be understood as sources and sinks for the domain magnetization.[HS98] Boundaries of

a domain can either be physically defined by the sample’ surface or by a DW. Within a

DW the magnetization is rotated with start and end orientation being the magnetization

direction in the adjacent domains. In the simplest case, two domains separated by a DW

have opposite magnetization orientations and then two types of DWs can be found depending

on the rotation plane for the magnetization [HS98, Get08], as depicted in Fig. 2.8(a) and

(b). Considering an in-plane orientation of the domain magnetization, if the rotation plane is

perpendicular to the film plane, i.e. parallel to the DW plane, a so-called Bloch wall results

[HS98, Ste12] (Fig. 2.8(a)). For the opposite case, a magnetization rotation in the film plane

and perpendicular to the DW plane, it is denoted as a Néel wall [HS98, Ste12] (Fig. 2.8(b)).

As illustrated in Fig. 2.8(a) and (b), the energetically preferred DW type is by a large degree

determined by the thickness dFM of the FM film. Néel walls are preferentially formed in very

thin films, where the thickness becomes comparable to the DW width w.[HS98] The DW type

is also influencing the distribution of (+) and (-) magnetic partial charges. For Bloch walls,

the formation of magnetic partial charges at the film boundaries is favored, while for Néel

walls they are occurring within the DW volume.[HS98] Accordingly, one can discriminate

for a system with in-plane magnetization M⃗ and surface normal vector n⃗S between surface

charges (σS = M⃗ · n⃗S) and volume charges (ρV = −∇⃗ · M⃗).[HZK13] Based on the densities

of surface and volume charges, the stray field H⃗(r⃗) emerging from a magnetic sample with
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Fig. 2.8: Illustrations of DW types and distributions of magnetic partial charges in FM thin films
with thickness dFM and in-plane magnetization. (a) For oppositely directed magnetizations in ad-
jacent domains, one way for the magnetic moments to reorientate is by an out-of-plane orientation,
leading to the formation of a Bloch wall with DW thickness w. Magnetic partial charges (+) and
(-) are created at the thin film’s surfaces. (b) In contrast, DWs with an in-plane rotation of the
magnetic moments are called Néel walls and magnetic partial charges are formed in the bulk of
the thin film. (c) In head-to-head DWs, with domain magnetizations M⃗1 and M⃗2 being parallel to
the DW normal vector n⃗w, a surplus of positive magnetic partial charges is present, resulting in an
overall charged DW. Λ⃗ denotes the vector difference between M⃗1 and M⃗2. Adapted from [HS98]
and [HZK13].

magnetization M⃗ , volume V , and surface area S can be expressed by [RMG90]

H⃗(r⃗) =

∫
V

ρV

(
r⃗′
)
· R⃗∣∣∣R⃗∣∣∣3dV ′ +

∫
S

σS

(
r⃗′
)
· R⃗∣∣∣R⃗∣∣∣3dS ′, (2.32)

with R⃗ = r⃗ − r⃗′ referring to specific positions within the considered volume. Inducing a

defined distribution of volume charges in Néel walls can therefore lead to tailored magnetic

stray fields emerging above the DW. The DW width and therefore the strength of the oc-

curring stray field can be modified by introducing charged DWs.[Hub79] As depicted in Fig.

2.8(c), charged DWs are characterized by an uneven distribution of (+) and (-) magnetic

partial charges leading to the formation of a net charge. In Néel walls, the scalar product of

the difference between adjacent domain magnetizations Λ⃗ = M⃗1 − M⃗2 and the DW normal
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vector n⃗W needs to be non-zero for inducing a net charge [HZK13]

ρnet = n⃗W · Λ⃗ = n⃗W ·
(
M⃗1 − M⃗2

)
. (2.33)

From this relation, it becomes clear that the net charge is maximized for an in-plane mag-

netization of adjacent domains with opposite orientation, as indicated in Fig. 2.8(c). This

configuration is also referred to as a head-to-head DW.[HZK13] For thin films, the DW in-

duced magnetic stray fields are decaying more strongly with increasing distance from the

surface as compared to bulk materials.[HS98] Thus, the increase of stray field energy ac-

companying the formation of charged DWs is less pronounced.[HS98] Consequently, charged

domain walls occur more frequently in thin films.[Hub79, HS98]

Tailored DWs with optimized stray field strength can be deliberately imprinted into in-plane

magnetized EB thin film systems by IBMP.[HZK13] As described in section 2.4.1, this tech-

nique can even be used to fabricate a periodic domain pattern with alternating oppositely

directed magnetizations of adjacent domains. In this case, one refers to a head-to-head (hh)

and tail-to-tail (tt) domain configuration.[ELW11, HZK13] As the hh- and tt-DWs are mag-

netic stray field sources, a micro-scaled periodic MFL is found above the thin film, usable

for the direct transport of magnetic particles within a liquid environment.[ELW11, HKB15]

Since they are also charged DWs, the stray field strength is increased, leading to stronger

trapping sites for magnetic particles.[EHW07, ELW11] The MFL can be described quanti-

tatively by an analytical model originally developed for ferromagnetic longitudinal storage

media.[RMG90] In this model the change of magnetization Mx(x) within the sample for a

transition between magnetic domains of opposite in-plane magnetization can be described

by [Pot70, RMG90]

Mx(x) = ±2 ·Mr

π
· tan−1

(x
a

)
. (2.34)

Here Mr denotes the remanent magnetization of the FM layer and a denotes the domain

transition parameter, which is related to the DW transition length lW = π · a.[Pot70] For a
single transition, the magnetic stray field distribution H⃗(x, z) can be split into components

for x - and z -direction, which can be calculated according to the model by [Pot70, RMG90]

Hx(x, z) = 4 ·Mr ·
[
tan−1

(
x · (dFM + z)

x2 + a2 + a · (dFM + z)

)
− tan−1

(
x · z

x2 + a2 + a · z

)]
(2.35)

Hz(x, z) = 2 ·Mr · log

(
x2 + (dFM + z + a)2

x2 + (z + a)2

)
. (2.36)

dFM is hereby the thickness of the FM layer. As the mentioned periodic MFL is caused by

a finite repetition of n domain transitions with alternating sign (depending on (hh) or (tt)
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domain transition) and separated by the domain widths d, the total MFL HMFL(x, z) can

be written as [RMG90]

H⃗MFL(x, z) =
∑
n

(−1)n · H⃗ (x− n · d, z) . (2.37)

Alternatively to the analytical approach, one can also compute the MFL from equation 2.32

numerically by knowing the magnetization distribution within the sample from micromag-

netic simulations.[RHE21]

2.4.4 Acting forces

For a quantitative discussion on the motion of magnetic particles within dynamically trans-

forming artificial MFL observed in this work, the relevant forces acting on the particles will

be identified and described. First of all, a classification can be made depending on whether

the forces are of magnetic or electrostatic nature. As visualized in Fig. 2.9(a), magnetic

forces F⃗m are caused by the interaction with the MFL H⃗MFL(x, z), which is superposed

with a time-dependent external magnetic field H⃗ext(x, z, t). An electrostatic force Fel and

a van-der-Waals force FvdW are caused by the interaction of charged particle and substrate

surfaces (Fig. 2.9(b)). Other relevant forces, involving the drag force F⃗d due to friction with

the surrounding fluid, the gravitational and buoyancy force Fg and Fb are indicated in Fig.

2.9 (c).

Magnetic forces

As described by equation 2.28 the magnetic force F⃗m acting on a magnetic particle with

magnetic moment m⃗p is governed by the gradient of its potential energy U inside a magnetic

field. For the considered transport mechanism of the particles, the magnetic field is an

effective field H⃗eff (x, z, t) stemming from the superposition of the static MFL H⃗MFL(x, z) with

a time-varying external magnetic field H⃗ext(x, z, t).[HKB15, EKH15] It is hereby important,

that the external field does not induce a remagnetization within the substrate, so that the

(hh) and (tt) stripe domain configuration is retained and the MFL can be considered as

being static.[HKB15] Due to the used stripe domain geometry with parallel orientation of

the DWs, the y-component of the MFL can be neglected and the transport is therefore

assumed to be one-dimensional. Hence, the magnetic force can be expressed by [HKB15]

F⃗m = −∇⃗U (x, z, t) = µ0 ·
(
m⃗p (x, z, t) · ∇⃗

)
· H⃗eff (x, z, t) . (2.38)

This magnetic force leads to trapping of the particle above the position of a DW, as indicated

in Fig. 2.9(a) in the case of a (hh) DW. The vertical component of the magnetic force

F⃗m(z) · êz hereby attracts the particle towards the substrate and is balanced by other forces
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Fig. 2.9: Indication of forces acting on a magnetic particle, which is actuated close to a plane
substrate due to a dynamically transformed MFL within a microfluidic environment. (a) Magnetic
forces F⃗m act on the magnetic particle (brown) in x - and z -direction, which are caused by gradients
within the present MFL above the magnetically patterned substrate. For the pictured situation,
the forces attract the particle towards a position above a DW between domains with oppositely
directed magnetizations (see white arrows). (b) As the magnetic particle is close to the substrate
surface, an electrostatic force Fel and van-der-Waals force FvdW have to be accounted for. The
electrostatic force arises due to the formation of electrically charged surfaces for both particle
and substrate. As shown in the inset on the right side, a negatively charged surface leads to the
adsorption of positively charged, unsolvated ions from the liquid. This layer of ions is also called
the inner Helmholtz plane (IHP). Next to the IHP, solvated, negatively charged ions are bound,
leading to the formation of the outer Helmholtz plane (OHP). In the following, the thermal energy
is sufficient to prevent further binding of solvated ions, leading to a diffuse layer. Looking at the
distance-dependent potential ψ, the potential at the shear plane is called the zeta potential ζ, which
is often times used as a reference to describe surface potentials within liquids. (c) Other relevant
forces include gravity Fg and buoyancy Fb acting in z -direction. Lastly, the friction of actuated

particles with liquid molecules causes a drag force F⃗d in the opposite direction of the movement.

acting in z -direction. This is of special importance for determining an equilibrium distance

between substrate and particle, which later on in this work plays an important role for

theoretical discussions of particle transport observations. As can be seen from equation

2.38, the magnetic moment of the particles needs to be known for a quantitative expression

of the magnetic force. According to section 2.4.2, one needs to differentiate between the

respective class of magnetic particle. For the case of a ferromagnetic particle with a remanent

magnetic moment, e.g. a MJP, a constant moment can be assumed if the applied magnetic

field is not in the range of inducing remagnetization. This holds true for MJP with exchange

biased caps for instance.[TRH21] In comparison, the magnetic moment of SPB is governed

by the present magnetic field and is therefore time-dependent for the considered system. The

magnetic moment of SPB m⃗SPB(x, z, t) can be calculated in the point-dipole approximation
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with the help of the Langevin function in dependence on H⃗eff(x, z, t) and the orientation of the

surface normal vector (expressed by the angle α = tan−1 [Hz (x, z, t)/Hx (x, z, t)]):[YKK04, Gui17]

|m⃗SPB (x, z, t)| = mSPB,max ·

coth(b · ∣∣∣H⃗eff (x, z, t)
∣∣∣)− 1

b ·
∣∣∣H⃗eff (x, z, t)

∣∣∣
 , (2.39)

with b being the temperature-dependent Langevin parameter and mSPB,max being the satura-

tion value of the SPB magnetic moment. The x- and z-components of the magnetic moment

can now be written as [HKB15]

mSPB,z (x, z, t) = sin (α) · |m⃗SPB (x, z, t)| ,

mSPB,x (x, z, t) = cos (α) · |m⃗SPB (x, z, t)| . (2.40)

So far, it was not considered that H⃗eff not only initiates a translational motion of magnetic

particles due the resulting magnetic force, but also exerts a magnetic torque [SGE16]

τ⃗ = m⃗× H⃗eff. (2.41)

Here, again the type of magnetic particle and the respective magnetic moment is crucial

since only a fixed magnetic moment results in a physical rotation of particles.

DLVO forces

To describe electrostatic and electrodynamic interactions in colloidal systems, especially to

assess the colloidal stability, Derjaguin, Landau, Verwey, and Overbeek developed a model,

also known as the DLVO theory. It describes the electrodynamic van-der-Waals forces be-

tween two surfaces seperated by a liquid medium and the electrostatic Coulomb interactions

caused by the surface adsorption of ions from the liquid environment.[WSFX05] The the-

ory is employed to characterize the van-der-Waals force FvdW and the electrostatic force Fel

acting along the z -coordinate between particle and substrate surface, as illustrated in Fig.

2.9(b). Attractive van-der-Waals forces between two bodies is the result of the interaction

between induced electric dipoles in the involved neutral atoms.[WSFX05] To describe this

interaction between two bodies of arbitrary geometry quantitatively, the interaction ener-

gies of all atoms of one body can be summed up with the interaction energy of all atoms

from the other body.[Isr11] The interaction energy is thereby given by the interatomic van-

der-Waals potential of the form w(r) = −C/r6.[Isr11] Furthermore, the so-called Hamaker

constant A = π2 · C · ρ1 · ρ2 can be used to characterize the interaction of the bodies.[Isr11]

Hereby is C the interaction parameter, while ρ1 and ρ2 are the number of atoms in both

bodies. Using the Hamaker constant A132 for a spherical particle of material 1 with radius

R, which is positioned within a medium 3 in a distance z from a substrate of material 2 with
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an infinitely flat surface, the van-der-Waals force is found to be [Gre81, WSFX05]

F⃗vdW (z) = −A132 ·R
6 · z2

·
[

1

1 + 14 · z/λret

]
· êz. (2.42)

Here λret represents a characteristic retardation wavelength for the interaction and êz ex-

presses the unit vector in z -direction.

Due to electrical charged surfaces for particles and substrate, an additional electrostatic

force Fel(z) has to be considered. These charged surfaces are caused by: (1) ionization and

dissociation of chemical surface groups (e.g. carboxyl groups), (2) transfer of electrons or

protons between two different surfaces in close proximity, and/or (3) surface adsorption re-

spectively binding of ions from the surrounding medium.[Isr11] As shown in the right inset

of Fig. 2.9(b), the surface charges are compensated by accumulating oppositely charged

unsolvated ions from the surrounding liquid.[BGK03, GG20] This forms the so-called in-

ner Helmholtz plane (IHP). In the following, another layer of oppositely charged but sol-

vated ions from the liquid is forming around the particle surface, the outer Helmholtz plane

(OHP).[BGK03, GG20] Both together are building an electrochemical double layer, also

known as the Stern layer.[BGK03] Considering the distance-dependency of the electrical

surface potential ψ, the electrochemical double layer effectively reduces this potential with

increasing distance from the surface.[BGK03] Adjacent to the Stern layer is a region of

loosely bound, solvated ions forming the diffusive layer.[BGK03] Here, the surface potential

decreases exponentially, with the potential at the shearing plane of immobile and mobile

ions denoted as the zeta potential ζ.[BGK03] The attractive or repulsive electrostatic force

Fel(z) between a particle and the flat substrate is now defined by the surface potentials Ψp

of the particle and the substrate Ψs:[WSFX05]

F⃗el (z) =
2 · π · ϵ · κ ·R
1− e−2·κ·z · [2 ·Ψs ·Ψp · e−κ·z

∓
(
Ψ2

s +Ψ2
p

)
· e−2·κ·z] · êz, (2.43)

with ϵ describing the permittivity of the surrounding medium. The Debye-Hückel inverse

double layer thickness κ is depending on the temperature T and the ionic strength of the

liquid I:[WSFX05]

κ =

√
2000 ·NA · e2 · I

ϵ · kB · T
, (2.44)

whereby NA is the Avogadro constant, e is the elementary charge, and kB is the Boltzmann’s

constant. For practical computations of Fel(z), the surface potentials are approximated by

the zeta potentials of particle and substrate surface, as these are experimentally accessible

properties.[RHE21]
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Other forces

When treating objects inside a liquid, one also needs to consider an upwards directed buoy-

ancy force Fb, which is opposing the gravitational force Fg (Fig. 2.9(c)). If buoyancy out-

weighs gravity, the object swims and in the opposite case it sediments towards the ground

of the liquid container. Applied to spherical particles with volume Vp and density ρp inside

a liquid with density ρl the buoyancy force is Fb = Vp · ρl · g and the gravitational force is

Fg = Vp · ρp · g (with g as the gravitational acceleration). Hence, particles only sediment

towards the substrate of a microfluidic structure, if ρp > ρl. In comparison to the density

of distilled water at room temperature ρl = 998 kgm−3, this is the case for the magnetic

particles investigated in this work.

For particles accelerated inside a liquid environment, the induced motion is directed against

a drag force F⃗d due to friction with liquid molecules. Accordingly, after a short accelera-

tion period, magnetic force and drag force are compensating each other and the particles

are moving with a constant velocity v⃗p.[HKB15] To describe the drag force for a spherical

particle moving in close vicinity to a flat surface, Stoke’s law for laminar flow (cf. 2.26) can

be modified by incorporating a z -distance dependent friction coefficient f(z):[WSFX05]

F⃗d (x, z) = −6 · π · rp · η · v⃗p (x, z) · f (z) . (2.45)

Here, rp is the hydrodynamic radius of the particle and η is the viscosity of the surrounding

fluid. Balancing the absolute values of F⃗d and the magnetic force F⃗m (cf. 2.38), the steady-

state velocity is given by:

v⃗p (x, z) =
µ0 ·

(
m⃗p (x, z) · ∇⃗

)
· H⃗eff (x, z)

6 · π · rp · η · f (z)
. (2.46)

For a temporally constant, effective magnetic field, the steady-state velocity of a magnetic

particle is mainly governed by its hydrodynamic radius, its magnetic moment and the vis-

cosity of the liquid medium. To reflect these dependencies, the magnetophoretic mobility u

can be introduced:

u =
µ0 · |m⃗p (x, z) |

6 · π · rp · η · f (z)
. (2.47)

Consequently, the magnetophoretic mobility is spread for spherical particles ensembles with

varying size and magnetic content distributions, which is especially important to consider

when separating particles in LOC applications.[LLWS07, YES07]

Lastly, one has to note that there are additional forces, which can potentially influence the

transport of magnetic particles within a microfluidic environment, but were not covered so

far. These forces include a hydrodynamical buoyancy force and the opposing force caused
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by a shearing gradient within the perpendicular-to-substrate occurring fluid flow, plus an

additional buoyancy caused by the Magnus effect for rotating particles. For commonly

investigated SPBs, it has been evidenced that the magnitudes of these are negligible in

comparison to the previously discussed forces.[Hol15] Therefore, they will not be further

considered in this work.





3 Experimental methods

In this chapter, important aspects of the experimental techniques employed in this work will

be covered. These are subdivided into: (1) fabrication methods for magnetically patterned

exchange biased (EB) thin film systems and asymmetrically structured magnetic particles

(section 3.1), (2) characterization methods for the magnetic properties of a sample on the

macroscopic and microscopic scale (section 3.2), (3) realization and investigation of the

directed transport of magnetic particles using a customized setup (section 3.3). As these

techniques will be described here on a more general ground, details or augmentations towards

specific experiments (e.g. three-dimensional tracking of magnetic particles) will be included

in the respective experimental analysis chapter.

3.1 Sample preparation

For obtaining magnetic thin film systems as crucial components for the fabrication of mag-

netic Janus particles (MJP) and magnetic particle transport substrates, a radio-frequency

(RF) sputter deposition process was employed in this work. In the case of transport sub-

strates, pieces with the size of approximately 15mm x 15mm were cut from a 6 inch natu-

rally oxidized Si(100) wafer. Preparing the substrates for sputter deposition, the pieces were

cleaned with acetone, isopropyl, and distilled water before they were dried in a nitrogen gas

stream. For fabricating MJP, first non-magnetic spherical particles had to be self-assembled

on a flat substrate, using the method presented by Micheletto et al. [MFO95]. The particles

were made of silica (sicastar® from micromod Partikeltechnologie GmbH). For the flat sub-

strate, cut glass slides (10mm x 10mm) were specifically cleaned before the self-assembly

process. This included a 24 h storage inside a bath of concentrated sulfuric acid with a

subsequent transfer to an ethanol container, eventually increasing the hydrophilicity of the

glass surface. For inducing particle self-assembly, a drop (mostly 30 µL) of a diluted particle

dispersion was cast onto a tilted glass substrate. The dilution medium was hereby a mixture

of distilled water and ethanol (3:1). As the drop of the particle dispersion is dragged by grav-

ity over the substrate surface, simultaneous evaporation of the dispersion liquid beginning at

the upper drop boundary and ending at the lower drop boundary gives rise to a homogenous

self-assembly of spherical particles.[MFO95] It has to be noted however, that practically in

41
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most cases regions with particle monolayers and multilayers were obtained instead of an

ideal monolayer. Consequently, if multilayers of particles were received, only the top layer is

functionalized by the magnetic thin film system by subsequent sputter deposition and every

particle beneath is therefore not usable for transport experiments. It is now described what

the main working principles of sputter deposition are, especially with respect to the here

employed RF process.

3.1.1 Thin film sputter deposition

Sputter deposition is based on the adsorption of atoms from a desired target material vapor

onto a substrate surface. The free atoms are hereby caused by collisions of ions from an

inert gas with the solid bulk of the target material. It therefore falls under the category of a

physical vapor deposition (PVD) process.[Ses12] Since this process results in the fabrication

of atomically flat surfaces, sputter deposition is widely applied in the production of thin film

systems.[Ses12] In a typical sputter deposition apparatus (see Fig. 3.1(a)), substrate and

target are placed inside a vacuum chamber and inert gas can be supplied by an inlet. The

substrate anode is connected to ground and depending on whether a DC or a RF sputtering

process is performed, the target cathode is either provided with a negative DC voltage or

with a RF AC voltage.[Pae02, Ses12] For simplicity, we will focus first on DC sputter depo-

sition, as it is depicted in Fig. 3.1(a). In this example and also in the sputter deposition

apparatus used for this work, argon (Ar) is used as the inert gas. The inert gas is let into

the chamber at maximum gas flow and an Ar plasma is subsequently ignited using a large

applied power. Both gas flow and power are then reduced in order to achieve a working

pressure of ≈ 10−2 mbar and a desired DC voltage. At this condition, the application of a

DC voltage to the target results in the ignition of an Ar gas plasma. The plasma thereby

consists of free electrons and Ar+ ions, which are created by impact ionization, in addition to

neutral atoms and molecules.[Pae02] The electric field created by the DC voltage accelerates

the Ar+ ions towards the negatively charged target, ultimately resulting in the collision of

Ar+ ions with atoms at the target surface. Due to the occurring transfer of momentum from

the ions towards the target atoms, assuming that the kinetic energy of the incoming ions is

high enough, single atoms or material fragments of the target are freed and emitted into the

vacuum chamber.[Pae02] Caused by subsequent diffusion of the neutral atoms or molecule

fragments that are now in the gaseous phase, they eventually reach a surface (e.g. of the sub-

strate) to adsorb and induce the growth of a thin film made up of the target material.[Pae02]

A limitation of DC sputtering is the deposition of only electrically conductive materials. The

reason for this is the lack of discharge for an insulating target material, as the impinging

Ar+ ions would create positive charges that can not dissipate. Hence, the negative potential

responsible for the ion accelerating electric field would be lowered until no sputtering takes

place anymore.[Pae02] Therefore, RF sputtering has been introduced as a work-around. The
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Fig. 3.1: (a) Scheme for the general working principle of a DC sputter deposition process. Argon
gas is ionized inside a vacuum chamber to form a plasma of Ar+ ions. These are accelerated towards
the target material and upon collision target atoms are emitted into the chamber. Undergoing
diffusion, atoms of the target material eventually adsorb on the substrate surface, inducing thin film
growth. (b) Representation of the thin film stack (not to scale) typically employed in this work for
the fabrication of magnetic particle transport substrates and magnetically capped spherical Janus
particles. The stack consists of an EB antiferromagnet (AFM)/ferromagnet (FM) bilayer, giving
rise to a unidirectional anisotropy within the FM layer.

working principle is the same as for DC sputtering: An Ar gas plasma is induced between

substrate and target with material deposition caused by Ar+ ions colliding with the target

surface. Contrastingly however, an AC voltage is applied towards the target in this case,

while the substrate is still grounded. Ar+ ions and electrons within the ignited plasma are

thus oscillating back and forth between substrate and target. Due to the higher mobility of

electrons (lower mass) compared to the Ar+ ions within the periodically changing electric

field, more electrons than ions are able to reach the target.[Pae02] It is now crucial, that a ca-

pacitor is integrated into the target connection, preventing discharging of the now more and

more negatively charged target. As a consequence, an electron decelerating but also Ar+ ion

accelerating DC potential is forming between the plasma and the target surface.[Pae02] The

value of this DC potential UDC is governed by the balance of the occurring electron and ion

current.[Pae02] One can now see, that again Ar+ ions are guided towards the target surface

by UDC, initiating collisions with target atoms and a subsequent knockout of them into the

gas phase. Apart from being able to also deposit insulating materials, RF sputtering also

results in larger Ar+ ion densities within the plasma as compared to DC sputtering.[Ses12]

This is due to the oscillating movement of charged particles, increasing the probability for

impact ionization events. Ultimately, the higher occurrence of Ar+ ions also leads to higher

sputter rates, i.e. the speed at which target material is deposited on the substrate surface.

This rate can also be further increased by applying a magnetic field towards the plasma,

giving rise to the so-called magnetron sputtering technique.[Ses12] Further parameters to

moderate the sputter deposition rate include the magnitude of UDC and the Ar gas flow into
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the vacuum chamber.

For the thin film systems deposited within the frame of this work, the RF sputter deposi-

tion apparatus of the type Leybold Heraeus Z400 was used. This machine allows for the

deposition of four different target materials during one fabrication cycle (no vacuum break).

Substrates for thin film deposition are fixed with Kapton® tape on a flat sample holder and

transferred into the main recipient of the machine. As indicated in Fig. 3.1(b), the two main

substrates in this work are flat Si(100) substrates or self-assembled spherical particles. In case

of the Si(100) substrates equally flat thin film systems were obtained, while for the spherical

particles metallic caps with a thickness gradient from the very top of the particle down to

the sides were created.[TRH21] Onto both substrates, EB thin film systems were deposited,

starting with a buffer layer, followed by the EB antiferromagnet (AFM)/ferromagnet (FM)

bilayer, and ending with a capping layer. The buffer layer is included to induce a certain

crystallographic texture within the following AFM layer, so that the AFM (111) crystallo-

graphic plane is orientated parallel towards the interface with the adjacent FM layer. It

was shown, that this specific texture enhances the EB.[AVFK08] Next, for the AFM layer

the metal alloy Ir17Mn83 was utilized. This compound can be found in many technologi-

cal applications, owing to its comparably large magnetocrystalline anisotropy and corrosion

resistance.[OFOVF10] Apart from that, the 17 % fraction of Ir for the alloy is within the

13 %-22 % regime that was demonstrated to yield maximum values for HEB, i.e. for the EB

strength.[AO11] The following FM layer consists in this work of a Co30Fe70 compound. This

FM material exhibits a strong magnetocrystalline anisotropy and a rather large saturation

magnetization and Curie temperature.[GBK09, Gri97] The thin film stack is completed by

a capping layer, which was typically chosen in this work to be made of Si, Ta or Au. Its

function is to protect the EB system from oxidation and corrosion. Here it is noted that

the thickness of this capping layer can have a significant impact when characterizing the

magnetic properties of the FM layer by magneto-optical Kerr magnetometry [HS98, Müg16]

(see section 3.2.1). Thin film materials, layer thicknesses, sputter rates, and other relevant

process parameters used in this work are summarized in Tables 9.1 to 9.4 in Appendix B.

During sputter deposition of the described layer stack, a homogenous magnetic field with

the direction parallel to the substrate plane was applied using two permanent magnets. The

strength of the magnetic field was measured to be 28 kAm−1 at the position of the sub-

strate. This field not only influences the eventual sputter rate, but is primarily used to

induce a uniaxial alongside a unidirectional anisotropy in the FM layer. The latter corre-

sponds to setting a predefined magnetically ordered state with regard to uncompensated

interfacial magnetic moments of grains in the polycrystalline AFM in contact with the FM

layer above. Therefore, samples that are magnetically characterized directly after sputter

deposition already exhibit a shift of the magnetization curve, quantified by HEB. To further

increase HEB, obtained samples were field cooled (cf. section 2.3) after fabrication inside

a custom setup. Herein, the samples were placed onto a heatable sample holder inside a
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vacuum chamber while a homogenous in-plane magnetic field of approximately 115 kAm−1

strength was applied. Samples were heated up from room temperature to 300 ◦C, kept at

this temperature for 60 min and were finally cooled down back to room temperature. While

EB systems deposited on Si(100) substrates were now ready for magnetic patterning by ion

bombardment induced magnetic patterning (see next section), the field cooling procedure

was omitted for the particle systems as desorption from the substrate and even melting of

the particles would occur at the mentioned temperature.

3.1.2 Ion bombardment induced magnetic patterning

An established concept for artificially creating magnetic field landscapes (MFL) with locally

defined field gradients and directions on a microscopic scale is the ion bombardment induced

magnetic patterning (IBMP) of EB thin film systems.[EKK04, EKH15, GHH16] Here, the

system is bombarded with light ions inside a homogenous magnetic field H⃗IB so that as a

result, the magnitude and the direction of the EB is modified in the bombarded regions (cf.

section 2.3.2). Experimentally, this was realized in this work by using a custom-built setup:

He+ ions are generated by a Penning ion source and subsequently accelerated towards the

sample by a high voltage of 10 kV. The He+ ions are focused into a beam by an electrostatic

lens, with the beam shape being defined by a quadratic pinhole of 2mm x 2mm. The

beam profile on the sample, i.e. the He+ ion distribution within the beam, is homogenized

for the bombardment process by slightly defocusing the ion beam. This leads to a cut-out

within the now broadened gaussian-like beam profile, so that eventually a He+ ion beam

with even spatial intensity is impinging onto the sample. As schematically visualized in

Fig. 3.2 (a), the sample is placed between two permanent magnets, creating a homogenous

magnetic field HIB of ca. 64 kAm−1 at the sample position. The direction of H⃗IB is thereby

antiparallel to the direction of the magnetic field H⃗FC applied during the previous field

cooling procedure. As H⃗FC sets the direction of the EB within the system, it also defines

the direction of magnetization M⃗ within the FM layer. On top of the sample, a micro-

structured resist layer acts as a shadow mask for the impinging He+ ions. The height of the

resist structure is hereby designed as such that it prevents He+ ions from entering into the EB

system. Consequently, only within the regions not protected by the resist, He+ ions interact

with the sample, inducing a local modification of the EB direction and thus also for the

direction of M⃗ . The resist structure was hereby fabricated by UV optical lithography. First,

a homogenous layer of the resist material is spin-coated onto the sample surface. Using a

MA-4 mask aligner from the company Karl Suss, the resist was illuminated through a shadow

mask with UV light. For inducing a prototypical stripe domain pattern within the magnetic

thin film system, the shadow mask consisted of a stripe structure with varying stripe width

(1 µm, 2 µm, 5 µm, and 10µm). Depending on whether a positive or negative resist was used,

the resist material compound gets more or less soluble by a respective development agent
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Fig. 3.2: (a) Schematic illustration of IBMP used for the fabrication of tailored MFL above
topographically flat substrates (side view). Helium ions (He+) accelerated towards an EB thin film
system. The in-plane magnetization M⃗ in the ferromagnetic layer of this system is pinned due to the
induced unidirectional anisotropy, with the direction being set by the magnetic field H⃗FC applied
during a field cooling procedure. During the bombardment with He+ ions, a homogeneous magnetic
field H⃗IB is applied parallel to the in-plane magnetization, but with opposite direction. The surface
of the system is covered by a resist layer, which was lithographically processed into a periodic
stripe structure (stripe width = stripe separation). (b) As a result of the ion penetration into the
EB system, the magnetization of the ferromagnetic layer is switched locally within the regions not
protected by the resist structure. Hence, a prototypical head-to-head/tail-to-tail magnetic domain
pattern, which was prominently used for the investigations in this work, is obtained.

within the illuminated regions. Hence, after development the desired stripe resist structure

is obtained. As a result of the applied ion bombardment process, a periodic head-to-head

(hh)/tail-to-tail (tt) magnetic domain pattern is imprinted into the EB bilayer. A tailored

micro-scaled MFL is thereby emerging above the substrate surface, as sketched out in Fig.

3.2(b). For most part of the subsequently following magnetic particle transport experiments

the remaining resist structure was removed. For this, the sample was treated in an ultrasonic

bath first for 5 min in a 3 % KOH solution at 50 ◦C and then for 3 min in acetone and water

at 50 ◦C, respectively. Finally, the sample was cleaned with acetone, isopropyl, and water

before being dried in a nitrogen stream.

3.2 Magnetic characterization

Measuring the magnetic properties of the herein utilized systems, e.g. magnetically patterned

particle transport substrates, gives insight into whether the targeted functionality was ob-

tained. This was mostly done in this work by recording magnetization curves of the systems

either by means of vibrating sample magnetometry or magneto-optical Kerr effect magne-

tometry. Additionally, magnetic charge distributions in magnetically patterned systems have

been analyzed using magnetic force microscopy, a variant of atomic force microscopy. All

these techniques will therefore be described briefly in the following.
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3.2.1 MOKE magnetometry

Shining linearly polarized light onto a magnetic sample with a polished surface, it can be

observed that for the reflected light the polarization plane is rotated or the intensity has

changed as compared to the incident light.[HS98, Pae02] This effect was first observed by

John Kerr in 1877 and is therefore named the magneto-optical Kerr effect (MOKE).[Ker77]

The same phenomenon observed for transmitted light through a magnetic sample is known

as the Faraday effect. As the polarization rotation or the intensity change is connected to the

magnetization of a sample, it can be used in MOKE magnetometry to characterize the mag-

netization in dependence of an applied magnetic field, i.e. to measure a magnetization curve

of the sample. The effect can be explained by the different absorptions within a magnetized

material of circularly polarized light beams with opposed helicities, yielding linearly polarized

light in superposition.[CG10] Therefore, the phenomenon can be interpreted as a magnetic

circular dichroism. On a microscopic level, the MOKE is caused by optically excited spin-

dependent transitions of electrons between energetic bands in the magnetic solid.[Pae02] An

extensive review of this process is not attempted at this point, as it is not of great importance

for interpreting the results obtained in this work. For further insights the reader is therefore

referred to detailed descriptions presented in literature.[BSC96, Ham03, Kus11]

Instead, the MOKE can also be explained in a more simple picture by considering the light

as an electromagnetic wave with an electric field amplitude RN. The electric field amplitude

for the light reflected from the surface of a magnetized sample is hereby superposed with

an additional Kerr amplitude RK.[HS98] This Kerr amplitude can be resolved when con-

sidering the absorption of the incident linearly polarized light with a subsequent excitation

of surface electrons acting as Hertzian dipoles. The oscillatory motion of these electrons is

along the electric field polarization plane of the incoming light and would remain unchanged

for a non-magnetic sample. As the polarization plane of the reflected light, i.e. the light

emitted by the Hertzian dipoles, is determined by the motion direction of the electrons, no

differences in the polarization planes of incident and reflected light are observed in this case.

For a magnetized sample, however, a Lorentz force is acting on the oscillating electrons,

resulting in a deflection into a direction perpendicular to the original electron motion and

the magnetization direction within the sample.[Pae02] Consequently, the polarization plane

of the reflected light can be reasoned to be rotated with respect to the one of the incident

light, with the rotation depending on the sample’s magnetization.[HS98]

It can be described theoretically with the help of the dielectric displacement law, which

correlates the electric displacement field D⃗ with the electric field vector of the incident light

E⃗ via the dielectric permittivity tensor ϵ̂. For the MOKE, this relation can be extended to

incorporate the sample’s normalized magnetization vector m⃗ and the material-specific Voigt
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constant Q:[HS98]

D⃗ = ϵ̂ ·
(
E⃗ + i ·Q · m⃗× E⃗

)
. (3.1)

For a non-magnetic sample, the last term vanishes and the electric displacement field is

only determined by the electric field of the incident light. Contrastingly for a magnetized

sample, the displacement and, thus, also the Kerr rotation is additionally determined by the

cross product of sample magnetization direction and electric field vector of the incident light.

Therefore, the measurable MOKE is maximized for a perpendicular orientation of these two

properties and disappears for parallel alignment. This theoretical understanding is crucial

when designing a MOKE based magnetometer, with several measurement geometries possi-

ble, depending on the magnetization orientation and the polarization of the incident light.

For the polarization of the incident light, one can distinguish between p-polarized light (the

electric field vector E⃗ is within the plane of incidence) and s-polarized light (the electric field

vector E⃗ is perpendicular to the plane of incidence).[HS98] In the following, polar MOKE

(P-MOKE), transversal MOKE (T-MOKE), and lastly longitudinal MOKE (L-MOKE) will

be briefly introduced.

P-MOKE: In this geometry, the magnetization vector m⃗ is pointing perpendicular to

the sample plane, which is typical for e.g. thin film systems with out-of-plane magnetic

anisotropy. A Kerr rotation is observable for both s- and p-polarized light, even for normal

incidence.[HS98, Pae02]

T-MOKE: Here, m⃗ is aligned within the sample plane (in-plane magnetization) and is

pointing perpendicular to the plane of incidence for the incoming light. For p-polarized

light with oblique incidence, instead of a polarization plane rotation, the intensity of the

reflected light is modified, which can also be used as a MOKE signal. No effect is visible for

s-polarized light, since in this case E⃗ is oriented parallel to m⃗.[HS98, Pae02]

L-MOKE: As for the T-MOKE, m⃗ is pointing parallel to the sample plane but now parallel

to the incident plane of the incoming light as well. This results in a Kerr rotation for both

p- and s-polarized light with opposite rotation directions but vanishes in the case of normal

incidence.[HS98, Pae02]

The MOKE magnetometer operated in this work was based on the L-MOKE geometry,

since all the samples investigated exhibited an in-plane magnetization pinned by the EB

related unidirectional anisotropy. An ultra-low noise diode laser obtained from the company

Coherent (wavelength λ ≈ 635 nm) was s-polarized by a LPVIS polarizer from Thorlabs and

illuminated the sample under an incidence angle of approximately 35◦.[Müg16] The region
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of the sample that is illuminated and therefore also probed for its magnetic properties is

defined by the laser spot size on the sample surface, which was focused to have a diameter

of approximately 200µm by using a collecting lense. Detection of the parallelized reflected

light was conducted by focusing the beam onto an intensity detecting photo diode. Before-

hand, the reflected beam was passing through an analyzing polarizer, which was oriented

approximately 90◦ to the initial polarizer. Therefore, if the light would be reflected from

a non-magnetic sample, no intensity or only a very small intensity (depending on the ex-

act setting of the analyzing polarizer) would be measured. The magnetization-dependent

MOKE for magnetic samples however induces a measurable change in intensity, which can

be recorded in dependence on an externally applied magnetic field in order to obtain a mag-

netization curve for the locally chosen sample region. A homogeneous in-plane magnetic

field was applied in the used magnetometer setup using a bipolar electromagnet equipped

with an iron yoke. The sample of interest, in this work predominantly flat magnetic thin film

systems, was placed on a movable sample holder between the electromagnet yokes. Using

a bipolar Kepco power supply, magnetic fields were applied with a defined sweep rate and

maximum field strengths of ± ≈ 185 kAm−1. At every field step, an integrated intensity

signal of the photo diode was recorded, yielding ultimately the magnetization curve of the

sample, when the intensity signal is plotted as a function of the applied magnetic field. For

gathering the applied field strength, a Hall probe was placed into the setup and magnetic

flux densities at the laser spot position were simultaneously measured.

Lastly it needs to be pointed out, that in MOKE magnetometry the amount of information

about the magnetic properties of the sample is limited by the penetration depth of the in-

cident laser light into the sample bulk. Due to light absorption and reflection at different

atomic layers within the sample, the MOKE signal is exponentially weakened with increasing

penetration depth.[Pae02] Theoretical calculations show, that the magneto-optical depth of

information when analyzing the Kerr rotation is about 27 nm for Fe.[Pae02] Although MOKE

magnetometry is often referred to as a surface sensitive technique, it is hereby important to

note that this method is actually also able to characterize buried magnetic structures. In

contrast to integrative measurement techniques, like the following introduced VSM, MOKE

magnetometry however only analyzes the local magnetization of the sample within the inci-

dent laser spot. It therefore gives information about laterally resolved magnetic properties

of a sample, but fails to give insights into the total sample’s remagnetization characteristics.

3.2.2 Vibrating sample magnetometry

A vibrating sample magnetometer (VSM) is measuring the integrated macroscopic mag-

netization of a sample in dependence of an applied external magnetic field. The working

principle is based on the vibration of a sample between adjacently placed pick-up coils. Due

to the oscillating motion of the magnetized sample, its stray field generates a time-dependent
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voltage inside the pick-up coils through electromagnetic induction. The induced voltage Uind

inside a coil with N windings is described after Faraday by [Pae02]

Uind = N · dΦ
dt
, (3.2)

with Φ being the magnetic flux closing around one single winding. In the VSM setup used in

this work, four pick-up coils were connected as such that the individual voltages induced in

each coil add up. Letting a small magnetic sample vibrate with frequency ω inside an array

of pick-up coils, the induced voltage depends on the magnetic moment m of the sample, the

amplitude A of the vibration and a so-called apparatus function G, which is influenced by

the coil geometry. Uind can now be expressed by a function of time t:[Fon96]

Uind = m ·G · A · ω · cos (ω · t) . (3.3)

Hence, the measured induced voltage is proportional to the magnetic moment of the sample

and can therefore be used to measure magnetization curves. However for retrieving absolute

values for the magnetic moment of the sample, one needs to know the apparatus function

G (besides ω and A), which can be obtained by performing calibration measurements of a

sample with know geometry and magnetic moment. Since in this work it was only important

to characterize the remagnetization behavior of the samples, relative values for the magnetic

moment were already sufficient and no calibration of the setup was performed. For measuring

the in-plane magnetization of the samples, the setup was designed so that the external

magnetic field was applied parallel to the sample plane and the pick-up coils were aligned

parallel to the direction of sample vibration.

Vibration of the samples in the used VSM was induced by attaching the sample holder to

a speaker system, which is oscillated at a frequency of 32Hz. Typically, a flat sample was

thereby fixed to the sample holder through underpressure suction created by an attached

vacuum pump. The induced voltage inside the pick-up coil array is fed to a lock-in amplifier,

using the oscillation frequency of the speaker system as the reference signal. Therefore,

only the voltage signal resulting from the sample vibration is amplified and signal noise is

filtered. The rectifier property of the lock-in amplifier finally yields a DC voltage signal

which is handed to the measurement software. Simultaneously, the applied magnetic field is

measured at the sample position using a Hall probe, giving the magnetization curve of the

sample by plotting the voltage signal in dependence of the applied field. The homogeneous

magnetic field is generated by electromagnets from Bruker, with maximum magnetic flux

densities of 1T corresponding to ≈ 800 kAm−1.
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3.2.3 Magnetic force microscopy

Scanning probe microscopy (SPM) describes in general techniques for sample imaging based

on the interaction of a very small probe with the sample surface. Two representatives shall be

mentioned herein: atomic force microscopy (AFM) and magnetic force microscopy (MFM).

In the former repulsive or attractive interactions between sample and probe, derived from

the Lennart-Jones potential, are used for imaging the sample’s surface topography.[BQG86,

Bhu04] The latter incorporates the magnetic force on the probe to analyze magnetic stray

fields above the sample surface and with that also magnetic charge distributions within the

sample.[RMG90, PDR14, KPB19] Hence, MFM plays an important role in e.g. investigating

magnetic domain formation in thin film systems and was therefore employed in this work

as the method of choice to laterally characterize the artificial domain patterns imprinted by

IBMP within EB systems on a microscopic length scale.

In both AFM and MFM, an ideally atomically thin tip is moved as the probe in a scanning

motion above the sample surface that needs to be imaged. The tip is attached to a cantilever,

which depending on whether the tip is attracted or repelled from the sample surface due

to various acting forces is specifically bended or twisted. Detecting this deformation with

a suitable optical or electrical system leads to a measure for the occurring interactions

between sample and probe tip, allowing in the end to obtain an image of the sample surface

with respect to the desired property (e.g. topography or magnetic structure). For AFM,

the distance between sample surface and probe tip has to be kept rather small during the

measurement, as the involved van-der-Waals force is decaying with 1/r6 when moving away

from the sample.[Bhu04, HO05] In contrast, MFM measurements can also be conducted at

larger elevations (typically up to 200 nm) as here the magnetic force decreases only with
1/r3.[PSD96, HO05] Thus, the so-called tip lift can be adjusted so that atomic forces are

negligible and only magnetic interactions are analyzed.

In a typical MFM measurement scheme, a first scan close to the sample surface by using

the AFM technique provides information about the surface topography.[PSD96, KPB19] In

a second scan, the probe is moved away from the surface to the defined tip lift distance.

This distance is kept constant during the scan as the probe moves according to the surface

topography known from the first scan and the detected signal is now in the ideal case only

governed by long-range magnetic interactions.[PSD96, KPB19] Two measurement modes are

established for MFM: the static (DC) mode, where the deflection of the probe cantilever is

measured while the tip is moved in a constant height above the sample, and the dynamic

(AC) mode, where the cantilever is excited to oscillate harmonically during the measurement

scan.[HO05] In the latter, the magnetic interaction between sample and probe tip leads to a

detectable change in the cantilever oscillation, which therefore gives the MFM image of the

sample. As the measurement signal, one can analyze the change in the oscillation amplitude

∆A, the variation in the oscillation frequency ∆ω or the phase shift ∆φ.[PDR14, KPB19]
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Expressions for these characteristics can be derived from the equation of motion for the

oscillating probe in the case that a tip-sample interaction is present. When this interaction

is mediated by the force Fts pointing perpendicular to the sample surface (z-direction) the

equation of motion is given by [KPB19]

F0 · cos (ω0 · t) = m · d
2z (t)

dt2
+
m · ω0

q
· dz (t)

dt
+

{[
k − dFts

dz
(z)

]
z (t)

}
. (3.4)

Here, F0 represents the amplitude of the oscillation driving force, andm, ω0, q and k represent

the point mass, resonant angular frequency, quality factor, and the spring constant of the

cantilever, respectively. When the cantilever is driven at the resonant frequency ω0 and the

force gradient dFts/dz is much smaller than the spring constant related to k = m ·ω2
0, one can

derive ∆A, ∆ω, and ∆φ from the equation of motion to be:[PDR14, KPB19]

∆A =
A0 ·Q
2 · k2

·
(
dFts

dz

)2

, (3.5)

∆ω = − ω0

2 · k
· dFts

dz
, (3.6)

∆φ =
Q

k
· dFts

dz
. (3.7)

A0 hereby is the amplitude of the oscillation at the resonance frequency in air and without

tip-sample interaction present. Regarding common MFM measurement systems, ∆φ is the

most prominently used signal for imaging magnetic contrast.[KPB19]

The data obtained from MFM images can be interpreted as an indication for the distribution

of magnetic charges within the sample [HO05] i.e. it can be used to resolve the positions

and structures of magnetic domain walls. This is due to the emergence of the tip-sample

interaction mediating stray fields from these magnetic charges. When modeling the tip-

sample interaction energy Eint, it can be derived as a Zeeman energy either originating

from the tip magnetization M⃗t being located in the magnetic stray field of the sample H⃗s

or originating from the sample magnetization M⃗s being located in the stray field of the

tip H⃗t.[HS98, Hol15] Integrating over the tip volume or sample volume, respectively, yields

[HS98]

Eint = −
∫

tip volume

M⃗t · H⃗s dV = −
∫

sample volume

M⃗s · H⃗t dV. (3.8)

Now the second formulation of this equation can be transformed to incorporate the mag-

netic volume charges ρV and the magnetic surface charges σS within the sample. This can
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be done, as the volume charges are given by the divergence of the magnetization and the

surface charges can be described by the scalar product of magnetization and the surface

normal vector n⃗S (cf. section 2.4.3). Additionally, the magnetic stray field of the tip H⃗t can

be expressed by the gradient of its scalar potential Φt. Using the described relations to sub-

stitute M⃗s and H⃗t in the second version of equation 3.8 and performing a partial integration,

it can be concluded for Eint:[HS98, HO05]

Eint =

∫
sample surface

σS · Φt dS +

∫
sample surface

ρV · Φt dV. (3.9)

However, MFM image contrast is typically not governed by the tip-sample interaction energy

but rather by the resulting force. The signal is thereby obtained by replacing Φt with ∂Φt/∂z,

i.e. the gradient of the scalar potential along the surface normal direction z.[HS98] As a

last remark for the theoretical considerations on MFM, equations 3.8 and 3.9 only hold true

in the case of weak interaction between the tip and the sample. For stronger interaction,

the sample magnetization might influence the tip magnetization or vice versa.[HS98] For

example, additional magnetic charges could be induced in the sample by the presence of the

tip, which would lead to measurement artifacts in the acquired MFM image. To probe if

strong tip-sample interactions are present in the conducted analysis, a typical approach is

to perform two measurements with opposite tip magnetizations at a time. If the magnetic

contrast is inverted from one image to the other, one can conclude that predominantly weak

magnetic tip-sample interactions are present.[HS98]

In the frame of this work, MFM characterizations of magnetically patterned EB thin film

systems were performed by using the FlexAFM with the C3000 controller from the company

Nanosurf. It allows for a maximum scan region of 100 µm x 100µm and a maximum tip

elevation of 10 µm. Theoretically, the scanning resolution is up to 6 pm in the horizontal and

0.6 pm in the vertical direction. For the conducted measurements, the image resolution was

varied between 256 and 512 lines per scan. The signal detection in this setup was performed

by shining a laser onto the cantilever and analyzing the reflected intensity spatially on a

four-quadrant photodiode. The installed tips can be simultaneously used for AFM and

MFM scans, whereas for the latter the tip magnetization is adjustable by remagnetization

through an approached permanent magnet. All measurements were performed using the

dynamic mode.

3.3 Particle transport setup

In the following, the focus will be shifted from magnetic characterization techniques towards

the initialization and optical detection of magnetic particle motion on top of a magneti-

cally structured and topographically flat substrate. First, the experimental setup will be
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described, followed by a brief segment on the the utilized particle tracking algorithm for

further motion analysis.

3.3.1 Experimental realization

Analyzing the fast motion dynamics of micron-scaled magnetic particles within dynamically

transformed MFLs requires (1) the generation of homogeneous macroscopic magnetic fields

to induce the motion dynamics (cf. section 2.4.1) and (2) an optical microscope with an

attached camera of sufficient temporal resolution. For (1), a home-built setup was used in

this work consisting of three orthogonally placed Helmholtz coils made from copper wire.

Characteristics of each coil pair can be found in the following Tab. 3.1. With each coil pair,

Tab. 3.1: Characteristics of Helmholtz coil pairs made from copper wire (Ø = 0.5mm), which

were utilized for the generation of homogeneous magnetic fields in the particle transport setup.

Field direction Radius [mm] Number of windings Magnetic field calibration factor

[mT/V]

x 39.5 360 5.844 ± 0.003

y 63.5 360 10.5 ± 0.4

z 24.0 330 8.36 ± 0.01

periodic sequences of homogeneous magnetic field pulses can be applied in x-, y-, and z-

direction, respectively, using a computer-controllable power supply. The pulses were hereby

of trapezoidal shape with a linear rising time ∆tr, a plateau time ∆tp, and a linear drop

time ∆td. The rising and drop times are determined by the time interval, which is needed

with the given alteration rate (3.2× 106Am−1 s−1) to reach the predefined amplitude Hmax

of the magnetic field pulses during the plateau time. For the magnetic field pulse sequence

needed to induce directed magnetic particle transport, the sign ofHmax was varied alternately

towards the next applied pulse. The values and initial signs for Hmax in the different spatial

directions, as well as the duration of the field pulses (field change frequency) were controlled

by a custom computer program (coded with LabView, National Instruments). In case of

investigating transport of magnetic particles directed in one dimension, only pulse sequences

in x- and z-direction were applied, with a temporal phase shift of π/2 (T/4) between both

sequences (as illustrated in Ref. [Hol15] and [HKB15]). The z-direction is hereby denoted

as the direction perpendicular to the substrate plane and the x-direction is denoted as the

in-plane direction parallel/antiparallel to the magnetization in the substrate stripe domain

pattern. For initiating two-dimensional particle transport, using a suitable magnetic domain

pattern, an additional pulse sequence in y-direction was applied. The y-direction is oriented

in the substrate plane but perpendicular to the x-direction. The pulse sequence in the y-
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direction has the same phase as the pulse sequence in the x-direction and a phase shift of
π/2 (T/4) towards the pulse sequence in the z-direction.
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Fig. 3.3: (a) Schematic overview of the experimental setup usable for the initialization and
observation of directed magnetic particle transport in tailored MFLs. A coil arrangement around
the sample produces the external magnetic field pulses needed for the transport initialization.
Observation of the particle transport is achieved by optical bright-field microscopic imaging with the
optical pathway as indicated. The particle motion was recorded with sufficient temporal resolution
for further analysis using an attached high speed camera. (b) Top view of the samples typically
investigated with the described setup. They consist of a topographically flat magnetic substrate
providing the tailored MFL employed for particle transport. For visualization, a prototypical stripe
domain pattern is indicated within the substrate. A microfluidic chamber is created on top of the
substrate, containing a dispersion of the to be transported particles.

As shown in Fig.3.3 (a), the magnetically structured substrate is placed in the center of

the Helmholtz coils arrangement, with the substrate plane being aligned parallel to the xy-

plane. The sample can be optically examined by a microscope unit placed directly above

the coils arrangement. The microscope consists of a LED light source, where the diffuse

light gets focused by a collecting lens onto a half-mirror so that the light is coupled into the

microscope’s optical path. The light beam is focused and directed onto the sample surface

through a changeable objective of varying magnification. The most important technical

characteristics of the objectives used in this work are summarized in Tab. 3.2. The reflected
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Tab. 3.2: Technical specifics of used microscope objectives.

magnification 40× 80× 100×
series/class PL L PL L Plan Apo VC Oil

numerical aperture 0.60 0.80 1.40

lens barrel length (mm) 160 160 infinite

cover glass correction (mm) 0 0 0.17

light from the sample is again collected by the objective and passed through the optical

path of the microscope towards an attached CCD high speed camera. The most important

properties of the utilized camera are summarized in Tab. 3.3. The whole setup, sketched out

in Fig. 3.3 (a), is placed on a concrete plate in order to reduce image distortions by external

vibrations. Further vibration reduction was achieved by mounting the plate on an aluminum

profile construction placed on air cushioned feet. Particle transport experiments were carried

Tab. 3.3: Technical specifics of used high speed camera.

Camera name Optronis CR450x2

pixel size (µm × µm) 14× 14

max. sensor resolution (px × px) 800× 600

Frame rate at max. resolution (fps) 1000

connection interface Gigabit-Ethernet

out by placing a suspension of the magnetic particles of interest inside a microfluidic chamber

on top of a magnetically patterned substrate sample. This configuration is illustrated by Fig.

3.3 (b). The microfluidic chamber consists of a quadratic piece of Parafilm® attached to

the substrate surface, with a central notch of adaptable size (between ca. 5mm x 5mm and

10mm x 10mm). Within this notch a volume of the magnetic particle suspension (between

5 µL and 20 µL) is added with a micro-liter pipet. The thickness of the Parafilm® (120 µm)

thereby determines the height of the chamber sidewalls. After adding the particle suspension,

the chamber is sealed with a quadratic cover glass in order to avoid fast evaporation of the

liquid. When working with the 100x magnification objective a very thin cover glass needs

to be used, due to the comparably small working distance. Here, either cover glasses with

strength 00 (thickness between 60µm and 80 µm) or strength 0 (thickness between 85 µm

and 130 µm) were used. Also, for 100x magnification an immersion objective was utilized.

This demands for the application of immersion oil (AppliChem GmbH, A0699,0100) of which

a drop was placed on the cover glass prior to approaching the sample with the microscope.

The approach of the microscope and image focusing onto the magnetic particles was achieved
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by a computer controlled stepper motor. Using micro-stepping, a coarse approach towards

the sample was done using the biggest adjustable step size, followed by placing the sample

into the focus of the microscope setting the finest step size of ca. 400 nm for the motor. For

examining different regions of the sample, it is placed onto a xy positioning table (micos,

Clean Damper, model D4CL-5.OF).

In order to achieve high particle transport efficiencies, typically a thin layer of Poly(methyl

methacrylate) (PMMA) was deposited onto the substrate surface before conducting the

transport experiment. This was achieved by initially solubilizing the PMMA solid material

in 1mL of 3-Pentanone. Both chemicals were obtained from Sigma-Aldrich. A volume of the

PMMA solution was placed evenly on the substrate surface and the PMMA layer deposition

was induced by spin-coating. After spin-coating, the PMMA layer was lastly cured for at

least 10 min on a hot plate at 100 ◦C.

3.3.2 Particle tracking

For analyzing the magnetic particle motion dynamics during transportation, an accurate

tracking of a particle’s position within each frame of the recorded video is crucial. In case of

physically rotatable MJPs also the spatial particle orientation is of interest. Therefore it will

now be described, how particle position tracking was achieved in this work. This will cover

the identification of a particle’s position within the two-dimensional substrate plane, i.e. x-

and y-coordinates of a particle. How three-dimensional trajectories of magnetic particles,

using only optical bright-field microscopy, can be resolved, will be the topic of chapter 7.

Two different types of computer software were used in this work, both capable of automat-

ically identifying the trajectories of moving circular particles. The first one is Video Spot

Tracker, which is freely available from the Center of Computer Integrated Systems for Mi-

croscopy and Manipulation (CISMM) of UNC Chapel Hill.[CIS] Here, the video to analyze

is loaded into the software and the “disk” kernel was selected for tracking spots that have a

defined circular edge. These circular spots are assigned manually as they were placed around

the particles visible within the first frame of the video. As the magnetic particles observed in

this work appear darker than the substrate background in the obtained microscope images,

the software option “dark spot” had to be activated. After selecting all visible particles, the

box “optimize” was checked in order to confirm the type of spot the program should track

during the whole video. The magnetic particles motion in this work consists of consecutive

jumps, with the rate of jumps depending on the frequency of the applied external magnetic

field sequence. This is why the option “follow jumps” was activated in the software as well.

After creating a save file for the tracking data, using the option “Logging”, the tracking

procedure was initiated by “play video”. Upon finishing, the save file provides the position

data (x- and y-coordinates) for each selected particle, labeled by an ID, in each frame of

the loaded video. For investigating the spatial orientation of MJP, the darker appearing
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metallic cap of an individual particle was tracked with the software. Similarly as for the tra-

jectory data, only the orientation of the MJP with respect to the two-dimensional substrate

plane can be identified. For this, the type of spot that needs to be followed by the program

was changed by choosing the “cone” kernel. In conjunction with this, the “rod3” box was

checked, enabling the user to set a length and orientation of a rectangular shaped selection

frame. In this case, the software now additionally tracks an orientation angle for the selected

spot in the video frame. After marking all caps of MJP that are present in the first frame

of the video and including all other described steps, the obtained save file includes data for

the orientation angle of each individual particle within each frame.

Some drawbacks of the described tracking technique should be pointed out: only the selected

spots/particles are being tracked throughout the whole video, meaning that only trajectory

information from these particles enter the statistics regarding the analysis of the motion

dynamics. This ultimately leads to reduced statistics as new particles entering the field of

view during the video duration will not be tracked. Also the loss of tracked particles within

a video due to the mistaken identification of another dark spot, e.g. a defect on the substrate

surface, as the previously assigned particle can be an issue. Especially to include all particles

entering the field of view into the obtained tracking data, the Python based tracking software

AdaPT was also used in this work for the time-resolved investigation of magnetic particle

positions.[DHK21] This software package was specifically developed for the accurate tracking

of spherical magnetic particles moved within microfluidic environments. Benchmarking and

testing of the software was done with videos of MJP motion, obtained in the frame of this

work. These videos especially helped to implement a simultaneous analysis of the rotation

state of MJP in addition to the positional data. Since the functionalities of AdaPT are de-

scribed in detail in the works of [Sch19] and [DHK21], only a brief treatment will be given in

the following. The software segments loaded videos, which were initially restricted to sizes of

800 pixels x 600 pixels, into single frames. If no number of frames is specified all the frames

of the videos will be loaded into the software. The frames are pre-processed by calculating

an average image from all present frames and then subtracting this average image from each

single frame. This prevents an inhomogeneous illuminated background from interfering with

the localization of particles. Particles are then localized by finding circular spots employing

an intensity-based matching procedure proposed by Crocker and Grier [CG96] and readily

usable from the Python library TrackPy [ACK21]. In order to facilitate the identification

of optimal parameters (particle size and minimum mass) for the user, a machine-learning

based algorithm was implemented. This algorithm is trained by exemplary image data of

the different particle classes that need to be tracked. The advantage over the previously

discussed Video Spot Tracker software is the localization of particles in every frame of the

video, therefore allowing the inclusion of particles which move into the field of view at a

later stage. After finding every particle in all the frames, their time-dependent positions

are connected into trajectories by so-called frame-to-frame linking.[CG96] AdaPT also of-
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fers trajectory linking by a linear assignment problem solver, which involves an additional

correction of the obtained trajectories regarding open gaps and merging/splitting of two

individual particles.[JLM08] This linking methods requires larger computational resources

than the aforementioned frame-by-frame linking [DHK21], which is why the linear assign-

ment problem solver was usually omitted when analyzing particle motion dynamics with

AdaPT. Resulting from the tracking procedure, the user obtains a data file with positional

information (x- and y-coordinates) for each found particle in the loaded image frames. Each

particle is thereby identified by a unique particle ID. If the option for rotational analysis

was chosen before starting the tracking procedure (in the case of MJP motion), the obtained

data will also include a projected rotation angle for each particle.





4 Modulated magnetic field

landscapes for targeted transport

functionality

Looking at the various approaches for the controllable actuation of magnetic particles within

locally defined magnetic field landscapes (MFL), all concepts are aiming at the realization

of key functionalities for future Lab-on-a-chip (LOC) devices. These include the specific

binding of analyte molecules from a solution of interest, followed by a concentration and

detection of the analyte, all based on the usage of magnetic nano- or microparticles. The

observations and conclusions presented in the current chapter are focused on the following

issues: (1) What can be reliable concentration and detection schemes when employing mag-

netic particle transport in dynamically modified MFLs? (2) How can MFLs, imprinted by

ion bombardment induced magnetic patterning (IBMP) into exchange bias (EB) thin film

systems, be designed for such purposes?

So far, particle transport investigations employing IBMP structured magnetic substrates

were relying on a prototypical parallel-stripe domain pattern, commonly fabricated with the

help of a photolithographic patterning technique.[HKB15, EKH15, RHE21, HRT21] Thereby,

a resist is coated onto the magnetic substrate prior to ion bombardment (cf. section 3.1.2).

The stripes consisted of roughly equal widths with the stripes’ length defined by the sam-

ple dimension.[HKB15, EKH15, RHE21, HRT21] In the working group, a stripe patterned

shadow mask with selectable stripe width between 1 µm, 2µm, 5µm, and 10 µm is typically

used for resist patterning. Usually, 5 µm is chosen for the investigated prototypical sys-

tem, as this dimension proved to reliably produce the desired MFL for particle transport.

Ergo, stripe domain patterns with a one dimensional periodicity, given by the doubled stripe

widths, result in a particle transport direction along this periodicity. Commonly, the domain

magnetization configuration was hereby chosen as such that alternately adjacent domains

are magnetized head-to-head (hh) or tail-to-tail (tt). Employing MFM, it has been evi-

denced that this leads to maximum strength of the emerging magnetic stray field.[HZK13]

The described stripe pattern generally allows for a robust one-dimensional transportation

61
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of magnetic particles using only weak external magnetic field pulses with the possibility to

separate the particles based on their magnetophoretic mobility by modifying the external

field pulse duration.[HKB15]

However, a simple stripe pattern lacks the possibility to spatially concentrate magnetic

particles. The given symmetry of the pattern allows for a controlled particle transport along

one direction (denoted in the following as the x-direction), but prohibits the control of the

particles’ movement along the perpendicular one (denoted in the following as the y-direction),

which is dominated by Brownian motion. Consequently, particles will always be transported

across the substrate being aligned in a vertical line perpendicular to the transport direction.

Therefore, a desired concentration of particles at a designated location for e.g. analyte de-

tection in LOC applications is hindered. Because of that, one specific modification of the

prototypical stripe domain pattern is of great interest: Breaking the symmetry by either

alternately modifying the local magnetization direction along the stripes, thus, adding an-

other type of domain configuration to the pattern, or by modifying the stripes’ length in

such a way that it gradually increases or decreases. For the first measure, a chessboard-like

domain pattern consisting of periodically repeated hh/tt or head-to-side (hs) domain config-

urations can be produced by IBMP involving a two-step photolithography processing with

the described stripe-patterned shadow mask.[GHH16] Although the ensuing potential energy

landscape for a magnetic particle situated above of the substrate allows accordingly for a

two-dimensional transport, additionally using in this case a time-varying external magnetic

field in the y-direction, still a spatial concentration of particles at a defined substrate area

is hindered. Comparably to the transport above a magnetic stripe domain pattern, particle

trajectories are all parallel to the defined transport direction. However, for spatially increas-

ing particle concentration, trajectories of single particles need to converge. Harnessing the

locally confined, strong magnetic field gradients of microscopical MFLs, they need to be

spatially engineered accordingly.

Using IBMP of EB thin film substrates for the fabrication of these MFL, a domain

pattern was envisioned for this work that consists of hh/tt magnetized stripe domains ex-

hibiting gradually varying length. As it will be shown in the following, the stripes’ dimension

in y-direction is periodically increased and decreased, leading to positions of minimal and

maximal stripe length. The stripe width is hereby kept constant at the prototypical value

of 5 µm. It is hypothesized, that laterally moving magnetic particles, captured within the

potential energy minimum situated above the domain wall (DW) between adjacent stripes,

are gradually more confined in space when moving from larger to lower stripe length. This

should lead to a focusing of particles at the area of lowest stripe length, similar to the ob-

servations of Urbaniak et al. [UHE18] for particle transport above a periodic arrangement

of concentric out-of-plane magnetized hollow cylinders with varying radii. Here, particle
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trajectories were obtained that resemble the behavior of light rays in an optical focusing

lens. Hence, the aim in this work is to analyze the particle motion above the described

stripe domain pattern with in-plane magnetization, especially with regard to the capability

of concentrating magnetic particles at the position of minimal stripe length. Beforehand,

the domain pattern will be characterized magnetically using the L-MOKE, VSM and MFM

techniques.

Another domain pattern was designed, dedicated towards the controlled separation of

magnetic particles based on their magnetophoretic properties. As discussed earlier and also

in section 2.4.1, depending on the magnetophoretic characteristics of the transported par-

ticles, different critical frequencies for the external magnetic field sequence can exist, at

which a portion of particles cannot follow the dynamic transformation of the MFL and

proceeds towards a “phase-slipping” regime. In this regime, the particles are exhibiting

a rocking motion around the position of a DW within the substrate. Thus, choosing the

right frequency for the external magnetic field sequence, fractions of particles with different

magnetophoretic mobilities can be isolated from each other, as one fraction stays in the

“phase-locked” regime and continues to perform a directed movement whereas for the other

fraction the critical frequency is already reached and the average motion velocity decreases.

Considering a prototypical stripe domain pattern, this critical frequency is also determined

by the width of the stripes, i.e. the transport distance of a magnetic particle between the

positions of adjacent DWs. Assuming a constant steady-state velocity when particles move

from one DW to the other, increasing this distance would necessitate more time for complet-

ing the motion. Hence, the critical frequency for the transition from the “phase-locked” to

the “phase-slipping” regime is effectively decreased. Based on this, the question opened up if

a domain pattern with gradually varying stripe width allows for the separation of magnetic

particles when using a fixed frequency for the external magnetic field sequence. Hypothet-

ically, magnetic particles with the same mobility should reach, when moving laterally, the

same domain width where a transition to the “phase-slipping” regime occurs. Particles with

higher/lower mobility should be observed to either advance further to wider stripe width or

start earlier at lower stripe width to show “phase-slipping” behavior. Hence, spatial particle

separation should be within reach. The described domain pattern with gradually modified

stripe width but fixed length was fabricated and the particle transport dynamics above this

pattern were investigated. Also for this pattern, a magnetic characterization was conducted

and the results of these measurements will be presented before continuing with the evaluation

of the particle transport data.
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4.1 Optical and magnetic characterization of domain

patterns

4.1.1 Modulated stripe length

In Fig. 4.1 (a), one can see an image of the patterned resist film, which was used for fabricat-

ing a magnetic stripe domain pattern with gradually varying stripe length and two different

track designs. For the sake of brevity, this pattern will also be referred to as the focus pattern

in the following. The image was obtained with the help of an optical bright-field microscope

in reflection mode and the patterned resist itself was acquired by using laser-writer lithog-

raphy. This maskless optical lithography method allows for the precise definition of micro-

and nanoscaled structures, as the spot of a laser is guided in a scanning motion across the

resist surface, creating areas of increased/decreased resist solubility. This fabrication step

was carried out by Prof. Dr. Piotr Kuswik at the Institute of Molecular Physics of the

Polish Academy of Sciences (IFM-PAN) in Poznan/Poland. Prior to that, a GDS-file for the

respective pattern design was created, using the freely available software KLayout [KLa].

After resist development, the structure shown in Fig. 4.1 (a) was obtained, where it can

be distinguished between resist covered sample areas (pink color) and non-covered sample

areas (white color). Two different track designs were hereby considered for the transport of

100 µm
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Fig. 4.1: Optical and magnetic characterization of the magnetic stripe domain pattern with
gradually modified stripe length. (a) Image of the patterned resist used for fabricating the domain
pattern via IBMP. The image was obtained using an optical bright-field microscope in reflection
mode. The two track designs 1 and 2 for magnetic particle transport are indicated, as well as the
initial EB direction H⃗EB,0 and the direction for the magnetic field applied during ion bombardment

H⃗IB. Magnetization curves measured for the magnetically patterned substrate using (b) VSM and
(c) in the case of a locally defined position on the magnetically patterned substrate using L-MOKE
magnetometry.

magnetic particles. Track design 1 consists of two stripes (no resist coverage) exhibiting 5 µm

stripe width and length at the position of narrowest stripe length and of two stripes with

50 µm length at the position of widest stripe length. In between, the length of subsequent

non-covered stripes is reduced/increased by 5 µm, leading to a vertical distance of 2.5 µm

between the upper/lower edge of two consecutive stripes. Track design 2 incorporates a
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smoother transition in the length of adjacently placed stripes: here the stripe length reduc-

tion/increase is 1 µm, hence with a vertical distance of 0.5 µm between upper/lower stripe

edges. At the narrowest track position the stripe length is reduced to 2 µm, while for the

widest track position the stripe length was chosen to be 25 µm. For both tracks the lateral

separation distance between non-covered stripes is 5 µm.

Performing an He ion bombardment process of the whole sample surface inside a magnetic

field H⃗IB, which is antiparallel to the initial remanent in-plane magnetization pinned by the

EB and described by the field H⃗EB,0, results in the creation of the desired magnetic do-

main pattern with a hh/tt configuration. The irradiated ion dose was hereby chosen to be

1 × 1015 cm−2, since this dose has been evidenced to result in an optimally reversed unidi-

rectional anisotropy after ion bombardment and maximal H⃗EB,IB for the here used standard

layer stack.[HGD17] Note, that H⃗EB,IB is oriented parallel to H⃗IB but antiparallel to H⃗EB,0.

For characterizing the magnetic properties of the sample after ion bombardment, magneti-

zation curves were measured using VSM (cf. section 3.2.2) and L-MOKE magnetometry (cf.

section 3.2.1). The results are displayed in Fig. 4.1 (b) and (c), respectively. Here, VSM

was used to characterize the integrated in-plane longitudinal magnetization component of

the whole sample in dependence on the applied in-plane magnetic field H. Using L-MOKE

magnetometry allows to locally probe the sample surface with regard to the sample area

illuminated by the laser spot. Both magnetization curves exhibit qualitatively the same

remagnetization behavior. A double-hysteresis is clearly visible, indicating two distinct re-

magnetization steps when going from positive to negative saturation and vice versa. Both

hysteresis loops are shifted to positive and negative magnetic field values, respectively. The

hysteresis shifted to negative field values, representative for the non-bombarded sample area,

hereby exhibits a significantly larger amplitude as compared to the hysteresis shifted to pos-

itive field values, because the non-bombarded area is much larger than the bombarded ones

(cf. Fig 4.1 (a)). Similarly, the hysteresis shifted towards positive field values is caused by the

magnetic stripe domains, ergo the bombarded areas, pointing with their magnetization along

H⃗IB. To quantify the negative and positive shifts HEB,left and HEB,right of both hysteresis

loops, respectively, the data was fitted using two combined arctan functions [GHH16]:

M (H±) =
2

π
· (Aleft · arctan [sleft · (H± −HEB,left ±HC,left)] +

Aright · arctan [sright · (H± −HEB,right ±HC,right)]). (4.1)

Aleft and Aright represent hereby the amplitudes, HEB,left and HEB,right the EB shifts, and

HC,left and HC,right the coercive fields of the respective hysteresis loops. The quantities sleft

and sright describe the difference between the coercive field and the field at which the arc-

tangent function reaches 90 % of its maximum value and is therefore an indicator for the

squareness of the respective hysteresis loop.[GHH16] All of the described characteristics are

utilized as fit parameters being optimized for best representation of the acquired VSM and
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L-MOKE data. As a result, experimental values for HEB and HC regarding the left and

the right hysteresis loop are obtained and summarized in Tab. 4.1. Interestingly, absolute

Tab. 4.1: Quantification of HEB and HC determined for the left and right hysteresis loop of

the magnetic focus pattern. Values are distinguished between VSM and L-MOKE magnetometry

measurements.

Measurement technique VSM L-MOKE

HEB,left (kA/m) -11.07 ± 0.03 -13.30 ± 0.01

HEB,right (kA/m) 5.12 ± 0.20 6.85 ± 0.16

HC,left (kA/m) 3.59 ± 0.03 5.06 ± 0.01

HC,right (kA/m) 2.24 ± 0.16 2.95 ± 0.13

values for both HEB and HC regarding left and right hysteresis loop are significantly larger

when measured by L-MOKE magnetometry as compared to VSM measurements. This might

be related to the nature of MOKE magnetometry as a locally restricted probing technique,

whereas VSM characterizes the magnetization of the whole sample. Consequently, local dif-

ferences in, e.g., magnetic pattern quality, thin film thicknesses, and magnetic anisotropies

might be responsible for the observed discrepancies. Another, more probable, cause might be

connected to the angle of the applied magnetic field with respect to the system’s easy axis.

All magnetic characterization measurements have been carried out with the applied magnetic

field pointing approximately in the direction of the original unidirectional anisotropy before

ion bombardment. However, it is known from literature that the measured magnitudes of

HEB and especially of HC are dependent on the direction of the externally applied magnetic

field.[GPS02, MGM16] Thus, if the measurement angle is not the same for different mea-

surements, it can have a significant influence on the measured quantities.

It can be inferred from the hysteresis loops recorded with the help of the VSM and the L-

MOKE magnetometer, that the IBMP procedure for the focus pattern yielded the expected

remagnetization behavior for a domain pattern with hh/tt domain configuration. For an in-

depth characterization, MFM measurements were carried out at a tip lift height of 100 nm

above the substrate. The phase contrast image of an exemplary overview position on the

sample is shown in Fig. 4.2 (a). Except from a few defects, probably caused by a damaged

resist structure, track 1 and 2 of the focus pattern are clearly recognizable. Portions of

track 1 are visible in the upper and lower region of the image, while a section of track 2 is

placed in the middle. Either way, the phase signal shows the lightest contrast at the left

boundary and the darkest contrast at the right boundary of each stripe domain. The stripe

domains are hereby the regions, that were exposed to ion bombardment and, ergo, exhibit an

antiparallel magnetization with regard to the residual sample area. One could also speak in
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Fig. 4.2: Characterization of magnetic charge distributions within magnetic stripe domain pat-
terns with gradually modified stripe length using MFM. (a) Overview scan of an approximately
100 µm × 100 µm sample area at a tip elevation of 100 nm. (b) More detailed scan of stripe domains
with extracted phase signal line profiles in lateral and vertical direction.

this case of magnetic stripe domains, which are embedded in a mono-domain environment of

antiparallel oriented magnetization. Hence, the formation of hh and tt DWs is expected for

the lateral boundaries of each stripe domain and side-by-side (ss) DWs should occur at the

vertical domain boundaries. For verification, a detailed scan of a smaller sample area, which

includes three stripe domains, was conducted and horizontal as well as vertical line profiles

were extracted for the phase signal by averaging over the regions marked with transparent

color (see Fig. 4.2 (b)). The horizontal line profile (red data points), confirms the occurrence

of a maximum and minimum in the phase signal linked to the positions of stripe domain

boundaries. The symmetric peak/dip structures corresponding to these maxima and minima

are resembling a monopolar charge contrast, which is typically observed for hh and tt DWs,

respectively.[HZK13] From the peak/dip positions, it can be concluded that each stripe

domain consists of the desired 5 µm width. Contrastingly, the vertical line profile through

one stripe domain shows an asymmetric signal profile at the stripe boundary positions. This

profile is characteristic for the dipolar charge contrast observable for a ss type DW.[HZK13]

It should be noted, that the phase signal amplitude for maxima and minima for the vertical

line profile is significantly reduced as compared to the horizontal line profile, which is another

trait of ss DWs, typically exhibiting a lower magnetic charge concentration. Hence, particle

trapping within the planned transport experiments is expected to be dominated by the hh

and tt DWs, due to emergence of the strongest magnetic fields within the MFL at these

positions.

In conclusion, the optical and magnetic characterizations performed for the focus pattern

verify the existence of the aspired magnetic domain pattern, leading to the formation of a

tailored MFL usable for particle transport experiments. As a last remark, however, it is for
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charged DWs a priori not possible to correlate the MFM phase signal with the exact domain

magnetization configuration.[HZK13] Thus, micromagnetic simulations of the investigated

domain pattern are usually performed for corroboration.

4.1.2 Modulated stripe width

The same techniques as in the previous sections were used to characterize the stripe structure

with gradually varied width, in the following also referred to as the separation pattern. In

Fig. 4.3 (a), an optical bright-field microscope image of the corresponding resist structure

is shown for a first impression. Here, positions of maximum and minimum stripe width can

100 µm
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VSM L-MOKE
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HIB

Fig. 4.3: Optical and magnetic characterization of the magnetic stripe domain pattern with
gradually modified stripe width. (a) Image of the patterned resist used for fabricating the domain
pattern via IBMP. The image was obtained using an optical bright-field microscope in reflection
mode. Magnetization curves measured for the magnetically patterned substrate using (b) VSM and
(c) in the case of a locally defined position on the magnetically patterned substrate using L-MOKE
magnetometry.

be clearly distinguished. The pattern was designed as such that the stripe width is laterally

increased and decreased in a periodic fashion across the whole sample. The stripe length is

thereby equal to the sample dimension. Starting from the smallest stripe width of 1.2 µm,

the next stripe width is 1.5 µm and from there on the width is consecutively increased by

0.5 µm until 5 µm. Stripes with 5 µm width are then repeated 11 times before another gradual

increase of the stripe width with 0.5 µm increment takes place. This continues until 10µm,

with this stripe width being repeated 7 times. Afterwards, the stripe width is gradually

decreased back to 1.2µm, following the same scheme as described for the increasing stripe

widths. As it can be seen from the image of the structured resist, the structure quality

may be compromised in the regions of smallest stripe widths, since here the resist shows a

different color, hinting at a modified resist thickness.

After ion bombardment (ion dose = 1 × 1015 cm−2), the sample was characterized mag-

netically, similarly to the focus pattern, by employing VSM and L-MOKE magnetometry.

The measured magnetization curves are displayed in Fig. 4.3 (b) for VSM and in (c) for

L-MOKE magnetometry. Again, the fit based on equation 4.1 is displayed alongside the

recorded corresponding hysteresis loops. A clear double hysteresis is visible for both VSM
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and L-MOKE measurement. Similar to the focus pattern, both loops can be attributed to

the two regions of antiparallel unidirectional magnetic anisotropy within the sample, caused

by the IBMP. In this case, however, both loops exhibit approximately the same amplitude.

This could be expected, as the bombarded and non-bombarded sample areas should be of

roughly the same size for the separation pattern. Only small differences in the amplitude

ratio can be observed for VSM and L-MOKE investigations. Here, the VSM magnetization

curve is closer to the 50:50 ratio, probably due to the integrative measurement of the whole

sample. The L-MOKE curve deviates by a small margin, likely caused by the specific portion

of the domain pattern that was locally measured within the laser spot. Extracting both HEB

and HC for left and right hysteresis loop from the fitted function (equation 4.1) yields the

results that are summarized in Tab. 4.2. Once more, differences in HEB and HC magni-

Tab. 4.2: Quantification of HEB and HC determined for the left and right hysteresis loop of the

magnetic separation pattern. Values are distinguished between VSM and L-MOKE magnetometry

measurements.

Measurement technique VSM L-MOKE

HEB,left (kA/m) -10.05 ± 0.04 -10.58 ± 0.02

HEB,right (kA/m) 5.39 ± 0.05 7.66 ± 0.02

HC,left (kA/m) 2.60 ± 0.04 3.28 ± 0.02

HC,right (kA/m) 2.91 ± 0.04 2.84 ± 0.02

tudes measured with VSM and L-MOKE magnetometry can be explained by the nature of

both techniques being either integrative or locally confined characterization methods and/or

differing measurement angles with respect to the external applied field. Nonetheless, the

qualitative shape of the curves and the quantitative analysis supports the existence of the

intended hh/tt domain pattern within the sample.

Characterizing the separation domain pattern more closely, MFM measurements were per-

formed, with the obtained phase contrast images together with extracted horizontal line

profiles presented in Fig. 4.4. For an overview scan of the magnetic pattern at a tip lift

height of 100 nm, a sample region was chosen where the position of smallest stripe width

is located at the left edge of the image, with increasing stripe width following from left to

right (Fig. 4.4 (a)). When analyzing the phase signal across the indicated horizontal line,

with averaging conducted over the indicated area, the obtained profile consists of alternating

maxima and minima. In Fig. 4.4 (a), for the smallest stripe widths (x-position below ap-

proximately 20 µm), it can be observed that the normally expected plateau region between

maximum and minimum (cf. Fig. 4.2 (b)) is vanishing. This is in agreement with previous

investigations on IBMP imprinted stripe domains of varied widths, as at some point DW

and domain regions cannot be distinguished anymore due to a continuous transition between
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Fig. 4.4: Characterization of magnetic charge distributions within magnetic stripe domain pat-
terns with gradually modified stripe width using MFM. (a) Overview scan of an approximately
90 µm × 90 µm sample area at a tip elevation of 100 nm with extracted phase signal line profile in
lateral direction. Black dashed lines indicate the separation distances between positions of adjacent
DWs inferred from the phase signal line profile. (b) Detailed scan of the stripe domains with the
lowest stripe width at a tip elevation of 100 nm. Again a phase signal line profile along the lateral
dimension was extracted. (c) Repeated scan of the same sample area as in (b), this time at a tip
elevation of 500 nm together with the extracted phase signal line profile in lateral direction.

consecutive DWs of opposite charge.[GEU18] Approaching a stripe domain width of 5 µm,

the plateau region is clearly visible again in the phase signal profile, allowing a distinction

between DW and domain regions. As described for the resist pattern, the repetition of 5 µm

wide domains is observable as well, since the periodicity for peak/dip positions is 10 µm,

starting from a x-position of approximately 30 µm. Analogously to the focus pattern, the

peak/dip profiles in the phase signal resemble the typical monopolar charge contrast of hh/tt

DWs.[HZK13] Remarkably, signal peaks and dips are not of the same magnitude, i.e., signal

dips towards negative phase signal are larger than signal peaks towards positive phase sig-
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nal. This observation hints at different charge accumulation concentrations for the respective

type of DW.

Due to the rather low resolution of the phase signal for the acquired line profile, especially for

the regions of small stripe widths, a more detailed measurement of a smaller sample region

with higher scanning resolution was performed. In order to investigate the influence of near-

and far-field effects, these scans were carried out at tip lift heights of 100 nm (Fig. 4.4(b))

and 500 nm (Fig. 4.4(c)), respectively. Within these close-ups, the smallest stripe domain

width of nominally 1.2 µm is placed in the center, surrounded by consecutive stripe domains

with 1.5 µm, 2 µm, and 2.5 µm width. The extracted phase signal line profile for 100 nm tip

lift height reveals more detailed, but also more complicated DW charge configurations. It

can be seen, for instance, that peak and dip profiles exhibit a more asymmetric progression.

This has also been observed previously for hh/tt DWs in IBMP processed EB thin film

systems.[ZAV17, GEU18] Due to altered magnetic properties within ion bombarded regions

of the sample [HGD17, MMG18], the DW reaches further into the bombarded areas than

into the non-bombarded areas, causing ultimately asymmetric DWs.[GEU18] Additionally,

unexpected declination in the phase signal are occurring within the peak regions, e.g., around

x-positions of 5.5 µm and 12µm. Here, it is speculated that these dips are distortions in-

duced by the sample surface topography. Especially when the resist structure was not fully

removed, the residuals on the surface could lead to the observed artifacts in the magnetic

contrast of the MFM image. Going to a larger tip lift height of 500 nm (Fig. 4.4(c)), the

priorly described horizontal line profile’s fine structure vanishes as the superposed magnetic

stray fields are probed at a larger distance from the sample surface. The peak and dip pro-

files are now highly symmetric. For the smallest stripe domain width (around an x-position

of 8 µm), adjacent signal peak and dip show a decreased amplitude as compared to the fol-

lowing peaks and dips. Hence, the emerging stray fields are weakened as compared to the

wider stripe domains, which was also observed in previous investigations [GEU18]. This is

important to keep in mind when analyzing the steady-state velocity of transported super-

paramagnetic particles within these stray fields, as their magnetic moment is influenced by

the strength of the present magnetic field.

It can be stated conclusively, that similarly to the focus domain pattern a magnetically struc-

tured EB substrate with stripe domains of gradually modified width and a hh/tt domain

configuration was obtained. The resulting MFL is employed in the following for particle

transport experiments, with special focus on a possible separation based on the particles’

magnetophoretic mobility.

4.2 Transport dynamics of superparamagnetic beads

Having characterized the magnetic properties of the substrates, corresponding transport ex-

periments for superparamagnetic beads (SPBs) were conducted and shall be evaluated in
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the following. Special attention will be paid towards the spatial concentration of SPB, when

travelling laterally through the MFL caused by the focus pattern, and the mobility of SPB,

when moving above the separation pattern. For all experiments, Dynabeads� M-270 Car-

boxylic Acid, purchased from ThermoFisher Scientific, were used as SPBs. These particles,

with a diameter of nominally 2.8 µm, exhibit a homogenous distribution of superparamag-

netic material (γFe2O3 and Fe3O4) encapsulated by a thin polymer shell, which is surface

functionalized with carboxylic acid groups.[Dyn21] The high uniformity, as advertised by

the distributor, should therefore result in consistent and equal magnetophoretic mobilities

for all SPB observed within the same batch. First, SPB movement above the focus domain

pattern will be analyzed.

4.2.1 Modulated stripe length

Before conducting particle transport experiments, a PMMA layer of approximately 200 nm

thickness was spin-coated on top of the magnetically structured substrate in order to reduce

the probability of SPB sticking to the substrate surface.[RHE21] The SPB dispersion was

pipetted into a microfluidic chamber formed on the PMMA surface (cf. section 3.3) and

particle transport was recorded by using the Optronis CR450x2 high speed camera together

with a 40×-magnification for the optical bright field microscope. The sample has been placed

into the setup as such that the magnetic stripe domains’ long axis was aligned perpendicular

to the externally applied magnetic field in x-direction along which the particle’s motion

is induced. For initializing particle transport, a similar external magnetic field sequence

consisting of periodically repeated trapezoidal shaped field pulses, as employed in the works

of, e.g., Holzinger et al. [HKB15], Ueltzhöffer et al. [USK16] and Huhnstock et al. [HRT21]

using magnetically stripe patterned EB substrates, was applied. As described in section 3.3,

field pulse sequences in x- and z-direction were used, with a phase shift of π/2 between both

sequences. After 10, 15 or 20 repetitions of the pulse sequence with the period T , the phase

relation was inverted, resulting in particle transport in the now opposite x-direction. The

amplitude of the field pulses in both directions was chosen to be 1mT. Particle transport

was initiated for variations of the temporal phase shift T/4 between 0.5 s and 0.02 s and

the obtained results were video recorded with a frame rate of 1000 fps. The evaluation of

a snapshot of the recorded particle transport along the x-direction (Fig. 4.5) reveals the

arrangement of SPBs along vertical lines, with the dimension of these particle assemblies

following closely the structure of the underlying substrate domain pattern. This could be

expected, as the SPBs are trapped at the positions of maximum magnetic field strength or

minimum potential energy, which are coinciding with the positions of DWs in the magnetic

substrate.[HKB15, RLL16] As visualized by the converging magenta lines in the upper panel

of Fig. 4.5, the vertical dimension of the particle line assemblies decreases with increasing x-

position, thus, the number of particles within each assembly is decreased when coming closer
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direction of particle movement

Fig. 4.5: Snapshot of SPB distribution above the magnetic focus pattern within a microfluidic
environment. Particle assemblies are following closely the underlying domain pattern given by the
decreased stripe length, as indicated by the converging magenta lines. The upper panel shows a
contrast-enhanced and noise-filtered image of the raw microscope image. The lower panel presents
the background-subtracted, noise-filtered image, together with averaged intensity profiles along the
x- and y-coordinate.

to the position of narrowest stripe domain length. From the particle assembly behavior, it is

therefore deduced, that the position of narrowest stripe length is situated within the center

of the chosen frame of Fig. 4.5, while going further to the right (increasing x-position) entails

an increase of stripe domain length. Please note, that the following analysis concentrates

on the particle transport above track 1 of the focus domain pattern, as for track 2 similar

results were observed. The upper panel hereby presents a single frame obtained from the

recorded video, which incorporates enhanced raw data for better representation of single SPB

positions. The enhancement includes an initial contrast stretching for the image, followed

by a subsequent denoising using a bilateral filter (used functions are shown in appendix C).

The lower panel includes the same video frame, but this time with a performed subtraction

of the inhomogeneous illuminated background. This was achieved by calculating an average

of all frames in the whole video (8765 frames) and subtracting this average image from each

single frame. Hence, the background is in this instance uniformly black (no pixel intensity)

and SPBs are visible as bright spots.

To emphasize the particles’ arrangement, intensity profiles were determined with regard to

the x- and y-direction and are included in the lower panel of Fig. 4.5. For this, pixel

intensities were averaged along y for the x-profile and vice versa for the y-profile. Vertical

particle assemblies are clearly indicated by peaks in the x-profile, whereby the magnitude

of these peaks correlates with the number of particles within the respective arrangement.

Therefore, peak intensity is decreasing when approaching the location of smallest stripe
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length, although only a few particles are positioned within this regions for the chosen frame.

Nonetheless it can be observed, that directly in the center of the frame, particle intensity is

almost vanishingly small, owing to the bright light spot produced by the used microscope.

However, a qualitative analysis of the particle arrangements within this central area is still

possible, which will especially be crucial within the further stages of the presented evaluation.

Of special interest is the y-profile, as this can be an indicator for the spatial concentration

of SPBs within the observed sample region. In the x-direction, no spatial focussing of SPB

should occur, as particles arrange in vertical lines due to strong attraction towards the

positions of DWs. However, as the DW dimension is gradually decreased in y-direction, as

can be seen from the obtained MFM images for the domain pattern, the amount of particles

that can be captured by the respective stray field is increasingly limited. Consequently, when

observing the transport of a SPB fraction through the focus pattern MFL (left to right in

Fig. 4.5), one could expect an increasing centrally placed intensity peak in the y-profile with

progressing time.

This hypothesis was further explored by mapping the intensity profiles in x- and y-direction

for each video frame to the corresponding experimental time. As the recording took place

with 1000 fps, every 1ms an image/intensity profile was acquired. Accordingly, Fig. 4.6

shows the temporal evolution of the intensity profiles, with the color intensity being equal

to the averaged pixel intensity within each single frame profile. Panel (a) presents intensity

profiles in dependence on the x-coordinate (x-axis) and recording time (y-axis), with a section

of this map highlighted in more detail in panel (b). Analogously, panel (c) visualizes intensity

profiles in dependence on the y-coordinate (y-axis) and the recording time (x-axis), with

another enlarged region in panel (d). The intensity maps, exemplary displayed in Figs. 4.6

and 4.7, were obtained for a quarter period of T/4 = 0.05 s and T/4 = 0.02 s for the applied

trapezoidal magnetic field sequence, respectively. The representations include indications for

the sample area of minimum length for the magnetic stripe domains by showing two magenta

lines separated by 15 µm for x-profiles and by 5 µm for y-profiles. Although containing a

large amount of information, the following qualitative key observations shall be highlighted,

as they emphasize the dynamic behavior of the investigated particle transport system:

❶ SPBs are initially traveling from right to left, with direction changes (inversion of phase

relation for the external magnetic field sequence) occurring at approximately 1500ms,

4750ms and 8000ms. Therefore the largest amount of particles, observable within the

chosen field of view, is crossing the central region of narrowest stripe length, indicated

by magenta lines in Fig. 4.6 (a), two times at ca. 3000ms and 6000ms. Moving

particle assemblies (oriented in a vertical line above an individual stripe) are hereby

recognizable as dark diagonal lines in contrast to the white background.

❷ The intensity of the x-profile peaks is decreased in the central region of smallest stripe

length in comparison to the other sample areas. For a detailed view, the section
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Fig. 4.6: Time-dependent intensity profiles for magnetic particles transported directionally over
track 1 of the focus domain pattern for a period of T/4 = 0.05 s for the applied external magnetic
field sequence. (a) Averaged pixel intensity along the y-direction for each x-position (x-axis) and
transport video time step (y-axis). (b) Enlarged section of the x-directed intensity map for the
whole video, which is marked by the blue dashed rectangle in (a). (c) Averaged pixel intensity along
the x-direction for each y-position (y-axis) and transport video time step (x-axis). (d) Enlarged
section of the y-directed intensity map for the whole video, which is marked by the blue, dashed
rectangle in (c). Magenta lines are indicating the boundaries of the sample area with narrowest
stripe domain length.

outlined by the blue dashed rectangle in Fig. 4.6 (a) is displayed as a close-up in

panel (b). Here it becomes apparent that not only the intensity of the peaks is smaller

in the central region, but that in addition the peaks are widened, leading to a more

blurred impression of the intensity distribution in the respective profiles. As it will

be analyzed more closely in a latter stage of this section, this widening is stemming

from the formation of SPB clusters at the position of smallest stripe length. This

phenomenon also leads to the overall intensity decrease, as less particles are aligned

strictly vertically in the central region compared to the other areas to the left and to

the right. Therefore, a cascading progression of the dark intensity lines with increasing

time is observable for sample areas outside the central region, thus, corroborating the

directed stepwise transport of SPB as it was demonstrated in earlier works using the

same transport mechanism.[HKB15]

❸ Evaluating the intensity profile map in the y-direction of the recorded video frames (Fig.

4.6 (c)), the most striking feature is a centrally placed dark spot, forming between ca.

3000ms and 7000ms. Again, the region of smallest stripe length within the substrate

is highlighted by two magenta lines. With some variation in the distribution, the dark

spot is placed mainly within this region. As it was observed for the x-profile map,

SPBs are transported through the region of smallest stripe domain length on the same
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experimental time scale. Consequently, the map indicates a spacial concentration of

SPBs along the y-dimension at the sample area of narrowest stripe length. The close-

up in Fig. 4.6 (d) for the blue dashed rectangle in panel (c) puts further emphasis on

this observation. Finer features visible in the intensity map are caused by trajectories

of individual SPB. These are, however, for the discussion in this work of no further

relevance.

❹ For comparably short quarter periods of the external magnetic field sequence, it has

been observed that beyond a critical quantity, SPBs are not passing through the “focal

point” of the domain pattern. In other words, they transition into a “phase-slipping”

behavior just before this point, leading to the successive build up of a “jam” for SPB

transported towards the position of narrowest stripe domain length. This is only

possible, since all other SPBs on top of longer stripe domains are still in the “phase-

locked” regime, thus, still being directionally transportable. The behavior can also

be inferred qualitatively from time-dependent intensity maps along the x-coordinate

for T/4 = 0.02 s, displayed in Fig. 4.7 for track 1 and track 2 of the domain pattern.

Interestingly, the critical frequencies at which SPB “jams” are occurring differs between

track 1 and track 2. While for track 2 it was already observed at T/4 = 0.05 s (not

presented), for track 1 this behavior started only at shorter periods of T/4 = 0.03 s.

In short, the qualitative evaluation of temporal intensity profile maps in both image dimen-

sions reveals a spatial focusing in combination with cluster formation of laterally transported

SPB assemblies within the MFL emerging from a magnetically structured EB substrate with

stripe domains of gradually increasing/decreasing length and a hh/tt domain magnetization

configuration.

It should be pointed out at this stage, that the presented intensity maps offer an al-

ternative approach for analyzing particle transport behavior within tailored MFLs, which

is especially applicable for this type of substrate domain pattern. Typically, single particle

tracking (which will be employed in upcoming studies) is used to characterize the particle

motion dynamics. In this instance, however, converging particle trajectories with decreasing

stripe domain length, ending in the compacted cluster formation of particles, render the

application of single particle tracking as intricate. Here, particle matching algorithms can

easily mix up the positions of single particles when being in close vicinity to each other

in the clustered state. Instead, the dynamics of particles assemblies could be investigated

quantitatively taking the temporal evolution of peak positions within the intensity profiles

along the x-direction into account. For the focus domain pattern, the evaluation of particle

dynamics was conducted on a more qualitative basis, as the main directive was to figure out

the adequacy of the resulting MFL for the particle concentration functionality in possible

LOC devices. Similar to the results of Urbaniak et al. [UHE18], the observed converging
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Track 2

Track 1

region of narrowest 
stripe domain length

Fig. 4.7: Time-dependent intensity profiles for magnetic particles transported directionally over
track 1 and track 2 of the focus domain pattern for a period of T/4 = 0.02 s for the external magnetic
field sequence. Shown is the averaged pixel intensity along the y-direction for each x-position (x-
axis) and transport video time step (y-axis). Magenta lines are indicating the boundaries of the
sample area with narrowest stripe domain length for track 1. For track 2 this area was not found
to be located in the examined microscope field-of-view.

SPB trajectories towards the region of smallest stripe length indeed provide this feature. In

contrast to the mentioned work presented in literature, all particles captured by the MFL are

transported towards the “focal point”. For the in Ref. [UHE18] utilized concentric hollow

cylinders of out-of-plane magnetized material only the particles present in certain regions

of the sample are actually focused towards the central spot of the circular pattern. Addi-

tionally, the formation of compact particle clusters within the presented transport system is

another distinguishing observation. As this is a rather intriguing feature, at first glance even

counter-intuitive to initial expectations, the phenomenon will be examined more closely in

the following.

Fig. 4.8 visualizes the translational motion of SPBs and the accompanied formation of

clusters when being transported through the position of narrowest stripe length within the
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Fig. 4.8: Clustering behavior of exemplary six-particle assemblies, when being transported direc-
tionally above track 1 of the focus domain pattern. The left panels show background-subtracted,
noise-filtered microscope images of the particles at different time steps during the conducted ex-
periment, with the blue lines indicating the vertical boundaries of the stripe domains within the
underlying substrate. Magenta and pink arrows point to the position of six-particle assemblies in
each frame, which are focused on in order to investigate the clustering behavior upon approaching
the narrowest stripe lengths. The magenta circle highlights a particle that was detached at some
point from the original assembly and was therefore not captured anymore by the magnetic stray
fields. For each snapshot (a) to (h), the particle assembly structure is schematically visualized
within the corresponding right panel, additionally rotated by 90◦ for the sake of an easier repre-
sentation.

substrate domain pattern. The snapshots (a) to (h) present the temporal progression of

particle positions and state of SPB arrangement above each distinct stripe domain. The

SPBs are moving hereby from the right to the left in a stepwise fashion upon application of

the external magnetic field sequence. Employing the transport mechanism of previous works
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[HKB15, USK16, RHE21, HRT21], SPBs are following the position of minimum potential

energy above the magnetically stripe patterned substrate, which is dynamically changing due

to the time-varying external magnetic field sequence. Specifically, the external magnetic field

in z-direction lifts the degeneracy of the potential energy above hh and tt DWs [HKB15],

thus, resulting in a spacing of 10µm or i.e. the lateral periodicity of the domain pattern

between the vertical arrangements of SPBs. For analyzing cluster formation of SPBs, it is

focused on the observation of six-particle arrangements within the displayed microscope im-

ages. Hence, two exemplary six-particle arrangements are highlighted in the chosen frames

by pink and magenta arrows. In order to emphasize the possible cluster formations, which

were identified during the course of the arrangements’ propagation, schematic representa-

tions of these formations are included in Fig. 4.8. Hereby, only the six-particle arrangement

marked by the pink arrow is sketched out.

In the beginning (Fig. 4.8 (a)), all six particles are arranged in a vertical line with roughly

equal spacing, as it would be expected for SPBs being captured within the potential en-

ergy minimum above the DW between adjacent domains. In fact, the SPBs are repelling

each other magnetostatically within this line formation, as their magnetic moments are all

aligned parallel in the respective row above the same DW.[HKB15] Therefore, a seemingly

equal spacing between single SPBs in one row can be identified. Following this particular

arrangement of six particles moving closer to the central position of smallest stripe length,

as indicated by the blue lines in Fig. 4.8, one can observe the first distinct cluster formation

state (Fig. 4.8 (b)). Here, one SPB is ejected to the side of the remaining vertical line

formation, with all of the SPB in close contact to each other. Next, when moving further

to the left (Fig. 4.8 (c)), a second particle is moved to the side, with only four particles

remaining in the initial line formation. Reaching the “focal point” of the pattern (Fig. 4.8

(d)), SPBs are compacted to a cluster consisting of two rows with three particles, arranged in

a hexagonal-like lattice. Interestingly, the second formation of six particles (magenta arrow)

lost one SPB, marked by the magenta circle, in the process of moving through the narrowest

region of the pattern. This specific SPB is in the following completely disconnected from the

MFL trapping and is therefore not transportable anymore. Hence, this assembly contains

five remaining SPBs beyond this point. Following again the SPB assembly marked by the

pink arrow, the compacted arrangement of two attached three particle lines is preserved for

several motion steps above the stripe domains with the smallest vertical dimension (Fig. 4.8

(e)). Thus, this time period coincides with the region of more widened and reduced peak

intensity for the map of temporal intensity profile evolution along the x-direction (cf. Fig.

4.6 (a) and (b)). As the stripe length is increasing again when moving further to the left,

cluster formations that were previously observed are regained. After each transport step, the

SPB assembly is returning sequentially back to the original vertically aligned state. First, a

four-by-two cluster (Fig. 4.8 (f)) is formed, followed by a five-by-one cluster (Fig. 4.8 (g)),

ending in the initial line formation of all six particles (Fig. 4.8 (h)). Therefore, the peaks
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in the x-intensity profiles are appearing more sharper and more pronounced in the maps of

Fig. 4.6 (a) and (b) when leaving the central area.

In conclusion, SPBs transported above a magnetic stripe domain pattern with gradually

modified stripe length and hh/tt domain configuration are arranged in a vertical line for-

mation as long as the dimension of the corresponding DW is matching the length of the

respective particle chain. With decreasing vertical DW dimension, SPBs are forced to form

specific cluster arrangements in order to follow the dynamically transformed position of min-

imum potential energy. The most symmetric distribution of particles with respect to the

lateral dimension for a six-SPB cluster was observed above the region of smallest DW length

within the underlying substrate.

The qualitative characterization of SPB cluster formations was conducted for arrange-

ments of five, four, three, and two particles as well. The results for the cluster states

observable at the “focal point” of the domain pattern are shown in Fig. 4.9. Two SPBs
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Fig. 4.9: Characterization of particle cluster structure at the position of narrowest stripe length
within the focus domain pattern for two (a), three (b), four (c), five (d), and six (e) particles. Each
panel contains a schematic representation of the observed cluster state (left) and the correspond-
ing microscope snapshot (right), which was background-subtracted and noise-filtered. Important
dimensions characterizing the particle clusters are indicated either in green or magenta.

(Fig. 4.9 (a)) are aligning vertically, as it is apparent from the video snapshot presented

on the right side and is further emphasized by the schematic drawing on the left side. The

center-to-center distance, indicated by the green line, is given by the SPB diameter of 2.8 µm.

This is well below the vertical DW length of 5 µm in this region of the sample, hence, this

vertical arrangement is energetically still favorable. For a three SPB formation (Fig. 4.9

(b)), however, the vertical alignment of all particles is already not the energetically most

favored configuration. Instead, a triangular arrangement was always observed for three SPBs
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traveling through the focusing region of the sample. The vertical distance between particle

centers is thereby reduced to 2.42 µm, hence allowing the presence of all SPB within the

area of maximum field strength within the MFL above the respective DW. Moving on to

four SPB assemblies (Fig. 4.9 (c)), a rhombic arrangement of particles within the cluster

is apparent. Again, this formation seems to allow all SPBs to reside within a minimum

potential energy with respect to the attraction by the surrounding MFL, since the vertical

center-to-center distance between top SPB and bottom SPB in this cluster is with 4.85 µm

lower than the vertical DW dimension. For five SPBs (Fig. 4.9 (d)), a three-by-two line for-

mation with a hexagonal arrangement of single particles is favored. Considering only the line

formation of three particles, their vertical center-to-center distance between top and bottom

SPB (magenta line) of 5.6 µm is actually larger than the DW length. This may possibly

implicate, that instead of the vertical distance between the physical center positions of the

SPBs, the vertical distance between the middles of their connection lines (green line) is the

main criterion, as to whether a SPB cluster is still transportable within the narrowest region

of the focus domain pattern. This distance is in this case with 4.2 µm again smaller than the

vertical DW dimension. Lastly, the six SPB cluster formation (Fig. 4.9 (e)) is the same as

described earlier in accordance to the observations presented in Fig. 4.8, with a hexagonal

orientation of the particles within three-by-three vertical lines. Similarly to the five SPB

cluster, the vertical distance pointed out by the green line seems to be decisive for the stable

configuration of the cluster when being moved through the “focal point” of the domain pat-

tern. This distance of again 4.2 µm marks in this case the separation of geometrical centers

for the individual top and bottom triangular formations of three SPBs. Noticeably from the

results presented in Fig. 4.8, this six SPB cluster formation is not always fully stable when

traveling through the region of narrowest stripe length, as the ejection of a single particle

from the cluster could be observed during the transport experiment. In general, no SPB as-

semblies of more than six particles were observed after passing through the focusing region

of the sample, due to the loss of excess particles for formations containing a larger amount

of SPBs.

In addition to the increase in spatial concentration along the vertical dimension, another

striking functionality of the investigated domain pattern, serving as a microfluidic transport

substrate for SPB, is the sorting of SPB assemblies based on the individual particle count.

For track 1 of the pattern with a minimum stripe length of 5 µm, assemblies with less than

7 particles have been observed. This number is reduced for track 2 of the pattern, as the

vertical dimension of 2µm for the smallest stripe length allows only clusters with less than

4 particles to pass.

As mentioned earlier, SPBs trapped within the MFL of a hh/tt magnetized stripe domain

pattern repel each other in the vertical y-direction due to a parallel alignment of SPB mag-

netic moments, hence, effectively avoiding agglomeration of the particles.[HKB15] In spite
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of this repulsion, the vertical distance between single SPB is reduced with decreasing stripe

domain length for the investigated system, until the particles even seem to be in physical

contact with each other. If the physical dimension of the SPB row exceeds the length of

the respective DW, i.e., the length of the trench in the two-dimensional potential energy

landscape of the SPB, cluster formation is induced. Strikingly this cluster formation is not

permanent, as upon the subsequent increase of stripe domain length during the course of

directed particle transport, SPBs start to align vertically again. Analyzing the clustering

behavior more quantitatively, the SPBs can be treated as magnetic dipoles with magnetic

moments m⃗1 and m⃗2, separated by the respective particle center-to-center connecting vector

r⃗12. The energy describing the dipole-dipole interaction of two adjacently placed particles

can then be written as [BMA08]

Edipolar =
µ0

4 · π
· m1 ·m2

r312
· (cosφ− 3 · cos θ1 cos θ2) , (4.2)

with µ0 being the vacuum permeability, φ the angle between the directions of the magnetic

moments, and θ1 and θ2 the angles between m⃗1 and m⃗2 and the connecting vector r⃗12,

respectively. For the considered system, the effective magnetic field from the superposition

of local MFL with the externally applied magnetic field H⃗eff = H⃗MFL + H⃗ext aligns the

magnetic moments of present SPBs into the same direction. Therefore, equation 4.2 can be

simplified by φ = 0 and θ1 = θ2 = β. Supposing further uniform magnetic properties

of the used SPBs, m⃗1 = m⃗2 = m⃗ can be assumed. The dipolar interaction energy now

reads as [KLH21]

Edipolar =
µ0

4 · π
· m

2

r3
·
(
1− 3 · cos2 β

)
. (4.3)

Similar to equation 2.38, the magnetostatic force F⃗mag exerted by one SPB onto the other is

derived by the spatial gradient of the dipolar interaction energy [KLH21]

|F⃗mag| = −|∇⃗Edipolar| =
3 · µ0

4 · π
· m

2

r4
·
(
1− 3 · cos2 β

)
. (4.4)

The absolute value of the distance vector r⃗ is given by |r⃗| =
√
r2x + r2y + r2z , with rx, ry and

rz being the individual distances between two SPBs in x-, y- and z-direction, respectively.

In a simplified case, it is assumed that every SPB has the same height above the substrate,

i.e., their relative height difference in z-direction vanishes. Thus, equation 4.4 is transformed

to

|F⃗mag| =
3 · µ0

4 · π
·
(
1− 3 · cos2 β

)
· m2(
r2x + r2y

)2 . (4.5)

The term (1− 3 · cos2 β) indicates a change of sign for the force at β = 54.7◦ between the
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direction of the SPB magnetic moment, which is coinciding in this case with the direction of

the present magnetic field H⃗eff, and the distance vector r⃗ between both particles. Therefore,

a transition from an attractive magnetostatic force for β < 54.7◦ towards a repulsive force

for β > 54.7◦ can be observed.[KLH21]

β2r2

r1

β1

x

y

m

m

m

Fig. 4.10: Schematic representation
of triangular SPB formation with im-
portant vectorial characteristics.

Consequently, SPBs placed within the same two-

dimensional xy-plane and with an out-of-plane ori-

ented magnetic moment are repelling each other, as

β is always 90◦ in this consideration. This leads

in the investigated transport system to the initial

suppression of particle aggregation when SPBs are

placed within one row above the respective DW.

The repulsion between the SPBs in this case was

also used in previous works for a targeted disag-

gregation of particle clusters by applying a uniform

out-of-plane directed magnetic field towards SPBs

placed at the same height above a topographically

flat substrate.[GVH13]

The situation is different when the stripe domain

length is decreasing and not all particles can be placed

physically above the respective DW, i.e. at the position of maximum magnetic field strength.

Hence, particles are ejected to the side of the formation or, as it was also observed, to the top

or bottom, eventually leaving the entire MFL above the substrate. If particles are placed to

the sides, β changes accordingly and attractive forces between SPBs are possible now. For

visualization, the described situation for a triangular SPB formation is sketched out in Fig.

4.10 with angles β1 and β2 as well as distance vectors r⃗1 and r⃗2.

As transport experiments involve the application of a uniform magnetic field in x-direction

(transport direction) and z-direction (out-of-plane direction), the magnetic moment of each

SPB exhibits accordingly vectorial components in the x- and z-direction, leading to the de-

scription as |m⃗ (x, z)| [HKB15]. Together with the arrangement of all SPBs in the same

xy-plane, absolute distances r1 = r2 = 2.8 µm and angles β1 = 90◦ and β2 = 30◦,

as can be inferred from the theoretical situation presented in Fig. 4.10, have been assigned.

Quantifying the magnetostatic force exerted by the SPBs within the considered triangular

formation, using equation 4.4, only the projection of the SPB’s magnetic moment onto the

xy-plane will be taken into account for simplification. As the vectorial component into the

y-direction can be treated as negligible, due to the effective magnetic field H⃗eff (x, z) being

only dependent on the x- and z-coordinate, solely the projected magnetic moment in the
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x-direction needs to be considered:

mx = cos (α) · |m⃗ (x, z)| , (4.6)

with α = tan−1 [Hz/Hx] being the angle between the applied fields Hz and Hx. Thus, |m⃗ (x, z)|
and α need to be determined by evaluating the strength of the MFL, ergo HMFL,x and HMFL,z

at the SPB position. For a theoretical estimation of all unknown quantities, the MFL above

a hh/tt stripe domain pattern with 5 µm stripe width was simulated according to the pro-

cess presented by Reginka et al. [RHE21]. First, a micromagnetic simulation was conducted

using the OOMMF software package [DP99] in order to obtain the theoretical magnetiza-

tion distribution within the magnetically patterned EB substrate. The used values for the

magnetic properties of the system and the simulation parameters are listed in appendix

D. Subsequently, the magnetic stray fields H⃗MFL,x (r⃗) and H⃗MFL,z (r⃗) at position r⃗ (x, y, z),

emerging from the simulated magnetization distribution, were calculated by a summation of

the magnetic dipole field of individual magnetic moments m⃗i:[Nol13]

H⃗ (r⃗) =
1

4 · π
·
∑
i

3 ·
(
R⃗ · m⃗i

)
· R⃗∣∣∣R⃗∣∣∣5 − m⃗i∣∣∣R⃗∣∣∣3 . (4.7)

Here, the distance vector between position r⃗ and dipole position r⃗i is expressed by R⃗ = r⃗− r⃗i.
Hz and Hx can now be determined by finding HMFL,x and HMFL,z at the x-position above

the DW (averaging along the y-coordinate) and superpose these with the externally applied

magnetic fields Hext,x · µ0 = 1mT and Hext,z · µ0 = 1mT. As HMFL,x is vanishingly small

above the DW location, the field in x-direction is approximated as Hx ≈ Hext,x. For Hz,

however, the exact position along z above the substrate surface needs to be known for the

SPB, which can be derived from an equilibrium of attractive and repulsive forces between

SPB and substrate surface.[RHE21, HRT21] For the attractive forces, the magnetic force

F⃗m (z) and the van-der-Waals force F⃗vdW (z) and for the repulsive forces, the electrostatic

force F⃗el (z), are usually taken into account (cf. section 2.4.4). All forces can be calculated

along a defined z-range, using equations 2.38, 2.42, and 2.43, respectively, and the intersec-

tion of summed attractive and repulsive forces is taken as the equilibrium distance between

SPB and substrate surface along z.[RHE21] For computing the magnetic force, according to

equation 2.38, the magnetic moment of the SPB is obtained by using the Langevin func-

tion of equation 2.39. For the saturation magnetic moment of the SPB, a value given in

literature for the mass-related saturation magnetization of the used Dynabeads� M-270 is

used [GWO18], leading to MSPB,max = 6.4Am2 kg−1. Gathering the saturation magnetic

moment of a single SPB, this quantity is multiplied with the particle’s mass, which is derived

from the density ρ = 1600 kgm−3 [GWO18] and the diameter d = 2.8 µm. Hence, the

saturation magnetic moment is mSPB,max = 1.17×10−13 Am2. Using a Langevin parameter



4 Modulated magnetic field landscapes for targeted transport functionality 85

of b = 1.05×10−4m−1 [LHD09], which although obtained from experimental data for Dyn-

abeads� MyOne� should be a good estimate in the low field regime, the magnetic moment

|m⃗ (x, z)| of the SPB can be calculated in dependence on the position (x, z) in the MFL and

the superposed external magnetic field. Furthermore, the spatial gradient of the magnetic

field in z-direction is needed for the computation of F⃗mag (z), thus, HMFL,z above the DW

center position is extracted for different z-positions, as visualized in Fig. 4.11 (a). Here, field

values were calculated for defined z-positions above the DW position (blue points) and an

exponential decay function was used to fit the data (black line), thus, allowing a theoretical

quantification of HMFL,z at every desired elevation. It needs to be noted, that the fit function

is plotted beginning at z = tcapping + tPMMA, with tcapping being the capping layer thickness

for the deposited thin film system and tPMMA being the thickness of the used PMMA layer,

since a SPB cannot be physically in that region. As this theoretical computation is carried

out to determine the equilibrium distance zeq of a SPB above the DW location, the situation

is depicted as a schematic in the inset of Fig. 4.11 (a). It can be seen, that zeq represents the

distance between the SPB center and the ferromagnetic layer within the substrate. Using

the approach of equation 2.38, the magnetic force Fmag (z) acting on the SPB above the DW

position in z-direction can be determined as a function of the z-distance between magnetic

substrate and particle (Fig. 4.11 (b)). This force was now balanced with all other relevant

z-dependent forces, as discussed above, to obtain the substrate-SPB equilibrium distance for

the investigated system. The utilized parameters for the calculation of the electrostatic force

and the van-der-Waals force are summarized in Tab. 9.6 of appendix E. Since the calcula-

tion of the electrostatic force offers two possible representations (see sign in equation 2.43),

depending on if a constant potential (negative sign) or a constant surface charge density

(positive sign) is assumed for both surfaces [WSFX05], usually both possibilities are com-

puted and the equilibrium distance is taken from the average of both representations. For

the present case, however, the model of constant potential yielded no intersection between

summed attractive and repulsive forces. Hence, only the electrostatic force with assumed

constant surface charge density could be reliably used, leading on the other side to a very

small equilibrium distance of ca. 2 nm. This is already in the range of the surface roughness

of PMMA, thus, a low SPB transport efficiency should be expected.[RHE21] Practically,

almost all observed SPBs were transportable, indicating a certain discrepancy between the-

oretical and experimental substrate-SPB separation. For the sake of argumentation, the

equilibrium distance of the SPBs above the magnetic substrate at the DW location was ap-

proximated as the added thicknesses of the substrate capping layer (10 nm), the PMMA layer

(200 nm) and the radius of the SPB (1400 nm), resulting in zeq = 1610 nm. Consequently,

HMFL,z and Fmag (z) can be determined for the SPB elevation, as visualized by the magenta

dashed lines in Fig. 4.11 (a) and (b).

Subsequently, for the determination of the dipolar magnetic force Fdip between two SPBs in a

cluster assembly after equation 4.4, |m⃗ (x, z)| for the SPB can be determined at zeq using the
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Fig. 4.11: Quantitative modeling of the clustering behavior during SPB transport above the
focus domain pattern. (a) Simulated progression of the out-of-plane component HMFL,z of the
MFL above the DW center position in dependence on the z-distance from the substrate. Blue
data points represent calculated field values at defined z-positions and the black line displays an
exponential function fitted at these data points. The schematic shown in the inset visualizes the
equilibrium distance zeq at which a SPB is elevated on top of the magnetic substrate at the DW
center position. The equilibrium distance calculated for the investigated system is highlighted by
the magenta dashed line in (a) and (b). (b) Logarithmic plot of the calculated magnetic force
in z-direction Fmag (z) exerted onto a SPB above the DW center position in dependence on the
z-distance. (c) Dipolar magnetic force Fdip acting between two magnetic particles with the same
direction of their magnetic moments m⃗ in dependence on the angle β between m⃗ and the distance
vector r⃗ between both particle. The ocher and purple points indicate the magnitude of the dipolar
force at angles of 90◦ and 30◦, respectively, which are the critical angles for the analyzed triangular
arrangement of SPBs. The magnetic moment of the SPBs mx is determined by considering the
particles at the position zeq within the MFL above the position of a DW center and using a
Langevin approach. (d) Double-logarithmic representation of the computed absolute values for
the electrostatic force |Fel,charge| (green line), the van-der-Waals force |FvdW| (red line), and the
dipolar forces at β = 90◦ (ocher line) and β = 30◦ (purple line) for two SPBs located within the
same two-dimensional plane at zeq with the same alignment of magnetic moments in dependence
on their separation distance. For comparison, the magnetic force on one SPB in z-direction due
to attraction by the underlying magnetic substrate is shown as the black dashed line (taken from
the intersection of the purple dashed line and green line in (b)). The forces are categorized into
attractive and repulsive nature.
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MFL magnitude in combination with the externally applied magnetic field at this elevation.

After calculating the magnetic moment projection onto the x-direction mx using equation

4.6, Fdip could be computed for a range of the angle β between 0◦ and 90◦, as displayed in

Fig. 4.11 (c). As experimentally, the SPBs were observed to physically touch each other

within the cluster formations, a distance r = 2.8 µm was assumed between two particles

for this representation. The change of sign for the dipolar force from negative (attractive

force) to positive (repulsive force) is clearly visible at the initially mentioned angle of 54.7◦.

Considering the two critical angles between SPB distance vector and the direction of their

magnetic moments, as displayed in Fig. 4.10, with β1 = 90◦ and β2 = 30◦, the corre-

sponding magnitudes of the dipolar force are highlighted by the ocher and the purple point

in Fig. 4.11 (c). Firstly, the dipolar force for β1 = 90◦ is repulsive, while for β2 = 30◦ it

changes into being attractive. Secondly, the attractive force at β2 = 30◦ is larger in absolute

value than the repulsive force at β1 = 90◦. Thus, this serves as theoretical support for

the energetically favored formation of SPB clusters, consisting of triangular compartments,

when being subjected to the MFL emerging from the narrowest stripe DWs in the focus

pattern. In literature, a preferred triangular arrangement of magnetic particles within a

cluster formation (“rule of satisfied triangles”), here however for particles with a remanent

magnetic moment, was also reported.[BMA08]

Similarly to the theoretical considerations for the equilibrium distance in z-direction, the

particle-particle separation within a two-dimensional plane above the magnetic substrate is

additionally governed by the surface forces, F⃗el (x) and F⃗vdW (x). For a quantitative compar-

ison with the dipolar magnetic force, both surface forces were calculated for a varying SPB

separation (between 10 nm and 1000 nm) with the same parameters for the previous calcula-

tions, and the results are shown in Fig. 4.11 (d) with the green line representing Fel,charge (x)

and the red line representing FvdW (x). Again, only the representation of the electrostatic

force with assumed constant surface charge density for both SPB surfaces was considered.

In this double-logarithmic plot in dependence on the SPB separation distance, the computed

dipolar force Fdip,90° at β1 = 90◦ is shown as the ocher line and the dipolar force Fdip,30° at

β2 = 30◦ accordingly as the purple line. Qualitatively it can be seen, that for the attractive

forces the dipolar interaction is dominating at a separation distance x ⪆ 60 nm, but that also

the repulsive electrostatic force is overall significantly larger. Hence, due to the vanishingly

small van-der-Waals force at higher SPB separation distances, the intersection of Fdip,30° and

Fel,charge suggests an equilibrium distance of the SPB, arranged under an angle of β = 30◦

within the same two-dimensional plane, at ca. 900 nm. However, a much smaller distance

between the SPBs at said angle was observed within the performed experiments, given the

image resolution of the used microscope setup with 1 px =̂ 270 nm. Therefore, it can be

deduced, that an additional force must be responsible for the experimentally resolved, closely

packed SPB cluster formations. Coming back again to the calculated magnetic force Fmag (z)

exerted onto the SPB by the MFL above the DW location, which is shown for comparison as
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the black dashed line in Fig. 4.11 (d), it is three orders of magnitude larger than the dipolar

magnetic force between SPBs for all separation distances.

The rather strong attraction of the SPBs towards the magnetic substrate, effectively over-

coming the laterally directed repulsive forces, could be a crucial factor for energetically

allowing the observed SPB cluster formations with very short separation distances between

single particles.

Still, as the electrostatic repulsion between single SPBs is theoretically significantly larger

than the magnetic attraction towards the DW in a separation range x ⪅ 100 nm other

factors could be considered for explaining the observed short distances between particles

within a cluster arrangement. For instance, the SPBs are in reality not directly placed

above the DW center but due to the cluster formation spread in their positions along the

x-direction. One consequence from this would be that single SPBs are placed inside an

additional magnetic field gradient in the x-direction, which is assumed to be zero in the

case of a SPB placed directly above the DW center. Hence, single SPBs are exposed to

an additional magnetic force Fmag (x), facilitating further the cluster formation. Another

consequence from the SPB displacement along x could be that due to different effective

magnetic fields acting at the respective positions, single SPBs magnetic moments are not

aligned parallel and are of different magnitudes, thus, prohibiting the presented simplified

theoretical treatment. This more complicated situation of magnetic moment directions and

strengths could, however, increase attractive dipolar forces between single SPBs, therefore

making the cluster arrangement more favorable. Further, the different effective fields for

the SPBs within the cluster could also mean different equilibrium distances between SPB

and substrate, hence, suggesting the need of a more sophisticated theoretical model for an

accurate description of the system, as SPBs are not placed within the same two-dimensional

plane. The presented estimate of relevant forces shall therefore serve as a first insight into the

mechanics of the observed reversible and reproducible clustering and de-clustering behavior

of SPB in the investigated transport system. Lastly, it should be mentioned that even in

the dynamical case of moving SPBs upon a sign change in Hext,z, the cluster arrangement of

particles is preserved, meaning that during the transport step the formation is not broken

up momentarily. This hints at a rather strong lateral bond between SPBs, when being

positioned within the MFL above the smallest stripe domain length, possibly mediated by

the dipolar magnetic interaction between the particles.

4.2.2 Modulated stripe width

Switching to the analysis of SPB transport above a magnetic stripe domain pattern with

gradually modified stripe width and a hh/tt domain configuration (separation pattern), the

experiments were conducted using a PMMA layer of ca. 500 nm thickness for the separation
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of particles and the magnetic substrate. Thus, the obtained results are interpretable in

relation to the MFM images of the domain pattern, shown in Fig. 4.4 (c), which were

measured at the same tip elevation distance. Analogously to the experiments for the focus

pattern, Dynabeads� M-270 Carboxylic Acid were used as the investigated SPB type of

choice and the Optronis CR450x2 high speed camera together with a 40x-magnification

objective was employed to acquire recordings of the SPB movement with a frame rate of

1000 fps. An external magnetic field sequence in x- and z-direction was applied similarly to

previous works in order to induce the directed SPB transport.[HKB15, EKH15] Therefore,

the magnetically patterned substrate was placed inside the coil setup so that the stripe’s

long axis pointed perpendicular to the magnetic field applied in the x-direction. For initial

observations, the magnitude for both fields Hz,max and Hx,max was kept constant at 1mT.

The quarter period T/4 of the trapezoidal magnetic field pulse sequence was varied between

0.5 s and 0.05 s to examine the mobility of SPB in dependence on the applied magnetic field

pulse duration. For each of these experimental conditions, the phase relation between the

applied Hz(t) and Hx(t) was inverted after 10 full cycles of the sequence, meaning that the

SPB travel in the opposite x-direction after this event.

An initial characterization of SPBs assembling within the MFL above the separation domain

pattern can be found in Fig. 4.12. The upper panel thereby represents a snapshot of an

exemplary SPB transport recording, which was further contrast-enhanced and noise-filtered

for better visibility of the particles. SPBs are found to arrange in rows on top of the

substrate, as has been previously reported for this type of prototypical stripe domain pattern

and transport concept.[HKB15] The arrangement is due to the location of potential energy

minima for the SPBs above the positions of magnetic DWs within the substrate. Here,

the gradually varied width of the stripe domains within the magnetic pattern implicates

a varying separation distance between SPB rows along the lateral x-dimension. Although

the particle concentration is lowered on the left hand side of the image, a comparably large

distance between particle rows by ca. 20 µm is still recognizable. This is in congruence

with the largest stripe domain width (10 µm) of the utilized separation pattern, as due

to the lifting of the energetic degeneracy for hh and tt DWs by the externally applied

magnetic field Hz(t) [HKB15], the SPBs are distanced by the width of two neighboring

stripe domains. In y-direction, the SPBs are, as previously described, repelling each other

due to parallel aligned magnetic moments, resulting in roughly equal separation distances

in one row when the particle concentration is comparably high. For better quantification

of the row separation distances in x, the lower panel of Fig. 4.12 shows the background-

subtracted and noise-reduced version of the upper image together with averaged intensity

profiles along the x- (cyan) and the y-coordinate (ocher). While the y-profile indicates a

rather homogenous distribution of SPBs in this dimension, the x-profile exhibits clear peaks

for a every present particle row, with the peak intensity scaling with the number of SPBs

within the corresponding row. Furthermore, the distance between adjacent peaks reveals
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increasing stripe domain width
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Fig. 4.12: Snapshot of SPB distribution on top of the magnetic separation pattern and within a
microfluidic environment. Particle rows are following closely the underlying domain pattern given
by the gradually changing stripe width, as indicated by the magenta arrows. The upper panel shows
a contrast-enhanced and noise-filtered image of the raw microscope image. The lower panel includes
a background-subtracted, noise-filtered image, together with averaged intensity profiles along the
x-(cyan curve) and y-coordinate (ocher curve). Above the lower image, separation distances for
visible particle rows, measured from peak-to-peak distances, are presented.

the SPB row separation distances, which is observable to be decreased from left to right

until the minimum stripe domain width is reached and then being increased again after this

point. The distances were characterized for the exemplary image in the lower panel of Fig.

4.12 and are displayed for all visible rows at the top of the image. The sample area with 11

repetitions of 5 µm wide stripe domains can be identified as the region between ca. 100 µm

and 160 µm in the image with measured row separations around 9 µm. Several reasons could

lead to the circumstance, that this measured distance (also for the wider stripes) does not

match the expected value of the distance between the same DW types, which should be
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10 µm in the present case. For instance, local inhomogeneities in the magnetic substrate, the

resist structure, or the deposited PMMA layer could result in locally different stray fields and

therefore perhaps different locations of the minimum potential energy for the SPB. Another

reason could be a misalignment between the stripe domain’s long axis and the image’s y-axis,

yielding different peak distances due to the integration of SPB intensity within a specific row

and the accompanying dependency on the particle concentration. It should also be noted,

that the smallest possible row separation distance of 2.7 µm, stemming from the respective

stripe domain widths, is most likely not observable, since it is already within the range of

the SPB diameter. Thinking in terms of enhancing the particle concentration in a certain

sample area, as it was shown with respect to the vertical y-dimension in the previous section

for the focus domain pattern, reducing the stripe domain widths brings magnetic particles

closer together in the lateral x-dimension. Hence, particle interactions based on chemical

surface functionalizations could be triggered controllable when guiding them towards the

sample area of minimum stripe domain width.

An initial characterization of SPB transport above a magnetic stripe domain pattern with

gradually modified stripe width and a hh/tt magnetization configuration reveals the expected

arrangement of SPBs into vertical rows with the row’s separation distances resembling the

locally different DW distances within the magnetic substrate.

As already performed for the investigations on the focus domain pattern, averaged par-

ticle transport dynamics can be visualized by plotting the intensity profiles along the x-

and y-dimension for every frame of the recorded microscope video. Thus, by following the

temporal progression of certain peaks/features within the resulting intensity map, general

trends for the SPB motion can be identified. In contrast to the previous section, only inten-

sity maps that contain averaged profiles for the x-dimension are considered in the following,

as for the y-dimension no guided but rather a statistical movement of particles is expected,

leading to maps with a chaotic intensity distribution. For the x intensity profiles, how-

ever, the peaks that are corresponding with a certain SPB row can be tracked as a function

of time, as is observable from the intensity maps displayed in Fig. 4.13 (a) - (d). Each

dark-contrasted line within the shown intensity maps resembles the averaged motion of all

SPBs within the same row, i.e., above the same DW position when the external magnetic

field is momentarily static. From the displacements of each line along the x-axis, occurring

periodically at every T/4 on the y-axis, the structure of the magnetic domain pattern with

gradually increasing/decreasing stripe domain widths can be recognized. Hence, the blue

lines in every panel of Fig. 4.13 mark the sample area with minimal stripe domain width

for a better orientation. Starting from this position, the positional displacements of each

dark line is gradually increasing in two sample regions: when the stripe domain width in

the underlying substrate is modified from 1.2 µm towards 5 µm and a second time from 5 µm

towards 10 µm. A constant x-position for the intensity peaks/intensity lines is linked to
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Fig. 4.13: Time-dependent intensity profiles acquired from microscope images of magnetic par-
ticles transported directionally over the separation domain pattern for a period of T/4 = 0.3 s
(a), T/4 = 0.2 s (b), T/4 = 0.1 s (c), and T/4 = 0.05 s (d) for the external magnetic field
sequence. Shown is the averaged pixel intensity along the y-dimension of the image for each x-
position (x-axis) and transport video time step (y-axis). Blue lines are indicating the sample area
with minimum width of the magnetic stripe domains within the substrate. The dashed, magenta
rectangles are highlighting the formation of immobile particle fractions above a sample region with
increased stripe domain width. Magenta arrows in panel (b) mark the progression of one single
intensity peak, that will be analyzed further quantitatively.

the time frame, when both external magnetic fields in x- and z-direction are in the plateau

region, thus, resulting from SPBs resting in their local potential energy minimum above the
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substrate. The frequency with which constant x-positions and displacements of each inten-

sity peak are alternating is thereby a function of the period for the external magnetic field

sequence. Upon variation of the quarter period from T/4 = 0.3 s to T/4 = 0.2 s, T/4 = 0.1 s,

and T/4 = 0.05 s, the visual disentanglement of both features in the respective intensity

map is aggravated for an increasing magnetic field alternation frequency (see the respective

panels (a) - (d) in Fig. 4.13). Additionally, SPBs can be observed to be transported several

times back and fourth for the lowest T/4 = 0.05 s (panel (d)) within the given time of the

video recording due to the inversion of the phase relation between the external magnetic

fields Hz(t) and Hx(t) after 10 full cycles.

Analyzing the intensity maps with regard to the averaged mobility of the SPBs within each

row, it can be qualitatively observed, that starting from T/4 = 0.1 s (panel (c)) oscillating

intensity lines around a fixed x-position, indicated by the dashed, magenta rectangles, are

forming. Here, a fraction of particles is not performing a directed transport anymore, com-

parable to a “phase-locked” motion, but can rather be rendered as immobile or caught in the

“phase-slipping” regime. It should be noted, that in this context immobile is not referring

to a complete halt of all particle movement, e.g. due to surface sticking, but as described to

the lack of a continuously directed transport motion. As hypothesized in the introductory

section of this chapter, the mobility of magnetic particles that are transported in dynam-

ically transformed MFLs above periodic magnetic domain patterns is highly dependent on

the distance between neighboring DW locations and therefore in the case of the chosen pro-

totypical magnetic pattern system on the stripe domain width. The reason for this is the

determination of the SPB transport distance, after changing the sign of the external Hz(t),

by the positioning of the adjacent potential energy minimum close to the neighboring DW lo-

cation. Consequently, when increasing the stripe domain width towards the maximum value

of 10 µm, SPBs may not be able to transit to the next potential energy minimum before an-

other sign-change in Hz(t) transforms this position back to the starting point of the particle’s

motion, hence, guiding the particle preferably to this initial location. Ergo, the transition

from mobile to immobile SPBs can be induced by changing T/4, since with this lever the

allowed transport step time for the SPBs can be shortened or elongated. This theoretical

consideration is in congruence with the experimental results, as for T/4 = 0.3 s = 0.2 s all

visible SPB rows are mobile, whereas immobilization of some SPBs starts at T/4 = 0.1 s

for the largest stripe domain width. For the smallest chosen T/4 = 0.05 s, particle immo-

bilization can be observed to occur earlier with respect to the x-coordinate, although the

location of minimum stripe domain width is shifted in comparison to the intensity map for
T/4 = 0.1 s by approximately 30 µm.
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Intensity profile maps, which indicate the temporal trajectories of single SPB rows in the

conducted experiments, for different periods of the external magnetic field sequence point

out the separation of all present particles into mobile and immobile fractions in dependence

on the location above the substrate’s domain pattern.

Choosing one intensity line in the map, the averaged trajectory of all SPBs within the

corresponding row can be traced by plotting the respective peak position over time. This was

done for the transport experiment with T/4 = 0.2 s, with the progression of an exemplary

intensity peak, marked by the magenta arrows in Fig. 4.13 (b), along the x-direction being

displayed in Fig. 4.14 (a). Here, a differentiation can be made between small transport

steps, which are induced by a sign change in Hx(t), and large transport steps, which are

observed after a sign change in Hz(t). The temporal evolution of the transport distance for

each visible large step is mirroring the position-dependent width of magnetic stripe domains

in the underlying substrate. While all small steps, which are alternating with the large

steps, are roughly of the same distance, the distance of the large transport steps is initially

increasing (with progressing time), then approximately constant, and lastly increasing again.

For a more quantitative take on the SPB motion above the separation domain pattern,

transport velocities can be extracted from the data by first cutting the whole trajectory into

the single transport steps. This especially will help to characterize the mobility of the SPBs

in the investigated system, as this property is also dependent on the obtainable velocity

during an induced transport step. The focus is laid in this analysis on the large transport

steps with varying transport distances. As indicated schematically by the dashed, black

lines in panel (a) of Fig. 4.14, the respective transport step was placed centrally within

the cut slice of the whole trajectory, with the length of each slice equal to T/4. The result

of this processing routine is shown in Fig. 4.14 (b) by the differently colored data points.

The color hereby refers to the index of the corresponding transport step, meaning that the

lower indexes are pointing towards temporally earlier observed transport steps during the

experimental recording. Now, significantly varying transport distances within the plotted

steps can be observed more clearly. At this point it has to be noted, that not every large

transport step from the displayed trajectory in Fig. 4.14 (a) is presented here and used for

further investigation. The reason for this lies in the subsequently applied fitting procedure of

each obtained step. It was found previously, that a suitable approximation for the temporal

progression of the x-position data for magnetic particles within the discussed transport

system is achieved by fitting a Gaussian error function to the data points corresponding to a

large transport step.[RHE21, HRT21] In order to achieve a certain reliability of the extracted

velocities, only fit functions with sufficient agreement towards the experimental data were

considered for further analysis. This was done by filtering out all the fit functions where the

respective fit error is larger than a defined threshold value. Hence, also the corresponding

transport steps are omitted, leading to a reduced amount of evaluable steps, which are
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Fig. 4.14: Quantitative evaluation for the averaged transport dynamics of SPBs within one row
formation above the separation domain pattern. (a) Exemplary trajectory of a single intensity
peak over time along the x-direction, acquired from an intensity map for a transport experiment
with T/4 = 0.2 s. The dashed, black lines are schematically indicating the cutting of isolated
SPB transport steps for the subsequent fitting procedure. (b) Extracted transport steps (data
points) from the trajectory shown in (a) together with the corresponding fit functions (solid lines).
Herein, each step was fitted by a Gaussian error function. The color bar shows the index of
each transport step, with the lowest index indicating the temporally first occurring step (smallest
transport distance) in the experiment. Here, only adequately fitted transport steps are shown. (c)
Transport velocities for each step were calculated by taking the time derivative of each fit curve
shown in (b), resulting in time-dependent velocity curves. The color of each curve matches the index
of the transport steps. Circular data points are marking the maximum of each velocity curve, which
was estimated to be the steady-state velocity of the SPB row during the corresponding transport
step. Each velocity curve is arbitrarily placed along the time-axis to have a clearer distinction
between single curves. (d) Steady-state velocities, resulting from the analysis for each transport
step, in dependence on the measured transport distance. Error bars are stemming from the averaged
velocities between the maximum and the full width at half maximum (FWHM) for each velocity
curve shown in (c).

ultimately shown in Fig. 4.14 (b) together with the fitted Gaussian error function as the

solid lines of same color.

Motion velocities are now extracted from the time derivative of each step’s fit function,
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leading to time-dependent velocity curves, which are presented for each evaluated step in

Fig. 4.14 (c). Analogously to panel (b), the color bar is linking each velocity curve to

the respective large transport step within the overall trajectory. Additionally, each velocity

curve is placed along the time-axis (x-axis) with a constant shift towards the neighboring

distributions in order to have a clearer visual distinction. A steady-state velocity of the

investigated SPB row during a large transport step is now taken as the maximum value of

each curve. As explained by equation 2.46 in section 2.4.4, this velocity is caused by an

equilibrium of the actuating magnetic force and the counter-acting drag force exerted by the

surrounding fluid. The maximum of the velocity curve is hereby an estimate: The influence of

the remaining extracted velocities is incorporated into the error of the steady-state velocity.

For this, all values within the curve that can be found below the maximum and above 50 %

of the maximum (FWHM of the curve) are averaged to produce the steady-state velocity

uncertainty. From the obtained velocity curves, one can observe on average a decline of the

steady-state velocity with increasing index number. Consequently this suggests, that when

the SPB row arrives at larger stripe domain widths, i.e. larger transport distances, they

are slowed down in their steady-state velocity after a sign change in the externally applied

Hz(t). This trend is further pronounced, when plotting the measured steady-state velocities

in dependence on the respective transport distance, which is calculated by subtracting the

minimum x-position during the respective transport step from the maximum x-position. The

result shown in Fig. 4.14 (d) confirms, within the given error ranges, the described behavior,

with the largest steady-state velocities of ca. 115 µms−1 measured for the smallest transport

distances of 2.4 µm and the lowest steady-state velocities of ca. 39 µms−1 obtained for a

transport distance of 6.5 µm. As the examined SPB row moves over the sample area with

11 repetitions of 5µm-wide stripe domains, a slightly reduced transport distance, since the

potential energy minima for the SPBs are not placed directly above the DW but are shifted

in the x-direction, should be the most commonly observed one. Taking the deviations in the

measured row separations from Fig. 4.12 along other uncertainties into account, the six data

points present between ca. 3.5µm and 5µm are likely to correspond with transport steps

over these stripe domains. Given the error bars, their steady-state velocities are with one

exception not significantly differing from each other. However, steady-state velocities for the

SPB row transported over the domains with larger stripe widths are significantly reduced.

A quantitative analysis of the steady-state velocity of a SPB row formation transported

above the separation domain pattern reveals a dependency on the stripe domain width or

transport step distance, respectively. This has further implications for the mobility of the

SPBs when approaching different sample areas, as the data suggests that the particles are

more probable to become immobile at larger stripe domain widths not only because of the

increased transport distance but also because of the lowered steady-state velocity.

Searching for a theoretical interpretation of the observed dynamics, the SPB motion-
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driving magnetic forces within the given MFL shall be theoretically estimated in the fol-

lowing. For this, the following ingredients are needed: the magnetic moment of a SPB at

the equilibrium distance above the substrate, the position-dependent stray field components

HMFL,z and HMFL,x for the MFL at the equilibrium distance, and the externally applied

magnetic fields Hext,z and Hext,x in order to determine the effective magnetic fields Heff,z

and Heff,x. Now, as the magnetic moment for the SPB is dependent on Heff,z and Heff,x, the

MFL in z- and x-direction needs to be simulated at first. This was accomplished similarly

to previous works, where micromagnetic OOMMF simulations [DP99] were conducted in

order to generate a magnetization pattern for the considered substrate.[RHE21] In this case,

the computed magnetization pattern consists of adjacently placed stripes with a length of

20 µm in the vertical y-dimension and stripe widths of 1.2 µm, 1.5 µm, 2.0 µm, 2.5 µm, 3µm,

3.5 µm, 4.0 µm, 4.5 µm, and 5.0 µm in the lateral x-dimension. The direction of the EB, i.e.

the unidirectional anisotropy, for each stripe was set in the simulation by an internally de-

fined magnetic field, which is pointing alternately in opposite directions, in order to resemble

a hh/tt magnetization pattern. Other simulation parameters are summarized in Tab. 9.5

in appendix D. Letting the simulation converge to an end state, starting from a random

orientation of single magnetic moments, a theoretical magnetization pattern was obtained

for the investigated system, which was subsequently used to compute the MFL in discrete

z-elevations above the magnetic substrate. This was done accordingly to the simulations

described in the previous section, employing equation 4.7. Different planes within the MFL

along the z-direction are needed, since HMFL,z(z) above the location of a DW center is used

in the following to calculate the magnetic force responsible for the determination of the

SPB’s equilibrium distance above the substrate. Again, the equilibrium distance is obtained

by balancing the attractive magnetic force and the attractive van-der-Waals force with the

repulsive electrostatic force. For the calculation of the equilibrium distance in the present

case only the position above the DW forming between the 4.5 µm and 5.0 µm wide stripe

domains was considered for simplification and SPB/substrate properties are analogous to the

calculations done in the previous section. Taking only the electrostatic force with assumed

constant surface charge distribution into account, an equilibrium distance of 12 nm between

SPB surface and PMMA surface is ensuing. Hence, a single SPB is considered to be at a

distance of 1922 nm above the magnetic thin film system, regarding also the capping layer

thickness of 10 nm, the PMMA thickness of 500 nm and the particle radius of 1400 nm.

At this elevation, the magnetic stray field components HMFL,z and HMFL,x were computed as

a function of the x-position by averaging over all fields along the y-dimension. The result is

displayed in Fig. 4.15 (a), with the green, solid line representing HMFL,z and the red, dashed

line representing HMFL,x. To draw a connection to the related magnetic domain pattern, the

positions of DWs are marked by the black, dashed lines and black arrows are signifying the

stripe domain magnetizations. Thus, maxima and minima for HMFL,z can be found directly

above the DW locations, where HMFL,x is vanishing. In conjunction with external magnetic
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Fig. 4.15: (a) Computed magnetic stray field components Hz (green, solid line) and Hx (red,
dashed line) above the separation domain pattern at an elevation of 1922 nm and (b) magnetic
forces |Fmag| acting on a SPB placed inside the stray fields at the given elevation with externally
applied fields Hext,z · µ0 = 1mT and Hext,x · µ0 = 1mT. Black arrows and dashed lines visualize
the stripe domain pattern within the magnetic substrate.

field components of Hext,z · µ0 = 1mT and Hext,x · µ0 = 1mT, the resulting effective

magnetic field at the equilibrium distance above the substrate was used to calculate the

SPB’s magnetic moment |m⃗SPB (x, z)| according to equation 2.39 and finally the absolute

magnetic force |Fmag| acting on the SPBs according to equation 2.38. Hence, Fig. 4.15 (b)

is presenting |Fmag| in dependence on the x-position, with the black, dashed lines and the

black arrows once more giving an indication for the positions of DWs and domain magneti-

zations within the underlying substrate. It can be seen, that the magnetic force is zero at

locations, which are slightly shifted in the positive x-direction from a DW position, coin-

ciding with the locations of maxima and minima in the SPB’s potential energy landscape.

In comparison, the magnetic force is at a local maximum for locations slightly shifted in

the negative x-direction with respect to a DW position. As a general trend, the maximal

magnitude of |Fmag| is increasing steadily from the lowest stripe width of 1.2 µm towards

a stripe width of 2.5 µm. Afterward, it alternately decreases and increases back to roughly

the original value. Reduced magnetic forces at the lowest stripe domain widths might be re-

lated to the decreased amount of magnetic material within the respective domain, leading to

weaker stray field strengths and therefore also lower absolute magnetic moments of the SPB.

Surprisingly however, this theoretical estimation of the magnetic force is contradicting the

experimentally observed trend of the highest steady-velocity occurring at the lowest trans-

port distance. Here, other factors might play the critical role: hypothetically, lower stray

field strengths should increase the equilibrium distance between SPB and substrate surface

by means of a decreased attractive magnetic force in z-direction. This might promote a

reduced friction coefficient f (z) (compare equation 2.45), resulting in a lowered drag force

onto the SPB and conversely an increased steady-state velocity. It must be noted herein,

that the interpretations of the simulated magnetic forces are restricted by the assumption
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that the SPB exhibits a constant equilibrium elevation above the substrate throughout the

whole computed MFL. Additionally, as the transition towards the widest stripe widths of

10 µm was not simulated, due to computational constraints, the experimentally observed

decline in the steady-state velocity can only be discussed speculatively. For instance, longer

separation distances between magnetic DWs might decrease the stray field gradients because

of a less spatial confinement. Hence, the acting magnetic forces could be reduced as a result,

leading to lowered steady-state velocities. As for the second observed trend in the simulated

magnetic forces, the alternating magnitudes of |Fmag| are likely to be a consequence of the

modified magnetic properties, specifically the uniaxial anisotropy and the saturation mag-

netization, within ion bombarded stripe domains.[HGD17, MMG18] These altered magnetic

characteristics were also incorporated into the micromagnetic simulations. This could also

be an explanation for the observed varying steady-state velocities corresponding to the same

transport distances in Fig. 4.14 (d).

Simulations for the MFL forming above a stripe domain pattern with gradually varying stripe

width support the interpretation of experimentally determined steady-state velocities for

transported SPBs above this pattern, though it can also lead to on-first-sight contradicting

observations.

So far, solely the averaged transport dynamics of SPBs within one specific row formation

on top of the separation domain pattern were investigated. For a complete picture of the

investigated system, the behavior of single SPBs needs to be studied as well. Especially

for characterizing the capability to immobilize SPBs at different sample areas depending

on their magnetophoretic mobility, an observation of single SPBs is more appropriate. For

this, single particle tracking can and was employed in this case using either the publicly

available software Video Spot Tracker (VST) [CIS] or the custom-made package AdaPT

[DHK21]. The advantage of the latter is an automated recognition and tracking of all

visible circular particles throughout the whole video recording, whereas VST only tracks

hand-picked particles. However, the AdaPT software produces consequently very large data

sets of time-dependent tracking positions, especially when particle concentrations within the

experimental field-of-view are high. When SPBs are arranged very closely together within a

specific row formation, the tracking algorithm can misidentify particles, meaning that certain

SPBs get assigned a wrong tracking ID. This predicament, that also holds true for the VST,

hampers an accurate analysis of all found particle trajectories, as it can not be guaranteed

that one trajectory always follows the same particle. Regarding the large data sets obtained

from AdaPT, an automated evaluation of all identified trajectories is desired, since a hand-

picked particle-by-particle analysis would be too time-consuming. As a compromise with

respect to the described constraint, all particle trajectories identified by AdaPT were treated

by the generalized formalism explained for the investigation of SPB row dynamics from the

intensity profile maps. This includes a slicing of each trajectory into the respective large
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transport steps and a subsequent measurement of the steady-state velocity according to

the fitting procedure mentioned above. All obtained velocities were in the end averaged

to a mean SPB steady-state velocity for the corresponding experimental parameters of the

external magnetic field sequence. This implicates, that no distinction between the varying

transport distances of the SPBs is made. As this influence was already analyzed, however,

for the steady-state velocities of SPBs traveling within one row formation, the described

evaluation procedure is rather supposed to give insights into the general mobility of all

SPBs, which is closely linked to the steady-state velocity, leading also to large statistics as

a vast amount of tracking data is evaluated (usually between 500 and 2500 large transport

steps).

For a first qualitative impression of a single SPB’s transport motion, the trajectories of

exemplary particles along the x- and y-dimension are displayed in Fig. 4.16 (a). Here,

the VST software was used to acquire the shown position data of the SPBs, since it was

in this way possible to specifically track mobile, immobile and those SPB that transition

to an immobile state upon reaching a sample area with increased stripe domain width.

Thus, the chosen mobile particles are represented by the red and ocher lines, the immobile

particles represented by the green and purple lines, and the mobile-to-immobile particles

represented by the blue line in Fig. 4.16 (a). While mobile particles move back and forth

one-dimensionally several times above the substrate, due to the inversion of the phase relation

between Hz(t) and Hx(t) after 10 periods, immobile particles perform a vanishingly small

translational movement. For the mobile-to-immobile case, the SPB is transported into the

negative x-direction before the transition to only little movement transpires at approximately

80 µm of the x-coordinate. Therefore it can be deduced, that for the experimentally realized

microscope field-of-view and the employed experimental parameters for the external magnetic

field sequence, this position resembles a “transportation barrier” for the exemplary shown

SPB, i.e. it does not reach further along the domain pattern. Particles that are positioned

nonetheless at lower x-coordinates (for example the one represented by the purple line) can

be explained either by a placement after the original sedimentation process (when the particle

dispersion gets applied to the microfluidic chamber) or by a transportation towards these

areas in a preceding experiment with different parameters for the external field sequence.

It should be noted, that the shown trajectories were recorded for transport experiments

with a slightly reduced magnitude of the external magnetic field in z-direction with Hz,max ·
µ0 = 0.5mT and a quarter period of T/4 = 0.05 s.

In order to investigate the temporal progression of the trajectories, x-positions measured in

dependence on the experimental time scale are displayed in Fig. 4.16 (b) for a mobile (red

line), immobile (green line) and mobile-to-immobile SPB (blue line). Here, shown trajectories

in (a) and (b) of matching color are corresponding to the same SPB. The trajectory of the

mobile SPB exhibits no complete symmetry as it would have been expected for a particle that

moves back and forth along the same distance above the substrate. Here, the particle seems
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Fig. 4.16: Analysis of single SPB trajectories that are being transported and tracked on top of
the separation domain pattern for experimental parameters of the external magnetic field sequence
T/4 = 0.05 s, Hz,max · µ0 = 0.5mT, and Hx,max · µ0 = 1mT. (a) Exemplary trajectories
within the two-dimensional xy-sample plane of mobile SPBs (red and ocher line), immobile SPBs
(green and purple line) and a SPB that transitions from being mobile to being immobile (blue line).
(b) Trajectories from one mobile (red line), one immobile (green line) and a mobile-to-immobile
transitioning SPB (blue line) shown in panel (a) along the x-direction in dependence on the time.
(c) Plot for the averaged steady-state velocity extracted from each evaluable step of all tracked
SPBs within one experiment (lower panel). The velocities were measured in dependence on the
quarter period T/4 for the external magnetic field sequence with Hz,max · µ0 = 1mT. Error bars
are resulting from the summed standard deviations for the averaged velocities of all evaluated steps
and of single evaluated SPBs. Black triangles in the upper panel emphasize the number of evaluable
steps for each data set in dependence on T/4. (d) Steady-state velocities measured in dependence on
the magnitude of the externally applied magnetic field in z-direction Hz,max at a constant quarter
period of T/4 = 0.05 s. Errors were calculated as described for panel (c). Higher steady-state
velocities increase the mobility of SPBs with respect to the stripe domain width in the magnetic
substrate.

to have been immobilized for a short time period (between 5 s and 5.5 s on the time axis) for

unknown reasons. The immobile and mobile-to-immobile SPB trajectories reflect the same

behavior as already described for panel (a) of Fig. 4.16, with the immobility characterized

by an oscillating movement over time. Slicing the x-trajectories over time of all tracked

SPBs, using now the AdaPT software, into solely the large transport steps, steady-state

velocities were calculated from the time-derivative of each fitted step and an average was

finally computed for each distinct transport experiment with different values for T/4. The
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result is presented in the lower panel of Fig. 4.16 (c). The uncertainties of each data point for

the steady-state velocity is stemming from summed standard deviations for the mean velocity

of all evaluated transport steps and of each distinct evaluated particle. From a physical point

of view, no dependency of the steady-state velocity on the quarter period time of the external

magnetic field sequence should be observable, since this velocity is only a function of the

exerted magnetic and drag force onto the SPBs (cf. section 2.4.4 and equation 2.46). Thus

surprisingly, the averaged steady-state velocity is significantly increased for the measured

data point at T/4 = 0.05 s for Hz,max · µ0 = 1mT of the external field sequence. Taking

however into account, that the steady-state velocity is influenced by the striped domain

width in the underlying magnetic pattern and that an averaged velocity is considered in this

instance, the comparably higher value at T/4 = 0.05 s is likely due to the decreased amount

of tracked mobile particles within the experiment. These mobile particles are not transported

over the sample area of widest domain widths with lower steady-state velocity, hence, the

averaged velocity is not decreased as for the experiments with T/4 ≥ 0.1 s. For reference,

the amount of overall tracked and evaluated large transport steps is shown as black triangles

in the upper panel of Fig. 4.16 (c). Coming from T/4 = 0.5 s, the amount of evaluable

steps is increased going to lower quarter periods, before in the end the number is decreased

again for T/4 = 0.05 s. The initial increase can be hereby explained by an increased amount

of induced transport steps within the constant experimental recording time, whereas, the

final drop of evaluable steps is closely linked to a decreased number of mobile particles

within the conducted experiment. Lastly, the influence of the applied external magnetic

field strength in z-direction Hz,max was studied in a set of experiments with Hz,max ·µ0 varied

over 0.5mT, 1mT and 2mT. This was especially carried out in order to investigate whether

Hz,max modifies the steady-state velocity and thereby increases/decreases the mobility of the

SPBs. Theoretically, the steady-state velocity should react proportionally with respect to

an increasing applied Hz,max, due to a larger magnetic moment and therefore also increased

magnetic force (compare equation 2.38). This is what is accordingly observed for the steady-

state velocities displayed in the lower panel of Fig. 4.16 (d). Analogous to the discussion of

panel (c), the number of evaluated steps, shown in the upper panel by black triangles, reflects

the mobility of the transported SPBs, with an increasing number at the highest steady-state

velocity (Hz,max · µ0 = 2mT) marking the transition to more transportable SPBs within

the respective experiment.

The control of SPB mobility via the external magnetic field strength is further emphasized

when creating the two-dimensional map of averaged intensity profiles along the image’s

x-dimension with regard to the experimental time for the differently chosen magnitudes

of Hz,max. These are displayed in Fig. 4.17 (a) for Hz,max · µ0 = 0.5mT and in (b) for

Hz,max ·µ0 = 2mT. Clearly, a switching from the immobile to the mobile state is transpiring

for a fraction of SPB when arriving at the stronger external magnetic field magnitude. This

implicates for practical use, that after separating magnetic particles on different locations



4 Modulated magnetic field landscapes for targeted transport functionality 103

8000

7000

6000

5000

4000

3000

2000

1000

0
20 40 60 80 100 120 140 160 180 2000

ti
m

e 
[m

s]

8000

7000

6000

5000

4000

3000

2000

1000

0
20 40 60 80 100 120 140 160 180 2000

ti
m

e 
[m

s]
x [µm] x [µm]

(a) (b)Hz,max∙μ0 = 0.5 mT Hz,max∙μ0 = 2.0 mT

Fig. 4.17: Time-dependent intensity profiles acquired from microscope images of SPBs trans-
ported directionally over the separation domain pattern for a period of T/4 = 0.05 s and varied
Hz,max · µ0 = 0.5mT (a) and Hz,max · µ0 = 2mT (b) for the external magnetic field sequence.
Shown is the averaged pixel intensity along the y-dimension of the image for each x-position (x-axis)
and transport video time step (y-axis). The magenta and blue arrow in panel (a) are highlighting
the points in time, where the mobile fraction of transported SPBs reaches the sample area with the
first immobile particle fraction present. At these times, the percentage of previously transportable,
but now immobilized particles was quantified.

above the substrate due to varying magnetophoretic mobilities (either caused by the quarter

period of the external magnetic field sequence or by the stripe domain widths), Hz,max

presents itself as a knob for adjusting the transportability of the separated fractions, e.g., to

direct them towards a sensing area within the chip system. Interestingly enough, although

the same type of SPB (Dynabeads� M-270 Carboxylic Acid) was used throughout all so-far

presented experiments, SPB row formations are split into mobile and immobile fractions

at the same sample position, as indicated by the magenta and blue arrow in 4.17 (a). This

would not have been expected when assuming that all SPBs exhibit an equal magnetophoretic

mobility due to their highly uniform magnetic and physical properties. In reality however, the

observed splitting may be caused either by small variations in the magnetophoretic mobility

among the evaluated set of particles or by local deviations in the thickness of the deposited

PMMA layer or in the gradients of the MFL across the imaged sample area. Following

the temporal progression of peak intensity for chosen lines in the intensity map, a degree

of immobilization can be quantified, since the intensity of each peak is proportional to the

number of SPBs within the corresponding row formation. For that, the two peaks with

the highest intensity related to the mobile fraction of particles are monitored, starting from

the beginning of the particle transport recording (t = 0ms). In comparison to the peak

intensity measured at t = 3000ms after the first splitting (magenta arrow), the intensity

has dropped by 73 % for peak 1 and by 60 % for peak 2. Therefore, it can be said that on
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average 33 % of the initial amount of mobile particles is still transportable after the first

induced splitting. For the second splitting (blue arrow), peak intensities were compared to

each other at experimental times of t = 6000ms and t = 7000ms. Here, the intensity

of peak 1 is decreased by 39 %, whereas the intensity of peak 2 experiences even a small

increase by 7 %. On average, another 23 % of SPBs was therefore immobilized within the

second induced splitting. Speculatively it can be inferred, that when letting particles move

back and forth several more times across the substrate or transporting them solely into one

defined x-direction, all present SPBs could be immobilized at a defined sample position.

The analysis of single SPB tracking data, resulting from transport experiments employ-

ing the separation domain pattern, allows for a classification into mobile, immobile and

mobile-to-immobile particles. Characterizing the averaged steady-state velocity for each

large transport step within the obtained trajectories, trends for the mobility of the SPBs

in dependence on the period time and the strength of the external magnetic field sequence

can be investigated. Both parameters were found to be critical levers for controlling and

adjusting the transportability of the particles towards special needs.

Exploring further the capability of the employed magnetic domain pattern to separate

SPBs of different mobilities, a proof-of-concept experiment was carried out involving a mix-

ture of particles with significantly different sizes. Drastically differing magnetophoretic mo-

bilities should be observable, as both the drag force and the magnetic force (through the

amount of magnetic content within a single particle) are depending on the SPB size. The

used SPBs were Dynabeads� M-270 Carboxylic Acid with a diameter of d = 2.8 µm and

Dynabeads� MyOne� with a diameter of d = 1.0 µm. A 1:3 mixture of diluted stock solu-

tions for both SPB types was prepared and administered to the microfluidic chamber on top

of the magnetic substrate. Before conducting the separation experiment, most SPBs were

guided towards the region of smallest stripe domain widths via the application of a fitting

external magnetic field sequence. This initial situation is visualized by the first background-

subtracted snapshot of the particle transport video recording shown in Fig. 4.18 (b) for

t = 0 s. Particles of both sizes are randomly positioned in roughly the same sample area

herein. The experiment was then started by applying the usual external magnetic field se-

quence with T/4 = 0.1 s, Hz,max · µ0 = 1mT, and Hx,max · µ0 = 1mT, but this time

without a change of the phase relation between Hz(t) and Hx(t), i.e., SPBs are transported

into the desired direction throughout the whole experiment. In the presented case, particles

are directed into the positive x-direction towards stripe domains with larger widths. Conse-

quently, the intensity map for the corresponding video recording (Fig. 4.18 (a)) reflects this

one-directional motion. As it can be seen from the intensity map, the first splitting of all

present SPBs into mobile and immobile particle fractions occurs already at a x-position of

ca. 50 µm, with other splitting locations following in close succession beyond an x-position

of ca. 90 µm. The microscope image taken at t = 2.85 s in Fig. 4.18 (b) highlights the
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Fig. 4.18: (a) Time-dependent intensity profiles acquired from microscope images of SPBs trans-
ported directionally over the separation domain pattern for a period of T/4 = 0.1 s. The trans-
ported particles consist of a 1:3 mixture of Dynabeads� M-270 Carboxylic Acid (d = 2.8 µm)
and Dynabeads� MyOne� (d = 1.0 µm). Shown is the averaged pixel intensity along the y-
dimension of the image for each x-position (x-axis) and transport video time step (y-axis). The
magenta dashed lines are indicating the points in time at which the microscope images from (b)
were taken. (b) Background-subtracted snapshots of the recorded particle transport experiment at
the indicated times in (a). The successive immobilization and thereby separation of the two particle
types with different sizes at distinguishable locations above the magnetic substrate is observable.
This is highlighted by the blue arrows in the lowest placed microscope image, indicating increased
concentrations for the smaller (left arrow) and the bigger particles (right arrow).

first observation of the smallest identified transport distances (stripe domain widths) for

induced SPB immobilization and also indicates that supposedly the 1.0 µm-sized particles

are immobilized in this case. This becomes more pronounced when evaluating the situation

towards the end of the experiment, as demonstrated by the video snapshot at t = 8.45 s.

Here, the final result reveals a placement of the differently sized SPBs at separate sample

locations. While the 2.8 µm-sized SPBs are immobilized for the used parameters of the exter-

nal magnetic field sequence at the longest transport distances of 10 µm, the smaller particles

loose their transportability already at reduced transport distances. The furthest x-positions,

which the respective particle type has reached within the conducted experiment, are pointed

out by the blue arrows in Fig. 4.18 (b). Similar to previous observations, all particles of
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the same size do not exhibit sharply the same magnetophoretic mobility, as in this case it is

assumed that they would populate the same row formation upon immobilization. Although

this distinct localization of the two different particle sizes was not achieved, a fractionation

of the administered SPB sample is nonetheless identifiable. Interestingly, the separation of

both SPB types on the substrate surface is only marginal despite the particles sizes varying

by a factor greater than 2. As a possible explanation it can be hypothesized, that SPBs of

d = 2.8 µm are reaching further onto the separation domain pattern due to their larger

magnetic content respectively magnetic moment, but SPBs of d = 1.0 µm experience less

drag force, thus, their steady-state velocity as the critical characteristic for immobilization

is not that drastically reduced in comparison.

4.3 Concluding remarks

In this chapter, the microfluidic transport dynamics of micron-sized SPBs within periodi-

cally transformed MFL on top of a topographically flat magnetic substrate with engineered

magnetic stripe domain patterns were investigated with the focus towards the realization

of crucial LOC functionalities: Particle concentration and separation. The study involved

two different domain patterns as objects of research: for the first (focus pattern) stripe do-

mains of gradually increased and decreased length (using a constant width) with the same

magnetization direction were embedded in a mono-domain environment of opposite directed

magnetization, leading to the formation of hh-,tt-, and ss-DWs. Present SPBs were hereby

observed to be only captured above the hh/tt-DWs due to stronger magnetic stray field

gradients. The second pattern (separation pattern) was designed to have magnetic stripe

domains with the length equal to the substrate dimension, as it was employed in previous

studies, but with the stripe width varied increasingly and decreasingly between 1.2 µm and

10 µm, implicating position-dependent transport-step distances for the administered SPBs

above the substrate surface.

For both patterns it can be concluded that hypothesized trends for the transport dynamics of

uniformly sized SPBs were experimentally confirmed. Specifically, it could be demonstrated

that a lateral transport across the focus domain pattern guides present particles towards

the “focal point” of the pattern, where particles are arranged into cluster formations with

very small spatial distances to each other. Based on this observation, a detection scheme for

analyte molecules within LOC systems can be envisioned, that harnesses the close vicinity

of SPBs in the clustered state to produce particle agglomerates via molecular bridges. As

a prerequisite, the SPB’s surfaces need to be covered with catcher molecules, which bind

specifically the analyte molecule. Consequently, the presence of the analyte molecule should

lead to transported particle agglomerates beyond the focussing point of the domain pattern,

whereas SPBs are returning to the original row formation when no analyte is present. The

transition could be possibly detected by a machine-vision-based algorithm that is able to
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distinguish between SPB rows and cluster formations within the microscope images. Po-

tentially, the peak shapes in image intensity profiles, as used for the analysis in this work,

might be a suitable metric for this evaluation. In addition, the capability of the pattern to

restrict the maximum number of particles, which pass through the “focal point”, to a cer-

tain threshold value could potentially be used to calibrate the response of integrated giant

magnetoresistance (GMR) or tunnel magnetoresistance (TMR) sensor elements.

In case of the investigated particle transport above the separation domain pattern, a large

spectrum of tunable parameters for the controlled immobilization and fractionation of SPBs

with distinguished magnetophoretic mobilities has been identified. Namely, the frequency

and the strength of the external magnetic field sequence in conjunction with varied stripe

domain widths in the employed magnetic substrate pattern all play a critical role when aim-

ing for particle immobilization at a defined sample area. As a novel aspect that separates the

analyzed system from previously studied stripe domain patterns with equal width [HKB15],

the separation pattern allows for a spatial segregation of SPB fractions with the same mo-

bility using an external magnetic field sequence of fixed frequency and strength. For the

previous case, a successive fractionation of particles with the same magnetophoretic mobil-

ity is only possible by tuning one of these two parameters over the course of the experiment.

For future studies, the spatial separation of SPB fractions, as demonstrated exemplary for

a mixture of different particle sizes, could possibly be enhanced by increasing the number of

repetitions for a constant stripe domain width. For instance, the pattern could start with

10 repetitions of 2 µm-wide stripes followed by 10 repetitions of 2.5µm-wide stripes and so

forth, potentially even with a finer increment for the stripe domain width.





5 Influence of liquid-mediated

electrostatic interactions

Many research works presented in literature, that focus on introducing an optimized trans-

portation concept for magnetic particles as a prerequisite for future Lab-on-a-chip (LOC)

applications, conducted their experiments using non-biofunctionalized particles in a fluidic

environment of distilled water. As valid as this approach is for sole proof-of-concept stud-

ies, the presence of a physiological medium as a crucial requirement for real biodetection

schemes, based on biofunctionalized magnetic particles, is often times neglected. There-

fore, the directed transport of superparamagnetic beads (SPBs), surface-functionalized with

green fluorescent protein (GFP), in phosphate buffered saline (PBS) was investigated in

Ref. [RHE21] in order to simulate physiological conditions. After finding a poor transport

efficiency in the experiments, which could only be increased by adding a surfactant to the dis-

persion fluid while still maintaining the function of the GFP, the authors postulate a rigorous

treatment of magnetic particle transport investigations in relation to the particle’s surface

characteristics and the properties of the surrounding liquid.[RHE21] Theoretical considera-

tions based on the estimation of equilibrium distances between particle and substrate surface

in dependence on the surfactant concentration suggest a significant impact of electrostatic-

and -dynamic surface forces on the transportability of magnetic particles when employing a

magnetophoretic, close-to-substrate actuation concept. Other works focusing on the simula-

tion of particle transport dynamics above magnetically structured substrates were found to

omit these forces and incorporate only magnetic and drag forces into the solved equation of

motion.[KBS20]

To analyze and understand the influence of variations in the electrostatic interaction between

particles and substrate surface on transport efficiencies and dynamics is therefore the ob-

jective of this chapter. The magnetic particle transport concept introduced by Holzinger et

al., which is based on the dynamic magnetic field landscape (MFL) transformation above a

prototypical parallel-stripe domain pattern with head-to-head (hh)/tail-to-tail (tt) magneti-

zation configuration, is directly used in this respect as the investigated system. Electrostatic

interactions, mediated by the DLVO forces (cf. section 2.4.4), were tuned via two parame-

ters: the pH-value of the particle dispersion medium and the chemical groups used for the

109
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surface functionalization of commercially available SPBs. Special attention was payed to the

colloidal stability of SPBs in liquid environments of differing pH-values and the mobility of

differently surface functionalized SPBs at the transition region between “phase-locked” and

“phase-slipping” transport behavior at comparably large frequencies for the external mag-

netic field sequence. The experimental results were interpreted in the context of the particle-

substrate equilibrium distance oriented model introduced by Reginka et al. [RHE21]. All

findings, that will be shown in the following, were obtained in the framework of the bachelor

thesis “Einfluss von Oberflächenkräften auf den substratbasierten Transport magnetischer

Kolloidpartikel” [Get19] and the research internship “How to sort magnetic particles with

different surface functionalizations during transport across a magnetic field landscape”, both

conducted by Katharina Getfert at the Institute of Physics, University of Kassel, and super-

vised by the author of the thesis at hand. This chapter shall therefore serve as a summary

of key results from both works.

5.1 Theoretical estimates for particle-substrate equi-

librium distances

Similar to the investigations in the previous chapter, static particle-substrate equilibrium

distances for SPBs placed above a hh or tt domain wall (DW) can be calculated by consider-

ing the balance of attractive and repulsive forces along the perpendicular-to-plane oriented

z-direction. Typically, the attractive forces incorporate the magnetic force acting due to

the local MFL and the van-der-Waals force, while particle-substrate repulsion is resulting

from electrostatic interactions. As can be seen from equation 2.43, the electrostatic force is

mainly governed by the surface potential Ψ of both particle and substrate, together with the

inverse Debye-Hückel double layer thickness κ. The latter in turn is influenced by the ionic

strength I of the liquid medium. In this work, commercially available SPBs (micromer®

from micromod Partikeltechnologie GmbH ) with a nominal diameter of d = 2 µm and two

different chemical surface functionalizations were incorporated: On the one hand side car-

boxyl groups (COOH), on the other hand side amine groups (NH2). Since COOH-groups are

chemically more acidic than NH2-groups, substantial differences in surface charge accumula-

tion within a surrounding liquid and therefore different surface potentials for the SPB were

expected. An experimentally determinable quantity, that is commonly used to represent Ψ,

is the zeta potential ζ, i.e. the electrostatic potential that is present at the shearing plane

between surface immobilized and mobile ions within the liquid. To investigate the differences

for COOH- and NH2-functionalized particles, zeta potential measurements were performed,

using the Zetasizer Nano ZS90 from Malvern Instruments Ltd.®. This technique quantifies

the electrophoretic mobility of the particles within an applied electric field by determining

the velocity via laser doppler velocimetry. In order to obtain ζ from the measurements, the
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so-called Henry function f needs to be taken into account, whose value is approximated

by considering the product of κ and the radius of the particle R. For κ · R ≫ 1, the

Smoluchowski approximation can be used, so that the Henry function is then f ≈ 1.5. For

the opposite case of very small values for κ · R, f ≈ 1 is chosen according to the Hückel

approximation.[DGCH07]

For analyzing the impact of the ionic strength on electrostatic particle-substrate interactions

and potential variations in dynamic transport properties, experiments were conducted for

different pH-values of the liquid medium. These different pH-values were prepared by using

distilled water as the basis for a mixture with HCl- (acidic regime) and NaOH- (basic regime)

solutions. The resulting pH-values were subsequently measured using a freshly calibrated

pH-meter purchased from Voltcraft®. At first, the influence of the pH-value on the SPB

zeta potentials was identified by performing the zeta potential measurements for COOH-

and NH2-functionalized particles within the differently prepared solutions. The results are

shown in Fig. 5.1 (circles), together with measurement data provided by the manufacturer

of the SPBs (squares). The measured values were all determined according to the Smolu-

chowski approximation, since the product κ · R was calculated to be greater than 1 for all

used pH-values. Hereby, the ionic strength that is needed to obtain κ was estimated as the

sum of the double negative decadic logarithm of the proton/hydroxide-ion concentration,

the respective counter-ion concentration, and an additional ion-concentration, that results

from contamination or soluted gases from the environment. This additional concentration

was retained from the Debye length for distilled water of 100 nm, which is commonly used

in literature.[BGK03] While for COOH-functionalized SPBs the zeta potentials from own

measurements and from manufacturer measurements are not differing by a great margin, a

clear disparity is visible for the NH2-particles. Especially the pH-value at which ζ is zero,

differs significantly. This pH is also called the isoelectric point and was determined to be

approximately 4.0 from measurements performed in the home laboratory whereas the man-

ufacturer’s data offers a value of approximately 5.2. However, absolute values for maximum

(small pH-value) and minimum (large pH-value) ζ seem to be comparable, only for own

measurements the decrease of ζ commences at lower pH-values. As the exact measurement

conditions for the manufacturer conducted investigation are not entirely known, the fol-

lowing considerations are therefore based on the self-measured determined zeta potentials.

Manufacturer values were only used as a comparable reference and since absolute ζ values

are similar, the own data is considered to be trustworthy. In general, significant differences

for the zeta potentials of COOH- and NH2-functionalized SPBs can be identified within the

acidic regime (pH < 5). For greater pH-values both zeta potentials are reaching a satura-

tion value of ≈ −40mV, with an exception for COOH-functionalized particles, where ζ is

decreasing again for pH > 11. Hence, significant differences in the equilibrium distances

and transport properties are expected for these extreme areas of high acidity or high ba-

sicity. Naturally, the zeta potential progression with varying pH-values for the substrate
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COOH

NH2

Fig. 5.1: Zeta potentials as a function of the pH-value for COOH-functionalized (green and
blue data points) and NH2-functionalized SPB (red and purple data points) with a diameter of
2 µm. Data are shown from measurements conducted in the home laboratory (circles) and from
measurements conducted and provided by the manufacturer (squares). Error bars are not included
as they are exceeded by the size of the data points.

surface is also required in order to estimate the electrostatic force between both particle and

substrate surface. As transport experiments were conducted on top of a magnetically struc-

tured substrate with a 800 nm thick Si capping layer, zeta potential measurement results for

glass surfaces (SiO2) were taken from literature as an estimate for the experimental situa-

tion. Here, the qualitative progression of the zeta potential is analogous to the previously

discussed data for SPBs, with an initial positive value decreasing into the negative regime

until a saturation state is reached. The isoelectric point was found to be at a pH-value of

ca. 3 and for pH > 5 the saturation value of ca. −35mV is reached, although the data is

only shown for pH ≤ 8.[GMVRPN12] Using these considerations for the zeta potentials, the

following results for the SPB transport experiments can be interpreted in the context of the

acting electrostatic force and the ensuing theoretical equilibrium distance between particle

and substrate surface.

For the investigation of SPB near-surface transport under varying pH-values for the liquid

medium, particle dispersions were placed inside a microfluidic chamber on top of a magnetic

substrate with a prototypical hh/tt parallel stripe domain pattern (5 µm stripe width). Di-
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rected SPB transport was induced by applying trapezoidal magnetic field sequences in x-

and z-direction with Hx,max · µ0 = Hz,max · µ0 = 2mT. The ensuing particle motion was

recorded at a frame rate of 1000 fps using a high speed camera (Optronis CR450x2) in

combination with an optical microscope equipped with a 40x-magnification objective. An

initial quantitative evaluation of the videos was performed in order to determine whether

SPB transport is achievable under the given pH conditions. The result is given in Fig.

5.2 (a) and reveals rather miniscule differences in the mobility behavior of COOH- and

NH2-functionalized SPBs. In this table, the particles are identified as immobile or not trans-

portable, if no motion was observable at all. Both particle types exhibit no transport motion

for pH ≤ 5, as well as for pH = 13. At neutral pH and within most of the basic regime, both

particle types proved to be movable. Just at the slightly acidic pH-value of 6.2, their mobility

differs as only those particles with a COOH-functionalization are still transportable. As it

can be seen from the zeta potential measurements (Fig. 5.1), the sign of ζ is positive for very

small pH-values (high acidity), which can even lead to attractive electrostatic interactions in

some cases further promoting an immobilization of the SPBs on the substrate surface. The

absolute value of ζ in the acidic regime is comparably smaller than ζ in the basic regime,

allowing for the hypothetical conclusion that electrostatic repulsion is in this case not strong

enough to prevent particle-substrate sticking. For pH = 13, chemical dissolving reactions

could possibly destroy the structural integrity of the SPBs, therefore also hindering their

transportability. The same holds possibly true for very small pH-values. For all other pH

conditions, the repelling electrostatic force seems to be large enough to allow the initializa-

tion of controlled SPB transport.

As previously discussed, the equilibrium distance between SPB and magnetic substrate plays

a crucial role in determining the dynamic transport properties, as particles placed at differ-

ent z-positions within the MFL experience different magnetic field strengths and gradients

and, thus, also different magnetic forces. The equilibrium distance is dependent on the

electrostatic force and can therefore be influenced by the pH-value induced zeta potential

variations. For a theoretical comparison of equilibrium distances zeq under different pH con-

ditions for COOH- and NH2-functionalized SPBs, the same force equilibrium approach taken

by Reginka et al. [RHE21] (known also from the previous chapter) was employed. Here, the

z-dependent forces acting on a SPB above a DW in the underlying substrate were computed

for different z-positions according to equations 2.38, 2.42, 2.43, and the intersection of at-

tractive and repulsive forces was taken as zeq. For the calculation of the magnetic force,

HMFL(x, z) was simulated according to the theoretical magnetization distribution within

the substrate obtained from micromagnetic simulations. Considering the electrostatic force,

where two models exist depending on whether a constant surface potential or a constant

charge distribution is assumed, both models were taken into account as individual electro-

static forces and in case of two resulting intersections between attractive and repulsive forces,

the average was taken as zeq. If no intersection resulted, the colloidal system was considered
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Fig. 5.2: Qualitative evaluation of directed SPB transport under various pH-conditions for the
liquid medium and corresponding theoretical equilibrium distances between substrate and SPB. (a)
Classification, if SPBs with COOH- and NH2-functionalized surfaces are moveable at the respective
pH-value (green check) or not (red cross) for external magnetic fields of 2mT magnetic flux density
in x- and z-direction. (b,c) Calculated equilibrium distances zeq between SPB and substrate surface
as a function of the pH-value for COOH- and NH2-functionalized SPBs, respectively. The depen-
dency is shown for magnetic flux densities of the externally applied magnetic field in z-direction
of 2mT (blue squares) and 5mT (green circles). Shaded areas indicate the uncertainties for the
calculated equilibrium distances.

to be unstable, meaning that SPBs are most likely immobilized at the substrate surface.

The ionic strength, that is needed to determine κ for the electrostatic force, was determined

as described earlier.

Calculated values for zeq are presented in Fig. 5.2 (b) for COOH-functionalized SPBs and in

(c) for NH2-functionalized SPBs. It is noted, that here zeq represents the distance between

the Si capping layer surface and the bottom of the spherical SPB surface. The qualitative

progression of each data set as a function of pH-value is similar for both surface functionaliza-

tions: With a maximum in zeq being present at the neutral pH=7, the equilibrium distance

is dropping for both decreasing (reaching the acidic regime) and increasing (reaching the

basic regime) pH-values. This can be possibly explained by the changes in ion concentration

with increasing/decreasing pH-value: More protons/hydroxide-ions start to be present in
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the liquid (increasing ion strength), leading to an increasing shielding of the SPB surface

potential. Hence, electrostatic repulsion with the substrate surface is suppressed and the

colloidal system is getting gradually more unstable. This is further pronounced for pH < 4,

where no intersections of attractive and repulsive forces and consequently no equilibrium

distances were obtained from the calculations. For NH2-functionalized particles, the addi-

tional influence of the zeta potential variation is strongly pronounced. In the basic regime

(pH > 7), the zeta potential is approximately constant, thus, changes in zeq are mostly

dictated by modifications in the ionic strength and therefore zeq is dropping less steeply as

for the acidic regime (pH < 7). Here, the zeta potential value is varying more dramatically

with the pH-value, showing a steeper reduction of zeq, since the increasing value of the zeta

potential lowers the substrate-particle repulsion. For COOH-functionalized SPB, a similar

trend is observable, with equilibrium distances being slightly larger as compared to the NH2-

functionalized SPBs. possibly explaining the observed transportability at a pH-value of 6.2,

where no movement was obtained for NH2-functionalized particles. However, the considered

uncertainties for zeq (shown as shaded areas in Fig. 5.2) do not allow for the identification of

significant differences. To probe the influence of the external magnetic field strength Hext,z

in z-direction on zeq, computations were performed for Hext,z ·µ0 = 2mT (blue squares) and

Hext,z · µ0 = 5mT (green circles). Again, the qualitative progression as a function of pH-

value is very comparable for both particle sorts, only with the difference that zeq is overall

decreased for the higher magnetic flux density. This can be expected, as the superposition

of the external field with the MFL would result in a larger attractive magnetic force acting

on the SPBs with increasing external field strength.

Based on these theoretically predicted differences in zeq, it was the goal for the following

transport experiments to quantitatively examine the dynamic characteristics of the parti-

cles, i.e. their transport velocity, in dependence on the chosen pH-value for the dispersion

medium.

5.2 Quantitative transport evaluation

Once again, SPB transport on top of a hh/tt parallel stripe domain pattern (5 µm stripe

width and 800 nm Si capping layer) was initialized by applying trapezoidal magnetic field

pulses in z- and x-direction for a quarter period of T/4 = 0.3 s and a phase shift of π/2.

This time, the strength of the external magnetic fields was varied between Hz,max · µ0 =

Hx,max · µ0 = 2mT and Hz,max · µ0 = Hx,max · µ0 = 5mT to create data, that can be in-

terpreted by the theoretical results for zeq presented in the previous section. Steady-state

velocities for both SPB sorts during a transport step were analyzed according to the step pro-

file fitting procedure introduced in the previous chapter: Individual transport steps for each

moving SPB were isolated and fitted by a Gaussian error function. The maximum value for

the derivative of the fit function was chosen to be the steady-state velocity and the full width
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at half maximum (FWHM) of the ensuing velocity curves was taken as the uncertainty. Av-

eraging over all obtained transport step velocities, mean steady-state velocities for the SPB

in the respective experiment were measured and are displayed in Fig. 5.3 (a) for COOH-

functionalization and in (b) for NH2-functionalization. Here, the focus was laid on the basic

(a)

(b)

Fig. 5.3: Steady-state velocities measured for transported SPBs with COOH-functionalization
(a) and NH2-functionalization (b) in dependence on the pH-value for the liquid medium. Transport
experiments were conducted for magnetic flux densities of the externally applied magnetic field in
z- and x-direction of 2mT (blue squares) and 5mT (green circles). Shaded areas indicate the
uncertainty of the measured velocities.

regime for the pH-conditions (pH 8 to 12), since both SPB sorts showed reliable transporta-

bility in this region. In general it can be observed, that the steady-state velocity is larger for

Hz,max · µ0 = Hx,max · µ0 = 5mT, due to higher induced magnetizations for the SPB, leading

to a larger acting magnetic force. For COOH-functionalized particles, increasing pH-values

induce a slight decrease of the resulting steady-state velocity. The most notable correlation

is hereby observable for Hz,max · µ0 = Hx,max · µ0 = 2mT (blue squares), where the steady-

state velocity is decreasing for a changing pH-value of 8, 9, and 10. Here, the trend could

be explained by the theoretically estimated, decreasing equilibrium distance for increasing

pH-value in the basic regime. When particles get closer to the substrate surface, the drag

force starts to dominate the magnetic force at some point, due to an increasing z-dependent
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friction coefficient f(z) (cf. equation 2.45), ultimately leading to a reduced steady-state

velocity. For NH2-functionalized SPBs, the velocity data is interestingly showing a parabolic

correlation with the pH-value for Hz,max · µ0 = Hx,max · µ0 = 5mT (green circles). Con-

trastingly, results for Hz,max · µ0 = Hx,max · µ0 = 2mT shown no clear dependency of the

steady-state velocity on the pH-conditions. This suggest, that for NH2-functionalized parti-

cles, the larger magnetic field strength, and therefore reduced particle-substrate separation

distance, may enhance the sensitivity of dynamic SPB transport properties for modifications

in the electrostatic interaction of particle and substrate surfaces. Previous investigations by

Holzinger et al. have shown, that when calculating the theoretical steady-state velocity

as a function of an increasing z-distance towards the substrate surface, the velocity is ini-

tially increasing due to a reduced friction coefficient and at some specific distance decreasing

again, as the influence of the MFL and therefore magnetic force is weakened.[HKB15] The

consequence is a maximum for the z-dependent SPB steady-state velocity. A similar ex-

planation may be applicable in the present observation of pH-dependent SPB steady-state

velocities. For the particular parameter set of NH2-functionalized SPBs transported above

a hh/tt magnetization pattern, capped by a 800 nm thick Si layer, with external magnetic

field strengths Hz,max · µ0 = Hx,max · µ0 = 5mT applied, the initial increase of the steady-

state velocity towards pH = 10 may be induced by a stronger magnetic force acting on the

particles. This is promoted by a decreasing zeq, as it can be seen from Fig. 5.2 (c). With the

pH-value getting even larger, the particle-substrate equilibrium distance further significantly

decreases and possibly ends up in a regime, where the hydrodynamic drag exceeds the mag-

netic force, resulting in a final decrease of the steady-state velocity. However, as none of the

other experimental conditions led to the same trend, especially for the COOH-functionalized

particles, the effected statements cannot be considered as unambiguous. It can be rather un-

derstood as a hint at more pronounced pH-dependent, and therefore ionic strength- and zeta

potential-dependent, SPB transport properties for larger strengths of the externally applied

magnetic field, which would be important to consider in real diagnostic devices working with

physiological liquids. Why this influence is not observable for COOH-functionalized SPBs

is for now not easy to answer. Slight differences in the hydrodynamic radii of both particles

sorts, variations in the pH-values of the prepared liquid media or even particle size variations

among the observed SPBs could all contribute to the discussed results. Lastly, it should be

mentioned that for the here utilized NaOH- and HCl-solutions, the ion concentration depen-

dent viscosity changes are in the range of 0.75% and 2.25%, and therefore most likely to

have no impact on the observed steady-state velocity differences.[Get19]

5.3 Particle sorting routine

Judging from the differences in the theoretical particle-substrate equilibrium distance for

COOH- and NH2-functionalized SPBs, which were identified earlier, the differing vertical
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positions within the MFL should potentially lead to varying steady-state velocities, when

analyzing both particle sorts. In addition, depending on the chemical surface functionaliza-

tion, different hydrodynamic radii may ensue, further modifying not only the magnetic force

but also the drag force exerted by the surrounding fluid. Indeed, separate measurements

for the transport of COOH- and NH2-functionalized SPBs (d = 2 µm) on top of a magneti-

cally structured substrate with 800 nm of Si capping layer resulted in significantly differing

steady-state velocities in a pH-range of 7 to 9.[Get19] Hence, it was hypothesized that upon

variation of T/4 for the external magnetic field sequence, the critical frequency where a

transition from a mobile to an immobile transport behavior occurs should be different for

both particle sorts. However, experiments showed that a distinct identification of this crit-

ical frequency for one SPB sort is far from trivial, since slight variations of structural bead

properties (e.g. particle size, distribution of magnetic content) within one observed batch

and local inhomogeneities of the MFL rather result in a distribution of critical frequencies.

This characteristic is qualitatively emphasized in Fig. 5.4 (a-c) by showing the identified

two-dimensional trajectories of SPBs visible within the microscope field-of-view for trans-

port experiments conducted at T/4 = 0.03 s (a), T/4 = 0.05 s (b), and T/4 = 0.08 s (c).

Here, a 1:1 mixture of COOH- and NH2-functionalized SPBs was analyzed. For the external

magnetic field sequence, Hz,max ·µ0 = Hx,max ·µ0 = 1mT was chosen and SPB transport was

recorded using the Optronis CR450x2 camera together with a 40x-magnification objective.

Additionally, it was decided to perform the experiments within a pH-neutral environment

(pH = 7). Two-dimensional trajectories along x and y were obtained from the automatic

single particle tracking routine of AdaPT (cf. section 3.3.2). In the case of the lowest quarter

period (highest frequency), almost all observable SPBs are in the immobile state, meaning

they perform a rocking motion around a fixed position on the substrate. Note that for this

study the term “immobile” does not refer to particle sticking on the substrate surface, as it

was coined in the previous discussion of pH-dependent transport properties. Already for the

next quarter period of T/4 = 0.05 s, one can see a fractioning of the SPB into mobile and im-

mobile particles, yielding no singular critical frequency for the investigated SPB batch. For

T/4 = 0.08 s, the mobility of nearly all SPBs was restored, although still immobile particles

exist occasionally. This dynamic behavior goes to show that instead of addressing a fixed

critical frequency for the investigated system, it is rather sensible to employ a statistical

evaluation of transport mobility in order to work out variations for differently functional-

ized SPBs. Thus, this study is similar to the one conducted in chapter 4, only without

the modulation of the magnetic stripe domain width within the substrate that supports the

separation process further. The statistical evaluation of SPB mobilities for transport experi-

ments, where only the respective sort of SPB was present, was performed as follows: First, all

particles that are visible within the first frame of the transport video recording were counted.

Subsequently, all particles were counted that exhibit a directed transport motion during the

course of the video. Directed transport means here that the particle must move more than
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T/4 = 0.03 s T/4 = 0.05 s T/4 = 0.08 s(a) (b) (c)

(e)(d)

5 µm stripe domains
800 nm Si capping

10 µm stripe domains
700 nm PMMA capping

Fig. 5.4: Mobilities of COOH- and NH2-functionalized SPBs in dependence on the quarter period
T/4 for the external magnetic field sequence. (a,b,c) Exemplary trajectories of analyzed particles
within the microscope field-of-view along the x- and y-coordinate for a 1:1 mixture of COOH- and
NH2-functionalized particles at the indicated quarter periods of T/4 = 0.03 s, T/4 = 0.05 s, and
T/4 = 0.08 s. (d,e) Relative amount of mobile SPBs as a function of T/4 observed for COOH-
(blue circles) and NH2- (green squares) functionalized particles, respectively. The presented results
are stemming from transport experiments with only the respective sort of SPB present. The
experiments were conducted for two kinds of substrate conditions: 5 µm-wide magnetic stripe
domains and 800 nm thick Si capping layer (d), and 10 µm-wide magnetic stripe domains and ca.
700 nm thick PMMA capping layer (e).

one step in the designated transport direction (defined by the phase relation of the external

magnetic field sequence). All particles, that perform a rocking motion around a stationary

location are treated as immobile. It shall be mentioned that only those particles present in

the first frame of the transport video were considered for the mobility evaluation. Particles

that enter the field-of-view during the course of the video are not included. Contrastingly,

particles from the first frame that leave and re-enter the field-of-view are still accounted for.

Performing this analysis routine for all transport videos recorded at varying T/4 and keep-

ing all other experimental parameters constant, the data for the relative amount of mobile

SPBs as a function of T/4 that is displayed in Fig. 5.4 (d) resulted. The range for T/4

was hereby chosen according to preliminary assessments. The relative amount of mobile

SPBs was calculated by dividing the number of transportable particles by the number of

all particles counted in the first frame of the transport video. The investigation was sepa-
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rately conducted for COOH- (blue circles) and NH2 (green squares)-functionalized particles

and yields qualitatively similar progressions: For the smallest T/4, the relative amount is

close to zero, ergo mostly all SPBs show the immobile rocking behavior. With increasing

T/4, the relative amount of mobile SPBs is gradually increasing, until a value of ca. 0.5 is

reached for the largest period of the external field with T/4 = 0.1 s. Now comparing COOH-

and NH2-functionalized SPBs, a significant difference in general particle mobility can be

identified in the region between approximately 0.0575 s and 0.075 s for T/4. Here, COOH-

functionalized particles exhibit a higher relative mobility, hinting at a possible separation

scheme, when transporting a mixture of both SPB sorts at, e.g., T/4 = 0.0625 s, where the

largest difference in the relative amount of mobile particles is observable. However, as it

could be expected from only slight variations in zeq and bead properties, the differences in

the observed mobility are rather marginal. For comparison, the experiments were repeated

for a different set of parameters: Again, COOH- and NH2-functionalized SPBs (d = 2 µm)

were used, but the transport was conducted above a substrate with 10 µm wide magnetic

stripe domains and a capping layer of approximately 700 nm thick PMMA. Additionally,

Hz,max · µ0 = Hx,max · µ0 = 2mT had to be applied for the external fields in order to con-

sistently initialize the directed transport motion. The stripe domain width was varied to

increase the transport step distance and therefore also increase the critical T/4 for the mo-

bile/immobile transition. The different capping material had to be used, since no substrates

with 800 nm Si capping and 10 µm stripe domain width were available at the time where the

experiments were performed. Although several experimental parameters were changed and

the ensuing results are therefore not comparable to the first set of experiments with 5 µm

wide stripes (cf. Fig. 5.4 (d)), the obtained data for the relative amount of mobile SPBs

(Fig. 5.4 (e)) gives nonetheless insights into the changes of transport characteristics under

drastically changed conditions. In this second study, a large fraction of particles remains

immobile up to T/4 = 0.1 s, whereas approximately 50% of particles proved to be mobile

in the experiments with 5µm stripe domain width at the same T/4. Interestingly enough,

the NH2-functionalized SPBs seem to be generally more mobile as compared to the COOH-

functionalized particles within the new system. The only exception is for the range of T/4

between 0.125 s and 0.1375 s, where the mobility of both SPB sorts is comparably close. Espe-

cially for the highest chosen magnitudes of T/4 however, the mobility of NH2-functionalized

SPBs is approximately doubled in comparison to the COOH-functionalized particles. Here,

the different capping layer material (PMMA) may promote an electrostatic particle-substrate

interaction that suits more the transport mobility of the NH2-functionalized SPBs. Again,

the obtained results suggest that a frequency variation based sorting routine for differently

chemically surface functionalized magnetic particles is within reach.
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5.4 Concluding remarks

The results presented within this chapter allow to infer several implications for the design

of LOC based analytics and diagnostics, where differently surface functionalized magnetic

particles are moved near a substrate surface within a liquid medium of various properties

(e.g. ion concentrations). First of all the colloidal stability of the employed particles, which

are commonly SPBs, needs to be considered as an important factor, as this stability is heav-

ily depending on the electrostatic interaction between particle and substrate surfaces and

therefore also on the ion concentration within the liquid. This was shown by the investiga-

tion of SPB transport properties within a prototypical transport system as a function of the

pH-value for the surrounding liquid and is further corroborated by the results of Reginka et

al. for biofunctionalized SPBs within a physiological buffer medium.[RHE21] The interplay

of the liquid ion strength and the surface potentials of both SPBs and substrate (expressed

by the zeta potential) plays a critical role, since it governs the electrostatic force exerted

onto the particles and consequently either promotes or hinders SPB immobilization on the

substrate surface. Based on the conducted theoretical and experimental pH-dependent in-

vestigations, a possible separation by mobility variations of differently surface functionalized

beads through modification of the liquid properties can be hypothesized for the considered

prototypical transport system. For future experiments, it is therefore desired to acquire data

for a variety of liquids in order to obtain a statistically significant and profound evaluation

of this separation approach. Secondly it can be concluded, that for the chosen transport

system, whose working principle is given by the superposition of a static MFL emerging

from a magnetically stripe patterned substrate with a periodic external magnetic field pulse

sequence, a sorting technique for differently surface functionalized magnetic particles may

be achievable through a controlled tuning of the external magnetic field frequency. As the

so-far conducted measurements indicate only small differences in the general mobility of

differently functionalized SPBs at a chosen critical frequency, a sorting routine may only

be successful for comparably long transporting times, implicating also long transport dis-

tances for mobile particles. Once again it is preferable to include additional data of further

frequency-dependent experiments to achieve a larger statistical significance.





6 Motion dynamics

of exchange bias capped spherical

Janus particles

Having investigated the dynamic transport properties of uniformly magnetized superparam-

agnetic beads (SPBs) under various conditions in the preceding chapters, the focus is now

shifted towards spherical particles with an asymmetric distribution of the magnetic content.

Specifically, magnetic Janus particles (MJP), as introduced briefly in section 2.4.2, will be

the discussed research object within the following sections. They were fabricated by de-

positing an exchange bias (EB) thin film system on top of self-assembled, spherical silica

beads. By this procedure, a magnetic cap is created for the particles that exhibits a spatially

fixed magnetic moment in remanence due to the unidirectional anisotropy introduced by the

EB.[TRH21] In contrast to SPBs, this allows to control not only the transport dynamics

of the particles, but also to force rotational movements by means of an applied magnetic

field. To prove the high application potential of EB functionalized MJPs in Lab-on-a-chip

(LOC) devices, their transport and rotation dynamics within the previously introduced mo-

tion concept, which is based on the superposition of a static MFL with time-varying external

magnetic fields, are analyzed within this chapter. It will be demonstrated, that EB-capped

MJPs are transportable within one-dimensional and two-dimensional periodic magnetic field

landscapes (MFLs), each time possessing unique rotational characteristics. The results con-

cerning the one-dimensional MFL are published in Huhnstock et al. [HRT21], partially based

on the master thesis “Transport und Rotationsdynamik von asymmetrisch strukturierten,

magnetischen Kolloidpartikeln”, handed in at the University of Kassel in March, 2017, by

the author of this work. Hence, this chapter shall serve as a summary of key findings. For

the two-dimensional MFL, the results were obtained in the framework of a research intern-

ship, conducted by Andreas Körner. In the beginning however, an overview on the magnetic

properties of hemispherically capped MJPs in general and of EB-capped MJPs specifically

will be given.

123
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6.1 Magnetic properties of hemispherical caps

When considering hemispherical caps on spherical template particles, different magnetiza-

tion textures were found through micromagnetic simulations and experimental investigations.

The occurence of these magnetization states thereby depends on the cap material compo-

sition, the cap thickness and the size of the template particles. Streubel et al. constructed

a phase diagram for hemispherical caps made of NiFe, where different cap magnetization

textures were identified as functions of the particle radius and the thickness of the NiFe

layer.[SKS12, SFK16] The possible textures consist of a vortex state, with curled alignment

(a)

(b) (c)

b

b

b

b

c

cc

c

Fig. 6.1: Magnetization distribution within hemispherical caps (d = 1 µm) consisting of an EB
thin film system. (a) Topography and magnetic charge contrast images obtained by an AFM/MFM
dual scan of EB capped MJPs assembled in a monolayer. (b,c) Theoretical results for the mag-
netization distribution within hemispherical caps (d = 1 µm) from micromagnetic simulations. (b)
shows the results for an EB cap, while (c) shows the results for a ferromagnetic cap without EB.
b/c.1 present a top view and b/c.2 a side view of the spatial magnetization distribution. Similarly,
b/c.3 and b/c.4 are top and side views of the simulated surface charge distribution. Reprinted from
Journal of Applied Physics, Vol. 129, Tomita et al., Magnetic textures in hemispherical thin film
caps with in-plane exchange bias, 015305, 2021, with the permission of AIP Publishing.[TRH21]
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of single magnetic moments around the vortex core, an onion state, with magnetic moments

aligning tangentially along the cap curvature into a single direction, and an out-of-plane

state, where magnetic moments align perpendicular to the cap surface.[SFK16] It can be

seen, that for the single ferromagnetic NiFe layer as the cap, onion and out-of-plane state

are only accessible within a small region of comparably thin layer thickness or particle ra-

dius. Hence, for micron-sized template particles the vortex state is most likely to be the

most stable remanent magnetization texture for a softmagnetic NiFe cap. Thinking in terms

of particle actuation applications, the resulting MJPs exhibit a rather small macroscopic

magnetic moment, which stems from the out-of-plane magnetization within the vortex core,

thus, resulting in comparably low motion speeds. For stabilizing the remaining possible

magnetization textures within a hemispherical caps of micrometer dimensions, several works

are based on magnetic anisotropy engineering. This can be done either by depositing a

Co/Pd [AHG05] or Co/Pt multilayer [BMS12] stack with a naturally preferred out-of-plane

orientation of the magnetization (resulting in an out-of-plane state) or by introducing a uni-

directional anisotropy using an EB bilayer system (reaching an onion state) [TRH21]. For

the latter, it could be demonstrated that the additional anisotropy provided by the pin-

ning of the ferromagnetic (FM) layer through the antiferromagnetic (AFM) layer turns the

typically unpreferred onion magnetization state into the energetically favored texture. Both

experimental results (shown as MFM contrast image in Fig. 6.1 (a)) and micromagnetic sim-

ulations (shown in Fig. 6.1 (b)) strengthen this conclusion. Compared to the vortex state

in purely FM caps (simulation shown in Fig. 6.1 (c)), the orientation of magnetic moments

for the onion texture leads to an effectively larger magnetic moment of corresponding MJPs,

consequently nurturing the expectation of also larger motion velocities within microfluidic

transport experiments.

6.2 Translational and rotational dynamics

As described in the method section 3.1, EB capped MJPs were fabricated by sputter de-

positing a Cu5 nm/Ir17Mn30 nm
83 /Co70Fe

10 nm
30 /Si(Al)10 nm layer system on top of self-assembled

spherical template particles with a diameter of 3 µm. The obtained MJPs were afterward

transferred to the dispersion medium (distilled water) either by mechanical scratching or

ultrasonic treatment. Similar to the previously discussed transport experiments of SPBs, a

volume between 20µL and 30 µL of the MJP dispersion was pipetted into a microfluidic cham-

ber on top of a magnetically structured EB substrate. Here, the substrate exhibits either a

prototypical head-to-head (hh)/tail-to-tail (tt) parallel stripe domain pattern (5 µm width)

or a checkerboard-like domain pattern [GHH16], depending on whether the one-dimensional

or two-dimensional transport of MJPs was studied. For all experiments, transport videos

were recorded using the Optronis CR450x2 high speed camera (1000 fps) together with the

100x-magnification objective. In the next section, the translational and rotational character-
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istics of EB capped MJPs, actuated within the MFL emerging from a hh/tt stripe domain

pattern, will be presented.

6.2.1 One-dimensional transport

Before initializing the transport of MJPs on top of a hh/tt magnetized stripe domain pattern

(see Fig. 6.2) by applying trapezoidal magnetic field pulses in the z- and x-direction (analo-

gously to the directed transport of SPBs [HKB15]), the initial arrangement of MJPs within

the local MFL above the substrate after particle sedimentation was characterized. Theoret-

ical estimates for the MJP’s center of mass, which is shifted by 0.15 µm from the particle

center into the direction of the metallic cap [HRT21], suggest a spatial position with the cap

pointing downwards towards the substrate. This is hinted at in the microscope image shown

in Fig. 6.2 (b), revealing a full dark contrast throughout the whole particle stemming from

the metallic cap. For this qualitative investigation, the lithographically structured resist

used for the magnetic patterning was retained on top of the substrate, thus, the positions

of domain walls (DWs) within the substrate can be estimated from the optically visible

stripe structure. However, the true magnetic stripe pattern is optically only visible when

applying Kerr microscopy. In the static case of no externally applied magnetic fields, the

MJPs are positioned close to a DW due to magnetostatic interaction with the local MFL

according to equation 2.38. As can be seen from Fig. 6.2 (b), the MJP does not reside

symmetrically above the DW, since one of the magnetic poles of the onion texture magne-

tized cap will point to the position of minimal potential energy, i.e., maximum magnetic

stray field flux density (approximately 1 mT according to calculations based on micromag-

netic simulations).[HRT21] To emphasize, the potential energy landscape Up,z(x) for a MJP

placed at its equilibrium distance towards the substrate within the MFL was computed using

equation 2.38 and displayed as solid blue lines in the uppermost panels of Fig. 6.2. The-

oretical estimates for the equilibrium distance were acquired using the same force balance

approach presented in the previous chapters, resulting in a distance of 1490 nm between the

center of the magnetic cap (which was assumed to be the magnetic center of the particle)

and the FM layer within the substrate for a MJP with an approximated magnetic moment of

mp = 12.46×10−14Am2 (other parameters summarized in Tab. 9.8 of Appendix E).[HRT21]

If no external magnetic field is applied, the effective magnetic field H⃗eff (x, z) accounted for

in equation 2.38 is only governed by the static MFL. Hence, with the fixed magnetic moment

of the MJP’s cap aligning parallel to the effective magnetic field vector, minima within the

potential energy landscape can be found above every DW. This degeneracy is lifted upon

the application of a homogenous external magnetic field in the vertical z-direction pointing

either out of the substrate plane (Fig. 6.2 (a)) or into the substrate plane (Fig. 6.2 (c)).

The strength of the field was in the displayed case chosen to be |Hz| · µ0 = 6mT. Now,

due to the superposition H⃗eff (x, z) = H⃗MFL (x, z) + H⃗ext (x, z), potential energy minima are
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Fig. 6.2: Position and spatial orientation of EB capped MJP in the MFL above a magnetically
stripe patterned EB substrate with additionally applied magnetic field pointing into the layer
plane (a), out of the layer plane (c), and with no applied external field (b). Arrows within the
magnetic substrate and the MJP cap indicate the direction of local magnetizations. The position
and orientation of the MJP with respect to the underlying domain pattern with and without applied
external magnetic field is sketched in the middle panels of (a) - (c). Corresponding microscopy
images of exemplary MJPs are shown in the lowermost panels. The calculated potential energy
landscapes for the three displayed situations Up,z(x) are depicted as solid blue lines in the uppermost
panels. The figure is reprinted without modifications from Scientific Reports, Vol. 11, Huhnstock et
al., Translatory and rotatory motion of exchange-bias capped Janus particles controlled by dynamic
magnetic field landscapes, 21794, 2021, under the Creative Commons Attribution 4.0 International
License (copy available at https://creativecommons.org/licenses/by/4.0/ ).[HRT21]

only located above hh DWs for a +z-field and above tt DWs for a -z-field, with the MJPs

re-positioning accordingly. Additionally, the external magnetic field exerts a torque onto the

particles (cf. equation 2.41), because of a realignment of the cap’s effective magnetic mo-

ment with the effective magnetic field vector H⃗eff (x, z). Interestingly, only the combination

of MFL and external magnetic field forces the spatial reorientation of the MJP, which is

observable by the change of dark contrast within the particles in the microscope images of

Fig. 6.2 (a) and (c). Therefore, the torque exerted only by the MFL is not strong enough

to physically rotate the MJP. In contrast to SPBs, the MJPs undergo magnetic moment

realignment solely via Brownian relaxation (cf. section 2.4.2), i.e., physical rotation, due to

the EB stabilized fixed direction of the cap’s effective magnetic moment. Here, the observed

spatial orientation of the MJPs upon application of a magnetic field in the z-direction can

also be treated as an indirect proof for the onion magnetization texture. Assuming that no

remagnetization procedure was induced, vortex state caps would prefer an alignment of the

out-of-plane directed magnetic moment, stemming from the vortex core, with the effective

magnetic field, therefore exhibiting theoretically a full dark contrast throughout the whole

particle in the microcope image (similar to Fig. 6.2 (b)). Ergo, only the onion magneti-
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zation state can lead to the observed spatial orientation of the MJPs. The position of the

magnetic cap with respect to the DW location (border between light and dark contrast in

the background) also suggests, that the effective magnetic moment for the onion textured

cap is spatially originating approximately from the center of the cap.

The dual role of the externally applied magnetic field, initiating a positional displacement and

spatial reorientation of the MJPs, is further pronounced when utilizing a periodic magnetic

field sequence similar to previous transport investigations on SPBs. Trapezoidal magnetic

field pulses in z-and x-direction with Hz,max ·µ0 = Hx,max ·µ0 = 6mT were applied, as shown

in Fig. 6.3 (c) for the brown, dot dashed (Hext,z) and the black, dotted line (Hext,x). Both

sequences exhibit a phase shift of π/2 in order to induce translational movement into the

+x-direction. The resulting motion of the MJPs was captured for one exemplary particle

by the microscope snapshots presented in Fig. 6.3 (a) A-G. Here, the stripe patterned resist

structure was used again to have a visual clue for the locations of magnetic DWs within

the substrate. Two-dimensional single particle tracking was employed to obtain the time-

dependent x-position of the MJPs together with the in-plane rotation angle, referring to the

spatial orientation of the MJP. Both are displayed for the exemplary MJP in Fig. 6.3 (b) as

the blue, solid line and the red, dashed line, respectively. For the rotation angle, tracking re-

sults obtained from the VST were mostly used for further evaluation, since AdaPT provides

a rather coarse measurement of the MJP orientation with respect to the substrate plane.

Starting at t = 0 s, Hext,z ·µ0 = Hext,x ·µ0 = −6mT are applied, leading to a position of the

MJP close to a tt DW (Fig. 6.3 (a) A). The location of the magnetic cap, which is visible as

the dark contrasted part of the particle, is slightly shifted into the +x-direction with respect

to the DW. This is due to the applied Hext,x, which results in a shifted position of the po-

tential energy minimum for the MJP. This is further emphasized by showing the calculated

potential energy landscape Up,z(x) for the applied external fields in Fig. 6.4 (a) (right panel).

As the applied external magnetic fields exert a magnetic torque onto the MJP’s cap, it aligns

along the ensuing effective external magnetic field vector, as sketched out in Fig. 6.4 (a)

(left panel). Continuing with t = 0.25 s, Hext,z is inverted to Hext,z ·µ0 = 6mT, while Hext,x

stays unchanged, resulting in a translational relocation of the MJP close to the neighboring

hh DW together with a reorientation of the magnetic cap (as seen in Fig. 6.3 (a) B). The

transport movement is induced by a transformation of the MJP’s potential energy landscape

and a corresponding repositioning of the potential energy minimum close to the hh DW

(Fig. 6.4 (b) right panel). Additionally, the effective external magnetic field vector rotates

around the y-axis by 90◦ (Fig. 6.4 (b) left panel), forcing a realignment of the cap’s effec-

tive magnetic moment along the new vector orientation, ultimately leading to a rotational

movement of the whole MJP. Judging from the tracking data presented in Fig. 6.3 (b), the

inversion of Hext,z resulted in a comparably fast translational and rotational motion of the

MJP. Both movements were completed within 10ms to 20ms. For the analysis of the MJP

rotation it must be noted, that the employed tracking algorithm solely retrieves the parti-
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Fig. 6.3: Visualization and analysis for the motion of EB capped MJPs within a dynamically
transformed MFL on top of a hh/tt parallel stripe domain patterned substrate. (a) Microscope
snapshots of an exemplary MJP at indicated time steps during the applied magnetic field sequence
shown in (c). (b) Tracking data for the MJP position along the x-axis (blue, solid line) and the
rotation angle with respect to the z-axis (red, dashed line). They demonstrate the fast transla-
tional and rotational movements of the MJP, induced by changes in the external magnetic field
in z- (brown, dot dashed line) and x-direction (black, dotted line). The figure is reprinted with-
out modifications from Scientific Reports, Vol. 11, Huhnstock et al., Translatory and rotatory
motion of exchange-bias capped Janus particles controlled by dynamic magnetic field landscapes,
21794, 2021, under the Creative Commons Attribution 4.0 International License (copy available at
https://creativecommons.org/licenses/by/4.0/ ).[HRT21]

cle’s rotation angle around the z-axis, i.e., the MJP’s spatial orientation is always projected

onto the substrate plane. Hence, for the rotation of the MJP around the y-axis, occurring

after a change in Hext,z, the identification of the rotation angle is not always unambiguous,

resulting in inaccurate progressions of the rotation angle during the rotational movement,

as clearly seen from the red dashed curve in Fig. 6.3 (b) at t = 0.25 s and t = 1.25 s.

This is also the reason why the later presented quantitative investigation for the rotational

dynamics was solely conducted for MJP rotations around the z-axis. At t = 0.75 s, upon

an inversion of Hext,x yielding Hext,z · µ0 = Hext,x · µ0 = 6mT, the MJP’s position is slightly

shifted in the +x-direction (right side of the hh DW) and another reorientation of the mag-
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Fig. 6.4: Lateral position and spatial orientation of a MJP (sketched out in the right panels)
with respect to the calculated potential energy Up,z(x) (blue, solid lines in the right panels) and the
externally applied effective magnetic field vector (left panels). Rows (a)-(d) show all experimentally
applied configurations for the external magnetic field pulses during the respective plateau region.
The figure is reprinted without modifications from Scientific Reports, Vol. 11, Huhnstock et al.,
Translatory and rotatory motion of exchange-bias capped Janus particles controlled by dynamic
magnetic field landscapes, 21794, 2021, under the Creative Commons Attribution 4.0 International
License (copy available at https://creativecommons.org/licenses/by/4.0/ ).[HRT21]

netic cap was induced (Fig. 6.3 (a) D). The particle’s new location and cap orientation is

well in agreement with the calculated potential energy landscape (Fig. 6.4 (c) right panel)

and the orientation of the effective external magnetic field vector (Fig. 6.4 (c) left panel).

Interestingly, the MJP is now rotating at a slightly lower pace around the z-axis, allowing a

precise tracking of the MJP rotation angle during the rotational motion. This is visualized

in Fig. 6.3 (a) C and pronounced in the tracking data of Fig. 6.3 (b). The small peak in

the x-position data at t = 0.75 s (blue solid line) is related to the tracking procedure: The

intensity based location algorithm for dark contrasted particles tends to shift the center of
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the MJP, and therefore the x-coordinate, into the direction of the particle’s cap. Thus, this

influence is the most pronounced during the rotational movement, where half of the MJP

is dark contrasted and the other half is transparent, owing to the optical properties of the

used silica template particles (see Fig. 6.3 (a) C). After the rotation is completed, the dark

contrast is spread more strongly throughout the whole MJP (Fig. 6.3 (a) D), leading to a

slight relocation of the tracked particle center into the -x-direction and the observed bump

in the x-position tracking data. Following up at t = 1.25 s, Hext,z is inverted once again

towards Hext,z · µ0 = −6mT, resulting in a transport step of the MJP towards the adjacent

tt DW (Fig. 6.3 (a) E), corroborated by the computed potential energy landscape (Fig.

6.4 (d) right panel). As can be seen from the orientation of the effective external magnetic

field vector (Fig. 6.4 (d) left panel), a corresponding rotation of the MJP around the y-axis

results due to a realignment of the fixed cap magnetic moment and the effective field vec-

tor. Finally at t = 1.75 s, also Hext,x is inverted back, giving the initial configuration of

Hext,z · µ0 = Hext,x · µ0 = −6mT. This change is accompanied by a relocation of the MJP,

with a slight shift into the +x-direction with respect to the tt DW (as seen in Fig. 6.3 (a)

G), and by a rotational movement around the z-axis, highlighted by Fig. 6.3 (a) F.

It could be demonstrated, that the motion of EB capped MJPs in a dynamically transformed

MFL on top of a magnetically hh/tt stripe patterned substrate closely resembles the trans-

port behavior of SPBs within the same prototypical transport concept, previously reported

in literature [HKB15, EKH15]. The significant difference, however, is the possibility to in-

duce controlled rotational movements for the MJPs around two distinct spatial axes. For

SPBs, the realignment of the magnetic moment towards the effective magnetic field vector

transpires either via spin flip (Néel relaxation) or physical rotation (Brownian relaxation)

[DLS14], both not trivially distinguishable experimentally when observing SPBs with a light

microscope setup. Owing to the spatially fixed effective magnetic moment of the MJP’s

magnetic cap (stabilized by the EB), Brownian relaxation is clearly preferred as long as the

external magnetic fields are weak enough to not induce a remagnetization procedure within

the cap. The exemplary MJP presented in Fig. 6.3 exhibits two clockwise rotations after an

inversion of Hext,x. In general however, clockwise and counterclockwise rotations were found

to be equally distributed, which was also expected, since the rotation sense should nomi-

nally be energetically degenerate. Another conclusion, that can be drawn from the acquired

tracking data, is the comparably fast transport speed of the MJP’s, induced by a change in

the external magnetic fields. According to equation 2.46 for the steady-state velocity of a

magnetic particle transported in a magnetic field gradient, high motion speeds are achievable

by large magnetic moments of the particle or large magnetic field gradients. The latter is

given by the spatial confinement of the local MFL and the former ensues from the usage of

a ferromagnetic CoFe layer within the magnetic cap in conjunction with the onion magneti-

zation texture. The analysis of the MJP’s x-position tracking data confirms the qualitative

expression of a high steady-state velocity during the transport steps. Here, steady-state ve-
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locities were retrieved by considering only a region of interest for the tracking data, given by

a time frame of T/4 and centered at a transport step occurring after an inversion of Hext,z,

and fitting a Gaussian error function to the accordingly cropped x-position data. Time

derivatives were extracted for transport steps with sufficiently good fit agreement, resulting

in a time-dependent velocity curve. The steady-state velocity for the particular transport

step was chosen to be the maximum value of the curve, with the error given by the full

width at half maximum (FWHM). When averaging over all evaluated transport steps tran-

spiring after an inversion of Hext,z, a steady-state velocity for the MJPs, actuated under the

described experimental conditions, of 214 ± 8 µm/s was measured. This is significantly

higher than previously reported steady-state velocities for SPBs using the same transport

mechanism [HKB15, RHE21] and even orders of magnitudes larger than motion speeds re-

ported for remotely controlled MJPs in the literature [YMY19, DZG16, BSM13, BMS12].

Applying the described transport step evaluation procedure to another set of MJP transport

data, that were retrieved from experiments with varying plateau time lengths ∆t (Fig. 6.5

(a)) and strengths ∆H (Fig. 6.5 (c)) of the external magnetic field pulse sequence, a quan-

titative analysis of the translational and rotational dynamics in dependence on ∆t and ∆H

was possible. For these experiments, the resist structure that was initially used as visual

support for the qualitative study was removed from the substrate surface and replaced by a

continuous ca. 2400 nm thick PMMA layer. Therefore, the MJPs were placed further away

from the magnetic substrate, resulting in lower gradients of the MFL and consequently lower

steady-state velocities. The rather thick PMMA layer was deposited to prevent extensive

particle sticking to the substrate surface due to exceedingly strong magnetic forces but also

allowed a more reliable fitting procedure of the trajectory data for the slower motion speeds.

For the analysis of the ∆t-dependent tracking data, average steady-state velocities and MJP

rotation angles around the z-axis were measured and displayed in Fig. 6.5 (b) as blue tri-

angles and gray circles, respectively. It can be observed, that for a ∆t that is lower than a

critical pulse plateau time length ∆tc,t no mobility of the MJPs is detectable, meaning that

MJPs perform a rocking motion around a DW position instead of the usual directed trans-

port movement. This behavior is reported as well for SPBs [HKB15] and can be attributed to

a particle’s inability to follow the increasingly faster transformation of the potential energy

landscape. For the utilized experimental parameters (Hmax,z · µ0 = Hmax,x · µ0 = 4mT for

the magnetic field pulse sequence), ∆tc,t was determined to be ≈ 100ms. Above ∆tc,t, the

measured steady-state velocity shows no correlation with ∆t within the given uncertainties,

which is also analogously to the transport dynamics of SPBs [HKB15]. Here it should be

noted, that all steady-state velocities were determined for large transport steps, that tran-

spire after an inversion of Hext,z. In contrast, MJP rotation angles around the z-axis were

measured after changes of Hext,x, since only this type of rotational motion allowed an accu-

rate tracking of the substrate-plane projected orientation angle. Also for this type of motion,

a critical pulse plateau time length ∆tc,r seems to exist, below which the MJP’s have not
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Fig. 6.5: Quantitative results for the evaluation of translational and rotational motion of EB
capped MJPs as functions of the external magnetic field pulse plateau time length ∆t (a) and the
field strength ∆H (c). (b) Steady-state transport velocity of MJPs (blue triangles) and in-plane
rotation angle (gray circles) measured upon a change in the external x-field in dependence on the
pulse plateau time length. (d) Steady-state transport velocity (blue stars) and steady-state angular
velocity (red squares) measured for a rotation around the z-axis upon a change in the external x-
field in dependence on the external magnetic field strength. Transport velocities were analyzed as a
function of ∆Hmax,z and angular velocities were measured as a function of ∆Hmax,x, while keeping
the opposing ∆H constant. The gray dashed lines serve as a guide to the eye and error bars indicate
the standard deviation given by the number of evaluated transport steps for the analyzed particle,
which varied between 5 and 10 depending on the pulse plateau time length. The figure is reprinted
without modifications from Scientific Reports, Vol. 11, Huhnstock et al., Translatory and rotatory
motion of exchange-bias capped Janus particles controlled by dynamic magnetic field landscapes,
21794, 2021, under the Creative Commons Attribution 4.0 International License (copy available at
https://creativecommons.org/licenses/by/4.0/ ).[HRT21]

enough time to perform a full 180◦ rotation before another change in the external magnetic

field forces a movement of the MJP. In this case, ∆tc,r is approximately 1500ms for a statisti-

cal distribution of clockwise and counterclockwise rotations. At last, the dynamics were also

studied as a function of ∆H (while keeping T/4 at 1 s) with the steady-state translational

velocity shown as blue stars and the steady-state angular velocity shown as red squares in

Fig. 6.5 (d). Again, translational velocities were determined after an inversion of Hext,z

and angular velocities were determined after an inversion of Hext,x, using the same fitting

procedure as for the x-position trajectory data. Accordingly, the steady-state translational

velocity was investigated as a function of Hmax,z and the steady-state angular velocity as
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a function of Hmax,x, while keeping Hmax for the other direction constantly at 4mT. Both

quantities show an increasing trend with increasing magnetic field strength (within the given

uncertainties), owing to the increasing magnetic force respectively magnetic torque acting

on the MJP. Implications of the observed trends for the applicability of EB capped MJPs in

LOC devices for diagnostics and analytics will be given in the concluding remarks.

6.2.2 Two-dimensional transport

Having qualitatively and quantitatively investigated the motion dynamics of EB capped

MJPs for a one-dimensional transport concept, the focus will now be briefly switched towards

the study of these particles within a two-dimensional transport system. As investigations

in this regard are still ongoing in the framework of the master thesis of Claudia Jauregui

Caballero, some preliminary qualitative results will be presented in this thesis. First of

all, a similar transport concept was adapted for the two-dimensional case, making use of

the dynamic transformation of a tailored static MFL by an external magnetic field pulse

sequence. Here, the MFL is emerging from a checkerboard-like domain pattern within the

substrate, as sketched out in Fig. 6.6 (a). Here, hh/tt, side-by-side (ss), and head-to-side (hs)

DWs are incorporated, leading to a particular complicated MFL structure. The substrate was

fabricated by applying a two-step ion bombardment induced magnetic patterning (IBMP)

procedure to a field-cooled EB thin film system. The detailed fabrication procedure can

be found in [GHH16], where SEMPA measurements are presented for the checkerboard

domain pattern, and in the bachelor thesis of Sarah Deumel [Deu16]. In the latter work, the

transport of SPBs above the checkerboard domain pattern was analyzed and the possibility

to controllable initialize two-dimensional particle trajectories was demonstrated. Hence,

similar experiments were conducted for EB capped MJPs with a diameter of 3 µm (same

particle composition as for the previous section) and a checkerboard domain pattern with

the size of one squared domain of 5µm × 5 µm. In order to achieve a two-dimensional

translational movement of the particles, trapezoidal external magnetic field pulses had to be

additionally applied in the y-direction of the system, i.e., perpendicular to the x-direction

but still within the substrate plane. For this, the third Helmholtz coil of the setup presented

in Fig. 3.3 was utilized and the substrate sample was positioned in the center of the setup so

that the external magnetic field in the x-direction is pointing parallel to the magnetization

direction within the hh/tt configured section of the domain pattern. The y-field sequence

was applied with the same phase of the x-field sequence, consequently having a phase shift

of π/2 towards the z-field sequence. Period T and field strength Hmax,y were equal to the

other two field pulse sequences. In the investigated proof-of-concept experiment, conducted

by Andreas Körner within the framework of a research internship under the supervision of

the author of this thesis, the quarter period was chosen to be T/4 = 250ms and the field

strengths were set to Hmax,z · µ0 = Hmax,x · µ0 = Hmax,y · µ0 = 3mT. Under these conditions,
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Fig. 6.6: Qualitative analysis of the translational and rotational dynamics of EB capped MJPs
within a dynamically transformed two-dimensional MFL on top of a magnetically checkerboard
patterned substrate. (a) Schematic representation of the employed checkerboard-like domain pat-
tern. Arrows indicate the nominal direction of magnetization within the respective domain and
each color represents a different He ion bombardment exposure for the respective domain. Adapted
from [GHH16] and [Deu16]. (b) Exemplary diagonal trajectory of a MJP with respect to the micro-
scope bright-field image. Sketches for the MJP highlight the occurrence of combined translational
and rotational movement (I) and purely rotational movements (II). The transport distances for the
MJP within one period of the external magnetic field sequence were estimated as shown (not to
scale). Adapted from the research internship presentation “Motion dynamics of exchange-biased
Janus particles in two dimensional transport” given by Andreas Körner on the 3rd November 2020.

diagonal trajectories of MJPs were successfully initialized as illustrated in Fig. 6.6 (b). Here,

the two-dimensional trajectory data along the x- and y-position was acquired by tracking

the magnetic cap of the MJP using the rectangular particle marker of the VST. Analogously

to the one-dimensional MJP transport, a combination of translational and rotational motion

is observable. Comparably large transport steps of the exemplary shown MJP superposed

by a rotational reorientation are induced by an inversion of Hext,z, as indicated by the sketch

(I) in Fig. 6.6 (b). Interestingly though, upon inversion of Hext,x/Hext,y, only a rotational

movement ensued (sketch II). Here it seems to be the case that the MJP size does not

necessitate a translational movement in order to reach the next potential energy minimum

for the magnetic cap, but that solely a reorientation of the cap by a rotational MJP motion

is sufficient. To get a first impression on how the MJP transport relates to the underlying

domain pattern (especially the position of DWs), diagonal transport distances for the motion

steps following an inversion of Hext,z were characterized. Hereby, a large transport step

of ≈9µm and a smaller transport step of ≈5.5 µm were identified, fitting to an intuitive

understanding of the MJP movement within one periodically repeated, 10 µm × 10 µm sized

unit cell of the domain pattern. A direct experimental correlation of two-dimensional MJP

motion and the location of magnetic domains within the substrate was achieved in the

framework of the master thesis of Claudia Jauregui Caballero (in preparation), where Kerr

microscopy images were overlaid with images of the recorded MJP transport.
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6.3 Concluding remarks

In this chapter, the motion dynamics of EB capped MJPs (d = 3 µm) were analyzed

for potential application in LOC diagnostics and analytics, employing a prototypical trans-

port concept that is based on the superposition of tailored MFL with time-varying external

magnetic fields and that previously has been successfully used to directly control the trans-

port motion of SPBs. Contrastingly to the motion behavior of SPBs, the investigated MJPs

exhibited a close combination of translational and rotational motion when dynamically trans-

forming their potential energy landscape via the described experimental procedure. Different

critical pulse plateau time length ∆t of the external magnetic fields for the occurrence of

directed transport movement and full MJP rotations were identified, emphasizing the possi-

bility to individually address the translational and rotational characteristics of the particles.

If ∆tc,r < ∆tc,t, full cap rotations can be achieved while the MJP’s transport dynamics

are situated in the non-linear, “phase-slipping” regime [YES07], i.e. they perform a trans-

lational rocking motion centered at the position of a DW. This holds true for an applied

∆t of the external magnetic field pulse sequence situated between ∆tc,r and ∆tc,t in this

case. Likewise, for ∆tc,t < ∆t < ∆tc,r, a directed transport motion of MJPs superposed

by a rotational movement in the non-linear regime [MKA06] should be inducible. If ∆t is

chosen to be smaller or larger than both critical time scales, both motion types are placed in

the non-linear or linear regime, respectively. This potential flexibility is beneficial for LOC

applications since the type of motion behavior can be chosen according to the needed func-

tionality of the MJP, simply by modifying ∆t. A tuning of ∆tc,t is additionally apprehendable

by varying the stripe domain width of the underlying magnetic pattern, thereby changing

the transport step distance for the particles. For the sensitive detection of a pathogenic

biomolecule in LOC devices, a potential strategy includes the surface functionalization of

chip substrate and one half of the MJP with molecular counterparts for the analyte molecule

and a subsequent formation of analyte bridges between particles or particle and substrate,

ultimately leading to an immobilization of MJPs if the analyte molecule is present within

the liquid environment.[HRT21] As a prerequisite for this method, both binding sites for the

analyte molecule must be in close vicinity to each other, necessitating a firm control over

the positional and rotational state of the MJP. As it could be shown with the presented

experiments, this condition is fulfilled for EB capped MJPs accompanied by the described

transport technique.
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particle trajectories

As it was regularly addressed in the previous chapters, the equilibrium separation distance

between a magnetic particle and the underlying substrate surface plays a critical role when

interpreting particle motion dynamics in the discussed prototypical near-substrate transport

concept. This distance not only determines the vertical position of the magnetic particle in

the employed magnetic field landscape (MFL), thus, influencing the lateral transport char-

acteristics, it is also in direct relation with the transport efficiency and particle mobility

in dependence on their surface properties. Theoretically, the equilibrium distance between

particles and substrate has been analyzed so far at the position above a domain wall (DW)

under the static case of constant external magnetic fields. However, in the dynamic case of

initiated particle motion, the equilibrium distance has to be considered to be a function of

time and lateral position since the magnetic force acting in the vertical direction is corre-

spondingly changing.[KBS20] Precisely this is the reason why magnetic particle transport

trajectories within this kind of prototypical system are of three-dimensional (3D) nature

and every investigation concerning the motion dynamics needs to be treated accordingly.

When utilizing standard optical bright-field microscopy for the observation of the particle

transport, quantifying the vertical movement is not trivially within reach.

In the course of this chapter an experimental setup will be introduced that was used to ob-

tain microscope data readily usable for the identification of 3D magnetic particle trajectories

within dynamically transformed MFL above a topographically flat substrate. Experimen-

tal methods which already exist in literature for the analysis of 3D trajectories of moving

particles will be presented briefly beforehand to establish the chosen data acquisition and

evaluation routine. It is based on the determination of the dynamically varying particles’

sharpness in the acquired images upon moving relatively to the thin focal plane of a mi-

croscope setup with high magnification and numerical aperture. In the second part of this

chapter, the described method will be applied towards video recordings of induced particle

motion events within the prototypical transport system prominently employed in this thesis.

It will be studied in addition, if the achieved quantification of particles’ vertical movement is

in congruence with estimates for the time- and position-dependent particle-substrate equi-

137
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librium distance in order to have theoretical corroboration.

7.1 Method for three-dimensional particle tracking based

on optical bright-field microscopy

7.1.1 Literature review

Three-dimensional single particle tracking (3D SPT) is anchored in literature as a versa-

tile technique to investigate the complex dynamics of biomolecular, colloidal and fluid flow

systems.[ZW20, BKR15] When being able to precisely quantify the 3D trajectory of single

nano- or microscopic objects, their interactions with each other and the surrounding environ-

ment through acting forces, e.g. dielectric and magnetic forces, can be unraveled.[BKR15]

Using conventional optical microscopy, the great challenge hereby is to acquire axial po-

sition information for the particles on top of the easy-to-determine two-dimensional (2D)

trajectories. As another constraint, high-resolution 2D SPT in optical microscopy comes

hand-in-hand with a comparably small depth of field (DOF), which characterizes the size of

the microscope’s focal plane, i.e, the axial range where slices of the observed specimen are

simultaneously in focus. This can be inferred from the expressions of the resolution d and

the DOF as functions of the optical wavelength λ and the numerical aperture NA of the

microscope:[ZHC19]

d =
λ

2 · NA
, (7.1)

DOF =
λ

2 · NA2 . (7.2)

Consequently, high-resolution SPT in 2D is only achievable within a small axial range around

the position of best focus, impeding a full 3D trajectory recovery when recording images at

a fixed axial position.[ZHC19] For overcoming this obstacle, several experimental methods

and data evaluation schemes have been introduced so far in order to analyze fluorescent and

non-fluorescent particles. For the former, experimental methods can be generally catego-

rized into multiplane scanning, spatial excitation/emission profile tuning, and point spread

function (PSF) engineering techniques.[ZW20, ZHC19] The basic principles of multiplane

scanning and PSF engineering are thereby, within a few adaptions, also applicable for non-

fluorescent particles.[ZW20, ZHC19] As this type of particles is central for the investigations

carried out in this work, a short summary of available experimental setups, as presented in

literature, will be given.

Basic prerequisites for identifying comparably fast axial particle movement, as it is usually

the case when studying the dynamics of biomolecular and microfluidic systems, include the
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Fig. 7.1: Defocusing-based method for experimentally identifying vertical z-positions of spherical
particles within a microfluidic environment. Left side: Reference images are taken for 4 µm-sized
particles at different z-positions relative to the focal plane of the used bright-field microscope,
effectively creating a lookup table for quantification of the particle’s vertical movement in following
experiments. Right-side: Calculating the cross correlation coefficients between particle images at
defined z-positions and the reference images, the best match is given by the maximal coefficient,
thus, determining z-positions from the degree of defocus and the number and thickness of concentric
diffraction rings. Reprinted from Flow Measurement and Instrumentation, Vol. 45, Tasadduq et
al., Three-dimensional particle tracking in microfluidic channel flow using in and out of focus
diffraction, 218-224, 2015, with permission from Elsevier.[TWE15]

recording of microscope image series with a high frame rate and an optical encoding for the

axial particle position, within a range that exceeds the given DOF of the setup, in the ac-

quired image data.[ZHC19] A common method is based on the change of an object’s PSF with

varying axial position. The PSF, defined as the intensity distribution for an object within a

recorded microscope image, has the form of an Airy disk in the simplest case of an imaged

point source.[ZHC19] The form of the PSF as a function of the axial position was shown to

be tailorable, for instance by using a 3-pinhole mask in front of the microscope objective, a

cylindrical lens in front of the objective to create an astigmatic PSF, and a double-helix PSF

phase mask in the detection optical path.[ZW20, ZHC19, KV94] As the mentioned techniques

require rather sophisticated experimental setups and are more applicable towards 3D SPT

of fluorescent objects, other works strived to achieve 3D SPT for non-fluorescent particles

observed with conventional bright-field microscopy. A typical feature for optical bright-field

images of spherical particles is the formation of circular diffraction rings around the particle,

caused by so-called Mie scattering. The number and intensity of these fringes were observed
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to be dependent on the particle’s axial position, hence, serving as suitable characteristics

for axial movement quantification when comparing experimentally determined ring intensi-

ties with look-up table values.[KDW19] If a diffraction ring based analysis is not applicable,

more generalized approaches related to the recording of defocused particle images have been

introduced.[BKR15, BR20, TGT15] The principle here lies in the acquisition of a series

of particle images at defined vertical positions with respect to the microscope’s focal plane,

thus, obtaining focused and defocused images. These focus sweeps or z-stacks can be utilized

as lookup tables, meaning that images of moving particles are compared to the lookup table

images of known z-position and the best match identifies the particle’s vertical position in

the investigated system. This comparison can be done either by implementing a normalized

cross-correlation algorithm [TWE15, BKR15, TGT15] or by defining a suitable calibration

metric, e.g. the particle image radius [DKP14, ZM08], that changes characteristically as a

function of z-position. For visualization, the experimental setup and data evaluation includ-

ing particle and reference image cross correlation introduced by Tasadduq et al. [TWE15]

is shown in Fig. 7.1 as an example. Enhanced matching accuracies are attainable through

the usage of neural networks, trained by machine learning techniques [BCC21, NSL18], and

further developments in this field are expected for the future.

In combination with standard 2D tracking algorithms, complete 3D SPT has been demon-

strated for studying dynamic particle systems employing standard optical bright-field mi-

croscopy. So far however, the application scenarios of existing experimental studies in litera-

ture are limited: They are mostly focused on identifying flow profiles and restricted particle

motion within confined microfluidic structures. Hence, the following study aims at widening

the palette of possible systems to investigate, by applying focus sweep based 3D SPT to fully

characterize the induced motion of superparamagnetic beads (SPBs) within the previously

introduced, prototypical transport system. This is of special relevance for potential analyte

detection schemes in LOC devices, as the determination of changes in the SPBs’ z-position

using optical microscope images could be possibly employed for the monitoring of analyte

binding events at the SPBs’ surface. Upon binding and immobilization of analyte molecules

at the SPBs’ surface, their surface potentials are modified, altering consequently the interac-

tion with the underlying substrate through the governing DLVO forces. Ultimately, a change

in the particle-substrate equilibrium distance is expected, hence, laying the foundation for

the hypothesized analyte detection concept.

7.1.2 Experimental realization

For the investigation of the 3D motion of laterally transported SPB within a dynamically

modified MFL, a microscope setup, previously employed for the analysis of 2D trajectories of

magnetic particles [HKB15, RHE21, HRT21], was extended to permit the experimental, one-

camera-based identification of vertical SPB positions. According to the literature introduced
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in the previous section, reference image libraries can be build up by sweeping the particles

of interest vertically through the focal plane of the microscope, starting from an out of focus

position, while recording images at known z-positions. This can practically be done by a

stepwise movement of the microscope with respect to the fixed sample or vice versa. As

shown in Fig. 7.2, an implementation that is based on a controlled sample holder actuation

in z-direction via a piezo stage was chosen for the experiments carried out for this thesis.

Conceptually, the investigated system, consisting of the magnetically patterned substrate

and close-to-substrate positioned SPBs, is placed below the microscope objective on the

vertically movable sample holder (Fig. 7.2 (a)). The practical realization of this is visualized

microscope 
objective

z-coil

x-coilPiezo controlled
sample holder

Objective

Piezo controlled sample holder

(a) (b)

y x

z

Fig. 7.2: Experimental setup employed in this work for the quantification of vertical positions
for SPBs transported by a dynamically changing MFL. (a) Schematic depiction of the working
principle: The sample consisting of the magnetically structured substrate (domain magnetizations
indicated by arrows) and close-to-substrate placed SPBs is movable in the vertical z-direction and
can thereby be swept through the focal plane of the used microscope. (b) Photograph of the setup
taken from the laboratory. Important components are labeled accordingly.

by the photograph of the actual setup in Fig. 7.2 (b). In addition to the microscope objective

and the vertically movable sample holder (with attached substrate), two air coils used for

the applications of magnetic fields in the vertical z-direction and the lateral x-direction in

order to initialize SPB transport are displayed. In all experiments, an immersion oil type

objective of 100x-magnification (see section 3.3.1 for specifics) was used so that the ensuing

comparably small DOF guarantees a high resolution regarding lateral and vertical SPB

position identification. Considering the numerical aperture of the objective (NA = 1.4) and

the central wavelength of λ ≈ 500 nm for the used white light illumination, a DOF of ca.

130 nm can be calculated according to equation 7.2. Therefore, a high degree of correlation is

expected for the images of defocused micron-sized SPBs on the vertical position with respect

to the microscope focal plane.[BR20]

For controlling the z-movement of the sample holder and attached substrate/SPB-system,

the P-603.3S2 single axis piezo stage was acquired from Physik Instrumente. In combination

with the PI E-625 PZT Servo Controller, also from Physik Instrumente, the z-position of
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the piezo stage is technically adjustable within steps of 3 nm over a range of 380 µm. For

automatic stage position adjustment by a computer-programmed routine, which is of major

importance for the experimental realization of focus sweep image recording, the system

provides a command library for the universal coding language Python. In conjunction with

an automatized routine for the image acquisition from the used Optronis CR450x2 high

speed camera (specifics are shown in section 3.3.1), a Python-based program was written

for the measurement of focus sweep and corresponding SPB transport data. For this, the

distributor of the camera kindly provided a software development kit (SDK), which included

a dynamic link library (DLL) for the usage of predefined camera control functions accessible

via Python programing.

A practical measurement routine was established as follows: As for previously discussed SPB

transport experiments a diluted SPB dispersion in water was pipetted into a microfluidic

chamber on top of the magnetically structured substrate. After SPB deposition, the chamber

was sealed with a cover glass (00 strength) and a drop of immersion oil (AppliChem GmbH,

A0699,0100) was placed onto it. Subsequently, calibration reference images (800 pixels x 600

pixels) were recorded with the described bright-field microscope setup. For this purpose, the

sample was moved axially in either 25 nm steps or 50 nm steps via the piezo stage and after

each step, an image was recorded. Directly after the sweep, transport experiments were

performed using the air coils for the application of magnetic fields in x- and z-direction.

The sample had been placed into the setup with its plane being parallel to the direction

of the magnetic field generated by the x-coils. Hence, the magnetic field in z-direction was

perpendicular to the substrate plane. The magnetic stripe domains long axis was aligned

perpendicular to the x-direction. Videos of the particles’ transport motion was recorded via

the Python script with the same camera using a 1000 fps (frames per second) frame rate.

7.2 Evaluation of experimental data

Within this study, the feasibility and flexibility of the chosen 3D tracking strategy for SPBs

with different compositional characteristics (cf. section 2.4.2) and therefore also different op-

tical responses under a bright-field microscope was investigated. Specifically, Dynabeads�M-

270 Carboxylic Acid (diameter of d = 2.8 µm), acquired from Thermo Fisher Scientific Inc.,

and micromer®-M (d = 3 µm, 4 µm) from micromod Partikeltechnologie GmbH were used

for the analysis. The former is characterized by an even distribution of superparamagnetic

material within the whole particle and the latter consists of a non-magnetic organic core with

the superparamagnetic material placed around that core (cf. Fig. 2.7). To visualize their

different optical responses within the used microscope setup, exemplary images are shown in

Fig. 7.3, where the SPBs were placed below the focal plane (a), within the focal plane (b),

and above the focal plane (c) via the piezo stage. The different compositional structure of

the SPBs is clearly visible within these images, as the micromer®-M particles feature a dark
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Fig. 7.3: Exemplary in focus and defocused images for two different types of SPBs (micromer®-M
and Dynabeads�M-270 Carboxylic Acid) used for the calibration of the particle’s z-position. SPBs
were positioned below the focal plane (a), within the focal plane (b), and above the focal plane of
the used microscope via piezo stage z-movement of the sample. The insets display a close-up of
the indicated particle. All shown images were contrast-enhanced and noise-reduced.

contrasted ring at the particle edge, while the Dynabeads� M-270 appear as homogenous

dark spots. It has to be noted at this point, that the images shown in Fig. 7.3 do not repre-

sent the raw data obtained with the used camera, but were rather acquired by enhancing the

image contrast and subsequently reducing image noise. This procedure will be explained in

detail in Appendix C, accompanied by exemplary images resulting after each processing step.

During the course of the conducted investigation, the described preprocessing was found to

be necessary in order to suppress excessive data noise in the measured calibration curves,

thereby achieving higher resolution for the z-position determination. The possible influence

of this image processing on the retrieved 3D trajectories for the SPBs will be discussed in

section 7.2.3. This will become evident within the next section, where a suitable metric for

the correlation of particle reference image and the z-position with respect to the microscope

focal plane shall be identified.

7.2.1 Calibration procedure for axial coordinate

When comparing defocused and focused SPB images in Fig. 7.3, it can be seen that the

edges of the circular spots smear out when leaving the microscope focal plane and that overall

intensity is decreasing. This is emphasized when extracting an intensity line profile across the

particle circular spot within each reference image taken during a focus sweep. These intensity

profiles are shown for exemplary defocused and in focus images for both micromer®-M and
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Dynabeads� M-270 in Fig. 7.4 (e,g) and (f,h), respectively. While for micromer SPBs the

2 µm2 µm2 µm 2 µm

(e) (f) (g) (h)

(i) (j)

(a) (b) (c) (d)

micromer-M Dynabeads M-270

ΔI

Fig. 7.4: Analysis of SPB image intensity line profiles for different z-positions with respect to the
microscope focal plane. Exemplary defocused (a,c) and in focus images (b,d) for micromer®-M
(left side) and Dynabeads� M-270 (right side) are shown together with an indication where the
intensity profile was extracted for all images of the focus sweep (red line). The presented images
were contrast-enhanced and noise-reduced. The acquired intensity profiles are displayed in (e) -
(h), with each profile corresponding to the SPB image placed above. Calculating the intensity
difference ∆I between the observed signal dip and the background signal (as indicated in (e)) for
each focus sweep image, the depiction of this quantity as a function of z-position is shown in (i)
for micromer®-M and in (j) for Dynabeads� M-270.

particle edge is pronounced in the line profile as two intensity dips, Dynabeads exhibit two

regions of approximately equal intensity representing the dark contrasted particle against the

light background. For both cases, the intensity dip is decreasing when going to defocused

z-positions, hence, as a first attempt to correlate the defocuse of the SPB image with the

defined z-position, the difference between particle intensity signal and background intensity

signal was quantified for each line profile. This results in a distribution of intensity differences

∆I as a function of the axial position z defined by the applied piezo stage step size during

the focus sweep (Fig. 7.4 (i,j)). For both types of SPBs, a step size of 25 nm was chosen

experimentally. It is noted, that for the micromer-M analysis the intensity dip with the

highest difference compared to the background was chosen for this characterization. For
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both SPB types, ∆I is increasing when coming from a z-position below the focal plane

(normalized to zero) and moving the particles upwards to the in focus position (increasing z).

For the micromer SPB a maximum of ∆I is reached around z = 7 µm, signifying the in focus

position since with further increasing z a lowering of ∆I and therefore enhanced defocusing is

occurring. Contrastingly, a plateau for ∆I is reached for the Dynabeads instead, rendering

this metric less suitable for the determination of z-positions for Dynabeads placed in the

defocused region above the microscope focal plane. When observing defocused SPBs placed

below the focal plane however, ∆I seems to act already as a fingerprint for identifying the

particle’s axial position with respect to the focal plane, with the sensitivity of z-determination

given by the steepness of ∆I variation.

Another metric, that was studied in the course of this work and that is independent on the

placement of a line profile across the particles’ circular spots, is based on the evaluation of

intensity gradients within a given image. Here, the so-called Tenenbaum gradient (TBG)

can be employed as the quantity of choice. The TBG is typically applied in autofocusing

of microscope images and can be therefore considered as a suitable metric to determine

the image sharpness, i.e., the degree of image defocus.[SDN05, SOV97] It is calculated by

convolving the image with height Y and width X with Sobel operators and then summing

the squared vectorial intensity gradients:[SDN05]

fTBG =
∑
Y

∑
X

Sx (x, y)
2 · Sy (x, y)

2 , (7.3)

with Sx (x, y) and Sy (x, y) being the images resulting from the Sobel operator convolution.

The Sobel operator itself is calculating the derivative of the image pixel intensity along

the given direction and is usually employed in edge detection applications.[Pra78] In order

to apply the TBG to images of single SPBs acquired during a focus sweep, the following

procedure was applied: First, the two-dimensional position along x and y for each particle

within the field of view was automatically determined by applying conventional 2D-SPT.

In this case, the VST was employed, since AdaPT performs a background-subtraction for

the whole image data, therefore loosing the particles due to their mostly stationary x- and

y-coordinates during a focus sweep. Afterwards, the identified x, y-coordinates for each SPB

were used for cropping the single SPB images out of the entire frame. Here, a box of usually

50 px × 50 px size was placed around the obtained coordinates as a region of interest (ROI)

and everything within that ROI was cutted out, resulting in single SPB images similar to the

insets shown in Fig. 7.3. Only for these ROIs, the TBG was computed for each z-position

of the focus sweep, ultimately giving a calibration curve for the determination of a parti-

cle’s vertical position during lateral motion within a conducted transport experiment. For

practical implementation of the TBG analysis, the master thesis work of Claudius Sonntag

is acknowledged, who additionally found the TBG to be the most reliable metric for defo-

cused particle image and z-position correlation as compared to others.[Son21] Fig. 7.5 shows
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the resulting TBG as a function of z-position for Dynabeads� M-270 with a diameter of

d = 2.8 µm (a,b) and for micromer®-M with a diameter of d = 3 µm (c,d). As it can be seen
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Fig. 7.5: TBG evaluation for reference images obtained during a focus sweep of Dynabeads� M-
270 (a,b) and micromer®-M (c,d). Hereby, the TBG was computed for a square-shaped ROI (as
visualized by the insets), which was determined by using the x- and y-coordinates of a particle
obtained from conventional two-dimensional SPT. Results are shown for contrast-enhanced and
noise-reduced microscope images (a,c) and for additionally background-subtracted images (b,d).
Plotting the TBG as a function of z-position, a region of highest sensitivity regarding z-position
variation can be identified within the steepest slope of the data progression (highlighted in red).
For this region, a linear function can be used to fit the data (black lines), yielding a calibration
function for the determination of SPBs’ z-position in transport experiments.

from the microscope images of the particles, the experimentally achieved illumination of the

background is rather inhomogeneous due to a bright spot in the center of the field of view

and vanishing illumination at the borders. Thus, the TBG focus sweep evaluation was stud-

ied for two cases: For contrast-enhanced and noise-reduced images, which are still including

the inhomogeneous background, and for background-subtracted images, where the influence

of the background was minimized by calculating an average image for the whole video se-

quence and subsequently subtracting this average image from every single frame within the

sequence. The left side of Fig. 7.5 shows the background-included TBG calibration curves

(a,c) and the right side shows the background-subtracted ones (b,d). Both representations

are similar to the earlier discussed progression of ∆I as a function of z-position: For a par-
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ticle that is moved from below the focal plane to above the focal plane, the TBG is initially

increasing until a maximum value is reached, with a subsequent less steep decrease of TBG

being observable. This progression compares well to previously acquired data for autofocus

functions [SOV97, SDN05] and qualitatively yields, in contrast to the ∆I-evaluation, the

same results for Micromer and Dynabeads particles. The z-position of maximum TBG mag-

nitude thereby indicates the in focus position for the investigated particles. It can also be

evidenced, that the subtraction of the inhomogeneous background leads to less noise within

the calibration data, rendering this image processing step as critical for achieving the highest

possible resolution for z-position determination within SPB transport experiments.

Another prerequisite for highest possible z-resolution lies within the identification of maxi-

mum sensitivity for z-position changes within the measured focus sweep data. As highlighted

in red in Fig. 7.5, this optimal sensitivity is given for the regions of largest steepness for

the data progression. Therefore, it is prudent to position the SPBs within these regions

before conducting the transport experiments, i.e. placing the particles at a starting position

below the focal plane. Here, the progression of the focus sweep data can be approximated

by a linear fit function, which is indicated by the black lines in Fig. 7.5. Hence, when

keeping the SPBs within this linear regime during the transport experiment, the inverse fit

functions, i.e. giving the z-coordinate as a function of computed TBG, can be employed as

calibration functions for the experimental z-determination. Quantitatively, inverse slopes of

the linear fit functions shown for the background-subtracted images in Fig. 7.5 amounted

to 1 nm/TBGunit for the shown Dynabead and to 3 nm/TBGunit for the shown Micromer

SPB.

Here it is important to stress, that the presented focus sweep calibration data in Fig. 7.5

is individual for the respectively analyzed particle. Evaluating the TBG as a function of z-

position for every particle visible in the microscope field of view (using the described tracking

and cropping procedure), the qualitative progression of the calibration data is similar, the

slope of the linear regime, however, is differing from particle to particle and is therefore de-

pending on the particle’s two-dimensional position with respect to the field of view. This is

caused by the experimentally given inhomogeneous microscope image illumination, inhibit-

ing a generalized treatment of all particles with just one valid calibration curve. Instead,

the TBG measured for transported SPBs can only be converted into a relative z-position by

utilizing the individual calibration function measured for the corresponding particle in the

focus sweep images. Therefore, transport experiments needed to be conducted immediately

after performing the focus sweep and placing the system in a vertical position below the focal

plane to access the linear regime of the calibration data with highest z-variations sensitiv-

ity. Other implications of the position-dependent calibration functions for the uncertainty

of measured z-coordinates for transported SPBs will be discussed in section 7.2.3.
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7.2.2 Near-substrate particle transport

Having calibrated the z-position of the SPBs, with respect to the microscope focal plane,

as a function of the measured TBG for the cropped particle image, an analogous evaluation

can be conducted for laterally moved SPBs in a transport experiment, i.e., converting the

determined TBG for a transported SPB into a z-coordinate using its individual calibration

function. The theoretically expected progression of the z-coordinate, previously simulated in

literature [KBS20], is schematically visualized in Fig. 7.6 (a). It resembles a “hopping”-like

behavior, meaning that upon inversion of the external magnetic field in z-direction the in-

duced lateral motion of the SPB is superposed by an upward jump of the particle followed by

a descent when arriving at the position of the targeted DW. This is caused by an alteration

of the vertically acting magnetic force from being attractive towards being repulsive, thus,

increasing the separation distance between particle and substrate. When the SPB moves

laterally to reach the new position of minimal potential energy, the magnetic force becomes

attractive again, initiating the downwards movement of the particle back to its initial z-

position above the substrate before the lateral transport step.

In order to theoretically estimate the temporal progression and magnitude of the z-jump as

an expectation value for the experimental analysis, SPB-substrate equilibrium distances zeq

were computed using the same force equilibrium approach known from the previous chapters.

As indicated in Fig. 7.6 (a), zeq is hereby defined as the distance between the lowermost

surface position of the SPB and the top of the magnetic substrate covering PMMA layer.

The attractive and repulsive forces, acting along the z-direction on the SPB, that were bal-

anced for the acquisition of zeq, need to be computed in relation to the differing vertical axes

z and z′. Specifically, the considered forces are the magnetic force F⃗m(z), the electrostatic

force F⃗el(z
′), the van der Waals force F⃗vdW(z′), and the effective gravitational force Fgrav

(including gravity and buoyancy simultaneously). For the computation of zeq along the lat-

eral transport motion of the SPB, the forces were balanced at each time step ti (1ms) for

an actual performed transport experiment. As previously done, F⃗m(z) was obtained from

the derivative of the SPB’s potential energy U (z), retrieved by the gradient of the effective

magnetic field H⃗eff = H⃗ext + H⃗MFL, where H⃗ext represents the externally applied magnetic

field and H⃗MFL represents the local static MFL. For H⃗ext, the experimentally applied fields

in z- and x-direction with Hmax,x · µ0 = 1mT and Hmax,z · µ0 = 8mT were considered, as

shown by the black solid line and the gray dashed line in Fig. 7.6 (b), respectively. In case

of the MFL, z- and x-components, HMFL,z(z, x) and HMFL,x(z, x), were simulated on the

basis of micromagnetic computations [RHE21], and are depicted for visualization in the left

and right pseudo-color plot of Fig. 7.7 as a function of x-position and z-height. In previous

studies [RHE21, HRT21], particle-substrate equilibrium distances were only calculated for

the x-position directly above a DW center. As the aim is to characterize changes in zeq

during the lateral transport step of the SPB, Fm(z) and therefore Heff need to be determined
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Fig. 7.6: Theoretical particle-substrate equilibrium distances for laterally transported
micromer®-M SPBs (d = 4 µm) as an expectation value for the experimentally characterized
particle jump in z-direction. (a) Schematic representation of the considered system. SPBs are
jumping from the position above a hh DW towards a tt DW upon inversion of the external mag-
netic field in the z-direction. Equilibrium distances zeq were computed for the indicated separation
of the lowest SPB surface position and the top of the deposited PMMA layer. The calculation
was based on an equilibrium of forces acting on the SPB in z-direction, where the respective forces
were determined as a function of z or z′ (see text for further details). (b) Theoretically applied
external magnetic field sequence in z-direction (black solid line) and x-direction (grey dashed line),
that was used experimentally to induce the sketched SPB jump. (c) Experimentally determined
x-trajectory of an exemplary SPB as a function of the video recording time t. The color represents
the computed zeq at the respective x(t)-position, as shown by the color bar. For better visualiza-
tion, zeq is plotted as a function of x(t) in the right panel of (c) and as a function of t in (d).

as a function of x. Therefore, HMFL,z(z, x) and HMFL,x(z, x) were approximated by simulat-

ing the z- and x-component of the MFL at different z-heights above the substrate (using

OOMMF [DP99] simulation results for the substrate magnetization pattern) and fit the re-

sulting z-dependent field strengths at varying x-positions between adjacent DW locations,

using an exponential decay function for HMFL,z(z, x) and a sixth-degree polynomial function

for HMFL,x(z, x). Using the experimentally observed lateral trajectory x(ti) of an exemplary

SPB (shown in Fig. 7.6 (c)), the magnetic force FM(z(x(ti))) was calculated for each time
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step ti, utilizing HMFL,z(x(ti)) + Hext,z(ti) as the present effective magnetic field. The other

considered forces are hereby assumed to be independent on the lateral x-position. All used

parameters for the force calculations are summarized in Tab. 9.9 in Appendix E. The results

for the computed equilibrium distance zeq(x(ti)) are presented as a function of time in Fig.

7.6 (d) and as a function of x-position in the right plot of Fig. 7.6 (c). The magnitude of zeq

is also represented by the color of the data points, with the scale given by the color bar placed

on the right side of Fig. 7.6 (d). In order to relate the simulated z-jump of the SPB to the

static MFL, the progression of zeq is shown in the left and right plot of Fig. 7.7 as well. Here,

the gray scale of the data points represents the corresponding time steps ti, with the absolute

values given by the bottom-placed color bar. As it can be seen, the progression of zeq(x(ti))

Fig. 7.7: Visual representation of the theoretical equilibrium distance between the center of
a micromer®-M SPB (d = 4 µm) and the ferromagnetic layer in the underlying substrate as a
function of the tracked x-position during lateral transport movement with respect to the static MFL
emerging from the substrate. The strength of the MFL HMFL (without external magnetic field) is
presented as a pseudo-color plot in dependence on x and the height z above the substrate, with
the color bar on the right side giving the magnitude of HMFL. Displayed are the MFL components
in the z-direction HMFL,z(x, z) in the left plot and in the x-direction HMFL,x(x, z) in the right
plot. The gray scaled color of the circular data points for the equilibrium distance represents the
experimental time scale t for the tracked particle motion, with the exact value of t given by the
color bar in the bottom of the figure. Data points were connected as a guide to the eye and both
plots show the same simulated results for the equilibrium distance progression.

resembles strongly the hypothesized jump of the SPB with increasing and subsequently de-

creasing vertical position while being laterally transported. With the particle moving from

a x-position of ≈ 8.5 µm (before transport step) towards ≈ 13 µm (after transport step),

the predicted z-jumps occurs only for the first ≈ 2.5 µm. The maximum observable zeq is
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hereby obtained as 7.06 µm. For comparing zeq(x(ti)) with the experimentally determined

vertical SPB position with respect to the microscope focal plane zexp, the equilibrium dis-

tance determined before the transport step (at the initial x-position) needs to be normalized

to zero. This initial zeq amounts in this case to 0.28µm. It must be stressed at this point,

that the computed zeq(x(ti)) is not intended to theoretically predict the precise temporal

evolution of zexp, since inertial forces due to friction with the viscous fluid environment are

omitted for the calculations. Thus, the SBP is positioned instantaneously at the computed

zeq for the new x-position, while in reality a delayed change in the z-coordinate is expected

due to the present friction. However, if the plateau of the external magnetic field pulses

is applied long enough, qualitative progressions of the z-coordinate should be comparable

and the maximum deviation of zexp should be even quantitatively in the same range as the

maximal determined zeq.

Hence, lateral transport steps for SPBs placed inside the MFL above a prototypical head-

to-head (hh)/tail-to-tail (tt) stripe domain patterned and topographically flat substrate were

experimentally induced by applying the same external magnetic field sequence shown in Fig.

7.6 (b). Two types of SPB were hereby investigated: micromer®-M with d = 4 µm and

Dynabeads� M-270 with d = 2.8 µm. Therefore, it was intended to test the validity of

the chosen 3D tracking strategy and to verify the true 3D motion of SPBs transported in a

dynamically transformed MFL for particles with distinct structural compositions and conse-

quently different optical responses. The experimentally determined z-position zexp is hereby

a relative coordinate, which is always related to the position of the focal plane of the em-

ployed microscope setup. In this work, a representation was chosen, where all changes in zexp

are related to the initial vertical position of the examined SPB before the induced transport

step, i.e, this initial z-coordinate was normalized to zero, as indicated in the sketch of Fig.

7.8 (a). Starting with an experiment for micromer®-M SPBs, the particles are performing a

transport step into the +x-direction upon an inversion of the external magnetic field in the

z-direction from Hz · µ0 = 8mT towards Hz · µ0 = −8mT, which occurs within 20ms. The

resulting in-plane x- and y-trajectories of an exemplary micromer®-M SPB are shown in Fig.

7.8 (c) as blue circles and green rectangles, respectively. Both characteristics were acquired

using the AdaPT [DHK21] single particle tracking software package. While the x-trajectory

clearly shows the initiated lateral transport step, which is completed approximately 15ms

after the external magnetic field in z-direction changes its sign, the y-coordinate is not sig-

nificantly changing apart from a small visible Brownian motion. Judging only from the

cropped background-subtracted images for the exemplary SPB acquired for every frame of

the transport experiment video recording (1000 fps temporal resolution), already qualita-

tively a significant change in image sharpness is observable when the particle is moving from

the position of a hh DW to the neighboring tt DW. This is illustrated by the insets of Fig.

7.8 (d), showing the SPB images for the indicated recording times. As the SPB was initially
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Fig. 7.8: Experimental identification of a 3D trajectory for an exemplary micromer®-M SPB
(d = 4 µm) in comparison to a theoretical estimate for the maximum vertical z-movement. (a)
Sketch for the experimental situation of an observed SPB located above a DW in the underlying
hh/tt stripe domain patterned substrate. The experimentally determined z-coordinate zexp of the
SPB was normalized to the initial position before induced lateral motion (zexp = 0). (b) Individual
focus sweep calibration data (red circles) and fitted linear calibration function (black solid line) for
zexp determined for the exemplary SPB later on analyzed in the transport video recording. Here,
the piezo-controlled z-position is plotted as a function of the measured TBG for a cropped image
of the particle. (c) Observed x- (blue circles) and y-coordinates (green rectangles) as a function
of the experimental time scale t for the exemplary analyzed SPB retrieved from conventional two-
dimensional single particle tracking. Data points are connected to serve as a guide to the eye. (d)
zexp (ocher circles) obtained for the exemplary SPB as a function of t for the laterally induced
transport motion. Shaded areas represent the zexp determination uncertainty, stemming from the
error of the used calibration function. For visualizing the change of SPB image sharpness and the
correlated variation in TBG/calibrated zexp, insets show background-subtracted microscope images
of the examined SPB for the indicated times and the measured TBG is given on the right ordinate.
To compare with theoretical estimates, the maximum change in the particle-substrate equilibrium
distance zmax,sim during the lateral transport step, as retrieved from the discussed calculations, is
included as the black dashed line. (e) Representation of zexp (ocher circles) as a function of the
determined x-position together with zmax,sim (black dashed line). Again, shaded areas indicate the
uncertainty for the zexp measurement and the TBG is given on the right ordinate for comparison.

placed at a vertical position below the focal plane, the visible increase in sharpness can be

attributed to an upwards motion into the focal plane, resulting in an increasing zexp. Using
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the individual focus sweep calibration data for the exemplary SPB together with the result-

ing calibration fit function, shown as red circles and black solid line in Fig. 7.8 (b) for the

linear regime of the focus sweep curve, respectively, the measured TBG for the transported

particle can be converted into a quantitative z-position. The temporal progression of zexp is

therefore depicted in Fig. 7.8 (d) together with the corresponding TBG of the cropped SPB

image on the right ordinate of the plot. As the data indicates, the theoretically predicted

“hopping”-like motion of the SPB could also be experimentally resolved, with the particle

first jumping upwards before descending backwards to the initial z-position, all superposed

on the lateral transport step. The duration of the z-jump is with ≈ 15ms comparable to the

duration of the lateral movement, vividly demonstrating the delayed vertical motion due to

inertial forces as compared to the theoretically estimated z-jump with a duration of 9ms.

This difference is also pronounced when plotting the determined z-position as a function

of the laterally tracked x-position, as seen in Fig. 7.8 (e). The maximal reached zexp is

determined as (8.7 ± 0.5) µm, with the uncertainty stemming from the mean deviation

of the calibration data from the calibration fit function (Fig. 7.8 (b)). This error will fur-

ther be looked at in the following section 7.2.3. Although it is significantly differing from

the theoretically predicted maximum z-elevation of ≈ 6.8 µm (shown for comparison as the

black dashed line in Fig. 7.8 (d,e)), the same order of magnitude and the circumstance, that

variations in the local MFL, substrate topography, and particle properties can also lead to

variations in the height of the z-jump, seems to render the resolved zexp as reasonable.

Additionally, the presented 3D trajectories in Fig. 7.8 was obtained for only one exem-

plary micromer®-M SPB. In total, it was possible to two-dimensionally track 16 particles

in the conducted transport experiment, leading to 16 evaluable transport steps. Among

those however, not all steps were adequate to be included into a statistical distribution for

the maximum determined zexp. While nearly all particles exhibit an increase of TBG upon

induction of the lateral movement, signifying an increased elevation above the substrate, in

most of the cases the TBG measured after the transport step is drastically different than the

TBG measured before the transport step. Assuming that the equilibrium distance between

particle and substrate is not differing when the particle is not transported, i.e., when it is

located within its potential energy minimum above the substrate, TBG magnitudes before

and after transport step should be the same however. The differences can be attributed to

the locally changing slope of the calibration function: Depending on the illumination of the

SPB in the microscope field of view, the optical response of the particle is influenced together

with the intensity gradient based TBG score. Therefore, as the SPB is moving to another

lateral position with potentially severely different illumination conditions, TBG based cali-

bration functions, that were determined for the SPB location before induced transport, are

not entirely usable to precisely quantify zexp throughout the whole motion event. It was

successfully attempted to reduce this constraint by analyzing only background-subtracted

images, thereby reducing the influence of the inhomogeneous background on the TBG cal-
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culation. This approach, however, does not diminish the influence of the illumination on the

SPB’s optical response. As a consequence, only those SPB transport steps were treated as

confidently evaluable, where the measured TBG after the lateral movement is approximately

equal (within the given uncertainties) to the initial measured TBG, i.e., zexp ≈ 0 after the

completed motion is a necessary condition for further consideration. In this case, it can be

assumed that illumination conditions stayed roughly the same during the whole lateral move-

ment, making the linear calibration function suitable to characterize the whole superposed

zexp progression. For the conducted experiment using micromer®-M SPBs (d = 4 µm), 5

particles met this requirement (including the exemplary shown particle in Fig. 7.8), with

the z-trajectories of all these SPB presented, including error bars, in Fig. 7.9. Averaging
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Fig. 7.9: Experimentally determined vertical coordinate zexp for micromer®-M SPB (d = 4 µm)
within the same transport experiment as a function of time t, representing the respective particle’s
vertical jump during the lateral transport step. zexp values were retrieved for each SPB using its
individual linear calibration function for the measured TBG and the shown error bars are given
by the mean deviation of the used calibration function and the corresponding calibration data.
Only those zexp trajectories are shown that were estimated to be confidently evaluable by the
used calibration function throughout the whole lateral movement (further details in section 7.2.3).
Differences in the starting time of a particle z-jump are due to missed frames within the two-
dimensional single particle tracking procedure.

over all maximum z-elevations from the observed trajectories, a mean value of 6 µm was

obtained, being in agreement with the theoretically predicted maximum height difference.

As mentioned earlier, the resulting differences in the maximum z-elevations may be due to

local variations of critical substrate and/or particle properties and therefore different acting

magnetic forces, although it is debatable whether this can cause the observed variations in
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the z-jump heights of up to ≈ 6 µm.

Moving on to the investigation of Dynabeads� M-270 with d = 2.8 µm, the same exper-

imental routine was carried out as for the micromer®-M particles: First, a focus sweep

calibration of the z-coordinate was performed for the vertical region ranging from the in

focus position for the SPBs towards positions below the focal plane. As seen earlier, this is

the region with the highest measurement sensitivity for changes in the particle’s z-position

with respect to the microscope focal plane. Having acquired the focus sweep images (800

px × 600 px from Optronis CR450x2 camera with 100x-magnification), TBG calculations

were carried out for a ROI of 50 px × 50 px centered around each visible particle. Again,

the two-dimensional position of each particle was obtained automatically for each frame,

using the single particle tracking software VST [CIS]. The resulting calibration data for one

exemplary Dynabead� M-270 is shown for the z-position as a function of measured TBG

in Fig. 7.10 (a) as red circles. Here, the position furthest away from the in focus position

was normalized to zero, with increasing z-position meaning a closer distance towards the

microscope focal plane and a resulting larger TBG, since the sharpness of the SPB image

is enhanced. It was observed, that in this case the best approximation of the calibration

data is not given by a linear function, but rather by a third-order polynomial function. As

the calibration data followed qualitatively the same progression for all observed SPBs, the

third-order polynomial function was accordingly fitted to all z-positions in dependence of

the TBG. This fit is displayed for the exemplary SPB as the black solid line in Fig. 7.10 (a).

Subsequent to the experimental focus sweep acquisition, the particles were placed well below

the focal plane, so that expected z-jumps in the direction of the focal plane would be quan-

tifiable by the measured calibration function. After z-positioning, the previously described

external magnetic field sequence was immediately applied in order to induce SPB motion

events. Again, the external magnetic field in the x-direction was kept at Hx · µ0 = 1mT

and the external magnetic field in the z-direction was inverted between Hz · µ0 = 8mT

and Hz · µ0 = −8mT. Analogously to the micromer®-M SPBs, the x-trajectory of the

exemplary Dynabead� M-270 is indicating the induced transport step from the location of

a hh DW to the adjacent tt DW, as shown by the blue circles in Fig. 7.10 (b). Due to the

constant MFL along the y-direction, the y-coordinate (green rectangles) does not change

significantly. Both x- and y-trajectories were again detected by using the AdaPT [DHK21]

tracking framework. Using these coordinates as centers for the ROIs of TBG computation

for all transport recording frames, the TBG values, that are presented by the black solid line

in Fig. 7.10 (c) as a function of time, resulted. Here, the observed increase of TBG/SPB

sharpness upon initialization of the lateral SPB transport step is visualized by showing the

analyzed background-subtracted ROI images for the indicated times. After initial increase

of the TBG and reaching of a maximum value, it drops back to approximately the same

magnitude before the transport step, signifying the qualitatively expected “hopping”-like

motion behavior. Converting the measured TBG into a relative z-position, by using the
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Fig. 7.10: Experimental identification of a 3D trajectory for an exemplary Dynabeads� M-270
SPB (d = 2.8 µm). (a) Individual focus sweep calibration data (red circles) and fitted polynomial
calibration function (black solid line) for zexp determined for the exemplary SPB later on analyzed
in the transport video recording. Here, the piezo-controlled z-position is plotted as a function of the
measured TBG for a cropped image of the particle. (b) Observed x- (blue circles) and y-coordinates
(green rectangles) as a function of the experimental time scale t for the exemplary analyzed SPB
retrieved from conventional two-dimensional single particle tracking. Data points are connected to
serve as a guide to the eye. (b) zexp (ocher circles) obtained for the exemplary SPB as a function
of t for the laterally induced transport motion. Shaded areas represent the zexp determination
uncertainty, stemming from the error of the used calibration function. For visualizing the change of
SPB image sharpness and the correlated variation in TBG/calibrated zexp, insets show background-
subtracted microscope images of the examined SPB for the indicated times and the measured TBG
is given by the black solid line in relation to the right ordinate. (d) Representation of zexp (ocher
circles) as a function of the determined x-position together with the measured TBG (black solid
line) on the right ordinate. Again, shaded areas indicate the uncertainty for the zexp measurement.

individual calibration function of the examined SPB, the maximum z-elevation of the ex-

emplary particle in relation to its initial position before the lateral movement was found to

be ≈2.5 µm. While quantitatively displaying a significantly different z-jump as compared to

the exemplary micromer®-M SPB, the qualitative progression of the z-coordinate changes

as a function of time (Fig. 7.10 (c)) and as a function of x-position (Fig. 7.10 (d)) are very

much alike. So in this regard, reproducible results could be obtained. Naturally, the same
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constraints for the evaluation of the z-position hold true here: Due to the position-dependent

calibration functions for each individual particle, only those can be reliably considered for

z-jump quantification, where the TBG measured after the lateral transport movement is

approximately equal to the initial TBG before the transport step. For the exemplary pre-

sented Dynabead� M-270, this is the case, for most of the other visible particles it was not.

Therefore, no statistically profound quantification of the maximum z-jump height can be

given for this particle sort. It can be assumed, however, that the obtained magnitude for

the exemplary shown SPB lies within a theoretically reasonable range [KBS20].

7.2.3 Error discussion

The quantification of z-coordinates for magnetic particles within the described methodology

is due to the TBG sharpness score evaluation heavily influenced by the microscope image

properties. Therefore, two main sources of error can be identified: The implemented image

preprocessing routine and the inhomogeneous illumination of the field of view in the used

microscope setup. Regarding the first point, it shall be described at first why a preprocessing

was conducted at all and no results are shown for the raw images. A problematic issue that

was identified over the course of this study was the low contrast and comparably large image

noise within microscope image acquired by the used camera. These two constraints resulted

in low TBG magnitudes together with high noise for the focus sweep calibration data. Only

when stretching the contrast of the images and reducing the image noise by applying a

low-pass filter, distinct progressions of the TBG calibration data with a sensible amount of

noise was obtained. Here, the contrast stretching was achieved by using a library-provided

histogram equalization function (see Appendix C) for all single frames (full 800 px × 600 px

field of view). This is debatable in a sense that it can not be guaranteed that the contrast is

stretched equally for all images, potentially leading to non-comparable results for the TBG

sharpness score. Therefore, the evaluation of focus sweep and transport recording images was

conducted under the assumption that the illumination properties do not change significantly

between both measurements, leading to similar image properties. Hence, when applying the

same preprocessing routine to all images obtained from the focus sweep and the transport

video, the calculated TBG scores for the transported particle should be convertible to a

sensible z-position using its individual calibration function.

The usage of the individual calibration function for cropped SPB ROIs is needed, as discussed

earlier, since the calibration function itself is position-dependent due to the inhomogeneous

illumination. To reduce this influence, a background subtraction was performed, using the

averaged image of all single frames from the transport video. While this method diminishes

artefacts in the calculated TBG due to unwanted substrate features like defects/scratches,

the influence of the illumination on the SPB’s optical response is still present. This is even

more problematic if particle drift is occurring along x-,y-, and/or z-direction, which was often



158 7 Analysis of three-dimensional particle trajectories

times observed to be mainly due to the low working distance of the used 100x-magnification

objective. As all of these potential errors are rather hard to quantify, a first approach to put

the z-position determination uncertainty into numbers was taken by calculating the mean

deviation of piezo controlled z-positions zsweep,i from the obtained calibration fit function

zcal,i, according to:

∆z =

∑
i |zsweep,i − zcal,i|

N
, (7.4)

with N being the number of focus sweep images. Another possible quantitative error input

could be the difference between measured TBG score before and after a lateral SPB trans-

port step: As described in the previous section, this value often time differs owing to the

inhomogeneous illumination condition and only those motion events were considered for the

determination of the maximum z-jump where both magnitudes are roughly equal. When

normalizing the z-position before transport step to zero, the quantity of the z-position after

the movement might therefore be considerable as an additional z-position evaluation error.

By doing this, all observed particles could be included into the statistics for the maximum

z-jump as well.

7.3 Estimates for particle-substrate separation distances

The ultimate goal of the employed 3D magnetic particle tracking strategy is to quantify

dynamic changes in the particle-substrate equilibrium distance upon modifications of the

respective surface properties. For this, the exact z-position of both substrate surface and

particles above the substrate surface need to be measurable. Considering the characteristic

TBG calibration curve for the cropped image of an SPB, the in focus position can be clearly

identified by taking the maximum TBG sharpness score in the corresponding z-position of

the sample, controlled by the attached piezo stage (cf. section 7.2.1). Hence, if it would

be possible to obtain this in focus z-position for a particle and a feature on the substrate

surface, i.e., to measure the distance between the locations where particle and substrate are

within the microscope focal plane, respectively, a quantification of the partice equilibrium

height above the substrate is within reach. Here, the DOF of the microscope is a crucial

experimental parameter: it needs to be as small as possible in order to sensitively separate

the in focus positions of particles and substrate. For the used setup, the DOF is estimated

to be 130 nm (as shown in section 7.2.1), thus, it can be rendered as sufficiently small for

the investigation of micron-sized particles.

Testing this evaluation method, focus sweep image data was examined to include a visible

defect/scratch on the substrate surface, so that the TBG sharpness score can be evaluated

for this feature as well. As presented in Fig. 7.11 (a), the chosen defect is located in

close vicinity to the analyzed SPB, aiming at comparable intensity levels for the background
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illuminations. For the TBG evaluation, cropped ROIs for both particle and substrate defect

were considered, as indicated by the blue outlined inset for the particle and by the green

outlined inset for the defect. The chosen defect is thereby assumed to be located on the

surface of the thin film system and therefore beneath the PMMA spacer layer. In this case,

only enhanced images without subtracted background are suitable for the investigation: As

the defect is always stationary, in contrast to the moving particles in the transport videos,

it would be diminished by a background subtraction. The disadvantage here is consequently

the more pronounced influence of the inhomogeneous illumination. Calculating the TBG for

10 μm

(a) (b)

Fig. 7.11: Preliminary results for the estimation of particle-substrate equilibrium distances ob-
tained from focus sweep data for Dynabeads� M-270 SPB (d = 2.8 µm) placed above a hh/tt
stripe domain patterned substrate with 150 nm PMMA spacer layer. (a) Contrast-enhanced and
noise-filtered microscope image from a focus sweep, incorporating an SPB (blue rectangle) and a
defect on the substrate surface (green rectangle) that can be analyzed to identify differences in
the individual TBG(z) measurements. (b) TBG measured for the cropped ROIs shown in (a) for
the particle (blue circles) and the defect (green rectangles) in dependence on the piezo-controlled
z-position. The data was fitted by a polynomial function, shown as the ocker solid line for the
particle and as the black dashed line for the defect. Shaded areas for both fit functions indicate
the uncertainty for TBG determination, chosen as the mean deviation of the data points from the
fit function. Red lines signify the maximum of each fit curve and therefore the vertical position
zfocus, where the respective feature (particle or defect) can be considered to be in focus. A first
estimate for the particle-substrate separation distance in the examined system can be inferred from
the difference of zfocus for SPB and substrate defect.

all focus sweep images within the assigned ROIs, the resulting sharpness scores are displayed

in Fig. 7.11 (b) as blue circles for the SPB and as green rectangles for the substrate defect

in dependence on the programmed piezo stage z-position. The position that is the furthest

below the microscope focal plane is again normalized to zero. Qualitatively it can be seen,

that although both curves share the same progression, the increase of TBG followed by the

maximum is starting at a lower z-position for the particle as compared to the defect. This

is intuitively understandable, as moving the sample from under the focal plane into the

focal plane implies that first the in focus position for the particles is reached and afterwards

at higher z-positions the in focus position for the substrate is occurring. It can also be
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observed, that the TBG evaluation for the defect yields a much lower sharpness score as

compared to the SPB. This is most probably due to the not as sharply pronounced edges

of the defect. Therefore, a much larger ROI was chosen, in order to include as much of

the edge area as possible, incorporating on the other side also more of the inhomogeneously

illuminated background. For quantifying the in focus position of maximum TBG for both

features, a sixth-order polynomial function was fitted to both data sets, resulting in the

ocher solid line for the SPB and in the black dashed line for the defect. The uncertainty

of both fit procedures is given by the accordingly coloured shaded areas, with the error

computed by the mean deviation of data points from the fit function, similarly to previously

discussed z-calibration functions. The maximum values of both fit functions is indicated by

the red lines in 7.11 (b) and their separation is given by ≈1.6µm. Under the assumption

that both features are in focus when the focal plane is placed in their respective centers, the

obtained separation distance is physically reasonable, since it should be given by the sum

of the PMMA layer thickness (≈150 nm), the particle radius (≈1.4 µm) and the equilibrium

z-height of question between the lowermost particle surface and the PMMA surface. The

latter is consequently inferred to be ≈50 nm. Although it is in the same order of magnitude

of the theoretically expected particle-substrate equilibrium distance, the culmination of all

possible errors, including the size of the DOF, the inhomgoneous background illumination,

and the noise of the computed TBG score as a function of z-position, can not let this

experimentally determined value pass as being statistically relevant. However, this first

exploration already demonstrates that the chosen 3D tracking strategy can be a viable

approach for quantifying equilibrium heights of SPBs using the determination of in focus

positions for different vertically placed features.

7.4 Concluding remarks

The conducted experiments presented in this chapter aimed at establishing a 3D tracking

routine for magnetic particles, that are transported close to a substrate surface within a dy-

namically modified MFL, based on optical bright-field microscopy and using this technique

to quantify the vertical motion of the particles during lateral motion, which is not trivially

identifiable from this kind of microscopy. The obtained results demonstrate that the the-

oretically expected z-motion of SPBs can be experimentally verified by detecting changes

in the particle’s image sharpness upon vertical movement relatively to the microscope focal

plane. An exact quantification of the SPB’s z-position is so far hampered by several factors,

which are mostly related to experimental conditions. For future experiments, it is therefore

intended to reduce these errors by taking measures to, e.g., achieve a more homogeneous

illumination of the sample by using additional lenses in the optical pathway of the micro-

scope. Also a camera with higher image resolution and lower pixel size as compared to the

used camera for the presented experimental results is desirable. Here however, it must be
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taken into account that an increase in image resolution is mostly accompanied by a reduction

in FPS temporal resolution for the recorded transport videos. A systematic study to find

out which FPS/image resolution is still acceptable to confidently resolve the motion dynam-

ics of magnetic particles transported by dynamically changing MFLs would therefore be a

prerequisite. All these experimental enhancements would potentially allow a statistically

more relevant quantification of the particle-substrate equilbrium distance, as envisioned in

section 7.3. Lastly, to be more independent of illumination dependent calibration functions

for the particles, other z-position correlation methods could be tried out instead of the TBG

sharpness score. For example, cross-correlation based matching algorithms for focus sweep

and particle motion images are known from literature.
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This work was centered around the investigation of the directed transport of magnetic par-

ticles near a magnetically patterned substrate. The conducted experiments were aimed at

achieving a better understanding of the underlying physical principles, with a special focus on

the interplay between particles transported in a specifically modulated magnetic field land-

scape (MFL) and the substrate surface below. It is envisioned that the acquired results can

help design future Lab-on-a-chip (LOC) applications based on the herein utilized magnetic

particle transport mechanism. In chapter 4, the journey started by analyzing the transport

dynamics of superparamagnetic beads (SPBs) above periodic parallel stripe domain patterns

with gradually modulated length (focus pattern) and width (separation pattern).

The focus pattern was divided into two tracks above which the particles were guided one-

dimensionally across the sample. The tracks are differing in the chosen maximum/minimum

values for the stripe domain length and the rate at which the length is gradually increased

respectively decreased across the substrate. Most parts of the analysis were carried out,

however, for one specific track, as the qualitative results for the other track were similar.

Prior to conducting particle transport experiments, the magnetic substrate and specifically

the domain pattern was characterized by employing the VSM, L-MOKE, and MFM mea-

surement techniques. The obtained data confirms the successful fabrication of the desired

domain pattern via IBMP. The directional SPB transport on top of the chosen track of the

focus pattern, induced by the application of a trapezoidal-shaped, temporally periodic ex-

ternal magnetic field sequence, was characterized at first qualitatively by acquiring averaged

image intensity profiles along the vertical y- and the lateral x-dimension of the measured

microscope images. Within these profiles, peak formations are indicating positions above

the substrate with increased particle concentration. The domain pattern thereby promotes

the formation of SPB rows along the y-direction, leading to characteristic, equally-spaced

peak formations within the intensity profiles along the x-dimension. Plotting these pro-

files for every obtained frame within the recorded video of the particle transport results in

pseudo-color intensity maps, which allow for a quick, first-sight overview of the transpiring

transport behavior. It was deduced from these plots, that the sample location above the

smallest stripe domain length acts as a focussing point for transported SPBs: With decreas-
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ing stripe domain length the traveling SPB formations above the respective domain walls

(DWs) are reduced in their vertical sizes, thus, leading to particle compacting with respect

to the y-dimension of the system. Additionally, initial SPB row formations are transformed

into specific cluster arrangements, with the cluster shape depending on the number of in-

corporated particles. As the available space near the DW locations for the smallest stripe

length, which correspond to the positions of local potential energy minima for the SPBs,

is limited, a defined maximum number of particles is transportable beyond this focussing

point, highlighting the system’s functionality as a particle sorter. Increasing the frequency

for the externally applied magnetic field sequence, no transport of the SPB through the

focussing position is observed above a critical frequency. Instead, all incoming SPBs are im-

mobilized prior to that location, presenting another opportunity to concentrate SPBs within

the investigated system. For more detailed insights into the cluster formation mechanism,

the cluster formation shape was tracked for a six-particle arrangement transported laterally

through the experimental field-of-view of the employed microscope setup, with the focussing

location placed in the center. A successive transformation from a linear row formation to-

wards a closely packed, hexagonal cluster formation back to the original row formation was

revealed, meaning that a defined number of SPBs can be brought together within vanishingly

small distances to each other without having an irreversible agglomeration as a consequence.

Potentially, this might be of usage for bio-detection schemes within LOC systems: SPBs,

that are surface-functionalized with catcher groups for an analyte molecule of interest, only

agglomerate irreversibly when being transported through the focussing location if the re-

spective analyte is present within the surrounding fluid. Further, the cluster shapes for

formations with varying amounts of SPBs (2, 3, 4, 5, and 6 particles) at the focussing posi-

tion were characterized and the evaluation of vertical cluster sizes suggests a close correlation

to the DW length within the underlying magnetic pattern, i.e., the DW length restricts the

number of particles, which are present in the cluster, of being higher than a certain thresh-

old value. This threshold in turn is defined by the adjustable design of the stripe domain

pattern. Theoretical calculations for the attractive magnetostatic force towards the sub-

strate, exerted by the MFL, the dipolar magnetic forces between SPBs arranged within the

same two-dimensional plane above the substrate surface, and complementing DLVO forces

corroborate the observed cluster arrangements as the energetically most stable configuration.

Considering the separation pattern, magnetic characterizations performed via VSM, L-

MOKE and MFM demonstrate the achieved implementation of a head-to-head (hh)/tail-

to-tail (tt) magnetization configuration with a laterally increasing/decreasing separation

distance between neighboring DWs. Initially, the qualitative transport behavior of SPBs

was visualized using the temporal progression of averaged image intensity profiles along the

lateral x-dimension. The results for a set of experiments with varied frequency for the ex-

ternal magnetic field sequence reveal a splitting of original SPB row formations into mobile
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and immobile fractions at a defined sample position when the frequency surpasses a critical

quantity. Increasing the frequency further beyond this critical point, the position of SPB im-

mobilization is shifted laterally towards the locations of smaller stripe domain widths. This

observation is in congruence with the expected dependency of the SPB’s magnetophoretic

mobility on their transport step distance, which is given by the separation distance of ad-

jacent DWs. A subsequent quantitative analysis of the SPB row formation’s steady-state

velocity during a large transport step, which was extracted from the time-dependent position

data for one specific peak within the x-intensity profile, is signifying an anti-proportional

correlation between the stripe domain width (transport distance) and the steady-state ve-

locity. For a theoretical interpretation of this phenomenon, the transport-inducing magnetic

force onto the SPB was computed from simulations for the MFL forming on top of a hh/tt

magnetization pattern with gradually increasing width of the differently magnetized areas.

Surprisingly, absolute magnitudes for the magnetic force are reduced for smaller stripe do-

main widths, suggesting a rather decreased steady-state velocity for this sample location.

However, an argument can be made that the reduced magnetic force would implicate an

increased equilibrium distance between particle and substrate, potentially allowing the SPB

to move faster due to a reduced drag force. At any rate, the dependency of the steady-

state velocity on the stripe domain width needs to be taken into account when tailoring

the SPB’s mobility with regard to the substrate magnetic pattern. Single particle track-

ing was further employed to characterize the general mobility of all observed SPBs within

a conducted experiment by measuring the steady-state velocity for a large obtained set of

trajectory data. First of all, it was deduced that two-dimensional and temporal trajectories

of single SPBs can be used for classification into mobile, immobile, and those SPBs that are

switching from a mobile to an immobile state upon reaching a sample area with increased

stripe domain width. The calculated averaged steady-state velocities from the tracking data

in dependence on the external magnetic field frequency follow a trend that matches the

observed increasing immobility of the SPBs for the highest frequencies. Especially, this is

pronounced by a significantly decreased amount of evaluable transport steps in this case.

Adjusting the magnitude of the external magnetic field in the perpendicular-to-substrate

pointing z-direction tunes the average mobility of all present SPBs, since the steady-state

velocity scales proportionally to that quantity. For practical use, it could be demonstrated

that starting from a comparably small magnitude for the external magnetic z-field, where

the described splitting of SPB row formations into mobile and immobile fractions occurs,

and subsequently increasing this magnitude by a factor of 4, different fractions of separated

SPBs can be transported independently from each other across the substrate surface. This

might be an important aspect for practical implementation into a LOC system, in which

magnetic particles could be separated from each other depending on their magnetophoretic

mobility and guided as distinct fractions towards a sensing area on the chip. Exploring the

opportunity to separate SPBs of different mobilities within the investigated system further,
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a proof-of-concept experiment was conducted involving the directed transport of differently

sized SPBs (1.0 µm and 2.8 µm), which are simultaneously present in the same sample area.

The results suggest a successful fractionization of same-sized particles by locating them at

different sample locations through the application of a periodic external magnetic field se-

quence. More specifically, 1.0µm-sized SPBs were immobilized at the smaller stripe domain

widths (transport step distances), while 2.8 µm-sized SPBs were able to reach further on the

substrate surface towards larger stripe domain widths. The obtained results also make clear,

however, that special care must be taken regarding the ultimate design of such a prototype

stripe domain pattern for magnetic particle fractionization, as SPBs of the same size still

exhibited a distribution of sample positions, at which they were immobilized. For practical

LOC applications, a separation of magnetic particles with different chemical surface proper-

ties (depending on if an analyte molecule has bound to the particle’s surface or not) would be

desirable. This is only within reach if the expected small change in the magnetophoretic mo-

bility for analyte-binding particles is accompanied by a significant shift of the immobilization

position on top of a magnetic stripe domain pattern with varied stripe width. The presented

experimental study should be hereby useful as a first guideline towards the achievement of

this goal.

Continuing with chapter 5, the influence of liquid-mediated electrostatic interactions

between transported particles and the closely positioned substrate surface on the motion

properties was studied. For this, SPBs of the same magnetic content and nominal size (d =

2 µm) but differing chemical surface properties were placed in an aqueous solution above a

parallel stripe domain patterned EB substrate with 5 µm domain width and a hh/tt magne-

tization configuration. Specifically, two sorts of SPBs were utilized, one with COOH-groups

attached to the surface and the other one functionalized with NH2-groups. It was hypoth-

esized, that this alteration would lead to non-identical surface potentials for both species,

typically characterized in practical by the zeta potential. As an additional lever for ma-

nipulating the electrostatic interaction between particles and substrate, the pH-value of the

liquid dispersion, i.e. the concentration of protons and hydroxide ions, was varied. Ini-

tial characterizations of the zeta potential for both SPB sorts under varying pH-conditions

hinted at drastic differences in the surface potentials for low pH-values in the acidic regime.

For pH-values between 7 and 11, the measured zeta potentials fluctuated for both particle

types around a value of −40mV, signifying comparable electrostatic interactions with the

substrate surface in this range. To relate these findings with the actual motion behavior of

the SPBs, transport experiments were conducted by applying trapezoidal-shaped magnetic

field pulses similar to the previous investigations, resulting in a one-dimensional translation

of the particles above the substrate. Performing the experiments for particle dispersions of

differing pH-value, they could be qualitatively evaluated regarding the SPB’s overall trans-

port efficiency. Here it was found, that for the considered pH values the exhibited behavior
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is mostly identical for both particle sorts: SPBs were not movable at all for a pH ≤ 5 and a

pH = 13, i.e. for most of the acidic regime and a strongly basic dispersion. If particles were

not transportable due to a tight sticking to the substrate surface or because their magnetic

functionality was destroyed by the harsh liquid environment could be finally not identified.

For all other investigated pH values, with one exception, SPBs showed the expected one-

dimensional transport. The exception occurred at a pH = 6.2, where COOH-functionalized

SPBs were still transportable but the NH2-functionalized particles were not addressable.

This observation opens the route for a potential separation of immobile and mobile mag-

netic particles based on the conditions of the surrounding liquid. For future experiments,

finer steps in the applied pH values for the particle dispersion would be recommended to

identify more detailed differences in the transport efficiencies of SPBs with varying chemical

surface functionalization. The observed transport behavior was correlated to theoretically

computed equilibrium distances between SPBs and substrate surface, as this quantity is gov-

erned by the particle-substrate electrostatic interaction and therefore changes with modified

pH conditions. The calculations were based on an equilibrium of attractive and repulsive

forces acting on a single SPB in the direction of the substrate. A maximum for the theo-

retical distance ensued for the neutral pH = 7, with a decrease following for increasing and

decreasing pH value. This trend is identical for both investigated SPB species, with no signif-

icant differences in the equilibrium distances (in the range of 10 nm and 250 nm) observable.

However, very small separation distances in the acidic and basic regimes might explain the

respective loss of transportability for the particles. For a more quantitative correlation of

transport dynamics with the pH value of the surrounding fluid, steady-state velocities of

the SPBs, measured during a transport step, were evaluated for the conducted experiments.

While seemingly having no impact on the transport velocity of COOH-functionalized parti-

cles, an interesting relation was found for NH2-SPBs at an applied magnetic field strength

of 5mT. Here, a maximum for the steady-state velocity was found at pH = 10, with a

reduction observed for increasing and decreasing pH-value. Although this trend needs to

be statistically verified by an increased number of experiments for the same conditions, it

demonstrates a potential sensitivity of the SPBs’ transport properties on their electrostatic

interaction with the underlying substrate. To investigate, whether altered electrostatic forces

on the SPBs based on their varying chemical surface properties can be used to achieve a

separation of different particle species within the employed transport concept, experiments

were conducted for COOH- and NH2-functionalized particles in a pH-neutral liquid under

variation of the frequency for the externally applied magnetic field pulse sequence. Quantify-

ing the relative amount of transportable particles, a transition region was identified for both

SPB species, where both immobile and mobile particles are present. Within this frequency

region, significant differences in the relative amount of movable COOH- and NH2-particles

could be observed for two different substrate properties. Thus, when applying the external

magnetic field sequence for a considerably long time at an optimal critical frequency, spatial
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separation of both SPB sorts at different substrate areas seems to be within reach.

In chapter 6, the motion behavior of a different class of magnetic particles within a dy-

namically transformed MFL was investigated. Here, magnetic Janus particles (MJPs), which

are characterized by a hemispherical EB thin film cap attached to a spherical silica parti-

cle, were analyzed. After briefly covering studies on the magnetic characteristics of these

hemispherical caps found in literature, the motion dynamics of EB capped MJPs with a

diameter of 3 µm were evaluated qualitatively at first for a parallel stripe domain patterned

EB substrate with a domain width of 5 µm and a hh/tt domain magnetization. Analogously

to previous experiments, trapezoidal-shaped external magnetic field pulses were applied to

transform the MFL and initiate a one-dimensional translational movement. As for the SPBs,

the translation is characterized by a, for this kind of transport concept, typical step-like lat-

eral trajectory. The location of the MJP’s magnetic cap at a given external magnetic field

configuration is thereby matching the position of a local minimum for the calculated poten-

tial energy. It was found that the external magnetic field is not only responsible for inducing

MJP transport, but also plays a role in forcing physical rotations of the particles. These rota-

tional movements were observed to alternate between two distinct rotational axes, depending

on the change in the external magnetic field configuration, while being superposed on the

lateral transport steps. Tracking of the lateral MJP’s trajectory revealed comparably large

steady-state velocities, rendering them as fast carrier objects for LOC applications. Another

important aspect for the practical implementation in LOC devices is the potential separate

addressability of translational and rotational MJP dynamics. Here, quantitative investiga-

tions for steady-state velocities and rotation angles in dependence on the time length for the

external magnetic field pulses present two differing critical time lengths below which lateral

movement and full rotations of MJPs are suppressed, respectively. Future experiments could

extend this analysis of critical time lengths to a broader set of parameters for the applied

magnetic field pulse sequence, e.g. by varying the field strength, and to differently structured

substrates. Especially the external magnetic field strength was shown to have a significant

impact on both transport and rotational velocities. To prove that this motion concept for

EB-capped MJPs is not only restricted to one-dimensional domain patterns within the sub-

strate, transport experiments were performed for MJPs above a checkerboard-like domain

pattern. The application of magnetic field pulses in all three spatial directions transformed

the emerging MFL in such a way that a directed two-dimensional translational movement

of the MJPs resulted. As for the one-dimensional case, the translational motion was super-

posed by periodically occurring rotations of the particles.

Finally, chapter 7 covers the investigation of three-dimensional (3D) trajectories for SPBs

transported via the established prototypical mechanism of dynamically transformed MFLs.

Of special interest is the quantitative verification of the particle’s vertical position during
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induced lateral motion. The extraction of this information is not trivial when employing

standard bright-field optical microscopy to observe the SPB motion. Therefore, an overview

of already existing 3D single particle tracking techniques based on optical microscopy was

given, presenting more or less sophisticated experimental setups and/or evaluation methods

known in literature. Similar to the reviewed approaches, the vertical z-coordinate of SPBs

was identified by correlating changes in the sharpness of defocused SPB images with the

particle’s relative movement to the focal plane of the utilized microscope setup. Hence, a

calibration procedure was needed to connect SPB image sharpness with a known z-position.

To quantify the sharpness of an SPB image, the Tenenbaum gradient (TBG), which is known

from studies on image autofocusing, was employed as a metric. Compared to other possible

metrics, like the overall intensity of the particles, the TBG seems to be the most suitable.

Upon computation of the TBG for SPBs at different z-positions with respect to the focal

plane (controllable set by an installed piezo stage), typical focus sweep curves were obtained

that exhibit a maximum for the TBG at the in focus position and falling flanks for the TBG

when moving above or below the focal plane. This was verified for two species of SPBs

with different optical responses due to their structural properties: micromer®-M and Dyn-

abeads� M-270 Carboxylic Acid particles. The flanks of the TBG focus sweep curves were

identified to provide maximum sensitivity for detecting changes in the SPB’s z-position, with

the progression in this region approximable by a linear or polynomial fit function, ultimately

serving as the calibration function. Consequently, particles were placed in the defocused

regime, for which the calibration function is expected to be valid, before initiating the trans-

port motion. Using a similar external magnetic field sequence as for previous experiments, a

transport step of the SPBs was induced and changes in their TBG sharpness score were mon-

itored using conventional 2D single particle tracking. This was done in a proof-of-principle

type of experiment for micromer®-M (d = 4µm) and Dynabeads� M-270 Carboxylic Acid

(d = 2.8 µm). The hereby acquired qualitative progression of TBG during the SPB’s lateral

movement confirmed the theoretical expectation of a vertical hopping-like motion. Convert-

ing the measured TBG to a relative z-position, using the individual calibration function of

the respective particle, maximum jump heights of several micrometers were obtained. This

characteristic together with the qualitative progression of the z-position was compared to

theoretical estimates for the equilibrium distance between SPB and substrate as a function of

time and the lateral position, using the same force balance approach as previously employed.

Both calculations and the averaged maximum jump height for the observed transport step

showed reasonable agreement. However, the outlined sources of errors render the achieved

determination of the SPB’s vertical trajectory as a rather first quantitative estimation for

the real z-position progression. Hence, optimizations of the experimental setup together

with more repetitions of observed transport motion events need to be future tasks to achieve

statistically relevant results. This especially holds true for the quantification of particle-

substrate equilibrium distances, which is considered to be the ultimate goal of the presented
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3D tracking method for magnetic particles transported in a dynamically transformed MFL.

A corresponding first test resulted in promising observations, but a comparably large amount

of TBG data noise together with further assumptions greatly reduced the reliability of the

found particle-substrate separation distance. Being able to quantify this distance with great

sensitivity would open up a new avenue towards a potential analyte detection mechanism in

LOC applications: Particles with bound analytes on their surface would interact differently

with the near substrate surface as compared to particles without bound analytes. Monitoring

changes in this interaction through optical observation of the particle-substrate equilibrium

distance would therefore present a rather simple approach of sensitive analyte detection.

Hence, future studies should also concentrate on increasing the sensitivity for determining

changes in the sharpness of magnetic particle microscope images.

Based on the results obtained in this thesis, it would be worthwhile to develop the out-

lined strategies for magnetic particle concentration, separation, and detection further in a

LOC application-driven direction. Consequently, performing the transport experiments uti-

lizing the described substrates and techniques with prototypical biofunctionalized particles

within a physiological medium would be the next logical step. Potential agglomeration of

particles in a physiological environment could be thereby inhibited by adding a biocompat-

ible surfactant [RHE21]. Especially for the desired analyte detection, assays based on the

well-known streptavidin-biotin interaction [SFK99] could be designed that verify the pres-

ence of the analyte molecule via observable particle-particle or particle-substrate binding

events. Here, the spatial concentration functionality of the focus domain pattern or the

capability of the examined MJPs to perform controllable rotations are promising candidates

for further investigations. Not to mention that an increased sensitivity regarding changes

in the magnetic particles’ vertical position within the presented 3D tracking method would

present a comparably facile approach for detecting analyte binding events based on modified

surface interactions. Therefore, the author of this thesis is looking forward to future efforts

in the intriguing research area of near-substrate magnetic particle actuation for LOC devices.
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A Documentation of the evaluated material

The following list briefly summarizes the types of data acquired in the framework of this thesis

and the experimental methods that were applied to obtain the data. The used machines and

how the material was analyzed are described in chapters 3 to 7.

� M(H) magnetization curves → vibrating sample magnetometry (VSM), longitudinal

magneto-optical Kerr effect (L-MOKE) magnetometry

� SPM magnetic contrast images (phase signal) → magnetic force microscopy (MFM)

� Magnetic particle transport video recordings and single frames from microscope focus

sweeps → optical bright-field microscope (reflection mode) with attached high speed

camera
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B Sputter deposition parameters

The following tables present the used process parameters for sputter deposition of investi-

gated samples.

Tab. 9.1: Sputter deposition parameters for the fabrication of particle transport substrates used

in chapter 4.

Sample Layer stack Rate [nm/min] DC-potential [V] Gas flow [sccm]

2016 0241 2 Si (20 nm) 3.45 700 140

(focus pattern) Co30Fe70 (10 nm) 3.00 600 140

Ir17Mn83 (30 nm) 5.47 750 140

Cu (5 nm) 3.60 470 140

2016 0242 2 Si (20 nm) 3.45 700 140

(separation pattern) Co30Fe70 (10 nm) 3.00 600 140

Ir17Mn83 (30 nm) 5.47 750 140

Cu (5 nm) 3.60 470 140

Tab. 9.2: Sputter deposition parameters for the fabrication of particle transport substrates used

in chapter 5.

Sample Layer stack Rate [nm/min] DC-potential [V] Gas flow [sccm]

2017 0251 1 Si (800 nm) 2.80 600 140

Co30Fe70 (10 nm) 3.24 600 140

Ir17Mn83 (30 nm) 4.57 650 140

Cu (10 nm) 6.03 600 140

2019 0331 1 Au (10 nm) 5.29 500 140

Co30Fe70 (10 nm) 3.65 600 140

Ir17Mn83 (30 nm) 5.61 700 140

Cu (10 nm) 6.48 600 140
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Tab. 9.3: Sputter deposition parameters for the fabrication of particle transport substrates and

EB capped MJP caps used in chapter 6.

Sample Layer stack Rate [nm/min] DC-potential [V] Gas flow [sccm]

2016 0211 2 Si (10 nm) 2.10 500 140

(MJP caps) Co30Fe70 (10 nm) 3.00 600 140

Ir17Mn83 (30 nm) 5.47 750 140

Cu (5 nm) 5.16 550 140

2015 0263 1 Ta (10 nm) 1.60 450 155

(1D substrate) Ni20Fe80 (8 nm) 2.18 450 155

Ir17Mn83 (30 nm) 3.79 640 155

Cu (5 nm) 3.93 460 155

2016 0179 2 Au (10 nm) 5.92 520 155

(1D substrate) Co30Fe70 (10 nm) 3.45 650 155

Ir17Mn83 (30 nm) 4.01 620 155

Cu (5 nm) 3.20 505 155

2017 0228 1 Si (10 nm) 3.45 700 140

(2D substrate) Co30Fe70 (10 nm) 2.11 500 140

Ir17Mn83 (30 nm) 6.06 800 140

Cu (10 nm) 5.99 600 140

Tab. 9.4: Sputter deposition parameters for the fabrication of particle transport substrates used

in chapter 7.

Sample Layer stack Rate [nm/min] DC-potential [V] Gas flow [sccm]

2019 0333 1 Au (10 nm) 5.29 500 140

Co30Fe70 (10 nm) 3.65 600 140

Ir17Mn83 (30 nm) 5.61 700 140

Cu (10 nm) 6.48 600 140

C Microscope image processing

A preprocessing procedure was performed for the analysis of optical microscope images in

chapter 7, aiming at more suitable contrast and signal-to-noise conditions. Additionally,

similar optimizations were conducted for the visualization of microscope images in chapter

4. After loading the images, the contrast of single frames was initially stretched by applying
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the histogram equalization function of the “scikits-image” Python library [VSNI14]. Noise

reduction was subsequently obtained by performing a Fast Fourier Transformation (FFT),

employing the corresponding function of the Numpy library [HMvdW20], applying a home-

programmed low-pass filter to the result, and finally performing an inverse FFT. Credits are

hereby given to Benjamin Laudert, who programmed the low-pass filter in the framework

of his bachelor thesis conducted in the working group. After this optimization, the images

were normalized to exhibit a minimum pixel intensity of 0 and a maximum pixel intensity

of 255 using the Python “Open-CV” library [Bra00]. An exemplary raw image is shown in

Fig. 9.1 (a) together with the corresponding contrast-stretched (b) and noise-reduced image

(c).

(c)(a) (b)

Fig. 9.1: Exemplary raw (a), contrast-stretched (b), and noise-reduced (c) image of SPBs.

D Micromagnetic simulation parameters

Two magnetization patterns were simulated for the theoretical investigations presented in

this thesis, using the micromagnetic approach. The first one is a parallel stripe pattern with

hh/tt magnetization configuration and equal stripe width of 5 µm. For the second one with

the same magnetization configuration, the stripe width, starting at 1.2 µm, was gradually

increased (cf. section 4.2.2). The simulations were performed by employing the OOMMF

software package [DP99]. The used parameters together with the magnetization patterns,

provided as bitmap images, are shown in the following.

Fig. 9.2: Simulation pattern with equal stripe width.

Fig. 9.3: Simulation pattern with gradually increasing stripe width.
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Tab. 9.5: Parameters used for micromagnetic simulations of magnetic domain patterns.

Pattern Equal stripe width Increasing stripe width

x-range 20 µm 27.2 µm

y-range 10 µm 10 µm

z-range 10 nm 10 nm

mesh cell size 5×5×10 nm3 5×5×10 nm3

uniaxial anisotropy constant 4.50× 104 Jm−3 (black) 4.50× 104 Jm−3 (black)

3.38× 104 Jm−3 (red) 3.38× 104 Jm−3 (red)

pinning field 12.26 kAm−1 (black) 10.58 kAm−1 (black)

(additional Zeeman energy) −7.14 kAm−1 (red) −7.66 kAm−1 (red)

exchange coupling constant 3× 10−11 Jm−1 3× 10−11 Jm−1

saturation magnetization 1.23× 106 kAm−1 (black) 1.23× 106 kAm−1 (black)

1.12× 106 kAm−1 (red) 1.18× 106 kAm−1 (red)

E Force calculation parameters

The following tables present the parameters used for the force calculations performed in the

respective chapters. From these considerations, estimates for particle-substrate equilibrium

distances were computed.

Tab. 9.6: Parameters used for force calculations in chapter 4.

thickness capping layer 20 nm

thickness resist layer 200 nm (focus pattern)

500 nm (separation pattern)

particle radius 1.4 µm

particle density 1600 kgm−3

liquid density 1000 kgm−3

particle saturation magnetic moment 11.77× 10−14Am2

Langevin parameter 1.05× 10−4m−1

particle zeta potential -28mV

substrate zeta potential -35mV

Debye length 100 nm

Hamaker constant 3.4× 10−21 J
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Tab. 9.7: Parameters used for force calculations in chapter 5.

thickness capping layer 800 nm

thickness resist layer -

particle radius 1 µm

particle density 1300 kgm−3

liquid density 1000 kgm−3

particle saturation magnetic moment 4.48× 10−14Am2

Langevin parameter 1.05× 10−4m−1

particle zeta potential pH-value dependent (cf. Fig. 5.1)

substrate zeta potential pH-value dependent (cf. Ref. [GMVRPN12])

Debye length pH-value dependent (cf. Ref. [Get19])

Hamaker constant 1.23× 10−20 J

Tab. 9.8: Parameters used for force calculations in chapter 6.

thickness capping layer 10 nm

thickness resist layer 700 nm

particle radius 1.5 µm

particle density 2140 kgm−3

liquid density 1000 kgm−3

particle saturation magnetic moment 12.46× 10−14Am2

Langevin parameter -

particle zeta potential -35mV

substrate zeta potential -35mV

Debye length 100 nm

Hamaker constant 3.4× 10−21 J
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Tab. 9.9: Parameters used for force calculations in chapter 7.

thickness capping layer 10 nm

thickness resist layer 150 nm

particle radius 2 µm

particle density 1300 kgm−3

liquid density 1000 kgm−3

particle saturation magnetic moment 4.48× 10−14Am2

Langevin parameter 1.05× 10−4m−1

particle zeta potential -32mV

substrate zeta potential -65mV

Debye length 100 nm

Hamaker constant 1.23× 10−20 J
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HM hard magnetic TBG Tenenbaum gradient
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