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Abstract

The synthesis of colloidal nanoparticles involves surfactant molecules which bind to the
particle surface and stabilize nanoparticles against aggregation. Based on its covalent-
bonding interaction with most metal surfaces, oleic acid is often used as a ligand system
for various nanoparticle systems. Importantly, protecting molecule shells can also be
used for further functionalization.

This thesis reports the experimental details for the preparation of monodisperse oleic
acid coated magnetic iron oxide nanoparticles by a thermal decomposition method.
The obtained nanoparticles were characterized by high-resolution transmission electron
microscopy (HRTEM) and selected area electron diffraction (SAED) measurements.
The coupling mechanism between molecule and metal surface was characterized using
Fourier transform infrared spectroscopy (FTIR), which revealed a bridging bidentate
coupling of the carboxylate to the nanoparticle surface. The magnetic properties of
the particles were investigated using ferromagnetic (FMR) and electron paramagnetic
resonance (EPR) absorption spectroscopy. Those measurements showed two specific
EPR signals, originating directly from the metal-organic interface and the molecule’s
carbon chain.

Moreover, this thesis shows that the EPR signals due to the oleic acid ligand molecule
can be used as a local probe. As part of this we investigated the temperature dependent
shift of the resonance field position of the EPR spectra, which can be used to measure
the exact temperature on the nanoparticle interface. Additionally, we also measured
an angular dependent change in EPR resonance field, resulting from the stray field of
cubic iron/iron oxide nanoparticles, which are in good agreement with micro magnetic
simulations.
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Kurzfassung

Zur Synthese von kolloidalen Nanopartikeln werden im allemeinen Tensidmolekiile
verwendet, welche an die Partikeloberfliche binden und die Nanopartikel stabilisieren
und vor Agglometarion schiitzen.

Bedingt duch die kovalente Bindung zwischen Olsidure und den meisten Metall-
oberflachen, wird diese oft als Ligandensystem fir die Synthese unterschiedlichster
Nanopartikelsysteme verwendet. In einigen Fillen kann diese Molekiil-Hiille auch zur
weiteren Funktionalisierung der Partikel genutz werden.

Diese Arbeit zeigt unter anderem iiber die Herstellung monodisperser mit Olsiure
beschichteter Eisenoxid Nanopartikel mittels thermischer Zersetzungs Methode. Die
so synthetisierten Nanopartikel wurden durch Transmissionselektronenmikroskopie
(TEM), Rasterelektronenmikroskopie (SEM), ferromagnetischer Resonanz(FMR) und
Elektronenspinresonanz (ESR) Messungen charakterisiert. Der Kopplungsmechanismus
zwischen den Molekiilen und der Metalloberfliche wurde mittels Fouriertransmorma-
tions Infrarot Spektroskopie (FTIR) bestimmt. Aufgrund der bidentat verbriickenden
Kopplung zwischen dem Carboxylat und der Oberfliche der Nanopartikel entstehten
zwei Elektronenspinresonanz Signale, welche direkt von der Metall-Molekiil-Schnittstelle
und aus der Kohlenstoffkette des Molekiils stammen.

Des Weiten zeigt diese Arbeit, dass die EPR-Signale der Olséure-Molekiile als lokale
Sonde verwendet werden konnen. Im Zuge dessen wurde die temperaturabhéngige
Verschiebung der Resonanzfeldposition der EPR-Spektren untersucht. Diese kann
verwendet werden, um die genaue Temperatur an der Nanopartikeloberfliche zu messen.
Dariiber hinaus wird gezeigt, dass eine streufeldabhingige Anderung in dem EPR-
Resonanzfeldes fiir kubische Eisen / Eisenoxid-Nanopartikel existiert. Diese Messungen
zeigen eine gute Ubereinstimmung mit dem durch mikromagnetischen Simulationen
berechneten Streufeld. Diese Messungen belegen, dass sich die Molekiile als Streufeld-
Sonden eignen.
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Symbols

a - Gilbert damping
«; - directional cosine
B, - resonance field

—

By - effective magnetic field

Be.t - external magnetic field

b, s - perpendicular high frequency
field component

X;x - high frequency susceptibility
Fin - kinetic energy

AFE. ceman - Zeeman energy splitting
Ferystar - crystalline anisotropy energy
FE; - demagnetization energy

Feup - cubic anisotropy

F.eeman - Zeeman Energy

Ferystar - crystalline anisotropy

Fshape - shape anisotropy

Four face - surface anisotropy

f - frequency

g - g tensor

7y - gyromagnetic ratio

h - reduced Planck’s constant

ffd - demagnetization field

K, - fourth-order anisotropy constant
K- sixth-order anisotropy constant
A - wavelength

[- angular momentum

M - magnetization

[l - magnetic moment

up - Bohr’s magneton

Ws - spin magnetic moment

N - demagnetization tensor

w - angular frequency (27 f)

P - power

S - spin vector

Note: Even though the magnetic flux density B has dimensions and units different
from those of the magnetic field H. In this work, the term 'magnetic field’ shall be used
for the quantity B, which has the unit of tesla (T' = V's/m?) as this nomenclature is of
almost universal usage in magnetic resonance.
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1 Introduction

Over the last years nanoscience, nanotechnology and nanomaterials have become an
important field of scientific and technical research. Especially the interest in magnetic
nanostructures [Kod99] and their technical applications as e.g. contrast agents for MRI
[Pat08], catalysts [Lin13] and super-capacitors [Du09] has been increasing. Furthermore,
based on their unique physical, chemical, thermal, and mechanical properties, magnetic
nanoparticles offer a high potential for several biomedical applications, such as cellular
therapy and as a tool for cell-biology research [Mah13]. Here those particles can be
used for example as magnetic field-guided carriers for localizing drugs or for tumor
hyperthermia [Leel5]. Therefore, a special surface coating of the magnetic particles is
required, which has to be not only non-toxic and biocompatible but also allows for a
targeted delivery with particle localization in a specific area. Thus, those magnetic
nanoparticles ought to bind to drugs, proteins, enzymes or antibodies and can be
directed to an organ or tumor using an external magnetic field gradient or can be heated
in an alternating magnetic field for use in hyperthermia [Pan03, Dor12]. In addition,
there has been an increasing interest in magnetoelectronic or spintronic devices, which
integrate the use of both the charge and the spin of the electron [204]. These devises
are expected to provide functionalities for energy efficient spin-based recording and
information processing. For these devices, it is e.g. desirable to establish a means to
detect the resulting spin current. Recent results showed the possible use of surface
coating molecules to detect the spin current of a ferromagnetic martial [Mar16b].

In this work, monodisperse Fe,Oy nanoparticles were synthesized by thermal de-
composition as described in literature [Kim07]. In this process, oleic acid molecules
were used as a surfactant that both covers the growing particle and controls their size
and morphology. The organic shell also controls the spacing and the coupling between
particles when they are assembled on a substrate or in fluids. Because the magnetic
structure and chemical composition of the surface layer usually is very different from
the core of the nanoparticle, the interaction between the stabilizing ligand and the
nanoparticle is critical and essential for both synthesis and application.

Therefore, this thesis discuss the chemical structure of the surfactant adsorbed on
the iron oxide nanoparticle, and suggests a bonding model for the adsorbed molecule.
The monodisperse single crystalline iron oxide core/shell nanoparticles will be investi-
gated and characterized by transmission electron microscopy (TEM), scanning electron
microscopy (SEM), ferro- (FMR) and electron paramagnetic resonance (EPR). Further-
more, Fourier transform infrared spectroscopy (FTIR) measurements will be used to



1 Introduction

confirm the presence of the functional groups on the particle surface and to characterize
the molecular coupling mode. The FMR and EPR measurements will be conducted to
analyse the oleic acid molecules ability to generate EPR centres and act as a surface
sensitive EPR probe. In order to investigate the origin of those EPR signals, sev-
eral experiments on different nanoparticle systems and with different carboxylic acid
molecules will be discussed. Moreover, in-situ measurements under ultra-high vacuum
conditions will be shown to evaluate the role of the oxide shell for the paramagnetic
resonance signals.

In addition, this thesis will demonstrate two possible applications for the molecule as a
surface sensitive paramagnetic probe. As mentioned before, for biomedical applications
temperature measurements with high spatial resolution and accuracy are an active
area of research. Here, Riedinger et al. had reported a molecular temperature probe
based on the thermal decomposition of a thermo-sensitive molecule to measure the
temperature profile at the nanoparticle surface with a subnanometer resolution [Riel3].
However, this attempt toward temperature mapping has the disadvantage that the
thermo-labile ligands are anchored to the superparamagnetic particles via PEG spacers.
Thus they are not directly coupled to the particle surface. In this work, temperature
dependent FMR and EPR measurements are conducted to characterize the oleic acid
molecule’s ability to act as a temperature probe directly at the particle surface.

Moreover, literature shows the possibility of EPR centres to map the strayfield
of magnetic nanoparticles [Rak04, Sch81]. Here, Moore and Rodbell demonstrated
the mapping of demagnetization fields at the surface of the coin-shaped sample by
measuring the shift in the resonance field of a small chip of the free radical DPPH
in intimate contact with the sample surface [Moo64]. In the context of this work,
angular dependent measurements will be analysed to test the molecule’s EPR centres
possible use as stray field detector. Therefore this approach yields the advantage to
characterize the stray field without attaching molecular radicals such as DPPH, but
use the already functionalized molecule shell as a magnetisation monitor. For further
validation, micromagnetic simulations of cubic iron/iron oxide nanoparticles will be
shown and discussed in connection with the measurements.

The thesis is structured as follows:

Subsequent to the introduction in Chapter 1 the relevant physical fundamentals in the
context of this work are summarized: In Chapter 2, carboxylic molecules are introduced
and their chemical properties are briefly summarized. Here the main focus is the
molecules coupling mechanism and their oxidation. Chapter 3 includes discussions on
the theoretical background of the electron paramagnetic and ferromagnetic resonance
effects. Moreover, the magnetic anisotropies of monodisperse magnetic nanoparticles
are introduced, which are required for the correct interpretation of the results in Chapter
7.2. The experimental techniques which were utilized for structural and magnetic



characterization are presented in Chapter 4. In Chapter 5 the different synthesis
routes of the iron oxide nanoparticles and the TiO, preparation are explained and the
particle are characterised in detail. The first results regarding the EPR signals, which
arise from the molecule are discussed in Chapter 6. Here, a detailed investigation of
the molecules’ EPR signal is given by analysing several experiments with different
nanoparticle systems and acids. Additionally, information of the molecules coupling
mechanism and measurements with different carboxylic acids are illustrated. The
experimental results on the EPR’s origins are briefly summarized in Section 6.5. In
Chapter 7 two possible applications as a surface-sensitive probe are discussed: It is
demonstrated how the surface temperature of nanoparticles can be determined by
using the resonance field of the EPR centre in the carboxylic molecule attached to
the particle’s surface as a temperature monitor. Furthermore, angular dependent
measurements on different nanoparticle configurations are presented. For a better
understanding of this behaviour, micromagnetic simulations have been performed and
are discussed in Section 7.2.1. Chapter 8 provides the conclusion.






2 Structure and physical properties of the
surfactant molecules

This chapter gives an introduction to the theory and functionality of carboxylic acid
molecules. Since the main focus of this work is the analysis of the molecule and its ability
to act as a surface sensitive sensor, a detailed understanding of the molecules coupling
mechanism and chemical characteristics is required for the quantitative interpretations
of the main results. More detailed information on carboxylic acids can be found in
references [Tho00] and [Fra07].

2.1 Description of the molecular structure of carboxylic acids

Carboxylic acids are hydrocarbon molecules, containing a carboxylic (COOH) functional
head group (Figure 2.1(a)). In this functional group, a carbon forms a double bond
to one oxygen atom, called a carbonyl moiety (C=0), which in return is bonded to a
hydroxyl group (OH), as seen in Figure 2.1(b). The combination of those two moieties

Polar carboxylic
head-group

Figure 2.1: Ball-and-stick model of an oleic acid molecule with the apolar hydrocarbon chain
and the polar carboxyl head group (a) and the charge of the hydrozyl and carbonyl moieties
(b). In this sketch, the grey atoms represent carbon, the white ones hydrogen and the red
ones orygen.

results in the molecules chemical properties, the most notable of which is it’s acidity.
RCOOH z— RCOO~ + HT (2.1.1)

This acidity arises mostly due to the organic functional group’s high polarity [Fra07].
If oxygen, as a electronegative atom, is covalently bound to carbon or hydrogen, a



2 Structure and physical properties of the surfactant molecules

strong permanent dipole is formed, which makes the functional group hydrophilic, as
illustrated in Figure 2.1(b). The hydrocarbon chain on the other hand is non-polar and
thus is hydrophobic. Therefore carboxylic acid molecules are amphiphilic compounds,
possessing both hydrophilic (polar) and hydrophobic (non-polar) properties.

As described in more detail in Chapter 5.1.1, oleic acid is used as the organic
surfactant molecule. The molecule’s hydrophobic carbon chain stabilizes the particles
and prevents them from agglomeration [Kim07]. Furthermore, the chain extends to the
solvent and thus determines the particles solubility and provides a hydrophobic surface.
The hydrophilic head group on the other hand couples to the particle surface and hence
prevents the particle from further growth. The selective adsorption of the oleic acid
molecules on different crystallographic surfaces of the nanoparticles also directs the
morphology, resulting e.g. in the cubic-shaped particles with six {001} surface facets
used in this thesis. Due to this properties, oleic acid is one of the surfactants most
commonly used to control the shape, size and aspect ratio of different nanostructures
during synthesis [Wu08, Vo09].

2.2 Surfactant molecules and their different coupling
mechanisms

As mentioned before, the synthesis of nanoparticles requires not only a amphiphilic
ligand system, but the molecules should also be able to couple to the nanoparticle
surface to control the morphology and size distribution. Therefore it is essential to
understand the molecules functional head group and it’s ability to couple to a metal
surface.

0 ‘ 0 o -0
o > 7 4 o
R— — |R- —__|=RC
Comn < > RC O

Erl1ectror] WithdéaWI t())f | Resonance stabilization of (Fiomposme
the copjugate carboxy the conjugated base esonance
group in the acid structure

Figure 2.2: Sketch of the resonance stabilization of the conjugate base for carboxylic acid
molecules. This stabilisations results in the formation of a carbozylate ion with a delocalized
electron (indicated by the dotted line). In this sketch C represents carbon atoms, O oxygen
atoms and R is any carbon chain attached to the carbozylic head group.



2.2 Surfactant molecules and their different coupling mechanisms

The molecules carbonyl group has an electron deficient carbon atom due to m-bonding
(double bond) to an electronegative oxygen. In addition, this carbonyl carbon is also
directly linked to a second electronegative oxygen atom bearing a hydrogen atom
(Figure 2.1(b)). The ability of carboxylic acids to ionize and behave as acids is a direct
function of the electronic properties and bonding order of these atoms. This electronic
arrangement allows for the loss of a proton and ionization because the electron density
is pulled away from the hydroxyl hydrogen through the conjugated carboxyl group.
The charge formed upon ionization is stabilized by resonance delocalization, as depicted
in Figure 2.2. Thus this resonance allows the negative charge to be delocalized between
the two electronegative oxygen atoms (indicted by the dotted line in Figure 2.2). The
so formed conjugated base of a carboxylic acid is called carboxylate ion. This ion
can couple to the surface of a nanoparticle because the metal coordination group
of the molecule is typically an electron donator and thus allows the coupling to the
electron-poor metal surface atoms [Yin05].

The carboxylate ion can coordinate to metals in a number of different ways, e.g.
in a unidentate, a chelating or in a bridging bidentate configuration. Examples of
the arrangements are given with the Figure 2.3(a-c). Previous studies by Deacon et
al. [Dea80] indicated, that the type of interaction between the carboxylate head and
metal atoms can be identified using Fourier transform infrared (FTIR) spectroscopy.
Here, the coupling can be categorized by the wavenumber separation A, between the
asymmetric v,5(COO-) and symmetric v5(COO-) stretch vibrations into the three types
(see Chapter 6.1):

e A (200 — 320cm™!) monodentate,
e A (140 — 190 cm™!) bridging bidentate,

e A (< 110cm™1) chelating bidentate,

Figure 2.3: The carboxylate ion
(a) R (b) R () R can coordinate to a metal sur-
| | | face in a unidentate (a), a
C=0 C C chelating (b) or in a bridg-
O/ 04( )‘O 04(' ' \O ing bidentate (c) configuration.
1 1 1 N 7/ In this sketch M represents a
M M M M metal atom, C carbon, O oxy-
unidentate ligand bridging bidentate chelating bidentate gen and R is any carbon chain
ligapd ligand attached to the carboxyl head

group.




2 Structure and physical properties of the surfactant molecules

2.3 Oxdidation of fatty acids

A carboxylic acid with a long aliphatic chain is also called a fatty acid, which is defined
by the number and conformation of carbon double bonds in their chemical structure.
Thus, a hydrocarbon molecule containing no double bonds is called a saturated fatty
acid because all carbon atoms are completely "saturated" with hydrogen atoms, whereas
a molecule containing a double bond is called unsaturated [Gun96]. This chemical
composition defines fatty acids within their various functional properties, wherein the
difference in oxidation is the most important one in this thesis.

The most important lipids involved in oxidation are the unsaturated fatty acid
moeties like oleic (one double bond), linoleic (two double bonds), and linolenic (three
double bond) acid, but the following discussion will mainly focus on oleic acid molecules
due to their importance for this thesis.

7 8 9 101112
HOR KRR
G- (rCe GGG
Abstraction from HH HH Wction from
carbon C-8 carbon C-11
7 8 9 101112 7 8 9 101112 7 8 9 101112 7 8 9 101112
HHHHHH HHHHHH HHHHHH HHHHHH
| A A A | | A A A | | A O e | | R A |
-C-C-C=C-C-C- & -C-C=C-C-C-C- -C-C-C=C-C-C- =2 -C-C-C-C=C-C-
I % [ 1 x 1 1 1 *x | ol % i
H HH H H H H HH H HH HH
Radical A Radical B Radical C Radical D

Figure 2.4: In case of oxidation of fatty acids, a hydrogen atom can be removed from the
carbon atoms adjacent to the double bond. The loss of hxdrogen from carbon 8 results in two
radicals A and B which are positional isomers of each other stabilized by resonance. Or a
hydrogen loss from C11 could occur, resulting in the two radicals C and D.

For this molecule a hydrogen atom can be removed from either carbon C-8 or C-10,
as these positions are located adjacent to the double bond, as illustrated in Figure
2.4. The loss of hydrogen from carbon C-8 results in two radicals A and B, which are
positional isomers of each other stabilized by resonance. Or hydrogen loss from carbon
C-11 could occur, resulting in the two radicals C and D. In either case, a free radical is
formed by removing the labile hydrogen from the carbon atom, which can be detected
by electron paramagnetic resonance (Chapter 6).



2.3 Oxdidation of fatty acids

Literature also shows, that the oxidation of unsaturated fatty acids normally proceeds
quite slowly but can be greatly stimulated by the presence of iron oxides and iron
salts [Bra87]. This increased oxidation rate is mainly due to an enhancement of the
initiation reactions as well as due to iron catalysis of lipid hydroperoxide decomposition
reactions [Ern82].

In this thesis two different carboxylic acid molecules are used:

e Oleic acid (CgH340,) is an unsaturated fatty acid, which is commercially used
in the preparation of oleates, lotions, and as a pharmaceutical solvent [Tho00].
It has a molecular weight of 282.4g/mo and on exposure to air this molecule
oxidises and acquires a brown color and rancid odor.

e Caprylic acid (CgH,405) is a saturated medium-chain fatty acid with a straight
8-carbon chain. Is is found naturally in milk, coconut oil and palm kernel
oil [Tho00]. Unlike the previously described oleic acid molecule, caprylic acid
does not have a carbon double bond, which means that caprylic acid oxidizes
approximately 10 times slower, if at all.






3 Concepts in magnetism

The following chapter will give an overview of the basic magnetic effects, which are
vital for the understanding and interpretation of the later presented results. They also
build the basis for the measurement techniques in Chapter 4.1.

First of all, the microscopic behaviour of a paramagnet in an external magnetic field
is described, to give the theoretical background on electron paramagnetic resonance.
The here presented theory is freely reproduced after reference [Eat10, Wei07].

Next, to lay out the fundamental principles of the experimental technique of FMR
employed in this thesis, an brief introductory descriptions of the ferromagnetic resonance
effect is given. A more detailed description of the phenomena of FMR can be found in
reference [Von66]. Thereafter, the magnetic anisotropies are introduced, which are the
basis for Chapter 7.2.

It should be noted that it is not the goal of this thesis to give a complete mathematical
description of these phenomena, and only those aspects will be addressed in more detail
which are necessary for the general understanding of the results achieved within this
work.

3.1 Electron paramagnetic resonance

Electron paramagnetic resonance, which is also called electron spin resonance is a
physical effect, which is based on the absorption of electromagnetic radiation by a
paramagnetic sample placed in a magnetic field. Here, the paramagnetic properties of
the atoms are originating from uncompensated electron spins. Even though different
spin states are possible, this introduction to EPR focuses primarily on molecules or
atoms with a single free unpaired electron.

Electrons are usually characterized by both their charge and by an intrinsic mechanical
angular momentum called spin. This momentum is a vector property that is defined
by a magnitude and by a direction in space and is usually indicated by the spin vector
S. However, because an electron is a quantum particle, the behaviour of its spin is
controlled by the rules of quantum mechanics, meaning that for a first approach to the
magnetic resonance phenomenon, it is sufficient to know that the electron spin can be
in two states, usually indicated by the Greek letters a (S=1/2) and § (S=-1/2). Those
two states only differ in their orientation in space but not in their magnitude. By
defining z as the quantisation axis of the system, the z-component of the spin vector

11



3 Concepts in magnetism

(b) \ Energy AE

~

B=0 B#0

y

”
Magnetic Field B,

Figure 3.1: (a) The electron spin angular momentum is represented in this Figure as a solid
red vector. The z-component of the spin vector is shown as a dotted projection pointing in the
positive or negative z direction. The xy-components in the plane perpendicular to z are not
defined, thus the a and B spins could point in any direction on the surface of a cone. (b) At
zero field (B = 0) the spin states o and 8 represented by up and down arrows are degenerated
and have the same energy, which is zero in the energy scale. In the presence of a static
magnetic field (B # 0) the a and [ spin states split, which is called Zeeman splitting. This
energy separation is proportional to the magnetic field intensity and the electron g-factor.

can only point in the positive or negative z direction. The xy-components on the other
hand are not defined, thus the o and /3 electron spin states could point in any direction
on the surface of a cone. This effect is shown graphically in Figure 3.1(a). Figure 3.1(b)
further shows, that as long as the space is isotropic (e.g. no external magnetic field)
the o and 3 spin states have the same energy and are therefore degenerated.

Another particle property associated with the electron spin angular momentum S is
the spin magnetic moment (.

s = gupS (3.1.1)

Here, g is the Landé factor or simply g-factor whereas up is the atomic unit of the
magnetic moment, which is called the Bohr magneton. If the electron is now exposed
to a static magnetic field B.,; along the z-direction, this field will interact with the
electrons magnetic moment in a way that the applied field splits the two spin states
« and . Since energy is quantized, the isolated electron spin has only two possible
orientations along the z-direction in the external field, as mentioned before. Meaning,
that it only has a state of lower energy when the moment of the electron is aligned

12



3.1 Electron paramagnetic resonance

parallel to the magnetic field (f-state) and a higher energy state when it is aligned anti-
parallel (a-state), as illustrated in Figure 3.1(b). The splitting of these energy levels
is called the Zeeman splitting, and the interaction of an electron magnetic moment
with an external applied magnetic field is called the electron Zeeman interaction. The
distance between those levels is a function of the magnetic field and can be described
by the following equation

AE =FE,—Eg=hv =hw = gupBeyt (3.1.2)

A transitions between the two electronic Zeeman levels may be induced by an oscillating
electromagnetic field b, if its energy matches the the energy difference AE between
the o and 3 spin states. This effect is the fundamental basis for EPR, spectroscopy.

In the case of not very weak magnetic fields and a definite frequency wqg for the
high frequency field b,; one can obtain the universal connexion between the resonant
frequency and the external field from equation 3.1.2.

1
Bres = —Wwp 3.1.3
5 (3.1.3)
where
guB
=== 1.4
TTh (3.1.4)

Here one has to note that Planck’s universal quantum constant h is not present in
equation 3.1.3. Therefore according to the principle of correspondence this equation
can be obtained exactly within the framework of classical approximation and one can
use this approach for atomic magnetic resonance, magnetic resonance phenomena in
solids, and for the theoretical explanation of the laws of ferromagnetic resonance in
particular [Von66].

Because equation 3.1.3 is classical in nature, an electron in a magnetic field can be
represented by a spinning magnetic top. This motion of the magnetization M for non-
interacting particles, whether induced simply by tilting the effective field away from
the magnetization orientation or by resonant excitation of transitions in the Zeeman
multiplets, can be described by the Landau-Lifschitz equation of motion [Lan35].

OM S

= (M x Beaw) (3.1.5)
Here the cross product of M with B, describes a torque acting on the magnetization
forcing it to precess around the effective field. For purely isotropic samples the motion
is circular around B,yr, but it becomes elliptic if the acting field is anisotropic.
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3 Concepts in magnetism

3.2 Ferromagnetic resonance

The here presented basic theory of ferromagnetic resonance is freely reproduced after
the book “Ferromagnetic Resonance” by S. V. Vonsovskii, thus for a more complete
survey of the phenomenological theory one should consult reference [Von66].

Compared to a paramagnet, the resonance phenomena of a ferromagnet is not
determined by individual isolated spins but by a complex system of strongly interacting
electrons. Even without an external magnetic field this coupling between individual
electrons in a single domain leads to uncompensated magnetic spin moments, which
are all orientated parallel to each other. By applying an external magnetic field even a
multi-domain sample can be homogeneously magnetized up to the total disappearance
of the domain structure. In this case the magnetization vector M , which is equal to
the vector sum of the magnetic moments in a unit volume, is parallel to the external
magnetic field. Therefore, the ferromagnet’s individual moments can be described as a
macro-spin, where an ensemble of spins can be considered as a total spin moment [Pol49].
Thus, in contrast to EPR, if an electromagnetic wave interacts with a ferromagnetic
material, the spins are excited collectively (Magnon).

In the case of ferromagnetic materials, the various effect of the internal interactions
lead to the need of a certain effective magnetic field B,y in equation 3.1.5 instead of
the external field Be,¢. Thus the equation 3.1.5 becomes:

oM __, (M x Byy) (3.2.1)
ot
Here éef ¢ is the effective field consisting of the anisotropy fields and the external
magnetic field. This equation (2.3) only describes the undamped free precession of the
spin system’s magnetization vector in a constant external field.

In a ferromagnet, this precession loses energy due to interactions in the spin system
itself and by interactions between the spin system and its material surroundings [Von66].
Thus one has to take an additional relaxation term into consideration, describing the
intrinsic damping. This damping mainly results from a transfer of energy from the
precessing spin system to the lattice vibrations. One phenomenological description of
the losses into the torque equation was introduced by T. L. Gilbert in 1955 [Gil04] and
leads to following equation:

OM . = n (-~ dM

5= (M x Begs) + 7= (M X ) (3.2.2)
This equation is known as Landau-Lifschitz-Gilbert (LLG) equation containing the
dimensionless damping parameter n, which is commonly substituted by

I
7 Yo Ms

(3.2.3)
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3.2 Ferromagnetic resonance

Figure 3.2: Schematic of magnetisation dynamics.
The magnetisation vector M (red arrow) pre-
cesses around the effective magnetic field ﬁeff
(which has the same direction as Beyy) follow-
ing the Landau-Lifschitz-Gilbert equation. The
phenomenological damping term ﬁ(]\;f X dM/dt),
causes the magnetic motion to relax towards the
direction of ﬁeff. For a better visualization the
opening angle A(]\Zf, H'eff) is grossly exaggerated.

to express damping in terms of relaxation rates using the Gilbert damping parameter
G. This damping term causes the magnetic motion to relax back towards the direction
of Eeff. Figure 3.2 depicts the motion described by equation (3.2.2).

To understand the measurement principle, one has to consider the free energy density
of the magnetization. Here, the following equations connect the the magnetization M
which precesses in an external high frequency field around the effective magnetic field
with free energy of the magnetization [Mec97]:

‘ brfeiwt FMI OF
M:MS—|—Tﬁezwt ;Beff: 0 + Fy ;FMi = (3.2.4)
Y OM;
Bea}t FMZ

Here, one can see that the effective magnetic field By; consists of the high frequency
magnetic field component, the applied external field, and the field inside the sample,
produced by the magnetic anisotropy (Fis,, i= X, vy, z). All the relevant anisotropy
contributions are included in the free energy density:

F= Fcrystal + Fshape + Fsurface (325)

The absorption signal of ferromagnetic resonance is proportional to the imaginary part
of the high frequency susceptibility tensor x”, as can be seen by solving equations 3.2.4
in the following form [Mec97]

i =X byy (3.2.6)
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3 Concepts in magnetism

3.3 Magnetic anisotropies

The phenomenon of preferred orientations of the magnetization in ferromagnetic
materials in the absence of an external magnetic field is called magnetic anisotropy.
The origin of those preferred directions is mainly caused by two different mechanisms:

e spin-orbit coupling
e dipole-dipole interaction

In the following sections the causes of magneto-crystalline, shape and surface anisotropy
are explained in more detail, which make up the major contribution in the magnetic
anisotropy for the iron films and magnetic iron oxide nanoparticles investigated within
the framework of this thesis. The understanding of those anisotropies are vital for the
correct interpretation of the later presented results of the angular dependent FMR
and EPR measurements in Chapter 7.2. Furthermore, a cubic magneto-crystalline
anisotropy was taken into account for the later discussed micromagnetic simulations
(Chapter 7.2).

The coordinate system used in this thesis to define the magnetisation’s direction
with respect to the sample geometry is shown in Figure 3.3. In the following, the angle
e By is the polar angle and ¢ 7, Beyt the azimuthal angle of the magnetization and
the external magnetic field inclined with the sample coordinate system. The vector
éezt and M correspond to the magnetization and the external magnetic field.

Figure 3.3: The coordinate sys-
tem used to define the magneti-
sation’s direction with respect to
the sample geometry. 0 is the po-
lar angle and ¢ the azimuthal an-
gel of the magnetization inclined
with the sample coordinate sys-
tem. Eemt is the external mag-
netic field, and M is the mag-
netisation vector in the system.
The cubes represent the measured
iron oxide nanocubes, wich form
an almost two dimensional layer
(Chapter 7.2 ).
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3.3 Magnetic anisotropies

3.3.1 Shape anisotropy

The shape of a ferromagnetic sample has great influence on the direction of the
magnetization. This is normally due to long-range dipolar interactions between magnetic
moments in the material. These dipolar interactions produce magnetic charges or poles
at the surface, which are the source of the so called demagnetizing field (fId). This
field normally dependence on the sample morphology, meaning that for non-spherical
particle, the demagnetizing field will not be equal for all directions,

The magneto-static energy, which is the energy associated with the demagnetiz-
ing field of a homogeneously magnetised sample, can be expressed by the following
equations:

B, = —% /Mﬁd 4V (3.3.1)

ﬁd is the internal demagnetisation field of a uniformly magnetized object and can be
And

expressed in terms of the demagnetisation tensor N,
— =
Hy=—NM (3.3.2)

which will be isotropic for a spherical body, due to the rotational invariance, but
becomes anisotropic for other shapes. A thin film for example can be considered as a
2-dimensional layer with infinite expansion in the x- and y-direction. This condition
yields a demagnetisation tensor of N1; = Nog = 0 and N33 = 1 [Kit05], thus equation
(3.3.1) becomes

E;, 1
Fuhape = 7d = iqu%g (3.3.3)

with the direction cosines o; = f\\/ﬁ (i = x, z, y) of the magnetization vector relative
to the sample’s principal axes, as indicated in Figure 3.3. Because the nanoparticle
samples used in Chapter 7.2 form a close-packed layer, they can be considered as a
thin film with a slight modification in formula (3.3.3) by the filling factor f

1
Fshape = §HOfM2a§ (334)

This factor takes into account the difference in volume for a statistically distributed
layer of separated nanoparticles compared to a continuous and closed layer [Spa02].

3.3.2 Magneto-crystalline anisotropy

For a ferromagnet with a crystalline structure like the here used nanoparticles, energetic
minima and maxima are present due to lattice symmetries. The reason for this
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3 Concepts in magnetism

anisotropy is the spin-orbit coupling in the material, which couples the magnetization
to the crystal lattice [Hub98]. The value of this magneto-crystalline anisotropy energy
depends on the anisotropy of the orbital momentum Ay; and spin-orbit coupling
constants ¢ [vdL98] and can be described as

¢
Ecrystal = Q%Aul (335)

The prefactor o depends on the electronic structure of the sample [Wil00]. In the
case of a crystal with cubic symmetry the energy can be represented by an exponential
series

Forystal = Ko + K4(a%a% + a%a% + a%a%) + Kﬁa%a%ag + ... (3.3.6)

where «; are the direction cosines of the magnetisation relative to the edges of the cube
and K; (i =0, 4, 6) are anisotropy constants [Von66].

For the core/shell nanoparticles used in this thesis it is important to note that the
hard and easy axis of pure iron and magnetite are reverse. Meaning, that the easy
and hard axis for iron are (100) and (111), respectively (Figure 3.4(a)). Whereas
magnetite’s easy and hard axis are (111) and (100) (Figure 3.4(b)), which will become
important for the interpretation of the angular dependence in Chapter 7.2.

Figure 3.4: A 3D-plot of the angu-
lar dependent magneto-crystalline
anisotropy for a system with cubic
symmetry and the anisotropy con-
stant Kg =0 and (a) K4<0 or (b)
K,>0, taken from [Ant07].
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=
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3.3.3 Surface anisotropy

When working with nanoparticle, one has to consider the increasing surface to volume
ratio. Therefore, in addition to the before mentioned magneto-crystalline and shape
anisotropy, one has to take into account the surface anisotropy. This anisotropy arises
due to the breaking of the local symmetry at the particle surface, which alters the
electronic structure and magnetic interaction compared to the bulk properties and thus
effects the orbital motion of electrons (spin-orbit coupling).

Figure 3.5 shows a truncated octahedron, which represents the nanoparticles used in
this thesis. The surface of those particles consists of six {100} and eight {111} facets
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3.3 Magnetic anisotropies

[JamO4]. This holds true for the shape of both, the nanocubes described in Chapter
5.1.2 and the further oxidized nanoparticles described in Chapter 5.1.3, which have a
more spherical shape.

The truncated octahedron is according to Wulff’s theorem, the equilibrium shape
of a fcc cluster [Jam04]. Consequently, the atoms at the edges, corners and plane
facets vary in their coordination numbers and directions to their next neighbours
[Jam04]. Besides the variation in surface anisotropies for different facets, additional
step anisotropies might occur. Using N’éel’s anisotropy model [Néeb4] the magnetic
anisotropy is given by the sum of all the next neighbour’s pair interactions L(n‘”’aﬁj)2
and the surface anisotropy energy for the whole particle is given by:

LY, (mi;)?
surf — o lJ_, 2” (337)
2 |7l

surface facets for a perfect trun-

dsf
(100 facet \ Figure 3.5: The different atomic
8 nearest neighbors (n.n) (111) facet
iy

(111 facet
9nn

(100)-(111) edge B
7 n.n (100) facet

(LTD-(111) edge
7 nn

cated octahedron, which exhibits
eight {111} and siz {100} facets.
The inlets represent the different
surface atoms with their next neigh-
bour configurations for the corre-
sponding crystal facets. The octahe-
dron contains 1289 atoms, adapted
from [Jam04].
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4 Experimental methods

After the theoretical description of the phenomenon of ferro- and paramagentic res-
onance, the aim of this chapter is to provide basic information on the experimental
methods and setups used in this thesis. Here, because the FMR and EPR measurements
present the key results of this work, the magnetic resonance technique is described
in more detail. Sample characterisation techniques, such as transmission electron mi-
croscopy, Auger electron spectroscopy and Fourier transform infrared spectroscopy are
only briefly introduced.

4.1 Magnetic resonance technique

This section will cover the main components required for measuring both EPR and
FMR experiments and their functional principle, freely reproduced after the books
'Electron Paramagnetic Resonance’ from Bolton [Wei07] and 'Quantitative EPR’ from
Eaton [Eat10]. Thus, for more detailed information on the principal setup and all its
components one should consult the previously mentioned references. In this thesis
two different setups were used, one Elexsys spectrometer from Bruker and a modified
Varian apparatus. The setups only slightly differ in their properties, but have the same
measurement principal. Figure 4.1 shows the general layout of a typical EPR/FMR
setup.

Microwave Bridge

The electromagnetic radiation source and the detector are situated in a microwave
bridge (dotted line in Figure 4.1). Here, the microwave source is either a klystron
(Varian setup) or in newer spectrometers a solid state source like a Gunn diode (Bruker
Elexsys setup). The generated microwave enters a circulator, which guides the wave
to the sample region by directing it from port 1 to the cavity (port 2). There it will
be reflected back to the circulator, as will be described below. Because this device is
non-reciprocal the measured microwave can not flow back to port 1 but only go to
the detector through port 3. There a diode converts the incident microwave power
through a resistor into a voltage, which is proportional to the reflected microwave
power. During the measurement an automatic frequency control (AFC) is used to
keep the setup tuned to the resonance frequency of the cavity. Therefore, the AFC
"catches" the resonance dip of the resonator and keeps it critically coupled, regardless
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4 Experimental methods

Microwave Bridge
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Figure 4.1: Schematic of a typical EPR and FMR setup with it major components: microwave
bridge, cavity, electromagnet with powersupply and Lock-in amplifier.

of slight changes of the frequency during the measurement. Thus it improves the signal
and the stability of the measurement. To insure that the diode operates as a linear
detector! an additional reference arm is used, which supplies the detector with the
required microwave power. After the combined signal is detected by the diode it is
passed on to a lock-in amplifier to reduce noise and lastly to a computer, which is used
for analysing the data as well as coordinating all the units for acquiring a spectrum.

Microwave Cavity

To amplify the weak signal, the sample is usually placed inside a resonator. In this
thesis only classical hollow waveguide cavities are used. Here the frequency of the
source is tuned to the corresponding resonant frequency of the cavity. By using an iris
screw the microwave’s phase is adjusted in a way that the microwave power remain
inside the cavity and is not reflected back into the waveguide. This adjustment is called

'Diode current is proportional to the square root of the microwave power [Eat10]
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4.1 Magnetic resonance technique

critical coupling and can be achieved by matching the impedance of the waveguide to
the cavity.

If both frequency and external field fulfill the samples resonance condition, it absorbs
part of the microwave power, which in turn changes the impedance and quality factor
of the cavity. Thus, the cavity is no longer critically coupled and microwave power is
reflected back to the microwave bridge, resulting in an EPR/FMR signal. The power
absorption from a unit volume of the sample is given by [Poo97]

P= 2;0wx”/vb,%f dv (4.1.1)

For the angular dependent measurements conducted in this thesis (Chapter 7.2.1)
one further has to consider the distribution of the magnetic and electric field of the
standing wave inside the cavity before placing the sample. This is important, because
most samples exhibit a non-resonant absorption of microwave power via the electric
field, resulting in unwanted sample heating. Fortunately, the standing electromagnetic
waves have their electric and magnetic field components exactly out of phase, which
result in a spatial separation of the electric and magnetic fields in the cavity. The
modes are referred to as transverse electric (TE) and transverse magnetic (TM).

Because the magnetic and electric field inside a cavity depend on the cavity’s shape
and dimensions, different cavities are optimised for different measurements. Thus
two different cavities are used in this work. Firstly, a rectangular TE g2 from Varian
due to it’s high flexibility for different applications and a cylindrical TEqy;; cavity
ER 4119HS from Bruker, due to it’s good resonance stability for angular dependent
measurements. The subscripts designate the number of half-wavelengths along the
according dimensions. The electric and magnetic field of both cavities are depicted in
Figure 4.2. Both cavities work at a frequency of approximately 9.5 GHz.

== B -Field
E-Field

Varian TE1o2 Bruker TEyp;

Figure 4.2: Magnetic and electric field distribution in a Varian T E192 and a Bruker T Eyi,
cavity. The black arrows represent the electric and the grey arrows represent the magnetic
field. The two pictures are taken from reference [Eat10] and [Ant07].
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Magnetic Field and Lock-in Amplifier

In a typical fixed-frequency magnetic resonance spectrometer, the resonance condition
is achieved by sweeping the external quasi-static magnetic field Bey¢, which is commonly
measured and controlled by a Hall-effect detector. This field should be stable and
uniform over the whole sample volume.

To further increase the measurement’s sensitivity an alternating high frequency
field is superimposed on the static field. This is usually achieved by placing small
Helmholtz coils on each side of the cavity along the axis of the external quasi-static field.
Thus, the modulation field strength interacting with the sample is varied sinusoially at
modulation frequencies from a few kHz to 100 kHz. Due to this modulation it is possible
to use a phase-sensitive amplitude detection technique such as a lock-in amplifier. This
technique allows to amplify the EPR signal and enhances the signal to noise ratio. It
also results in the signal resembling the first derivative of an absorption line.

Additional Equipment

The temperature dependent EPR and FMR spectra in this thesis were recorded with a
CW Bruker Elexsys E-500 spectrometer equipped with a Bruker Digital Temperature
Control System ER 4131VT for liquid nitrogen cooling. Here, the sample is inserted
into the quartz dewar, which is mounted to the cavity. The temperature was measured
with a thermocouple close to the sample position and controlled using a digital flow
control and temperature controller.

An ER 218PGI1 programmable goniometer was used to measure the EPR spectra of
the sample system as a function of their angular position with respect to the external
applied magnetic field. One advantage of this goniometer is that it can be controlled
by a computer, which in turn controls a stepper motor to position the sample with an
angular resolution of 0.125 degree [Bru]. In this thesis, the goniometer was used to
measure the angular dependence of the sample system. By choosing different sample
holder rods, it was possible to rotate the samples both in-plane and out-of-plane, as
seen in Chapter 7.2, Figure 7.4.

4.2 Additional experimental techniques

4.2.1 Vibrational spectroscopy

Vibrational Spectroscopy is an energy sensitive method, which is either based on
periodic changes of dipolmoments (e.g. infrared spectroscopy) or polarizabilities caused
by molecular vibrations (e.g. Raman spectroscopy). In this thesis, FTIR measurements
were used to analyse the carboxylic acid molecule’s coupling mechanism onto different
sample systems. Furthermore, the Raman spectroscopy measurements were conducted
to characterize the structural properties of the TiO, nanoparticles.
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4.2 Additional experimental techniques

This chapter will only give a brief freely reproduced description of the basic principles
taken from reference [Nak08a]. A more detailed descriptions on both measurement
techniques can thus be found in this reference.

Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy is a well established measurement technique
to characterize molecular compositions of solids, liquids or gas. The approach is to
transmit or reflect infrared (IR) light and observe the transmission or reflection profile,
which occurs when the photon’s electromagnetic field interacts with the molecular
electric dipoles between vibrating atoms. Those dipoles are generally created due to
unequal electro-negativities in the molecule’s atoms. The frequency of this vibration is
characteristic and unique for different functional groups relating to unique frequencies
of light being absorbed.

The principal FTIR setup is based on a Michelson interferometer, which consists of
an IR source, a beam splitter, a fixed mirror, a mirror that translates back and forth,
and a detector as seen in Figure 4.3(a). IR radiation from the source is transmitted to
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the beam splitter, which splits the incident beam into two separate beams. Here one of
them is reflected at a 90° angle onto a fixed mirror, while the other is transmitted to
a flat mirror which moves back and forth at a constant velocity. The two beams are
reflected from their respective mirrors and are recombined at the beam splitter. The
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4 Experimental methods

re-joined beam is then lead to the sample. The superposition of both beams, passing
through the sample subsequently gives the measured interferogram. Performing a
mathematical Fourier transform on this signal results in the spectrum, as shown in
Figure 4.3(Db).

Because the samples used in this thesis are either iron oxide nanoparticle or iron thin
films, the samples were measured not in transmission but reflection. This reflectance
techniques basically involve a mirror-like reflection from the sample surface and is used
for samples such as iron thin films. The reflectance spectra differ from those recorded in
transmission, as they appear as "derivative-like" bands. These spectra can be converted
into absorption one by using of Kramers-Kronig transformation that is available in most
spectrometer software packages. The spectrometer used in this thesis was a Bruker
IFS 66v/S flexible vacuum FTIR spectrometer with a wavelength of 370-7500 cm 1.

Raman Spectroscopy

The structural characterization of the TiO, nanoparticles was performed using a
confocal Raman Spectrometer 'InVia’ from Renishaw with a laser operating in a range
from 532 nm to 633 nm.

To obtain a Raman spectrum, the sample is illuminated with a monochromatic light
source (e.g. Laser). If the light hits the target, most of the light that scatters off is
unchanged in energy, but a small fraction has either lost or gained energy because
the photons exchange part of their energy with molecular vibrations in the material.
This is called 'Raman scattering’ and results in the distinctive Raman shift, which is
the actual measurement signal. This technique is similar to the previously described
infrared absorption spectroscopy, but has different selection rules.

4.2.2 Auger electron spectroscopy

In order to chemically characterize the oxidizing effect of oleic acid on pure iron films
and the their state of oxidation, Auger electron spectroscopy (AES) measurements were
performed using a Staib Instruments DESA 100 Auger spectrometer. The following
depiction of this measurements technique is freely reproduced after reference [Liit10]
The Auger effect is an electronic process resulting from the inter- and intrastate
transitions of electrons in an excited atom due to impact ionization with an external
electron beam or photon, which have energies in the range of several eV to 50keV. If a
photon hits a core state electron (e.g. K shell), it can be removed leaving behind a
hole. As this is an unstable state, the core hole will be filled by an outer shell electron
(e.g. L1). Here the electron moving to the lower energy level loses an amount of energy
equal to the difference in orbital energies. This energy can further couple to a second
outer shell electron (e.g. Lg3), which in turn will be emitted and ionizes the atom if the
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— Vacuum Figure 4.4: Principle of Auger

Valence Level Electron  Spectroscopy,  in
which the the primary hole is
created via impact of an high
energy electron or a photon,
respectively. An electron from
the Ly level fills in the K-hole
: and the transition energy is
. L1 imparted to a Lo3 electron
which is subsequently emitted.
The Auger effect leaves the
atom ionized.

transferred energy is greater than the orbital binding energy. The process is shown in
Figure 4.4. The emitted electron will thus have the element specific kinetic energy of:

Egin = (Ex — EL,) — EL, 4 (4.2.1)

In the experiment, a focused electron beam of approximately 0.5 mm with a kinetic
energy of 3keV to 7keV is directed onto the sample and there triggers the Auger
process. The emitted Auger electrons are detected and give a spectrum in which the
number of detected electrons is applied over the kinetic energy. Because the mean free
path of the used electron beam in the material in this energy range is low and the
Auger electrons all have low-energy, electrons can only be emitted from a small sample
depth of 0.2 — 3nm. Therefore, AES is a surface sensitive technique for the chemical
characterization of e.g. thin films.

4.2.3 Transmission electron microscopy

High resolution transmission electron microscopy is an important structural character-
ization technique in materials science. In this thesis, it was used to get information
on both structural and chemical properties of the iron oxide nanoparticles. All results
reported herein were obtained on a Philips Tecnai F20 TEM/ STEM/ GIF Supertwin
microscope (operating voltage 200kV) with a field emission gun and a point resolution
of 0.24nm. A more detailed description of the TEM setup and it’s functions can be
found in reference [Els14], therefore this chapter will only give a brief description of
the general operating principal.

The electrons are generated thermally at an electron gun and are then focused into
an electron beam by different magnetic lenses. The beam is then transmitted through
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a thin sample and interacts with it. Subsequently, the focused electrons are scattered
by the atomic columns, creating an image of the sample. The image is then enlarged by
the intermediate and projector lenses onto a phosphorous screen, where the electrons
produce light that can be recorded with standard camera techniques. The images will
give information on the samples crystallinity and atomic distances. Figure 4.5 shows a
simplified sketch of the TEM setup.
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5 Sample preparation and characterization

The following chapter will give detailed information on the different material systems
used in this thesis. Firstly, two iron nanoparticle systems are presented, which differ in
their oxidation state, chemical composition and shape. Secondly, a short overview of
the synthesis method and properties of the used TiO, nanoparticle is presented.

5.1 lron nanoparticles

5.1.1 Synthesis

The iron/iron oxide nanoparticles were synthesized by thermal decomposition according
to the procedure described by Hyeon [Kim07]. This method has the advantage of
producing particles, which are well-controlled in size, shape and crystallinity. The here
presented synthesis was done by Sara Liébana-Vinas from the workgroup of Michael
Farle at the University Duisburg-Essen by the following procedure:

Iron (II) stearate (1.24 g, 2mmol) and sodium oleate (0.1 g, 0.3 mmol) were dissolved
in oleic acid (10g) at room temperature. The mixture solution was degassed at 100°C
under argon atmosphere for 1 hour. After that, the mixture was heated to 380 °C with

—

Figure 5.1: The thermal decomposition recipe for synthesizing Fe, O, nanoparticles capped
with oleic acid molecules.

a heating rate of approximately 5°C/min and the sample was kept at that temperature

for one hour. The whole procedure was conducted under a continuous argon flow and
vigorous magnetic stirring. After cooling down to room temperature, the sample was
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5 Sample preparation and characterization

centrifuged and washed 4 times by sequential precipitation with a mixture of acetone,
ethanol and hexane (5:1: 1) to get rid of the unbound surfactant molecules. Finally,
the particles were re-dispersed in n-hexane prior to deposition onto a substrate. A
small sketch of the synthesis procedure is shown in Figure 5.1.

In this synthesis oleic acid is used as the organic surfactant molecule, because it
controls the particle growth and prevents aggregation. Furthermore, the chain of
the molecule extends to the solvent and thus determines the particle’s solubility and
provides a hydrophobic surface. The selective adsorption of the oleic acid molecules on
different surface facets directs the morphology, resulting in e.g. cubic-shaped particles
[Sha07].

5.1.2 Fe/Fe,Oy nanocubes

Figure 5.2(a) shows a low-magnification bright-field TEM image of the nanoparticles
on the amorphous carbon grid, which tend to self-assemble into a two-dimensional
layer. Thereby, the inter-particle separation is approximately commensurate with two
interdigitated layers of surfactant molecules, resulting in a side-by-side distance of
2.3nm. Further analysis of the nanoparticles size distribution and aspect ratio with the
program ’Digital Micrograph™’ showed, that the vast majority of the particles have a
cubic morphology (Figure 5.2(c)) with an average edge length of about 28.4 4+ 1.7 nm
(Figure 5.2(b)). This morphology, as already mentioned in Chapter 2, is caused by
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Figure 5.2: Bright-field TEM image of the assembled nanocubes on a carbon coated Cu grid
(a), their size distribution (b) and aspect ratio (c).
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5.1 Iron nanoparticles

the stabilizing ligand, which controls the growth by either changing the surface energy
of certain crystallographic faces or due to the selective adsorption of the oleic acid
molecules on different surface facets and thus promoting the shape modification of the
nanocrystals.

A representative HRTEM image of a single nanocube is shown in Figure 5.3(a),
consisting of a dark core of about 23 + 1 nm surrounded by a light-colored shell, which
has a thickness of about 4 £ 0.5 nm [Mas16]. Such a core-shell structure is typically
formed after atmospheric oxidation of iron to iron oxide. Here, the darker contrast of
the metallic iron core originates from the higher electron density in comparison with
the iron oxide shell [Tru08]. However, the absence of such a contrast in some of the
particles could be explained by complete oxidation. The image 5.3(a) also revealed
that both shell and core have a very well crystallized structure. Figure 5.3(b) shows a

ey '{"'ﬁ*ﬁ
R

Figure 5.3: A typical high-resolution TEM image of an individual nanocube with a core/shell
structure (a) and the corresponding Fourier transform with the crystallographic indices (b).

Fourier transform (FT) of the high-resolution image. The square symmetry pattern
indicating, that the iron oxide nanocube is viewed along the <100>zone axis. The
image also indicated, that the oxide shell is epitaxial grown on the Fe surfaces with
a relation of Fe[001]||y-FeaO3/Fe304[110] and Fe(100)||y-FeaO3/Fe304(100) between
core and shell [Tru08, Sha07].

The combined analysis of the lattice fringe spacing and the FT image (Figure 5.3)
showed that the nanocube is made of a single Fe;O,/v-Fe,O4 crystal faceted on the
six {100} planes and slightly truncated by the {110} planes.

This result was further confirmed by SAED pattern (Figure 5.4) from an assemble
of nanoparticles, which illustrates the characteristic rings of a inverse spinel structure.
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5 Sample preparation and characterization

Figure 5.4: Selected area  electron
diffraction pattern from an area of the
sample containing several nanocubes.
The hkl indices correspond to the
standard atomic spacing for either
Feg0, or y-FeyOg.

The rings in the SAED image were consistent with a cubic iron oxide phase of magnetite
or maghemite, with the characteristic d spacing corresponded to the hkl values, {220},
{311}, {400}, {511} and {440} [Str01]. Even though this crystal structure proves the
formation of the iron oxide shell, the exact state of oxidation is very difficult to identify
due to the similar crystal structure of magnetite and maghemite [Kim09]. Although
it is not possible to distinguish if the oxide is either y-Fe,O5 or Fe;O, by HRTEM
analysis alone, but several groups reported that magnetite is the usually formed oxide
when taking place at room temperature [Sun04, Sim07].

In addition, the {400} and {440} interplane distances of the before mentioned
iron oxides are very close to the {110} and {200} of a-Fe, respectively. Thus the
corresponding diffraction rings overlap and the presence of a-Fe can neither be concluded
nor excluded. However, the previously mentioned dark contrast in the particles (Figure
5.3(a)) indicates an iron core.

5.1.3 Fe,O, nanospheres

The second type of iron particles used in this thesis, followed the same synthesis method
as the nanocubes but were kept under normal atmosphere to allow further oxidation.
Figure 5.5(b) shows a TEM image of the particles, which show no dark core, indicating
that the participles are indeed fully oxidized. Furthermore, the oxidation process
modified the shape of the nanocubes, which now have a more spherical shape with lager
and rounder truncated edges than before, as seen in Figure 5.5(a). The HRTEM image
5.5(b) shows, however, that there was no change in crystalinity or lattice parameter.
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5.2 Titanium dioxide

Figure 5.5: (a) Bright-field TEM image of an assamble of nanospheres and (b) a HRTEM
image of the single nanosphere. The particles are homogeniously ozidised and show no more
dark iron core.

Following the discussions of the previous section, it was not possible to distinguish if
the oxide is 7-Fe,O5 or Fe30,.

5.2 Titanium dioxide

The TiO, nanoparticle were synthesized and kindly provided by the workgroup
"Nanoparticle Process Technology” (NPPT) of Prof. Winterer from the University
Duisburg-Essen.

Because the particles were not synthesized as part of this work, only a short overview
of the synthesis process is given, but more detailed information can be found in reference
[Win12]. The particles are then characterized by TEM and Raman spectroscopy.

5.2.1 Synthesis

Figure 5.6 shows a schematic drawing of the chemical vapor synthesis (CVS) setup used
for the TiO, particle synthesis. The precursor (titanium-tetraisopropoxide) was fed
into a precursor delivery system (bubbler), where it was evaporated and carried further
into the hot-wall reactor by a helium stream. There the TiO, particles were formed
in reaction with oxygen. The synthesized particles were then collected in the particle
collector. Here, the particles were separated from the carrier gas and byproducts by
thermophoresis.
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Figure 5.6: The chemical vapour synthesis setup used for the synthesis of TiO, nanoparticles
taken from reference [Win12].

The main advantage of those CVS nanoparticles is their pure surface, meaning that
the particles are synthesized without any surfactant molecules and thus can be used as
a surfactant testing system (see Chapter 6.2).

5.2.2 TiO, characterization

To characterize the TiO4-NP, the powder was dissolved in Ethanol and re-dispersed
using a ultrasonic bath. The solution was then drop-casted on a copper grid and
analysed using a TEM. Figure 5.7 shows a typical TEM image of the particles, revealing
a more or less spherical morphology for TiO, nanoparticles with sizes ranging between
20 and 60 nm. The particles were not stable enough on their zone axis, therefore it was
not possible to conduct a direction dependent analysis.

Figure 5.8 shows the Raman spectrum of the as-prepared TiO, nanocrystals. The
Raman lines at 148, 196, 398, 515, and 641cm~! can be assigned to the modes of
the anatase phase. However, they exhibit a small shift in frequency compared to the
Raman shifts in bulk anatase [Ohs78]. Since the Raman lines become weak and broad
when the sample has local lattice imperfections, one can conclude that the as-prepared
nanocrystals have a good crystallinity. Moreover, the spectra confirms the absence of
organic molecules on the nanoparticle surface.
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5.2 Titanium dioxide

Figure 5.7: Bright-field TEM image of TiO, nanoparticles synthesized by chemical vapour
synthesis in two different magnifications.
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Figure 5.8: Raman spectra of anatase
TiO, nanoparticles, without surface
ligands
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6 Electron paramagnetic resonance of
carboxylic acid molecules coupled to
Fe-oxid

The previously described iron/iron oxide core/shell nanoparticle were drop-casted on
a GaAs substrate and measured by both FMR setups. Figure 6.1 illustrates the first
derivative of the imaginary part of the high frequency susceptibility x” as a function
of the applied external magnetic field By in the range of 200 — 400 mT. It shows the
characteristic broad ferromagnetic resonance spectrum of an ensemble of core/shell
iron oxide nanoparticles at 300 K [Ter15, Tru08]. Additionally two much narrower and
smaller paramagnetic resonances, S1 and S2, can be observed.
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Figure 6.1: FMR spectra
of OA coated nanoparti-
cles with two additional
EPR signals arising from
a partially transferred
electron (S1) and a free
radical (S2); the red line
shows the Lorentz fit.

Signal S1 appears at an apparent g-factor g ~ 2.5 with a relatively broad linewidth
of approximately 17mT, while the second signal S2 appears at g = 2.01 with a
narrower linewidth of about 0.65 mT. To characterize the resonance fields, linewidths
and amplitudes of S1 and S2, the broad ferromagnetic resonance line of the Fe oxide
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6 Electron paramagnetic resonance of carboxylic acid molecules coupled to Fe-oxid

nanoparticles was fitted and subtracted as background to obtain the two EPR signals.
The fit function (derived Lorentzian) is depicted in Figure 6.1 by a red line.

To test whether the two EPR signals are intrinsic for the iron particles or due
to the organic molecules, single-crystalline and poly-crystalline iron oxide thin films
of approximately 5 — 7nm thickness were fabricated and covered by 5ul OA. A
representative spectra of the single-crystalline iron oxide films is shown in Figure 6.2(a).
In addition to the broad FMR signal, a small EPR signal can be observed, lying at the
same resonance position as the signal S2 (Figure 6.2(b)). Measurements on pure iron
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Figure 6.2: (a) FMR spectra of an iron thin films coated with oleic acid. (b) An additional
EPR signal of a free radical (52) with a g-factor of g = 2.01; the red line shows the Lorentzian

fit.

thin films, without oleic acid molecules showed no EPR signal at all (not shown here).
Therefore, the EPR Signals can be attributed to paramagnetic centres associated with
the ligand molecules attached to the nanoparticles and the iron thin film, respectively.
The origin of both EPR signals (S1 and S2) will be discussed and analysed in the
following sections.

6.1 Fourier transform infrared spectroscopy investigation on
the surfactant molecules coupling mechanism

To understand the coupling mechanism of OA onto the surface of iron oxide, Fourier
transform infrared spectra were recorded on both the coated nanoparticles on a GaAs
substrate and poly-crystalline iron films. Figure 6.1 shows the FTIR spectrum of pure
oleic acid (a) taken from the NIST database [Nis], and the nanoparticles coated with
OA (b). In graph 6.1(a), the two absorption peaks at 2924 cm~! and 2854 cm™! can
be attributed to the asymmetric CH, and the symmetric CH, stretching, respectively
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6.2 Oxidation test of different acids on TiOs nanoparticle

T T T T
()
T . T . T a2 Figure 6.3: FTIR spectra of pure
- oleic acid taken from the NIST
database [Nis] (a) and Fe,O,
g8 nanoparticles coated with oleic acid
molecules (b). Both spectra are not
5 ! to scale on the y-azxis (arb. units).
3000 2500 2000 1500

wavenumber (cm™)

[NakO8b]. In curve (b) those stretching modes shifted to lower frequencies (2915 cm !

and 2848 cm™!), indicating that the hydrocarbon chains in the monolayer surrounding
the particles were in a closed-packed, crystalline state [Nak08a]. The intense peak at
1710cm™! in spectrum 6.1(a) is due to the C=0 stretch vibration of the unbound
COOH group, which is absent in the spectra of the coated nanoparticles (Figure (b)).
Furthermore, two new bands appear at 1635cm ™! and 1454 cm ™!, characteristic for
the symmetric v; and the asymmetric v, stretch vibrations of the carboxylate group
(COO™), respectively. These results revealed that oleic acid is chemisorbed onto the
nanoparticles as a carboxylate [Zha06].

In this work, the measured wavenumber separation A = 1635cm ™! — 1454cm™! =
181cm™! can be assigned to the bridging bidentate coupling, where the COO™ group
is covalently bound to the Fe atom, as seen in Figure 2.3(c). X-ray photoelectron
spectroscopy measurements conducted by different groups on similar nanoparticles
coated by oleic acid molecules indicated the formation of chemical bonds between the
carboxylate O atoms and the Fe atoms [Zha06, Kat99]. This coupling mechanism result
in a delocalized electron at the metal surface (Chapter 2.2), which can be assumed to
cause the EPR signal S1, due to the EPR signal’s high g-factor of a “not-free” electron.
The same coupling mechanism was found for iron thin films covered by oleic acid
molecules, which are not shown here but can be found in reference [Marl6a).

6.2 Oxidation test of different acids on TiO, nanoparticle

As mentioned in Chapter 2.3 iron salts, such as the here used iron (II) stearate for the
particle synthesis, oxidise the carboxylic acid molecules double bond [Roo07]. Thus, in
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6 Electron paramagnetic resonance of carboxylic acid molecules coupled to Fe-oxid

order to investigate the EPR signal S2’s origin further, two different carboxylic acid
molecules were investigated. First, oleic acid was used as a unsaturated acid, which
contains a C=C double bond and therefore tends to oxidise and form free radicals.
Second, caprylic acid (CA) was used as a saturated fatty acid, which lacks any double
bond and thus can’t produce free radicals in the carbon chain (Chapter 2.3). Because
both molecules are carboxylic acids, they both contain the same head-group as shown
in Figure 6.4.

(a) caprylic Acid (CeH1:02) /o-H
WWC%
(8]
l:b:l Oleic Acid (CisHz4032) /O-H
\V—W\\/\\/WCQ
O

Figure 6.4: Schematic of the two carboxylic acids used for the EPR test on TiO4 (a) oleic acid
and (b) caprylic acid. While both have the same head group they differ in their carbon chain.

To obtain ligand free surfaces, TiO, nanoparticles were chosen because the nanopar-
ticles were synthesized via chemical vapour deposition and thus they are free from
stabilizing ligands. Additionally, titania tends to oxidise lipids and thus holds the same
property as iron oxide to create free radicals [Car09]. Therefore one can use those
particles for the functionalisation with different acids and the analysis of the EPR
signal S2.

To verify that both molecules exhibit the same coupling mechanism to the particle
surface, once again FTIR spectra were measured. Therefore, the TiO, particles were
dispersed in ethanol, drop-casted on a glass substrate and subsequently functionalyzed
by dripping 5 pl of the respective acid onto the particles. The FTIR spectrum of TiO,
nanoparticles (Figure 6.5) shows the successful fabrication of the TiO5-OA and TiO,-
CA composites. The presence of COO™ is again proven by two peaks at 1565 cm™!
and 1403 cm ™! and the disappearance of the peak at 1700 cm™!. This demonstrates
that the carboxylic acid layer on TiO, is formed mainly by a chemical reaction instead
of physical adsorption. It also demonstrates, that the coupling mechanism is the same
for both oleic and caprylic acid. The peak in Figure 6.5 at 1664 cm ™! can be assigned
to the C=C stretching mode for oleic acid. Literature shows, that the oxidation of
the double results in a low signal intensity for the C=C vibration [Roo07], which is in
good agreement with our measurements, indicating the presents of free radicals. This
mode is absent in the spectrum of CA.
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6.2 Oxidation test of different acids on TiOs nanoparticle
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Figure 6.5: FTIR spectra of both caprylic acid and oleic acid. The peaks at 1565 cm™! and
1403 cm~! show that the acids get chemisorbed into to TiO,-NP surface.

Both carboxylic acid molecules on TiO, were subsequently analysed by EPR mea-
surements. Figure 6.6(a) and (b) show the measured spectra of the nanoparticles
covered by oleic acid and caprylic acid, respectively. The inverse line shape is a mea-
surement related effect, caused by a 180° phase rotation of the high frequency field. As
can be seen from the two graphs, the surface modification of TiO, nanoparticles with
carboxylic acids, which contain the same functional head group, results in a broad EPR
signal. The signal for both molecules was stable over several measurements. While
previous studies on titania demonstrated, that stoichiometric Ti** shows no EPR
signals, this result suggests the formation of EPR active Ti*" due to the carboxylate
coupled to the particle. This Ti-ions are usually induced when an electron is adsorbed
on Ti** [Kumo06]:

Ti*" +e” — Ti3" (6.2.1)

This reduction of titania to Ti*" is most likely due to the absorption of the unpaired
electron of the chemisorbed carboxylate head group.

Literature indicates the existence of a substantial g-tensor anisotropy for bulk Ti%*,
ranging from g = 2.035 to g = 1.98 [KumO06]. The g-factor calculations at a resonance
frequency of 9.568 GHz for the OA and CA coated particle, however, show factors
of g = 2.29 and g = 2.11, respectively. Here one has to consider that the molecule
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Figure 6.6: (a) EPR spectra of oleic acid coated TiO, nanoparticles with two EPR signals
arising from Ti"3-ions and a free radical due to lipid oxidation. (b) EPR spectra of caprylic
acid coated TiO, nanoparticles with only one EPR signal arising from Tit3-ions.

generates surface Ti*" ions, which differ from the bulk properties and thus might
exhibit different g-factors. Furthermore the delocalized electron on the particle surface
might cause an additional EPR signal. The sum of those signals might result in the
broad signal linewidth of AB,cs 04 = 28 £ 1mT and AB,¢5,ca = 31+ 1mT. The exact
reason for this broad linewidth and difference in g-factor for the two spectra was not
investigated in this work.

However, comparing the two spectra one has to note that an additional EPR signal
occurs for the oleic acid covered nanoparticles, which is absent for carboxylic acid.
Here, one possible explanation is that the signal arises due to the oxidation of the
carbon double bond. Sayre et. al found, that the valence band holes in titania tend
to oxidise the double bond in oleic acid [Say00]. Furthermore, the signal is at the
approximate resonance position (Bj.s = 344mT and g = 1.998) as the Signal S2 in the
case of iron oxide particles. Therefore, this result suggests that the EPR signal S2 is
caused by a free radical originating from the oxidized double bond.

6.3 In-situ investigation of oleic acid on iron films

To investigate the impact of an oxidized surface on the EPR signal, in-situ FMR/EPR
experiments were conducted. A 4x4mm? GaAs (100) substrate is heated in an ultra-
high vacuum chamber (1 x 107! mbar) up to 900 K, while being sputtered with argon
ions and subsequent annealing at 900 K for 30 minutes to get a clean and crystalline
surface. Afterwards an iron film is epitaxially grown on the substrate by means of
electron beam evaporation at a rate of 0.7 A /min with a thickness of approximately
4 nm.
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6.3 In-situ investigation of oleic acid on iron films

The chemical composition was determined by AES at all phases of the sample
preparation. Figure 6.7 shows Auger spectra of the three different fabrication stages.
The blue spectrum represents an as-prepared iron film, which still exhibits a minor
oxygen signal at 513 eV. By comparing the amplitude ratio between oxygen and iron
one can estimate that less than 0.1 monolayers of oxygen are present [Farl6]. This
peak gained in intensity after oxidizing the film with an oxygen partial pressure of
po2 = 1 x 10~%mbar (red spectra). Finally, the green spectrum is recorded after
exposure to 5L oleic acid on the oxidized iron film which results in a pronounced
carbon signal at 273eV. All spectra were normalized to the iron peak at 703 eV
[Mar16b]. Subsequently, several Langmuir of oleic acid are deposited in-situ onto the
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iron films. Here, the UHV chamber had to be modified to allow the in-situ evaporation,
as can be found in reference [Marl6al]. The EPR/FMR investigation was conducted
at a microwave frequency of f = 9.2 GHz and a microwave power of 20mW. Figure
6.8 shows the measured spectra. For the as prepared iron film, which showed a small
oxygen signal prior to the oleic acid exposure, only a weak ESR signal could be detected.
After the oxidation the EPR signal’s amplitude was approximately 200 times larger
than the one for the 'non-oxidized’ iron film, as shown in Figure 6.8 [Mar16b].

From these in-situ measurements and FTIR spectra alone it was not possible to
determine the exact origin of the EPR signal for the iron films in the framework of
this thesis. On the one hand, following the theory of fatty acid oxidation from Chapter
2.3, one could conclude that the signal arises from the oxidation of the double C=C
bond. On the other hand, the FTIR spectra indicated the coupling of the molecule to
the iron film surface, which also results in an EPR center. A more detailed analysis on
of the iron thin films can be found in reference [Marl6a).
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6 Electron paramagnetic resonance of carboxylic acid molecules coupled to Fe-oxid

The result of the in-situ test suggests, however, that the oxidation of the iron is
mandatory to create the ESR signal. Here, the oxide acts as the electron acceptor for
the oxidation of the OA.

Fe¥t +e™ —— Fet (6.3.1)
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6.4 Auto-oxidation test on two carboxylic acids

To exclude the possibility of auto-oxidation due to exposure to either air or daylight,
the two different carboxylic acids were tested on EPR signals without any contact to
iron or TiO,. Therefore, 5 pul of either OA or CA were put into open glass pipettes and
were exposed to air and sun radiation for two weeks. Figure 6.9 shows the long-term
EPR measurements of (a) oleic acid and (b) caprylic acid. Comparing the empty
cavity measurement (black graph) with the measurements of the respective acid after
two weeks of exposure to air and sun radiation (red graph) showed that there was no
measurable amount of radicals in the acids. To go one step further, the acids were again
measured while exposed to a mercury vapour lamp (blue graph) to force radicals to
form, but there was no EPR signal detectable. Those measurements suggested that the
EPR signal’s origin is indeed related to a chemical reaction with the sample system.
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Figure 6.9: Long-term oxidation EPR test of (a) oleic acid and (b) caprylic acid. The graph
shows the empty cavity measurement (black graph), the measurement after two weeks of
exposure to air and sun radiation (red graph) and a measurement while exposed to a mercury
vapour lamp (blue graph). There was no measurable amount of radicals found in the acids
for all cases.

6.5 Origin of the paramagnetic resonance signals of iron
oxide nanoparticles

This section will give a short overview on the principal theory of the EPR signal’s
origin based on the results and observations in the previous chapters.

The broad EPR signal S1 can be attributed to a chemical reaction, which takes place
in the synthesis process due to the molecules coupling mechanism to the particle surface
when high temperatures (as high as 350 ° [Wil05]) are involved. Here the electron is not
free but partially transferred between the molecule and the metal surface (Fig. 6.10 S1).
This chemisorption induced partial electron (i.e. spin density) redistribution further
results in an enhanced relaxation channel and a larger EPR linewidth as a free radical.

Furthermore, unsaturated fatty acid moieties, like oleic acid, tend to oxidise in the
presents of active oxygen-iron complexes a free radical is formed by removing a labile

Figure 6.10: Model of the EPR sig-
nal’s origin. The coupled molecules

. C/.O_ Fe has to EPR centers arising from a
A AVl U / .
s2 s1 Vo|re partially transferred electron (S1)

at the carboxylate head group and
a free radical (S2) in the carbon
chain.
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6 Electron paramagnetic resonance of carboxylic acid molecules coupled to Fe-oxid

hydrogen from a carbon atom adjacent to a double bond. Therefore, the second EPR
signal S2 most probably originates from an uncoupled paramagnetic species in the
chain of the molecule (Fig. 6.10 S2). This oxidation induced radical could also be
observed for TiO,-NP.

This model provides a reasonable interpretation and understanding of the experimen-
tally observed EPR signals. Is is used in the following discussions of the experiments.
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7 Applications

The following chapter will briefly discuss some possible applications for the oleic acid
molecule as an EPR marker. Firstly, temperature dependent measurements were
conducted, which indicated that the molecule might be used as surface temperature
probe. Secondly, angular dependent FMR and EPR. experiments showed the possible
use as a method for probing the magnetic stray field on the nanoparticle surface
[Rak04].

7.1 Surface sensitive temperature probe

As part of this thesis the use of the functionalized iron oxide particles for biomedical
application is investigated. Here one application is an approach to determine the
temperature of the surface of a nanoparticle for the implementation in hyperthermia
procedures.

To measure the temperature dependent behaviour of the EPR signals, the sample was
cooled and heated in a nitrogen gas flow. To minimize the error of the experiment, the
sample had time to equilibrate for 15 minutes after the desired temperature was reached
and before the respective measurement was started. Thus the error in temperature
is less than +0.2K and is not shown in the following diagrams. All the data were
evaluated after the subtraction of the FMR line and by applying a derived Lorentzian
fit-function to the respective signal, as already seen in Figure 6.1. Unless otherwise
stated, the error bars in the following plots are given by the residuum of the fit functions,
determined by Mathematica.

Figure 7.1(a) and (b) shows the temperature dependent resonance field and linewidth
of the FMR signal, respectively. These data show that the core/shell particles exhibit
the behaviour of a superparamagnet above room temperature which is near its blocking
temperature [Mas16]. Due to the very short time window in the range of nanoseconds
for FMR measurements, the apparent blocking temperature is increased [Owe05,
Ant05], which consequently results in the temperature dependent effects of dipolar
coupling (magnetization) and magnetic anisotropy influencing the resonance field and
the linewidth. The small jump around 335mT is a metrologically related error whereby
the sample temperature was not stable but slightly higher (estimated error 4 + 1K)
than anticipated.

Figure 7.2 shows the temperature dependence of the EPR signal S1 between 250 K
and 350 K. The graph clearly illustrates a shift in resonance position to higher fields
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Figure 7.1: Temperature dependent shift of the resonance field (a) and linewidth (b) of the
FMR signal of the nanocubes. The small jump around 335 mT is a metrologically related
error.
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Figure 7.2: Resonance field position and g-factor calculation of the EPR signal S1 from the
coupled oleic acid molecule for a resonance frequency of 9.58 GHz. The inset shows the EPR
signal S1 after FMR signal subtraction.
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7.1 Surface sensitive temperature probe

with a rate of approximately 0.1 mT /K as the temperature increases, which corresponds
to a change in magnetisation of about 80 A/m (for a maximal assessment of 1). Such
a behaviour is not expected a priori for a normal paramagnetic resonance, such as
a free radical. Moreover, the temperature dependent shift towards the g-factor g =
2 of a free electron and the broadened resonance which indicates higher relaxation
rates supports the model of a partially transferred electron directly at the interface
between nanoparticle and oleic acid. Following this model, the transferred electron
at the particle surface can be influenced by small changes in its surroundings. Thus,
this shift is expected for the previously mentioned temperature dependent decrease
of the magnetization (or stray field) and magnetic anisotropy at higher temperatures
[Owe05, Ant05]. This effect is confirmed in the following Chapter 7.2, which shows
that the signal S1 is greatly influenced by changes in the particles’ stray field.
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Figure 7.3: Temperature dependence of the EPR signal §2. The resonance field position is
constant over the whole temperature range and the intensity illustrates a Curie-law-like
behaviour. The inlet in (b) shows the measured S2 signal.

It is apparent from Figure 7.3(a), that the signal S2 does not show a temperature
dependent change of the resonance field but has a stable g-factor of g = 2.0154+0.001 over
the whole temperature range. This result is an indication that this signal results from a
paramagnetic centre in the oleic acid carbon chain (double bond C=C), as assumed in
Chapter 6.5. Due to its lager distance of approximately 1 nm from the particle-molecule
interface, the signal is ,if at all, only weakly influenced by the temperature induced
changes in magnetic stray field. Additionally the decrease in EPR intensity of signal
S2 in Figure 7.3(b) illustrates a Curie-law-like behaviour. Here, the intensity of the
EPR signal is calculated using the following equation:

v

- (7.1.1)
ABZ,

49



7 Applications

where A A, is the peak-to-peak amplitude and AB,, the peak-to-peak linewidth. The
reported intensity values are in an arbitrary scale. The red line in the figure is just
a guide to the eye given by a non-linear fit and no Curie-law function. For a more
detailed analysis of the temperature dependent intensity of an EPR signal one can
consult reference [Gri99].

In summary, our measurements not only support the model of the EPR signals’
origins, but it also demonstrates the possible use as a non-invasive surface sensitive
temperature probe. Here we suggest using the shift in resonance field position of
the EPR signal S1 in the carboxylic molecule attached to the particle’s surface as a
temperature monitor for e.g. hyperthermia application.

7.2 Surface sensitive stray field detector

A second possible application, is the use of angular dependent FMR and EPR mea-
surements to determine the particles stray field. Thus two different types of angular-
dependent measurements were performed:

e azimuthal (¢p) angular dependence when the external field was rotated in the
sample plane and

e polar (Ap) angular dependence when the applied field was rotated in a plane
normal to the film plane

as can be seen in Figure 7.4. All following angular dependent ferromagnetic resonance
measurements were carried out at 9.5 GHz and 300 K.

(a) azimuthal rotaion (b) polar rotation

Figure 7.4: Sketch of the two arrange-
ments for the azimuthal (a) and polar
(b) angular dependent measurements
on two different sample holders. The z-
axis of the sample coordinate system is
parallel to the sample normal for both
arrangements. The sample itself is rep-
resented by the dark grey rectangle.
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7.2 Surface sensitive stray field detector

EHT = 10.00 kV.

Figure 7.5: Overview SEM images for both cubic (a) and spherical (b) nanoparticle arrange-
ments on GaAs substrates. The insets show the respective particle morphology.

To prove the molecules application as a stray field sensor, two different samples with
oleic acid covered iron oxide nanoparticles were analysed, which have either cubic or
spherical shape and were previously described in Chapter 5. Those two NP samples
should exhibit a distinct morphology-induced difference in stray field. To conduct the
magnetic characterization the nanoparticles were deposited onto a GaAs substrates.
Subsequently, the particle arrangements were investigated by SEM to later correctly
interpret the results. Figure 7.5(a) and (b) show the SEM image of the iron nanocubes
and the iron oxide nanospheres, respectively. Both form an incomplete two dimensional
layer in the xy-direction and only one nanoparticle height in z-direction. The picture
further shows, that the cubes exhibit a random distribution of anisotropy axes for
the in-plane arrangement but form an ordered array for the out-of-plane direction,
under the assumption that the particles lie on a {100} [Tru08]. The samples were then
measured as a function of both polar and azimuthal angle.

7.2.1 Angular-dependence of cubic core/shell particles

In this section the angular dependence of the cubic nanoparticles is analysed. There-
fore in-plane measurements and simulations are discussed and the azimuthal angular
measurements are briefly examined.

Polar angular dependence

Figure 7.6 show a grey-scale plot of the polar angular dependence of the nanocubes,
when the applied external magnetic field was rotated between 0° to 180° in a plane
normal to the film plane. The plot shows the external magnetic field over the polar
angle. Because the grey-scale represents the signal intensity in arbitrary units it is
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7 Applications

not given here. Note that black represents the minimal and white the maximal signal
amplitude.

The plot clearly shows an angular dependence for both FMR and signal S1 (S1 is
indicated by a red arrow in Figure 7.6). Due to the small intensity of the signal S2 it
is not visible in the plot. Thus, to get a better access to the measurement data the
FMR signal was subtracted from the EPR signals and all signals (FMR, S1, S2) were
fitted using the derivative of a Lorentzian function. Unless otherwise stated, the error
bars in the following plots are again given by the residuum of the fit functions.
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Figure 7.6: Grey-scale plot of the polar angular dependence of the OA coated iron/iron oxide
nanocubes. The EPR signals S1 is marked by the red arrow. Due to the small intensity of
the signal S2 it is not visible.

The first thing to note in both Figure 7.6 and 7.7(a) is the uniaxial anisotropy of
the FMR signal. This can be explained by considering that the nanoparticles form an
incomplete two dimensional layer, as could be seen in Figure 7.5(a). Therefore, the
dipole-coupled particles exhibit a thin film like behaviour having the easy axis in-plane
and the hard axis out-of-plane, which is consistent with the measurements where zero
degree corresponds to the in-plane direction.
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Furthermore, the grey-scale plot in Figure 7.6 shows an angular dependent resonance
field for signal S1, which seems like a four fold anisotropy with the hard axis correspond-
ing to the out-of-plane angles of 45° and 135°. This tendency is also seen in the data in
Figure and 7.7(b). This graph illustrates the exact change in resonance position over
the angle, ranging from 304 mT to maximum of 360 mT. This variation in resonance
field of S1 can be attributed to an angle dependent change in the effective magnetic
field, influencing the EPR signals’ resonance position, as later qualitatively confirmed
by micro-magnetic simulations. Furthermore one should note the different resonance
fields for the angles 45° (324mT) and 135° (360 mT), which differ by 36 mT. This
might be caused by a superposition of an uniaxial anisotropy [Far16]. An estimate of its
magnitude is the before mentioned difference of the resonant field at 45° and 135°. The
exact reason for those different resonance field could not be determined in this thesis.

The data fits in Figure 7.7(c) illustrate that there is no measurable change in
resonance field position for the signal S2. Thus the angular dependent change in stray
field is to weak to cause variations in the effective magnetic field and influence the free
radical in the carbon chain.

93



7 Applications

Micromagnetic stray field simulations for cubic core/shell particles

To better understand why there is a the change in resonance position for the signal
S1 in the nanocubes but not for the nanospheres (Chapter 7.2.2), micro magnetic
simulations were conducted by Thomas Feggeler of the workgroup Farle using the
program MuMax3 [MuM]. Here, thanks to the previously described TEM analysis of
the particles composition, a model of a core/shell nanoparticle was developed, consisting
of a 30 nm iron core and a 5nm magnetite shell and dimensions of 40x40x40 nm with
truncated corners. The details of this simulations and the program can be found in
reference [Fegl6]. In this thesis only two simulated planes are discussed. Firstly a
plane in the middle of the NP and secondly a plane 1 nm above the NP surface at the
position of the free radical in the molecules carbon chain.

Figure 7.8 and 7.9 show the resulting plots for the magnetic stray field inside and
outside on top of the nanocubes. The density of lines outside the particle represents
the fields magnitude. The left row (Figure 7.8) illustrates the field in the middle of
the particle for the angles 0°, 30° and 45°. Those simulations show, that the magnetic
field inside and outside the particle is not homogeneously aligned over the whole angle
measurement. By rotating the core/shell cubes the stray field directly at the particle
surface change with respect to the angle and reaches an extrema at 45°. At this angle
the direction of magnetization inside the iron oxide shell is at an angle of approximately
30 — 35° in respect to the magnetization in the iron core. Thus, the effective magnetic
field acting on the surface sensitive EPR probe changes, leading to the angular dependent
shift in resonance position. Moreover, simulations and measurements indicate, that the
magnetization of the whole particle is most uniformly aligned for 0° and 90° and thus
less external field is needed to fulfil the resonance condition creating a minima in the
resonance position. On the other hand, the magnetization is most strongly misaligned
at at 45°. Therefore more external field is needed, which is represented by the maxima
in the resonance field.

Figure 7.9 show the plots for the magnetic stray field 1 nm above the nanocubes
surface. The hexagonal shape is caused by the before mentioned truncated edges of the
cube. This distance was chosen because, according to the theory presented in Chapter
6.5, the molecules double bond oxidises creating a free radical approximately 1nm in
the carbon chain. The simulations show, that the stray field is homogeneous over the
whole area. Meaning, that there is no change in the effective magnetic field acting on
the free radical on top of the nanocube. Thus there should be no detectable change in
resonance position, which is in good agreement with the before discussed results in
Figure 7.7(c).
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7 Applications

Azimuthal angular dependence

For completeness, azimuthal angular dependent measurements of the nanocubes were
conducted. As can be seen in Figure 7.4(b) the particles have a random orientation.
Figure 7.10 shows the grey-scale plot of the external magnetic field over the azimuthal
angle. For this measurement, the azimuthal angle ¢p was measured from starting
parallel to the in-plane easy axis. Due to the relatively big sample size of 4x4 mm the
in-plane rotation only 45° could be measured.

500
450
400 Figure 7.10: Grey-
scale plot of the
350 azimuthal  angular
= dependence of the
£ 300 resonance field for
3 oleic  acid  coated
m 250 iron/iron oxide
nanocubes. The two
EPR signals S1 and
200 S2 are marked by the
red and blue arrow,
150 respectively.
100

5 10 15 20 25 30 35 40 45
Azimuthal Angle @,

From Figure 7.10 and the respective data fits (Figure 7.11) it is evident that no
angular dependence was observed. The resonance field of neither the FMR (Figure
7.11(a)) nor the two EPR (Figure 7.11(b) and (c)) signals change in resonance position
in the range of the error. Considering a random distribution of anisotropy axes in
the sample plane, as anticipated by the previously discussed SEM images, this angle
independent resonance field was to be expected. The measured linewidth of 77 & 1 mT
for the FMR, has a value between the previously discussed easy and hard axis, indicating
a distribution of randomly orientated nanoparticle for the in-plane direction.
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7.2.2 Angular-dependence of spherical iron oxide particles

In order to further investigate the angular dependent behaviour of the two EPR signals,
other particles with a more spherical shape were measured. The previously described
TEM analysis (Chapter 5.1.3) showed that those particles are totally oxidized and thus
don’t have a core/shell structure. Figure 7.12 shows the grey-scale plot of the polar
angular dependence of the oleic acid coated iron oxide nano spheres from 15° to 355°.
Due to the small intensity of the signal S2 it is again not visible in Figure 7.12,
but the data fits in Figure 7.13(c) prove, that there is again no measurable change in
resonance field position for the signal S2. Thus the stray field does not influence the free
radical in the carbon chain. The resonance field position of signal S1 in the grey-scale
plot (Figure 7.12) is stable over the angular measurement at approximately 289.5mT.
As already discussed in Chapter 7.2.1, the FMR exhibits again a two fold symmetry.
This can again be explained by considering the nanoparticle layer as a thin film.
Thus, it can be seen from the resonance field position, that the measurement was not
started with the external field aligned parallel to the film plane but was a little bit
tilted. From these measurements alone it is not clear if the difference in stray field
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distribution between the spheres and the cubes originates from the spherical shape of
the nanoparticle or from the lack of the core/shell structure. However, according to the
simulations the absence of the core/shell structure is the most probable reason. Either
way, the molecule could detect the a small changes in magnetization of the nanocubes.
Thus, the here presented measurements yield a new approach to measure the stray
field at the surface of nanoparticle.
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8 Conclusion

In the framework of my thesis, the correlation between surfactant molecules and iron
oxide nanoparticles was investigated. It was shown that due to the molecule-surface
coupling and due to the oxidation of the molecules double bond, two EPR signals occur.
With the evaluation of the shift in resonance field position of those EPR signals, it is
possible to determine the surface temperature and changes in the magnetisation of the
nanoparticles.

This thesis shows the coupling mechanism between oleic acid surfactant molecules
and iron oxide nanoparticles. Here infrared spectroscopy measurements confirmed
that functional groups of the oleic acid is chemisorbed as a carboxylate on the iron
oxide and is coordinated symmetrically to the iron atoms. In-situ EPR experiments on
pure and oxidized iron film with OA, indicated that for this coupling to occur, it is
mandatory to have an oxide at the surface.

For the interpretation of the FMR and EPR results it has been mandatory to
characterize the morphology and crystal structure of iron nanoparticles. Therefore
HRTEM measurements were performed, which show that the nanoparticles have an
iron/iron oxide core/shell structure with a cubic morphology and an average size of
about 30nm. The thickness of the oxide shell was determined to be 4.5nm. The
particles which were longer (approximately 1 year) exposed to air showed a more
spherical shape and were entirely oxidized.

The FMR and EPR experiments showed the expected broad FMR signal for iron
oxide cubes and two additional electron paramagnetic resonance signals arising from
the coupled molecule. The first EPR signal (S1) appears at an apparent g-factor
g =~ 2.5 with a relatively broad linewidth of approximately 17mT. The second signal
(S2) appears at g = 2.01 with a narrower linewidth of about 0.65 mT. By conducting
infrared spectroscopy measurements it was shown that the a broad signal S1 can be
attributed to a chemical reaction, which leads to the binding of the molecule to the
particle surface, where an electron is partially transferred (delocalized) between the
molecule and the metal surface. Furthermore, in-situ EPR on pure and oxidized iron
film with OA confirmed that for the coupling to occur, it is mandatory to have an oxide
at the surface. By covering TiO, with different carboxylic acid molecules we could
conclude, that the signal S2 most probably originates from an uncoupled paramagnetic
species in the chain of the molecule, which forms due to lipid oxidation.

As a result of my investigation I found two possible applications for the molecules as
a surface sensitive paramagnetic probe. Via the evaluation of the shift in resonance
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8 Conclusion

field position for the two signals (S1 and S2) it can be seen that the molecules may
be used as a non-invasive surface sensitive probe to measure the temperature of
nanoparticles in a biological environment. Signal S1 gives a direct measure of the
particles’ surface temperature from the calibration of the resonance field with an
accuracy of approximately 0.1 mT /K, which correlates to a change in magnetisation of
about 80 A/m (see Chapter 7.1). In principal signal S2 yields the same information
by exploiting the temperature dependent change of the susceptibility. Unfortunately
a quantification of the magnetic susceptibility was not possible for the experiments
conducted in this thesis, but future experiments should be able to quantify the amount
of nanoparticles and attached oleic acid molecules.

With angular dependent measurements on different particle morphologies it could
be show that it is possible to use the EPR signals as a surface sensitive magnetic
stray field detector which can also detect small variations in the magnetization (see
Chapter 7.2). This stray field and magnetization dependence was further verified by
analysing the stray field distribution of a simulated iron/iron oxide core/shell nanocube
obtained from micromagnetic simulations. The results are in good agreement with the
experimental behaviour.
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