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Abstract

Nanoparticles are often depicted as futuristic applications, but nothing is farther
from the truth as nano-materials, such as ocean spray and volcanic ash, are
ubiquitously present in nature. Even the human use of nanoparticles goes back to
the late fourth century where Roman partisans used, albeit unknowingly, gold and
silver nanoparticles to create dichroic glass. In recent years, nanoparticles have
received even more attention from science and industry now that it is possible to
actively engineer a large number of different nanoparticles, providing a plethora
of exciting new applications in areas such as nanomaterials, optics, electronics,
medicine and health.
Due to the increased use of nanoparticles a wide variety of sizes, shapes and
compositions are present, but in this work we will focus specifically on magnetic nanoparticles. In particular we will present a relatively new type of magnetic nanoparticle, i.e. synthetic antiferromagnetic nanoparticles, that offer new
functionalities in comparison to commonly used magnetic nanoparticles. In contrast to these traditional magnetic particles the magnetization of our disc-shaped
synthetic antiferromagnetic nanoparticles can be set in a specific direction by
making use of a large number of metallic layers that form a synthetic antiferromagnetic system. This can be used to fully control their orientation when
an external magnetic field is applied, this opens up a set of new applications
including, but not limited to, a new possible treatment method for cancer.
Magnetic nanoparticles are usually chemically produced, but for synthetic
antiferromagnetic nanoparticles this is not viable due to their relatively complex
structure. This process is far from optimized and therefore the main focus of
this thesis will be to design and test a new top-down fabrication method. For
this process we will be using production methods also commonly used in the
creation of advanced electronics, such as computer chips. More specifically, in
this thesis we describe an endeavour to create these nanoparticles by nanoimprint
lithography, defining disc shaped features on a sacrificial layer, where the latter
will be dissolved to release the discs in a fluid. The nanoimprint technique is
a relative new technique and is currently been set up by a local Philips venture
SCIL. Compared to existing lithographic techniques nanoimprinting can offer a
cheap and easy to scale way to define repetitive features.
Besides a description of the production process we will address a number
of experiments for each process step where we highlight the pitfalls that were
encountered as well as the proposed solutions. Examples of this include the optimization of the synthetic antiferromagnetic system, finding the best sacrificial
layer, testing a variety of selective etching methods and measuring the magnetic
properties of the nanoparticles after creation. During the work of this thesis we
have made very significant headway in the creation of this process, but a two
main obstacles remain. These are the agglomeration of particles after releasing
the nanoparticles and an error during nanoimprinting that causes a deformation
in the disc shapes. However, we have identified the causes of these problems and
we can confidently say that will be solved during the writing of this thesis.

i

Contents
1 Abstract

i

2 Introduction

1

3 Theoretical Background
3.1 Magnetic nanoparticles . . . . . . . . . . .
3.1.1 Iron oxide nanoparticles . . . . . .
3.1.2 Vortex nanoparticles . . . . . . . .
3.1.3 NanoPlatelets . . . . . . . . . . . .
3.2 Magnetic Anisotropy . . . . . . . . . . . .
3.2.1 Magneto-crystalline Anisotropy . .
3.2.2 Shape Anisotropy . . . . . . . . .
3.2.3 Thin Film Magnetic Anisotropy . .
3.3 Magnetization Switching . . . . . . . . . .
3.4 Interlayer Exchange Coupling . . . . . . .
3.4.1 RKKY Coupling . . . . . . . . . .
3.4.2 Bruno’s Model . . . . . . . . . . .
3.5 Hysteresis loops of FM/NM/FM trilayers
3.6 Summary . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

6
6
6
9
11
15
15
16
18
19
21
21
23
25
28

4 Methodology
4.1 Measurement Techniques . . . . .
4.1.1 Magneto-optical Kerr Effect
4.1.2 SQUID-VSM . . . . . . . .
4.1.3 Atomic force microscopy . .
4.2 Production techniques . . . . . . .
4.2.1 Sputter deposition . . . . .
4.2.2 Nanoimprint lithography .
4.2.3 Ion beam milling . . . . . .
4.2.4 Reactive ion etching . . . .

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

29
29
29
31
31
32
32
34
35
35

5 Fabrication
5.1 The Process . . . . . . . . . . . . . . . . .
5.2 Magnetic optimization . . . . . . . . . . .
5.2.1 Magnetic multilayers . . . . . . . .
5.2.2 Uniformity test . . . . . . . . . . .
5.3 Production experiments . . . . . . . . . .
5.3.1 Sacrificial layer . . . . . . . . . . .
5.3.2 Nanoimprint lithography . . . . .
5.3.3 Ion beam milling . . . . . . . . . .
5.3.4 Reactive ion etching . . . . . . . .
5.3.5 Lift-off . . . . . . . . . . . . . . . .
5.3.6 Magnetic checks during production

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

37
37
40
41
43
44
44
47
48
49
52
53

ii

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

6 Conclusions and Outlook

56

A Production recipe

59

B Thickness calibrations

61

C RIE experiment

63

D Biofunctionalization

64

iii

2

Introduction

In the past quarter of a decade the field of nanoparticles has received more and
more interest from both the academic and commercial world. These nanoparticles are generally spherical particles with a size ranging from a few nanometres
to half a micrometre[1]. They can be made of metallic materials like gold or
silver, which show interesting properties for plasmon resonance[2] and Raman
spectroscopy[3] to name a few. However, in this thesis we will focus on the
use of magnetic nanoparticles and even if we limit ourselves to this subclass
of nanoparticles there is still a large variety in the composition of these particles. Magnetic materials such Co or Ni are actively used in nanoparticles[4, 5],
but currently most applications use nanoparticles consisting of iron oxide, the
so-called superparamagnetic iron oxide nanoparticles (SPION’s).
These spherical particles are generally chemically produced by a highly controlled precipitation reaction and exhibit superparamagnetic behaviour. We
will go more in depth into the nature of these nanoparticles in the theoretical
section of this work, where a small literature study has been done. There a
more advanced introduction is given on the current state of art use of magnetic
nanoparticles. Important to note is that the chemical syntheses of SPION’s
is both a blessing as a curse as it a cheap method, but results in wide size
distribution of the nanoparticles.
While SPION’s are effectively used in many applications, recently there has
been an increasing demand for more precise control over nanoparticles. This
can possibly improve existing applications in addition to opening avenues for
novel applications. The new magnetic nanoparticle presented in this thesis may
offer those functionalities, but the research on them is still in a very young stage
and many challenges need to be overcome.
Synthetic Antiferromagnetic Nanoparticles
These new magnetic nanoparticles are disc shaped and consist of a large number
of metallic thin films that form synthetic antiferromagnets. A synthetic antiferromagnetic system consists of two ferromagnetic layers that are coupled in such
a way that their magnetization is directed anti-parallel. These systems can be
commonly found in the field called spintronics, where they are used to create
more efficient data storage devices.
Only recently these systems have been applied to nanoparticles, which was
predicated by the use of permalloy discs for some biomedical applications, most
notably MRI enhancement and cancer cell destruction [6, 7]. These discs form
a so-called vortex-like magnetic state, where the in-plane magnetization swirls
around the center of the disc and while this has been successfully used one has
to be aware that this magnetization state always has remanent magnetization,
which allows the particles to permanently agglomerate and disrupt the stability
of the particle suspension.
The solution was to make use of synthetic antiferromagnetic systems, which
was initially done for a number of in-plane systems [8, 9, 10]. These systems
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were obtained by making use of Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, which couples inner d- or f-shell electron spins via the conduction
electrons in a metal. This coupling can be obtained by adding a spacer layer,

Figure 1: Example of a system with in-plane and out-of-plane antiferromagnetically coupled magnetization.
often Ru, between the magnetic layers and allows the magnetization of both
layers to be set anti-parallel, thereby cancelling the remnant magnetization of
each layer.
Recently novel research in Cambridge by Cowburn et. al. has lead to the
use of out-of-plane systems as well, where the magnetization is directed to the
normal of the disc [11]. The big benefits of using an out-of-plane synthetic antiferromagnetic system compared to in-plane systems or SPION’s is the large
versatility they present. Out-of-plane systems are constructed by introducing a
high magnetic anisotropy to the system, which means that the magnetization
is set along a certain direction. This anisotropic nature allows a very precise
control over the orientation of the particle in a fluid. As we will see this can
be used, in combination with their anisotropic shape, to exert a torque on the
external environment. Additionally, synthetic antiferromagnetic particles are
not limited by their shape, unlike SPION’s, and in this thesis we only choose a
disc shape for simplicity’s sake. We can call these synthetic antiferromagnetic

Figure 2: Schematic representation of a cell membrane rupture induced by applying an AC magnetic field to magnetic nanoparticles, which are attached to
the cell.
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particles, which we have dubbed NanoPlatelets in this thesis, a ’designer particle’ as the tunability in the aforementioned parameters and the flexibility in
their magnetic behaviour allows us to tailor their properties for each specific
application.
One of the promising applications include the ability to mechanically disrupt
tumour cells when a rotating magnetic field is applied, shown in figure 2, and
this we will use this application throughout the thesis as the go-to application
due its possible high societal impact. While any experimental work on this
subject is beyond the scope of this thesis we would like to note that research
in Cambridge already made significant headway in proving the effectiveness of
using synthetic antiferromagnetic particles in cell destruction[12]. We would
also like to note that during the work of this thesis an effort has been made
to set up a collaboration with the UMC Maastricht to test the use of synthetic
antiferromagnetic particles for the disruption of pancreatic cancer cell cultures.
This proposal was met with approval, which means the work in this thesis can be
seen as the prelude to that collaboration and other collaborations as we would
like to stress that we have also gained academical interest in other applications
such as micromixing and lab-on-a-chip systems.
Fabrication
The creation of synthetic antiferromagnets requires highly controlled conditions
as each of the thin films in this system is only a few atoms thick. The microelectronics industry is very mature and has developed a large amount of processes
to reliably produce such systems, but these processes are completely designed
to make devices in a chip format. One of the biggest challenges in making
NanoPlatelets is to adapt these production processes to fit the production of
nanoparticles.
Microelectronic components are often fabricated using physical top-down
methods, where thin films of a selected material are deposited on SiO2 slices
called wafers. The structures are then patterned by using a suitable lithographic
method, which for microelectronics is usually deep-UV lithography. However,

Figure 3: On the left a schematic overview of the photolithography process, where
a large area can be processed at once. On the right an overview of electron beam
lithography, which allows for very precise pattern control at the cost of long
writing times.
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the high price for the required equipment often inhibits this method for use
in academic settings. Instead either photolithography or electron beam lithography (EBL) can be used to create synthetic antiferromagnetic nanoparticles,
but both of these lithography methods suffer a few significant downsides. Photolithography is not suitable for creating structures on a sub-micrometer scale
as it is limited by the wavelength of visible light. EBL on the other hand
uses electron with a much smaller wavelength to pattern structures and is often
used to study fundamental properties of nanostructures, but it is limited by its
extremely low yield. Both of these lithographic techniques are therefore not
suitable for the fabrication of magnetic nanoparticles, because for most applications a large number of particles is required with a size ranging from 10 to 600
nm.
Recently it was proposed to use a bottom-up procedure based on a selfassembled template, which is called hole-mask colloidal lithography (HCL) [13].
In this method a large number of negatively charged polystyrene nanospheres are

Figure 4: Schematic overview of a hole-mask colloidal process. Adapted from
[14]
deposited on a positively charged electrolyte. Each polysterene bead is repelled
from its neighbour by electrostatic forces and self assembles into a crystalline
pattern that is further processed into magnetic nanoparticles. This technique
has been shown to create nanostructures with sizes down to 20 nm [15]. While
this serves as an acceptable method to produce a significant number of smallsized nanoparticles the level of surface coverage is quite low and this technique
is hard to scale up to larger volume throughputs.

Figure 5: Schematic overview of nanoimprint lithography, where a mold is
pressed into a liquid resist.
In this thesis an emerging lithographic technique will be used called nanoimprint lithography, where patterns are created by the physical deformation of a
mold in a liquid resist. The sheer simplicity of the method is one of its biggest
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advantages as no expensive photoresists or equipment is needed, while keeping
a high throughput. In addition it allows for small feature sizes down to 20 nm
in size [16]. As we have mentioned this is a relatively young technique and this
means very few companies use or offer the knowledge needed for this technique,
but at Eindhoven University of Technology an emerging company has settled
itself bent on the industrialisation of nanoimprint lithography, which allows us
easy access to this promising lithography technique.
This Thesis
The main focus of this thesis will be to implement this lithographic technique
in the fabrication of synthetic antiferromagnetic nanoparticles. It is required to
design a new process flow and a top-down method is proposed, where we will
use sputter deposition to create the metallic thin films on an organic sacrificial
layer. After a circular pattern in a hexagonal roster is applied by nanoimprint
lithography a variety of etching methods are applied to etch unwanted material
and finally the particles are released into a fluid by a ’lift-off’ process, where the
sacrificial layer is dissolved.
The experimental section of this thesis will focus on each individual processing step, where start with an overview of the proposed scheme we will use.
It will be followed by a number of experiments where each processing step is
highlighted and the challenges that were encountered are discussed along with
their solutions. The goal is to produce enough nanoparticles for further experiments that will feature attempts to generate proof-of-principles for some of the
applications we have mentioned involving NanoPlatelets.
We will first start, however, with an introduction to the field of magnetic
nanoparticles and discuss the current applications, which are dominated by
SPION’s. Here we will also introduce the recent developments of more complex magnetic nanoparticles, where thin films have been implemented in the
nanoparticles and how this has lead to the creation of synthetic antiferromagnetic nanoparticles. The theoretical section will end with a more detailed description of the magnetic behaviour of thin films and how synthetic antiferromagnets can be created.

5

3

Theoretical Background

The theory of this thesis is separated into three major parts where we will begin
with a background sketch of (magnetic) nanoparticles. The current ’state-ofthe-art’ is presented where several different types of magnetic nanoparticles are
presented including the new synthetic antiferromagnetic nanoparticles. In this
section there is also an analysis is presented where synthetic antiferromagnetic
nanoparticles are compared to the industry standards mostly by using a promising application, the treatment of cancer, as an example.
In order to gain the desired properties for the nanoparticles it is important
to understand the origin of the magnetic properties that are used in creating
the synthetic antiferromagnetic nanoparticles and thus in the second part of
the theoretical section we will focus on explaining the theory behind so-called
magnetic anisotropy. This is used to get an ’easy axis’, meaning a preferential
direction for the magnetization in the particles. As will be discussed this is
important because it allows us to control the orientation of the nanoparticles
by applying a magnetic field.
Lastly the RKKY coupling will be discussed, which is a coupling effect between two magnetic layers that can be used to align the magnetization of the
layers antiparallel to each other. While we will discuss the theoretical origin
of this coupling, attentions is also given on its practical implication. Most notably in the form of so-called hysteresis loops, which can be used to characterize
magnetic behaviour.

3.1

Magnetic nanoparticles

The first section of this theoretical background can be seen as a small literature study to give more insight in the world of magnetic nanoparticles. By
displaying the current state of affairs we hope to give a better understanding in
the (im)possibilities of magnetic nanoparticles and, in particular, to show which
challenges need to be overcome to make more advanced nanoparticles, such as
synthetic antiferromagnetic nanoparticles, a viable alternative. Therefore, we
will start by introducing the most used magnetic nanoparticle in the industry
at this moment: iron oxide particles.
3.1.1

Iron oxide nanoparticles

Currently the standard in magnetic particles are superparamagnetic iron oxide
nanoparticles (SPION) which are made of Iron (III) oxide (Fe2O3). While bulk
iron oxide is ferromagnetic when iron oxide particles are made samll enough
(¡10 nm), thermal fluctuations overrule their ferromagnetic behaviour and will
allow it behave superparamagnetically. Due to their biocompatibility SPION’s
have emerged as a promising candidate for a variety of biomedical applications
including contrast agents for MRI, targeted drug delivery and imaging, hyperthermia, gene therapy, stem cell tracking, molecular/cellular tracking, magnetic
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separation and early detection of cancer, diabetes and atherosclerosis[17, 18, 19,
20, 21, 22, 23, 24, 25, 26].
Since there has been so much interest in SPION’s a lot of effort has been
put into the production of these nanoparticles. Several synthesis possibilities
are thermal decomposition, microemulsion and flame spray synthesis[27, 28, 29],
however the most prevalent technique is to create SPION’s is by using so-called
co-precipitation[30]. In this method a base is added to an aqueous Fe2+/Fe3+
salt solution at either room or higher than room temperature and this causes a
precipitate to form. By controlling the, among others, temperature, pH value
and ionic strength of the media the size and shape of the particles can be
controlled. This creation method is both a major advantage and disadvantage
of the SPION’s at the same time. The production of magnetic nanoparticles
via co-precipitation is relatively cheap as it only involves a quite basic, albeit
highly controlled, chemical reaction. On the other hand particles created with
co-precipitation tend be rather polydisperse, meaning that their size distribution
is rather wide, which will result in a wide range of the magnetic properties of
the SPION’s. While the polydisperse character of SPION’s remains a problem
it has to be noted that lately there have been advances in narrowing their sizedistribution[31].
As mentioned previously a SPION shows paramagnetic behaviour which
causes materials to be weakly attracted by externally applied magnetic fields
as shown in figure 6. In most materials the effect is so small that it cannot be

Figure 6: Schematic overview of paramagnetism: the direction of the spins of
each atom are distributed randomly when no magnetic field is present (left),
however when a large magnetic field is applied the spins will align themselves to
the magnetic field (right).
noticed in every day life, but SPION’s only need a small applied magnetic field
to become magnetic and are therefore called superparamagnetic. This property
is a great benefit as you only need a small magnet to use the magnetic behaviour
of SPION’s and in contrary to, for example, a ferromagnetic particle SPION’s
are non-magnetic when no magnetic field is present. This prevents particles
from agglomerating, the clumping of nanoparticles.

7

Functionalization
Agglomeration can be a problem for nanoparticles in general and even without
magnetic attraction forces the van der Waals forces are often enough to have
particles stick permanently to each other. This can be prevented by applying a
protective coating of e.g. polymers around the nanoparticles as shown in figure
7. Often molecules are chosen where a functional group, like a carboxylic acid,

Figure 7: functional groups of polymers attach to the surface of the nanoparticle
where the polymeric tails form a protective coating. Adapted from [32].
is attached to a long polymer chain. The functional group is chosen in such a
way that it bonds to the surface of the nanoparticles. Agglomeration can then
prevented by the steric repulsion of the long tails of the polymers.
It has to be noted, however, that not all materials are easily functionalized
and often the FeO surface of the SPION’s is not directly functionalized. Instead
during the fabrication of the particles a second growth step is introduced where
a thin layer of precious metals, generally gold, is grown around the iron oxide
core[33]. The resulting particle can be classified as core-shell nanoparticles. The
gold coating itself also protects against further oxidation and other chemical
degradation as gold has a low reactivity due to its status as a noble metal, but
the main function of the thin gold layer is to present a surface that is very easily
functionalized.
In the early 90s it is already reported that thiols, an organic compound,
have a high affinity for gold[34], where they were used to attach nanocrystals
to metallic surface. The name thiol is used to describe a chemical compound
that contains an R-SH group, where the R represents an alkyl or other organic
compound. The exact bonding mechanism with gold is quite complicated[35],
but for simplicity’s sake we will assume the thiol binds covalently to gold surfaces. Covalent bonds are one of the strongest and most stable chemical bonds
in nature and as such it is perfectly suited for functionalizing nanoparticles.
Preventing agglomeration is not then only reason that nanoparticles are
8

functionalized as the protective coating also prevents chemical degradation such
as further oxidation. In addition functionalization is the basis for much of
the applications of nanoparticles in general such as magnetic separation as you
need a way to attach nanoparticles to biological complexes. In order to do this
polymers are chosen with two functional groups on each end of the molecule
where one of the groups has a high affinity for the nanoparticle and the other
group can be used to ’chain’ more molecules to the nanoparticle. Later in this
thesis we will give an example of this when we will try to attach fluorescent
molecules to our own nanoparticles during one of the experiments.
Cancer treatment
Earlier we have discussed the large amount of applications for magnetic nanoparticles, but in order to not boggle down the reader we will focus here on one
application in particular, cancer treatment. We will present for each type of
nanoparticle, in their respective paragraphs, the different mechanisms they use
for the successful termination of tumour cells and here we will go into more
depth about SPION’s in particular.
SPION’s can be used to kill cancer cells by an effect called hyperthermia,
which is a form of treatment where the body tissue is exposed to higher temperatures either locally or over the full body. While the increased heat may be
enough to kill cells on its own it is generally applied to make tumour cells more
susceptible to further treatment, for example with chemotherapy. Hyperthermia
in SPION’s is generated by applying a high frequency AC external magnetic field
and can be explained by two effects: Néel and Brownian relaxation[36]. Heat
generation through Néel relaxation is caused by rapid changes in the direction of
the magnetic moments, relating to their superparamagnetic nature, relative to
the crystal lattice. In addition extra heat is generated through Brownian relaxation where the physical movement of the particles cause friction. The generated
heat depends on the parameters such as particle size, magnetic properties and
the amplitude and frequency of the external field[37].
The advantage of this method of heat delivery is that SPION’s is directly
applied into the tumour cells. The used frequencies are harmless for the human
body and in addition the particles can fulfil a double roll as they can be loaded
with drugs, through functionalization, combining two treatment options in one.
However, some serious downsides are still present with the SPION’s. For example the heat generated from the nanoparticles still dissipates into healthy cells
around the tumour, often causing permanent damage to the tissue around the
tumour and the exact temperature rise is very difficult to control.
3.1.2

Vortex nanoparticles

A recent alternative approach to treat cancer with nanoparticles involved socalled vortex-like nanoparticles[7]. These particles are shaped like a disc and
have a magnetization swirling around its core as seen in figure 8. These particles are made from permalloy, an alloy of nickel and iron, and their fabrication
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Figure 8: Schematic overview of the magnetization of a vortex particle where
magnetization forms a closed ring in the plane of the nanoparticle with the core
being perpendicularly magnetized. Adapted from [7].
method is radically different. Here a top down approach is used where different
techniques, well known from the chip industry, are used to produce the nanoparticles. On SiO2 full wafers lithographically a circular shaped pattern is defined
where the particles are then created by sputter deposition[13]. This method
is more expensive than chemically creating nanoparticles, however the uniformity, which is a problem with SPION’s, between particles is highly improved.
In addition these particles have a set magnetization which makes it possible to
manipulate their orientation by using an external magnetic field.
This can be explained by the fact that, similar to a compass needle, the
nanoparticles will try to align itself with an externally applied magnetic field,
as shown in figure 9. The ability to manipulate the orientation of nanoparticles

Figure 9: When an object with a set magnetization is placed in a uniform external magnetic field (left) it will try to align itself in such a way the that the
magnetization points in the same direction as the magnetic field. Secondly the
object will be attracted towards the direction of the magnetic field due to magnetostatic attraction forces.
combined with their ability to interact with biological systems (cells, bacteria,
proteins etc.) can be used in a variety of biomedical applications such as targeted
drug delivery, MRI contrast enhancement and magnetic separation[38].
These particles can also be used as a treatment method of cancer and a
recent in vitro study where brain tumour cells are targeted shows that these
particle can be effectively used to kill ∼ 90% of the tumour cells within 10
minutes[7]. The method of achieved cell death also differs from the SPION’s and
10

instead of using hyperthermia, cells are mechanically disrupted by the particles
leading to cell death, called apoptose. This is achieved by exerting torques and
forces on the cell membrane by applying an external magnetic field as is shown
schematically in figure 10.

Figure 10: Nanoparticles are functionalized in such a way that the biomolecules
attach to specific receptors on the tumour cell (a). When the nanoparticles are
attached to the cell membrane (b) a rotating external magnetic field is applied
with low frequency(c). The particles will try to align themselves to the magnetic
field which will invoke stresses and strains on the cell membrane (d). This will
lead to ruptures in the cell membrane which in turn will lead to cell death, also
called apoptose.
While the first results seem promising it has to be noted that this is done in
an in vitro environment, which is very different from the environment of living
animal/human. Additionally, these vortex particles still have some remaining
issues of which permanent agglomeration is the biggest problem. The vortex
state has small but non-zero permanent magnetic moment as can be seen from
figure 8 and this means that there will be permanent attractive forces between
particles which will cause them to agglomerate together. It is also important
to note that the magnetic vortex state of these particles is highly dependent on
the aspect ratio between their height and diameter. This does not allow for any
room to change the shape of the particles and perhaps even more importantly it
is impossible to change the total magnetic moment for each particle size. This is
an important parameter as a higher magnetic moment means a higher exerted
torque/force which will lead to faster cell death.
3.1.3

NanoPlatelets

Recently an adaptation to these vortex nanoparticles was made to both address
the previously mentioned limitations and to add more possible functionalities.
This new type of nanoparticle consist of a large number of metallic ultra thin
films stacked on top of each other in such a way that so-called synthetic antiferromagnets are created[11]. These particles are also disc shaped and a cross section
is schematically shown in figure 11. The synthetic antiferromagnetic nanoparticles consist of a large number of metallic layers each where the magnetization of
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Figure 11: Schematic cross-section of a NanoPlatelet with a Au coating(left).
The NanoPlatelet consists of a large number of metallic layers where a single
unit can be repeated a number of times (right). Such a unit consist of several
different metallic layers where the magnetization of the magnetic layers (CoB)
are coupled anti-parallel.
each magnetic layer is coupled through the so-called Ruderman-Kittel-KasuyaYusida (RKKY) interaction which will be discussed in detail later this chapter.
It is important to note that this causes the magnetization of the coupled magnetic layers to align anti-parallel. This makes the total magnetization of each
Platelet zero which, as mentioned previously, is necessary to prevent agglomeration. This anti-parallel coupling can be broken if an external magnetic field is

Figure 12: Magnetic behaviour of a synthetic antiferromagnetic system where
the magnetization is plotted against the external magnetic field. The difference
between parallel and anti-parallel states is presented as an ’On-Off switch’ for
the magnetization.
applied that is high enough as shown in figure 12. Both magnetic layers will
then switch to a parallel state yielding a net magnetization of the nanoparticle
which essentially gives you a way to set the magnetization ’on’ and ’off’. The
strength of the magnetic field that is required to change the magnetic layers to
a parallel state can be tuned by changing the strength of the RKKY coupling
12

Figure 13: Comparison of the behaviour of NanoPlatelets and vortex nanoparticles when a magnetic field is applied. NanoPlatelets tend to align all in the exact
same direction while the vortex nanoparticles still have a degree of freedom.
and this will be discussed more in depth later this chapter.
Additionally, the NanoPlatelets have a large uniaxial perpendicular magnetic
anisotropy by inserting Pt layers. Magnetic anisotropy causes a preferential
direction, called ’easy axis’, for the magnetization which sets it out of the plane
of the disc in the case of the NanoPlatelets. It is important to note that this is
in contrary to vortex nanoparticles which have a magnetization that is largely
in the plane of the disc as shown in figure 8. This means that NanoPlatelets will
align along the normal of the disk when an external magnetic field is applied as
is shown in figure 13. In comparison with the vortex disks this allows for more
precise control of the orientation of the nanoparticles.
While these synthetic antiferromagnetic nanoparticles solve some of the
problems that were present with the vortex nanoparticles, such as agglomeration, the NanoPlatelets also offer more flexibility. For example we can create
a higher total magnetic moment for the NanoPlatelets by increased by adding
repetitions as is shown in figure 12 and going even further the switching field
for each repetition can be different, shown in figure 14, or exactly the same.
Moreover, a synthetic antiferromagnetic system with perpendicular magnetic
anisotropy is largely shape and size independent where the lower limit of the feature size is about 50 nm, as edge effects might take over and dominate the RKKY
coupling[39]. In this thesis we focus on creating disc shaped NanoPlatelets, but
it should be stressed that squares, triangles or something even more exotic is
possible. We can even coat the bottom and top of the particle with a different
material so two different functionalizations can be applied. The ability to tune
all these parameters makes NanoPlatelets truly a unique candidate as a ’designer particle’ for lab-on-a-chip applications such as micromixing or magnetic
separation[40].
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Figure 14: Schematic overview of some of the parameters that can be changed
with the NanoPlatelets. On the left the possible magnetic behaviour of particle
with four repetitions of a synthetic antiferromagnet. On the right some possible
particle shapes and below that a NanoPlatelet that has a different top and bottom
coating.
Going back to the case of cancer treatment NanoPlatelets will be able to induce cell death via the same mechanical principle as vortex particles as is shown
in figure 10. Nanoparticles where the magnetization has an easy axis transduce
torques from an applied magnetic field better than a particle with the magnetization is in the plane of the disc and are thus more efficient at inducing cell
death which has recently been confirmed in an in vitro study[12]. Going even
further synthetic antiferromagnetic nanoparticles were tested in vivo for the
treatment of glioma in a mouse brain where it was shown that the treated mice
had a higher chance of survival than untreated mice[41]. These developments
have proven that there is interest to use NanoPlatelets in a possible new treatment method for cancer. For that reason contact was made with the oncology
department at the UMC Maastricht to discuss a possible collaboration. Interest
was shown in the NanoPlatelets and it was agreed that once production was
set up at the Tu/e the particles could be beta tested in the pancreatic cancer
organoids that are grown in Maastricht.
Due to amount of interest that has already been shown it can be concluded
that NanoPlatelets provide an interesting avenue for further research. However,
before any of these applications can be tested a decent volume of NanoPlatelets
has to be available with little spread in their properties. As such the focus of this
thesis is not the testing of nanoparticles, but setting up a reliable production
line for NanoPlatelets. Before we will go more into depth about the production
we will discuss in this chapter some of the effects that can be present in thin
magnetic films, including RKKY coupling and magnetic anisotropy, to gain
more understanding in the chosen fabrication techniques later on.
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3.2

Magnetic Anisotropy

In order to gain the desired properties for the NanoPlatelets it is important
to understand some of the magnetic background and in the remainder of this
chapter an introduction is given to the magnetic effects used to create perpendicularly magnetized synthetic antiferromagnets. We will start by discussing
the effect of magnetic anisotropy which is used to create preferential direction
for the magnetization, a so-called easy axis. As a reminder the import of an
easy axis for NanoPlatelets is the ability to fully control the particle direction
when an external magnetic field is applied. This section is largely based on the
previous work of De Brouwer[42] as he worked with very similar systems.
~ and the most
Ferromagnetic materials have a spontaneous magnetization M
well known materials of this class are Co, Ni and Fe. In these materials the magnetization is usually not not in a random direction, but it prefers to align itself
along a preferential direction. The preferential direction(s) for the magnetization is called the easy axis(plane) and similarly the least preferential direction(s)
are called hard axis(plane). The tendency of the magnetization to align itself is
what we call magnetic anisotropy and in this section some of its contributions
are discussed.
If we consider a material with uniaxial magnetic anisotropy it can be defined
as the energy that is required to rotate the magnetization from the easy axis
to the hard axis. As such the energy density EK is often expressed as a power
series:
X
EK =
Kn sin2n (θ)
n

= K0 + K1 sin2 (θ) + . . . ,

(1)

Where Kn is the anisotropy constant and θ the angle between the magnetization and the easy axis. Here K1 determines the favoured direction of the
magnetization as K0 is independent of the magnetization angle θ. In the case
of thin films a positive value of K1 we define as an out-of-plane magnetization
and a negative value to in-plane magnetization. These are called perpendicular
magnetic anisotropy (PMA) and in-plane magnetic anisotropy (IMA). In this
thesis we are aiming to use magnetic thin films with PMA, however which type
of anisotropy is preferred is determined by the mangeto-crystalline and shape
anisotropy, discussed briefly below.
3.2.1

Magneto-crystalline Anisotropy

Magnetic and more broadly metallic materials are usually formed as a crystallite
where each atom is part of a lattice roster. The tendency of the magnetization
to align itself along one of the crystallographic directions of the lattice is what is
called magneto-crystalline anisotropy. For the well-known ferromagnetic materials Co, Fe and Ni it is known to arise from the coupling of the 3d electrons to
its own orbital motion, called the spin-orbit interaction. The potential of each
ion in the crystal lattice couples each electron’s orbital motion to the lattice,
15

meaning that the orbital moment of each electron is anisotropic. This in turn
ensures that each electron will contribute the magneto-crystalline anisotropy
through spin-orbit interaction.
Spin-orbit interaction itself is a quantum mechanical effect where the orbital
~ and the the spin angular momentum (S)
~ should be conangular momentum (L)
~ the sum of the angular
sidered. In addition the total angular momentum (J),
momenta, is conserved. In the spin-orbit interaction the electron’s orbital motion is coupled to the orientation of its spin. Intuitively, this can be understood
by looking at the frame of reference where the electron is at rest. It will ’see’
the nucleus in an orbital motion around itself where the nucleus is positively
charged and causes a current loop as shown in figure 15. The current loop in-

Figure 15: On the left a schematic overview of an electron orbiting around a
nucleus from the point of view of the nucleus. On the right the elctron is taken
as the frame of reference where the nucleus orbits around the electron. The
orbital motion of the positively charged nucleus induces a magnetic field and
the interaction between this field and the spin of the electron is called spin-orbit
interaction. Taken from De Brouwer [42].
duces a magnetic field and this is coupled with the intrinsic magnetic moment
from the electron’s spin. The effect on the energy of the resulting spin-orbit
interaction can be described by the following Hamiltonian:
~ ·S
~
HSO = ξ L

(2)

Where ξ is the material dependant spin-orbit constant and it can be shown that
it goes as ξ ∝ Z 4 with Z being the atomic mass. This shows that for heavier
atoms the spin-orbit interaction gets much stronger.
3.2.2

Shape Anisotropy

Shape anisotropy is caused by long range dipole interactions and is important
when magnetized materials consist of only a single or a few magnetic domains.
Shape anisotropy favours an alignment of the magnetization along the longest
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axis of a finite shaped magnetic material. The dipole-dipole interactions are
~d field given by:
often described by a the anisotropic demagnetization H
~d = N M
~
H

(3)

~ the magnetization. For clarifiWhere N is the demagnetization tensor and M
cation the demagnetization field is sketched in figure 16. In this thesis mostly

Figure 16: The term magnetic field is used for two similar but different fields
denoted with the symbols H and B. B is generally used to describe the magnetic
field in free space while the auxiliary field H is used when to deal with magnetic
materials. In free space the difference between B and H is trivial (B = µ0 H),
however inside a magnetized material B has no divergence and H is curl-free.
The resulting H field in the opposite direction inside the magnetized material is
called the demagnetization field. Adapted from Coey[43].
thin films are used where the demagnetization tensor and magnetization are
given by:




0 0 0
sin(θ)
~ = Ms  0 
N = 0 0 0 , M
(4)
0 0 1
cos(θ)
Where Ms is the saturation magnetization and θ the angle between the normal
of the thin film and the magnetization. Looking at Eq. 3 it can be seen that the
demagnetization field counteracts the magnetization and combining this with
the demagnetization tensor it follows that the demagnetization field is maximized for a magnetization out-of-plane meaning that in-plane magnetization is
favoured. The energy density per volume unit, ud , due to the demagnetization
field can then be given by:
1 ~ ~
ud = − µ0 M
· Hd
2

(5)

Where the factor 1/2 is introduced to correct for double counting dipole pair
interactions (i.e. once as a source field and once as a magnet in the field)[44].
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Inserting Eq. 3 in the latter gives:
1
~ ·M
~
ud = − µ0 N M
2

(6)

and after combining with Eq. 4
1
1
ud = − µ0 Ms2 cos2 (θ) = − µ0 Ms2 [1 − sin2 (θ)] = K0 + Kshape sin2 (θ)
2
2

(7)

Here the energy density has been rewritten in the form of Eq. 1 using the
trigonometric identity cos2 (θ) = 1−sin2 (θ). Kshape is then the shape anisotropy
constant given by:
1
Kshape = − µ0 N Ms2
2

(8)

This expression confirms again that the magnetization is favoured in-plane
as Kshape < 0. So in order to achieve PMA the contribution due to shape
anisotropy has to be minimized in comparison to the magneto-crystalline contribution. One way of doing this is by decreasing the thickness of the thin film
as discussed in the next section.
3.2.3

Thin Film Magnetic Anisotropy

Atoms that are located near an interface will contribute differently to the magnetic anisotropy than bulk atoms. In the case of thin films, where the surface-tovolume ratio is much larger, the surface anisotropy is the dominant contribution
to the total anisotropy as can be seen when the anisotropy constant is broken
down in its components:
K = KV +

Ktop surf. + Kbottom surf.
t

(9)

Where t is the thickness of the thin film and KV the volume contribution.
The surface area contributions Ktop surf. and Kbottom surf. are separated for
the top and bottom surface of the thin film. Typically the volume anisotropy
KV , which contains magneto-crystalline, magneto-elastic and shape anisotropy
contributions[45], is dominant in bulk systems, however, from Eq. 9 it can be
seen that for decreasing thickness t the surface anisotropy becomes more dominant. Therefore we consider the value of KV small as we are dealing with thin
films[46, 47] and Eq. 9 becomes:
K≈

Ktop surf. + Kbottom surf.
t

(10)

Additionally and effective anisotropy constant Keff can be introduced where the
shape anisotropy contribution from Eq. 8 is added.
Keff =

Ktop surf. + Kbottom surf.
1
− µ0 N Ms2
t
2
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(11)

From here it follows that in-plane easy axis is preferred for negative values of Keff
and out-of-plane easy axis is preferred for positive values of Keff . As can be seen
from Eq. 11 deciding which magnetic material to use to maximize PMA depends
for a large part on the interface interactions. Bloemen has attempted to give an
overview of the experimental work on determining the magnetic anisotropy of
magnetic multilayers [48] as predicting anisotropy of these systems is difficult
without extensive calculations. While for a large number of multilayers several
options are available with high PMA for a single magnetic layer it was found
that a Pt/Co system had the best PMA.

3.3

Magnetization Switching

Now that we have discussed magnetic anisotropy in thin films it is time to consider what the consequences are of these effects in thin films. In this section we
will go into more depth on the magnetic behaviour when an external magnetic
field is applied and we will look specifically at the reversal of the magnetization. This is essential in the creation of magnetic nanoparticles as the magnetic
behaviour of the thin film will be transferred to the particles.
When we manipulate the magnetization state with an external magnetic
~ the widely used Stoner-Wohlfarth model is used to describe the magnefield H
tization reversal of a ferromagnetic material. In this relatively simple model the
~ in the ferromagnet is considered to be a homogeneous macromagnetization M
spin or in other words the material is considered to be a single domain. The
~ and H
~ is used the describe
energy associated with the interaction between M
~ is
the magnetization dynamics. As shown in figure 17 it is assumed that M

Figure 17: Schematic overview of the geometry in the Stoner-Wohlfarth model
where the easy axis is defined perpendicular to the thin film simulating PMA.
~ represents the magnetization equal in size to the saturation magnetization
M
~ represents the applied magnetic field, where θ and φ are the angles
MS and H
between the respective vectors and the easy axis. Adapted from De Brouwer[42].
equal to the saturation magnetization MS and at an angle θ to the easy axis of
~ is applied at an angle φ to the easy axis
the system. When an external field H
the energy density can be given by:
E = K sin2 (θ) − µ0 MS H cos(θ − φ)
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(12)

Where the first term on the right hand side denotes the magnetic anisotropy
discussed in the previous section and the second term can be identified as the
Zeeman energy. The Zeeman energy tries to align the magnetization along the

(b)

(a)

Figure 18: Theoretical hysteresis loops if the Stoner-Wohlfarth model is applied
~ is directed along the easy axis (φ = 0◦ ) for two different angles between
when H
the magnetization and the easy axis: (a) θ = 0◦ and (b) θ = 90◦ . The arrows
indicate the direction of the applied magnetic field. Taken from De Brouwer[42].
same direction as the external magnetic field. In figure 18 the magnetic behaviour of a FM layer is plotted in a type of graph that is called a hysteresis
loop where the normalized magnetization is plotted against the of the normalized magnetic field. The three important parameters that can be extracted
from these graphs are the remanent magnetization (Mr ), the saturation magnetization and the coercive field (Hc ). The remanent magnetization is defined
as the magnetization that is left when the external magnetic field is switched
off (H = 0). When the effective anisotropy promotes PMA Mr is equal to
the saturation magnetization MS . The final parameter, the coercive field, is
defined as the value of the external magnetic field where the magnetization vanishes (M = 0) and in case of PMA magnetic films this often called the point
where the magnetization switches as the magnetization changes from positive
saturation to negative saturation at this point.
In this section we have introduced hysteresis loops to describe the switching
of a single magnetic layer. It is important to be able to read these loops as they
will be used to characterize the magnetic behaviour of the Nanoplatelets during
the different production steps. As can be seen from figure 18 a single ferromagnetic layer always has a remanent magnetization and if magnetic nanoparticles
were to be made from such a system each particle would feel a magnetic attractive force from the surrounding particles. As mentioned before this inevitably
leads to agglomeration and in order to solve this problem a system is proposed
of two coupled ferromagnetic layer, where the magnetization is aligned antiparallel. In the remainder of the chapter the physical origins of this coupling
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will be discussed along with the practical implications on the hysteresis of such
a system.

3.4

Interlayer Exchange Coupling

To produce synthetic antiferromagnetic nanoparticles the interlayer exchange
coupling is a necessary ingredient. With this effect it is possible to couple two
ferromagnetic layers in such a way that their magnetization will be antiparallel.
Synthetic antiferromagnetic systems are generally made from a non-magnetic
(NM) layer that is sandwiched by two ferromagnetic (FM) layers. There are
several coupling mechanisms between a FM/NM/FM trilayer, such as dipoledipole interaction and direct exchange interaction, however in this thesis we
focus on systems where the so called RKKY coupling is the dominant exchange
interaction. We will go into considerable depth on the quantum mechanical
theory of this coupling, which serves as an introduction to the next section,
where the practical implications on hte magnetic behaviour will be discussed.
As such, we will start here with an intuitive model on RKKY coupling, followed
up by presenting Bruno’s model on the IEC and we will finish by discussing
the impact is of the IEC on the magnetic behaviour on a FM/NM/FM trilayer.
This section is largely based on previous work of Lalieu[49], where he gave an
excellent description of the coupling mechanism.
3.4.1

RKKY Coupling

This effect was first described by Ruderman, Kittel, Kasuya and Yosida[50, 51,
52] and they observed a oscillatory behaviour between the nuclear magnetic
moments through the conduction electrons. In an intuitive 1D model we start

Non-magnetic

Magnetic

Figure 19: Schematic overview of the RKKY model. An incoming electron ei
is partially transmitted (eT ) and reflected (eR ) from the NM/FM at z = 0.
Reflected electrons will interfere with incoming electrons creating an oscillating
spin density wave. Taken from Lalieu[49].
off with a NM/FM interface, where a free electron from the NM is approaching
the FM. When the interface is reached the electron will feel a potential step
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(V 0 ) because of the different band structures as can be seen in figure 19. Basic
quantum mechanics then dictate that electron will be partially reflected and
transmitted[53] and the wave function in both materials will be given by the
following equation:
ψ(z)

=

eiki z + ReikR z

(z < 0)

(13)

ψ(z)

=

T eikT z

(z ≥ 0)

(14)

Where R and T represent the reflection and transmission amplitude and k the
wave vectors. Because the electron travels in a 1D environment the incoming
and reflecting wave vectors have an opposite sign −kR = ki = k. By using this
the probability to find an electron at a position z becomes
|ψ(z)|2

= 1 + R2 + 2R cos(2kz)

(15)

This in itself only results in a standing charge density wave denoted by the
oscillatory part, however when we implement the magnetic behaviour of the
FM the incoming electron will encounter a different potential step depending
on its spin as the FM layer is already spin-polarized. So for example when the
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Figure 20: Graph showing the normalized spin density as a function of the
distance from the NM/FM interface. The spin density follows an oscillatory
behaviour (period of π/kF ), which dampens when far away from the NM/FM
interface. Taken from Lalieu[49].
FM layer consists of mostly spin up electrons an incoming electron from the
NM with spin up finds a lower potential step (V ↑ ) than an electron with spin
down (V ↓ ) as can also be seen in figure 19. In turn this results in two different
charge density waves dependant on the electron spin:
|ψ ↑ (z)|2 ∼ 2R↑ cos(2kz)
↓

2

↓

|ψ (z)| ∼ 2R cos(2kz)
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(16)
(17)

When we subtract these two equations it will result in the contribution of one
electron to the spin density:
|ψ ↑ (z)|2 − |ψ ↓ (z)|2 ∼ 2(R↑ − R↓ ) cos(2kz)

(18)

In order to get the total spin density σ(z) this equation needs to be integrated
over k up to kF , the Fermi wave vector :
Z
σ(z) =

kF

2(R↑ − R↓ ) cos(2kz)dk =

0

(R↑ − R↓ ) sin(2kF z)
z

(19)

This resulting spin density wave is plotted in figure 20 which results in spin
up/down accumulation at certain distances from the NM/FM interface. While
these calculation only involved one interface the trick of creating a synthetic
antiferromagnetic system is to add a second interface where it will couple to the
spin accumulation as is shown in figure 21.

Figure 21: If another NM/FM interface is added there will be either a spin down
or up accumulation depending on the distance between the two interfaces. The
magnetization of the added FM layer will align itself along the spin accumulation
creating a anti-parallel (left) or parallel (right) alignment of both layers.

3.4.2

Bruno’s Model

We already presented in the previous section that two FM layers can be antiferromagnetically coupled, however, a more realistic calculation has been done
by Bruno[54, 55, 56]. In the following section a very short overview will be
given of the origins of his theory and for more information we point the reader
to Refs.[54, 57]
A similar system is used to the previous model where two FM layers are
separated a distance D, where the intermediate distance is a NM layer. The
magnetization of both layers have a different orientation denoted with the angle
θ as can be seen in figure 22. As well as in the intuitive model asymmetric
reflections arise at the NM/FM interfaces due to the different potential steps,
Vij with i = A or B and j =↑ or ↓, depending on the spin alignment of the
electron. The reflection amplitudes rij are used to get the spin-average r̄A(B)
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Figure 22: FM/NM/FM trilayer used in Bruno’s model. Taken from Lalieu[49].
and spin-asymmetry ∆rA(B) :
r̄A(B) =
∆rA(B) =

↑
↓
rA(B)
+ rA(B)

2
↑
↓
rA(B)
− rA(B)
2

(20)
(21)

When the IEC energy as a function of θ in this system is then expanded in a
cosine terms:
EIEC (θ) = J0 + J1 cos(θ) + J2 cos2 (θ) + ...
(22)
Where J1 is the IEC constant because the non-magnetic J0 term does not depend
on the relative orientation of the magnetization and the higher order terms, J2
and higher, are usually small compared to the Heisenberg coupling constant J0 .
From this we can see that a negative J1 results in parallel aligned magnetization
and positive J1 in anti-parallel aligned magnetization. Bruno then proceeds to
calculate the coupling constant, but this is beyond the scope of this thesis and
we refer for the derivation to his work[55].
When it is assumed to have two identical and infinite FM layers the resulting
equation is given by:
J1 =

~2
sin(2kF D)
16π 2 me r↓2
kF2
D2

(23)

Where D is the thickness of the NM spacer layer and r↓2 the reflection coefficient
at the NM/FM interface, which mostly depends on the potential step between
these two layers. If we use the values for a Co/Cu/Co trilayer in this equation
the resulting plot can be seen in figure 23. Here the values V ↑ = 1.5eV and
kF = 1.35 · 1010 m−1 are used from Bruno[58]. Again this equation shows clear
oscillating behaviour that decays as D−2 with a period of π/kF ≈ 2.3Å. However
it should be noted that the thickness of one layer of Cu(100), where d = 1.8Å,
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Figure 23: Coupling constant plotted against the distance between the two
mangetic layers. On the left the theoretical value of J is given and on the right
aliasing is taken into account resulting in an oscillation with a longer period.
Taken from Lalieu[49].
is the real sampling distance of the system. When the sampling frequency is
given by fs = 1/d it means that, according to the Nyquist theorem, oscillations
with periods smaller than 2d. Instead a so-called alias is measured with a larger
period given by
Talias =

kf
n
−
π
d

−1

(24)

Where n is chosen such that Talias > 2d and in figure 23 the alias is also
indicated with a period of Talias = 8.15Å.

3.5

Hysteresis loops of FM/NM/FM trilayers

Now that we have discussed how two magnetic layer can be ferromagnetically
or antiferromagnetically coupled it should be shown what the effect is on the
magnetic behaviour of these systems. In particular the hysteresis loops will
be discussed of a system with high anisotropy and antiferromagnetic coupling.
Lastly a method to determine the strength of the IEC from the hysteresis loops
will be discussed.
To understand the behaviour of the hysteresis loops better we start by introducing the energy of a FM/NM/FM trilayer using the Stoner-Wohlfarth (SW)
model. In this model both magnetic layers have single magnetization vector
with a set magnitude Ms which can freely rotate. This configuration can be
seen in figure 24 and here θ1 and θ2 are used to describe the angle of the magnetization vectors M1 and M2 . The thickness of both layers is given by t1 and
t2 and we fix the direction of the external magnetic field H along the z axis, but
it is allowed to change size and sign. Using these parameters as ingredients the
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Figure 24: Representation of the trilayer as is used in the Stoner-Wohlfarth
model. Taken from Lalieu[49].
magnetic energy is given by
E(θ1 , θ2 )

= −µ0 H [Ms,1 t1 cos (θ1 ) + Ms,2 t2 cos (θ2 )]
{z
}
|
Zeeman energy

2

+ K1 t1 sin (θ1 ) + K2 t2 sin2 (θ2 ) + 2J1 cos(θ1 − θ2 )
{z
} |
{z
}
|
Anisotropic energy

(25)

IEC energy

In order to simulate PMA in this system K1 and K2 are taken positive. As
mentioned before antiferromagnetic coupling is assumed and thus the the IEC
coupling constant is positve, J1 > 0. In order to simplify this equation it is
assumed the system contains two identical FM layers, which results in t1 = t2 =
t, Ms,1 = Ms,2 = Ms and K1 = K2 = K and this will give the equation:


Emag (θ1 , θ2 ) = −µ0 HMs t [cos(θ1 ) + cos(θ2 )] + Kt sin2 (θ1 ) + sin2 (θ2 )
+2J1 cos(θ1 − θ2 )

(26)

In order to obtain the hysteresis loop this equation is minimized with respect to
θ1 and θ2 and plotted as function of the external magnetic field H. The resulting
graph is shown in figure 25a.
In order to understand the graph better a full breakdown is given in this
paragraph. The loop starts of by applying a large negative magnetic field causing
the magnetization of both magnetic layers to align parallel, because the Zeeman
energy dominates and takes over. However if the magnetic field is decreased to
such a point that the IEC energy is stronger the alignment will switch to an
anti-parallel state, indicated by switch(1). Continuing the sweep by increasing
the field to positive values the Zeeman energy will increase again until at some
point it becomes dominant again and overrules the IEC (switch(2)). This causes
parallel alignment again, however in the opposite direction. If the process is
reversed as is indicated by the red line similar switches(indicated by switch(3)
and switch(4)) will happen again, but it should be noticed that the switches
are present at different field strength than the opposite sweep. As discussed
previously in this chapter this is the coercive field Hc caused by overcoming the
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Figure 25: On the left a theoretical hysteresis loop of an antiferromagnetically
coupled FM/NM/FM trilayer showing the possible transitions that can occur
when changing the magnetic field. On the right a so-called minor loop is shown
where only a negative magnetic field is applied. Taken from Lalieu[49].
anisotropic energy. In addition to this coercive field a so-called coupling field,
Hcp , is identified. At this point the Zeeman energy and the IEC energy balance
each other out independent of the magnetic orientations of the magnetic layers
and this can easily be derived from equation 26.
Hcp =

2J1
µ0 Ms t

(27)

The measurement to determine Hcp is not done by measuring a full hysteresis
loop, but by a so-called minor loop, displayed in figure 25b. In this loop the
magnetization is also sweeped, starting from a low magnetic field, but the field
is only increased to H = 0. This done to only switch one of the magnetic layers
as in real systems both the magnetic layers have slightly different parameters
due to experimental artefacts such as sputter conditions, substrate quality etc.
This causes a difference in the coercive field of the two ferromagnetic layers,
leading to different switches in full hysteresis loops and by measuring minor
loops this can be overcome.
It is also important to note that the magnetic behaviour shown in figure
26 agrees with the desired magnetic properties of the NanoPlatelets that we
introduced earlier this chapter. At low magnetic fields the total magnetization
is zero and after applying a high magnetic field (H > Hcp + 21 Hc ) the saturation magnetization is acquired. For this reason the NanoPlatelets are made of
FM/NM/FM structures where, as previously argued, the FM layers are chosen
to be Pt/Co to get a large PMA and Ru is chosen as a NM spacer as this
material has a large coupling strength. While a large coupling strength is not
necessary for the applications that we have in mind it should be higher than
half the coercive field to retain its synthetic antiferromagnetic properties.
So far we have discussed only what happens when thin films are present
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on a solid substrate, but nanoparticles are floating in a fluid. The magnetic
field is in this situation not per se perpendicular to the the plane of the thin
films (of the particle) and it was recently found that at low applied magnetic
fields that the hard axis of the particles was slightly magnetized [59]. This will

Figure 26: Theoretical hysteresis loop a synthetic antiferromagnetic particle in
a fluid. Below several configurations of the magnetization of the two magnetic
layers is represented. Adapted from Vemulkar[59].
arise a so-called spin-flop state and this will alter the shape of the hysteresis
loop as shown in figure 26. As can be seen, a spin-flop state is characterized
by having the magnetization tilted from the normal of the magnetic thin film
and this causes a linear behaviour in the magnetization before full saturation is
reached. While magnetic characterization of NanoPlatelets in a fluid is largely
beyond the scope of this thesis it is important to note that you would expect
slightly different magnetic behaviour for magnetic particles that are free to move
compared to a set thin film.

3.6

Summary

Now that we have discussed the background of magnetic nanoparticles and explained how various quantum mechanical effects affect the behaviour of magnetic
thin films we have gained all the necessary ingredients to make NanoPlatelets.
Before we continue with the experimental part, where will discuss the entire production process, we follow this chapter with the methodology. This will serve
mostly as an introduction into all the different techniques that are used in the
production of NanoPlatelets itself and for the characterisation measurements
during the variety of experiments involved with the fabrication process.
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4

Methodology

In this chapter we will focus on the methods that are used during the production
of nanoparticles. The two main topics that are discussed are the measurement
techniques and the production techniques. The section with measurement techniques will mostly focus on introducing devices used to measure the previously
discussed hysteresis loops of samples. In the second part we will focus on describing devices that are used for physically making magnetic nanoparticles. As
such this chapter is mainly an introduction to the overview of the complete
production process, detailed in chapter 5.

4.1

Measurement Techniques

Here some of the characterization techniques will be discussed to measure the
magnetization of samples. This is done to ensure that we are sure that PMA is
present and to check the strength of the IEC on the samples we produce. Mainly
two measurement techniques will discussed where the first technique is based
around the so-called magneto optical Kerr effect (MOKE). In this technique
the magnetization can be determined by analysing the polarization change of
reflected light on a surface. The other measurement technique is done with a
vibrating sample magnetometer (VSM) superconducting quantum interference
device (SQUID) which is based on the induction current generated by moving
magnetic object in a coil.
In addition we also briefly present a microscopy technique to measure the
height profile of samples called atomic force microscopy. This technique, which
uses a moving tip to probe the sample, is used to check the profile of samples
during production to provide more information about the height changes that
occur after the features are made on the sample.
4.1.1

Magneto-optical Kerr Effect

One of the easiest ways to measure the magnetization is by using the Magnetooptical Kerr effect, or MOKE for short. It is a similar effect as the Faraday effect,
where the polarization of light that transmitted through a magnetic material
is rotated. However, the Kerr effect is used for reflected light of a magnetic
surface, where it changes its polarization after reflection. The simplicity of a
MOKE measurement makes it a widely used tool in magnetism as you require
only a laser, some polarizers and a light intensity detector. Below a short
phenomenological description is given of the effect, but for a more detailed
explanation the reader is referred to the work of Schellekens[60].
To describe the Kerr effect we should consider linear polarized light that is
directed at a non-transparent sample as in figure 27. The linear polarized light
consists of a superposition of two circularly polarized components with opposite
helicities and it will penetrate the magnetic medium (≈ 20 nm) before it is
reflected back. In the magnetic medium both polarized components propagate
with different velocities and have different absorption rates. As a consequence
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Figure 27: Overview of the MOKE setup that is used in this work. An incident beam of light with a certain polarization reflects of a sample (S), which
will induce a rotation of the polarization. After reflection the light will become
elliptical. Taken from De Brouwer[42].
the polarization plane will rotate and the the beam will pick up a finite ellipticity.
Depending on the setup either the rotation or the ellipticity can be measured.
The three most important MOKE modes are longitudinal, transverse and
polar MOKE. They are differentiated by the direction of the magnetization in
relation to the plane of incidence of the light. In figure 28 a schematic overview
can be seen for all three methods, where with longitudinal MOKE the magnetization is in the plane of incidence and in the plane of the surface, with transverse
MOKE the magnetization is perpendicular to the plane of incidence and for polar MOKE the magnetization is in the plane of incidence and perpendicular to
the surface. The measurements in this thesis are all made by polar MOKE as
thin films are used with perpendicular magnetic anisotropy.

Figure 28: Schematic overview of the different types of MOKE techniques where
the difference between longitudinal, transverse and polar MOKE is given by the
orientation of the magnetization of the sample in comparison with the indecent
light beam.
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4.1.2

SQUID-VSM

The SQUID-VSM is a combination of a superconducting quantum interference
device (SQUID) and a vibrating sample magnetometer. A sample is vibrated
between two pick up coils in the presence of a magnetic field. From Faraday’s
law we know that changing flux density will induce a voltage in the pick-up
coils.
Vind = N

∆ΦB
∆t

(28)

This allows us to ignore the constant external magnetic field and makes it possible to measure the absolute magnetic moment of the sample by moving it in and
out of the coils. The magnetic layers that are used have very low magnetic moments and therefore the SQUID technique is used where superconducting coils
containing Josephson junctions are used to measure individual flux quanta. In
this VSM-SQUID setup fields up to 7 T can be used for hysteresis measurements.
4.1.3

Atomic force microscopy

During the production of NanoPlatelets it is important to check the surface
morphology of the samples between process steps to see, for example, if the pattern is transferred after nanoimprint lithography (discussed later this chapter).
While optical microscopes give a good 2D impression of the surface, atomic force
microscopy (AFM) can deliver 3D images of surface features as seen in figure
29. The main advantage of a 3D image is the ability to see the height of the

Figure 29: Example of an AFM measurement of a 10 µ2 area covered with pillars
of 1.5 µm in diameter and about 400 nm in height. This measurement is done
after transferring the pattern with nanoimprint lithography.
surface structures, which can be used to determine etch rates.
AFM is a widely used form of scanning probe microscopy. The AFM uses a
vibrating piezoelectric cantilever with an ultrathin tip to probe the the surface
of a sample and can reach resolutions of less than a nanometer. As can be
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Figure 30: Schematic overview of the working principle of an AFM.
seen in fig 30 the working principle of AFM revolves around a laser directed
at a cantilever where its deflection is detected with a photodiode. When the
tip probes a feature on the sample the cantilevers position will change and the
changed deflection of the laser beam will be tracked by the photodiode as a
function of position. This way a topography can be made of the sample surface
and depending on the tip that is used different features can be scanned. For
example, a magnetic or charged tip can give a magnetic/charge profile of the
sample respectively, however in this thesis we used van der Waals forces and
atomic repulsion forces to get a height profile of our samples.

4.2

Production techniques

In this part the most important production techniques are discussed which include sputter deposition, ion beam milling, reactive ion etching and perhaps
most importantly nanoimprint lithography. This upcoming lithographic technique has not been used in the production of nanoparticles before. With nanoimprint lithography a stamp with a predefined pattern is pressed into a liquid resist
after which the resist is left to dry. After drying the stamp is removed and the
pattern transferred. This method allows us to pattern a full wafer in a matter of
minutes with very high packing densities, a combination that is at this moment
impossible to achieve with other lithographic techniques such as electron beam
lithography, photolithography or coloı̈dal lithography.
4.2.1

Sputter deposition

In order to deposit metallic layers with nanometer scale thickness a widely used
technique called sputtering is used. This is done at the Nanofilm facility at the
Physics of Nanostructures group. The sputtering device consists of a ultra-high
vacuum chamber that operates at a base pressure of 5 · 10−9 mbar with twelve
targets each with a different material. This large choice of sputter material is
ideal for creating multilayer structures. In figure 31 a schematic overview is
given of the principle behind sputter deposition. An Ar gas flow is injected
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into the sputter chamber where it is usually chosen to raise the pressure to
10−2 mbar. By applying a large potential between an anode and cathode (at
the target position) causes accelerated electrons to collide with the Ar atoms.
Consequently they are converted into positively charged ions, creating a plasma,
and they will be accelerated to the cathode/target. This ion bombardment will
then kick out atoms of the target material that will condense on the sample
substrate.

Figure 31: Overview of a sputtering setup.
In this thesis there are a number of thickness dependent studies and the
sputtering technique gives an ideal tool to grow a sloped layer of material.
In figure 32 a schematic overview is given of this so-called wedge technique.
During the growth of the metallic layers a wedge shutter is gradually moved
from one end of the sample to the other. The shutter blocks the incoming
sputter material, meaning no deposition under the wedge, which leads to a
layer with a thickness dependence as function of the position.

Figure 32: Schematic showing a moving wedge partially blocking the incoming
sputtered atoms.
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4.2.2

Nanoimprint lithography

Nanoimprint lithography has been around for some time but only recently it
has gained attention on a more industrial scale. The ability to pattern large
areas within a minute combined with the possibility of small feature sizes (∼
20 nm) has always been interesting and with recent developments, where the
mechanical throughput of wafers has been increased, nanoimprint lithography
has the potential to be a prominent technique in the years to come[61].

Figure 33: Schematic overview of the nanoimprinting process.
Nanoimprint lithography is a form of contact lithography, meaning the pattern is physically transferred as shown in figure 33. The general idea of nanoimprint lithography is to press, either by hand or by machine, a mold with a
predefined pattern into a liquid resist. Due to capillary forces the imprint mold
will attach itself firmly into the resist layer. The resist is then most often either thermally developed or developed by UV light, which causes the resist to
harden. This makes it possible to remove the mold again as the capillary forces
are now absent. After removing the mold there is generally a little residue resist
left on the unpatterned areas which can be removed by a short selective etch
called reactive ion etching that will be discussed later in this chapter.
In the production of the nanoplatelets we use a manual printing station. A
mold and resist were provided by an emerging company located on the cam-

Figure 34: Figure showing the trilayer that is used by SCIL in their nanoimprint
molds (imaged adapted from SCIL).
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pus of Eindhoven University of Technology called SCIL Nanoimprint Solutions
(Substrate Conformal Imprinting Lithography). The resist that was provided
consists of a Sol-gel (SiO based resist) type resist, although the precise formula
is patented. In nanoimprint lithography two types of molds are used: soft molds
and hard molds. Soft (hard) molds are less (more) expensive, (do not) conform
to defects on the substrate and can cover large (small) areas, however soft (hard)
molds have a worse (better) resolution and often (never) deform the pattern.
SCIL combines the best of both worlds and have developed a mold made of a
trilayer of thin glass, PDMS (polydimethylsiloxane) and X-PDMS, seen in figure 34. This way the thin glass will ensure the mold maintains rigidity and the
softer PDMS layers will ensure the flexibility.
4.2.3

Ion beam milling

Figure 35: Overview of the IBM process where an ion beam is directed to a
sample on a tiltable rotating sample holder.
Ion beam milling (IBM) is a widely used non-selective etching tool where a
beam of ions is used to bombard a sample. IBM is most often used to transfer a
pattern when a hard mask is present on the sample. Because of the directionality
of the beam this technique makes it possible to obtain smooth edges. The
working principle is shown in figure 35 where the ions in red are accelerated
towards the sample in the middle of the sample stage.
For the production of nanoparticles an ion beam miller from Roth and Rau
is used. It can accelerate Ar ions up to 2 keV and features a rotating, tiltable,
temperature controlled sample stage. The typical etch rate of materials is about
0.25 − 0.30 nm/s.
4.2.4

Reactive ion etching

Reactive ion etching (RIE) is another widely used etching tool, however RIE is,
in contrary to IBM, a selective etching method. A plasma is created between
two charged plates and the formed positive ions are accelerated towards the
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negatively charged plate where the sample is present as can be seen in figure
36. The difference with IBM is that during the RIE process a wide variety of
gases is used for the plasma, for example O2, CHF3 and Cl2. This divides the
contribution to the etch rate twofold: a physical component, that is caused by
the ion bombardment, and a chemical component, that is caused by a reaction
between the plasma gas and the target material. The selectivity in RIE is caused
by this chemical aspect.

Figure 36: Overview of the RIE process where a plasma, in this case F + , is
accelerated towards a charged plate with the sample.
In this thesis an Oxford nanolab 500 RIE is used for the etching processes
where a recipe, consisting of a mixture of CHF3 and O2, is used to etch SiO2. In
addition, there is a RIE available in the Nanofilm facility with only O2 plasma
available. This device is used for a so-called cleaning step before sputtering.
O2 plasma RIE is often used to etch organic photoresist where in this case the
recipe is run at a much lower power and mass flow to decrease the etch rate as
the goal of the cleaning step is only to smooth the surface of the organic resist
before processing.
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5

Fabrication

In the final chapter of this thesis we will combine the knowledge of the previous
chapters to propose a production flow for the NanoPlatelets. As we mentioned
previously the industry standard for magnetic nanoparticles right now, SPION’s,
are chemically produced, but for the newer types of magnetic nanoparticles, including the NanoPlatelets, their reliance on thin films makes this impossible.
Instead a top-down approach is chosen with techniques similar to the microelectronics industry as this industry is used to the processing of thin film materials.
We start this chapter with an overview of the full process to be able to
put the remainder of this chapter into perspective, which will consist of the
experimental section of this thesis. There we will go deeper on the individual
process steps discussing some of the (possible) pitfalls as well as justifying some
of the choices for each step such as material choices. The experimental part is
divided into two major parts, where the first part discusses most of the ’magnetic
experiments’, focused on optimizing the magnetic properties of the thin films
for the NanoPlatelets. In the second part of this section we will highlight each
individual processing step by justifying design choices and going into depth
about the challenges that were encountered.

5.1

The Process

Firstly a full overview is given of the new proposed production flow for NanoPlatelets
to give the reader a better understanding how each of the processing techniques
are used in tandem with each other. In figure 37 the full proposed process is presented and we continue by elaborating more on each process step. While we give
a broad explanation here for a detailed recipe with all the process parameters
the reader is referred to appendix A.
1. We start with an empty 2” SiO2 wafer, which is a thin slice of semiconductor material that usually serves as a substrate due to their smoothness.
2. A layer of organic photoresist is spincoated on the wafer where a commercially available resist, named Ma-N 1420, is used. This sacrificial layer of
∼ 2µm can be seen as the foundation where will build the NanoPlatelets
on. The photoresist can later be dissolved to disperse the particles into a
fluid.
3. On top of the resist metallic multilayers are sputtered to create one or
more repetitions of a synthetic antiferromagnetic, which consist of the
previously discussed FM/NM/FM systems.
4. We continue by spincoating another layer of resist on the sample, however
this time a SiO2 based sol-gel is used. This is done in preparation for the
next step: nanoimprinting. The nanoimprint is made with a mold and is
used to create a hard mask for the pattern.
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Figure 37: Schematic overview of the full production process of NanoPlatelets.

5. Directly after spincoating a mold is pressed into it where capillary forces fix
it into place. The mold is obtained from the company SCIL and features
a circular shaped pattern with a diameter of 1.5µm.
6. The sample and mold are now heated to develop the resist to a solid state
so the mold can be peeled of. The result is a wafer covered with pillars
of about 300 nm in height which will serve as a hard mask to protect the
metallic layers below from the etching steps.
7. Some residual sol-gel resist is left after nanoimprinting on the wafer and a
short selective RIE etch is use to remove it and expose the surface of the
metallic stack.
8. The metallic layers are then removed by IBM leaving only discs on top of
the organic resist.
9. While both the multilayers and the sol-gel resist where affected by the IBM
process the SiO2 based sol-gel resist has a higher thickness. Consequently
there will be a layer of resist left on the NanoPlatelets and this will be
removed by another RIE etch.
10. After the last processing step the NanoPlatelets are exposed, but still
stuck on the resist. Because the nanoparticles will be used in biomedical
settings they need to be dissolved into a fluid and this can be done by
dissolving the photoresist layer into acetone, or a dedicated photoresist
stripper, to create a lift-off process where the particles will be dispersed
from the wafer.
This finishes the description on the unique process that is used to create
NanoPlatelets, but the particles themselves are refined further with conventional
techniques for nanoparticles. As an example, the reader may have noticed the
nanoparticles are in a solution of chemicals after lift-off which is undesirable
if they are to be used in biomedical settings and therefore the particles are
transferred to a water or salt-based solution by magnetic washing. Here we use
a magnet to concentrate the NanoPlatelets in one part of the container while
drawing most of the solvent (in this case acetone) away. Then a new fluid is
added and the particles are redistributed again. By repeating this procedure
several times the original solvent can be diluted to trace concentrations.
As we mentioned in the recipe we have chosen for the sacrificial layer the
photoresist Ma-N 1420, but we would like to point out that a major part of
the work in this thesis consisted of finding a suitable sacrificial layer. We have
attempted to use a metallic sacrificial layer (Cu), because this would reduce
the number of processing steps as this layer could be implemented during the
sputtering. Eventually it was chosen to use an organic material and we will
give a full analysis of this search after we have discussed the optimization of the
synthetic antiferromagnetic system.
We would also like to make a few notes on some of the techniques that are
chosen, more specifically about the etching processes. For the observant reader
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it might seem odd that we use two different etching techniques in the ion beam
milling and reactive ion etching as only one of these can be used in theory. We
would like to note that, even though IBM is non-specific etching method and
can also be used to etch the sol-gel resist, it would take a long time since the
etching rate of the IBM is only 0.25 - 0.30 nm/s. RIE on the other end is a
highly selective etching technique and, even though RIE has a physical etching
component, we will see later this chapter that this selectivity does not allow us
to use to etch the metallic layers, especially when multiple repeats of a SAF are
used for the NanoPlatelets.
As a final remark it should be noted that the nanoimprint mold has a hexagonal pattern of dots which are spaced 3 µm apart with a diameter of 1.5 µm.
If a full 2” wafer is imprinted this would yield a total ∼ 40 · 106 particles. If we
would want a solution with a similar concentration to commercially available
nanoparticles, the yield of one wafer would be equivalent to about 1 - 2 ml of
nanoparticle suspension, however it should be noted that the concentration of
commercially available nanoparticles can vary widely on the product.

5.2

Magnetic optimization

We will continue this chapter by discussing the optimization experiments for
the magnetic multilayers. Since the synthetic antiferromagnetic system is well
known some of the experiments are merely to confirm earlier results or serve as
an illustration. As discussed previously the basis for NanoPlatelets are synthetic
antiferromagnets made from FM/NM/FM trilayers and the previous work of
Lavrijsen [62] is used, where he has worked with Co/Ru/Co multilayers, as a
backbone of the magnetic stack that will be used in this thesis. The magnetic
multilayer systems that are made by sputter deposition will follow in most cases
this structure: Ta/Pt(t1 )/Co/Pt(t2 )/Ru/Pt(t2 )/Co/Pt(t1 ) also shown in figure
38. Each layer has a specific function and going from bottom to top the Ta

Figure 38: Example of a multilayer system used in this thesis where the thickness
t2 < t1 .
is the seed layer, which promotes specific crystalline growth directions for the
following layers. The Pt layers are used to induce PMA in the magnetic Co
layers as we established earlier that the Pt/Co systems posses a high PMA. To
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couple both magnetic layers antiferromagnetically by RKKY coupling the Ru
layer is inserted as concluded in the theoretical section. The inner Pt layers,
with thickness t2 serve a double role as they also increase PMA and are used to
tune the strength of the RKKY coupling, by increasing/decreasing the thickness
of this layer the coupling will become weaker/stronger.
While this multilayer system is widely used in spintronics research, between
sputtering devices slight deviations may occur. Thus, the reader is referred to
appendix B where a calibration is made showing specifically the relation between
the thickness of the Ru and inner Pt layers with the coupling field.
5.2.1

Magnetic multilayers

The stack in the previous section would be an example of a single repetition of
a synthetic antiferromagnet (SAF). If we increase the number of repetitions of
these SAF’s we can increase the total magnetic moment of the full stack. This
is very beneficial for the magnetic nanoparticles as a higher magnetic moment
will result in an increase in the torque a particle can exert on its environment.
In figure 38 a single repetition of a SAF has been represented and in figure 39

Figure 39: Schematic representation of three repetitions of a SAF, where the
relative thickness of each layer in the figure is approximated to the relative real
thickness of the SAF.
three repetitions of this SAF have been visualized. Between each repetition a
rather high thickness in the outer Pt and Ta layers is chosen to minimize the
influence of individual repetitions on each other.
The ideal hysteresis loop we would like to see is shown in figure 40. In
an ideal loop all the properties of each SAF is equal and the switch from the
saturated to the non-saturated occurs at the exact same applied magnetic field.
Added to that we would like to see that this switch is as sharp as possible to
make clear distinction between the two states.
Differences between the magnetic properties of the top and bottom layers
can be different when so many thin films are used due to magnetostriction.
Magnetostriction is an effect where stress on a system changes the magnetic
properties. In this system each thin film has a lattice mismatch between their
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Figure 40: Schematic overview of a hysteresis loop of a synthetic antiferromagnetic system.
crystalline structures, which induces stress in the whole system. Particularly
Co has a strong crystalline growth that can induce stress into the system and
for a more detailed explanation we refer to the work of Lavrijsen [39]. In order
to see the effect of this on the magnetic behaviour several samples with different
repetitions of the SAF’s were made.

Figure 41: Hysteresis loops of 2, 5 and 10 repetitions of a SAF.
The proposed magnetic stack in the previous section has been used:
SiO2/[Ta(4)/Pt(5)/Co(1)/Pt(0.7)/Ru(0.8)/Pt(0.7)/Co(1)/Pt(5)]n . Samples
were made with this unit is repeated respectively 2, 5 and 10 times. The samples
were measured with the VSM SQUID, as it wouldn’t be possible to see the
deeper SAF’s with the MOKE, because it is a surface based technique. The
resulting hysteresis loops can be seen in figure 41 and it can be noticed that
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at higher repetitions the hysteresis loop becomes more slanted. It can also be
seen, especially in the case of ten repetitions, that the switching field is different
for some layers. This is an indication that PMA strength is decreasing and the
coupling strength is different for each layer.
It was thought these effects were caused by magnetostriction and in order
to reduce this it was proposed to use a Co80B20 alloy as the magnetic material.
This alloy grows amorphous and thus reduces the stress between different layers,

Figure 42: Hysteresis loops of 2 and 5 repetitions of a SAF, where the magnetic
layers are replaced with CoB.
but the negative of using CoB is a lower magnetic moment. So two samples were
prepared with 2 and 5 repeats of a SAF with the only difference being that the
Co layers have been replaced by CoB layers. In figure 42 the hysteresis loops are
shown as measured with the VSM SQUID. As can be seen the switches are much
sharper than for Co when 5 repetitions are used and it is also apparent that,
for these two samples, the coupling field of individual SAF’s doesn’t fluctuate
as much. For these reasons in the remainder of this thesis CoB has been used
as the magnetic material.
5.2.2

Uniformity test

In the Nanofilm facility samples with a area much lower than a wafer are generally processed whereas in this thesis entire wafers are processed and for this
thesis it is very important to have uniform magnetic properties over the full
wafer, since particles are made over the full area. Therefore, particles at the
edge of the wafer should have the same properties as particles made at the center. A full wafer was prepared with a single SAF and one of the most important
properties for the particles, the exchange field, is measured with the MOKE
system. A sweep was made where the minor loops of the sample were measured
as a function of the position. From the minor loops the coupling field was taken
and plotted as a function of the distance from the center of the wafer as can
be seen in figure 43. It can be seen that at the edges of the wafer the coupling
field decreases dramatically, which indicates that the outer ring of the wafer is
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Figure 43: Graph showing the exchange field as a function of the distance from
the center of a wafer fully sputtered with a single SAF. The green lines represent
exchange field values of 5%, 10% and 15% respectively from the maximum value.
unusable for producing particles. The maximum value of the exchange field is
given by ∼174 mT and we would like to have no particles that deviate more
than 10% of this value. As can be seen this would mean that in the outer 5 mm
of the wafer this condition would be breached and as a solution this part of the
wafer can be covered by adapting the sample holders in the sputtering device.
The 10% threshold may initially seem as a large deviation, but we would
like to stress again the Nanofilm facility is not suited to produce industry grade
samples over a full wafer. However, for early proof-of-principle experiments this
amount of deviation is fine, since it is more important to have a clear switch
between the saturated and non-saturated state. Moreover, even if the coupling
field were to be constant in the outer region of the wafer it would most likely be
unusable anyway due to other edge effects, most notably edge beads from the
resists.

5.3

Production experiments

Now that we have discussed some experiments optimizing the multilayer system
used for the NanoPlatelets the remainder of the experimental section will be
dedicated to the production process. Most of the individual processing steps
will be discussed in more detail here, where we discuss some of the obstacles
that were/can be encountered, how to avoid them and some insight in the
decisions that have been made in the production process.
5.3.1

Sacrificial layer

Because a top-down approach on the particle production is chosen it is imperative to use a sacrificial layer. At first two possible options for sacrificial layers
were considered: a soft metallic layer and an organic resist layer. The soft
metallic layer would be inserted between the nanoparticle stack and the wafer.
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The advantage of this method would be that this makes it possible to omit one
production step as the metallic layer can be sputtered directly onto the wafer
when the magnetic stack is sputtered. The disadvantage would be that a much
more aggressive solvent has to be used to lift-off the particles into a solution
this layer.
In order to check the viability of a metallic sacrificial layer several etching
tests were performed to determine a combination of metal and acidic solution.
The etch rate of the sacrificial layer has to be much higher than the etch rate of
any of the metals used in the magnetic stack (Pt, Co, Ru and Ta) to guarantee
selective etching. It was chosen to use Cu as a sacrificial layer since this is a
commonly used material for etches.

Figure 44: Schematic overview of a sample where each material that is used in
a SAF is made into a ’step’ by wedge sputtering. Each layer has a thickness of
50 nm.
Samples were made according to figure 44 where each layer can be visually
distinguished from another due to the step form. This is done so it can be
easily seen during the etching which layers have been dissolved and which are
largely unaffected. According to Transene, a company that produces a variety
of etchants for electronics, their ammoniumperoxidesulphate (APS) solution
would selectively etch Cu, but leave the other materials alone. The test was
done by submerging the sample in the APS solution and measure how much
time it took for each layer to disappear. The APS solution that was used had a
concentration of 25 g/ml and it was seen that the Cu and Co layer disappeared
after approximately 10 s. The other layers (Ta, Pt and Ru) seemed to be
unaffected by the acid after more than 5 min. Thus it was concluded that the
mixture was not selective enough for Co.
Therefore several other chemicals were used in the hope of finding an etchant
that would not affect Co. The other metallic layers were initially not tested as
it was thought that CO was the softest material. Three etchants were tested:
iron chloride (FeCl), ceric ammonium nitrate (NH4)2Ce(NO3)6 + acetic acid
(HaC) and degussa, a mixture of potassium cyanide (KCN) + sodium benzenesulphonate (C18H29NaO3S) + sodium carbonate (Na2CO3). The results for
each etchant are shown in table 1 and are limited to Co and Cu only. It can
be seen that both iron chloride and ceric ammonium nitrate have very similar etching times for Co and Cu, however, the degussa stripper seems to be a
suitable etchant at first glance. When the degussa was used to etch Co after
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Etchant
FeCl (0.25%)
(NH4)2Ce(NO3)6 (4.4%)
+ HaC (1.6%)
Degussa

Cu etching time
3.5 min
70 s

Co etching time
3 min
35 s

1 min

over 5 min

Table 1: Table showing the etch rates of Co and Cu for three different etchants.
each etchant is dissolved in a H2O solution and, when known, the mass percentage of each etchant in the solution is denoted in brackets. Each sample in this
experiment consists of a 100 nm thin film.
5 min the sample was removed from the solution without removing the full Co
layer. Then an analyses was made of amount of etched material by measuring
the difference in step height with the AFM, which was concluded to be 13 nm.
Using this we can calculate both the etch rate of Cu and Co, respectively 1.6
nm/s and 0.04 nm/s. The ratio between their etch rates, 1 : 40, confirming that
degussa is suitable as an etchant, but the gold-stripper contains the highly toxic
component potassium cyanide. Since we aim to use the particles in biomedical
applications it is highly undesirable to use such a toxic chemical. It has to be
noted that it is possible to dilute the concentration of KCN by using washing
techniques, but even having trace amounts of something so lethal as cyanide is
not viable. For that reason it was chosen not to use a metallic sacrificial layer.
As for using an organic resist layer it was chosen to try the well known
resist PMMA (polymethylmethyacrylaat) first. This positive resist is often used
as an e-beam lithography resist and can be dissolved very easily by acetone.
However, it was found that after sputter deposition at several spots the resist
breaks through the metallic layer as can be seen in figure 45a. It was confirmed

Figure 45: Microscope images of a thin film sputtered on PMMA with a closeup where the resist is broken through the thin film (a) and after spincoating the
second layer of resist (b).

46

with AFM that these bubbles are protruding out of the metal and they are
spread randomly across the surface of the wafer. While seeming innocent at
first because of their small size it was found that after spincoating the sol-gel
resist layer the metallic layer breaks fully open as seen in figure 45b. The
reason for this is most likely that the solvent of the sol-gel resist also dissolves
the PMMA resist which causes solvent to seep down through the holes in the
thin film. This in turn causes a lot of strain on the metallic surface which breaks
the layers open. In order to solve this a different type of resist was used: Ma-N
1420, a common photoresist, which is sputter compatible. Ma-N 1420 is also
easily soluble in acetone and provides a much thicker layer of resist (∼2 µm).
After using this resist the bubbles did not appear again so it was chosen to use
Ma-N 1420 as the sacrificial layer.
5.3.2

Nanoimprint lithography

In order to use nanoimprint lithography a company called SCIL on the campus
of Eindhoven University of Technology which specializes in making molds for
nanoimprint lithography. They provided the stamp and their patented sol-gel
resist and these were first tested on an empty wafer. The mold consists of a
circular shaped pattern in a hexagonal raster with a spacing and diameter of
1.5 µm for each dot. Before printing the sol-gel is spin-coated with a thickness

Figure 46: Microscope (a) and a SEM image (b) of sample after nanoimprinting.
of around 300 nm on the wafer. When the resist is still liquid the mold is put
in the liquid resist and the capillary forces will keep the mold attached. The
wafer and stamp are then heated for 2 min at 50◦ C to cure the sol-gel. After
drying the wafer can be easily removed by peeling it off by hand. In figure 46
both a microscope image and a surface electron microscopy (SEM) image are
shown after the sol-gel resist is developed. It can be seen that after imprinting
the wafer is filled with pillars of resist and on this test wafer, made at SCIL,
there are almost no defects. If we try to reproduce this in our facilities on top
of a metallic layer a ’crescent moon’ pattern appears as shown in figure 46.
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Figure 47: SEM image of a single dot after nanoimprinting where part of the
dot is missing.
It was thought that the cause was to be found with the resist and after further
contacting experts at SCIL it was concluded that the resist was too thin after
spin-coating. If the sol-gel resist is thinner than the height of the nanopillars
on the stamp there will always be little leftover air between the stamp and
the wafer. This air pocket will result in a deformation of the nanopillars into
’crescent moons’. One way to increase the thickness of the sol-gel would be to
reduce the spinning speed during the spin-coat step, but there was no success in
removing this crescent moon pattern by decreasing the spin speed. The reason
might be that the sol-gel attaches differently to the top layer of our magnetic
stack (for example Pt) than to a SiO2 surface.
Since no solution was found during the work of this thesis we have continued
to work with this oddly shaped pattern for the remainder of the experiments
as it was thought not to interfere with any of the magnetic properties of the
particles. Although, we have to note that during the writing of this thesis SCIL
has provided a new resist that was supposed to be thicker after spin-coating and
this has indeed resulted in full circles after imprinting.
5.3.3

Ion beam milling

As we have mentioned before the etch rate of the IBM is about 0.25 - 30 nm/s
depending on the material for a single SAF, ∼30 nm, this would result in an
etching time of little under two minutes, however an overetch in this process
is not problematic. This can be seen in the detailed recipe in appendix A,
where the IBM step is 5 min in total and divided into two parts, where the
samples in each step are milled under a different angle. This is done to prevent
a very common problem in IBM which is called side wall redeposition. During
the milling process the metallic surface is bombarded with Ar ions which will
dislodge the metallic atoms and scatter them. Most of these scattered atoms
will deposit on the inside of the milling chamber, however some of the metallic
atoms redeposit on the sample itself and in particular on the vertical walls of
the resist. An example of such a redeposition is seen in figure 48 where you can
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Figure 48: SEM image of a single dot after ion beam milling where the black
arrow marks the magnetic multilayers and the red arrow marks the edge of the
sol-gel pillar with The sidewall being recognized by its brighter reflection.
spot the contrast difference between a metallic side wall and the sol-gel resist.
By adding a second milling step under a high angle compared to the normal of
the surface the ion beam will also hit the sides of the resist pillars which will
etch the redeposited material away.
5.3.4

Reactive ion etching

The RIE technique is chosen to remove the sol-gel resist as this method is more
selective than IBM. The selectiveness is caused by the chemical reaction the
plasma gas makes with the target material, but since the surface is still bombarded with ions there will also be a non-selective physical etching component.
Therefore, it is undesired to have a very long etching time which is called an
over-etch as this will also etch the metallic stack. For that reason and to gain
more insight into the etching process for several samples the magnetic properties along with the pillar height were measured as a function of etching time.
For this experiment several samples were prepared according to the recipe up
to the point of the second RIE step, where each sample was etched for a specific
time. The pillar height was measured with the AFM and the exchange field
was extracted from hysteresis measurements by the SQUID. In figure 49 both
plots are presented and from figure 49b it can be seen that after an etch time of
more than 6 min the exchange field will suddenly drop to zero meaning that the
antiferromagnetic behaviour has disappeared. This leads to the conclusion that
the magnetic layers are somehow etched, but if we look at the pillar height in
figure 49a it can be seen that at first the height decreases and after 4 minutes of
etching it suddenly starts to increase again. At a first glance this seems counter
intuitive, however, a simple model will be presented to explain these results,
which will also allow us to extract the etching parameters.
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Figure 49: Plots showing the pillar height (a) and the exchange field (b) as a
function of the etching time. Note that the measured height (a) without etching
time should be discarded as the plasma is still stabilizing during the first minute
or so. This affects the etch rate and thus also the pillar height. Note that the
exchange field value (b) varies widely for each sample and it was apparent that
several artefacts in the raw data (appendix C) were the cause of this. The lines
are a guide to the eye.
If the situation in figure 50 is considered where the sample before etching
is divided into three layers: the sol-gel, the metallic layers and the photoresist.
As a reminder a CHF3 + O2 gas is used to etch and as we will see it affects
each layer differently. The recipe is designed to etch SiO2 so naturally the solgel layer’s etch rate will be highest. Organic layers are usually etched with an
oxygen plasma and because oxygen is present in this recipe it is expected that
the photoresist layer will also have a significant etch rate, but lower than sol-gel.
Lastly the metallic layers should have the lowest etch rate of all materials as it

Figure 50: Schematic overview of the sample with the numbers indicating the
highest (1) to the lowest (3) etch rate for a RIE process.
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is only affected by the physical etching component. It has to be noted, however,
that in the first minute of etching the plasma is not yet fully stabilized, which
will affect the etch rates and therefore the first height measurement should be
discarded. At first only the sol-gel and the photoresist are etched and the pillar
height should decrease as the etch rate of sol-gel is higher than the etch rate
of photoresist. When all the sol-gel is etched away and the metallic layer is
reached the etch rate of the top of the pillar is suddenly decreased and the
pillar height will consequently increase as seen in figure 51. This means that

Figure 51: Overview showing three scenarios during etching where the pillara
height, denoted by the double arrow, decreases (a → b) and then increases (b →
c) when the metallic layer is exposed.
we can extract from the height measurement in figure 49 the exact etch time
where the sol-gel layer is fully etched from the minimum pillar height, which is
at four minutes of etching. Furthermore, by looking at the slope of the linear
fit before and after this point we can calculate the etch rate of each individual
layer. The slope heights are given by -36 nm/min and +33 nm/min and by
using the fact that at around 6 min of etching the magnetic layers were reached
which is approximately 15 nm in this case, this will yield the etch rates given
in table 2. Calculating from the sol-gel etch rate the original pillar height is
Metal
Photoresist
Sol-gel

7.5 nm/min
40 nm/min
75 nm/min

Table 2: RIE etch rates
around 300 nm which is conform with the pillar height that was measured after
nanoimprinting. Note that in figure 49 the pillar height before etching is around
350 nm because the IBM step has etched away the metallic layers (∼15 nm)
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and a little bit of photoresist.
In conclusion the etch time proposed for this processing step is 4.5 min.
Here a slight overetch is chosen, but we want to make sure that trace amounts
of sol-gel are removed. This will be especially important if the NanoPlatelets
are biofunctionalized for later applications or experiments, since that generally
requires a Pt or Au surface. To compensate for the overetch it is advised to
make the top layer a few nm thicker so it can serve as a buffer layer to minimize
the damage on the magnetic layers.
5.3.5

Lift-off

After the RIE etch the particles are ready for lift-off and this is done by submerging the wafer in acetone. Acetone is often used to dissolve organic substances
including organic resist layers. This generally happens on a very short timescale
and as such acetone is often used for lift-off processes. In large quantities acetone
is a toxic substance, but is generally recognized to have low acute and chronic
toxicity from ingestion and inhalation in small amounts[63]. This means that

Figure 52: Microscope image of NanoPlatelets dissolved in an acetone solution.
after lift-off the acetone should be replaced by another fluid, such as water, but
the remaining trace amounts are not problematic.
Once the particles are lifted off the wafer, microscope slides were prepared to
see if the lift-off was successful as seen in figure 52. It can be seen that most of
the particles are clustered together in large groups. As a reminder agglomeration
is a major problem for nanoparticles and inhibits them from being effectively
used in most applications. The clustering can have several causes and among
them is the possibility that the particles posses a non-zero magnetic moment,
but we have done magnetic checks during each process step, discussed in the
next section. From these checks we concluded that the magnetic behaviour does
not change significantly making this possibility less likely. To investigate further
it was tried to disperse the particles with an ultra-sonic needle and microscope
images were made (figure 53a). It can be seen that a lot of the particles are
oddly clustered and their spacing looks exactly like the pattern as defined on
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Figure 53: Microscope image of NanoPlatelets dispersed by an ultra-sonic needle
(a) and a SEM image of nanoparticles dried on a SiO2 wafer.
the wafer. This is an indication that the photoresist did not dissolve very well
in the acetone and the particles are still stuck on the photoresist. Some of the
NanoPlatelets were dried on a substrate and observed with a SEM as seen in
figure 53b and here this is also confirmed, where clearly one side of the particles
has a thick layer of residual resist. Since photoresist is a glue-like substance the
particles are literally sticky and tend to cluster together. A possible solution
would be to use more aggressive chemicals, but these are more toxic and require
additional filtering steps to replace with a less harmful substance.
5.3.6

Magnetic checks during production

Now that all the processing steps have been discussed there is one final experiment that needs to be discussed. So far we have only looked at the physical
attributes of the NanoPlatelets after each production step, but the magnetic
properties have mostly remained untouched. Off course this topic is crucial for
the nanoparticles and in the following experiment we have examined the magnetic behaviour by measuring the hysteresis loops after each processing step.
These checks are performed to check if during the fabrication the synthetic
antiferromagnetic behaviour of the NanoPlatelets remains similar.
A sample is made by cutting a small portion out of a wafer after nanoimprint
lithography and the hysteresis was measured with the VSM SQUID. This was
done after nanoimprinting as it was thought that the production steps before
were non-destructive and could not change the magnetic properties negatively.
In figure 54 the hysteresis loops after each processing step are displayed. It
can be seen that the antiferromagnetic coupling is preserved after each step
and the coupling field remains at the same value throughout the production
process. Note that after the IBM step instead of a full sheet sample small magnetic islands are measured, which decreases the saturation magnetic moment
by approximately 85%. This is caused by the removal of a large part of the
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Figure 54: Hysteresis loop after several production steps: after nanoimprinting
the hysteresis loop looks slanted, but this can be attributed to the lower amount
of datapoints.
magnetic volume due to the IBM etch process. The packing density is expected
to be around 22.5% meaning that it was expected to lose around 77.5% of the
magnetic moment. The increased reduction of the magnetic moment can be
explained by the sample preparation method. As can be seen, after each production step the total magnetic moment is reduced between 5% and 10% and
it was thought to be caused some inevitable damage to the nanopillar structure
that was caused when fixing samples inside the SQUID.
As a final experiment an attempt was also made to measure the magnetic
properties of the nanoparticles after lift-off despite the residual resist. Some
of the NanoPlatelets were inserted in a cavity, that was sealed afterwards, and
SQUID measurements were performed where the resulting hysteresis loop can
be seen in figure 55. At first sight it might seem that there is no resemblance
of the previously measured magnetic behaviour behaviour, but inside the blue
circles there is a clearly some notion of a hysteresis. Additionally, this behaviour
is seen around 300 mT, which is similar to the measured exchange fields in
figure 55 and this leads to the conclusion that at least some of the particles
have retained their synthetic antiferromagnetic properties. It should be stressed
again that there is residual resist left on the particles which might prevent the
particles from orienting towards the magnetic field and thus the hard axis would
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Figure 55: Hysteresis loop after lift-off made by the VSM-SQUID, where in light
gray a hysteresis loop has been implemented from figure 54 as illustration.
be measured. This can be explained by considering a situation where several
particles trapped in a clump of resist. Each particle has set random orientation,
since its trapped in the resist, compared to their neighbours, which results in
a competition between each particle on how to orient the clump towards the
magnetic field. Inevitably this leads to a suboptimal situation where both hard
axis and easy axis behaviour is measured simultaneously, which might explain
the unconventional shape of the graph.
All in all we can conclude that this measurement is not decisive in confirming the magnetic behaviour of the NanoPlatelets even though there is still a
clear resemblance of a synthetic antiferromagnet present. We are specifically
unable to measure the magnetic moment per particle or give an exact value of
the coupling field. The chemicals used in lift-off (acetone) have no destructive
impact on metals whatsoever and therefore it is unlikely that the actual magnetic behaviour of the nanoparticles has changed, but that this behaviour is the
result of a failure to correctly measure the properties of the particles, which may
be caused by the residual resist that clumps all particles together. Even if this
is not the main cause of the measured behaviour it most likely influences it in
some way and thus it should be prioritized to make sure that the lift-off process
is done correctly.
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6

Conclusions and Outlook

In this work we have explored some of the new developments in the field of
magnetic nanoparticles and a new type of nanoparticle called NanoPlatelets has
been introduced. These NanoPlatelets offer a unique approach, in comparison
to the more traditional SPION’s, to mechanically destruct cancer cells, which
is made possible from their disc shaped size and magnetic behaviour. As we
have seen the two most important factors for this behaviour are PMA and
RKKY coupling which causes the magnetization of two magnetic layers within
the particle to couple antiferromagnetically perpendicular to the plane of the
particle.
The traditional production method for nanoparticles is a chemical production method, but as we have seen this is not viable for NanoPlatelets due to
the multitude of thin films and disc shape. In order to solve this a top-down
method has been developed, but as of the start of this project no such a process
was present at the Tue. As such, the main goal of this thesis was to set up a
production process to reliably create NanoPlatelets for further research, while
also implementing a new lithographic technique called nanoimprint technology.
In order to do this we have presented a process flow detailing each production
step and we continued by describing a number of experiments covering some of
the pitfalls that have occurred when this process flow was implemented. We
started by checking how much the magnetic properties change over a full wafer
and when a number of SAF’s are stacked on top of each other. We concluded
that the exchange field for each SAF repetition is almost identical when CoB is
used as the magnetic material and over a full wafer the value of the exchange
field only varies by a couple of percent. However, it should be noted that
sample to sample difference in the exchange field may occur, but in this early
experimental stage that is not yet a concern.
Regarding the rest of the production process, we have successfully determined etching recipes for the IBM and RIE processes. We also implemented
the nanoimprint process, but a few issues remain in this process step. After
imprinting a crescent moon pattern is transferred to the resist layer, which is
thought to be caused by a thinner resist layer than the feature height on the
mold. One way the resist layer thickness can be changed is by lowering the
spincoating speed, but this has proven to be unsuccessful so far.
We encountered a second issue when we tried to dissolve the sacrificial layer
during the lift-off process. When it was decided that a metallic sacrificial layer
was undesirable, as the chemicals that have to be used to remove such a layer
were highly toxic, we started to use an organic resist, but after lift-off it was
found that a large part of the resist wasn’t dissolved. An explanation for this
result could be that the physical properties of the resist changes during one of
the processing steps and a possible solution is to use more aggressive chemicals
to dissolve the photoresist layer.
We also conducted magnetic checks after each production step to see if the
synthetic antiferromagnetic system is conserved and we confirmed that was indeed the case. Even after lift-off the the magnetic particles showed magnetic
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behaviour, but there is still a significant amount of noise in the measurements.
This might be caused by the previously mentioned residue of photoresist having
an impact on either the magnetic behaviour of the particles or having its own
magnetic behaviour.

Outlook
While we made significant progress in setting up a production line for NanoPlatelets a few issues still remain and the focus of further research should be
to tackle these problems first. One of the main problems occurred during the
nanoimprint step where the sol-gel resist layer was too thin for good imprinting.
The obvious solution would be to lower the spinning speed when the resist
is spincoated, but this has not proven to be effective. Photoresists are often
engineered to have an approximate certain thickness after spincoating and after
contacting SCIL it was confirmed there was a mismatch between the resist
thickness and the stamp thickness. A thicker resist was provided and at the
time of writing Lavrijsen has confirmed that the ’crescent moon’ pattern was
not present after imprinting with this new resist.
This development leads to two different paths that should be taken. Firstly,
an effort should be made to biofunctionalize the particles as this is required
for most applications involving nanoparticles, which includes the use of NanoPlatelets in the treatment of tumours. There are well known methods to functionalize metallic nanoparticles and we propose that something is used called
thiol chemistry. This makes use of the fact that sulfur-hydrogen groups bond
covalently when they meet a gold surface. While we touched briefly on this
topic the details of biofunctionalizing nanoparticles is beyond the scope of this
thesis, however in appendix D we have given some more background information on the proposed method as well as details for an experimental method to
see if functionalization is successful. While the functionalization methods are
well known, an effort should be made to compare functionalized NanoPlatelets
with more traditional magnetic nanoparticles to see, for example, if there is a
difference in colloidal stability or in the number of bonds that are attached to
a single particle.
Secondly, new methods for the magnetic characterization of the NanoPlatelets
need to be developed as the properties of the particles need to be thoroughly
checked before being used in any applications. Although we checked the magnetic behaviour after lift-off and confirmed that antiferromagnetic behaviour
was still present this method was not very accurate. We were unable to extract
some key parameters such as magnetic moment per particle. In addition these
measurements were done on a substrate which does not allow to see the magnetic behaviour of the particles in a fluid. The VSM SQUID is not an ideal
measurement tool for these parameters as the rapid vibration precipitates most
of the particles during the measurement, which makes it harder to regain them.
A more suitable candidate would be a regular VSM as it operates under less
extreme conditions. It is also deemed useful to complement this with measurements using a (Kerr) microscope where a magnetic field can be applied to study
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the response of the NanoPlatelets of an external magnetic field in a fluid.
When both of these challenges have been overcome the long term goal would
be to find new applications where NanoPlatelets can make a significant impact.
While early applications may focus on academic settings, such as the use in
lab-on-a-chip processes, another interesting application is using NanoPlatelets
for the treatment of cancer by mechanically disrupted tumour cells. Some work
on this subject has already been done proving the effectiveness of this method
for brain tumours. As we briefly mentioned during this thesis we made contact
with the UMC Maastricht, where they specialize in treating pancreatic cancer.
Pancreatic cancer is still one the most deadly forms of cancer and is therefore
very suitable to implement this treatment method. This is, off course, a very
long term goal, but during the writing of this thesis a proposal to the KWF
(the Dutch foundation for cancer research) has been submitted, where a plan
was made to do initial proof-of-principal tests on in-vitro cell cultures to test
the effectiveness of NanoPlatelets.
All in all, synthetic antiferromagnetic nanoparticles have a long way to go,
but are nonetheless a very promising new take on magnetic nanoparticles that
could have a major impact in the health industry.
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A

Production recipe

In this appendix a more detailed version of the production recipe is presented.
This concerns used equipment, processing times and similar parameters. A
special note has to be made concerning the IBM step, which is specifically
tailored for one SAF repetition and for multiple repeats longer etching times
are required, off course. In this recipe we have also included a washing step to
replace acetone with water (or another solution), which has not been discussed
yet in this thesis. Washing is done to remove any toxic chemicals (acetone)
after the lift-off process and to prepare for biofunctionalization. The details
of functionalization have been excluded from this recipe as it is discussed in
another appendix.
Step

Description

1
1.1
1.2
1.3

Acetone cleaning
Isopropanol rinsing
N2 dry blowing

2
2.1

Equipment

Parameters

Sample preparation
Ultrasonic bath
120s
Ultrasonic bath
60s

Resist coating: MaN-1420
Spincoater
30s at 3000RPM

2.2

Spincoat ∼ 2µm
MaN-1420
Bake

3
3.1
3.2

Deposition: Magnetic stack
Plasma cleaning
Nano-Access
90s
Sputter deposition
Nano-Access

4

4.1
4.2
4.3
4.4
4.5

spincoat ∼ 300nm
sol-gel
Wetting of the wafer
Disperse sol-gel
Uniform coating
Remove edge bead
Homogenize sol-gel

5
5.1
5.2
5.3

Imprint with stamp
Bake with stamp
Remove stamp

Hot-plate

100°C for 5 min

Resist coating: Sol-gel
Spincoater
5s at 1000RPM
3s at 100RPM
20s at 600RPM
1s at 1500RPM
30s at 300RPM
Nanoimprinting
Vacuum chuck
Hot-plate
Vacuum chuck

59

50°C for 2 min

6
6.1
6.2
6.3

7
7.1
7.2
7.3
7.4
7.5

RIE etch CHF3 +
O2 plasma
IBM
RIE etch CHF3 +
O2 plasma

Etching
Oxford PlasmaLab
System 100 RIE
Roth & Rau Ion
Beam Miller
Oxford PlasmaLab
System 100 RIE

Ultrasonic bath
Pipette

50 ml
1 min

1 day
Pipette

Leave 2 ml of
solvent

Wash particles
Transfer particles to
water

8.2
8.3
8.4

3 min at 90° + 2
min at 70°
4.5 min

Lift-off
Submerge in acetone
Release particles
Remove wafer and
draw solvent
Allow particles to
sediment
Remove excess
solvent

8

8.1

1 min

Concentrate
particles
Draw solvent
Add water (2 ml)
Redistribute

Repeat following 5
times
Centrifuge
Pipette
Pipette
US needle/Vortexer
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Ramp to 1800RPM
and hold for 5s

30s

B

Thickness calibrations

In this appendix we will present two calibrations to see the effect of varying
the thickness of the Ru and Pt layers on the coupling strength between the
two magnetic layer. Firstly, the effect of the Ru thickness is measured and for

Figure 56: On the left (a) a schematic overview of the multilayer system used in
the calibration where the thickness of each layer is denoted in brackets. On the
right (b) a graph of the coupling field as a function of the Ru thickness where a
sinusoidal fit has been made to illustrate the oscillating behaviour.
this experiment so-called wedge samples are prepared according to the scheme
in figure 56a. This allows us to measure a large range of thickness values on a
single sample. As we have seen in the theoretical section the coupling strength of
two antiferromagnetically coupled layers is directly related to the coupling field.
For that reason hysteresis loops are measured with the MOKE by sweeping over
the length of the sample and the coupling field is extracted as a function of the
spacer thickness. From the resulting graph in figure 56b we can see that the
highest coupling field is reached at a Ru thickness of 0.8 nm. Since we can tune
the coupling strength by tuning the Pt spacer layers, as discussed in the next

Figure 57: Schematic overview of the stack used for the calibration of the Pt
spacer layers (a) and a graph of the coupling strength as function of the Pt
thickness (b).

61

section, the maximum coupling strength is beneficial for further use.
While the coupling strength of the SAF can be tuned by changing the Ru
thickness more commonly the spacer layers are used for this. These are the
Pt layers directly sandwiching the Ru layer and for this calibration a wedged
sample is made again where the thickness of these Pt layers are varied from
0-2 nm. Again the the coupling field is extracted from hysteresis loops for each
layer thickness and the resulting graph can be seen in figure 57b. It is clear that
increasing the Pt layer thickness results in a decrease in the coupling field. It
should be noted that below ∼ 0.3 nm the coupling field is higher than the range
of the magnetic field the magnet in the setup can produce. Since large coupling
fields are not required in the work of this thesis it was chosen to use a thickness
of around 0.7 nm to get a coupling field around 100 mT.
While in the scope of this work it is not necessary to have a specific value
for the coupling field if an application demands certain specification in this
regard changing the thickness of the spacer layers. This can either be done by
changing the Pt layers or, specifically to decrease the coupling field to low values,
by choosing a Ru thickness that has lower than maximum coupling strength.
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C

RIE experiment

As we have seen in section 5.3.4 the exchange field in figure 49 had a quite wide
variation which was unexpected as all samples were cut from the same wafer.
In figure 58 the raw hysteresis loops are presented and it can be seen that
the samples with less than 6 minutes of etching have a clear antiferromagnetic
hysteresis. The magnetization is normalized for better comparison between
samples and for each sample a clear almost superparamagnetic background is
present. It is still unclear what exactly causes this behaviour, but it was thought
to be unrelated to the magnetic properties of the nanoparticles.

Figure 58: Hysteresis loops of all ten samples where in each graph the loops of
two samples are combined.
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D

Biofunctionalization

In this appendix we will discuss an attempt to biofunctionalize the Nanoplatelets
even though the lift-off process was somewhat unsuccessful. Nanoparticles in
general are often biofunctionalized for several reasons, but mostly to increase the
colloidal stability, provide a protective layer and/or to present functional groups
for further reactions. For example, when Nanoplatelets are used in the destruction of cancer cells molecules are biofunctionalized that are used to present
proteins that bind to specific receptors on the cell membrane as shown in figure
10.
As such, functionalization is a core part of nanoparticle applications and
quite a mature subject. This means that the information presented in this
appendix consists of mostly common knowledge, but it can serve as a good
introduction to the subject for non-chemists and give a step by step overview
of a functionalization experiment.
Two of the most common strategies to attach functional groups are direct
functionalization and post-functionalization[64]. In the case of direct functionalization the ligand with functional group binds directly to the nanoparticle. In
post-functionalization a binding compound is first used to cover the surface of
the nanoparticle and with a second reaction the functional group is attached.
This method can achieve higher surface coverage as there is less steric competition between the surface ligands, however direct functionalization allows for
more stable bonding. For direct functionalization on metallic nanoparticles often thiol, phosphine oxide, phosphonate or carboxylate groups have been used.
We will use thiol groups here which bind covalently to Au and other noble metal
surfaces as mentioned previously in section 3.1.1. In figure 59a an example is

Figure 59: Structure formula of a ligand that is often used for nanoparticle
funnctionalization (a). Different colours denote different chemical segments
where the sulfide end group (thiol) is in red. One unit of the polymeric chain of
polyethylene glycol (PEG) in blue, which can be repeated n times. The functional
group is coloured in green and is in this case a biotin molecule and attached to
the final repetition of the PEG linker by an ester bond. Biotin forms a complex
with the protein streptavidin (b), where biotin is is represented in the spherical
model and streptavidin as the ribbon model.
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given of a ligand that is often used. The setup of these types of ligands is in general the same where the binding agent (thiol) is separated from the functional
group (biotin) by a long polymeric chain (PEG). It should be noted that it is
not necessary for a functional group to be present if the only goal is to create a
protective layer or ensure colloidal stability, but a functional group can be used
to ’chain’ more molecules to the nanoparticle that would otherwise not bind to
PEG. This is done by making use of a so-called streptavidin-biotin complex,
shown in figure 59b. Streptavidin (strep) is a protein created by the bacterium
Streptomyces avidinii and has an extraordinary high affinity for biotin. The
streptavidin-biotin binding is even one of the strongest non-covalent interactions known in nature[65]. As mentioned the binding itself is non-covalent and
its strength can be explained by the conformational fit of both molecules, which
allows for a number of strong Van der Waals and electrostatic interactions.

Intermezzo: reducing agents
It should be noted that free thiols are easily oxidized into stable disulfide bonds,
which pose a problem as these will not bind to the nanoparticles. While disuflide bridges are quite strong bonds they can be severed by a polar reagent,
which is called a reducing agent. As such, when attempting to functionalize

Figure 60: When two thiol groups meet they can form permanent disulfide
bridges (top reaction), but a reducing agent (tris(2-carboxyethyl)phosphine or
TCEP) can be used to disassociate this bond (bottom reaction).
nanoparticles you should always add an excess amount of such a reducing agent
to the solution. In this appendix a molecule abbreviated to TCEP is used
to break disuflide bonds and in figure 60 the resulting reaction can be seen.
Alternative commonly used reducing agents are Dithiothreitol (DTT) and 2Mercaptoethanol (2-ME), but TCEP has the advantage of being the stronger
agent of the three. On a cautionary note one should consider that TCEP is
often prepared as a hydrochloride salt (TCEP-HCl) which can be dissolved in
water, but creates, as a side effect, an acidic solution. If a neutral pH is required
a pH buffer or a base should be added to neutralize the hydrochloric acid.
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Fluorescence experiment
Now that we have covered the basics of biofunctionalization an experiment will
be described, where we have prepared NanoPlatelets with a thiol-PEG-biotin
coating and will try to determine firstly if functionalization was successful. If so
then this experiment can also be used to extract the surface coverage of the ligands on the nanoparticles i.e. how many ligands have bonded per NanoPlatelet.
We are going to make use of the aforementioned streptavidin-biotin complex to
attach fluorescent molecules to each ligand on the NanoPlatelets. These will
then be used in a fluorescence measurement. In figure 61 a schematic overview

Figure 61: Schematic overview of attaching a fluorescent group (Fluor) to the
nanoparticle by using a streptavidin-biotin complex, where the non-covalent bond
is represented by the dashed line.
can be seen of the full ’chain’ of molecules added to the nanoparticle, where
in this experiment the used fluorescent molecule, covalently bonded to streptavadin, is called Alexa Fluor 647, which has an absorption peak at 650 nm and
a emission peak at 668 nm.
The preparation for the experiment consists of making two sets of samples. First, several samples of functionalized NanoPlatelets are prepared in
water with each having equal concentration and volume. For each sample of
NanoPlatelets two partner samples are prepared where fluorescent molecules
are dissolved in water. One will be the control group and the other will be
added to the NanoPlatelets with each pair of samples having equal volume but
a different concentration in such a way that each pair of samples has ten times
more fluorescent molecules than the previous pair. Each NanoPlatelet sample
is then mixed with one of its partner samples and is allowed an hour to react.
Ideally each ligand on the nanoparticles is now bonded and the supernatant
is drawn from each sample with the possible remaining fluorescent molecules.
The drawn supernatant will then be compared to the control samples with a
fluorescence spectrometer.
When the samples are prepared a simple fluorescence spectroscopy device is
used, which is schematically shown in figure 62. This setup is used to measure
the intensity of the emitted light and it is assumed that the intensity scales
linearly with the number of fluorescent molecules. A graph is then made, shown
in figure 63, where light intensity is plotted against the number of initially added
fluorescent molecules and the signal of the prepared samples are compared with
the control group.
Before we go into the measured data we will first discuss what kind of
graph we would expect if functionalization was successful. If we added an
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Figure 62: Schematic overview of a fluorescence spectrometer where a half mirror is used to direct the indecent light (blue) towards the sample. The fluorescent
sample then absorbs the light and emits light with a different wavelength (red)
which passes the half mirror to a light sensitive intensity meter.
amount of dye’s that would be less than the total number of active sites on
the nanoparticles it is expected that all the fluorescent molecules are trapped
on the NanoPlatelets, which means that there are no dye’s in the supernatant
and thus almost no fluorescence signal compared to the control group. However,

Figure 63: Graph showing the measured emitted light intensity signal compared
to the number of initially added fluorescent molecules (dye’s) on a logarithmic
scale. Both the control group (red) and the test signal (green) are shown in
addition to a rough expectation (blue). The blue circle denotes the expected
break-even point, where the number of added dye’s would be exactly the same to
the number of active sites on the nanoparticles.
when we increase the amount of added dye’s to a point where we have an excess
the remaining dye’s will be unable to find an active site on the nanoparticles
and stay in the supernatant. In this case we will find a fluorescence signal that
converges quickly to the signal of the control group as we are increasing the
amount of added molecules exponentially. In the graph this would lead to a
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clear breaking point where the number of added dye’s is equal to the number of
active sites. Consequently, the number of total active sites can then be used to
calculate the surface coverage.
Regarding the actual data, it seems as it does not follow the expectation
as both the control and test signal are quite similar, which indicates that very
few fluorescent molecules have bonded to the NanoPlatelets or in other words
functionalization has failed. However, we do see that for lower amounts of
added dye’s the measured signal is slightly lower than the the control group.
This might be a sign that there is at least some functionalization, but in much
lower amounts than expected. It also has to be noted that for this experiment
NanoPlatelets were used that have the same faults as described in section 5.3.5.
This means that the nanoparticles are highly clustered due to the residual resist,
which most likely impedes functionalization to a large extent.
This leads to the conclusion that the NanoPlatelets used in this experiment
were not successfully functinalized and at first glance this might be caused by
some errors that remained in the production process of the NanoPlatelets. This
experiment should therefore be repeated when NanoPlatelets can be created
with no residual resist and no spontaneous clustering. That being said there
are additional factors to take into account. It should be noted for example that
disc shaped nanoparticles, such as the NanoPlatelets, have a smaller surface than
spherical nanoparticles with the same diameter. In addition steric repulsion is
less common with spherical particles, which probably results in a higher surface
coverage per area.
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