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Introduction

Magnetic nanoparticles (MNPs) are extensively utilized in the field of biomedicine.
While most research has concentrated on spherical MNPs, which have proven effec-
tive in various biomedical applications, it’s important to recognize their limitations,
especially when it comes to torque-related applications. This thesis shifts its focus
to a new type of MNPs known as synthetic antiferromagnetic nanoplatelets (SAF
NPs) with perpendicular magnetic anisotropy (PMA), referred to as p-SAF NPs.
These unique nanoparticles are specifically tailored for torque-related applications.
In this chapter, we delve into the historical context of MNPs and the advantages
of p-SAF NPs. We also address recent advancements of MNPs and the ongoing
challenges within the field of p-SAF NPs.

1.1 Magpnetic particles in biomedicine

Magnetism has long been associated with medicine. From ancient times, human-
ity recognized that certain stones could attract other stones. The mysterious and
invisible forces between these stones were revered by ancient civilizations, no-
tably the Greeks, Romans, and Chinese, who documented the therapeutic use of
these stones for various ailments and overall well-being?. These historical records
fostered cultural beliefs in the healing powers of lodestones, which persisted for
centuries. Even today, a myriad of health products utilizing the cultural belief of
magnetism continues to emerge. However, until the 19th century magnetic ther-
apy largely remained outside the mainstream scientific consensus and was often

perceived as a placebo effect.
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By the 19th century, scientific advancements, including Ampere’s law, Maxwell’s
equations, and Faraday’s Law, elucidated the principles of magnetism, enabling
the creation of tools that produce magnetic fields. Still, magnetic treatments were
predominantly viewed as "pseudo-science,” with many regarding them as mere

magical amulets.
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Figure 1.1: Diagram illustrating the utilization of magnetic particles. They can be
categorized into two main groups: therapy (highlighted in blue) and diagnosis (high-
lighted in red).

A significant shift occurred in the late 19th century with the discovery of the
heating effect of high-frequency electromagnetic fields®. This revelation set the
stage for the development of magnetic hyperthermia treatments in the latter half
of the 20th century*. These treatments employ AC magnetic fields to induce

heat in magnetic particles, selectively targeting and damaging specific cells or tis-
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sues. Concurrently, magnetic diagnostic techniques, such as magnetic resonance
imaging (MRI), emerged in the late 20th century®. Integrating magnetism into
both treatment and diagnostic procedures garnered increasing attention in mod-
ern medicine. Nevertheless, most of these applications remained elusive without

advancements in nanotechnology.

In the 1980s, innovations in nanotechnology facilitated the synthesis and applica-
tion of magnetic nanoparticles (MNPs), the size of which is below a hundred
nanometers. This opened the possibility for a wider set of potential medical
applications®. With appropriate surface functionalization, MNPs can bind to
biomolecules, cells, and tissues, making these entities magnetically responsive and
manipulable using external fields. By the 1990s, there had been an explosion of
research seeking to develop diverse medical applications for MNPs in both diag-

nostics and therapy as shown in Fig. 1.1.

1.1.1 Magpnetic particles

Let us first have a brief overview of the magnetic particles that are predominantly
utilized in biomedical applications. Iron oxide nanoparticles, specifically Fe3Oy
and Fe,Og, are the most commonly employed MNPs in biomedical fields, primar-
ily due to the simplicity of synthesis and their biocompatibility ”"*. The dimension
of these iron oxide nanoparticles is intrinsically linked to their magnetic proper-
ties. This interdependence of size and magnetic behavior is depicted in Fig. 1.2a,
illustrating both superparamagnetic and ferromagnetic (FM) states, which will be
explained below, across varying nanoparticle diameters. Note that the relationship
between size and magnetic properties is not limited to iron oxide nanoparticles.
It is also applied to other MNPs. The hysteresis loops characterizing superpara-
magnetic and FM states are presented in Fig. 1.2(b-c). Within these loops, two
parameters: coercivity (H.) and remanence (M, ) are used to describe the loops.
Specifically, H,. represents the propensity of a magnetic material to resist rever-
sal of the magnetization. It is the field required to reduce the magnetization of
a magnetic material to zero after being magnetized. M, represents the residual
magnetization in a material once an external field returns to zero from a saturated

state.
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Figure 1.2: (a). Schematic diagram of the dependency of coercivity on the magnetic
particle diameter. Typical hysteresis loop of (b) superparamagnetism and (c) ferromag-
netism. Figure from®.

When MNPs have a diameter less than D,, the threshold diameter for the su-
perparamagnetic state, they exhibit superparamagnetic characteristics. The H.
of these particles drops to zero, as shown in Fig. 1.2a. These particles do not
exhibit magnetization without an external magnetic field at the timescale of sec-
onds, and they can only be magnetized in the presence of an external magnetic
field as illustrated in Fig. 1.2b. This superparamagnetic state materializes when
thermal fluctuations supersede their inherent ferromagnetic tendencies. When the
diameter surpasses D,, MNPs transition to a FM state, characterized by non-
zero values of both M, and H,, as displayed in Fig. 1.2c. When the diameter is
larger than D, the critical diameter for a single domain state, MNPs evolve into

a multi-domain state to reduce the overall energy.

Among the varied particle dimensions, superparamagnetic iron oxide nanopar-
ticles (SPIONs) are preferred for biomedical applications. They have relatively

small dimensions, typically on the order of tens of nanometers. Their zero M,.,
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which prevents potential aggregation, makes them particularly advantageous for

biomedical applications.

Given the strongly size dependent magnetic properties, achieving nanoparticles
with consistent dimensions and shape becomes imperative to ensure uniform mag-
netic properties. Up to date, several popular methods including co-precipitation,
microemulsion, thermal decomposition and so on have been reported for synthesis

of MNPs with controllable shape and narrow size distribution””'°.

1.1.2 Interactions between magnetic particles and magnetic field

The applications of MNPs are essentially based on the interactions between MNPs
and magnetic fields, which can occur in various ways, as illustrated in Fig. 1.3.
In this section, we discuss three distinct interaction mechanisms of MNPs with:
an alternating current (AC) field, a gradient field, and a constant field, which
generate heat, magnetic force, and magnetic torque respectively. We also explore

how these interactions are utilized in applications.

Heat

One mechanism entails the utilization of an AC field, wherein MNPs harness
energy from the field to generate heat (see Fig. 1.3a). This finds application in
hyperthermia for cancer treatment (see Fig. 1.1), where localized heating of the
MNPs raises temperatures to 42 - 44 °C, leading to cell destruction and tumor

regression 117,

Magnetic force

Another significant application of MNPs involves mechanical movement, either
through translational or rotational motion. The translational motion can be
achieved by using a gradient field. As depicted in Fig. 1.3b, the gradient field

exerts a force on the MNPs, causing them to move within a medium.

This control mode is commonly employed for the separation and concentration of
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Figure 1.3: Different modes of interaction between MNPs and an external field: (a)
MNPs under an AC field. MNPs absorb energy from the AC field and generate heat. (b)
Under the gradient field, MNPs can feel a force that leads to translational movement.
MNPs experience torque when the external field has an angle with the magnetization,
leading to (c) magnetization rotation or (d) physical rotation of the MNPs to align with
the external field. The white arrow represents the magnetization of the MNP. B is the
magnetic field. T is the torque. F is the force.

targeted biomolecules, which is essential for quick and high-accuracy diagnosis.
The targeted biomolecules are normally in a highly complex environment with the
presence of multiple components, precise isolation of specific target biomolecules
from raw samples prior to analysis is imperative. In this context, MNPs serve
as markers, attached to targeted biomolecules such as cells, antibodies, proteins,
nucleic acids, viruses, or bacteria. Subsequently, an external field is deployed to

16220 Furthermore,

separate the targeted biomolecules from the unmarked ones
this control mode exhibits potential in drug delivery, where MNPs, serving as
vehicles, navigate drugs to disease sites subjected to substantial magnetic field

gradients®H?%.

However, for clinical applications, a large gradient field is required, which, in turn,
demands large magnets, efficient cooling systems for high fields, and increased
costs. Moreover, the commonly used electromagnetic coils or permanent magnets
only provide a gradient field to move the MNPs in one certain direction and can
correspondingly create a gradient in the MNPs distribution. The precise control
of MNPs to guide them to move in different directions into the targeted place
requires a complex design of the gradient fields, which poses challenges, limiting

their practical use®.
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Magnetic torque

An alternative approach involves employing torque rather than force, which in-
herently induces rotational motion. In this thesis, we target on torque-related
applications, which utilize the rotational motion. When MNPs are exposed to
an external field at an angle to their magnetization, magnetization alignment can
occur through either Néel relaxation (involving intrinsic magnetization rotating
to align with the external field without physical particle rotation) or Brownian re-
laxation (involving physical rotation of particles to align with the external field),
as illustrated in Fig. 1.3(c-d). The magnetic torque that leads to alignment can
be expressed as T = pom x H , where H is the external magnetic field and m rep-
resents total magnetic moment. Notably, the torque is proportional to magnetic

moment; thus, a greater magnetic moment yields a correspondingly larger torque.

Magnetic torque is not necessarily equal to mechanical torque. The type of rota-
tion, whether magnetized rotation or physical rotation, to align with the external
field depends on magnetic anisotropy. Magnetic anisotropy denotes the prefer-
ential direction in which magnetization aligns. Under high anisotropy, MNPs tend
to physically rotate to align with the field. In contrast, lower anisotropy suggests
a propensity for magnetization to self-rotate. For torque-related applications that
employ physical rotation, high anisotropy is preferred to maximize mechanical
23,24

torque transmission . A more in-depth exploration of magnetic anisotropy is

available in Section 1.2.1.

Compared to magnetic force, using torque can prevent the use of a complex mag-
netic field system. A uniformly rotating field is enough to control the MNPs
instead of using gradient fields. The key of design is primarily on optimizing

MNPs, such as enhancing their anisotropy, rather than on field generation.

Additionally, it is possible to transform the rotational motion of MNPs into trans-
lational motion through the strategic design of particles that disrupt symmetric
hydrodynamic flows. For instance, attaching a rigid helical tail or a flexible flag-
ellum to a magnetic core can induce directional movement under the influence of
a rotating or oscillating field, as slender tails generate a net imbalance of drag

25-29

along their lengths . Employing nonspherical particles such as magnetic rods
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or nanowires can lead to tumbling motion in the vicinity of a wall or surface under

a rotating magnetic field*"3!.

There is growing interest in applications that exploit the rotational behavior itself,
ranging from cancer treatment, which induces the magneto-mechanical destruc-
tion of cancer cells through MNPs**?3, to magnetic tweezers capable of applying
torques to individual molecules such as DNA, nucleic acid, and cells to characterize
their mechanical properties®* 2%, Furthermore, the rotational behavior is becom-
ing increasingly significant for lab-on-chip devices, enabling control over small

39,40 514

volumes of liquid®’, facilitating fluid mixing®®, concentration detection
biomarker detection®'. These applications require the use of a rotating magnetic

field to initiate rotation of individual MNPs or MNP assemblies.

To sum up, the growing attention in torque-related applications forms the basis of
our thesis, which predominantly focuses on the rotational manipulation of mag-
netic particles. For such applications, high magnetic anisotropy and substantial

total magnetic moment are essential for efficient torque transfer.

1.2 New type of particles for torque-related application

One pivotal challenge for torque-related applications is that the commonly utilized
MNPs, such as SPIONs, are not explicitly designed for these specific applications.
For these applications, it is vital to employ MNPs specifically designed with sig-
nificant anisotropy and magnetic moment. This section will commence with an
introduction to magnetic anisotropy, followed by a discussion on the fundamental
requirements of MNPs for these applications. Subsequently, we will provide a

concise overview of the current state of specially designed particles.

1.2.1 Magpnetic anisotropy

As mentioned to previously, magnetic anisotropy denotes the preferential direction
in which magnetization aligns. The magnetization tends to align in directions
where the anisotropy energy reaches a minimum. Such directions are termed
easy axes. Conversely, the directions that require more energy for magnetization

alignment are termed hard axes. In general, the uniaxial anisotropy energy (E}),
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having only one preferred direction, can be expressed as:

Ey, = K;sin*0 (1.1)

where 0 denotes the angle between magnetization and the anisotropy axis, and

K, represents the anisotropy constant with unit Jm™3.

The origin of magnetic
anisotropy can be traced back to two primary sources: crystal structure and

shape®.

Magnetocrystalline anisotropy

Magnetocrystalline anisotropy is an intrinsic property of crystalline ferromagnetic
materials, which originates from the crystal structure. Note the magnitude and
direction of magnetocrystalline anisotropy can vary greatly depending on the ma-
terial and its crystal structure. For example, within a face-centered-cubic (fcc)
structure, observed in materials like fcc-Co, the magnetic easy axis follow the
<111> directions. On the other hand, in materials with a hexagonal-close-packed
(hep) crystal structure, typified by hep-Co, the magnetic easy axis corresponds to
the <0001> direction .

The underlying cause of magnetocrystalline anisotropy is the spin-orbit coupling.
The electrostatic interaction between the electron orbitals and the potential cre-
ated at the atomic site by the crystal stabilizes a specific orbital where the spin
aligns favorably. Another contributor to this anisotropy is the dipole—dipole in-

teraction*?.

Shape anisotropy

Distinct from the intrinsic properties described earlier, shape anisotropy depends
on the shape of the sample. It derives from the demagnetizing field (Hy) within the

material that is opposite to the magnetized direction, which is expressed through:
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wa ny N:):z
Hy=—~Ngn, Ny=|Nn N, N,. (1.2)
Nz;t Nzy sz

Here, Ny represents the demagnetization tensor. For an ellipsoidal object, Ny
can be described as a diagonal matrix with the demagnetization factors on the
x, y, and z axis (N,, Ny, and N,) and N, + N, + N, = 1. The magnetization
tends to align in the direction with a lower demagnetizing field. In a spherical
shape, the demagnetizing factors along all axes are equal, resulting in a net zero
shape anisotropy. However, this is not the case for other structures, such as a
long needle. In this structure, the demagnetizing factor along the needle is 0,
and perpendicular to the needle it is 1/2. Shape anisotropy is induced along
the needle. Further calculations of demagnetizing factors for different shapes are

described in*?.

1.2.2 Basic requirements

Let us first discuss the drawbacks of the commonly used MNPs. SPIONs ex-
hibit a superparamagnetic state and have zero anisotropy. Meanwhile, in order
to maintain superparamagnetic state, the diameter of particles is limited, which
results in a low total magnetic moment. These factors severely restrict their ef-
ficacy in mechanical torque transfer. Ferromagnetic iron oxide nanoparticles, on
the other hand, have higher magnetic moment due to the larger size compared
to SPIONs and exhibit magnetocrystalline anisotropy. However, their typically
spherical shape results in zero shape anisotropy, leading to overall low anisotropy,
which also limits torque transfer. Given these limitations, there is a clear need for

specially designed MNPs. These MNPs should satisfy several key criteria:

« Low remanence at zero field: This characteristic is crucial to prevent
the aggregation of MNPs in the absence of a magnetic field. Aggregation of
MNPs inside the human body can lead to blood thrombosis, which must be

avoided.
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« High total magnetic moment: Both torque and force are directly pro-
portional to magnetic moment. Higher magnetic moment results in a more
robust response to magnetic fields and enables the application of greater

torque.

o Uniform magnetic properties among MNPs: To ensure that particles
respond uniformly to external magnetic fields, consistency in magnetic prop-
erties is essential. Various factors influence magnetic properties, with size
and shape being prominent. Therefore, achieving uniform particle size and

shape with minimal distribution is a requirement.

o Biocompatibility: MPNs need to be nontoxic to avoid damaging the at-
tached biomolecules. This can be achieved either by ensuring that the MNPs
themselves are biocompatible or by properly functionalizing the MNPs to

prevent direct contact with biomolecules.

« High magnetic anisotropy: High anisotropy is beneficial for efficient me-

chanical torque transfer.

1.2.3 New types of particles

Considering these requirements, there is a compelling need for novel magnetic
particles, particularly those exhibiting high anisotropy. Hence, we introduce syn-
thetic antiferromagnetic (SAF) nanoplatelets (NPs) with perpendicular anisotropy
(PMA), termed as p-SAF NPs. Before delving into our p-SAF NPs; let us briefly

examine recent advancements in magnetic particles with high anisotropy.

Through the controlled modulation of surface energy and/or capping surfactants
at specific temperatures during the wet chemical synthesis process, the morphology
of MNPs can be tailored**. Various MNP shapes have been documented, including
Fe304 nanowires*” ", Fe3O, and Ni nanorods***, and Co and Ni nanoplatelets®’:°!.
All of these configurations exhibit pronounced shape anisotropy. Additionally,
methods based on aluminum oxide template-assisted deposition have been used to
fabricate MNPs with great shape anisotropy, including Ni nanorods, Ni nanowires,
Fe nanowires, NiFe nanodiscs, and nanorods®*°°. These MNPs with anisotropy

have been reported to induce cancer cell death through mechanical disruption
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under low-frequency alternating magnetic fields® °°. Nevertheless, these MNPs
still exhibit ferromagnetic properties that can lead to aggregation, necessitating
stabilization methods to prevent agglomeration. Moreover, tuning the magnetic
properties of these particles, especially shape anisotropy which is highly dependent
on their shape, adds to the complexity of the synthesis.

e ‘ee ‘&
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Figure 1.4: Three magnetic configurations of disc-shaped particles and their magne-

tization as a function of the applied magnetic field. (a) SAF with in-plane anisotropy

(b) SAF with perpendicular (out-of-plane) anisotorpy. (c) Vortex disc. Taken from the
24

paper ",

With the development of microfabrication techniques, particularly lithography
and sputtering®®, new avenues for physical fabrication methods to produce MNPs
based on thin-film structures have emerged. In contrast to wet chemical synthe-
sis methods, these particles exhibit narrower size distributions owing to precisely
designed masks employed in lithography, offering the ability to fine-tune their
shape and thickness. Among these, three types of magnetic discs/nanoplatelets

23,5798 gynthetic antiferro-

59-61
)

have garnered attention for torque-related applications
magnetic (SAF) discs with in-plane anisotropy (referred to as in-plane SAF)
SAF discs with perpendicular anisotropy (denoted as p-SAF and are the particles

92761 "and permalloy vortex discs® 7. Figure 1.4 illustrates the

used in this thesis
magnetization configuration at zero field and in the saturation state, along with

the hysteresis loops for these three nanodiscs.

The in-plane SAF discs consist of two FM layers separated by a nonmagnetic
spacer layer, as depicted in Figure 1.4a. These two FM layers exhibit exchange
coupling with opposite magnetization directions, effectively canceling each other

and demonstrating antiferromagnetic behavior. This configuration results in what
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is called “synthetic antiferromagnetic” behavior. Under an external magnetic field,
the magnetic moments gradually align in the same direction until saturation. The
p-SAF discs exhibit SAF properties similar to the in-plane SAF discs, but the
magnetization is oriented perpendicular to the disc’s plane, as shown in Fig. 1.4b.
Vortex discs, illustrated in Fig. 1.4c, have magnetic moments primarily curled
within the disc’s plane to minimize magnetostatic energy. Only at the vortex’s
core do the magnetic moments project out of the plane, aligning perpendicularly.
When an external field is applied, this perpendicular core migrates towards the

disc’s edge, culminating in the disc’s saturation.
B 1 / —

Figure 1.5: The orientation of (a) in-plane SAF and vortex discs exhibiting in-plane
anisotropy, and (b) p-SAF discs which display out-of-plane anisotropy when under mag-
netic fields of varying directions.

All three types of particles exhibit zero remanence, thereby preventing aggregation.
They can achieve higher magnetic moment compared to SPIONs, because their size
is not constrained. While all three have higher anisotropy, either in-plane or out-of-
plane, in comparison to SPIONs, p-SAF discs demonstrate superior torque transfer
properties compared to the other two. This superiority arises from the easy-axis
of p-SAF discs, which is perpendicular to the disc’s plane. While for the other
two types of discs, they have an easy-plane anisotropy, where the magnetization
is aligned in the plane of the disc. As depicted in Fig. 1.5b, the disc’s surface
consistently aligns perpendicularly to the field direction, leading to a continuous
torque. In contrast, as shown in Fig. 1.5a, the in-plane SAF and vortex discs,
due to their intrinsic in-plane anisotropy, undergo magnetization rotation that
does not generate additional torque once the disc’s plane aligns with the rotation
plane of the field**?*. Therefore, this thesis focuses on SAF structures with PMA,

which can provide substantial anisotropy. In the following section, we provide a



14 Chapter 1. Introduction

brief introduction to p-SAF nanodiscs, also referred to as p-SAF nanoplatelets

(NPs), and their challenges towards applications.

1.3 P-SAF nanoplatelets and their challenges

In this section, we will first introduce the fundamentals of the p-SAF stack and
subsequently provide an overview of the current state of research in the field of
SAF NPs. Lastly, we will discuss the challenges that p-SAF NPs face in their path

towards application.

1.3.1 Basic p-SAF stack

The p-SAF system has been extensively researched and utilized in the field of spin-
tronics, especially to enhance storage density, as its magnetization alignment can
minimize the stray field of the device® ™. A typical p-SAF system is illustrated
in Fig. 1.6a. Studies indicate that transition metals, such as Co, Fe, and Ni,
when grown on heavy nonmagnetic metal layers like Pt, Pd, and Au, can exhibit
PMAT"7. That is because at the interface, pronounced hybridization occurs be-
tween the 3d and 5d orbitals of the FM layer and heavy metal. This strengthens
the spin-orbit interaction of the ferromagnet, leading to PMA™ . The two FM
layers are coupled by a spacer layer through the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction, ensuring their magnetization is antiparallel” ™. In this the-
sis we use a Ruthenium (Ru) space layer. A Ta seed layer is used to enhance the

crystalline orientation of the subsequent layers grown on top of it®.

A SAF stack with PMA presents an easy axis, oriented perpendicularly to the
plane, and a hard plane parallel to the plane, as depicted in the insert of Fig.
1.6(b-c). Ideal hysteresis loops along the easy axis and hard plane are shown in
Fig. 1.6(b-c). At zero field, when the field is aligned with the easy axis, the stack
assumes an AF state, presenting zero net magnetization. As the field increases, the
magnetization in one layer abruptly switches toward the field direction, leading
to the saturation of the stack’s magnetization. When the field decreases, the
magnetization returns to the AF state. The opening in the hysteresis loop arises

from the coercivity of the FM layer. Conversely, when the field is aligned with the
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Figure 1.6: (a) The basic thin film stack of p-SAF system. The thickness of each layer
is in nanometer. A typical hysteresis loop of p-SAF stack when the magnetic field is
applied along (b) easy axis and (c) the hard plane. The inserts in (b) and (c) show
the configuration of magnetization under magnetic field. The red arrows indicate the
magnetization and the blue arrows indicate the magnetic field.

hard plane, a rising field induces the magnetization to tilt towards the external
field. Due to RKKY coupling, the magnetizations of the two FM layers cancel with
each other in the out-of-plane direction, maintaining a net component aligned with
the hard plane. This leads to a gradual transformation of the magnetization, as
illustrated in Fig. 1.6c. We are not the first to investigate SAF NPs, and in the

following sections we introduce the progress of SAF NPs.

1.3.2 State of Art of SAF nanoplatelets

S. Wang et al. were the first to apply the in-plane SAF system to nanoparti-

29,6081 " They successfully fabricated nanoparticles with a diameter of 120 nm

cles
using nanoimprint lithography, which were subsequently released into a solution.
These particles comprised repeated stacks of Ta/Ru/CoFe/Ru/CoFe/Ru/Ta, ex-
hibiting in-plane magnetic anisotropy. By adjusting the thickness of the stack,
the susceptibility can be easily modulated, showing promise for multilevel separa-
tion®’. They also showed that these in-plane SAF nanoparticles can be function-
alized with silanes and protein®”*?. Towards application, they have demonstrated
the remarkable potential of these particles in separation processes of wastewater

treatment .

In 2015, T. Vemulkar et al. first reported on 2 pm diameter microdiscs comprising
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a p-SAF stack, fabricated through UV lithography“?. They showed that the mag-
netic properties can be tuned through stack engineering and that the buffer Ta
layer and Au underlayer have a drastic effect on the reversal properties of p-SAF
stack®. Their findings revealed that SAF microdiscs can efficiently damage can-
cer cells when exposed to a low-frequency rotating field?®. In such conditions, the
microdiscs align with the field’s rotation, exerting torque on the cell membrane.
Additionally, the team conducted research on the alignment of these particles in
a liquid environment under an external field®, details of which will be elaborated

upon in the subsequent Section 2.4.

In pursuit of SAF nanoparticles (NPs) of a smaller size, E. Welbourne et al. intro-
duced a fabrication method based on nanosphere lithography, where polystyrene

64

(PS) beads were used as masks for etching”. However, the size of the resultant

particles is depended on the size of the PS beads, which can vary.

Further studies have explored methods to fine-tune the magnetic properties of such
particles. For instance, utilizing multiple repetitions of FM /Pt has been proposed
as a means to adjust the magnetic characteristics and boom the total magnetic
moment . In 2022, E. Welbourne et al. proposed a method to reduce the active
field of SAF NPs by using a weaker RKKY coupling peak (second peak) rather
than the stronger, first peak®.

1.3.3 Challenges towards application

While p-SAF NPs exhibit promise for torque-related applications, several chal-
lenges remain unaddressed. These challenges encompass fabrication, magnetic

properties, and characterization.

Fabrication. The first challenge involves the fabrication of p-SAF nanoparticles.
Scaling up the production of these platelets to achieve uniform sizes at a low
cost remains an unresolved issue. Optical lithography has been employed for
fabricating micro-sized p-SAF NPs%2. Spherical bead lithography has been utilized
for both micro and nano-sized p-SAF NPs®'. However, limitations persist in
terms of throughput and size distribution. Innovative techniques for fabricating

p-SAF NPs of varying sizes need to be devised and optimized. Furthermore,
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their biocompatibility is also an issue, requiring appropriate functionalization to
prevent direct contact with these potentially toxic nanoparticles. Although it is
possible to cover these NPs with an Au surface, which is a well studied surface for
functionalization in wet chemical synthesis®’, the process is still challenging due
to differences between sputtered Au and the Au used in wet chemical synthesis.
Regarding the challenge of fabrication, in Chapter 4, we propose a fabrication

protocol of p-SAF NPs based on imprint lithography.

Magnetic properties. The second challenge revolves around understanding the
magnetic properties of p-SAF NPs. After fabrication, these NPs often exhibit sig-
nificantly increased coercivity fields®®, demanding substantial external fields for
activation. Additionally, a distribution of switching fields emerges as the nanos-
tructures form. The underlying physics is elaborated upon in Chapter 2. Tuning
the magnetic properties, particularly to achieve lower activation fields, is crucial.
Ensuring uniformity in the magnetic properties of p-SAF NPs from batch to batch
is essential for achieving consistent magnetic responses. A more comprehensive
understanding of their switching behavior and uniformity is required to customly
engineered these p-SAF NPs. In Chapter 6, we investigate the effect of size on
p-SAF NP’s magnetic properties and show that inducing boron to FM layers is
an efficient method to reduce the field to activate the NPs.

Characterization. Furthermore, characterizing particles batch by batch to assess
uniformity, especially in the nanometer size range, is crucial. However, magnetic
characterization of single MNPs at the nanometer scale is challenging. Complex
techniques, such as differential phase contrast and electron holography in trans-

89,90 " are required for characterizing these particles,

mission electron microscopy
which is often time-consuming and come with high costs. An easy and rapid
method is needed to obtain the magnetic properties of these MNPs efficiently. To
overcome the challenge, we present a solution for measuring individual p-SAF NPs

using photothermal magnetic circular dichroism in Chapter 5.

Mechanical response. Lastly, it’s important to note that magnetic torque does
not directly equate to mechanical torque. As mentioned previously, when MNPs
are introduced into a complex liquid system and are free to rotate, they can

either mechanically align with the external magnetic field, or the magnetization
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can rotate independently without causing physical rotation of the MNPs. This
can lead to a reduction in mechanical torque compared to the magnetic torque.
Methods for measuring the mechanical torque applied by p-SAF NPs are necessary
to understand their mechanical response. Moreover, environmental factors, such as
liquid viscosities and rotating field frequencies, can influence the rotation dynamics
of MNPs” "% While some literature has explored the mechanical response of p-
SAF NPs to a constant external field®’, research on their response to dynamic
rotating external fields is limited. The unique disc shape of p-SAF NPs adds
complexity to simulating their mechanical response since most studies are based on
spherical particles. To advance future applications, a thorough understanding of
the mechanical response of p-SAF NPs, both experimentally and through modeling
that takes into account their disc shape, is essential. In this thesis, Chapter 7, we
specifically study the response of the assembly of p-SAF NPs, namely chains, to

rotating magnetic fields.

1.4 Thesis outline

Based on the interest of p-SAF NPs and in view of their many unsolved challenges,

the thesis is structured in the following manner.

Chapter 2 provides a detailed overview of the fundamental physics governing the
behavior of p-SAF thin film stacks. This includes an exploration of the interfacial
interactions within the stack, methods for simulating and fine-tuning magnetic
properties, and an examination of the switching behavior of the p-SAF system.

Additionally, the mechanical responses of p-SAF NPs to external fields is discussed.

Chapter 3 provides an overview of the various fabrication techniques employed
in the production of p-SAF NPs. Furthermore, the magnetic characterization
methods employed for measuring p-SAF NPs are described, including both single-

particle measurements and collective measurements

Regarding the challenge of fabricating p-SAF NPs, Chapter 4 presents our top-
down fabrication protocol for manufacturing these NPs. Our approach relies on
substrate conformal imprint lithography (SCIL) in conjunction with other semi-

conductor industry fabrication techniques.
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Chapter 5 outlines the use of Photothermal Magnetic Circular Dichroism (PT
MCD) to investigate the switching behavior of 120 nm diameter p-SAF NPs. We
observe a distribution of switching fields and confirm that the reversal process of p-
SAF NPs is a thermally activated stochastic phenomenon. To gain deeper insights
into the switching behavior, Chapter 6 explores the impact of NP size on coercivity
and investigates methods to mitigate the substantial increase in coercivity, such

as alloying.

Chapter 7 delves further into the mechanical responses of the assembly of p-SAF
NPs when subjected to rotating magnetic fields.

Finally, Chapter 8 offers a comprehensive summary of the findings from the pre-

ceding chapters and discusses potential avenues for future research.






Background

In this chapter, we provide a comprehensive overview of p-SAF NPs, covering
aspects from magnetic to mechanical properties, essential for understanding the
subsequent sections of the thesis. Qur discussion begins with the exploration of
methods to tune the magnetic properties of p-SAF NPs. We then focus on the
Stoner-Wobhlfarth (SW) models employed for estimating the alignment of magne-
tization. Additionally, we discuss the switching behavior of the p-SAF system, an
important feature that affect the activated fields of NPs in applications. Finally,
the chapter also includes the mechanical response of p-SAF NPs when exposed
to external magnetic fields, providing insights into their implications for practical

use.

2.1 Tunable magnetic properties

The multilayer SAF structure encompasses a wealth of physics. One notable
advantage of the SAF structure is its tunable magnetic properties achieved through
stack engineering. By merely adjusting the thickness or materials of various thin
layers, it is feasible to modify the anisotropy and RKKY interaction. In this
section, we explore the potential to regulate magnetic properties, especially PMA

and RKKY interaction, solely through stack engineering.

21
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2.1.1 Perpendicular magnetic anisotropy

In the thin film stack, whose thickness is typically within the nanometer range,
due to a high surface-to-volume ratio, surface anisotropy primarily contributes
to the overall anisotropy. Other forms of bulk anisotropy, such as magnetocrys-
talline anisotropy, are neglected*. In our design, PMA arises from the interfacial
phenomena associated with FM/Pt, as mentioned earlier. The anisotropy can
be adeptly modulated by altering the FM layer’s thickness”?°. The effective

anisotropy constant (K.ss) can be expressed as:

Ksurf . lNMQ

Keyy = 5

(2.1)

Where ¢ represents the thickness of the thin film, K, s denotes the surface
anisotropy triggered by the interfacial phenomenon, N is the demagnetization
factor, and M is the saturation magnetization. The second term in Eq. 2.1
represents the shape anisotropy of a thin film. By decreasing (or increasing) the

thickness, the system’s anisotropy can be enhanced (or diminished).

It is crucial to understand that there exists a specific range within which the
PMA can be adjusted. If the FM layer’s thickness is excessively thin, it may not
form a continuous film, pushing the system closer to the percolation limit and
skewing the hysteresis loop. Conversely, when FM layers become overly thick,
the interface anisotropy lacks the capacity to maintain a perpendicular magne-
tization configuration, leading to a gradual spin-reorientation-transition towards
in-plane””. To have an idea of the optimal tuning range, consider the CoFeB/Pt
layers as an example. The percolation threshold stands at toorep = 0.4 nm, while

the spin-reorientation-transition occurs around tcopep = 1.5 nm””.

2.1.2 RKKY interaction

The RKKY interaction represents an indirect exchange coupling between FM lay-
ers separated by a non-magnetic (NM) spacer layer. Depending on the spacer

layer’s thickness, e.g. in this thesis Ru layer, the adjacent FM layers might be
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prompted to align either antiparallel or parallel to one another. Such alignment
displays an oscillatory behavior in the sign of the exchange coupling along the
space layer’s thickness, as illustrated in Fig.2.1. This oscillatory phenomenon
originates from the wave-like nature of conduction electrons in the spacer layer,
which modifies the interaction between the FM layers. When the spacer layer’s
thickness varies, these electron waves undergo a phase shift, inducing fluctua-
tions in the intensity and sign of the exchange coupling. By modifying the spacer
layer’s thickness, one can attain either AF coupling (represented by a negative
sign) or FM coupling (symbolized by a positive sign) with different strengths as
shown in Fig. 2.1. For instance, in a Co/Ru/Co system, the strongest AF cou-
pling is achieved when the thickness of the Ru layer is approximately 0.7 nm.
Although the most straightforward way to adjust the RKKY interaction involves
altering the spacer layer’s thickness, this adjustment is highly sensitive to thick-
ness variations; even the sputtering of several monolayers can drastically change
the coupling strength. An alternative approach involves exploiting the strongest
AF-coupled peak while concurrently incorporating dusting layers to fine-tune the
RKKY interaction’s strength.
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Figure 2.1: The normalized spin density as a function of the distance from the NM /EM
interface. Figure from M. Lalieu”®

Researchers have documented that introducing thin film Pt layers between the
spacer and FM layers, e.g. culminating in a Pt/Ru/Pt sandwich structure (refer to

Fig. 2.2a), can modulate the RKKY interaction®’’. Figure 2.2b plots the coupling
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field as a function of the inserted Pt thickness. Notably, as the Pt layer’s thickness
grows, there is a corresponding reduction in the coupling field. When this thickness
surpasses 1.3 nm, the RKKY coupling field approaches zero. The insertion of a
Pt layer between the FM and Ru facilitates precise adjustments to the RKKY
coupling’s strength, while the FM /Pt interface also boosts the PMA.

Additionally, the FM layer’s thickness can influence the RKKY coupling field as
captured by the equation:

JRKKY
MOMst

HRKKY = (22)

where Jrx iy denotes the RKKY coupling constant, M, is the magnetization, ¢ is
the thickness of the FM layer.
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Figure 2.2: (a) SAF stack with a wedge of Pt layers around the Ru layer. (b) The
RKKY coupling filed as a function of the insert Pt layer’s thickness. The Ru layer’s

thickness is 0.8 nm, which is at the strongest antiferromagnetically coupled peak. Figure
from R. Ernst "

2.2 Stoner-Wohlfarth model

When investigating the tuning of magnetic properties, the widely used Stoner-
Wohlfarth (SW) model is often employed to predict the magnetization alignment
and reversal process of the p-SAF NPs. The SW model operates on the macrospin

assumption, suggesting that materials can be characterized by a single magnetic
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moment that rotates coherently. Due to the uniaxial anisotropy of p-SAF stack, we
can regard the magnetic moment of each FM layer as a single moment. However, in
reality, this is not the case and more complicated magnetization reversal processes

occur, which are explored further in Section 2.3.

Within the SW model, the system’s energy is determined, and the alignment of
magnetization can be defined through the energy minimum state. For the p-SAF
structure, the energy terms include the anisotropy energy, the RKKY-coupling
energy, and the Zeeman energy. Figure 2.3a presents a schematic illustration of
the p-SAF NPs used in the SW model. Here, #; and 0y denote the angles between
the magnetization of the top and bottom FM layers relative to the easy axis, which
is defined as the axis perpendicular to the NP’s surface. o represents the angle

between the external field and the easy axis.
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Figure 2.3: (a) A schematic representation of the p-SAF structure within the SW
model. The red arrows represent the magnetization of the top and bottom FM layers.
The blue arrow illustrats the external field. The hysteresis loop along the easy axis when
(b) {EEEY. < Kand (c) B5KY > K| predicted by SW model.

For p-SAF NPs, the anisotropy is uniaxial. The energy associated with this uni-

axial anisotropy is given by:

E, = K.;;V sin?(0) (2.3)

Here, K.;; (with units of Jm ™) denotes the effective anisotropy constant, V'
symbolizes the volume of magnetic materials, and 6 refers to the angle of mag-
netization relative to the easy axis. K.y arises from the interplay between the
surface anisotropy PMA (K;) and shape anisotropy K gnqpe, expressed as K pp =
2% — Kpape; the factor “2” considers the effect of two interfaces of Pt/FM/Pt.
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The Zeeman energy, F.ceman, represents the potential energy of a magnetic mo-

ment in the presence of an external magnetic field. It is defined by:

E.ceman = —11 - B = =M,V B cos(a — 0) (2.4)
Here, B corresponds to the external magnetic field, while M, stands for the satu-
ration magnetization.

In the context of the p-SAF system, the RKKY interaction energy between the

two FM layers can be calculated as:

J
ERKKY = RI;KY 008(91 — 02)‘/ (25)

where Jrixy (in units Jm=2) is the RKKY coupling energy per area and is defined

as Jrxxy = poHrrx iy Mst. The parameter ¢ is the thickness of the FM layer.

We assume that the thickness and the anisotropy of the top and bottom FM layers
are the same in the p-SAF stack, the total energy per volume associated with the

SAF stack can be expressed as:

Etotal
\%4

=K (sin*(6;) + sin*(65)) + JRIZKY cos(0y — 6)

— BM; (cos(a — 0y) + cos(av — 6)) (2.6)

The magnetization tends to stabilize in a direction that minimizes the total en-
ergy; mathematically, this implies that 6%—9"1“” = 0 and 6%%;;‘” = 0. Solving these
two equations enables the determination of #; and 65, offering insights into the

alignment of the magnetization under varying fields.

Beyond assessing magnetization alignment, the SW model can also be used to
simulate the mechanical response of the p-SAF NP. This includes factors such as
maximum torque and the p-SAF NPs’ alignment relative to the external field,
especially when these particles are suspended in a liquid environment. This topic

will be further explored in section 2.4.
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2.2.1 Competition of RKKY interaction and PMA

As mentioned in Section 2.1, the magnitude of the RKKY interaction and PMA
can be precisely and easily adjusted by changing the layers’ thickness. However,
achieving the ideal sharp switching depicted in Fig. 2.3b, termed a spin-flip tran-
sition, is not always feasible. Such a sharp switch is the desired state for practical
applications to have “on” and “off” states. Both the effective anisotropy (K.ss),
primarily from PMA, and the RKKY interaction strength (Jrxky) can affect the

hysteresis loop.

When the anisotropy is smaller or comparable to the RKKY interaction (‘]’“{% <
K), the sharp switch can be observed as shown in Fig. 2.3b. When the RKKY
interaction exceeds the PMA (‘]’“{% > K), a spin-flop transition occurs, caus-
ing the magnetization to tilt toward the in-plane direction, as illustrated in Fig.
2.3¢?T100,101  This behavior results in a slanted curve toward saturation in the
hysteresis loop. To determine the spin-flip or spin-flop state, the SW model is
a powerful tool to use. Based on this, we have to notice tuning the magnetic

properties requires careful attention.

2.3 Switching behavior

As mentioned in Chapter 1, a decrease in the size of p-SAF NPs corresponds to
an increase in coercivity. This change is related to the switching behavior of the
PMA system. To understand and address this rise in coercivity, this section delves

into the physics behind such switching.

In 1947, William Fuller Brown established that the coercivity of a homogeneous,
uniformly magnetized ellipsoid should conform to the inequality based on the SW
K

model prediction: H. > ui_M — NM,, where H. represents the coercivity field and
2

N denotes the demagnetization factor??. The first term is the anisotropy field,
and the second term is the demagnetizing field. However, in real-life situations,
the coercivity in materials rarely reaches these predicted levels. This divergence
between theoretical predictions and actual measurements is known as Brown’s
paradox, which emerges because actual materials exhibit imperfections and inho-

mogeneous rotation of the magnetization. Magnetization reversal typically begins
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within a minor nucleation volume surrounding a defect that has lower anisotropy

or larger demagnetization field leading to lower coercivity.

In the case of thin film samples, the mechanism is the same. As depicted in Fig.
2.4, magnetization reversal starts with the reversal of a local nucleation center,
which is a part with low anisotropy or strong local demagnetization. Following the
reversal of the nucleation center, domain wall propagation ensues, expanding the
reversed area. The field at which nucleation center reversal occurs is termed the
nucleation field (H,), and the point where the domain wall begins to propagate is
termed the propagation field (H,). When H,, > H,, as soon as H,, is attained, the
nucleation centers switch. Given that the field sufficiently supports domain wall
propagation, the domain wall can propagate through the entire film switching the
whole structure. The switching process is governed by H,,. Conversely, when H,, <
H,, even though the nucleation centers switch, the domain wall propagation still
doesn’t start until H), is reached. Hence, the switching process is predominantly

governed by H,,.

[ Original magnetization
[[] Reversed magnetization
[.-» Domain wall propagation

Figure 2.4: Illustration of the switching process of thin film layers, which starts with
the reversal of the nucleation center, followed by domain wall propagation.

Regarding the PMA system explored in this thesis, there are reports indicating
that, H, >> H,'""*!"". This suggests that the critical step in magnetization re-
versal is the creation of nucleation centers, typically caused by a spontaneous
fluctuation at a defect or weak point in the system. Once these nucleation cen-
ters are established, the domain wall expands, facilitating the switch of the entire

sample. This dynamic sheds light on the observed increase in coercivity when the
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size of the nanostructure diminishes. Specifically, as the size decreases, the num-
ber of nucleation centers with lower H,, values decreases, requiring a higher field
to switch the nucleation center, thereby enhancing the coercivity. Furthermore,
variations in nucleation centers across individual nanostructures contribute to the

distribution of switching fields.

To quantitively characterize H,,, the SW model can be used to describe the reversal
of the nucleation center, especially considering that nucleation is often viewed as
a single domain state. The Sharrock formalism'** then captures the nuances of
the switching field as influenced by both time and temperature. Integrating these

models yields the equation to describe H,, is®*'%:

9K ksT . ( fol

where kp is the Boltzmann constant, T' represents the temperature, f; denotes

the attempt frequency, ¢ is the measurement time at each applied field, and V'
corresponds to the nucleation volume. This equation allows us to quantitatively
analyze and predict the switching field of nucleation in magnetic materials, taking
into account factors such as temperature, time, and material properties. It is
further used in Chapter 6 to model the switching fields of nanostructures of varying

dimensions.

2.4 Mechanical response

In this section, we will discuss the mechanical rotation of p-SAF NPs under con-
stant magnetic fields. This can help the reader to understand the assembly be-
havior of the NPs studied in Chapter 7.

T. Vemulkar et al. investigated the alignment of released p-SAF NPs in the pres-
ence of a constant magnetic field®”. Depending on the magnitude of the external
field, the NPs orient either perpendicular or parallel to it. Figure 2.5(a-b) present

optical microscopy images of a suspension of 2 pm p-SAF NPs in liquid exposed
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Figure 2.5: Optical microscopy images of the 2 pm SAF microdiscs suspended in water
under applied fields of (a) ~720 Oe and (b) ~1.42 kOe. The SAF microdiscs comprise
[Ta(2)/Pt(2)]3[Ta(2)/Pt(2)/CoFeB(1.2)/Pt(0.5) /Ru(0.9)Pt(0.5)/CoFeB(1.2) /Pt(2)]2/
Ta(2)/Pt(2)/[Ta(2)]3, with thickness in nm. (c) Minimum energy curves along the
easy axis direction (blue), hard axis direction (red), and global (black) for the SAF
structure. The figure below displays the disc alignment and the FM layer moment
orientations across varying field values; red arrows depict the applied field, while the
green and yellow arrows signify magnetization. This figure is adapted from®’.

to fields of 720 Oe and 1420 Oe*. At 720 Oe, the NP surfaces align parallel to
the external field, with some NPs forming chains of discs in an edge-to-edge con-
figuration. Conversely, at 1420 Oe, all NPs align perpendicularly, and some are

connected face-to-face, forming chains.

The orientation of the NPs relative to the external field, whether parallel, perpen-
dicular, or at any other angle, depends on the angle that minimizes the system’s
energy. This energy can be calculated from the SW model, as outlined in eq 2.6.
Figure 2.5¢ shows the energy curves of the SAF NPs in relation to the external
field, which is directed along both the easy axis and the hard plane. At field H,
the RKKY coupling field in the easy-axis hysteresis loop, the SAF stack under-

goes a switch and saturates. The energy curves for the easy axis and hard plane

*CGS units are used in the reference, however, SI units are used throughout the rest of the
thesis.
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intersect at Hg,». Beneath Hyg,,, hard-plane configurations have lower energy,
prompting the NPs to align parallel to the external field and the net magnetic
moment to align in-plane. Beyond H:g A the easy axis alignment holds the lowest
energy, causing the NPs to rotate and align perpendicular to the external field.
Note Hg - is normally larger than to H;. With a small external field (< Hg ,5),
the revolving external field drives rotational motion of the particles within the
NP plane. Due to its circular geometry, torque transfer to the surrounding en-
vironment is inefficient. To capitalize on the torque generated by p-SAF NP, a
magnetic field surpassing Hk'g A 18 requisite, ensuring NP alignment perpendicular
to the external field.

In this section we explored the minimum field strength Hg , required for rotating
NPs in a liquid environment which is crucial for utilizing these NPs. This knowl-
edge lays the groundwork for later discussions in Chapter 7 of the thesis, where
we delve into the assembly of p-SAF NPs and their behavior under a rotating

external field.






Methods

In this chapter, we present the various methods employed to generate the results,
focusing primarily on two aspects: the fabrication techniques and the character-
ization techniques. Initially, we introduce all the fabrication techniques used to
produce p-SAF NPs, including imprinting, magnetron sputtering deposition, ion
beam milling, and reactive ion etching. In the second part, we describe different
methods to characterize the magnetic properties of p-SAF NPs. This includes
photothermal magnetic circular dichroism, which is utilized for measurements at
the single-particle level. Additionally, we introduce conventional methods such as
Magneto-Optical Kerr Effect (MOKE) and Superconducting Quantum Interference
Device (SQUID) for characterizing static magnetic properties

3.1 Micro fabrication methods

Compared to wet chemical synthesis methods for producing nanoparticles, meth-
ods based on micro-fabrication techniques in the semiconductor industry, which
typically employ lithography, offer a more uniform size distribution. This preci-
sion is largely due to the use of a mask that defines the pattern. In this section,
we first describe the patterning methods used to create the pattern of NPs,; fo-
cusing on substrate conformal imprint lithography (SCIL). We then discuss the
processes for growing the desired material layers and various methods employed

to etch these layers into disc-shaped NPs.

33
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3.1.1 Substrate conformal imprint lithography

SCIL is used to create the disc shape, which can then be used as masks for subse-
quent etching. Imprint lithography is a technique that can quickly create repetitive
structures at a low cost and on a large scale. The specific advantage of SCIL is its
ability to achieve conformal contact on a large scale, as the name suggests, which

enables precise pattern transfer even at nanometer resolution'’.

The process of SCIL is illustrated in Fig. 3.1. The imprint resist, which is a silicon-
oxide based sol-gel, is first spin-coated on the wafer. The primary component of the
resist comprises organically modified silicon precursors, alcohol, and water. These
components react to form a stable Si-O-Si bond, which serves as the foundation
for silicon oxide glass. During and after the resist is spin-coated, alcohol and water
evaporate from the liquid, facilitating the formation of the silica network. A stamp
is then pressed into the resist. Due to capillary forces, the resist fills the cavities
in the stamp automatically. The stamp remains in contact until the resist layer
solidifies through heating. Once the resist hardens, the stamp is removed, leaving
behind the desired pattern.

(a) (b) (c) (d)
Press Heat Remove Stamp

Figure 3.1: Schematic of the nanoimprint process: (a) Spin-coating of the resist. (b)
Pressing the stamp into the resist. (¢) Heating the resist to solidify it. (d) Removing
the stamp.

The conformal contact is achieved through a specially-designed stamp and re-
sist 'Y, In the SCIL process, a composite stamp is specially designed as depicted

in Fig. 3.2(a). It consists of two rubber layers: high-modulus PDMS and com-

107,108

mercial PDMS, supported by a thin glass layer . For successful imprinting,

a low Young’s modulus is essential to ensure conformal contact. However, a low

109,110 Tp

Young’s modulus might lead to the pattern collapsing after imprinting
SCIL, a combination of high-modulus PDMS and low-modulus PDMS is used '"°.

High-modulus PDMS possesses a high Young’s modulus and retains the pattern



3.1. Micro fabrication methods 35

structure, facilitating stable feature reproduction without deformation'!'. A softer
PDMS is incorporated to maintain the conformal contact. The thin glass is flexi-
ble in the out-of-plane direction (refer to Fig. 3.2b), enabling consistent conformal
contact. Furthermore, in-plane rigidity of the glass plate helps in minimizing pat-

tern distortions'°.

The resist used in SCIL is also distinctively formulated. Typically, TMOS, charac-
terized by the chemical formula Si(OCHjz)y, is employed for imprinting. It under-
goes hydrolysis (forming silicon hydroxyl groups ((CH30)3Si-OH) upon reacting
with water) and condensation (where two silicon hydroxyl groups interact, releas-
ing water to form a Si-O-Si bond) to create Si-O-Si bonds, thereby cross-linking
to form a thin film atop the substrate. However, both the hydrolysis and con-
densation reactions of TMOS can induce resist shrinkage, potentially distorting
the original pattern''>''?. To address this, organically-modified silicon precur-
sors like methyl-tri-methoxy-silane (MTMS), represented by the chemical formula
CH3Si(OCHjy)s, are introduced to partly replace TMOS. This modification allows
tuning the degree of cross-linking in the resist, culminating in reduced shrinkage
of the final structure'”. A comprehensive explanation is beyond the scope of
this section, but interested readers can delve deeper into the topic in the cited

thesis %%,

3.1.2 Magnetron Sputtering

Magnetron sputter deposition is employed to deposit the p-SAF metallic layer.
This physical vapor deposition technique offers precision control of the thin film
thickness at the sub-nanometer level. Given its simplicity, high growth rate, and
cost-effectiveness, sputtering is a prevalent choice in the industry for magnetic

thin film deposition.

Figure 3.3 depicts the sputtering process. The substrate is positioned in an ultra-
high-vacuum chamber, which maintains a base pressure of 10~ mbar to avoid
contamination, and is placed beneath the target. Ar gas is fed into the cham-
ber, and a high voltage is established between the anode and the cathode target,
leading to the formation of an Ar™ plasma. The energized Ar™ ions are propelled

towards the cathode target by the negative electrical field potential. A magnet,
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Figure 3.2: (a) Illustration of a SCIL composite stamp. (b) Images of SCIL stamps,
demonstrating the flexibility in the out-of-plane direction by bending the stamp. In
the image on the right, interference colors are visible, stemming from a repetitive pillar
pattern. Image from '

positioned behind the target, establishes fields around it. This configuration helps
in confining the plasma close to the target, thereby reducing background pres-
sure and boosting the growth rate. Upon reaching the target, the energetic Ar*
ions displace target atoms through momentum transfer. The released atoms then

migrate to the substrate, resulting in thin film deposition.

3.1.3 lon beam milling

Ion beam milling (IBM) is a prevalent non-selective physical etching technique
that utilizes a beam of highly-accelerated ions to etch a sample. The sample is
bombarded by the ion beam, and during this collision, the highly-energetic ions
transfer their momentum to the surface atoms. This results in the removal of
these atoms from the sample. IBM is commonly employed in metal etching for

the magnetic random access memory (MRAM) industry.

The working principle of IBM is depicted in Fig. 3.4. The gas, in our instance,

Ar, is introduced into the chamber and is subsequently ionized through radio
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Figure 3.3: Schematic of the magnetron sputtering process. Art plasma is generated,
and the Ar™ ions bombard the target material. Atoms ejected from the target material
attach to the substrate and form a thin film.

frequency plasma sources. The generated Ar™ ions are then accelerated by an
electric field, forming a high-energy ion beam. This ion beam is subsequently
neutralized by electrons from a neutralizer to prevent the accumulation of charged
particles on the sample. To ensure uniform etching, the sample holder can be
adjusted both in tilt and rotation during the etching process. A secondary ion
mass spectrometer (SIMS) is positioned near the sample. This serves as an end-
point detector, monitoring the milling progress by analyzing the ejected secondary

ions.

There are several phenomena that can lead to ill-defined structures after etching,
such as faceting, trenching, and redeposition''*. In our fabrication of NPs, rede-
position can cause irregular shapes at the edges of NPs, which will affect their
functionalization and subsequent applications. It is one of the primary issues we
aim to address. Figure 3.5 illustrates the principle of redeposition. When the inci-
dent ions reach the sample and kick the atoms away from the sample surface, not
all of these sputtered atoms manage to escape from the sample’s vicinity. Some
remain close to the sample’s surface and can adhere back to it, leading to the

phenomenon of redeposition.

To get rid of redeposition, one direct approach is to employ a thin and hard
mask, which can reduce the area that sputtered atoms might attach to'!®. Wet
chemical cleaning has also been reported to remove redeposition, but the chosen

solution requires careful selection to ensure it does not adversely affect the material
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Figure 3.4: The schematic of an ion beam miller. The Ar gas flows into the chamber
and is ionized by the radio frequency coil. The ionized Ar™ is directed and accelerated
to the target by the accelerator. A neutralizer is used to eject electrons to neutralize
the ion beam before reaching the sample. An end-point detector, SIMS, is placed next
to the sample to detect the outgoing atoms.

properties %, Another widely adopted method is multi-step milling''™!'®. The
process begins with high-angle etching (denoted as « in Fig. 3.4), which offers
a rapid etch rate and serves as the primary etching step. This is followed by a
low-angle etching, mainly to remove the redeposition on the mask’s sidewall. In
our fabrication protocol, we combine the multi-step etching process with a post-
fabrication sonication process, which physically removes the redeposited material

from the edges. Further details are elaborated upon in Chapter 4.

3.1.4 Reactive ion etching

Reactive ion etching (RIE) is a prominent dry etching tool utilized in the semi-
conductor industry. It operates based on a selective etching process, driven by
specific chemical reactions. Depending on the material targeted for etching, var-
ious reactive gases that can interact with the material are selected, such as O,
Cly, CHF3, and CyF.

In this thesis, RIE is employed to etch SiOs-based nanoimprint resist. A mixture

of CHF3 and O, gases is used. The reactions involved are''”:
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Figure 3.5: Schematic illustration of redeposition during ion beam milling. The
sputtered atoms (shown in grey) attach to the mask (shown in yellow).

CHF3+6_ —>CHF3_Z+ZF_ (31)
SiOQ‘FCHFg —>COQ—|—SiF4+H2 (32)

Under plasma conditions, CHF3 dissociates to form fluorine ions (F~), which react
with SiO,. The reaction byproduct, SiFy, is gaseous and is evacuated from the

chamber.

A schematic of the RIE etching process is depicted in Fig. 3.6. The chamber
is filled with the reactive gases, wherein the sample is placed. A plasma forms
between two charged plates, accelerating the formed F~ ions toward the posi-
tively charged plate where the sample resides. This ionized gas interacts with the
sample, affecting the etching process, after which the reaction byproduct gases are
evacuated from the chamber. It’s important to note that due to the bombardment

of ions, there is also a component of physical etching.

3.2 Magnetometry

In this section, we present the primary characterization methods employed in
this thesis. We begin by explaining the principles behind the Magneto-Optical
Kerr Effect (MOKE). Following this, we delve into the Photothermal magnetic
circular dichroism (PT MCD) and MOKE measurement methods, both of which
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Figure 3.6: Schematic illustration of RIE process

derive from the MOKE effect. Lastly, a brief introduction to the Superconducting
Quantum Interference Device (SQUID) is provided.

3.2.1 Magneto-optical effect

Magneto-optical (MO) effects refer to the phenomena in which the characteris-
tics of an electromagnetic wave are changed upon interaction with a magnetized
medium. An example of MO effects is the Faraday effect, discovered in 1845
by Michael Faraday. This effect demonstrates that the polarization axis of lin-
early polarized light rotates when it propagates through a transparent magnetized
medium. Subsequently, in 1877, John Kerr observed a change in the polarization
of light upon reflection, rather than transmission, from a magnetic material. This

phenomenon is known as the MOKE ",

The core principle behind the MO effect stems from the differential refractive in-
dices that right-hand (RCP) and left-hand (LCP) circularly polarized light display
when interacting with a magnetic material. Using the MOKE effect as an illustra-
tion, as depicted in Fig. 3.7a, linearly polarized light comprises a combination of
RCP and LCP light. When this light reflects off a magnetic surface, it traverses the
material. During this process, the LCP and RCP light undergo differing velocities
and absorption rates. This creates a significant phase and amplitude difference
between the two polarization modes, leading to a rotation of the polarization axis
of the reflected light, termed Kerr rotation (#), and a change in amplitude relative
to the incoming light, referred to as Kerr ellipticity (¢), as illustrated in Fig. 3.7a.
These effects are directly linked to the material’s magnetization and can thus be

employed to measure the magnetic properties of materials.
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Figure 3.7: (a). Schematic illustration of the MOKE effect. The inserted linearly
polarized laser (red arrow) changes in rotation and ellipticity when reflected from a
magnetic surface. The green and orange circles represent left-handed (LCP) and right-
handed (RCP) circularly polarized light. (b). Three different MOKE configurations:
polar, longitudinal, and transverse. Each mode is defined by the alignment of the
magnetization (black arrows) relative to the surface and the plane of the incident laser.

Three primary configurations exist for observing MOKE: longitudinal, transverse,
and polar, as illustrated in Fig. 3.7b. Each configuration is distinguished by
a specific alignment of magnetization relative to the incident laser beam’s plane
and the sample surface. Notably, the polar MOKE configuration is sensitive to
out-of-plane magnetization, particularly when the laser beam is aligned with the
magnetization axis. In practice, measurements for out-of-plane magnetized sam-
ples, the main subject of this thesis, are mostly performed using the polar MOKE

configuration, where the laser beam is incident perpendicularly to the samples.

3.2.2 Photothermal magnetic circular dichroism

Photothermal magnetic circular dichroism (PT MCD) is an indirect measurement
technique that allows for the magnetic characterization of single magnetic parti-
cles at the nanometer scale. In this thesis, we employ PT MCD to measure the
hysteresis loop of a single 120 nm diameter p-SAF NP. The magnetic character-
ization builds upon the MOKE effect described in Section 3.2.1, which we then
use photothermal microscopy to observe the MCD. In this section, we outline the
fundamentals of magnetic circular dichroism and the photothermal effect, followed

by a description of the PT MCD setup used for single p-SAF NP characterization.
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Magnetic circular dichroism

Magnetic circular dichroism (MCD) refers to the differential absorption of LCP
(o) and RCP (og) light in magnetic materials. This phenomenon shares the
same microscopic origin as MOKE, as discussed in Section 3.2.1. The differential

absorption (Ac) can be expressed as:

Ao =0 —0R (3.3)

It is important to note that the geometric asymmetry of particles can also lead to
circular dichroism (CD), manifesting as different absorption rates. However, MCD
differs in that it is independent of geometry and arises solely from the magnetic
properties, a characteristic present in magnetic materials with magnetization. In
our measurements of p-SAF NPs, the particles exhibit a circular shape; therefore,
no CD signal from the shape is expected. We predominantly utilize the polar
MOKE configuration, depicted in Fig. 3.7.

Photothermal effect

The differential absorption of polarized light is measured using photothermal mi-
croscopy, an optical technique uniquely sensitive to absorption. A schematic il-
lustration of the photothermal effect is displayed in Fig. 3.8. When a small
nanoparticle submerged in a liquid medium is illuminated, it absorbs light. This
absorbed energy is primarily converted into non-radiative pathways, leading to
heat generation. This generated heat induces changes in the refractive index of
the liquid surrounding the particle. This refractive index change results in a phe-

nomenon referred to as the “thermal lens”'?!

. The refractive index change can
be monitored by a secondary laser, termed the probe beam, whose focal plane
is affected by a thermal lens. It’s essential to note that the wavelength of the
probe beam is selected to be significantly distant from the absorption resonance
of the particle, avoiding further heating. Through the thermal lens, differential

absorption can be detected.
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Figure 3.8: The photothermal effect of a nanoparticle (yellow ball) immersed in a
liquid environment. When a heating beam (depicted in green) illuminates the particle,
it generates heat in the surrounding area, leading to local changes in the refractive index.
This change creates a thermal lens, which in turn affects the propagation of the probe
beam (illustrated in pink).'*

PT MCD setup

Combining the MCD technique with PT microscopy yields the PT MCD setup,
whose schematic illustration is depicted in Fig. 3.9. A heating laser (illustrated in
green) with a wavelength of 532 nm and a tightly focused probe beam (depicted in
red) with a wavelength of 780 nm are employed. The heating laser illuminates the
sample via the microscope objective, with its polarization state being periodically
modulated between LCP and RCP at a specific frequency f,,. This polarization
modulation is achieved using a suite of polarization optics. For instance, an electro-
optical modulator (EOM) rotates the incoming linear horizontal polarization by 90
degrees, while a quarter-wave plate (QWP) converts these two orthogonal linear
states into LCP and RCP. Further details on the optical components can be found
in the publications'??'**. The probe beam is directed onto the sample using the
same microscope objective. To efficiently detect the back-scattered probe beam
signal, a combination of a polarizing beam splitter (PBS) and QWP is employed.
Before being focused onto the photodiode (PD) detector, the scattered probe beam
undergoes filtration from the heating beam through a band-pass filter (BP780).
Given that the PT signal is typically very small, a lock-in amplifier set to the

modulation frequency f,, is incorporated to amplify the signal.

The measured NPs are immersed in an immersion medium. The change of the

probe beam upon heating is linearly dependent on the thermorefractive coefficient
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Figure 3.9: Schematic representation of the photothermal magnetic circular dichro-
ism microscope setup. The 532 nm heating laser beam traverses a set of polarization
optics, modulating its polarization between left- and right-circularly polarized states at
a specific frequency. The 780 nm probe laser is directed through a combo of a polarizing
beam-splitter (PBS) and a quarter-wave plate (QWP). It then merges with the heating
beam at a beam-splitter (BS) at an approximate angle of 5°. The gathered probe light
is filtered from the heating light using a band-pass filter (BP 780). The photothermal
signal is extracted using a lock-in amplifier. A cylindrical permanent magnet, positioned
perpendicular to the sample plane, can be adjusted to a distance to exert a magnetic
field on the sample. The inset provides a magnified perspective of the dashed box. This
figure is sourced from the paper'**.

on/OT of the enveloping medium, where n is the refractive index and T" repre-
sents the temperature'””. To attain a stronger PT signal, a medium with a high
thermorefractive coefficient should be chosen. An external magnetic field is gener-
ated by a cylindrical NdFeB magnet positioned perpendicular to the sample plane.
Adjusting the magnet’s position relative to the sample allows for changes in the
applied magnetic field. Figure 3.10 shows an example of a PT MCD measurement
performed on magnetite (Fe;O,4) particles with a diameter of 400 nm. The particles
are marked with circles. When exposed to opposing magnetic fields, they exhibit
opposite signals, indicating the reversal of magnetic moment alignment. By col-

lecting the signal variations from individual particles under an applied external
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magnetic field, we can obtain the hysteresis loop for a single particle.
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Figure 3.10: An example of the PT MCD measurements of 400 nm diameter mag-
netite (Fe3Oy4) particles in hexadecane exposed to (a) -0.4 and (b) 0.4 T external fieldin
hexadecane. Individual particles exhibiting considerable MCD are marked with circles
and numbers to indicate their g factors. This figure is sourced from the ref!?*.

3.2.3 MOKE

Static polar MOKE (refer to Fig. 3.7b for the configuration), sensitive to out-of-
plane magnetization, serves to measure the magnetization switching of our p-SAF
NPs. Note the technique is not used for single NP measurement. The experimental
setup of MOKE is depicted in Fig. 3.11. The laser beam traverses the polarizer
(P1) and is linear polarized. Subsequent to this polarization, the laser beam is
focused on the sample, engaging with the magnetic material, which results in Kerr
rotation. After reflection from the sample’s surface, the beam navigates through
a second polarizer (P2), termed the analyzer. The analyzer P2 is purposefully
aligned nearly orthogonal to the initial polarizer P1 to enhance the signal. The

intensity of this reflected beam is subsequently detected by a photodetector.

To obtain an optimal signal-to-noise ratio, a combination of a photo-elastic mod-
ulator (PEM) and a lock-in amplifier is employed. The PEM, situated post P1,
uses the photo-elastic effect to cause a consistent oscillation in the light’s polar-
ization state. The captured signal is synchronized to the PEM’s driving frequency
(set at 50 kHz for this thesis). Through the lock-in amplifier, the arrangement
distinguishes and measures the laser’s ellipticity or rotation, separating it from

other effects. Both the change in ellipticity, measured at the first harmonic of the
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PEM frequency, and rotation, measured at the second harmonic, can be used to

reflect the change of magnetization, more details are described in the ref”.
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Figure 3.11: Schematic of the MOKE measurement setup.

3.2.4 SQUID

Superconducting Quantum Interference Device with a Vibrating Sample Magne-
tometer (SQUID-VSM) is a typical technique used to quantitatively characterize
the static magnetic properties, such as the magnetic moment, of a sample. The
principle of the technique is based on VSM, where the sample is situated between
two coils and is set to vibrate. This vibration generates an oscillating magnetic
field emanating from the sample’s inherent magnetic moment. The coils, being
sensitive to these fluctuations, detect this oscillating field through the current in-
duced. By measuring this induced electrical signal, the local magnetic moment of

the sample can be determined.

In SQUID-VSM, the coils are replaced with superconducting coils containing
Josephson junctions. The vibration can induce a current flow, which induces
an asymmetry in the Josephson junctions, causing a potential difference between
two junctions. From this difference, the magnetic moment can be recalculated.
More details of the working principle of SQUID can be found in the literature'*°.
Compared to VSM, SQUID-VSM offers a remarkable detection resolution reach-
ing 1071 Am?. Such high sensitivity makes SQUID-VSM exceptionally suitable
for probing SAF stacks which have low magnetization at small fields. In this the-
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sis, we use SQUID-VSM to measure the hysteresis loop of our p-SAF NPs. For
measuring 120 nm diameter NPs, approximately 5x10% NPs are required to reach

the sensitivity.






Substrate conformal imprint fabrication
process of synthetic antiferromagnetic

nanoplatelets

Methods to fabricate and characterize monodisperse magnetic nanoplatelets for
fluid /bio-based applications based on spintronic thin-film principles are a challenge.
This is due to the required top-down approach where the transfer of optimized
blanket films to free particles in a fluid while preserving the magnetic properties
is an uncharted field. Here, we explore the use of substrate conformal imprint
lithography (SCIL) as a fast and cost-effective fabrication route. We analyze the
size distribution of nominal 1.8 pum and 120 nm diameter platelets and show
the effect of the fabrication steps on the magnetic properties which we explain
through changes in the dominant magnetization reversal mechanism as the size
decreases. We show that SCIL allows for efficient large-scale platelet fabrication
and discuss how application-specific requirements can be solved via process and

material engineering.”

4.1 Introduction

Magnetic particles have been widely used in bio-applications due to their abil-
ity to mechanically manipulate their surroundings remotely via externally applied

magnetic fields. In particular, the utilization of magnetic torques induced via

*This chapter has been published in Applied Physics Letters: Li, J. et. al.'*7
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an externally rotating magnetic field is of interest for applications such as micro

31 Superparam-

mixing '“%, cancer treatment '>'*" and the manipulation of cells
agnetic nanoparticles (SPNs) have traditionally been used in torque-related appli-
cations '*>. However, due to their limited magnetic anisotropy and spherical shape,
the translation of magnetic torque to mechanical torque is limited. To overcome
these limitations, particles with enhanced shape or magnetic anisotropy have been
studied, e.g. NiFe nanodiscs with a vortex spin configuration **!** and magnetic
nanorods'?. Synthetic antiferromagnetic (SAF) nanoplatelets (NPs) with high
perpendicular magnetic anisotropy (PMA) are among the most promising candi-

dates 23,62,63,85

SAF NPs with PMA typically consist of a multilayer stack: Ta/Pt/Co/Pt/Ru/Pt/
Co/Pt. The strong hybridization of the 3d-5d orbitals at Co and Pt interfaces in-
duces a large PMA ™. This large anisotropy and the fact that PMA induces a
hard-plane anisotropy (the plane of the disc) and an easy-azis perpendicular to
the the disc, are the key factors for effective magnetic-mechanical torque trans-
duction?®. The two ferromagnetic layers are antiferromagnetically coupled by the
Ru layer through the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction” .
The SAF stack exhibits a zero net magnetic moment at zero applied magnetic
field, preventing the aggregation of particles in liquid at zero field; a key requisite
for applications. The Pt layers around the Ru layer tune the RKKY interaction
and increase the PMAY". The high tunability of the PMA and RKKY and the
freedom in shape and size of the platelets using top-down lithography methods

make SAF NPs fascinating for remotely induced nanoscale torque applications.

However, one of the major issues is to fabricate monodisperse SAF NPs of dif-
ferent size, especially in nanometer range with high throughput and low cost.
UV-lithography with a lift-off process has been reported to pattern 1.8 pm diam-
eter SAF NPs%. However, due to the diffraction limit, it is hard to reach the
sub-micron meter with conventional UV-lithography. Nanoimprint was used to
fabricate SAF NPs with in-plane anisotropy at much smaller diameters down to
122 nm®513% Although smaller size can be achieved, the additive lift-off process
has its native problem, i.e. it is difficult to obtain a uniform thickness when the
critical dimensions reach the resist thickness. As the PMA-SAF system requires

Angstrom scale control of the layer thickness to stabilize the magnetic behavior,
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Figure 4.1: The schematic of the fabrication process of PMA-SAF NPs. (1) A sacrificial
layer of Cu is sputtered on the Si wafer. (2) The SAF stack is sputtered on the Cu layer.
(3) Spin-coat the resist. (4) Imprint. (5) Reactive ion etching (RIE) is used to etch the
resist. (6) The metal layers are etched by ion beam milling (IBM). (7) The remaining
resist is removed by buffered hydrogen fluoride (BHF') solution. (8) The re-deposition
caused by the IBM process is removed by sonication. (9) Finally, the NPs are released
by dissolving the Cu layer in CuSO4-ammonia solution

such additive methods cannot be used. Hence, a subtractive method is preferred
where one can start with a blanket film on a wafer. Recently, nanosphere lithog-
raphy; where polystyrene (PS) beads were used as hard masks, combined with
an ion milling process was reported to produce NPs with different sizes®*!371%,
Nevertheless, this method suffers from non-uniform PS bead size and moreover,

the yield depends on the distribution of the beads over a large area.

In this paper, we present a subtractive method based on substrate conformal im-
print lithography (SCIL) to fabricate monodisperse SAF NPs in the micrometer
and nanometer range. The stamp used in SCIL is composed of two rubber layers
on a thin glass support (see Fig. 3.2). The SCIL technique is based on a differ-

ence between the in-plane stiffness of the glass which avoids pattern deformation
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over large areas, while the out-of-plane flexibility from the rubber layers allows
conformal contact to underlying surface features'®’. With these properties, SCIL
can be used to pattern large wafers up to 300 mm while keeping a uniform size
of the features. In addition, this technique can be used to fabricate NPs from
the nanometer to micrometer range and different shapes of the platelets can be
thought of as the stamp used for the process can be custom made. Here we focus
on two sizes of SAF NPs - 120 nm diameter NPs, which are within the range

suitable for in vivo circulation and thus ideal for nanotherapeutics'*’

,and 1.8 pm
diameter NPs, which are designed to manipulate their surroundings in the mi-
crometer range. The magnetic properties of the discs after fabrication are studied
and compared to literature, indicating that the SCIL fabrication route is a good

candidate for large-scale PMA-SAF production.

4.2 Methods

The SCIL based fabrication process for the PMA-SAF platelets is outlined in
Fig. 4.1. We start with depositing a 2”7 Si wafer with a 30 nm sacrificial Cu
layer and the SAF stack using DC magnetron sputtering.” The basic SAF stack
is [Ta(4)Pt(2)/CoB(0.8)/Pt(0.3) /Ru(0.8) /Pt(0.3)/CoB(0.8) /Pt(2)] with thickness
in nanometers. For 1.8 pm SAF NPs we use 5 repetitions of the basic stack and
for 120 nm NPs we use one repetition. Here 5 repetitions are used for 1.8 pm SAF
NPs to increase the total thickness and prevent roll-up of the thin film during
release (see Fig. A.1). Then, we spin-coat the SCIL sol-gel resist and manually
imprint the pillar structure using a custom SCIL imprint station, followed by sol-
gel dependent hot plate bake and stamp removal. After transfer, the masks are
etched by selective reactive ion etching (RIE) to open the area around the pillars.
The metal stack is then etched by a non-selective Ar ion beam milling (IBM) step
and followed by buffered HF (BHF) dip to remove the residual sol-gel resist on
top of the nanoplatelets. During the IBM process, re-deposition on the masks can
cause irregular side walls to grow around the NPs (see Fig. A.3(e-f)). To remove
the re-deposited material, the sample is immersed in deionized (DI) water and
sonicated for 20 minutes. Finally, the NPs are released in solution by dissolving
the Cu layer in 1.5% CuSOy4- 10% ammonia solution®'.

"More details of the fabrication process are in Appendix A.1
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Figure 4.2: SEM images of 1.8 pm diameter and 120 nm diameter SAF NPs (a, e)after
imprinting, (b, f)before release, and (c, g)after release and dried on a Si substrate. The
insert of (c) and (g) is the TEM image of 1.8 pm and 120 nm diameter SAF NPs. (d)
and (h) is the size distribution of released 1.8 pm diameter and 120 nm diameter SAF
nanoplatelets calculated from NPs before released.

4.3 Results

The patterns of 1.8 pm and 120 nm diameter NPs after nanoimprint, before release,
and after release, were observed using scanning electron microscopy (SEM) as
shown in Fig. 4.2. More details can be found in Fig. A.3. After imprinting,
monodisperse disc-shaped patterns are transferred for both 1.8 pm and 120 nm
diameter NPs shown in Fig. 4.2(a) and 4.2(e). From Fig. 4.2(b-c) and Fig.
4.2(f-g), we see that the disc patterns are transferred into the metallic layer with
uniform size after different etching processes and the NPs can be released without
damaging the shape. The extracted size of the SAF NPs is shown in Fig. 4.2(d)
and Fig. 4.2(h), which is 1.88 4+ 0.02 pm and 123.3 + 3.3 nm, indicating a
highly reproducible SCIL pattern transfer over the full 2”7 wafer area, with the
size distribution approximately 1.1% and 2.6%.*

Here, our used stamps have a packing density of 34 % and 11% for 1.8 pm and 120
nm NPs respectively (see Appendix A.2 for details). This packing density is not
as high as the reported value of 50% for 1 pm discs and of 31% for 100 nm discs

¥The method to obtain size distribution is shown in Appendix A .4
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fabricated through nanosphere lithography®. However, the yield of SCIL which
is determined by the specific stamp used for imprint can easily be increased by

using a higher-packed mask and is not further addressed here.

To investigate the change in magnetic response due to the fabrication, the hystere-
sis loops of 1.8 pm and 120 nm SAF NPs were measured by SQUID magnetometry
as shown in Fig. 4.3 and Fig. 4.4. The left and right column of the figures show
the hysteresis loops measured with the applied magnetic field perpendicular (easy-
axis) and parallel (hard-plane) to the film plane respectively. To obtain the minor
loop, the samples were first saturated in a positive field, then the magnetic field
was decreased to zero and swept back to the positive saturation field. From the
minor loop, the RKKY coupling field (p10H,kky) is defined as ’M and the
coercivity (uoH.) is defined by M as shown in Fig 4.3(b)?". The standard
deviation of poH; and pgHs is defined as the switching field distribution (SFD)
(More details are in Appendix A.4).

Let us first discuss the magnetic properties of 1.8 ym NPs. The as-deposited
blanket thin film is shown in Fig. 4.3(a). At a low magnetic field, the total
magnetization is approximately zero, which is expected from the antiferromagnetic
coupling of the top and bottom CoB layers in the basic stack and nearly equal
magnetic moment of the two CoB layers. A small remnant moment at zero field
can be observed in the inset Fig. 4.3(a), this is due to a slight thickness difference
of the CoB layers during sequential growth®*. Increasing the external field leads to
a abrupt magnetization switch of the layer as expected from PMA-SAF samples in
the spin-flip regime (i.e. where the PMA is much larger than the RKKY coupling)
when the field is applied along the easy-axis’”. This field we term the switching
field, which depends on pigH, iy and poH.. From the minor loop we can extract
toH iy = 208 £ 10 mT and poH. = 6 &= 1 mT for the blanket film.5

Let us now turn to the switching behavior of the patterned film of 1.8 pm NPs
before release as shown in Fig. 4.3(b). Ideally, the magnetic properties of the blan-
ket film are propagated to the patterned NPs, however, two main differences can
be observed; (1) puoH, has increased from 6 mT to 102 mT, and the switches are
smeared out in the field, where the SFD has increased from 11 mT to 19 mT. (2)

SThe method to determine the error of joH, is described in Appendix A.5
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Hysteresis loops of the 1.8 pm NPs measured through SQUID. The

left column contains the hysteresis loops measured along the easy axis for (a) the as-
deposited thin film (b) before release and (c) release in water and dried on a Si substrate.
The inserts in (a-c) show the zoom-in region of the black box near the origin of the loop.
The right column includes the hysteresis loops along the hard plane for (d) the as-
deposited thin film (e) before release, and (f) after release. The arrows indicate the
direction of the magnetization of the top and bottom ferromagnetic layers.
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The coupling field jio H,xxy has reduced from 208 mT to 165 mT. The first observa-
tion can be explained by the dominant magnetic reversal mechanism (nucleation
vs domain wall propagation'’*'") which for these PMA-SAF films typically de-
pends on the number of defects per surface area. Reducing the area of the object
(patterning), the chance of finding a defect per platelet reduces, hence this leads
to the increase of the pugH.. Moreover, the sample area probed in the SQUID

2 containing ~ 1.5x 10° particles. The hysteresis observed is

is around 4x4 mm
an ensemble response of all the NPs in the sample, from which the distribution
of switching fields can be explained. The change in coupling field poH,kk, has
been observed before and is attributed to processing induced changes®. Despite
these differences, the typical SAF properties namely two distinctive switches and
the well defined antiferromagnetic state at zero applied field are observed, which
are similar to the blanket thin film. The saturation magnetization (M) of the
platelets is 1067 kA /m and 1118 kA /m for the blanket and patterned film, respec-
tively (see Fig. 4.3(a) and 4.3(b)). The similar values indicate that the fabrication

process does not change the magnetic properties significantly.

Let us now concentrate on the hysteresis loop measured on the released platelets
as shown in Fig. 4.3(c).Y Note the value of magnetization is not included in Fig.
4.3(c) and (f), as we cannot determine the magnetization without knowing the
exact volume of magnetic materials. Overall the observed response is similar to
the NPs before release. However, the hysteresis loop becomes more slanted and
there is a slight increase in the SFD from 19 mT to 22 mT, which is speculatively
attributed to a distribution in the angle of alignment of the dried-in platelets
relative to the applied field direction and possibly stray fields of piled up platelets
(see also Fig. 4.2(c) where many platelets piled on top of each other). Overall, it
is clear that the 1.8 pm NPs before and after release keep their antiferromagnetic
state at a low magnetic field and switch at high applied fields. The similar g H,
and poH,. indicate that the final release step does not degrade the SAF properties
(more details are in Appendix A.3). On comparing the blanket film to the final
released particles, a significant increase of the coercive field pugH,. and a broader

SED are observed, which we attribute to the well-known size effect of patterning
PMA films®®.

IThe details of SQUID measurement are shown in Appendix A.4
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We will now move on to discuss the PMA of the NPs, which is the key factor of
effective torque transduction'*?. To demonstrate the PMA of the NPs, the hard-
plane hysteresis loops are shown in the right column of Fig. 4.3. In Fig. 4.3(d)
a well defined hard-plane loop is observed typically for a PMA-SAF full film. At
zero field, the magnetization of the layers points antiparallel to each other leading
to zero net magnetization. With increasing absolute field, the magnetization of the
top and bottom CoB layers are tilted towards the applied field. Further increasing
the field, the magnetizations tilt more and finally saturate. In Fig. 4.3(e) a
shoulder appears around 1 T and a more hysteretic behavior is found, which we
speculatively attribute to edge tilting of the magnetization of the individual islands
(NPs) on the surface. In Fig. 4.3(f) the measurement is taken on an ensemble of
redispersed NPs on a wafer, in this process the hard-plane relative to the field is
not well defined as platelets are not all flat on the surface as can be seen in the
inset of Fig. 4.2(g). Hence, as expected a high slope around zero field and a more
curved approach to saturation is observed due to the different field-alignments
to the hard-axis of individual NPs in the ensemble. Here we define ugHg, as
the saturation field, which is the crossing point of the saturated state (MM =1)
and a linear fit of the data from -1000 mT to 1000 mT. To achieve the saturated
state, the applied field should be large enough to overcome both the PMA and
the RKKY interaction, from which poH, can be defined as pgHgser = poHy +
2110 H gy, where poHy is the effective PMA field of the magnetic layer®. The
effective perpendicular anisotropy energy (K) is given by K = % Both pioHykky
and M, are obtained from the easy-axis hysteresis loops. From the equation
above, the K for the thin film sample, the NPs before release and after release
are (4.7+0.4) x 10°, (5.4 4 0.5) x 10° and (4.3 + 0.4) x 10° J/m?, respectively.
We attribute the difference in K of NPs before and after release to a spread in
the alignment of the NPs relative to the applied magnetic field after drop-casting
and drying. This directly affects the shape of the hysteresis loop where a reduced
saturation field is to be expected. Overall the relatively small spread of K ~ 15%

denotes that the PMA is maintained during fabrication.

After discussing 1.8 pm SAF NPs, let’s now examine the magnetic properties of
120 nm NPs depicted in Fig. 4.4. First, we observe that all three samples exhibit
SAF properties (see Fig. 4.4(a-c)). The p1oH,pky is 197 £ 6 mT for blanket film and
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Figure 4.4: Hysteresis loops of the 120 nm NPs measured through SQUID. The
left column contains the hysteresis loops measured along the easy axis for (a) the as-
deposited thin film (b) before release and (c) after release. The right column includes
the hysteresis loops along the hard plane for (d) the as-deposited thin film (e) before

release, and (f) after release.

189 + 8 mT for NPs before release. After patterning, the ugH,. increased from 8
mT (blanket film) to 94 mT (before release). It is clear that the jigH,x, and poH,

of 120 nm NPs have similar values compared to the 1.8 pym NPs, and their changes
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follow the same trend. The main difference is observed in the hysteresis loop of
the released sample (see Fig. 4.4(c)), where the switching fields are observed to
be slanted and have a wider spread. This is due to the ill defined arrangement of
dried NPs on the substrate (see Fig. 4.2(g)). This phenomenon is also reflected in
the hard-plane hysteresis loop of released 120 NPs as shown in Fig. 4.4(f), where
the embedded switching behavior can be observed. Due to the misalignment, it
is hard to quantitatively determine the jioH,kiy, poH. and K of released 120 nm
NPs. Moving now on to consider the PMA of 120 nm NPs during fabrication,
which we calculate from the hard-plane hysteresis loop shown in Fig. 4.4(d-f).
Here we do not include the K of the released NPs. The K values for the thin
film sample and the NPs before release are (4.1 4 0.4) x 10° and (4.7 £+ 0.4) x 10°
J/m3, respectively, which are comparable to the values of 1.8 ym SAF NPs. Based
on the hard-plane loop and the fact that the released step does not degrade the
magnetic properties, although we cannot directly obtain the K of released NPs,
we can conclude that the PMA of 120 nm NPs remains at a high value before
release and we expect that the high PMA remains even after the release step,
which we will address in future work. In summary, after fabrication 120 NPs show
SAF properties and the PMA does not decrease .

4.4 Summary

In conclusion, we show that SCIL can be used to fabricate PMA-SAF based disc-
shaped platelets with a uniform diameter in the micrometer and sub-micrometer
range. After fabrication, both 1.8 pm and 120 nm NPs maintain their high PMA
for high torque applications. A change in the magnetic response is observed which
can be explained by the well-known change in the magnetic switching behavior
when the area of PMA-SAF films changes. Our results pave the way for using
SCIL imprint for the large-scale production of magnetic nanoplatelets using a

subtractive method.






Optical Monitoring of the Magnetization
Switching of Single Synthetic
Antiferromagnetic Nanoplatelets with

Perpendicular Magnetic Anisotropy

Synthetic antiferromagnetic nanoplatelets (NPs) with large perpendicular magnetic
anisotropy (SAF-PMA NPs) hold significant promise for future applications in lo-
cal mechanical torque-transfer, such as in biomedicine. Despite their potential,
the nanoscale mechanisms governing their magnetization switching remain poorly
understood. In this study, we employ a rapid, single-particle optical technique that
transcends the diffraction limit to measure photothermal magnetic circular dichro-
ism (PT MCD). Utilizing this method, we investigate the magnetization switching
behavior of individual SAF-PMA NPs, each with a diameter of 122 nm and a
thickness of 15 nm, as a function of the applied magnetic field. Our analysis
delineates the disparities between the switching field distributions of large NP en-
sembles and single NPs. Notably, single-particle PT MCD enables us to examine
the spatial and temporal heterogeneity of the magnetic switching fields at the level
of individual NPs. The insights garnered from this research are anticipated to en-
hance our understanding of dynamic torque transfer in biomedical and microfluidic

applications.”

*This chapter has been accepted for publication in ACS Photonics: Adhikari, S., Li, J. and
et. al.'*!
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5.1 Introduction

Magnetic nanoparticles have shown promising applications in biomedicine. ! 1-03:64127:130
Among magnetic nanoparticles, synthetic antiferromagnetic (SAF) systems with a

large perpendicular anisotropy (PMA) are of interest in various nanoscale torque-

transfer related applications?*% due to their large magnetic and shape anisotropy.
The SAF structure is composed of two ferromagnetic layers which are antifer-
romagnetically coupled by a spacer layer through the Ruderman-Kittel-Kasuya-
Yoshida (RKKY) interaction.”” ™ In this case, the structure shows a zero net
magnetic moment at low applied magnetic fields. This specific feature of the
SAF-PMA system prevents aggregation of nanoparticles in solution. With vary-
ing magnetic field, the NPs switch from antiparallel (AP) to parallel (P), which
we term the “on” field B,, switch or vice-versa, which we term the "off switch”
B,y (see Fig. 5.1¢). Note that, by magnetization switching, we refer to magneti-
zation switching under an applied magnetic field, and not to optical switching of

the magnetization.

Knowing the switching fields (B,, and B,y ), which consist of the RKKY coupling
field B, and a stochastic coercive field B, needed to magnetically (de-)activate

86,127 have found that ensembles of

the NPs is a key requirement. Several reports
PMA-SAF nanostructures are characterized by large switching field distributions
(SED) reflecting the degree of particle-to-particle heterogeneity of their magnetic
properties, where a well-defined B,, and B,g and narrow SFDs are preferred for
applications. The broad SFDs are understood by considering the switching mecha-
nism of ultrathin PMA nanostructures, assigned to stochastic thermally activated
nucleation of a small magnetic domain followed by fast domain wall propaga-
tion. 19%142.143 These nucleation centers, which have variable density and broaden
the SFD, are typically defects in the nanostructure and fabrication-induced de-
fects. Moreover, here we speculate that the dipolar field contribution to B,, is
different and large, compared to its contribution to B,g, leading to differently dis-
tributed B,, and B,y magnetic switching fields which we can conveniently probe

at the single-particle level using PT MCD.

To understand the switching mechanism and broad SFDs of PMA nanostructures,

measurements on a single-particle level are essential. However, most easy ac-
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cessible characterization techniques which address the SFD are so far based on
analyzing hysteresis loops measured on millions of particles simultaneously, so as
to attain a sufficient signal-to-noise ratio.'**™'*" There are a few techniques, e.g.
micro-SQUID, %14 differential phase contrast and electron holography in trans-

89,90 " which have been reported to measure SFDs at

mission electron microscopy
the nanometer scale. However, these techniques require demanding experimen-
tal conditions which are costly and/or complex in design. Recently, Spaeth et
al.'** reported a simple optical technique, photothermal magnetic circular dichro-
ism microscopy (PT MCD), which presents the sensitivity required to measure
the magnetization of single magnetite nanoclusters with a diameter of about 400
nm. PT MCD is based on the polar magneto-optical Kerr effect (MOKE)** and
related to the imaginary part of the dielectric susceptibility. It measures the differ-
ential absorption of left- and right-circularly polarized light by a single magnetic
nanoparticle. Very recently, the sensitivity of PT MCD was improved sufficiently

to measure the hysteresis loops of single 20 nm magnetite nanoparticles. '*"

In contrast to previous reports on single synthetic magnetic nanoparticles, in this
report, we use PT MCD to study the switching behavior of 32 individual single top-
down nano-fabricated PMA-SAF NPs with a diameter of 122 nm and a thickness
of 15 nm. We compare these signals with ensemble-based SQUID measurements
to provide detailed insight into the variation of magnetic properties from NP to
NP. Previously the polar-MOKE effect on a single-particle level was reported on
NPs with 2 pm diameter®?, which are more than two orders of magnitude larger in
volume than our particles. Due to the high sensitivity of our PT MCD technique,
we are able to measure the full magnetization-switching curve on each individ-
ual 122 nm particle using optical microscopy. We then compare the statistics of
the switching events at the single-NP level, and observe a difference between upon
AP—P (on-switching) and P—AP (off-switching). This difference is washed-out in
the ensemble measurement. We speculatively attribute this difference to the pres-
ence of a dipole field contribution in the on-switching which is not present in the
off-switching. The switching fields are also found to be broadly distributed among
individual nanoplatelets indicating spatial heterogeneity. Moreover, a small dif-
ference is expected due to the temporal character of the data acquisition; here
the SQUID measurement was slow (~hour) compared to PT MCD (~minute) (See
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details in Appendix B.4). To address these differences further, we compare 15 suc-
cessive loops on one NP to study the temporal heterogeneity (stochasticity) of the
switching process. We again observe a difference between the on- and off-switch,
although it is less pronounced. Such a distinction between spatial and temporal
heterogeneity can only be obtained from single-particle measurements, because

these two sources or heterogeneity are averaged out in ensemble measurements.

In this report, we show that single-particle PT MCD enables us to study magneti-
zation properties of single magnetic nanoplatelets. We have found that magnetic
switching fields are broadly distributed among individual nanoplatelets and also
stochastic in nature, indicating spatial and temporal heterogeneity. In addition,
the distribution of on- and off-switching fields are different, which we speculatively

attribute to a dipolar contribution.

5.2 Methods

The NPs used in the study consist of the following film stack: Ta(4)/Pt(2)/CosoBag
(0.8)/Pt(0.4)/Ru(0.8)/Pt(0.4)/CogyB2(0.8) /Pt(2) /Ta(4) with thickness in nm in-
dicated between parentheses (total thickness 15.2 nm). The stack was fabricated
through magnetron sputter deposition on Si substrates and patterned via sub-
strate conformal imprint lithography (SCIL) and a lift-off procedure into a liquid
environment (see Appendix B.1). The NPs dispersed in solution are termed "re-
leased” and the NPs which are still attached to the substrate, i.e., before release,

are termed "unreleased”.

SQUID magnetometry was used to obtain the hysteresis loop of unreleased NPs
(Fig. 5.1b), where an ensemble average of a total of ~ 10¢ SAF NPs was measured
(see Appendix B.3). Note that the sample of unreleased NPs was used only for
SQUID, not for the single-particle PT MCD measurements. During the measure-
ment, a magnetic field was applied along the normal of the NPs at 400 K (the
temperature of 400 K is chosen to match the temperature of single-particle PT
MCD measurements). A minor loop (see the red data set in Fig. 5.1c) was mea-
sured, where the samples were first saturated in a positive field, the magnetic field
was then decreased to zero and swept back to the positive saturation field. From
the minor loop, the RKKY coupling field (B,x,) is defined as M and the
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coercivity (B,) is defined by w. B,, and B,y are the switching fields from
AP to P (on-switch) and from P to AP (off-switch), respectively, as depicted in
Fig. 5.1c.
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Figure 5.1: (a) SEM image of the released SAF NPs spin-coated on a silicon sub-
strate. The released SAF NPs were used in PT MCD measurements. (b) SEM image of
unreleased SAF NPs on the silicon wafer used for fabrication. The unreleased sample
was used in SQUID measurements. The bright ring at the edge of each single particle
in the SEM image is due to redeposition during fabrication and is an artifact due to
an inclined electron exposure leading to enhanced secondary electron generation. (c)
Hysteresis loops of the NPs measured with a SQUID at 400 K. The black squares repre-
sent the full hysteresis loop (i.e., major loop). The inset shows the fitting of the minor
loop through an error function, from which we obtain the switching field and SFD (for
details, see Appendix B.4). The red data set represents the minor loop. The black
arrows indicate the direction of the magnetization of the top and bottom ferromagnetic
layers constituting the SAF. The red arrows indicate on- (B,,) and off- (B,s¢) switching
fields of the minor loop. The difference between the major and minor loops is due to
the hysteretic effect of magnetization switching.

In PT MCD measurements, a heating laser was used to illuminate the NPs. The
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released NPs were dispersed on a glass substrate by spin-coating (see Fig. 5.1a)
and immersed in hexadecane, which was the contrast medium for photothermal
imaging.'* The difference in the absorption of the left- and right-circularly polar-
ized light leads to a change of the refractive index of the medium which is detected
by the probe beam. The measured circular dichroism (CD) signal is defined as
o1, — ogr, where o and og are the absorption cross sections of the NP for left-
and right-circularly polarized light, respectively.'! The magnetic Circular Dichro-
ism (MCD) signal is the CD signal due to the polar magneto-optical Kerr effect.
Therefore, it reports on the particle’s absorption and its changes with magnetic
field, and it depends only on the imaginary part of the optical susceptibility. The
so-called gop factor is defined as the CD signal normalized by the photothermal
signal (see Appendix B.6). Minor loops in both negative and positive fields are
measured (more details are in Appendix B.11). As the particles were heated with
light, their temperature was estimated to be about 390 K (see further details in
Appendix B.7).

5.3 Results and Discussion

SEM images of released and unreleased NPs are shown in Fig. 5.1a and b, respec-
tively. The NPs have an average diameter of 122 + 4 nm (see Fig. B.1). The
unreleased NPs are used for the ensemble SQUID measurements and the released
NPs for the PT MCD measurements. The SQUID measurements of major and
minor loops in Fig. 5.1c show the typical SAF behavior. %4127 At a low mag-
netic field, the total magnetization is zero, due to the antiferromagnetic coupling
of the top and bottom CoB layers of nearly equal magnetic moments. Increasing
the external field leads to an on-switch at B,, of one of the CoB layers, giving
By = 127 mT and B, = 32 mT, calculated from the minor loop. We observe a
gradual switch in both the major and the minor loops. This gradual switch reflects
the SFD of ~10° single NPs. By fitting the (minor) hysteresis loop with an error
function (see Fig. 5.1c), we extract the SFD of the ensemble (more details are in
Appendix B.4). The center value of the fits represent the switching fields B,, and
Bog, (158 £ 10) mT and (95 £ 10) mT, respectively (see Table 5.1). Note that
the difference between the major and minor loops as shown in Fig. 5.1c is due to

hysteresis.
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Figure 5.2: (a) PT imaging of magnetic NPs. Single NPs are identified by the ho-
mogeneous magnitude of their PT signals (solid circles). An aggregate, marked with a
dashed square, has much stronger PT signal. (b) CD imaging of magnetic NPs in the
absence of an applied magnetic field (B = 0). Single NPs show very weak CD signals
at B =0 mT. MCD imaging of magnetic NPs at (c) B = 280 mT and (d) B = —280
mT. The MCD signal flips sign upon inversion of the magnetic field’s orientation. The
particle marked with a solid square shows no flip of MCD signal with flip of magnetic
field orientation. This particle is probably not a SAF particle. The scale bars are 2 pm.

Figure 5.2a shows a PT image of single released magnetic NPs spin-coated on a
glass substrate. Single magnetic NPs are identified by the magnitude of their PT
signals, which falls in a very narrow range (see histogram of photothermal signals
in Fig. B.3). These single NPs are marked with solid circles in Fig. 5.2. Their
point-spread-functions (PSF) are very similar for all NPs measured, as expected
from their narrow size distribution. We attribute the complex shape of the PSF
of a single platelet to interference between probe waves scattered by the thermal
lens and by the particle itself.'*> We found a few aggregates of NPs, which we
identified by their stronger PT signals, as indicated in Fig. 5.2a with a dashed
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Table 5.1: Switching ields (Bon and Bog) and their distribution, By, and B, mea-
sured by SQUID and PT MCD

SQUID at 400 K PT MCD at ~390 K

Bon (mT) 158 114
SFD of By, (mT) 10 25
Bog (mT) 95 61
SFD of Bug (mT) 10 5

Buiyy 127 88
B, 32 27

square. Such aggregates were not considered in the analysis of our results. MCD
images of the same NPs in applied magnetic fields of B = 0 mT, B = 280 + 6
mT and B = — 280 £ 6 mT, are shown in Fig. 5.2(b-d), respectively. Single NPs
show weak CD signals in zero applied magnetic field (see Fig. 5.2b), indicating
that they are structurally symmetric and present zero net magnetization. Under
a high magnetic field where NPs are saturated (B = 280 + 6 mT and B = —
280 + 6 mT), a strong MCD signal is observed as shown in Fig. 5.2(c-d). The
MCD signal of the NP changes in sign upon inversion of the magnetic field, which
distinguishes it from CD originating from shape and/or composition defects. The
MCD sign depends on the wavelength of the light. At 532 nm, it is negative for a
positive applied field, in our sign convention (see Section 5.2). We also observe few
particles (e.g., marked by a solid square in Fig. 5.2) which show strong CD signals
in the absence of an applied magnetic field but do not show any reversal of the
CD signal with magnetic field. These particles were probably not single SAF NPs
and were not considered in our later analysis. Identification and distinguishing
of single SAF NPs from aggregates and other types of magnetic nanoparticles
are advantages of the single-particle technique. The variation of the MCD signal
with the applied field opens up the possibility to measure hysteresis loops on a

single-particle level.

We now consider the hysteresis loops of single magnetic NPs, as shown in Fig.
5.3(a-d). A total of 32 single magnetic NPs were measured (see Fig. B.6 and
Fig. B.7). The first thing we observe is that all 32 single NPs show characteristic
PMA-SAF behavior i.e., the AP to P switch at B,, and from P to AP at B,y

and zero MCD around zero applied field. In contrast to the ensemble hysteresis
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loop, we now find that all switching events observed are sharp as observed in the
blanket films samples (see Fig. B.2), in agreement with the proposed switching
mechanism of a single NP, which starts with domain nucleation, and is followed by
propagation of the domain wall.®® This is a new insight compared to the SQUID
measurements, where the broad SFD reflected the distribution of the ensemble
(i.e., particle to particle SFD), but provided no clear indication as to the sharp-
ness of each individual switching event (i.e., of the single-particle SFD). Such a
distinct information is only possible to obtain from single-particle measurements.
The apparently higher noise observed at low fields in the hysteresis loop is a mea-
surement artefact due to the denser sampling at low fields than at high fields (for
details see Appendix B.13, Appendix B.14 Figs. B.8 and B.9).
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Figure 5.3: (a—d) Full magnetization curves of four single magnetic NPs, labeled as
P1, P2, P3, and P4. Schematic of spin-flip is shown in (b) with on- and off-switching
fields labeled with B,,, and B,;.

The histograms taken from 32 NP measurements of the PT and gcop factors at

saturation are presented in Fig. B.3(a-b). They show comparatively narrow dis-
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tributions, consistent with the high monodispersity of NPs (see Fig. 5.1 and Fig.
B.1). This means that all NPs have similar gop factors of about 5 x 107 at sat-
uration (see Fig. B.3b). The MCD signal arises mainly from the magnetic layers
of the NP, whereas the PT signal arises from the absorption of both the magnetic
and non-magnetic layers. Simulations discussed in the Appendix B.16 suggest
that only ~8.7 % of the total light is absorbed in the two CoB layers. Therefore,
normalization of the gop factor on the total CoB absorption would yield a value
of (5 x 103)/0.087 i.e., 5.7 x 10°2. In a previous report '**, we have found that the
saturation gop factor of magnetite nanoparticles was ~1 x 102, This difference
can be related to the difference in the saturation magnetization (Ms), however,
due to the complexity of magneto-optic interactions'®? the absolute mapping of

the gop factor to M, is beyond the scope of this study.

We now compare the statistics of the switching behavior of the 32 single NPs
measured by PT MCD with ensemble SQUID measurement. The switching fields
B,y and B,, of 32 single NPs and their histograms are shown in Fig. 5.4(a-b). The
mean values and distribution of the histograms of B,, and B,z are summarized in
Table 5.1. The histograms of By, and B, are shown in Fig. 5.4(c-d), with mean

values in Table 5.1.

In agreement with our SQUID measurements, PT MCD measurements of single
NPs show that these switch at different fields (see Fig. 5.4(a-b)), giving rise
to a broader SFD for B,, (25 mT) as compared to the SQUID (10 mT). The
SQUID measurements were performed on a 4x4 mm? piece of wafer, whereas
the PT MCD measurements were done on released NPs from a full 2-inch wafer.
We thus expect more inhomogeneity and a broader SFD for the released NPs,
because they originated from the whole wafer and sampled the full inhomogeneity
of the deposition process. We attribute the difference of the absolute values of
Bog, Bon, and By, between PT MCD and SQUID to the error in the estimated
temperature of the platelets in PT MCD measurements and/or to small differences
in the calibration of the magnetic field (estimations of temperature in PT MCD
and the effect of temperature on switching fields are given in the Appendix B.8).
In addition, the difference may arise due to the change in strain in the released

particles by the lift-off process compared to the unreleased particles. The measured
B. in PT MCD (27 mT) and SQUID (32 mT) match well as B, is a relative
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Figure 5.4: (a) Low positive (magenta) and negative (cyan) switching fields and high
positive (red) and negative (blue) switching fields for each particle. (b) Histograms of
all the switching fields. (c) Histograms of positive (black) and negative (gray) coupling
fields Brkky i.e., (Bon+Bofr)/2 where B,, and B,ss are high and low switching fields,
respectively. (d) Histogram of positive (black) and negative (gray) coercive fields Be,
i.e., (Bon-Bosf)/2. Mean values (1) and standard deviations (o) of the histograms are
shown in the inset.

measurement of the two switching fields.

Interestingly, the SFD is much broader for B,, (26 mT) than for B,z (5 mT)
in the single-particle PT MCD measurements, whereas they are similar (both 10
mT) for the SQUID measurements. This can be speculatively explained by the
dipole fields in the AP configuration as schematically shown in Fig. B.1, and
by the role of residual nucleation embryos in the reversal mechanism of on- and
off-switching. **1%° When NPs switch from AP to P state (B,y,), the dipole fields
of the two CoB layers repel each other, leading to a canting of the magnetization
at the edge of NPs, which, in-turn, assists domain nucleation. In the P to AP
switching (B,g), the dipole fields are aligned and do not contribute to the nucle-
ation process. In addition, irreversible nucleation embryos left over from former
field cycles may further contribute to the SFD.'"* In contrast to PT MCD, the
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Figure 5.5: (a) Time-dependent minor loops of magnetization curves measured suc-
cessively 15 times on the same single NP. Here, only the 1st, 6th, 12th, and 15th cycles
are shown. (b) On- (red) and off- (magenta) switching fields measured for each cycle.

reduced B, was not observed in SQUID, possibly because the effect is averaged
out on a large number of NPs. Note that the dipolar interaction between NPs
(not the interparticle dipole field) in both the PT MCD and SQUID measurements
can be neglected since the dipolar field of neighboring NPs is very small (see the
Appendix B.17). This difference needs further investigation. These findings how-
ever illustrate the power of single-particle measurements to reveal details of the

single-particle switching properties, compared to ensemble studies.

In addition to the SFD measured on an ensemble of single particles, we also mea-
sured the same single particle repeatedly for 15 times. The minor loops of several
cycles are shown in Fig. 5.5a. Both B,z and B,, fluctuate from cycle to cycle, as
shown in Fig. 5.5b. We assign the temporal fluctuation of the switching field to
the thermally activated stochastic domain nucleation process (the SFD is shown
in Fig. B.10).™ The mean values (standard deviations) are 59 4+ 2 mT and 96
+ 4 mT for Boy and B,,, respectively. The cycle-dependent fluctuations of B,,
are larger than those of Byg. The B,y fluctuations are similar to those found on
the 32 different particles as shown in Fig. 5.4. However, the B,, fluctuations for
the 32 NPs are much larger than for the single NP, implying that more disorder
is found in the small ensemble of 32 NPs, which includes both spatial and tem-
poral disorder. Thus, our PT MCD method enables us to distinguish spatial and

temporal heterogeneity in the switching-behavior of magnetic nanoparticles.
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5.4 Conclusions

In summary, we have shown that single-particle PT MCD is a very powerful tech-
nique to study the magnetization switching of single magnetic PMA-SAF NPs.
The measured SAF properties of NPs and the narrow distribution of the PT
MCD of NPs indicate that the PT MCD is a powerful probe of the magnetic
behavior of individual NPs. Moreover, compared to SQUID, the spatial and tem-
poral heterogeneity of the magnetic properties, especially the switching fields at
the single-particle level, can be extracted from PT MCD. The SFD generated by
averaging the switching field of many NPs via the PT method is found to be
broad. In addition, the minor loops successively measured on the same NP vary
moderately from cycle to cycle, confirming that the reversal process is indeed a
thermally-activated stochastic process. We observed a difference in the magne-
tization switching from AP—P vs P—AP in the PT measurements, which was
absent in the SQUID measurements. We speculatively attribute this difference to
the dipole-field which assists reversal for AP—P (on-switching), but is absent for

P—AP (off switch). Such details are washed out in ensemble measurements.






Tuning the coercivity of synthetic
antiferromagnetic nanoplatelets with
perpendicular anisotropy through tuning

the Co,B;,_, alloy composition

Synthetic antiferromagnetic (SAF) nanoplatelets (NPs) with perpendicular mag-
netic anisotropy based on archetype SAF structures e.g. Pt/Co/Ru/Co/Pt are
of particular interest for torque-related bio-applications due to their large uniax-
ial magnetic anisotropy. However, when the diameter of the NPs is reduced, the
magnetic properties change. For instance, the coercive field increases and starts
to vary strongly from NP to NP in a batch due to an increased variation in the
reversal probability dominated by local defects. In this study, we investigate how
the concentration of Boron (B) in Coi_.B, affects the switching properties of
NPs, because the addition of B renders the Co layer amorphous and hence intro-
duces more defects. Moreover, it reduces variations in local crystalline anisotropy
making the magnetic properties of the NPs more soft. Specifically, we show that
the coercivity of the NPs decreases with higher B concentration. This decrease
is explained by two mechanisms; (i) the loss of interfacial anisotropy due to less
Co-Pt hybridization at the Pt-Co interface and (ii) an increase in the surface’s
magnetic domain nucleation site density leading to a narrower distribution of the
coercivity of an ensemble of NPs. This understanding will greatly help the field
of NP-torque related applications as the spread in applied torque from the NPs to

5
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their surroundings can be homogenized. *

6.1 Introduction

Synthetic antiferromagnetic nanoplatelets (SAF NPs) exhibiting perpendicular
anisotropy (PMA) have garnered significant attention in torque-related applica-

23 .134.156 . . . 5
23135156 ' micro mixing '°7, and

tions, such as mechanical destruction of cancer cells
cell manipulation'”®. The SAF structure is comprised of multiple layers of ultra-
thin film layers. Thin film structures, such as Co/Pt and Co/Pd, demonstrate high
PMA owing to the strong hybridization of 3d-5d orbitals at the interface, which
is the primary cause of effective torque transfer®»™. Through the Ruderman-
Kittel-Kasuya-Yoshida (RKKY) interaction, two ferromagnetic (FM) layers can
be anti-ferromagnetically coupled by a spacer layer to form a SAF™ ™ structure
as shown in Fig. 6.1a. Consequently, the entire stack exhibits a zero net magnetic
moment at a low applied magnetic field, but can be switched ’on’ at moderate
applied magnetic fields as shown in Fig. 6.1c. This allows for a threshold field
where the NPs are activated and, when not aligned with this field direction will
exert a torque on its surroundings due to the large PMA®. This threshold field is
affected by the switching field (see Fig. 6.1c ), which is the magnetic field required
to switch the magnetization of the two ferromagnetic layers from antiparallel (AP)

alignment to parallel (P) alignment‘*.

One key factor that limits the application of SAF NPs is the increase in switching
fields when the size of the NPs decreases leading to a large required external
field to manipulate the NPs. The field required to activate these NPs can easily
reach hundreds of milliTeslas due to the large intrinsic anisotropy field of PMA
stacks. This will complicate e.g., bio-applications and research, which are often
performed in microscopes where the application of large magnetic fields requires
either specific permanent magnet arrangements which do not allow for varying
the magnetic field magnitude or direction easily, or bulky electromagnets which

require water cooling or cryogenic superconducting coils.

It has been shown that for such a PMA system, the coercivity field (uoH.) and
switching field distribution (SEFD), i.e., the distribution of the coercive field in a

*This chapter has been accepted for publication in Journal of Applied Physics: Li, J. et. al.
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batch of NPs, are higher compared to continuous films'?”. This is explained by a

thermally activated reversal mechanism being dominated by a magnetic domain

159,160

nucleation event followed by domain wall expansion . Moreover, uoH,. and

SEFD grow considerably as the nanostructure size decreases since fewer defects are
105,161-163

present in the reduced area
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Figure 6.1: (a) The thin film stack used in this work. The ferromagnetic (FM) layer
is Coj—zB;. (b) SEM image of 600 nm diameter SAF NPs. (c) A typical major and
minor hysteresis loop of CoggBsg 5 nm diameter SAF NPs including a fit of the minor
loop using an error function. Arrows indicate the relative magnetization configuration
at every level of the loop.

To decrease the switching field, both the RKKY coupling field and the coercivity
can be tuned. The RKKY coupling field can be reduced, for example, by changing
the Ru layer thickness or inserting a Pt layer between the FM layer and the
RKKY spacer layer'®*. Welbourne et al. reported the reduction in the switching
field while keeping the AF state by using the second strongest AF coupling peak,
combined with using a thin Pt layer to reduce the RKKY interaction®. However,
due to a finite coercivity, it cannot be reduced too much, since this will render
the NP ferromagnetic at zero applied external field; that is, the system would
not switch ’off. Moreover, introducing a Pt layer will also increase the PMA of
the FM layers, thereby increasing the coercivity. The growing pressure during
the sputtering of FM layers, which can affect the microstructure of layers, is also
known to influence the coercivity and SFD'®1°7. For example, in Co/Pt thin

165 Alternatively, it has

film stack, higher pressure can cause larger coercivity
been observed that ion irradiation through Ga®, Ar™ and He™ can tune PMA

and defect density, thus directly decreasing the coercivity """, which might be
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another interesting route to explore.

In this work, we show that by introducing Boron in the Co layer we can reduce the
coercive field and reach a smaller SFD in a batch of NPs, while still maintaining a
sufficient PMA as required for torque-related bio applications. Thin film samples
are patterned into NPs ranging from 15 pm to 100 nm in diameter with different
B concentrations. We compare batches of pure Co, CogyBsg and CoggBss. Using

I allows us to extract quantitative values for the PMA

the Sharrock formalism '
and nucleation (defect) site density and supports the claim that the decrease in
oH. and SFD can indeed be explained by a decrease in PMA and an increase
in nucleation (defect) density leading to magnetically more homogeneous NPs

batches that can be operated at lower applied magnetic fields.

6.2 Methods

In our previous work we showed that before and after releasing from the sub-
strate, the switching behaviour of SAF NPs did not change'?’. Hence, we de-
cided in this work to study the SAF NPs that are still on the substrate with-
out losing generality for the released particles. To make this clear we will refer
to these NPs as islands through the remainder of the paper. Arrays of islands
with the stack Ta(4)/Pt(2)/Coy_,B,(0.8)/Pt(0.3)/Ru(0.8)/Pt(0.3)/Co;_,B.(0.8)
/Pt(2)/Ta(4) as shown in Fig. 6.1a were used in our present work. These metal-
lic stacks were deposited on Si substrates with native SiO, at room temperature
through DC magnetron sputtering with an Ar pressure of 1072 mbar. The base
pressure of the sputtering chamber was maintained at 10~ mbar. We then pat-
terned arrays of islands with different diameters ranging from 15 pm to 100 nm via
electron beam lithography with the resist MaN2403. In each array of islands, the
inter-island distance is equal to the diameter. After patterning, the samples were
etched through Ar ion beam milling followed by a lift-off process to remove the
residual resist. The IBM process involved a sequential two-step etching process

2. Initially,

and was performed at an ion density of approximately 1200 pA/cm
etching was conducted at 90° for 2 minutes. This was followed by a subsequent
etching at an angle of 20° for 60 seconds. Throughout this procedure, the resist

MaN2403 was employed as the mask. The magnetic properties of the thin film
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SAF samples were characterized using SQUID. To investigate the magnetization

switching process of the SAF nanostructure, the magneto-optical Kerr effect in a

polar configuration (pMOKE) at room temperature and with the field perpendic-

ular to the plane was employed.
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6.3 Results

In Fig. 6.1b a SEM image of a patterned sample with islands that have a diameter
of 600 nm is shown (other sizes are shown in Appendix C.1). We have intentionally
selected a relatively large inter-island distance to ensure that our study focuses
on the intrinsic properties of the NPs without the confounding effects of dipolar
coupling. The dipolar interaction between islands can be experimentally mea-
sured'™. However, here we have only conducted a simulation on the dipolar field
and found that the influence can be neglected (see Appendix C.3). In a liquid
environment, where NPs are dispersed, the proximity of these NPs could lead to
enhanced dipolar interactions, which potentially influence the switching field for

application, however, such considerations are beyond the scope of this work.

A typical pMOKE hysteresis loop of CoggBgg based SAF islands, where the field is
applied along the easy axis, perpendicular to the sample surface, is shown in Fig.
6.1c. At a low external field (<50 mT) the magnetization of the top and bottom
FM layers is always aligned antiparallel, resulting in a zero net magnetic moment,
preventing agglomeration of the NPs when released. It is important to note that in
MOKE measurement the intensity of light reflected from the top and bottom FM
layers differs. This arises because the light undergoes attenuation as it penetrates
the material layers, resulting in a non-zero signal even at an antiparallel state in
MOKE. SQUID measurements, shown in the Fig. C.4, confirm that the absolute
value of the magnetic moment is zero at a low field. Increasing the external field
leads to a switch as expected from PMA-SAF samples in the spin-flip regime '*". In
Fig. 6.1c, a notable difference is observed between the opening of the full loop (in
black) and the minor loop (in red). This distinction arises because the minor loop
specifically measures the magnetic switch of a single layer, namely the top layer in
our study, whereas the full loop measures both layers. The difference between the
full and minor loops indicates the divergence in the magnetic properties of the top
and bottom layers, which is likely attributable to their distinct growth conditions—
one layer being directly grown on Ta/Pt and the other on Pt/Ru. Such asymmetry
is crucial as it potentially impacts the alignment of NPs in a liquid environment,
a factor that must be considered in future applications®. More details regarding
the full loop are available in Appendix C.8. This study primarily focuses on
the analysis of the minor loop. From a minor loop the RKKY coupling field
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(toHRri Ky ), defined as M, and the intrinsic coercivity (poH.), defined by
M are extracted. Note that in the pMOKE measurement, the diameter
of the used laser spot is approximately 137 pm (see Fig. C.2). Since a large
number of islands are within the measured laser spot, the obtained signal reflects
the collective switching behavior of these islands. We extract poHy, poH2 and the
SFD by fitting an error function to the minor loop as shown by the green fit in

Fig. 6.1c, where the SFD is defined as the width of the error function.

In Fig. 6.2(a-b), the minor loops of SAF blanket films and island arrays con-
sisting of CoggBsy and CoggBszs with varying diameters are shown. All blanket
films exhibit sharp switches as they are dominated by the reversal of a single most
defective site and the consequent fast domain wall motion'*”'™. Upon pattern-
ing, a large increase in poH, is observed as expected, while poHpgggy remains
rather constant and the switching field curves become slanted. This is because
the reversal is dominated by the 'weakest’ nucleation site located on each sep-
arate island. By ’weakest’, we mean that these sites require the least external
magnetic field to switch. Different 'weakest’ sites result in varied fields across the
islands'%. Further proof of this can be found in recent measurements on released
single SAF-PMA NPs where sharp switches (i.e. nucleation dominated reversal)
were observed down to 120 nm diameter NPs'*!. For 100 nm diameter CogoBag
islands, a finite remanent magnetic moment is observed at zero field after scanning
the field from negative saturation. This indicates that some islands did not return
to the AF state at zero field. For these islands, the increase in the coercive field for
a part of the probed ensemble is larger than the RKKY coupling field. For released
NPs made from these islands, this means that some of them will exhibit a finite
magnetization at zero field and this will cause NP aggregation which needs to be
avoided for applications. This can be compensated by a higher RKKY coupling

field in the basic stack at the cost of a larger activation field.

To further investigate the observed increase in pgH,. and SFD, we examine the
oH. and SFD as functions of the diameter of different Co;_,B, compositions as
shown in Fig. 6.2(c-d). In the pink region, where the diameter is above 200 nm,
both poH,. and SFD increase with decreasing island diameter. We attribute the
increase in pgH. to the reduction in the number of nucleation centers on each

island when the size decreases. The increased SFD indicates higher variation in



Chapter 6. Tuning the coercivity of synthetic antiferromagnetic nanoplatelets with
82 perpendicular anisotropy through tuning the Co,B;_, alloy composition

poH. over the ensemble. However, as depicted in the grey area in Fig.6.2(c-d)
when the size of the islands falls below 200 nm, this trend breaks. Here, poH.
shows slower increments or even decreases, while the SF'D value keeps increasing.
The slower increments or decreases in yoH, indicate that the nucleation density
is higher on the islands smaller than 200 nm diameter, which is further confirmed
by the higher SFD. We speculate that this behavior indicates the point at which
edge vs. bulk nucleation starts to be dominated by edge defects introduced during

105

the fabrication process . High-resolution nucleation imaging, in both space and

time, would be required to verify this, which is beyond the scope of this study.

When comparing pugH,. and SFD for different Co;_,B, compositions (see Fig.
6.2(c-d)), we observe a decrease in poH. and the SFD with increasing B content.
The dropping of poH. and SFD can be partly explained by the decrease in PMA.
In Table 6.1, the effective anisotropy (K) and the saturation magnetization (M)
of Co;_,B, measured through SQUID are shown. The range of the K is from
the error margins established during the measurement. Detailed information on
this process can be found in Appendix C.4. Both K and M, drop with increasing
B content, as expected. With smaller K, the magnetization is easier to switch,
leading to a smaller pugH.. However, this cannot fully explain the decrease of

woH.. If the decrease in coercivity were entirely due to anisotropy, an increase in

the normalized coercivity (£22¢) would be anticipated with an increase in boron
concentration, given the M, decrease almost linear with boron concentration and
)U‘OHC _ 2

%° = 7r.- However, as shown in Fig. C.5, the normalized coercivity declines
with boron concentration, indicating that the drop in coercivity is much faster
compared to the anisotropy. We propose that this abnormal drop in pgH. at
the highest B content is associated with a strong increase in nucleation centers.
This hypothesis is further supported by Kerr microscopy images on blanket films
(see Fig. C.6). The CogsBsa sample exhibits a much larger number of nucle-
ation centers during switching as compared to the CogyBgy sample. This indicates
that a high B concentration increases the nucleation center density per unit area.
Surprisingly, we observed an increased number of nucleation centers on a Co/Pt
sample. The reason for this increase is still unclear; our hypothesis is that it is
related to the misoriented grains of the polycrystalline Co structure, which are

173,174

reported to serve as preferential sites for nucleation . In contrast, Co;_,B,
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Table 6.1: Material constant of Co;_,B, with different composition

Materials M, (kA/m) K (J/m3) (%) dpu(nm)

Co 1187 8.0 x 10°
CogpBag 1040 4.4 ~58x10° 2.9~35 288~58
CogsBsa 780 2.8 ~3.5x10° 3.0~22 41 ~ 16

samples, at boron concentrations of 20% and 32%, are typically amorphous "7

This is consistent with findings in CoFeB thin film systems where the crystalline-
amorphous transition occurs at low boron of 6%'"". Thus, the Co,_,B, samples
in our study are inferred to be amorphous and they exhibit no grain boundaries,
and consequently fewer nucleation centers are observed up to a certain B content,
after which it increases again. The exact mechanism of this increase requires more
research, but we speculate that it is due to a more homogeneous magnetic land-
scape leading to a sharper nucleation field threshold further supported by the low
SFD for high B content samples of islands (see Fig. 6.2d).

In the following, we will attempt to further quantify the effect of B concentration
on nucleation center density. For this, we employ a model based on the Sharrock
formalism Eq. 6.2 to fit ugH,. and SFD of CogyBgy and CoggBss as a function of
island diameter. This fitting process allows us to extract information regarding the
nucleation mechanism, such as the distance between nucleation centers d,,, and
the homogeneity of the PMA. Note that the fitting procedure fails on the pure Co
sample (see Fig. C.7). We attribute this failure to the increased number of pinning
sites within the Co/Pt system > 16717 " which hinder domain wall propagation,
potentially leading to a different switching mechanism. Hence this data is left out
of Table 6.1. In the following, we assume that the local anisotropy is non-uniform
with a Gaussian distribution around the K as measured from SQUID measure-

161,179

ments . The probability of obtaining a particular K value for a nucleation

center is calculated using Eq 6.1:

PIK] = UKlﬁexp <—(K+{§:”2) (6.1)

Here, o is the standard deviation of Gaussian distribution which characterizes

the intrinsic distribution in PMA. K,,.., represents the average anisotropy and we

use the absolute K value as obtained from SQUID measurements for the fitting
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process(see Table 6.1). The switching field for a nucleation center (ugH,,) can
104,161,

2K kgT fot
H,,=—|1—4/—= — 2
In Eq. 6.2, M, denotes the saturation magnetization, kg is the Boltzmann con-

stant, T" = 300 K represents the temperature, fo = 10 GHz is the attempt fre-

quency, t = 0.1 s is the measurement time at each applied field, and V' corre-

then be written as

m2l2,,

1
the thickness of the FM layer. Here, [, represents the diameter of a nucleation

site, defined as twice the domain wall width (20). The domain wall width is de-

rived from 6 = =« KLN, where A denotes the exchange stiffness. A range of A

values has been reported for different samples and thicknesses, complicating the

sponds to the nucleation volume, which is defined as V = . 2= 0.8 nm is

estimation of A for ultrathin magnetic layers*>»'®’. Here, we do not measure the
A but instead assume A =~ 10 pJ/m for Co thin film from similar systems'®'. For
CogoBag and CoggBsa, we adopt reduced values of A ~ 5 pJ/m and A ~ 4 pJ/m,
respectively, reflecting the tendency of A to decrease with increased alloying el-

ement concentration '

. These assumptions are made based on the observations
that significant changes in the A occur when transitioning from a crystalline to an
amorphous state; however, in the amorphous state, increases in boron have only a

minor effect on A'"". The total number of nucleation centers (INV) for a patterned

island is defined as N = Aj{”, where d,,, is the distance between nucleation cen-
ters. The larger d,,, the fe;L\;ler nucleation centers per unit area. Knowing P[K],
the distribution of the switching field of the nucleation center (PuoH,,]) can be
obtained through Eq. 6.2. Given the complex relationship between pyH,, and
K, obtaining an analytical expression for PuH,,] is challenging. Here we adopt
a numerical approach to approximate this distribution. Initially, we generate a
large number of random K values from the Gaussian distribution in Eq. 6.1.
Subsequently, we compute the corresponding poH,,, values utilizing Eq. 6.2 and

estimate the PlugH,,].

For an island to switch at a certain field (x mT), two conditions must be satisfied:
(1) at least one nucleation site switches at this field and (2) no nucleation sites
switch below this field. The distribution of the switching field of an island P H;s]
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can then be derived:

PlugH;s = 2] = N - PlpgH,, = @] - (1 — PluoH,, < x])V 1 (6.3)

This distribution P[uoH;s) is then used to calculate the simulated poH, (the mean
of ugH;s) and the SFD (the standard deviation of pgH;s), which are then com-
pared with the measured values in Fig. 6.2c and d. From the fitting, the values

of ¢ and d,,, of Co;_,B, are obtained.

The obtained values of ox normalized by K (%) and d,, are shown in table
6.1. It’s important to note that the error in K has been accounted for, and the
corresponding normalized %5 and d,, were simulated across the range of K values
(details in Appendix C.9 ). For CogyBsgy, the normalized ok values range between
2.9% and 3.5%, whereas for CoggBss, they range from 2.2% to 3.0% relative to
their respective K values. These ranges align with those reported in existing
literature %%, The d,,, of CoggBss sample is overall higher compared to CogyBag
sample, indicating a higher nucleation density in CoggB3s compared to CogyBag.
This observation confirms that the introduction of a higher concentration of B in

the system can lead to an increased number of nucleation sites.

6.4 Summary

In conclusion, our study demonstrates that by introducing B in Co-based SAF
NPs, poH. and SFD can be reduced significantly. This reduction can be attributed
to two main factors: the decrease in PMA and increased nucleation center density
in the material. The decrease in PMA resulting from the introduction of B will,
however, reduce the torque transfer of PMA-SAF NPs due to its reduced K.
Furthermore, our findings reveal that the rate of decrease in poH, is higher than
the decrease in anisotropy. This observation confirms that introducing B serves
as an effective way to tune the coercivity of patterned PMA-SAF nanostructures.
Our study shows the potential of B as a parameter for optimizing the operational
magnetic properties of PMA-SAF NPs, offering opportunities for their utilization

in various applications.






Dynamics of Synthetic
Antiferromagnetic Nanoplatelet Chains

in a Rotating Magnetic Field

This study presents an in-depth analysis of the behavior of synthetic antiferromag-
netic nanoplatelet (SAF NP) chains in the presence of rotating magnetic fields.
Our findings show that SAF NP chains exhibit notable rigidity due to their high
anisotropy and disc shape. They can maintain a rod-like structure without un-
dergoing S-shaped deformations typically seen in superparamagnetic bead chains.
Ezperimentally, we demonstrate that SAF NP chains can sustain synchronized ro-
tation with external fields up to 15 Hz, and modeling suggests this synchronization
could extend to even higher frequencies. Significantly, at 10 Hz, the chain length of
SAF NPs surpasses 100 um, markedly longer than that of superparamagnetic bead
chains. The rigid property of the chains positions them as promising candidates

for advanced applications in microfluidics.”

7.1 Introduction

Magnetic nanoparticles (MNPs) and their assemblies have gained considerable
interest for their potential in remotely manipulating lab-on-chip devices'®*. In
these systems, which are characterized by small dimensions and low Reynolds

numbers, liquid transport is predominantly diffusion-limited'®>. Numerous stud-

*This manuscript is in preparation: Li, J. et. al.
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ies have demonstrated that MNPs can effectively enhance the transport of liquids
and targeted molecules, thereby facilitating processes such as mixing, transport,
and sorting in microfluidic devices'®. A particularly notable application, which
is the focus of this work, involves using rotating chains of MNPs, such as super-
paramagnetic bead chains, to improve mixing in these devices'®”. Under external
magnetic fields, these MNPs self-assemble into chains, creating a unidirectional
magnetic moment '**'%’. Upon application of a rotating magnetic field, the chains
undergo rotational motion, resembling the action of a magnetic stirring bar, ex-

erting mechanical forces on the surrounding liquid .

Understanding the mechanical response of these MNP chains, particularly in terms
of chain length, deformation, and phase lag of the chain relative to the external
field in response to a rotating magnetic field, is crucial for evaluating their effec-
tiveness and suitability for applications such as mixing. Research through both
computational and experimental studies has investigated the dynamics of spher-
ical superparamagnetic bead chains, such as FeO,-based MNPs which we call
SPION, in rotating magnetic fields. Melle et al. have shown that these chains
can rotate synchronously with the magnetic field frequency with a delayed phase

190

angle'””. However, at sufficiently high field frequencies, a reverse motion of the

chains occurs due to viscous drag, decelerating their rotation speed and leading
to asynchronous rotation with the field'”'. The chains exhibit shorter lengths
at higher rotation frequencies, following a negative exponential power law rela-

190,192,193

tionship relative to the frequency . Phenomena such as the formation of

S-shaped chains and non-chain clusters of particles have also been observed un-

194

der different rotational conditions ”*. These chain dynamics are governed by the

Mason number (M), defined as the ratio of viscous to magnetic forces” %194,
At high Mason numbers, due to increased viscous forces, chains tend to cluster
and break into shorter lengths. The chain length inversely scales with the square

root of the Mason number”?.

Below a specific critical Mason number, S-shaped
chains remain stable; above this threshold, the chains are prone to breakage near

the center”!.

As mentioned above, chains of spherical superparamagnetic MNPs, which display
relatively low magnetic anisotropy, are susceptible to asynchronous rotation, de-

formation, and breakage, especially at high frequencies or in high-viscosity fluids
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(meaning high M, ). Although it is reported that the breakup and reformation of
the chain under certain conditions can induce chaotic mixing, facilitating the mix-
ing'°", the tendency of shorter chain length and asynchronous rotation reduced

19 New types of MNPs with high anisotropy, either

overall the mixing efficiency
with intrinsic or shape anisotropy, are of interest for these rotating applications
to form longer chains and provide synchronous rotation. However, there are few
studies on the influence of highly magnetic anisotropic MNPs and MNPs of varying

shapes on chain dynamics.

In this work, we introduce disc-shaped nanoparticles - synthetic antiferromag-
netic (SAF) nanoplatelets (NPs) - with perpendicular anisotropy (PMA), con-
sisting of a multilayer stack: Ta/Pt/CoFeB/Pt/Ru/Pt/CoFeB/Pt%*0%127 The
significant hybridization of the 3d-5d orbitals at the Co and Pt interfaces induces
a strong PMA™™, These SAF NPs, featuring two ferromagnetic layers antifer-
romagnetically coupled through the Ru layer via the Ruderman-Kittel-Kasuya-
Yoshida (RKKY) interaction” ", exhibit zero net magnetic moment under zero
field. Under a magnetic field, SAF NPs form chains in two configurations®: a
side-by-side configuration under a low external field, connecting the nanoplatelets
at their edges, and a face-to-face configuration under a high magnetic field, where
the surfaces of the NPs attach to each other. Notably, in the face-to-face configu-
ration where the NPs are magnetically saturated, the large contact area between
NPs and the high magnetic anisotropy are excepted to contribute to the formation

of stable chains compared to spherical particles.

However, research on the dynamics of SAF NP chains remains unexplored. In
this study, we investigate the dynamics of SAF NPs under a rotating magnetic
field through optical microscopy. Our research initially focuses on examining chain
deformation across various rotating frequencies and in different viscosity solutions.
Furthermore, we analyze the synchronized motion region of the chains in relation
to the external field and investigate the correlation between chain length and

rotating frequency.
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7.2 Methods

The SAF NPs employed in this study are comprised of multilayer thin films
[Ta(2)/Ru(2)]3[Ta(4)/Pt(2)/CoFeB(0.8)/Pt(0.4) /Ru(0.8) /Pt(0.4) /CoFeB(0.8) /Pt
(2)]5Ta(4), with layer thickness in nanometer, as depicted in the insert of Fig. 7.1a.
These NPs were fabricated through substrate conformal imprint lithography, as
detailed in the work'?". The diameter of the NPs is 1.88 pm with a thickness of
72 nm, as shown in the SEM image in Fig. 7.1a.

For the dispersion of SAF NPs, we used liquids with varying viscosity levels,
maintaining a consistent NP concentration across all measurements. The liquids
comprised of mixtures of glycerin and deionized (DI) water in various ratios (50%
and 75% glycerin). Chain formation took place in circular cells with a diame-
ter of 5 mm, constructed from two glass coverslips separated by a 1 mm-thick
PDMS spacer. Before the experiments, these cells were left overnight to enable
the sedimentation of the NPs at the bottom of the cell.

The experimental setup for observing chain rotation is illustrated in Fig. 7.1c. A
rotating magnetic field was generated by a Hallbach array, attached to a motor.
The central magnetic field strength was measured to be 418 mT (see Fig. D.1 for
the field distribution inside the Hallbach array), and the profile of the Hallbach
array is shown in Fig. 7.1d. The prepared cells were placed at the center of the

Hallbach array for observation under a microscope.

To initiate chain formation, the cells were first exposed to the stationary Hallbach
array for 30 minutes to form chains. Following chain formation, the Hallbach array
was rotated at variable speeds. The rotation of the chains was recorded using a
Hamamatsu digital camera at approximately 30 frames per second. For image
analysis, ImageJ was used to remove background noise, and Matlab was utilized

for binarizing the images and quantifying the chain lengths in each frame.
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Figure 7.1: (a) Scanning Electron Microscopy (SEM) image of the released SAF NPs.
Inset: The multilayer stack composition utilized in this study. (b) Hysteresis loop of
SAF NPs, measured via Magneto-Optical Kerr Effect (MOKE), while still adhered to a
wafer and not released. (c) Schematic of the experimental setup for measuring magnetic
chains. The rotating magnetic field is provided by the Halbach array which is mounted
on a motor to rotate. (d) Detailed view of Halbach array and the measurement cell.
The Halbach array is composed of 1 x 1 x 1 cm® NbFeB cubes, with white arrows
indicating the direction of magnetization. SAF NPs are dispersed within a cell of 5 mm
in diameter. (e) SAF NPs in a 50% glycerin mixture, positioned within the non-rotating
Halbach array for 15 minutes. The NPs form face-to-face connected chains. The blue
arrow indicates the external field direction. (f) Optical microscopy image of SAF NPs
drop-cast on a silicon wafer and dried under an applied in-plane external magnetic field.
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7.3 Results

7.3.1 Chain Formation Under a Constant Magnetic Field

The Magneto-Optical Kerr Effect (MOKE) measurement of SAF NPs after fab-
rication and prior to release in solution is shown in Fig 7.1b, with arrows indi-
cating the direction of magnetization. At low magnetic fields, the NPs display
antiparallel magnetization, leading to a net zero magnetization. Conversely, at
high magnetic fields, the NPs reach saturation and their magnetization aligns
out-of-plane. Within the Halbach array, the magnetic field strength surpasses the
saturation threshold, resulting in the NPs being saturated with an out-of-plane

magnetization.

We begin by examining chain formation in a constant magnetic field. Figure 7.1e
displays a microscopic image of NPs suspended in a 50 % glycerin mixture under
a stationary Hallbach array for 15 minutes. Here, the NPs adhere to one another,
creating chains that align with the external magnetic field direction. Owing to the
saturation of the NPs, they predominantly connect in a face-to-face configuration,
consistent with the observations reported by T. Vemulkar et al®*. Notably, it is
reported that under weak magnetic fields, the NPs arrange themselves side-by-side.
Like spherical particles, this configuration is not rotationally stable and is not the
focus of our current study. Additional support for the face-to-face configuration is
provided by the optical microscopy image (Fig. 7.1f), captured after drop-casting
of the NP solution onto a silicon wafer and subsequent drying within the Halbach

array. This image distinctly shows the NPs aligned in a face-to-face configuration.

7.3.2 Chain Dynamics in a Rotating Magnetic Field

This section delves into the dynamics of NP chains when exposed to rotating
magnetic fields. Three key aspects are critically important for their practical
applications: (1) the tendency of the chains to deform under different magnetic
fields, (2) the synchronization of chain rotation with the external field, and (3) the

variation in chain length. We will explore each of these aspects comprehensively.
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Deformation

To evaluate the deformation of the NP chains, rotating magnetic fields at various
frequencies were applied to pre-formed chains in a liquid mixture with different
glycerin concentrations. The deformation of the chains was observed to be similar
in mixtures containing 50% and 75% glycerin. For detailed analysis, we take the
NP chains in 75% glycerin for illustration. Microscopic images captured at set
time intervals, as presented in Fig. 7.2, demonstrate the chains’ responses at
frequencies of 0.1 Hz, 1 Hz, and 5 Hz." The first column of Fig. 7.2 depicts the
initial state of the pre-formed chains, while the subsequent columns display their

states at various time points within the same rotation cycle.

Figure 7.2: Microscopy images illustrating the behavior of SAF NP chains in a 75%
glycerin mixture under various rotating magnetic field frequencies: (a) 0.1 Hz, (b) 1 Hz,
and (c) 5 Hz. The first column of images depicts the chains prior to rotation, while the
subsequent images capture the chains during the application of the rotating magnetic
field. Blue arrows indicate the direction of the magnetic field.

At a low rotational frequency of 0.1 Hz, end-to-end aggregation of shorter chains

was observed, leading to the formation of elongated structures. As highlighted

fScan the QR code in Appendix D.2 for videos of chains under different rotating frequencies
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by the red circles in Fig. 7.2a, three separate chains combine to form a single,
longer chain, a process we term ‘combination’. Additionally, we noticed that when
chains come into proximity during rotation, they may undergo lateral attachment,
thereby forming a ‘wider’ chain. This event is depicted within the circled region in
Fig. 7.2a, where the darker part of the chain shows the attachment of two chains.
At higher frequencies, such as 1 Hz and 5 Hz, these phenomena of combination and
lateral attachment were rarely observed. Instead, ‘break-up’ events were observed,
where the long chains break into small fragments as shown in the blue circles in
Fig. 7.2b-c.

The occurrence of combination and lateral attachment is primarily governed by
the dipolar interactions between the chains, which supersede the influence of vis-
cous forces, thereby facilitating chain amalgamation rather than fragmentation.
Moreover, the rotational motion of chains increases the chance of chains finding
each other and further increases the connection. This increase is also reported
in SPION chains'??. Further increasing the rotating frequency, the viscous forces
become dominant, surpassing the dipolar interactions and leading to the break of

the chain.

However, irrespective of the interaction mode — combination, lateral attachment,
or break-up — the chains consistently maintained a linear morphology as shown in
Fig. 7.2a-c. No S-shaped deformations, commonly reported in SPION chains”!'%4,
were detected in the studied frequency range (0.1 to 10 Hz). Even under a higher
frequency of 15 Hz (see Fig. D.4), the chains still keep the linear configuration,
suggesting that the NP chains are rigid and resistant to bending. This rigidity can
be attributed to the disk-like morphology of the NPs, which increases the friction
between particles avoiding displacement. Additionally, the high uniaxial PMA of
NPs induces a priority for alignment perpendicular to the applied magnetic field,

further avoiding bending via fluid guiding.

Synchronized Rotation

The synchronization of chain motion with an external rotating field is a crucial
factor affecting application efficiency. We measured chain movements in each

frame during rotation and correlated these with the frequency of the external
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Figure 7.3: (a) Variation in the average orientation angle and average length of NP
chains over time in a 75% glycerin mixture. At around 1.4 seconds, the magnetic field
started to rotate at 1 Hz. (b) Correlation between the measured rotation frequency of
the chains and the rotating frequency of the external magnetic field.

field, as depicted in Fig. 7.3. Figure 7.3a shows the average angular orientation
and length of chains in a 75% glycerin mixture over time. These averages were
derived from all chains in individual microscopy images, with the method for
determining chain angle and length detailed in Appendix D.3. Due to the rod
shape of the chain, the recognized angle only ranges between 0 and 180 degrees.
At approximately 1.4 seconds, the external field started to rotate at 1 Hz, the
chains rotated correspondingly. We also noted that upon rotation initiation, the
chain length decreases which indicates the chain breaks into shorter segments,
aligning with the high-frequency break-up events discussed above. After a few
seconds of rotation, the chain length stabilized, suggesting equilibrium had been

reached.

The average angular orientation of the chains allowed us to deduce the chain ro-
tation frequency through the Fourier transform. Figure 7.3b illustrates the chain
rotation frequency as a function of the external field’s rotation frequency under
varying viscosity conditions. Remarkably, up to 15 Hz, chains in both 50% and
75% glycerin mixture exhibited identical rotation frequencies to the external field,
demonstrating effective synchronization. Experimental limitations prevented ex-
ploration beyond 15 Hz. However, compared to other micro-sized chains in liter-

ature'”!, which lose synchrony with the external field at 15 Hz in solution with
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lower viscosity, SAF NP chains exhibit considerable rigidity.

To further evaluate the boundaries of synchronized motion, we developed a model
incorporating magnetic torque and viscous torque to estimate the phase lag («)
which is the angle between the external field and the rotation of the chain. A

constant « in the model represents the synchronized rotation of the chain and the
applied field.

The model’s schematic, shown in Fig. 7.4a, considers chains rotating in the X-Y
plane. We assume the chain contains 2N NPs and the middle of the chain is at
the origin point of the Cartesian coordinate system. Magnetic torque (7,,4y) from
the rotating magnetic field and viscous torque (7,;5) arising from the rotational
friction with the surrounding fluid act upon the chain. The external field’s angle
is given as wt, where w is the angular velocity of the field. To simplify the model,
we made several assumptions: (1). The NPs are identical in shape and magnetic
properties and their magnetization is always aligned perpendicular to the NP
surface. (2). The chain is regarded as a rigid rod, which is unaffected by breakage
or combination. (3). The interaction between chains and between the chain and
substrate is not taken into account. (4). The thermal fluctuation and Brownian

motion of the chain are neglected!*?".

The chain’s rotation angle at time ¢, 6(t), is defined as the angle between the rod’s

long axis and the initial angle ( #(0) = 0). The phase lag « is:
a(t) =wt —0(t) = 2nfpt — 6(t) (7.1)

where fp is the external field’s rotation frequency.

The 7,44 of the chain is calculated as:
Tmag = 2mN Bsin(a) (7.2)

with m being the magnetization of a single SAF NP, and B the the external field.
m is derived from MV, with My = 1300 kA/m used in the simulation, and V' is

the volume of the magnetic materials in a single NP.
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Figure 7.4: (a) Schematic representation of a magnetic chain consisting of 2N particles
with a thickness of 72 nm. The chain is subjected to a rotating magnetic field with a
constant angular frequency w. The chain is aligned at § degree. The angle between
the rotated field and the chain’s angle is the phase lag which is denoted by «. (b)
The solid lines show the simulated maximum chain length to maintain the synchronized
rotation under a certain rotation frequency. Chain lengths below this threshold can
achieve synchronized rotation, whereas lengths above it cannot. The points indicate
the experimentally measured stable average lengths of SAF NP chains relative to the
rotating frequency.

For an individual NP, the viscous torque is calculated from

do da

e = =C(5) = ~C(nfn = ) (7.3

where ¢ = 3w Sndr? is the rotational friction factor of one NP. S is the shape
factor. For a disc-shaped particle with a diameter of 1.88 pm and thickness of 72
nm, S is set to 0.313'°%. The viscosity of the solution () varies with the glycerin
concentration; for a 50% glycerin mixture, n is 8.37 mPas, and for a 75% mixture,
it is 55.27 mPas. The equivalent diameter (d) of NPs, regarded as the diameter
of a spherical particle with the same volume as the NP, is 0.36 ym. The variable r
is the distance of an NP from the origin (0,0). Here the minus sign in the Eq. 7.3
defines that the viscous torque is in the opposite direction of the magnetic torque.

As each NP contributes to the chain’s viscous torque, the total torque is the sum
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of torques on 2N NPs, calculated as:

N

Tois = —31SNd(27 f5 — fl—(;‘) > (it)? (7.4)

The rotational dynamics of the chain under a rotating magnetic field is governed
by:

I — = Tiag + Tdrag (7.5)

Here I is the chain’s inertia, which is typically negligible due to its low value”"%".

When the chain reaches equilibrium, the total torque is equal to zero. Solving the
Eq. 7.5 under equivalent, with initial conditions #(0) = 0 and «(0) = 0, we can

calculate a(t) for chains comprising different numbers of particles.

At an angle a of 45°, the magnetic torque reaches its maximum, further increas-
ing the phase lag leads to a decrease in the torque which potentially disrupts the
balance with viscous torque?’. Therefore, we define o = 45° as the threshold for
maintaining synchronized rotation. Under this specific condition, we determined
the maximum chain length that can maintain synchronized motion in 50% and
75% glycerin mixtures at different external field rotating frequencies, which is de-
picted by the solid lines in Fig. 7.4b. Below the solid line, chains can maintain
synchronized motion; above it, they cannot rotate synchronously with the field.
We observe that as viscosity increases, the maximum chain length for synchroniza-
tion decreases, a consequence of the increasing viscous torque. According to our
estimations, the chains are expected to achieve synchronized motion with the ex-
ternal field even at rotational frequencies exceeding 15 Hz. However, as frequency

increases, the maximum chain length to maintain synchronous motion decreases.

Chain length

As previously discussed, the rotational frequency of the external field influences
the maximum chain length that can maintain synchronized motion. To confirm
whether the measured chains fall within this synchronized motion region, we com-

pared the chain length at varying rotational field frequencies and fluid viscosities
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with our model.

The chain length was determined by the average length upon achieving system
equilibrium as shown in Fig. 7.3a. The stable average chain length, as a function of
rotational frequencies under different viscosities (75% and 50% glycerin mixture),
is plotted in Fig. 7.4b. The error bars represent the standard deviation of chain
length in the frame when stable. Notably, all chain lengths lie within the synchro-
nized motion region, confirming their synchronized movement, as observed in Fig.
7.3b. However, a noticeable discrepancy exists between the simulated maximum
chain length to keep the synchronized rotation and the measured lengths. This
discrepancy is expected, as the model is simplified. On one hand, we assume the
magnetization is always perpendicular to the NP surface, which is not the case
in reality, leading to an overestimation of the maximum chain length. On the
other hand, we assume the chain is rigid, whereas actual chains may experience
breakage. The NPs are not perfect; unflat surfaces or contaminants, e.g. dust or
dirt from fabrication, in the mixture can cause chains to break, resulting in shorter
lengths. Additionally, interactions between chains and with the substrate, which

the model does not account for, can further reduce the chain length.

Now, let us discuss the trend of measured chain lengths with respect to rotation
frequency. From Fig. 7.4b, we observed that higher rotational frequencies and
higher viscosity correspond to reduced chain lengths, a trend consistent with ob-
servations in SPION chains'“?. This reduction in length is attributed to increased
viscous forces at higher rotation speeds, leading to chain fragmentation. Contrary
to our initial hypothesis, we did not observe an obvious increase in average chain
length at lower frequencies, despite the occurrence of combination events. This
could be due to fluctuations in individual chain lengths, which vary considerably
among chains. Remarkably, at a frequency of 10 Hz, the average chain length
reaches 128 pm and 112 pm for 50% and 75% glycerin mixtures, respectively.
These lengths are significantly longer than those typically observed in SPION

chains, which are normally below 15 pm %92 at 10 Hz.
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7.4 Conclusion

SAF NP chains exhibit significantly greater rigidity compared to SPION chains,
as evidenced by their ability to maintain a rod-like structure without exhibiting
S-shaped deformations, even during chain breakup. Remarkably, SAF NP chains
demonstrate enhanced stability at high rotation frequencies and in high-viscosity
environments e.g. 75% glycerin mixture. This is reflected in their synchronized
motion and maintaining large chain lengths under high viscous drag. These prop-
erties highlight the substantial potential of SAF NP chains for use in microfluidics,
targeted drug delivery, and magnetic manipulation, underscoring their relevance

for future technological and scientific applications.



Conclusions and outlook

Addressing the challenges outlined in the introduction, we focused on three key
areas: the fabrication, magnetic properties, characterization, and mechanical re-
sponse of perpendicularly magnetized synthetic antiferromagnetic nanoparticles
(p-SAF NPs). This section is dedicated to summarizing our key findings in these

domains and offering recommendations for future research directions.

8.1 Conclusion

In this thesis, we have successfully demonstrated that Substrate Conformal Im-
print Lithography (SCIL) can be used to fabricate p-SAF NPs with uniform di-
ameters in both the micrometer (1.8 pm) and sub-micrometer (120 nm) range
in Chapter 4. After fabrication, these NPs retain their high PMA, crucial for
high-torque applications, marking a significant step forward in the large-scale
production of magnetic nanoplatelets via a subtractive method. In Chapter 6,
we explored the magnetic properties, specifically coercivity and switching field
distributions, of p-SAF NPs. Our findings revealed that the introduction of boron
(B) into Co-based SAF NPs significantly reduces both the coercivity (uoH,.) and
the switching field distribution (SFD). This reduction can be attributed primarily
to a decrease in PMA and an increase in nucleation center density within the
material due to added boron. By introducing boron, we are able to control the
coercivity to a low range, allowing the NPs to be switched on by a low external
field.

101
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In Chapter 5, we showed that PT MCD is an effective technique for investigating
the magnetization switching of single p-SAF NPs. Specifically, PT MCD allowed
us to measure the spatial and temporal heterogeneity in the magnetic properties
of p-SAF NPs with a diameter of 120 nm, particularly in terms of their switching
fields at the single-particle level.

In Chapter 7, we explored the assembly and mechanical rotation of 2 pm diameter
p-SAF NPs under varying frequencies of rotating magnetic fields and different
viscosities. It observed that these NPs form chains that are more rigid than the
commonly used SPION chains. Notably, they synchronize their rotation with the

external field at higher frequencies and maintain longer chain lengths.

8.2 Fabrication

Although we have successfully fabricated the p-SAF NPs and have tuned the
coercivity within a manageable range, challenges remain in terms of practical ap-
plication. A primary concern is the functionalization of these p-SAF NPs. The
presence of cobalt (Co) in the thin-film stack, a material toxic to biological sys-
tems, presents a significant hurdle'?”. While the thin-film structure of these NPs
may limit direct exposure, the exposed side walls of Co still pose a risk of environ-
mental contact and need to be avoided. Additionally, the rapid sedimentation of
p-SAF NPs in solutions indicates a lack of stable colloidal formation, an essential
feature for many applications. Furthermore, for targeted biomolecule applications,
these NPs require attachment to specific ligands, necessitating stabilization and

functionalization.

The functionalization of p-SAF NPs, a topic not covered in this thesis, is a critical
area for future research. One potential approach involves depositing a layer of
gold (Au) to encapsulate the NPs, utilizing thiol-containing ligands that can form
covalent bonds with the Au surface for attachment'?®. The selection of specific
ligands for functionalization will depend on the intended application and is beyond
this thesis’s scope. However, options such as polyethylene glycol 2-mercaptoethyl
ether acetic acid could be considered for both steric and electrostatic stabiliza-

199

tion Addressing these functionalization and stabilization challenges will be

crucial in advancing the practical application of p-SAF NPs in various fields.
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8.3 Novel types of nanoplatelets

Utilizing SCIL technology, we can fabricate disc-shaped particles, and with sput-
tering, the thin film layers can be easily tuned. These techniques allow us to create
not only p-SAF NPs but also various other types of nanoparticles with distinct
magnetic properties. Here, we discuss some potentially interesting nanoparticle

types with unique magnetic properties for future exploration.

8.3.1 Asymmetric stack

For certain applications, such as self-assembly, it is essential to achieve precise
alignment of particles, such as orienting a particular face of the particles in a
specific direction. This precise orientation ensures that the building blocks can
connect in a desired manner. One strategy to achieve this involves engineering
the basic SAF stacks so that one of the magnetic layers can consistently switch
before the other. We refer these stack with different switching sequences as an

"asymmetric stack.” This can be achieved in several ways described below.
Exchange bias

The exchange bias effect arises from the exchange interaction at the interface be-

200 This interaction

tween ferromagnetic (FM) and antiferromagnetic (AF) layers
stabilizes the spins of the ferromagnet in a certain direction which is influenced
by the uncompensated surface of AF materials. An uncompensated surface refers
to an imbalance in antiparallel spin alignment, resulting in a net magnetization.

This phenomenon can lead to a shift in the hysteresis loop.

In SAF NPs, the exchange bias effect is used to fix the orientation of the magne-
tization of one layer, creating asymmetry and directional alignment of the NPs.
This is achieved by adding an AF layer, such as IrMn, on top of a FM layer, like
Co. Here we present preliminary results on the SAF NPs with exchange bias.
Adding IrMn on top Co leads to an exchange bias coupling that is evident in the
shifted hysteresis loop shown in Fig. 8.1, where the right half of the loop is notably
displaced to the right.

Since NPs have the freedom to rotate in a fluid medium, they will naturally
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Figure 8.1: Hysteresis loop of p-SAF NPs with exchange bias measured by SQUID

orient themselves in the direction such that the AF layer’s uncompensated spins
is parallel to the external field, as this is the energetically favorable state. Figure.
8.2a displays the simulated energy profiles for NPs aligned at angles of 0°, where
the AF layer’s spins align parallel to the external field; at 90°, where the spins are
perpendicular to the external field; and at 180°, where the spins are antiparallel
to the external field. The corresponding spin alignments for these orientations
are shown in Fig. 8.2b. The energy required for alignment at 0° is consistently
lower or equal compared to that at 180°, indicating a natural tendency for the
NPs to align at 0°, the direction of the AF layer’s uncompensated spins. At lower
fields, the lowest energy alignment occurs at 90°, suggesting that NPs will align
perpendicular to the external field, which is the same as the behavior of standard
p-SAF NPs (as detailed in the literature in Section 2.4).

Synthetic ferrimagnetic NPs

Synthetic ferrimagnetic NPs arise when the top and bottom FM layers in SAF
structures have different thicknesses. This asymmetry can result in a preferred
alignment direction, as indicated by prior studies®”. Although this method is
simpler for introducing asymmetry, it is important to note that it induces net
magnetization, potentially leading to aggregation issues. An alternative method
involves designing a structure with equal total magnetic moments but different

anisotropy levels, potentially also leading to preferred alignment.
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Figure 8.2: Energy profile of p-SAF NPs with exchange bias in response to increasing
field strengths. Energy calculations were conducted for three distinct orientations of the
NPs relative to the external field: 0°, 90°, and 180°. The illustration in (b) depicts the
alignment of the NP in relation to the external field, with black arrows indicating the
direction of the spins.
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It is feasible to use a thin film stack composed of Co and Gadolinium (Gd) to
achieve the asymmetric structure. Co/Gd stack is synthetic ferrimagnetic as well.
Furthermore, this thin film structure can be optically switched using a laser, pro-

viding an alternative method for manipulating NPs*"!.

8.3.2 In-plane SAF

Although we mentioned in Chapter 1 that in-plane SAF NPs are not suitable for
torque-related applications, they hold potential for other uses. A key advantage
of in-plane SAF is that their susceptibility can be easily tuned by changing the
interlayer magntic anisotropy though thickness modification®""%?"?. Additionally,
in-plane SAF structures can achieve high susceptibility up to 1600%°%, a value
higher than SPIONs. These characteristics make them particularly suitable for
applications in immunoassays to quantify the number of analysis biomolecules.
These assays frequently utilize the magnetic response of magnetic particles in AC
fields, where high susceptibility typically amplifies the magnetic response, thereby

enhancing sensitivity 2*%"*,
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8.4 Characterization

While PT MCD is a powerful tool for studying magnetic properties, it does not
directly measure the mechanical torque of p-SAF NPs. As mentioned previously,
magnetic torque is not directly equivalent to mechanical torque, alternative meth-

ods for measuring mechanical torque are necessary.

Atomic Force Microscopy (AFM), a technique sensitive to small torques and forces

even in the piconewton range, presents a potential solution?’”

. The conceptual
setup for using AFM to measure mechanical torque is shown in Fig. 8.3a. It
involves placing a NP on a cantilever and applying an external field. The exerted
torque causes the cantilever to deflect, and this deflection (Az) is detected by a
laser reflecting the change in the cantilever’s position. By correlating the can-
tilever’s deflection, its mechanical properties, such as the spring constant (k), and
the NP’s position (7), we can calculate the force through F' = kAz and the torque

through T'= F x r cos a?"°.
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Figure 8.3: (a) Schematic of the AFM setup for measuring torque. A NP is attached
to a cantilever, which is positioned above a magnet that generates the field. This
magnetic field causes the NP to experience a mechanical torque, leading to the bending
of the cantilever. A laser is reflected onto the cantilever to detect its bending. (b)
Deflection of the cantilever as a function of the applied magnetic field. The thin film
stack Ta(4)/Pt(2)/CoB(0.8)/Pt(0.4)/Ru(0.8)/Pt(0.4)/CoB(0.8)/Pt(2) is deposited on
the cantilever. The black curve corresponds to the sweep of the magnetic field from
positive saturation to negative saturation, and the red curve corresponds to the back
sweep. The blue arrows represent the magnetization of the FM layers.
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We utilized a SAF thin film stack on a cantilever to demonstrate this principle,
with the deflection shown in Fig. 8.3b. Huge change of deflection, correspond-
ing to magnetization state changes from AF to FM or vice versa, indicated the
potential to measure the switching of the SAF stack. The observed linear re-
lationship between deflection and the external field after saturation, which we
successfully measured, is expected. From this linear relationship, we can estimate
mechanical torques on the order of 107'% Nm, validating the method’s sensitivity
and accuracy. The details of this measurement process are further elaborated in
Ruijs’s thesis?’”. This success with AFM demonstrates the feasibility of accu-
rately measuring small-scale mechanical torques and forces, opening new avenues

for quantifying mechanical effects in magnetic systems.

However, several challenges must be addressed before AFM can be effectively used
to measure the mechanical torque of single NPs. We need to validate its efficacy
in measuring single NPs with a diameter of 120 nm, which generate relatively low
torque in the order of 107! Nm. More sensitive cantilevers with higher spring
constants may be required to improve signal detection. Additionally, differentiat-
ing between the effects of magnetic force and torque will require either the use of

uniform magnetic fields or the development of medels to estimite the difference.

In conclusion, while AFM shows promise for measuring actual torque in NPs, fur-
ther improvement and test of the technique are needed to fully realize its potential

in this application area.

8.5 Mechanical response

Although, we have experimentally investigated the rotation of p-SAF NPs’ chain
under different field frequencies, the understanding of their rotation poses chal-
lenges. One major challenge lies in developing a better model to describe the
dynamics of NP chains’ rotation and NPs’ aggregation into chain-like structures.
This model needs to account for a broad range of factors, including magnetic,
drag, and friction forces, as well as the intricacies of Brownian motion. Addition-
ally, interparticle interactions, such as the forces experienced by the NPs as they
approach each other, need to be considered. The model should also include the

collective motion of these aggregated chains, which may attach to each other due
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to dipolar interaction. While initial efforts have been devoted toward a simplified
model, the complexity and extent of these interactions have to be considered to

achieve a more realistic estimation.

In Chapter 7, we limited our study of field rotating frequencies to a maximum
of 15 Hz due to our experimental setup constraints. The limitations stemmed
from both the inability of our field generation setup to achieve higher frequencies
and the camera’s frame rate, which was insufficient for capturing images at these
higher frequencies. To overcome these challenges, a setup capable of generating
fields at higher rotating frequencies is essential. Additionally, employing advanced
optical setups instead of microscopy would allow us to observe the rotation of
chains under higher frequencies, avoid the frame rate limitations of our current

camera 70208

Another aspect that requires attention is the interaction of NPs with more rigid
mediums, such as cell membranes. While our primary focus has been on liquid
environments, understanding how NPs behave and interact with solid or semi-solid
environments is essential, especially for torque-related applications. For instance,
in mechanical cancer cell destruction, determining how large the mechanical torque
applied is, and how these NPs deform the cell membrane, is crucial for designing
applications. Therefore, more experiments are needed to observe interactions with

semi-rigid media.

Regarding the experiment setup, it is crucial to note that the interaction of NPs
with the media or the rotation of NPs is three-dimensional (3D) rather than two-
dimensional (2D). Therefore, an ideal setup would be a 3D field generator capable
of generating fields in all directions. This setup would allow for the free alignment
of NPs in any direction, providing a more comprehensive understanding of their

motion.

8.6 Application

In this thesis, the practical applications of p-SAF NPs have not been extensively
discussed. Future research could focus on their in-vivo applications, such as
mechanical cancer disruption or the manipulation of ion channels in cells at a

nanoscale. Additionally, for the implementation of these NPs within the human
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body, toxicity studies and methods for their safe removal should be investigated 2" .

Moreover, the potential for these NPs in in-vitro applications, such as microfluidic
mixing, warrants attention. While we have demonstrated the rigidity of SAF NP
chains and hypothesized their enhanced efficiency in mixing in Chapter 7, further

empirical research is required to validate the efficiency.
Conclusion

In conclusion, this thesis has delved into the fundamentals of p-SAF NPs from
their fabrication to fundamental physics. We have investigated their magnetic
properties, characterized their magnetic switching behaviors, and examined their
rotational responses under various field conditions. Our findings underscore the
potential of p-SAF NPs in torque-related applications, laying the groundwork for
future advancements. Nevertheless, this remains an emerging field with ample

scope for further research and exploration.
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A.1 Fabrication process of SAF NPs

A.1.1 Growth of the metallic stack

A 30 nm Cu thick sacrificial layer was first deposited on a 2 inch silicon wafer (
<100> orientation, p-doted, from University Wafer) followed by the deposition of
the metallic stack through DC sputtering. The deposition was conducted under
the Ar pressure of 1072 mbar in a chamber with a background vacuum of ~ 10~°

mbar.

For 1.8 um SAF NPs, [Ta(4)/Pt(2)/CoB(0.8)/Pt(0.3)/ Ru(0.8)/Pt(0.3) /CoB(0.8)/
Pt(2)]5 (with the thickness in nanometer) was used. The metallic stack for 120
nm NPs was Ta(4)/Pt(2)/CoB(0.8)/Pt (0.3)/Ru(0.8)/Pt(0.3)/CoB(0.8) /Pt(2).

Five repetitions of the basic thin film stack ([Ta(4)/Pt(2)/CoB(0.8)/Pt(0.3)/Ru(
0.8)/Pt(0.3)/CoB(0.8) /Pt(2)], with thickness in nanometer) were used for 1.8 pm
NPs to increase the total thickness and thus prevent the roll-up of the NPs dur-
ing the release step i.e. to increase its mechanical robustness. The SEM image
of released 1.8 pm NPs with only one repetition of the basic stack is shown in
Fig. 4.2. We observe that the sample edge rolled up after the selective etching
of the sacrificial layer. The bending can be attributed to the stress difference

between the top and bottom layers during etching?'”

. With smaller aspect ratio
(diameter /thickness), the bending can be prevented. For 120 nm Ns, the aspect
ratio is much smaller and the single repetition is enough to form flat NPs. Nat-

urally, increasing a non-magnetic layer thickness in the stack would provide the

111
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same robustness, however on the first order the magnetic moment to volume ratio
would be very different and hence the magnetic behavior would be different but

is beyond the current scope and we decided to keep this ratio constant.

Figure A.1: SEM image of the released 1.8 pm NPs with one repetition of the basic
stack.

A.1.2 Nanoimprint

A typical stamp used in the nanoimprint process is shown in Fig. A.2. The stamp
consists of a thin glass substrate, on top of which two PDMS layers are attached.
The bottom low modulus PDMS layer allows the conformal contact during im-
printing. The top high modulus PDMS layer contains the designed patterns'®’.
To create the pattern, the SiOy based sol-gel resist (from SCIL Nanoimprint So-
lution) T1250 and T1100 were used for 1.8 pm and 120 nm NPs. They were spin
coated at a different speed, 1000 rpm for 10 s and 2000 rpm for 8 s for 1.8 pm and
120 nm NPs respectively, on the metallic stack. Immediately after spin coating,
the corresponding stamp was pressed into the resist which attached firmly to the
resist due to capillary force. The sample together with the stamp was then baked
at 50 °C for 2 min. After the stamp was removed, the sample was baked at 50

°C for another 2 min. After nanoimprint, we created nicely repetitive pillars as

shown in Fig. A.3 (a), which were used as the masks for metal etching afterwards.
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Figure A.2: Schematic of a typical SCIL stamp for nanoimprint. '

00 05 10 15 20 25 30 35 00 05 10 15 20 25 30 0.0 0.5 1.0 15 20 25 00 05 10 15 20 25 30 35
Position (um) Position (um) Position (um) Position (um)

Figure A.3: AFM image of 1.8 pm SAF NPs (a) directly after imprint, (c) after IBM,
(e) after BHF dipping (g) after sonication. (b), (d), (f) and (h) are the height profiles
along the white line in (a), (c), (e), (f).

A.1.3 Pattern transfer into metallic layers

Some residual sol-gel resist was left between the designed patterns which should
be removed first in order to conduct the following metal etching process. This was
achieved by a short selective reactive ion etching (RIE) performed with 50 sccm
CHF3 and 5 sccm Oy at a radio frequency (RF) power of 100 W. Since the height
of the residual resist layer was different for 1.8 pm and 120 nm NPs, different

etching periods of 90 s and of 84 s were used, respectively.

Nonselective ion beam milling (IBM) was used to pattern down the metallic layers
from thin film to nanoplatelets. A two-step Ar+ ion beam was performed to etch
the metal layers with a 40 mA beam current and accelerating voltage of 400 V.
The sample was first etched by the ion beam normal to the sample surface and
then etched 30 degree relative to the surface to reduce redeposition. The IBM
milling was performed in 30 second exposures with 30 second cool down time

in between. A temperature controlled sample stage at 20 degrees centigrade is
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used with active heat exchange gas cooling the substrate. In this way we prevent

”Annealing effects” during the IBM step.

To remove the residual resist on top of the metal NPs after IBM, the sample was

immersed in a 30:1 buffered HF solution for 2 min.

During IBM processing, the etched atoms can deposit on the sidewall of the resist
causing irregular sidewalls namely redeposition. One example is shown in Fig.
A.3 (e), where the AFM image of 1.8 ym NPs after HF etching is measured. To
get rid of the redeposition, samples were further sonicated in DI water for 20 min

which removed the sidewalls as shown in Fig. A.3g.

A.1.4 Release of the NPs

After sonication, the sample was immersed in 1.5% CuSO4 — 10% ammonia so-
lution with sonication to dissolve the sacrificial Cu layer. The solution was then
neutralized with citric acid. Finally, the NPs were collected through centrifuga-
tion. To clean the NPs, the collected NPs were redistributed in DI water and

collected with centrifugation three times.

A.1.5 Morphology of 1.8 pm SAF NPs during Fabrication

The morphology of 1.8 pm SAF NPs after nanoimprinting, after IBM, after BHF
dipping, and after sonication was measured under AFM and shown in Fig. A.3.
Through nanoimprinting, we can obtain pillars consisting of resist with homoge-

neous diameter as shown in Fig. A.3 (a).

A.2 Yield of SCIL

The packing density, which is the total area of the NPs divided by the total surface
of the sample, is calculated from the SEM images of the sample before release
shown in Fig. A.4, where the red box is defined as the unit cell to represent the
whole sample. For 1.8 pm NPs, the unit cell is the parallelogram formed by any
four NPs next to each other. For 120 nm NPs, the unit cell is the square defined
by the vertical bisector of adjacent NPs. The packing density is then defined as:
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Packingdensity = Onp (A.1)

unitcell
where Syp is the area of the NP and S, is the area of the red box. The
packing density we deduce for our stamps is 34 % and 11% for 1.8 pm and 120
nm NPs.

Knowing the packing density, we can calculate the number of particles obtained
from a 2 inch wafer, which are ~ 10® particles for 2 pm NPs and ~ 10'° particles
for 120 nm NPs.

Figure A.4: SEM images of (a) 1.8 pm diameter and (b) 120 nm diameter SAF NPs
before release. The red box is the smallest unit which we used to calculate the packing
density.

A.3 Magnetic properties of NPs after etching

To investigate the effect of etching processes on the magnetic properties, the hys-
teresis loops of the 1.8 nm SAF NPs after different etching steps were measured
and compared in Fig A.5. Three samples were measured. 1. the sample after IBM
process. 2. the sample after immersing in buffered HF (BHF) and sonication in
DI water. 3. the sample after immersing in CuSO, — ammonia solution for 1 hour
without sonication during the step. Note without sonication the NPs were still on
the wafer. All the measured hysteresis loops show the same SAF properties: two
distinguishing switches and the antiferromagnetic state. The saturation magneti-
zation is 967 kA/m, 1025 kA/m and 920 kA/m for the sample after IBM, after

immersing in BHF and after immersing in CuSO, — ammonia solution, respec-
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Figure A.5: Hysteresis loops measured along the easy axis through SQUID of the
1.8 ym NPs (a) after IBM, (b) after immersing in buffered HF and sonication (c) after
immersing in CuSO4 — ammonia solution.

tively. The difference is within the measurement error. Considering the obvious
SAF properties and the similar saturation magnetization, we can conclude that
neither the BHF solution nor CuSO, — ammonia solution degrade the magnetic

properties.

A.4 Methodology

A.4.1 Preparation of released NPs

After the NPs were cleaned and dispensed in DI water, we dropped cast a part of
the solution onto a clean Si-substrate. The samples were dried until the solution
was fully evaporated at room temperature without applying an external magnetic
field. The samples were ready for SEM measurement after drying. For SQUID
measurement of released NPs, the samples were further spin coated with photore-
sist MaN2410 at 3000 rpm for 1 min to prevent the NPs from contaminating the
SQUID during measurement.
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A.4.2 SQUID measurement

It has been reported that the sample geometry (shape and size) and orientation
can affect the measured magnetization in SQUID?!!. In our measurement, samples
with dimension around 4x4 mm? are used. The sample is aligned horizontally in
easy axis (EA) hysteresis loop measurement and vertically in hard plane (HP)
hysteresis loop measurement. Considering the shape effect and the orientation,
the raw data was divided by a correction factor of 1.145 for EA hysteresis loop
measurement and 1.004 for HP hysteresis loop measurement to compensate for

the effect acctording to the application note*'!.

A.4.3 Size distribution of NPs

To obtain the size distribution of the SAF NPs, the diameter of the NPs before
release was collected by ImageJ from several SEM images at different positions on
the wafer. One example of the SEM images is shown in Fig. 4.2 (b) and (f). In
total 432 NPs were used to calculate the distribution of the 1.8 pym NPs and 1109
NPs for the 120 nm NPs.

A.4.4 Switching field distribution (SFD)

In SQUID measurement, an assembly of particles is measured, from which there is
a distribution of the switching field. To get the SFD, an error function is used to
fit for the switching filed (uoH; and poHs) in the minor loop shown in Fig. A.6.
The standard deviation SD; and SD, in the fitting is defined as the SFD of 1o H;
and poHs respectively. We use the average of SD; and SD, as the SED of the

sample.

A.5 Error calculation

The standard deviation of M and ‘“’HQ;—“OHlis regarded as the error for
the coercivity (uoH.) and the RKKY coupling field (p0H,kky). An example to
calculate the error is shown in Fig. A.6. From the fitting, poH; and poHs at each

y value can be calculated and thus “°H2;“°H1 and “OHQ?‘OHI. The mean and SD
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Figure A.6: Minor hysteresis loop of 1.8 pnm NPs before release.

of the filed are obtained based on these values at different y value.
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B.1 Nanofabrication of SAF-PMA and dispersion in a liquid

A substrate conformal imprint process was used to fabricate the SAF-PMA nanoplatelets
(NPs) which were studied in the paper.'*” After depositing the sacrificial Cu layer
and the SAF thin film stack on a 2-inch silicon wafer, the disc shape was created by
the imprint process. Several etching processes e.g. reactive ion etching, ion beam
milling and buffered hydrogen fluoride etching were used to transfer the disc shape
into the metal layer. Then the Cu layer was dissolved by CuSO4-ammonia solu-
tion to release the NPs. After release into the liquid environment, the NPs were
cleaned with deionized (DI) water three times. Then the NPs were redistributed
in the DI water with sonication. For the SEM measurement, the released NPs
were prepared by spin coating the solution which contained the NPs on a silicon
wafer at 500 rpm. For the unreleased sample, a piece of wafer of the sample before

release was used.

B.2 Size distribution of nanoplatelets

The size distribution of nanoplatelets is calculated based on the TEM image of
146 released nanoplatelets. To prepare the TEM sample, the nanoplatelets were
dispersed in DI water and drop cast on a TEM copper grid. One example of the
TEM image of the released NPs is shown in Fig B.1(a). Only the NPs which
were fully aligned on the substrate were taken into consideration. ImageJ was
used to analyze the diameter of the NPs and a histogram of the diameters of the

nanoplatelets is shown in Fig. B.1(b). A normal distribution is used to fit the
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diameter and we obtain a size distribution of 122 + 4 nm.
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Figure B.1: (a) TEM image of released SAF nanoplatelets. (b) Histogram of the
diameters of the nanoplatelets. A normal distribution is used to fit the histogram.

B.3 SQUID measurement

The SQUID measurement of the SAF nanoplatelets was conducted on the unre-
leased NPs, which were still on the silicon wafer, instead of the released NPs. A
4 x4 mm? wafer piece of the unreleased sample was used in the measurement. Con-
sidering the filling rate of NPs shown in Fig. 5.1b, in total ~10° SAF nanoplatelets
were measured. A magnetic field was applied perpendicular to the sample sur-
face. The reason for using unreleased nanoplatelets is to prevent the misalign-
ment of the dried-in nanoplatelets relative to the applied field and the possibility
of nanoplatelets piling on top of each other, which can cause more slanted switch-
ing fields due to particle-particle interaction.?” Previous study also denotes that
after release the typical SAF properties do not degrade,'®” indicating that the
properties of unreleased nanoplatelets measured by SQUID can be compared with

the properties of released nanoplatelets measured by PT MCD.

B.4 Error function fit to the magnetization curve obtained from SQUID

In the SQUID measurement, the ensemble average switching behavior of more than
10% particles was measured. Since the switching process is a stochastic process,
an error function (y = A -erf (%) + B, where A and B are constants and
By, is the average switching field and SD is the standard deviation) was used

to fit for part of the hysteresis loop as shown in the insert of Fig. 5.1c. The
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standard deviation of the fit represents the switching field distribution (SEFDs)
of the ensemble, dominated by NP to NP variation. Moreover, as SQUID is a
quasi-static measurement process, i.e., field is set, a measurement is performed,
etc, the time interval between two points is on the order of 20 seconds. In the
PT MCD measurement a continuous measurement protocol is used, i.e., the field
changes continuously and points are measured while sweeping (the magnetic field
is varied by moving the external magnet away from, or towards, the sample with
a speed of 0.5 mm/s and the magnetic field is calculated from a calibration curve
of field-distance measured with a Gauss Meter). Hence, the quasi-static SQUID
does not probe the SED of the individual NP (more time to perform a switch i.e.,
Arrhenius type of process see Eq. B.2, but probes the distribution in the ensemble.
In contrast the PT MCD protocol, where a continuous measurement is performed,
which for an Arrhenius process leads to a larger spread as the measurement time
is shorter, indeed probes the switching process of individual NPs and reflects the

single-particle SFD.

B.5 Hysteresis loop of a continuous SAF film

The hysteresis loop of the as-deposited continuous film of the SAF stack before
patterning is measured by SQUID at 400 K as shown in Fig. B.2. SAF properties
are observed with the B,,, of 171 mT. Sharp switches with the SFD of 2 mT from
AP to P state and P to AP state are observed compared to the patterned SAF NPs
which exhibit a broad SFD of 10 mT (see Fig. 5.1c). The B. of patterned NPs
is 22 mT while the B, of the continuous field is 2 mT. The differences between
the continuous film and the patterned NP are expected and can be attributed
to the reversal mechanism. Since the switch starts with a reversal of nucleation
followed by fast domain wall propagation, sharp switches are expected as we ob-
served on the continuous film and on the individual NPs. However, the SQUID
measurement of the patterned NPs contains many NPs thus the broader SED can
be observed. With reduced area, less nucleations can be found on the patterned

sample compared to the continuous film leading to a larger B, of the patterned
SAF NPs.
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Figure B.2: Hysteresis loop of the as-deposited continuous film SAF stack at 400 K

B.6 Histogram of PT signals and gop factors

Histograms of photothermal (PT) signals and gop factors of 32 single magnetic
nanoplatelets at a saturated magnetic field are shown in Fig. B.3. The g¢p factor

is defined as

CD 0 —OR
= =2 B.1
gep PT UL+UR ( )

Where, gop factor is the normalization of CD signal by PT signal. o and o is the

absorption cross sections of left- and right-circularly polarized light, respectively.



B.7. Calculation of temperature in PT MCD using a calibration method 123

(@ s (b) 6
B4y 3
© ©
b= €4
83r 3
© ©
o 2f @
Qo Q2
£ £
=] 1+ 35
C c
0 0 - :
35 40 45 50 5 0 5
PT g-factor %107

Figure B.3: (a) Histogram of photothermal signals of 32 single magnetic nanoplatelets.
(b) Histograms of gop factors at saturation magnetic fields of 280 mT (black) and -280
mT (gray).

B.7 Calculation of temperature in PT MCD using a calibration method

The temperature calibration was done by heating the nanoplatelets until nanobub-
ble formation was observed in the liquid (Hexane) surrounding the NPs. The hex-
ane has a lower boiling point (341.6 K) than hexadecane (560 K) and was used as
the contrast medium for this calibration. We performed the calibration with the

following assumptions:
1. The nanoplatelets are assimilated to spheres.

2. The absorption cross section for the heating beam and for the probe beam are

approximately equal.

3. The thermal conductivity and refractive index of hexane and hexadecane are

nearly identical.

Then, we increase the heating power slowly until the PT signal suddenly increases
significantly, which indicates nanobubble formation. Considering surface tension
and size of the NP, the critical temperature of NP from calculation is 377 K.
The critical power of heating and probe beam used in experiments are 7.5 mW
and 1 mW, respectively. Because of the linear relationship between heating power
and the temperature of nanoplatelet, the estimated temperature of nanoplatelet
in hexadecane is 390.28 K with a heating power of 12 mW and probe power of 1
mW.
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B.8 Temperature dependent switching fields

Hysteresis loops were obtained by SQUID at temperatures ranging from 200 K
to 400 K with an out-of-plane configuration on an ensemble of approximately 10°
particles in a periodic configuration on a 4 x 4 mm? wafer piece. The measurements
were performed several times over multiple days. Next to that, the temperature
was first increased and then decreased for several times by which it was concluded
that there was no irreversible effect observed in the magnetic properties for tem-
peratures ranging up to 400 K. The switching fields of the minor loop as a function
of the temperature are recorded in Fig. B.4, the corresponding coercivity (B.) and
RKKY coupling field (B,xk, ) are shown in Fig. B.5a and Fig. B.5b. The error
bars of the B, and B,x, come from the standard deviation of the values obtained
from different measurements. We observe a decreasing coupling field with an in-
crease in temperature as shown in Fig. B.5b, due to the switching fields moving

closer together as can be seen in Fig. B.5.
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Figure B.4: Temperature dependent switching fields (B,, and B,¢s) measured by
SQUID.

Besides that, the B, is also decreased with an increase in temperature, which is
the result of the thermally assisted switching behavior. The decrease in B, can be
fitted with the Sharrock formalism,
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2K kgT t

Be= 3 (1 - \/Kivzn (%)) (B.2)
Here B, is the coercive field, K is the anisotropy constant, Mg is the saturation
magnetization, kg is the Boltzmann constant, T" is the temperature, V' is the nu-
cleation volume, f is the attempt frequency and t is the measurement time. From
this equation it follows that for finite temperatures the coercive field is reduced by
the factor in brackets with respect to the anisotropy field % . For the fitting, fo
, t and kp are fixed, where f; is set to 10'° Hz (typical for ferromagnets as CoB)
and t is set to 20 s (~measurement time between points in the SQUID). Further-
more, it is assumed that both K and Mg have no temperature dependence which
is a rather crude assumption for ultrathin CoB layers with a Curie temperature
of ~550 K. The fitting parameters are then % and K'V. The fitting gives that
% equals 240 mT and KV equals 1.9 x 10* J. According to the fitting, the B.
at 390 K is 33 mT, which agrees nicely with the value obtained in the PT MCD.
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Figure B.5: (a) Average temperature-dependent coercivity of an ensemble of ~10°
platelets as obtained from the minor loops measured using SQUID. The data points are
fitted using the Sharrock formalism as mentioned in the text. (b) Average temperature-
dependent coupling field of an ensemble of ~10° platelets as obtained from the minor
loops measured using SQUID.
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B.9 Sample preparation for PT MCD measurements

The nanoplatelet solution was spin-coated on a UV-plasma-cleaned glass coverslip
(thickness about 170 pm) to disperse the nanoplatelets homogeneously on the
glass surface. The glass coverslip was sandwiched with a microscope glass slide
with a cavity (glass slide’s thickness of about 1.4 mm) which contained a cavity to
hold the liquid (hexadecane, Sigma-Aldrich, MGPB20) used for the photothermal

measurement.

B.10 Optical setup

The details of the optical setup are described in our recent publication'**. Here
we describe the setup briefly. The heating laser with wavelength of 532 nm was
passed through two polarization modulators, an electro-optical modulator (EOM)
and a photo-elastic modulator (PEM) to modulate the laser’s polarization at fre-
quencies 33.5 kHz and 50 kHz, respectively. The circular dichroism (CD) signal
was detected at the sum frequency. The heating laser was focused in the back-
focal plane of the immersion-oil objective (NA = 1.45) to illuminate the sample in
a widefield area of about 3 m diameter. The circularly polarized continuous-wave
probe beam at wavelength 780 nm was focused onto the sample using the same
microscope objective. The scattered probe beam was filtered from the heating
beam using a band-pass filter (BP780) before focusing on an analog photodiode
using a lens. A sensitive lock-in amplifier was used to obtain the CD signal at the
sum frequency of two modulators. To vary the magnetic field, a long permanent
cylindrical NdFeB magnet made from a set of small cylindrical magnets of diame-
ter of 6 mm, was placed perpendicular to the sample plane and its position relative
to the sample was varied to vary the applied magnetic field. The magnetic field
was calibrated with a Hall probe (Hirst Magnetics, Model: GMOT). The field was
measured without the objective (the presence of the steel ring in the microscope
objective may modify the magnetic field in the sample, however the influence of
the steel ring was not considered due to the position of the ring several millimeter
away from the sample). To invert the direction of the magnetic field, the mag-
net was reversely mounted. Note that PT MCD is most suitable for nanoparticle

measurements and not very suitable for a thick film measurement. For a film
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measurement, it is quite complex to quantitatively understand and requires an

additional theoretical modeling.

B.11 Measurement sequence of applied magnetic fields in PT MCD mea-
surements

Upon measuring the hysteresis loop of NPs through PT MCD, gop factors under
different applied fields, defined as CD signal normalized by PT signal, are recorded.
A high positive magnetic field was applied to saturate the sample, then the applied
magnetic field was varied from zero to high magnetic field, then returned to zero
and then the same was done for the opposite orientation of the magnetic field.
Thus, the hysteresis loops in both positive and negative magnetic field directions
resemble the minor loop of the hysteresis curve measured by SQUID. Note that, in
this study, we focus on the minor loops of the system, i.e., single-polarity sweeps
of the field which will assure that only one of the two layers of the SAF system

switches which allows us to compare the same switching event consistently.

B.12 Full magnetization curves of 32 single magnetic nanoplatelets

The full magnetization curves of a total of 32 single magnetic nanoplatelets are
shown in Fig. B.6 and Fig. B.7. All the platelets show sharp transitions from
one of the anti-ferromagnetic configurations (on switch) to the ferromagnetic one
and always reverted to an anti-ferromagnetic configuration upon field decrease (off
switch).
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Figure B.6: Full magnetization curves of 16 single magnetic nanoplatelets. Magnetiza-
tion curves of another 16 single nanoplatelets are shown in Fig. B.7. Particles numbers
are mentioned in the inset.
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B.13 Magnetization as a function of the permanent magnet’s position

Figure. B.8 shows magnetization curves of the four single magnetic nanoplatelets

shown in Fig. 5.2 in the main text. Here, we plot the optical MCD signal as

a function of the position of the permanent magnet from the sample, instead of

the magnetic field. There is no change of noise amplitude on this plot, which

demonstrates that the higher apparent noise at lower magnetic fields in the mag-

netization curves of Fig. 5.2 in the main text is an artefact. Because we measure
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with a constant stepping in magnet position, we obtain a much denser sampling
of weak fields at large distances compared to the sampling of high fields at short
distances (e.g., the field generated by a permanent magnetic is non-linear in its

distance to it).
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Figure B.8: Magnetization curves of the four nanoplatelets shown in Fig. 5.2 in the
main text. Here, the MCD signal is plotted as a function of the distance of the magnet
from the sample, only in the positive magnetic field direction.

B.14 MCD time traces at B = 0 and B = 280 mT

Figure. B.9 shows time traces of the MCD signal at B = 0 mT and B = 280 mT.
Both time traces show similar noise levels. This again confirms that the higher
noise level at lower fields apparent in Fig. 5.2 is only due to the larger number of

data points at lower than at higher fields.
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Figure B.9: (Left) CD time trace at B= 0 and (b) MCD time trace at B= 280 mT for

a single magnetic platelet.

B.15 Histogram of on and off switching fields from time-dependent magne-

tization curve

Figure B.10 shows the histogram of on and off switching fields of minor loops of a
single NP measured over 15 sequential cycles as presented in Fig. 5.5 in the main
text. The mean values and standard deviations of the histograms are mentioned
in the inset. The distribution of on switching fields is broader than that of the off
switching fields.
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Figure B.10: Histogram of off (magenta) and on (red) switching fields of minor loops
of a single NP measured over 15 cycles as shown in Fig. 5.5 in the main text. The mean
value (u) and standard deviation (o) is mentioned in the inset.

B.16 Simulation for calculating absorption of magnetic layers

An analytical calculation based on the transfer matrix method is used to estimate

the optical absorption of each layer of the NPs?!?. The complex refractive indexes
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of different materials at the wavelength 532 nm, which is the wavelength used in PT
MCD measurement, are used in the simulation?'®. Here we use the refractive index
of Co to represent the CoB layer. In the simulation, we assume that the laser enters
the platelet from the top side of the NP from air and has the following stack AIR
/Ta(4)/Pt(2)/Co(0.8)/Pt(0.4)/Ru(0.8)/Pt(0.4) /Co(0.8) /Pt(2) /Ta(4) /AIR. The ab-
sorption of the laser of each layer is shown in Fig. B.11. From the estimation,
only 8.7 % of the light is absorbed in the two Co layers (4.5% in the first layer
and 4.2% in the second layer) which will contribute to the MCD signal. Note that
only 41.1% of the incoming light will be absorbed in the layer stack of the platelet

(integrated absorption) as its thickness is less than the penetration depth of the
light.
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Figure B.11: The absorption of the heating laser by the NP stack

B.17 The effect of dipolar field on the unreleased SAF NPs in SQUID mea-
surement

As shown in Fig. B.12, the unreleased SAF NPs are well aligned on the substrate
with a constant distance of 335 nm between the two NPs. Dipolar fields from
nearby NPs may influence the switching of NPs. When the external field is low,
NPs are in the antiferromagnetic state leading to zero dipolar fields and thus not
affecting the surrounding NPs. When NPs are saturated, the total dipolar fields
at the central NP (in the red circle) are calculated as shown in Fig. B.12. Note
that we did not include NPs beyond 2 pym from the central NP, since their dipolar
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fields on the position of the central NP are negligible. In addition, we calculate
the field on the center of the central NPs. For a small area of the saturated NPs,

the magnetic flux which is perpendicular to the substrate on the central NP is

po Am  pg Mt - Aarea

AB = =
A 73 4 r3

(B.3)

where Mj is the saturation magnetization of CoB which is 1120 kA /m, ¢ is the
total thickness of the magnetic material which is 1.6 nm, r is the distance from
the center of the central NP. By integrating on the area of all the NPs (except
the central NP), we obtain a field of 0.5 mT. Considering the small value, we can
neglect the effect of the dipolar field of neighboring NPs.

Figure B.12: SEM of unreleased SAF NPs, which was used in SQUID.

B.18 Schematic representation of the spin reversal mechanism

The switching mechanism of ultrathin CoB PMA layers is known to start with
the nucleation of small reversed areas'™; these domains can then expand rapidly
due to domain wall (~10 nm width in PMA systems) motion as the domain
wall mobilty is high'’?. The initial nucleation process is a stochastic process and
depends on the history and detailed morphology at the nanoscale for the ultrathin
CoB layer. Although the layers in the PMA-SAF stack are polycrystalline, the

nucleation of the NPs is dominated by the strongest defect and our results show
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that this distribution is well defined. However to fully grasp the difference between
the reversal of the on and off switch of the individual NP we first discuss the case
of homogenous CoB layers in the NP and the effect of the generated dipole fields
in the on and off state. Then we explain the effect of microstructure by including
so-called nucleation embryos (strongest defects or hysteretic residuals of not fully
reversed nanocrystals from the former saturation) where the stochastic domain

nucleation happens and is followed by domain wall propagation.

The scheme in Fig. B.13 represents the orientation of the magnetic moments
in the two ferromagnetic layers of the nanoplatelet in the parallel (P) and anti-
parallel (AP) states. Figure B.13 shows the ideal arrangements of the dipoles in
the absence of any nucleation embryos. The same arrangement can be perturbed
by the presence of some nucleation embryos. These schemes are meant to explain
two observations on the minor hysteresis loop: (a) the much higher switching field
in going from AP to P than when returning from P to AP; (b) the larger dispersion

of switching fields when going from AP to P than when returning.
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Figure B.13: Two ferromagnetic layers antiferromagnetically coupled by the Ru spacer
layer present anti-parallel (AP) states as represented in the middle and parallel (P) states
as represented in the left and right. They are schematized in the absence of nucleation
embryos and other defects. The red and blue color of the arrows representing the
hysteresis loop of single particle PT MCD measurements. For the switching from the
AP state to P state (Byy), the dipole field leads to canting of magnetization at the edge
and assists the sw1tch1ng, whereas, for the switching from P state to AP state (Boss ),
the dipole fields are already aligned and do not contribute to the switching process.

In the AP state, the generated dipole field of the two ferromagnetic layers has a
component in the plane of the films which increases the switching probability at

the edges of the NP. This will act as more active nucleation areas and hence the
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switching to the P arrangement is favored. In the inverse transition, when the
field is lowered, the dipole field at the edges is collinear to the OOP direction.
Hence, in this alignment there is no assistance of the dipolar field to the switching
probability at the By, (or B,y ) switching field.

For the case of the same process in the presence of defects and nucleation embryos,
the perturbations and stray fields created by these embryos will shift the switching
fields B,, and B,ss by random quantities, leading to a spread of switching fields
when moving from particle to particle, or even, to a lesser extent, when repeating
measurements on the same particle. Due to a lower sensitivity of the low switching

field B,¢s to defects, the dispersion in this low switching field is lower.
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C.1 SEM images of SAF islands

The SEM images of SAF islands with varying sizes are presented in Fig C.1. The

distance between each island is the same as its diameter.

Figure C.1: The SEM image of SAF islands with different diameter

C.2 Laser spot size

The laser was scanned across a knife edge of the thin film sample to obtain the
laser spot size. The intensity and the corresponding derivative as a function of

scanning distance are shown in Fig C.2. The derivative is then fitted with a

137
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Gaussian function from which the full width at half maximum (FWHM) of 137
pm is obtained. This FWHM is used as the laser spot size.
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Figure C.2: The intensity of the laser used in MOKE as a function of position. The
FWHM of 137 pm is obtained through the Gaussian fit

C.3 Effect of dipolar field

At a low external field, SAF islands are in an antiferromagnetic state leading to
negligible dipolar fields that have no significant impact on the neighbouring is-
lands. However, as these islands switch to the on state, where the magnetization
aligns in the same direction, cumulative dipolar fields are generated by neighbour-
ing islands, impacting the central island. To assess the perpendicular magnetic
flux on the central island, the following equation is utilized:
dB:@Am_@MSt-dAarw (C.1)

4 73 47 73

where M, is the saturation magnetization, ¢ is the total thickness of the magnetic
material which is 1.6 nm, and r is the distance from the center of the central island.
The integration is carried out over the area of all neighbouring islands except the
central island. In our analysis. We have included the impact of neighboring
islands up to the 100th order while neglecting the contribution of islands beyond
this range, as their dipolar fields exert a negligible impact on the central island.

Additionally, we assume that the dipolar field acts at the center of the central
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islands.
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Figure C.3: The dipolar field generated by the surrounding islands on the center
island when saturated as a function of the diameter of island.

C.4 Anisotropy and Magnetization

To determine the anisotropy and magnetization characteristics of the sample, hys-
teresis loops were measured for the SAF thin films with varying Co;_,B, com-
positions through VSM-SQUID (see Fig. C.4). These hysteresis loops were ob-
tained by applying external fields both parallel (easy-axis loop) and perpendicular
(hard-plane loop) to the easy axis of the SAF structure. To calculate the ef-
fective perpendicular anisotropy (K), a well-established method outlined in the
referenced work!'?” was followed. The saturation field (pgHqs) is related to the
anisotropy field (p10Hj) and the RKKY interaction field (pioH,kky) by the equation
toH st = poHy + 2p0Hypry. K is then given by K = % My and poH,ipy are
obtained from the easy-axis hysteresis loop. poHs,: is obtained from the hard-axis
hysteresis loop, which is defined as the crossing point of the saturated state and a
linear fit of the data. Due to the s-shape of the hysteresis loop, determining K is
a challenge. Here, we considered two ranges of x data to estimate K for Co;_,B,
sample: 1) from -1000 mT to 1000 mT, and 2) extending the x-axis to include
the saturation point, which varies by sample (see the green line in Fig. C.4). The

range leads to the error in K.
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As depicted in Fig.C.3, the magnetic field generated by the surrounding islands
is found to be consistently smaller than 2.1 mT across all cases. Given its small

magnitude, we neglect the dipolar field from neighbouring islands.
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Figure C.4: Hard-plane (HP) and easy-axis (EA) loop of (a).Co, (b).CogpBao, and
(c). CopgBs2 measured through VSM-SQUID.

C.5 Normalized anisotropy

The normalized coercivity, defined as pugH./K, is plotted as a function of B con-
centration in Fig. C.5. Here we use the middle value of the K range obtained
in Fig. C.4 to normalize. The normalized coercivity drops from approximately
3.5 x 107" m/A for pure Co to 1.7 — 3.2 x 107" m/A for 20% B content, and
further decreases to 0.5 x 1077 m/A for 32% B content.

C.6 Kerr microscopy images during the switching process

Three thin-film samples, Ta(4)/Pt(2)/Co;_.B.(0.8)/Pt(2)/Ta(4) with thickness
in nanometer, with varying boron concentrations (x=0, 20, and 32) were prepared
and measured under Kerr microscopy to investigate the formation of nucleation
centers during the switching process. A typical hysteresis loop of the thin film
stack is illustrated in Fig. C.6. In each measurement, the sample was initially
saturated at - 25 mT for 100 ms, as indicated by the green spot in Fig. C.6a.
Here the minus field denotes the direction of the applied field pointing into the
plane. Subsequently, a pulsed field of 5 ms at a specific positive field was applied
to switch the sample, denoted by the blue spot in Fig. C.6a.

The hysteresis loop of the three Co;_,B, based thin film samples is shown in
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Figure C.5: Coercivity normalized by effective anisotropy (“Olfc) as a function of

boron percentage.

Fig. C.6b. The Kerr microscopy images captured at different pulsed fields for
the various Co;_, B, compositions are presented in Fig. C.6(c-e). Across all sam-
ples, we found a round-shaped, small-volume region switched first at a lower field,
which we refer to as nucleation centers. As the pulsed field increased, more nu-
cleation centers appeared. Simultaneously we observed that the switched domain
expanded. This behavior aligns with the switching mechanics which starts with

domain nucleation and is followed by propagation of the domain wall'%.

Comparing between samples, we noted that Co-based samples exhibited a higher
number of nucleation centers compared to CoggBay and CoggBss. Moreover, the
expansion of the nucleation centers in Co sample is slower compared to CoggBag
and CoggBso samples. These nucleation centers are associated with grain bound-
aries arising from the polycrystalline structure. Introducing boron into Co resulted
in a reduction in the number of nucleation centers and a decrease in domain-wall
depinning due to the amorphous structure with fewer grain boundaries'™. Upon
further increasing the boron content, the number of nucleation centers increased
again, which we attribute to the introduction of more homogenous defects into
the material. Here, we speculate that the variation of K as captured by sigma as
shown in Table 6.1 of the main text is much lower in the Boron containing samples

as compared to Co, hence a more homogenous (in field) nucleation occurs (see also
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Figure C.6: (a) A typical hysteresis loop of Coj_,B,/Pt/Ta thin film stack. In each
measurement, the sample was first saturated at -25 mT (marked as the green spot).
Then a pulsed field (marked as the blue spot) of 5 ms was applied. (b) Hysteresis
loop of the thin film sample based on different Co;_,B, measured by MOKE. Kerr
microscopy images of (c) Co, (d) CogoBao, and (e) CoggBsa sample at different pulsed
fields. The grey area corresponds to the magnetization pointing into the plane. In the
white region, the magnetization points out from the plane

section s6) as also reflected in the much lower coercivity of B containing samples

compared to pure Co.

C.7 Fitting of the Co-based SAF sample

The poH. and SED of the Co-based SAF sample and the fitted curve are shown in
Fig. C.7. The obtained o is 0.06 K and the d,, is 1 nm. A noticeable discrepancy
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Figure C.7: The (a) poH. and (b) SFD of Co based SAF sample as a function of
diameter

exists between the fitted and measured poH,, which we attribute to the microstruc-
ture of the Co thin film that contains increased pinning sites, requiring a higher
field for depinning. Our model assumes that once a nucleation center switches,
the entire sample switches; however, in the Co sample, this condition may not be
met due to the limited propagation of domain walls. One possible reason is the
higher sputtering pressure used (102 mbar or 7.5 mTorr in our study) compared

88,160 Tt has been reported that sputtering pressure

165-167

to 1-3 mTorr in other studies
influences the grain structure, consequently affecting magnetic properties

In the Co/Pt system, domain walls move freely during reversal under lower
growth pressures (below 3 mTorr). However, at higher pressures, an increase in

165,167

defects that hinder domain wall propagation is observed . Our sputtering
pressure, which is close to the critical transition point for the reversal mechanism
of 810 mTorr'%, is likely to impact the reversal mechanism. Furthermore, refer-
ence has been made to the higher number of pinning sites in Co/Pt compared to
the CoB/Pt system, leading to slower domain wall motion'™. These factors lead
us to suspect that in our Co/Pt system, a higher field is required to propagate the

domain wall and a different reversal mechanism is applied.

C.8 Major loop

The major and minor hysteresis loops of CogyBgy at various sizes are shown in

Fig. C.8a, and the corresponding switching fields (H2 from the major loop, H1
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and H3 from the minor loop) as functions of diameter are illustrated in Fig. C.8b.
Differences in the opening of the major and minor loops are observed across all
samples, indicating that the top and bottom layers differ. H1 and H3 represent
the switching of the top layer, and H2 corresponds to the switching of the bottom
layer. It is expected that the coercivity increases with decreasing size for both
layers. Consequently, with the reduction in island size, an increasing H1 and
decreasing H2 and H3 are expected. This trend is exactly what is observed in Fig.
C.8b.
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Figure C.8: (a) Major (in black) and minor (in red) hysteresis loops of CoggBag based
thin film SAF stack and SAF islands with different diameters. (b) The switching field
H1, H2 and H3 in (a) as functions of diameter

Regarding the asymmetry between the top and bottom layers, H3 and H2 can be
used to reflect the degree of asymmetry. As the size decreases, H3 decreases more
rapidly than H2, resulting in a greater disparity between H3 and H2 and, thus, an

increase in asymmetry.

C.9 Simulations with different K

Figure. C.9 shows simulations of coercivity and SFD as a function of diameter

using different K obtained in Fig. C.4. The simulated %% and d,, are shown in
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Table C.1: Simulation results of Coj_,B, with different K

Materials K (J/m?) Z5(%) dpu(nm)

COgoBQO 4.4 x 10° 2.9 288
COgoBQO 5.8 X 105 3.5 58
C068B32 2.8 x 105 3.0 41
C068B32 3.5 X 105 2.2 16
Table. C.1.
(@) : : : b) 20 :
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Figure C.9: Simulation results of (a) coercivity (upH.) and (b) SFD as a function of
diameter. Different anisotropy (K) are used.






D

Supplemental information for chapter VI

D.1 Halbach array

The magnetic field inside the Halbach array is shown in the Fig. D.1.
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Figure D.1: The magnetic filed profile of Halbach array.

D.2 Video of rotating chains

In Fig. D.2, a QR code is provided for accessing videos that show the rotation
of p-SAF NP chains at different frequencies (0.1 Hz, 1 Hz, and 5 Hz) in a 75%
glycerin mixture.
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Figure D.2: Scan this QR code to access detailed videos demonstrating the behavior
of p-SAF NP chains at various frequencies in a 75% glycerin mixture.

D.3 Measurement of chain length

The way to get the chain length at each frame is shown in Fig. D.3. The original
microscopy image is first transferred to a binary image. Then the chains are
recognized based on the binary image. The average chain length is calculated
based on all chains in a frame. The angle of the chain is relative to the horizontal

plane.

e R R

Figure D.3: (a) Original optical image of SAF NPs in 75% glycerin mixture. (b)
Binary image of the original image. (c) Recognized chains are marked in green.
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Figure D.4: Microscopy images of SAF NP chains in a 75% glycerin mixture under
various 15 Hz. The chains still keep a line structure.






Summary

Towards Nanoscale Torque Revolution - Highly
anisotropic synthetic antiferromagnetic nanoplatelets for
torque-related application

The work described in this thesis covers the fabrication, characterization and
application of so-called synthetic antiferromagnetic (SAF) based nanoplatelets
(NPs) with perpendicular magnetic anisotropy (PMA). Magnetic nanoparticles
have gained significant prominence owing to their ability to remotely manipulate
their surrounding environment using a remote magnetic field or gradient thereof.
They are used in many fields such as drug delivery, medical treatment, and diag-
nostics. While superparamagnetic iron oxide-based nanoparticles have been widely
investigated, these nanoparticles face limitations, such as restricted magnetization
and non-uniform magnetic properties. Additionally, their low magnetocrystalline
and shape anisotropy hampers their torque transformation capabilities. To ad-
dress these issues, we study the recently introduced PMA-SAF NPs.

These PMA-SAF NPs have a disc shape and contain a multilayer thin film struc-
ture as widely studied in the field of spintronics. This allows the introduction
of a strong easy-axis/hard-plane PMA | making the NPs promising for applica-
tions requiring efficient torque transfer for magneto-mechanical force and torque
actions: e.g. for micro-mixing, and cancer cell destruction. Although promising,
it is a brand-new area with many challenges related to top-down fabrication, fun-
damental physical understanding of downscaling / particle-particle interactions,

and characterization. In this thesis, we shed new light on these tasks.

In the first chapter, we developed a new top-down fabrication protocol based on

substrate conformal imprint lithography (SCIL), together with a local company
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SCIL Nanoimprint Solutions. We successfully fabricated PMA-SAF nanoplatelets
with a diameter in the micrometre (1.8 um) and sub-micrometre (120 nm) range
with a narrow size distribution, while preserving their high PMA. The results
pave the way for using SCIL imprint for the large-scale production of PMA-SAF

nanoplatelets using a subtractive method.

In the second chapter, a novel experimental technique is employed to examine the
magnetization switching of individual SAF nanoplatelets with a diameter of 120
nm. Using photothermal magnetic circular dichroism (PT MCD) in collabora-
tion with the NanoOptics group from Leiden University, we were able to measure
the spatial and temporal heterogeneity of the magnetic properties, especially the
switching fields at the single-particle level. The switching field distribution (SFD)
is extracted from ensembles and individual NPs; comparing these confirms that

the reversal process is a thermally activated stochastic process.

On downscaling, and with the insight that the thermal activation reversal remains
the dominant reversal mechanism, the coercivity of the SAF NPs increases dra-
matically, which at first might seem counter-intuitive. This increase of coercivity
requires a high magnetic field to activate the NPs, limiting their application. In
the third chapter, we investigate a route to reduce the coercivity of PMA-SAF
NPs. Our findings show that alloying Cobalt with Boron forming Co,B;_, can
effectively reduce both coercivity and its SFD. This reduction is attributed to a

decreased anisotropy and increased defect density in the ferromagnetic material.

In the final chapter, the study explores the potential of PMA-SAF NPs in a
standard application, microscale mixing of a fluid, by investigating the dynamic
mechanical properties under rotating magnetic fields. We found that under a ro-
tating magnetic field, the PMA-SAF NPs form rigid chains that exhibit synchro-
nized motion with the external field and do not deform. Increasing the frequency
of the rotating field reduces the chain length, but the chains remain longer and
more stable than those formed by e.g. iron oxide-based nanoparticles. This con-
firms the added value of the efficient mechanical response originating from the
easy-axis/hard-plane symmetry of the magnetic anisotropy combined with the

nanoplatelet shape.

The results in this thesis add to the fundamental understanding of PMA-SAF
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NPs. This includes advancements in fabrication techniques, novel characterization
techniques, precise tuning of PMA-SAF NPs’ magnetic properties, and insights

into their behavior in a torque-exploiting application.
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