FE-BASED MAGNETIC NANOMATERIALS: WET
CHEMICAL SYNTHESIS, MAGNETIC PROPERTIES AND

EXPLORATION ON APPLICATIONS

HONG XIAOLIANG

(MLE., NATIONAL UNIVERSITY OF SINGAPORE, SINGAPORE)

A THESIS SUBMITTED
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

DEPARTMENT OF MATERIALS SCIENCE AND ENGINEERING

BE &

NUS

National University
of Singapore

2016



DECLARATION

I hereby declare that this thesis is my original

work and it has been written by me in its entirety.

I have duly acknowledged all the sources of information

which have been used in the thesis.

This thesis has also not been submitted for any

degree in any university previously.

HONG XIAOLIANG

05 Jan 2016



ACKNOWLEDGEMENTS

First of all, I would like to express my sincere appreciation to my supervisor,
Prof. Ding Jun, for his advice, guidance and tremendous help during my PhD
study. His constant encouragement and immense knowledge helped me in all

the time of research work and writing of this thesis.

I also would like making a grateful acknowledgement to XiaoWen for helping
me revise my manuscripts and gave insightful comments, from which I
benefited a lot. Moreover, I greatly appreciate the kind help from Ms Bao
Nina for operating pulsed laser deposition machine and conducting SQUID
measurement. [ would like to acknowledge all my research group members for

their kind assistance in various aspects.

A special mention is given to the lab officers in Department of Materials

Science and Engineering for their technical support in sample characterization.

In addition, I would like to offer my deep gratitude to the financial support
provided by the National University of Singapore. Last but not least, I would
like thanking my family: my parents for giving birth to me and supporting me

throughout my life.

I1



SUMMARY

Even though the start of research based on Fe-based magnetic nanomaterials
could be dated back to hundreds years ago, the considerably large amount of
emerging fields for their applications, including spintronic structures in
information storage, biomedical and environmental applications, magnetic
sensors, magnetic energy harvesters, has spurred renewed interest on the
application-related properties of Fe-based nanomaterial in both the
nanoparticle and film forms. Besides, an exploration of a simple, wide,
effective technique that can be used for growth of high-quality Fe-based
magnetic nanoparticles and films is of great importance for better
materialization of these potential Fe-based devices. This thesis mainly focuses
on fabricating different magnetic Fe-based materials (ferrites and ferrous
alloys, nanoparticle and film) with wet chemical method, investigating their
growth mechanism and magnetic and electrical properties. In addition, the
possible applications of as-fabricated Fe-based nanoparticles and films are

studied. The contribution of the work is summarized as below:

(1) Investigation indicated that the external magnetic field plays an
important role in determining the microstructure, magnetic properties
of the Fe;O4 nanoparticles. The magnetic field can promote the
change of Fe;O; nanocuboctahedrons to nanocubes. Compared the
hyperthermia property of as-fabricated nanocuboctahedrons and
nanocubes Fe;O4 the intrinsic loss power (ILP) of the Fes;O4

nanocubes was much higher than that of nanocuboctahedrons due to

II1



the surface magnetic effect.

(2) A general and facile method for broadly deposition of thick Fe;O4
film and other ferrites has been demonstrated. It had been found that
the epitaxial high-quality Fe;O4 film could be deposited either on
MgO substrates directly or Si substrates with Fe;O4 seed layer
deposited by PLD. As-deposited Fe;O4 film could be easily patterned
and shows potential applications for microwave and MEMS
supercapacitor. Besides Fe;O,, different ferrite compounds have been
successfully fabricated, including Co-ferrite with high coercivity and
perpendicular anisotropy, and Ni-ferrite with high resistivity and

enhanced magnetization.

(3) A typical Fe-3d alloy, FeCo, was studied in our work. Mono-
dispersed FeCo nanoparticles were synthesized by a safe and
ecofriendly facile chemical process. The FeCo nanoparticles have
saturation magnetization up to 187 emu/g and shows excellent
chemical stability. In addition, the control Fe/Co ratio could be
achieved by change of precursor ratio and tuning of particle size could
be realized through change of surfactant amount used. The
cytotoxicity of as-synthesized nanoparticles was investigated after
transferring the nanoparticle to water phase by the emulsion process
and the results demonstrated high biocompatibility. The results
showed that this method could also fabricate spherical Fe;O4 particles
and self-assembly Co nanoneedles. With the similar method that was

applied to deposit Fe;O4 bee-FeCo film could be fabricated through
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thermal decomposition with the saturation magnetization around 1300

emu/cc.

(4) Fe-5d alloy, FePt, was investigated in both nanoparticle and film
form. fcc-FesePtas nanoparticles were synthesized by thermal
decomposition. TEM image showed the particle size was around 15
nm. From in-plane hysteresis loop, the coercivity of samples was
about 150 Oe. The presence of nonzero value for the coercivity
suggests that some amount of ordering should be present in fcc-
Fe;cPty4 nanoparticles. In addition, fcc and L1y-FePt films had been
deposited on Pt substrate via a combination of chemical deposition
and post-annealing process. Pt-doped Fe films were deposited on Pt
substrate using thermal deposition and the as-deposited films were
subsequently annealed from 300 °C to 800 °C, FePt films were
achieved through diffusion and rearrangement of Fe and Pt atoms in
post-annealing process. The transformation from disordering fcc to
ordering L1, phase had been observed from X-ray diffraction results.
The Llo-FePt film possessed an out-of-plane anisotropy and a
coercivity of 9 kOe after annealing at 600 °C. A further increase in
annealing temperature led to lower value of coercivity, probably due
to grain growth. In addition, the thickness of Pt-doped Fe films was
tunable by adjusting amount of surfactant used. Our SQUID analysis
showed that Pt dopant could significantly improve the chemical

stability of Fe films in air.
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annealing temperature.

Figure 6. 11. (a) In-plane and out-of-plane coercivities depend on various
temperatures, (b) The in-plane and out-of-plane hysteresis loops of FePt film
at 600°C.

Figure 6. 12. (a) Cross-section of TEM micrograph of FePt film after
annealing at 800 °C, (b) HRTEM image of the prepared FePt and inset is an
electron diffraction pattern of the selected area, the rings labeled with Miller
indices are correspond to the expected L1y-FePt pattern, (c¢) and (d) showed
the plane view bright and dark-field TEM images of the L1o-FePt film

annealed at 800 °C.
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Chapter 1 Introduction

1.1 Magnetic materials

2500 years ago, our ancient ancestors found a type of mineral, magnetite
(Fe304), has magic power of attracting iron. [1] From that moment, the story of
magnetism begins. In 1600, William Gilbert published the first scientific study
of magnetism in his book. [2] He experimented with lodestones and iron
magnets, formed a clear picture of the Earth’s magnetic field, and cleared
away many superstitions that had clouded the subject. 200 years later, Hans
Christian Oersted made great discovery that an electric current can produce a
magnetic field and in 1824 year, [3] William Sturgeon invented the first
electromagnets in human history, which can produce much more powerful
fields than that by lodestones and other magnets. The research on magnetic
materials was dated from the invention of the electromagnet. Today, magnetic
materials had become one of integral part of modern society and the need for
efficient generation of electricity is dependent on the improvement of magnetic
materials and design. Besides, there is more and more desire for
telecommunication industry to increase the speed for data transmission and
decrease the size of devices, both of which can be realized by the development

of the magnetic materials. [4]

Magnetic behaviors could be generally classified into five types [5]:
Paramagnetic materials, such as aluminum and cooper, have some randomly

arranged unpaired electrons and they are weakly attracted by magnets. In



materials that exhibit ferromagnetism, the unpaired electrons are all in parallel
via a process known as ferromagnetic coupling. Antiferromagnetic materials
have equal number of unpaired electrons line up opposite to one another, and,
thus, possess zero net magnetic moment. Ferrimagnetic materials have net
magnetic moment as there are more spins held in one direction. Diamagnetism,
in which all electron spins are completely paired giving a zero net spin.
Diamagnetic materials are weakly repelled by magnet (except in the case of
superconductors). (Figure 1. 1) Besides the above 5 types of magnetism, there
are two nonlinear magnetism, micromagnetism and spin glasses, which are
significant in nanoscle materials. Micromagnetism describes a spin system in
which various exchange interactions are mixed. At low temperature, the spin
system is frozen with no ordered structure. Such magnetism is observed in Cu-
Mn, Ni-Mn alloys. Similar to that of micromagnetism, the random spin
arrangement is fixed below certain temperature for spin glasses. However, spin
glasses mainly refer to the lower concentration regime. [6] Additionally,
Magnetic materials could be divided into soft and hard magnetic materials. [7] If
a materials is easily magnetized and demagnetized then it is referred as soft
materials, whereas if it is difficult to demagnetized, it is hard (permanent)

magnetic materials.
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Figure 1. 1. Comparison of magnetic behavior of various kinds of magnetic
materials.[8]

Magnetic materials encompass a wide variety of material. One of most studied
magnetic materials is Fe-based nanomaterial for their excellent magnetic
properties and promising applications, such as spintronics, [9-13] biomedicine

[14-19] and high-frequency uses. [20-24]

This chapter presents an in-depth overview of Fe-based nanomaterials,
including ferrites and ferrous alloys. The structure and magnetic properties of
some specific materials, that are Fe;O4, FeCo and FePt, will be studied in
detail. The rest of the review is devoted to the applications and growth

methods of magnetic Fe-based nanomaterials.



1.2 Different types of Fe-based materials

Among all the metallic materials, iron always has a special place even a
prehistoric period is named after it, the Iron Age. From the past to now, Iron
has never lost any of its importance and always remains as the most functional
material. The reserves of iron is plentiful, it is the forth most abundant element
in the earth’s crust occurring to the extent of 5.1%. [25] Pure iron is not
commonly used commercially because it reacts and rapidly corrodes especially
in moist air and elevated temperatures; besides, it is too mechanically soft for
many industrial uses. Therefore, a surge in research into various iron-based
materials has been observed and continues to expand. The variety of iron-
based materials is mainly due to its versatility of iron that no other metal can
compare. The origin of iron’s versatility is its polymorphism, [26] i.e., on the
property that it can be found in different crystal structures. Iron has two crystal
structures (Figure 1. 2): the body centered cubic (bcc) and the face-centered
cubic (fcc). Pure iron solidifies at 1811K in bee § phase and it undergoes first
transition to fcc y —Fe at 1667K. However, the fcc y —Fe will transforms back
to the bce a-phase when the temperature decreases to 1185K. a-Fe is a soft
ductile metal with a density of 7875 kgm™. In addition a-Fe is a
ferromagnetic with a saturation magnetization at room temperature of 220
A.m’kg"'. Within the @ phase a magnetic transition occurs at 1043 K, above
which a-Fe will lose its ferromagnetic property and becomes paramagnetic. y
—Fe is nonmagnetic and has lower density (7648 kg.m™). [27] The very
different solubility of substitutional and interstitial element in iron provides the
possibility of existences of various iron-based materials with different

microstructure and structure-related properties, including superconductivity,



ferroelectricity, magnetism, conductivity and catalytic activity, to name a few.
The investigation on these application-related unique properties of Fe-based
materials is one of the most important issues. Ferrites and ferrous alloys, as
two main classes of iron-based materials, have been considered as promising
materials because of their technologically significant electronic as well as
magnetic properties. Thus, we have mainly focused on the synthesis,
properties and applications of ferrites and ferrous alloy such as Fe;O4, FeCo

and FePt.

o Fe Y Fe

Figure 1. 2. The structure of bec alpha iron (o) and the fcc gamma iron
(v).[26]

1.2.1 Ferrites

Ferrites are the most common ceramic magnets, black or dark grey in color
and very brittle and hard. It is composed of iron oxide (Fe,O3) that combined
chemically with one or more additional metallic elements. The magnetic
properties of ferrites come from interactions between metallic ions occupying
particular positions relative to the oxygen ions in the crystal. [28] The most

magnetic naturally occurring ferrite minerals on earth are the magnetite



(FesO4). This material had been known since the ancient time and early
navigators found its permanent magnetism and used it as lodestone. [29] The
general formula of spinel ferrites is MFe,O4, M represents divalent metal ion
such as Fe**, Ni*", Cu*', Co*", Zn*", Mngr and the indicated iron is Fe*'

trivalent iron ion.

The first reported systematic study on the relation between magnetic properties
and the number of binary iron oxides was published by Hilpert in 1909. [30]
19 years later, Forestier in France and Hilpert and Wille in Germany
investigated the connections between the chemical composition, the saturation
magnetization and the Curie temperature. The most important advances made
in ferrites was initiated by Snoek in the Netherlands in 1936, [31] he and his
coworkers found that for the material used as inductor core, the most important
property is the loss tangent (angle between the capacitor's impedance vector
and the negative reactive axis) divided by the permeability (loss factor), thus,
Shoek and his team started to develop manganese-zinc-ferrous ferrite which
has low loss and high permeability. In the year 1945, Shoek laid the
foundation of the physics and technology of practical ferrites and a new
industry came into being. [32] After that, the ferrites had been used in many
branches of telecommunication and electronic engineering and new
applications of ferrite materials continue to be realized, such as in the cellular
phone, medical, and automotive markets. More details about the history and

development of ferrites could be found in reference [33].

The crystalline arrangement of ferrite is characteristic of a spinel-type structure



(space group Fd3m). [34] In a unit cell of spinel ferrite, there are 32 oxygen,
16 trivalent iron and 8 divalent metal irons. The arrays of 32 oxygen ions
arranged in a cubic closed paced (fcc) structure leaving two types of interstices
which could be filled by the metal ions. One of the interstices is 64 tetrahedral
site A while the other is 32 octahedral site B. The unit cell of the spinel
structure is shown in Figure 1. 3. Among all 96 sites; only 24 of them are
occupied, that is 64 tetrahedral sites and 32 octahedral sites. If all sites of
structure are occupied, the positive charge will be larger than that of negative
and the structure cannot keep electrically neutral, therefore, only 24 sites in the
two sublattices are occupied to maintain electric neutrality. In the normal
spinel structure, the divalent metal ions occupy tetrahedral (A) while the
trivalent metal ions occupy octahedral (B) sites. In the inverted spinel
structure, the divalent metal ions occupy some octahedral (B) sites while the
trivalent metal ions occupy the remaining tetrahedral (A) and octahedral (B)
sites. A metallic ion located at A site has four nearest oxygen ion neighbors to
form a regular tetrahedron and is said to be in a site of tetrahedral
coordination. Similarly, A metallic ion in B site surrounded by six nearest
oxygen ion neighbors to form a regular octahedron and metallic ion is in a site
of octahedral coordination. The volume of A site is smaller than that of B site

while both are smaller than the size of diameter of oxygen ion.
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Figure 1. 3. Schematic diagram of the unite cell of spinel structure. [35]

According to the distribution at each site, the spinel ferrites can be roughly
classified into those preferring A sites (Mn and Zn) and those preferring B
sites (Co, Fe, Ni), [36] the former one is normal spinel structure where the 8
divalent metal ions go into the A sites and the 16 trivalent iron ions occupy the
B sites. ZnFe,Oy is a typical example of ferrite in this configuration and their
occupations of the cations may be designated as (Zn*")[Fe’"Fe’*]0,. The later
is inverse spinel structure that the divalent ions have a preference for B sites, 8
divalent ions occupy 8 octahedral sites and the 16 Fe’" ions are divided: 8
occupy octahedral sites and another 8 at tetrahedral sites. It is well established
that Fe;Oy is in inverse spinel structure, its structure could be represented as
(Fe’")[Fe*'Fe’]0,. Besides, some of the ferrites show partial inverted spinel
structure where the cations distributed randomly, leading to a state
intermediate between the normal and inverse structures. In this case the

general formula should be repented by (MZ*yFe3™)Fe3*yM*0,, The X is the



value between 0 and 1 which represents the inversion parameter. It had been
reported MnFe,O4 has partial inverted spinel structure with the precise cation
distributions include the notation (MnZtFe3%)FestMZ10,. [37] What’s more,
certain amount of the divalent cation could be replaced by another type of
divalent metal ions; for example, Zn had been used as substituent in mixed

ferrites in many literatures to achieve higher magnetic moment.

Fe;04 (Magnetite) is the one of most fundamental and important member of
ferrite. It is widespread natural iron compounds and the most ancient known
magnetic substance. Fe;O4in nano-sized had been intensively studied for their
applications in ferrofluids, [38-40] recording material, [41-43] cancer
treatment [44-46] etc. The significance of magnetite nanoparticles also could
be found in the living organisms, for example, magnetotactic bacteria can
build highly organized chains of magnetite nanocrystals to generate a
permanent dipole in their cells as a tool to sense the Earth’s magnetic field for

navigation toward favorable habitats. [47]

Fe;04 shows ferrimagnetic behavior (u,.; = 4up) with the inverse spinel
structure. Fe’" occupy the A site while equal number of Fe*" and Fe®" irons are
placed at B site. For each unit of Fe;O, lattice, there are 32 closely packed O™
ions that embrace 64 tetrahedral and 32 octahedral sites, among them, 1/8 of
the A sites and 1/2 of the B sites are occupied. To reflect the structure, the
chemical formula sometimes could be reflected as Fe’ [Fe’", Fe*"]0,. [48] The

arrangement of spin is like what is shown in Figure 1. 4.
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Figure 1. 4. The arrangement of Fe;O4 spin.

At around 120K, magnetite experiences the Verwey transition and exhibits a
characteristic conductivity jump over 2 orders [49]. In addition, an anomaly in
the temperature dependence of the heat capacity is also clearly detected.
(Figure. 1.5) The name of Verwey transition is after the person who
discovered it in 1939 and the temperature the transition occurred is called
Verwey transition temperature (Ty). Similar metal-insulator transition and also

found in a number of materials besides magnetite.

At transition temperature, Fe;O4 undergoes crystallographic distortion that
transforms from cubic (T > Ty) to monoclinic (T < Ty) symmetry. The change
in crystal symmetry and cation ordering result in dramatic difference in
electrical and thermal properties as shown in Figure 1. 5. [50, 51] Above
Verwey transition, the conductivity of Fe;O4 comes from the thermally
activated fast electron hopping between Fe’" and Fe®* cations at B-sites of

spinel structure. This explanation could be explained by the fact of insulation
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of spinel ferrites that only Fe’" cations located at B sites. Around 120K
(isotropic point, Vj), the easy directions of magnetization change from the
[111] cubic body diagonals to the [001] cube edge directions. In the process of
symmetric transformation (T < Ty), one of the cube edge orientations becomes
the new c-axis and easy magnetic orientation. [52] A drastic change in
structure results in a long-range spatial ordering of Fe’" and Fe®" cations,
effectively preventing the motion of carriers below Ty. It had been reported
that the impurities or nonstoichiometry have a detrimental effect on the
Verwey transition temperature. [53-55] In addition, Veywey transition
temperature is also affected by presence of defects, structural deficiencies or
inhomogeneities. The Verwey transition had been widely applied to identify of
magnetite phase in research and natural samples, however the theories of

Verwey transition still remain embroiled in controversy.
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Figure 1. 5. (a) The temperature dependence of electrical conductivity in
Fe;O4, (b) Anomaly in temperature dependence of heat capacity at
T=Tv.[50,51]

1.2.2 Ferrous alloys

A ferrous alloy is a mixture of iron with other elements, which offer improved
properties relative to their single-metal counterparts and can be tailored to use
for a particular purpose. For example, the presence of different atoms in
ferrous alloys can make it tougher when stressed because it is harder for iron
layers to slide over each other. The addition of a second more stable metal in
iron had been found an effective way to improve corrosion resistance. In
addition, the alloy composition could be chosen to optimize one of a number
of magnetic properties, including the saturation magnetization,
magnetostriction coefficient, and magnetic anisotropy. Figure 1. 6 shows the
Slater-Pauling curve [56] that describes the relationship between the magnetic
moment and the number of electrons per atom. It can be seen iron has the
highest magnetic moment of pure metals and FeCo binary alloy has the highest

magnetic moment for all the metals and their alloys.
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Figure 1. 6. The Slater-Pauling curve.[56]

There are essentially two types of alloys: interstitial alloys and substitutional
alloys. In interstitial alloys, small nonmetallic elements like H, C, N, and B are
incorporated into the space between the closely packed host metal atoms.
Ferrous alloy mainly fall in the category of substitutional alloys, in this class,
the atom of the host element (iron) is substituted by another element in the
same position. The occurrence of such a substitution depends on the
similarities of the properties of the iron and the alloying elements, like crystal
and electronic structure, atomic volume. Ferrous alloy have raised
considerable interest recently due to their unique properties and applications in

biomedicine, magnetic recording, and so on. [57]

FeCo as a typical Fe-3d alloys had attracted much attention due to their
exceptional magnetic properties. They have the highest saturation polarization

of all known magnetic alloys. It measures 2.35 T. [58] In addition, FeCo
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exhibits soft magnetic properties with low coercivity, high permeability, and
high Curie temperature. By adjusting the composition and production
processes, different properties and magnetization curves of FeCo can be
achieved. They are ideal materials suited for applications requiring high flux

densities.

The saturation magnetization of FeCo is regarded as independent of its
microstructure. As can be seen in Figure 1. 7, [59] the maximum saturation is
obtained around 35% cobalt while equiatomic compositions display a
considerably larger permeability. Intense research and efforts over the years
resulted in great improvements in magnetic properties of FeCo alloy and its
relationship with phase transformations. It is commonly believed that Fe—Co
alloy experience ordering transition around 730 °C that the bce structure takes
the CsCl (B2) ordered structure. [60] There had been many works reported that
an increase of saturation has been observed following disorder—order
transition, measurements of the saturation moment show an increase of around
4% after ordering [61-63]. The correlation between the structure transition and
magnetic moment in turns has been used as an indicator of the order
parameter. As for coercivity, FeCo alloys show soft magnetic behavior and its
coercivity of the samples sensitively depended on the microstructure, in
general, affected by defects, including dislocations, grain boundaries, and

precipitates. The coercivity FeCo in the easy axis is on the order of 10 Oe. [64]
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Figure 1. 7. The dependence of maximum saturation of FeCo alloy on Co
compositions. [59]

FePt is a ferromagnetic binary Fe-5d alloy known from the past. It is known
that the miscibility of two metals in alloy is reduced by lattice distortions
originated form atomic sizes difference.[26] Compared with Co (3d metal) as
discussed above, the solubility of Pt (5d metal) in iron is lower because its
bigger difference in size with iron. There are two different crystal structures of
stoichmertic FePt, face center cubic (fcc, Al) phase and L1, phase. The crystal
structure A1 phase and L1, phase is shown in Figure 1. 8. The crystal structure
of Al phase FePt has a c/a ratio of 1 while L1y phase has c/a ratio of 0.968.
[65] The Al phase is magnetically soft phase which superparamagnetic
behaviors at sub 10 nm scales while L1y phase shows ferromagnetic behavior
due to the huge magnetic anisotropy from the coupling of 3d and 5d electrons.
[26] The disordered FePt A1 phase to ordered L1, phase transited at a specific

temperature. It had been reported that the transition temperature and
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perpendicular anisotropy of FePt are dependent on the buffer layer and process

employed. [66-68]
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Figure 1. 8. The crystal structure of disordered (A1) and ordered (L1y) FePt
phase.

The ordered L1,-FePt alloys possess very excellent hard magnetic properties
with the saturation magnetization 1.4T, Currie temperature of 750K,
coercivity Hec = 1-10 kOe and the magnetocrystalline anisotropy 7.0 x 10’
erg/em’. [69, 70] In addition, due to the Pt content, FePt alloy shows very
good corrosive and wear resistance when compared with Fe metal. Recently,
L1o-FePt has received much attention due to its extremely high-magnetic-
anisotropy energy, which meet the demands of applications in information
technologies. For magnetic recording, as the recording bit is down to 10 nm
scale, the recording bit might flip itself and result in recording data unstable
because of thermal agitation. As a solution, ordered L1,-FePt material with
high Ku (magnetic anisotropy constant) value can effectively stabilize the spin
state against thermal agitation. According to the report of Weller in 2000, [71]

the high magnetic anisotropy energy of ordered L1, -FePt allows for thermally
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stable grain size down to 3 nm, therefore, realizing a magnetic medium
capable of recording densities of the order of 1 Tb/in >. Other applications of
L1o-FePt material are permanent magnet or bias layer for spin electronic

devices.
1.3 Applications

1.3.1 Overview

Till now, magnetic Fe-based nanomaterials had found its applications in wide
range of fields. Bimetallic ferrous alloy FeX (X= Mn, Co, Ni, Zn, Pt, etc) with
various magnetic properties had been studied for the use in data storage,
medicinal imaging, magnetic ampllifiers, chemical sensing, magnetic
resonance imaging contrast agents, targeted drug delivery carriers and so on.
[72-74] Similarly, Magnetic Ferrites, MFe,Os (M =Fe, Mn, Cu, Zn, Ni,
Co, Mg, etc.), had been used in almost all fields by virtue of their interesting
electrical and magnetic properties. They are used in transformer cores, antenna
rods, memory chips, high density magnetic recording media, permanent
magnets, transducers, activators microwave and computer technology and so
on. [75, 76]Additionally, The nanocrystalline ferrites had been studied for use
in new fields like magnetically guided drug delivery, magnetic resonance
imaging (MRI), catalyst, humidity and gas sensors, magnetic fluids etc. [77,

78]

To further understand the applications of magnetic Fe-based nanomaterial, we
will present a detail study of their two most important uses: biomedicine and

microwave applications.
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1.3.2 Biomedicine application

The biomedical application of magnetic Fe-based materials, mainly ferrous
alloy and ferrites nanoparticles, could be classified in terms of the application
inside (in vivo) or outside (in vitro) the body. The vivo applications could be
further grouped in therapeutic (hyperthermia and drug delivery) and diagnostic
like magnetic resonance imaging (MRI). For vitro applications, the main use

of magnetic nanoparticles is in diagnostic (separation/selection).[79]

Magnetic nanoparticles have been regarded as an effective carrier to deliver
anti-cancer drugs to the designated location such as cancerous tissues. The
external magnetic field allow the drugs that are entrapped, attached, adsorbed,
or encapsulated into or onto MNPs to the desired target area, fix them at the
local site while the medication is released and act locally. Magnetic ferrite
(Fe304) has been used to guide radionuclides to vivo liver tissue in rats. [80]
Therapeutic applications are feasible by further conjugation with other

medicals.

The ferrites, FeCo, FePt and other Fe-based nanomaterials with high imaging
contrast effects now had been used for diagnosis of cancer in different organs
such as the liver, brain, spine and musculoskeletal systems. For example, FeCo
nanoparticles had been reported with ultra-high R1 and R2 relativities. (The
definition of R1 and R2 is given by the relation rate of solution with and
without contrast agent) Mesenchyme stem cells are able to internalize these
nanoparticles, showing high T2-contrast enhancement (T2 transverse

relaxation time is used to quantify the rate of the decay of the magnetization
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ithin the xy plane.) in MRI and long-lasting T1-contrast enhancement for
vascular MRI in rabbits was also achieved. (Spin-lattice relaxation T1 and
spin-spin relaxation T2 describe the gain and loss of magnetization in the z-

direction and x,y-direction respectively) [81]

Hyperthermia is a therapeutic procedure that is based on the fact that the
cancer and healthy cells show signs of apoptosis at temperatures above 41—
42°C. [82-84] Thermal energy from hysteresis loss of magnetic nanoparticles
by Neel and Brownian relaxation can be used in hyperthermia. As shown in
Figure 1. 9, [85] The Brownian relaxation the of the nanoparticle rotates
because of the magnetic torque arising from the misalignment of external field
and magnetic moment, the orientation of magnetic moment is fixed with
respective to the field. On the other hand, in Néel relaxation, magnetic moment
rotates when the nanoparticle is stationary. Several ferrites MFe,O4 (M = Fe,
Mn, Zn, Co, etc.) as well as ferrous alloys (FeCo, FeNi) nanoparticles had
been investigated for use for hyperthermia.
N
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Figure 1. 9. Illustration of Néel and Brownian relaxation of magnetic material.
[85]
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1.3.3 Microwave application

With the developments of electronic, telecommunication and radar
technologies, magnetic materials for high-frequency applications are growing
importance. For high-frequency applications, ferrite components are
extensively employed for their high specific resistance, remarkable flexibility
in tailoring the magnetic properties and ease of preparation. [86] Although
metallic ferrous alloys with very thin laminations offer the benefit of higher
polarization, they can only be applied in the low frequencies range where the
losses caused by the skin effect are not too severe. [87] Thus, to allow the total
penetration of electromagnetic fields, ferrites as nonconductive oxides usually
are chosen for use in high-frequency applications such as telecommunications
and radar systems. Microwave technology requires frequencies and
bandwidths up to 100 GHz, at such high frequency, the traditional way of
transmit electrical energy can not work because the electric energy is radiated
(power loss) via electromagnetic wave. At high frequency, the domain walls
are unable to follow the fields and absorption of microwave power takes place
by spin dynamics. The frequency dependent permeability is crucial for the
microwave performance. The permeability p is a complex parameter that is

composed by a real part and imaginary part. It is given as: [88]

1= polr = Ho(Hr — Hr') (1.1)
Where p, equal to the permeability of free space and the pu, relative
permeability, u; and p; are the real part and imaginary part. For most metals

used as conductors for microwave applications, the relative permeability p,.
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=1. The typical permeability spectrum of ferromagnetic material is shown

below (Figure 1. 10 [89])
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Figure 1. 10 Illustration of Frequency dependent permeability spectrum of
ferromagnetic material. Note that the eddy current loss is neglected. [89]

The spectrum of the ferromagnetic materials is divided into 5 regions. In the I
region, where frequency <10* Hz (low frequency band), u,’is constant and
) almost zero. II region is the band in the frequency between 10*-10° Hz, in
this mid frequency band, the magnetic internal friction peak; dimensional
resonance and magnetomechanical-coupled resonance are possible to be
observed from the pattern. [89] At the region of higher frequency (10°-10° Hz),
domain wall resonance and relaxation dominate. The microwave band is in the
range from 10%10'" Hz, natural resonance dominates and resonant peak can be
found in p) curve. When the frequency above 10'° Hz, the main contributor

is the internal exchange field. For our study, we focus on the microwave
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frequency band IV, where the nature resonance is the main contributor. The
resonance frequency of materials is of great significance as it indicates the
upper limit of working frequency. If the frequency over the resonance
frequency, the material will become useless as the relative permeability drops

rapidly.

In practical use of ferrites for microwave applications, the most frequent use is
usually from 3GHz to 30GHz. [90] The loss of absorption of microwaves
energy by ferrites involves with defects and the anisotropy field distribution as
well as the electrical conduction. At high frequencies, the dominant cause of
energy loss is the electrical conduction, thus, the resistivity of the ferrites

should be given the first consideration.

1.4 Motivations and objectives
As mentioned before, the active search for Fe-based nanomaterials that benefit
for different applications is under way. The hot issues and challenges in this

research community include:

(1) The nano-scale particles with high saturation magnetization are expected
to be superior, as they are favored for the application in biomedicine, like,
hyperthermia and magnetic resonance imaging (MRI) medium agent.
Therefore, metal oxides and transition metals with high saturation
magnetization have been the focus of recent fundamental and
technological studies. For example, Fe;O4 nanoparticles have been used
for biomedicine over 40 years as it has very good compatibility and ease

to functionalize. [90] In addition, the FeCo alloy nanoparticles were of
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interest for their highest saturation magnetization under ambient
conditions. However, some synthesis protocols reported for ferrous alloys
nanoparticles fabrication involved either an expensive, toxic and explosive
iron organometallic compound or under a highly reducing protection
environment such as Hj or using a toxic reducing agent. Therefore, it is

crucial for exploring of a safe and clean method.

It is well known that the morphology of nanoparticles is very crucial for
their performance in different applications. In this way, a lot of study had
been focus on the effects of surfactants, reducing agents and temperature
on morphology and properties of nanoparticles. However, the effect of
external magnetic field on shapes and properties of nanoparticles has not
been widely investigated. The advantage of controlling magnetic
nanoparticle growth with external magnetic field is that there is no
chemical contamination and it can induce magnetic anisotropy to the
synthesized nanoparticles. Thus, it is meaningful to investigate the
influences of external magnetic field on the morphology and properties of

magnetic nanoparticles.

(3) A lot of iron-based spinel oxides appear as versatile because of their

complex structure. This versatile material could be used as spintronics as a
conductive electrode in magnetic tunnel junctions or as a spin-filtering
insulating barrier in spin-filter. Some magnetic oxides like EuO had been
studied for use in insulating barriers in spin filters devices, however,

because of the low Tc of the material, the working temperature is only as
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low as several kelvins. Thus, the spinel ferrite is a promising candidate.
Though some spinel ferrites such as NiFe,O4, CoFe,O4 had been studied
to use for magnetic insulating barriers in spin filters devices, [92] the
studies have not been very intensive. There are still much remains to be

explored concerning their properties and potential applications.

(4) Furthermore, till now, most film growth techniques used for deposition of
ferrite and ferrous alloy films are physical and chemical vapor deposition.
It had been reported that physical and chemical vapor deposition could
deposit high-quality and epitaxial ferrite films. However, as vacuum is
frequently required, their high cost limits their application. In addition,
these techniques are limited to the fabrication of thicker magnetic films in
order of submicron and micron meter. Thus, solution-based film
deposition methods had been used for growth of films with comparable
quality. It had been studied that within reasonable control, solution-based
methods can produce films with good structure and quality of epitaxy.
[93] However, most ferrite films fabricated by solution-based methods
have rough surface and weak adhesion, restricting them to achieve full
industrial potential. Most importantly, a general and facile method for
broadly deposition of different ferrites has not been demonstrated, which

inspires the continuous and systematic exploration.

The overall purpose of this project was to develop the fabrication method and
investigate the properties of ferrites and ferrous alloy such as Fe;04, FeCo and

FePt in both the nanoparticle and film forms, as well as explore some
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promising uses of magnetic Fe-based nanomaterial for biomedicine, power and

other applications.

The specific objectives were

(1

)

A systematic study on synthesis of magnetic ferrites materials via
thermal decomposition technique. Fe;O4 nanoparticle and films as the
typical ferrites was investigated as the starting work in Chapter 3 and
4. Specifically, the microstructure and fundamental properties of
Fe;04 nanoparticle prepared by thermal decomposition were explored
by introduction of external magnetic field and change of preparation
conditions, such as, reaction temperature, holding time and so on.
Most importantly, in order to overcome the limitation of traditional
solution-based deposition methods, we developed a universal and
facile wet chemical strategy to deposit thick epitaxial Fe;O4 and (Co,
Ni, Mn and Zn) ferrites with excellent surface and interface

morphology.

Besides ferrites, ferrous alloys as another important class of Fe-based
nanomaterial were investigated in later part of work. Typical Fe-3d
ferrous alloy, FeCo nanoparticle was fabricated through a safe and
clean fabrication process and this process was proven also capable to
produce Fe;O4 and Co nanoparticles. In addition. The facile wet
chemical method developed for deposition of ferrites in earlier work
was extended to fabricate FeCo film. A further study on ferrous alloys

was focused on the typical Fe-5d alloy, FePt. Similar to that of FeCo,
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3)

FePt nanoparticles and films were synthesized via chemical route. In
Chapter 5 and 6, we gained a deep understanding of the relation
between the growth condition, compositions, microstructure and the

magnetic properties of FeCo and FePt alloys.

An exploratory study on potential applications of as-synthesized Fe-
based nanoparticles and films. This study focuses on biomedicine
applications for Fe-based nanoparticles. In particular, the influence of
magnetic-field-induced shape change on hyperthermia properties of
Fe;04 nanoparticles and the biocompatibility of monodispersed FeCo
nanoparticles were investigated. Moreover, epitaxial thick Fe;O4 films
were studied for their high frequency and power applications. L1o-
FePt film, with the tailored magnetic properties, showed promising use

for data storage.
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Chapter 2 Characterization Techniques

2.1 Structural characterization

In my thesis, a series of characterization had been used for studying properties
of as-synthesized samples. Crystallographic structure was studied by X-ray
diffraction (XRD) and surface chemical analysis was studied by X-ray
Photoelectron Spectroscopy (XPS). Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) were employed for observation of
morphology and analysis of microstructure. Energy-dispersive X-ray
spectrometer (EDS) was applied for analysis of elements while atomic force
microscopy (AFM) for the study of surface topography. The thickness of film
was detected by Profilometer. The magnetic properties were studied by
vibrating sample magnetometer (VSM) and superconducting quantum
interference device (SQUID). The electric properties were studied by Physical
Property Measurement System (PPMS). The microwave properties were
studied in an APC7 coaxial line mode at room temperature with an Agilent
PNA E8363B network analyzer. The magnetic hyperthermia properties of
magnetic nanostructures were characterized by a heat induction machine. The

fundamental principles and details are described in this chapter.

2.1.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is the most used techniques for study of
crystallographic structure in research. It is a kind of non-destructive analytical
technique that is widely used for identify crystalline phase, calculate lattice

constants and grain size as well as check the preferred orientation, etc. [1]
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The technique of XRD is based on the elastic scattering between the X-rays
and a crystalline sample. When the X-ray beams hit an atom, the electrons of
atoms absorb the energy and oscillate around their position with the exact
same frequency with that of incoming bean. After that, the oscillating electron
reradiates X-rays with particular frequency. However in the crystalline
structure, the atoms all aligned in an organized order and the scattered X-rays
interact constructively in different directions, which result in diffraction
pattern on a detector. Brag diffraction was first proposed in 1913 by physicists
William Lawrence Bragg and William Henry Bragg that clearly explain the
phenomenon of reflection of X-ray of cleavage faces of crystals at certain
specific wavelengths and incident angles. [2] The Fundamental principle of

XRD is based on Bragg’s law as shown in Figure 2.1.

d-sino

Figure 2. 1. Schematic illustration of Bragg’s law.[1]

The crystal is a set of parallel planes with certain distance in bragg’s model.
The constructive interference occurs when the phase shift is a multiple of 2.
Thus, diffraction occurs if the equation of Bragg's Law is satisfied:

2dsinf = nA (2.1)
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Where n is an integer corresponding to the order of diffraction, A is the
wavelength of incident X-ray, d is the inter-planar spacing of reflecting planes

and 0 is the angle of the incidence relative to the reflecting planes.

In our study, a Bruker D8 ADVANCE XRD system with monochromatic and
Cu Ka radiation (A = 1.54056 A) was used for phase characterization.
Crystallographic information was collected using the standard 6-20 scan. The
sample in the test is rotated by the angle of 6 while the detector is rotated by
20. The phase of material was compared and identified with that of standard

database (Joint Committee on Powdered Diffraction Standard (JCPDS)).

In addition, the quality of film texture was studied by the full width at the half
maximum (FWHM) of rocking curve, which is conducted by 6 scanning at a
fixed 20 angle. Glancing angle scan (GAXRD) is a method that can render the
XRD measurement more sensitive to the near surface region of the sample and
minimize the substrate contribution on the diffraction response. GAXRD is
performed with a parallel monochromatic X-ray beam falls on the sample
surface at a fixed low glancing angle so that only few tens of nanometer under
the film surface could be detected. In addition, @-scan tested by Bruker D8

Discover system was used to study the film in-plane alignment.
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2.1.2 Scanning electron microscopy (SEM)

The scanning electron microscopy (SEM) is a type of electron microscope that
is used to observe the surface of sample through scanning with electron beam
in a raster scan pattern. [3] The atoms of observed sample are interacted with
the electrons that generate signals containing the surface topography

information. The illustration of a typical SEM is shown in Figure 2. 2.

Electron gun

Electron beam

Condenser lens

Scan coil

Objective lens

BSE SE

Sample

Figure 2. 2. Schematic illustration of SEM.[3]

The electrons are emitted from an electron gun fitted with a cathode and
accelerated towards an anode by certain potential. The electron beam with the
energy in the range from few hundreds eV to 50 keV is focused to a very fine

spot size of 0.4 to 5 nm by condenser lens and objective lens. After that, the
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electron beam goes through scanning coil and start scanning the surface of the
sample in a raster mode. The atoms of sample interacted with incoming
electron beam and eject secondary electrons, backscattered electrons, primary
electrons and characteristic X-rays. The ejected electrons are transferred to
signals and collected by detected. These signals are displayed as variations in
brightness on a monitor after amplified by electronic amplifiers. The pixel that
is shown on pc screen is exactly corresponding to the position on the sample.
Different signals have different functions; secondary electrons are usually used
to observe morphology while back-scattered electrons, reflected from the
sample by elastic scattering, can be used to obtain the information like,
elements distribution, contrasts of composition in samples with more than one
phase. In this thesis, a SEM system Zeiss Supra 40 was used to observe
morphology of samples. The beam energy was set to 5 -12 keV and the

samples are attached by aluminum tape to avoid charging effect.

2.1.3 Energy-dispersive X-ray spectrometer (EDS)

EDS is measurement that is used to qualitatively and quantitatively analysis
element in sample. The information of localized chemical analysis is obtained
from X-ray spectrum emitted by a solid sample that is bombarded with a
focused beam of electrons. This technique is able to detect the elements from
atomic number 4 (Be) to 92 (U), however, the light element with the atomic
number less than 10 may not be detected by all instruments. The EDS
qualitative analysis is very straightforward and it is based on the analysis of
lines from spectrum. Quantitative analysis gives details of concentrations of

the elements present and the information from the measurement of intensities
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of line for each element and for the elements in calibration standards of known
composition. This technique could be used for study of element distribution by
scanning the beam in a television-like raster mode, the intensity of selected X-
rays is displayed and the element map is produced. In addition, specific mode
of EDX can be chosen to gain the information like surface topography or mean
atomic number differences from the images. An X-ray spectrometer
component is usually attached to the scanning electron microscope (SEM).
The SEM-EDS system not only can produce electron image but also element

map and point analysis.

In this project, EDS (Cambridge) that is equipped within Philips XL30-FEG
SEM system was used for elements analysis. The beam energy was set to 10

~20 keV. The working distance was 8§ mm and collecting time was 60 seconds.

2.1.4 Transmission electron microscopy (TEM)

Among all techniques so far, transmission electron microscopy (TEM) is the
most advanced and powerful for the investigation of microstructure of sample.
TEM had been used by researchers for studying crystal structure, orientation,
composition as well as the dislocations. A typical TEM system is composed of
an electron gun, a condenser lens system, objective and intermediate lenses, a
sample chamber, projector systems, vacuum systems and a sample holder. The
most common TEM have thermionic guns, which can generate accelerating
electrons beams with potential range of 100-400 kV, this high-energy electro
beam hit on sample with thickness around 100nm. In this process, some

electrons pass through the sample directly while others are scattered.
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There are two types of images modes that are dependent on the choice of
objective apertures in TEM. [4] The schematic illustration of TEM in bright
field mode is shown in Figure 2. 3, Bright filed mode is very common method
used to create an image and also the most basic one. In bright fields mode, the
objective aperture is placed on axis with the transmitted beams, thus, only the
transmitted electrons can pass through. In this mode, the contrast formation of
image is formed directly by absorption of electrons. The thicker area of sample
or regions with higher atomic number will appear dark. Dark field is an
imaging mode to observe the diffracted electron beam, different from that of
bright field mode, the aperture is positioned off axis from the transmitted
beams that only the directed electrons can pass through. In the image gained
from this mode, the diffracted beam appears bright and the not diffracted
electrons appear dark. Dark field mode is usually used to study crystalline
grains and defects. In our study, another type of image mode is often used to
observe the very details of sample. This mode is called as high-resolution
imaging (HRTEM) where a large objective aperture is used, allowing the pass
of both transmitted and diffracted beams. The image obtained from HRTEM is
formed with the interference of the diffracted beams with the transmitted
beam. The sample that is prepared for the observation on this mode should be

less than 10nm to allow more electrons to go through.
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Diffracting Sample

Objective lens

Transmitted beam Diffracted beam

Back focal plane

Objective aperture

Figure 2. 3. Schematic illustration of TEM (bright field mode).[4]

Besides image mode, TEM also offer the diffraction mode, which can be used
to study the crystal structure and lattice parameters of sample. The electron
diffraction pattern is obtained on the fluorescent screen, originating from the
sample area illuminated by the electron beam. For a single crystalline material,
the image on the screen is a series of spots. Each spot refers to a satisfied
diffraction condition of the sample's crystal structure. For polycrystalline
material, a series of rings will be observed while for a glassy or amorphous
material, a series of diffuse halos. According to the diffraction pattern, the

inter-planer spacing can be derived using the equation: [4]

R=AL/ dna (2.2)
Where dyy is the inter-planer distance for a particular set of reflecting planes
{hkl}, R is the distance between the diffracted spot and the center spot on the
focal plane, A is the wavelength of the electron beam and L is the distance

between the sample and the back focal plane.
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In the work, a JEOL 3010 TEM was used to study the crystalline. The
operating voltage is 300 kV. Nanoparticle samples are prepared by drying on a
copper grid while film samples are treated with a mechanical polishing
followed by an ion milling to perform final stage thinning. The Bravman-

Sinclair method is used to prepare cross-sectional specimens.

2.1.5 Atomic force microscope (AFM)

Atomic force microscope (AFM) is one kind of scanning probe microscopes
(SPM) for determining the surface topography of specimens at sub-nanometer
resolution. The AFM operates by measuring atomic, Van der Waals force,
chemical bonding, capillary force electrostatic force and magnetic force, etc,
between sample and probe. [5] As sketched in Figure 2. 4, the probe mounted
on soft cantilever is as sharp tip usually with 3-6 um tall and pyramid with 15-
40 nm end radius. The probe interacts with the surface of sample and the force
generated deflected the cantilever. The vertical and lateral deflection of the
cantilever can be measured by the optical lever via reflection of laser beam.
The reflected laser beam strikes a position-sensitive photo-detector with four-
segment photo-detector. The generated electric signal is sent to a feedback
loop to monitor and adjust distance to maintain a constant tip-sample
interaction force during sample scanning. The obtained information then

converted to image that reveal topography of sample.
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Figure 2. 4. Schematic illustration of AFM. [5]

Cantilever tip

In contact mode, AFM use feedback to regulate the force on the sample. The
AFM not only measures the force on the sample but also regulates it, allowing
acquisition of images at very low forces. The feedback loop consists of the
tube scanner that controls the height of the tip; the cantilever and optical lever,
which measures the local height of the sample; and a feedback circuit that
attempts to keep the cantilever deflection constant by adjusting the voltage
applied to the scanner. A well-constructed feedback loop is essential to

microscope performance.

For the surface analysis, there are three basic image modes, contact mode,
tapping mode and non-contact mode. In contact mode, AFM not only measure
the force but also use feedback to regulate the force, allowing acquisition of
images at low forces. This mode may cause some damage on surface of very

soft materials. In tapping mode, the cantilever oscillates near its resonance
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frequency. As the name suggests, the tip only slightly tap the surface of sample
then its oscillation decrease. This mode eliminates the shear force and is
preferred for measurement of soft sample as it cause less damage and produce
higher image resolution. In non-contact mode, the cantilever oscillates at a
frequency higher than its resonance frequency. This mode is capable for the

test of liquid.

2.1.6 X-ray photoelectron spectroscopy (XPS)
XPS (X-ray photoelectron spectroscopy) is a non-destructive technique that
can be used to study the elements composition, electronic state of the elements
and empirical formula of a material. [6] A typical XPS system is composed of
an X-ray source, an ultra-high vacuum stainless steel chamber, an energy
analyzer, an electron collection lens, an electron detector system and a sample
stage. The XPS is conducted by irradiating the sample surface with a soft (low
energy) X-ray. This soft monoenergetic X-ray excites the electrons of the
atoms and these electrons will be emitted from the atom as a photoelectron if
their binding energy is lower than that of X-ray energy. Only the
photoelectrons at very outer surface in the range from 10-100 Angstroms are
able to escape from the surface for surface analysis technique due to the small
mean free path of electrons in solids. The XPS spectrum is obtained by
measuring the kinetic energy and the number of emitted electrons.
The kinetic energy (KE) can be can be measured as: [6]

KE =hv - BE — Qs (2.3)
Where hv is the energy of photons, BE is the binding energy of the atomic
orbital from which the electron escapes and ¢s is the work function of
spectrometer. A typical XPS spectrum consists of a series of peaks
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corresponding to the binding energies of the photoelectrons that produce these
peaks. From XPS spectrum, we can gain direct information of element species
as each element has its own characteristic peak. The quantitate analysis of
element could be achieved by normalization and correction of each XPS signal
with its relative sensitivity factor. The chemical states of element is

corresponding to the position in the XPS spectra.

In this work, chemical states of iron were investigated by X-ray photoelectron
spectroscopy (XPS, ESCA LAB 220i-XL spectrometer). The energy source
was a non-monochromatic magnesium X-rays corresponding to a photon
energy of 1253.6 eV. The total energy resolution was 900 meV. The XPS

spectra were fitted by XPS peak 4.1 software.

2.1.7 Profilometer

The thicknesses of films are measured by profilometer. The profilometer
measures the surface topography with a stylus that moves laterally across the
sample surface with a constant force. The fluctuation of stylus caused by the
change of height of sample surface generates an analog signal, which could be
converted into a digital signal. The digital signal is recorded as a function of
position and the surface parameters are calculated by specific software. A
typical profilometer can measure small vertical features ranging from 10

nanometres to 1 millimetre.

In our study, a KLA-Tencor P-12EX Disk Profiler was used. It scans with a
stationary stylus and a moving sample stage. The scan speed is in the range

from 1 um/sec to 25 mm/sec.
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2.2 Magnetic property characterization

2.2.1 Vibrating sample magnetometer (VSM)

Vibrating sample magnetometer (VSM) is a most commonly used technique to
measure the magnetic properties of the sample. The measurements could be
performed on solids, powders, single crystals, thin films, nanostructures and
liquids and in the temperature form 4k to 1273k. The working principle of
VSM is based on Faraday’s law, [7] which states that induced electromotive
force in any closed electrical circuit when there is a change of magnetic flux
through the circuit.

V(t)=-C-dd/dt (2.4)

Where C is a constant. A schematic illustration of VSM system is shown in

Figure 2. 5.
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Figure 2. 5. Schematic illustration of VSM.

In the measurement setup, a magnetic sample is positioned in around two
pickup coils. The oscillator gives sinusoidal signal that is translated by the

transducer assembly into vertical vibration. Sample is fixed on a non-magnetic
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sample holder is placed in the middle of two electromagnets, vibrating with a
given frequency and amplitude. The stationary pickup coils are mounted on
the poles of the electromagnet with the symmetry center coincides with the
magnetic center of the sample. The induced signal in the pick-up coil is
proportional to magnetic moment of sample, but independent on the external
applied magnetic field. The lock-in amplifier measures the electrical signal and
transfer to magnetic moment of sample. The hysteresis loop is drawn by

plotting the magnetic field strength H against the magnetic induction B.

In this project, VSM (Lakeshore, Model 7404) was used to measure the
magnetic properties of sample at room temperature. The calibration of
equipment by Ni foil is conducted before the sample measurement. The sample

was mounted on the holder with a Teflon tape.

2.2.2 Superconducting quantum interface device (SQUID)
A superconducting quantum interference device (SQUID) is a highly sensitive
magnetometer used to measure extremely small magnetic fields. It consists of

two superconducting rings separated by thin insulating layers (Figure 2. 6)
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Figure 2. 6. A schematic diagram of SQUID system.
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This technique is based on the Josephson effect [8] (superconductor-insulator-
superconductor junction) and on the magnetic flux quantization in ring. The
device is extremely sensitive to magnetic fields and is capable of detecting
magnetic moment in the range of 10°-10® emu, enabling very precise
magnetic measurements. In addition, SQUID system allows very accurate
control of temperature in the range from 2 to 400 K. Thus, the great sensitivity
of SQUID make it widely used in the fields where the strong magnetomerts are

needed, for example, physics, archaeology, and geology.

In this project, a superconducting quantum interference device (SQUID,
MPMS, Quantum design, USA) was used for examination of magnetic
properties of samples. The measurements include hysteresis loops, zero-field-
cooled (ZFC) and field cooled (FC) magnetization curves. Both ZFC and FC
are temperature dependent by which we can study the magnetic behaviors of
sample at various temperatures. In the ZFC mode, the sample is first cooled in
zero field to the desired temperature, then selected the magnetic field is
applied and the magnetization is measured in the warming up process. In the
FC process, the sample is cooled down at selected magnetic field and the
magnetization of sample is recorded during warming process. The sample in
5%5 mm is mounted on sample holder provided by Quantum Design. The
magnet was reset before measurement to remove the remnant magnetic field
trapped in the superconducting coils. The data collected is corrected by

subtracting the contributions from the substrate and holder.
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2.3 Electric property characterization

2.3.1 Physical property measurement system (PPMS)

The physical property measurement system (PPMS) is multi-functional
equipment instrument offering the options for measuring a large variety of
physical properties. The basic setup of PPMS is consisted of dewar with the
superconducting magnet, pump for evacuating the sample chamber, power
source and a lock-in amplifier. A schematic diagram of PPMS sample chamber
is shown in Figure 2. 7. [9] Typical PPMS contains a number of different
experimental technologies and can detect simultaneous thermal, magnetometry
and electro-transport properties of materials by equipped with a temperature
controller, magnetometer, AC transport and resistivity probe as well as a

number of optical and surface microscopes.

Magnet
Thermometer

Sealed sample space
Cooling annulus

Puck
Heater

Dual impedance
system

Figure 2. 7. A schematic diagram of PPMS sample chamber. [9]

The measurements of PPMS can conduct include AC Transport (AC

Resistivity, Hall Coefficient, I-V Curve, Critical Current for superconductors),
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DC Resistivity, and Heat Capacity for small samples as a function of magnetic
field strength, pressure and temperature. The PPMS machine is controlled by
user-friendly software that can control and monitor environment aspects
(excitation voltage, frequency, and current) in the experiment. Most of the
experimental options can be programmed in the temperature form 1.9 — 400 K

with applied magnetic fields up to 9 T.

The samples that is cut to around 2mm x 2mm are inserted in the sample
holder which contains pre-wired electronics to measure the functional
properties. The sample chamber is vacuumed to 5A~10" Torr in order to avoid

oxidization.

2.4 Magnetic hyperthermia

The basic principle of magnetic hyperthermia is based on the usage of heat
generated form magnetic nanoparticles under alternating magnetic field to kill
the tumor cells. As shown in the Figure 2. 8, magnetic hyperthermia system is
composed with AC power supplier, cupper coil and a temperature
measurement system. The AC magnetic field generated from AC power
supplier transfer the energy to the sample that is placed in the coil, generating
heat through relaxation. The change of temperature caused by the heat

produced is recorded by thermometer.
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Figure 2. 8. A schematic diagram of magnetic hyperthermia system.

In this thesis, a magnetic hyperthermia system (Shenzhen Shuangping, SPG-
10-I1) was used to test the heating performance of nanoparticles. Specific
absorption rate (SAR) value is used to evaluate the heat dissipation efficiency

and the calculation of SAR value is given by: [10]

AT 1

SAR=C E ; (25)
Where, C is the specific heat of water (4.18 J/g °C), i—: donates the initial slope

of the time-dependent temperature curve. m is weight fraction of magnetic

element.

2.5 PNA network analyzer

A vector network analyzer is an instrument used to measure the magnitude and
phase characteristics of networks, amplifiers, components, and antennas. This
analyzer can compare the incident signal with the transmitted signal or
reflected signal. [11] A typical PNA network analyzer system is composed by
built-in swept signal generator, a test set, a tuned receivers and display. Figure

2. 9 shows a generalized PNA network analyzer block diagram.
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Figure 2. 9. A schematic diagram of PNA Network Analyzer.

In this thesis, the microwave measurement is carried out using PNA Network
(Agilent PNA 8363B). The complex permeability (pu. =p'+ju’’) and
permittivity (e, = €'+je’") of the composites were measured over the frequency

range of 100 to 1300 MHz.

2.6 Evaluation of electrochemical properties

The electrochemical characteristics of materials are evaluated by a three-
electrode cell system with cyclic voltammetry (CV) technique at room
temperature. A schematic diagram of three-electrode cell system is shown in

Figure 2. 10.
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Figure 2. 10. A schematic diagram of three-electrode cell system.

Cyclic voltammetry is a potentiodynamic electrochemical measurement. This
technique is used to obtain information on the thermodynamics of redox
processes and the kinetics of heterogeneous electron-transfer reactions. [12]
The electrochemical properties of a redox system could tell form the
characteristic shapes of the voltammetric waves and their position on the

potential scale.

In this thesis, a platinum sheet and a saturated Hg/HgCl, electrode were used
as the counter and reference electrodes respectively. The working electrode is
the film we deposited and it was fixed with a clamp. Cyclic voltammograms
were recorded in the potential range between -1.2V and OV at scan rates from

10mV/s to 50mV/s.
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2.7 Fabrication techniques

2.7.1 Vapor-based techniques
As of today, a variety of different methods have been developed to grow
magnetic Fe-based nanomaterials. Basically, these methods can be classified

into vapor-based techniques and solution-based techniques.

For deposition of Fe-based films, vapor-based methods are common
techniques used and most of them involve high vacuum systems, such as
sputter deposition, pulse-laser deposition (PLD), molecular-beam epitaxy
(MBE) and chemical vapor deposition (CVD). [13-17] Many works had been
reported that vapor-based techniques could deposit ferrous alloy and ferrites
with excellent interface and surface morphology. The disadvantage of these

procedures is the high cost which restricts their potential application. [18]

2.7.2 Solution-based techniques

There had been a variety of synthesis methods reported to fabricate Fe-based
nanoparticles including perception, micro emulsion mechanical milling in
organic liquids, vapor phase deposition, hydrothermal synthesis under high
pressure and polyol reduction techniques. [19-24] However, among all
techniques developed for the synthesis of magnetic Fe-based nanoparticles,
thermal decomposition as a solution-based wet chemical technique is one of
the most common methods to fabricate monodisperse nanoparticles. Metal
precursor and surfactant are added in heated solution, the nanoparticle will
nucleate and grow at a higher reaction temperature. The size and the
composition of as-synthesized nanoparticle are dependent on the reaction time,

temperature, surfactant and so on. Nearly all metallic ferrous alloys and
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ferrites had been reported synthesized through thermal decomposition.
Synthesis of nanoparticles by the thermal decomposition gives relatively
uniform, small size, single crystal and ferrofluid particles. Take iron oxide
nanoparticles as example, thermal decomposition of the precursor can form
pure iron nanoparticles at first, followed by the oxidation of Fe nanoparticle in
air atmosphere. The formation of different iron oxide phases is controlled by

use of precursor and the solvent or oxidizing reagent.

Apart from synthesis of nanoparticle, solution-based techniques can also be
used to fabricate films. Typical solution-based techniques for ferrites and
ferrous alloy include sol gel techniques, electroplating, and hydrothermal
methods. [25-27] Compared with vapor-based methods, solution-based
techniques are more cost-effective but their disadvantages include poor

morphology, adhesion as well as limitation for thick film fabrication.
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Chapter 3 Magnetic-field-directed synthesis of Fe;O,

Nanoparticles

3.1 Introduction

As mentioned in chapter 1, Magnetic Fe-based nanoparticle have
attracted great attention owing to its diverse biomedical applications in
cancer therapy. [1,2] Therein, magnetite (Fe;O4) nanoparticles (NPs) are
of particular interest as a result of their morphology-dependent physical
and chemical properties. [3-5] Many biomedical applications, such as
magnetic hyperthermia, in vivo magnetic resonance imaging (MRI) and
drug delivery, require Fe;O4 NPs with designated shapes. [6-7] As a
result, controlling the shape and size of magnetic nanoparticles has
attracted enormous interests. [8] Most recently, significant effort has
been made to investigate shape effect on hyperthermia performance of
Fe3;04 NPs, which drives the development of shape controllable synthesis

of Fe304 NPs. [9,10]

Numerous methods have been reported to synthesize Fe;Os NPs
including thermal decomposition, [11] co-precipitation, [12]
hydrothermal growth, [13] electrochemical synthesis [14] and so on.
Among them, thermal decomposition is demonstrated to be the most
effective in shape control of Fe;O4 NPs. [15] Bateer et al. utilized
polyisobutene succimide (PIBSI) to control the shapes of cubic,
cuboctahedral and octahedral Fe;O4 NPs in thermal decomposition

process. [16] Amara et al. synthesized Fe;O4 nanocubes and nanospheres
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via adjusting annealing time during decomposing mixtures of ferrocene
and polyvinylpyrrolidone (PVP). [17] However, previous studies only
focused on small NPs (<50 nm). [16,17] Controlling the shape of large

Fe;O4 NPs (>200 nm) still remains a challenge.

Besides factors such as surfactants, reducing agents and temperature,
magnetic field is also known to be able to influence morphology of
Fe;O4 NPs in hydrothermal [18] and co-precipitation [19-21] synthesis.
More importantly, magnetic field causes no chemical contamination and
can induce magnetic anisotropy to the synthesized NPs. However, the
effect of external magnetic field on shapes and properties of Fe;O4 NPs
in thermal decomposition process has not been investigated according to

our best knowledge.

In this chapter, effect of magnetic field on Fe;O4 nanocubes (250 nm),
nanocuboctahedrons (250 nm) and nanooctahedrons (80 nm) were
investigated. Fe;O4 nanocubes and nanocuboctahedrons of 250 nm were
obtained via applying 500 Oe and 0 Oe magnetic field respectively.
Their magnetic properties were further studied both experimentally and
via first-principles calculation. Moreover, the obtained NPs were coated
with chitosan and well dispersed in water for hyperthermia measurement.
Lastly, the magnetic hyperthermia performance of Fe;O4 nanocubes and

nanocuboctahedrons were compared and discussed.
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3.2 Experimental

3.2.1 Chemicals

Benzyl ether (>98%), oleic acid (>99%), iron (III) acetylacetonate (>97.0%)
were purchased from Sigma-Aldrich. Hexane (95%) and chloroform (99.9%)
were obtained from Fisher Scientific and used as solvents for dispersion of as-
synthesized NPs. Chitosan (low molecular weight) was purchased from Sigma-
Aldrich for coating on Fe;O4 NPs. All chemicals used for synthesis of Fe;O4

NPs in this work were used without further purification.

3.2.2 Synthesis

Fe;O4 NPs were synthesized by thermal decomposition route. In a
typical process, 10 mmol iron (III) acetylacetonate was dissolved in 20
mL benzyl ether containing in a 3-neck flask. 12 mmol oleic acid was
further added into the solution as surfactant and reducing agent. The
mixture was then sonicated for 15 min to ensure uniformity of the
reaction solution. The 3-neck flask was placed under a static magnetic
field generated by two permanent magnets as shown in Figure. 1(a).
Distance between the two magnets was carefully adjusted to set the
magnetic field strength to be 500 Oe. The reaction solution was then
heated up to 170°C for 15 min and finally to 280 °C for another 30 min.
The heating rate in above processes was controlled to be 15°C/min. After
reaction, the black mixture was cooled down to room temperature
naturally. During the whole process, the reaction solution was protected
under a flow of nitrogen to prevent oxidation of the products. Large
Fe3;04 NPs (250 nm) were then separated using a permanent magnet. The

final product was washed for three times using a mixture of ethanol and
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hexane (volume ratio of 3:1) under sonication and finally dried at room
temperature for 48h. Small Fe;Os NPs (80 nm) were obtained by
elongating the heating time at 170°C to 1h with all other conditions fixed.
Fe;O4 NPs synthesized without magnetic field were also prepared by
conducting the above synthesis process without the two permanent

magnets.

3.2.3 Characterization

The morphology of the as-prepared product was examined by field-
emission scanning electron microscopy (FESEM; Zeiss Supra 40).
Elemental information of the samples was analysed by energy-dispersive
X-ray spectroscopy (EDX; Attachment of FESEM). Chemical states
analysis of sample elements was performed by X-ray photoelectron
spectroscopy (XPS; Kratos AXIS Ultra DLD). The shape and size of as-
prepared NPs were determined by transmission electron microscopy
(TEM; JEOL-3010 at 300kV). The crystal structure of the synthesized
product was characterized by powder X-ray diffractometry (XRD;
Bruker D8 Advanced Diffractometer System) with a Cu Ka (1.5418 A)
source. The magnetic properties were characterized by vibrating sample
magnetometer (VSM; LakeShore Model 7407) and superconducting

quantum interface design (SQUID; MPMS 3).

3.2.4 Magnetic hyperthermia study

The as-prepared hydrophobic Fe;O4 nanocubes and nanocuboctahedrons
were firstly transferred to hydrophilic phase by coating chitosan as
surfactant on surface of the NPs. Typically, 10 mg Fe;Oq4

nanocubes/nanocuboctahedrons was dispersed into 1 mL chloroform

61



followed by addition of chitosan (100 mg, 10 mL). The mixture was
shaking in vortex for 4h under ambient conditions. After that, the
remaining chloroform was evaporated at 60°C for 1h. The obtained
solution was centrifuged at 5000 rpm for 6 min. By removing the
supernatant, the resulted precipitate was collected and dispersed in water

for further hyperthermia measurement.

For hyperthermia measurement, 2 mL water-dispersed Fe;O4 solution was
contained in a plastic holder and placed within a water-cooled copper coil
driven by Inductelec A generator (Shenzhen Magtech Company Limited,
China, SPG-10AB-II). The heating behaviour of the sample was studied at
field strength of 560 Oe with applied frequency of 366 kHz. The ambient
temperature was 28°C. The temperature of the sample was modulated by a
fibre optical thermometry unit (LuxtronMD600). The specific absorption rate
(SAR) and intrinsic loss power (ILP) of the sample were calculated by the

following equations. [22]

AT 1
SAR = CEmFe (3.1)
SAR
ILP = —> (3.2)

Where C is the specific heat of the medium (C=4.18]-g~1-°C™1), AA—I is

the maximum slope of the time-temperature curve and mg. is the weight
fraction of the magnetic element in the sample, H and f are applied
magnetic field strength and frequency respectively. Iron concentration of
samples was measured by ICP-OES analysis using a Perkin-Elmer

Dualview Optima 5300 DV ICP-OES.
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3.2.5 First-principles calculations

First-principles calculations were performed using Vienna ab initio simulation
package (VASP) based on density functional theory (DFT). [23] Electron-ion
interaction was modelled by projector augmented wave (PAW) potentials.[24]
Exchange and correlation effects for structural relaxation were approximated
by generalized gradient approximation (GGA) [25] with Perdew-Burke-
Ernzerhof (PBE). [26] The cutoff energy was set to be 400 eV in all
calculations for plane-wave basis restriction. K-points were sampled under
Monkhorst-Pack for Brillouin-zone integration. [27] For (001) surface model,
(\/7 x\/i) R45° surface unit cell and 11 atomic layers with the same top and

bottom terminations were used. Similarly, for (111) surface model, 2X2
surface unit cell and 11 atomic layers with the same top and bottom
terminations were used. For both models, three topmost surface layers on both
top and bottom terminations are relaxed with all other atoms being fixed to
simulate bulk. The forces acting on all relaxed atoms <0.05 eV/A are reached
for ionic relaxation and self-consistency accuracy of 10™ eV for electronic
loops. Surface magnetic anisotropy was calculated by non-collinear
calculations via considering spin-orbital coupling using the algorithm
implanted in VASP by Hobbs et al. [28] For all non-collinear calculations,

. -6 . .
self-consistency accuracy of 10™ eV is reached for electronic convergence.

The most stable surface termination of Fe;O4 (001) and (111) were selected for
study on surface magnetic anisotropy. Extensive work has been done to
evaluate stability of different Fe;O4 surface terminations in literature.

Pentcheva et al. concluded (001)-Fe,-termination is the most stable for (001)
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surface according to DFT calculation and thermodynamic analysis. [29] By
using spin-density functional theory, Grillo et al. reported (111)-Fe-O;-
termination is the most energetically favored for (111) surface.[30] As a result,
(001)-Feoe- and (111)-Feret1-O;-surface model were built for further study on
magnetic anisotropy. Energy E, when applying magnetic field perpendicular
to surface was calculated by aligning magnetic dipole out of surface. Similarly,
energy E, when applying magnetic field parallel to surface was obtained by
aligning magnetic dipole in surface. Several in-surface directions of magnetic
dipole were investigated. The direction of magnetic dipole with the lowest E),

was finally determined for (001) and (111) surface model respectively. Surface
magnetic anisotropy Ks is further obtained using the equation Kg = % for

each model, where A is surface area of model on each side.
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3.3 Results and Discussion

3.3.1 Effect of external magnetic field

(a) Condenser
Temperature Thermo- N, in
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Figure. 3. 1. (a) Schematic diagram of experimental setup of magnetic-
field-directed synthesis of Fe;O4 NPs, (b) and (c) SEM images of 250
nm Fe3O4 nanocubes (field assisted) and nanocuboctahedrons (no
magnetic field) respectively, (d) and (e) SEM images of 80 nm Fe;O4
nanooctahedrons synthesized with and without magnetic field
respectively.
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Large Fe;O4 NPs were synthesized via thermal decomposition with and
without applying magnetic field, whose SEM images were shown in Figure
3.1(b) and (c) respectively. It can be seen that the samples are of good
uniformity in both shape and size. The size distribution of NPs synthesized
with and without applying magnetic field is close with each other. The average
sizes of the two samples are measured to be 250 nm. Under a static magnetic
field of 5000e, Fe;O; nanocubes form in sharp contrast with the
nanocuboctahedrons if no magnetic field is present. The phenomenon suggests
that magnetic field is effective to transform Fe;O4 nanocuboctahedrons into
nanocubes. To further explore the influence of magnetic field on Fe;O4 NPs,
we purposely elongated the heating time at 170°C to 1h and obtained NPs of 80
nm. The SEM images of the 80 nm samples synthesized with and without
applying magnetic field were shown in Figure 3. 1(d) and (e) respectively. It
can be seen that both samples are octahedral regardless of presenting magnetic
field. It is worthwhile to note that a higher magnetic field of 900 Oe was still
found to be ineffective on tuning the shape of 80 nm Fe;O4 nanooctahedrons.
It implies that magnetic field has negligible effect on Fe;O4 nanooctahedrons.
The above findings suggest that Fe;O4 nanocuboctahedrons experience more

significant interaction with magnetic field than nanooctahedrons.
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3.3.2 Structural characterization
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Figure 3. 2. (a) EDX spectrum and (b) XPS Fe 2p spectrum of as-
prepared 250 nm Fe;O4 nanocubes. Inset in (b) XPS O1ls spectrum of the
sample.

EDX analysis was further conducted to obtain elemental information of
the samples. A typical EDX spectrum (250 nm Fe3;O4 nanocubes) is
demonstrated in Figure 3.2(a). The elements detected in all samples are
Fe, O and C suggesting that our samples are free of contamination by
other metal oxides. Moreover, XPS was employed to analyse chemical
states of Fe and O for the nanocubes as shown in Figure 3.2(b). No

satellite can be observed around the binding energy of 715.5 eV for FeO

and 719.0 eV for y-Fe,O3, excluding the existence of FeO or y-Fe,Os in
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our samples. [31] Characteristic Fe 2p peak at 706.6 eV for metallic Fe is
not detected. It ruled out the presence of Fe cluster. [32] Furthermore, Fe
2p12 and Fe 2ps» peaks were fitted for Fe® (green) and Fe*" (blue). The
ratio between Fe’" and Fe** was determined to be 2.06:1 confirming the
Fe;0O4 phase is pure. [33] XPS Ols spectrum is shown in inset of Figure

3.2(b).
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Figure 3. 3. (a), (c) and (d) TEM images and schematic drawings of as-
prepared Fe;O4 nanocubes, nanocuboctahedrons and nanooctahedrons
respectively, (b) HR-TEM image of Fe;O4 nanocubes; Inset in (b)
Fourier transform electron diffraction (ED) image of the corresponding
HR-TEM image, (e¢) XRD spectra of Fe;Os4 nanocubes (blue),
nanocuboctahedrons (red), nanooctahedrons synthesized with (light
green) and without (dark green) magnetic field.

To have a close look at the shapes of synthesized Fe;Os NPs, TEM
images of different samples were further taken as seen in Figure 3.3 (a),
3(¢c) and 3(d), which are nanocubes, nanocuboctahedrons and
nanooctahedrons respectively. The shapes of different samples from
TEM images are in good agreement with SEM images and the size of
Fe3;04 NPs also matches well with SEM measurement. Moreover, high-
resolution TEM ima image of Fe;O4 nanocubes is shown in Figure 3.
3(b). The lattice spacing is measured to be 4.8 A which is determined to
be Fe;O4 (111) plane. The corresponding Fourier transform electron
diffraction image of HR-TEM is shown in the inset of Figure 3. 3(b).
Only one pair of diffraction plane can be observed indicting good
crystallinity of the sample. The crystal structure of Fe;O4 samples were
further characterized by XRD as seen in Figure 3. 3(e). Positions and
relative intensities of diffraction peaks for all samples match well with
the standard Fe;O4 diffraction data (JCPDS no. 88-0135). [34] No a-
Fe,03, FeO or metallic Fe was detected. It is noticed that large NPs (250

nm, blue and red) have obviously stronger peak intensity than that of

small NPs (80 nm, light and dark green).
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3.3.3 Magnetic properties
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Figure 3. 4. (a) Magnetic hysteresis loops of the Fe;O4 nanocube (250
nm), nanocuboctahedron (250 nm), and nanooctahedron (80 nm), (b)
Zero-field-cooling (ZFC) and field-cooling (FC) curves of the 250 nm
Fe3;04 nanocubes.

The magnetic properties of the above dry-powder samples were further
studied using VSM as shown by the hysteresis loops in Figure. 3.4 (a). It
can be seen that both Fe;O4 nanocubes (blue) and nanocuboctahedrons
(red) of 250 nm have saturation magnetization (Ms) of 90 emu/g which

is close to that of bulk Fe;O4 (92 emu/g). Interestingly, Fes;Oy4

nanooctahedrons of 80 nm synthesized with (light green) and without
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(dark green) applying magnetic field have significantly lower Ms of 78
emu/g. Furthermore, the magnetization of nanocubes was also measured
as a function of temperature in conditions of zero-field-cooling (ZFC)
and field-cooling (FC). In a typical ZFC measurement, the sample was
firstly cooled down to 10K without applying external magnetic field. The
magnetization was then measured while raising the temperature to 300K.
In FC measurement, the sample was cooled to 10K under an applying
external magnetic field of 500 Oe. After that, the magnetization
measurement was taken as temperature was rising to 300K. In this study,
both ZFC and FC measurements were taken under a magnetic field of
500 Oe. Figure 3.4(b) shows the ZFC-FC curves of 250 nm Fes;Oy4
nanocubes. A clear and sharp Verwey transition was observed at ~110 K,
which is a characteristic magnetic feature of Fe;O4 and hence confirming

the phase of Fe;O4. [33]
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Figure 3. 5. (a) and (b) Fe;O4 (001) and (111) surface models,
respectively. The corresponding surface magnetic anisotropy Kgs(001)
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and Kg(111) are calculated by aligning magnetic dipole in and out of
surface for each model.

To understand the influence of magnetic field on the shapes of
synthesized NPs, the 250 nm nanocubes and nanocuboctahedrons are
compared in detail. It can be seen in Figure 3.3 (a) that all surfaces of
nanocubes are all (001) plane of Fe;O4 according to Wulff construction.
While for nanocuboctahedrons as seen in Figure 3.3 (c), six of the
surfaces are (001) plane and eight are (111) plane. [36] Thus, as another
point of view, the change in shape from nanocuboctahedron to nanocube
is the formation of (001) plane from (111) plane. Therefore, the magnetic
properties of (001) and (111) surfaces can be crucial in the interaction
between magnetic field and NPs. As a result, first-principles calculation
was performed to investigate the magnetic anisotropy of (001) and (111)
surfaces. [37] The most stable (001) and (111) surfaces of Fe;O4 were
firstly chosen for study as seen in Figure 3.5 (a) and 3.5 (b) respectively.
The surface magnetic anisotropy Ks was evaluated by firstly calculating
the energies of surface model when magnetic dipole is aligning in
surface (E;) and out of surface (E,). Ks is further obtained using the

E| —E . .
*Z—A", where A is surface area of model on each side. The

equation Kg =
obtained magnetic anisotropy of (001) surface (Kgs(001)) and (111)
surface (Kg(111)) are both positive, indicating that both two Fe;Oy4
surfaces have in-plane magnetic anisotropy. Ks(001) is calculated to be
~0.37 erg/cm” which is more than double of Kg(111) (~0.18 erg/cm?). It

reveals that (001) surface has a significantly higher magnetic anisotropy

than (111) surface. Thus, it can be possible that an external magnetic
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field of a fixed direction induces formation of high-anisotropy (001)
surface from low-anisotropy (111) surface. Consequently, the formation
of (001) surface under a static magnetic field might be one of the reasons
for promoting the formation of nanocube. Furthermore, as reported by
Martinez-Boubeta, high surface magnetic anisotropy of NPs results in
enhanced magnetic hyperthermia performance. [6] As a result, a detailed
comparative study of magnetic hyperthermia performance on nanocubes

and nanocuboctahedrons was carried out in the later part.

3.3.4 Hyperthermia properties
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Figure 3. 6. (a) Left: schematic diagram of Fe;O4 nanocubes coated with
chitosan, Right: well-dispersed chitosan-coated nanocubes in water, (b)
Dynamic light scattering (DLS) plots of chitosan-coated nanocubes dispersed
in water; Red: fresh sample; Blue: sample dispersed in water for a week, (c)

73



Schematic diagram of magnetic hyperthermia measurement system, (d) Hyper-
thermia temperature-time dependence curves for Fe;O4 nanocubes (blue) and
nanocuboctahedrons (red) with equal Fe concentration and deionized water

(black).

As reported in literature, toxicity of iron oxide NPs decreases with increasing
particle size from nano-meter (<100 nm) to micron-meter range. [38,39]
Konczol et al. reported that larger magnetite particles induced less
genotoxicity. [40] Zhu et al. found that submicron-sized iron oxide particles
(280 nm) generated less toxic effect than nano-sized particles (22 nm).
[33719.0 eV for y-Fe;0;,] [41] Therefore, we further studied magnetic
hyperthermia  performance of 250 nm Fe;Os nanocubes and
nanocuboctahedrons. The as-prepared NPs were hydrophobic due to attached
oleic acid molecules on the surface, thus they need to be transferred into
hydrophilic phase to be water-dispersible for hyperthermia measurement and
application. We thus coated an additional layer of biocompatible chitosan with
the hydrophobic side connected to oleic acid and hydrophilic side exposed out
as seen in Figure 3.6(a). The coated NPs could be well dispersed in water and
maintained uniform for a week as shown by the photo in Figure 3.6(a) and
their dynamic light scattering (DLS) plots in Figure 3.6(b). The hyperthermia
performance of the solutions was further tested by a hyperthermia
measurement set-up shown in the schematic diagram in Figure 3.6(c). The
resulted temperature-time dependent curves in Figure 3. 6(d) demonstrate that
Fe;04 nanocubes have higher heating rate than nanocuboctahedrons and can
reach 42°C in 600s. Moreover, SAR values of the nanocubes and
nanocuboctahedrons were calculated, which are 1250 W/g and 800 W/g

respectively. The corresponding ILP values are 1.7 nH-m*kg and 1.09
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nH-m?/kg respectively. It can be seen that ILP value of nanocubes is 56%
higher than that of nanocuboctahedrons. The improved hyperthermia
performance of nanocubes may be attributed to increased (001) surfaces
magnetic anisotropy of cubic particles with respect to (111) surfaces of
cuboctahedral ones. [6] The SAR and ILP values suggest that the 250 nm
Fe;04 nanocubes have excellent heating capability, which is comparable to the
performance of superparamagnetic Fe;O4 NPs reported in literature. [42]
Thereby, the large Fe;Os nanocubes demonstrate potential applications in

magnetic hyperthermia therapy.

3.4 Conclusions

In conclusion, we successfully employed a static magnetic field of 500
Oe to manipulate the shapes and surfaces of Fe;O4 NPs synthesized via
thermal decomposition route. The static magnetic field induced
formation of Fe3;Os4 nanocubes (250 nm) in sharp contrast with
nanocuboctahedrons if no magnetic field was present. Fe;Oq4
nanooctahedrons (80 nm) were also obtained by adjusting the pre-
heating time of reaction precursor. We demonstrated that the magnetic-
field-directed synthesis was effective for Fe;O4 nanocuboctahedrons and
had negligible effect on nanooctahedrons. This phenomenon may be
because that Fes;Os nanocuboctahedrons have higher saturation
magnetization or higher magnetic anisotropy. A comprehensive study
was carried out to examine the size, shape, magnetism, crystal structure,
elemental and chemical information of the synthesized samples.
Furthermore, first-principles calculation reveals that surface magnetic

anisotropy of Fe;O4 (001) surface is double that of (111) surface which
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may be crucial for interaction between magnetic field and NPs.
Moreover, the hyperthermia performance of large NPs was investigated.
The NPs were successfully transferred into hydrophilic phase by coating
of chitosan. The hyperthermia heating rate, SAR and ILP values of
Fe3;04 nanocubes synthesized under magnetic field were significantly
higher than those of nanocuboctahedrons obtained without applying
magnetic field. The better hyperthermia performance of cubic particles
might be due to higher magnetic anisotropy of (001) surfaces. In short,
this work may pave the way for future development of magnet-field

synthesis and biomedical applications of Fe;O4 NPs.
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Chapter 4 A facile solution-based method for epitaxial growth

of Fe;0,4 and other ferrite films

4.1 Introduction

In Chapter 3, Magnetic-field-directed synthesis of Fe;O4 nanoparticle and its
hyperthermia properties had been demonstrated. In this chapter, we study the
properties and applications of magnetic Fe;O4 in film form along with its

ferrites counterparts.

Spinel magnetic ferrites in form of Fe (Fe, M),04 with M = Mn, Ni, Zn and Co
have been intensively used in many engineering applications such as generator,
motor, transformer, conductor etc. [1-6] Apart from their chemical stability
and economy, their high resistivity is of particular importance for many high-
frequency applications [7-11] whereas reduction of eddy current is crucial.
Recently, thick spinel ferrite films have attracted increasing attention because
of their great potentials in energy harvester, inductor on chip for power
efficiency and MEMS devices. [12-19] Most film growth techniques used for
deposition of ferrite films are physical and chemical vapor deposition, such as
sputtering, [20-23] pulse laser deposition (PLD), [24-27] molecular-beam
epitaxity (MBE) [28-31] and chemical vapor deposition (CVD). [32-35] High-
quality and epitaxial ferrite films have been reported by physical and chemical
vapor deposition techniques. However, as vacuum is frequently required for
these physical and chemical vapor techniques, their high cost restricts their
potential applications. [36] Besides, these techniques are not suitable for

fabrication of thicker magnetic films in order of submicron and micron meter.
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Wet chemical routes have been widely used for the fabrication of thick oxide
films (including spinel ferrites). [37-40] However, post heat-treatment is
frequently required for the formation of the required phase(s). Their relatively
poor adhesion can limit applications. These films usually have an isotropic
crystallographic nature, which sometimes is not favorable for the optimization
of magnetic properties (for example for ideal remanence, coercivity and

magnetic anisotropy).

Based on the above discussion, solution-based film deposition methods had
been investigated for epitaxial growth of thicker ferrite films with comparable
quality. Compared with extensively reports on epitaxial growth of ferrite films
through vapor-based techniques, there have been a few reports of fabrication
of epitaxial ferrite films by solution-based techniques. Successful examples
include the growth of epitaxial Fe;O4 film through electrodeposition, [41]
deposition of epitaxial CoFe,O4 by sol-gel and multiferroic BiFeOs by
hydrothermal. [42,43] However, high temperature treatment for crystallization
is still needed for most solution-based methods. The post-annealing may result
in interdiffusion and relatively rough surface. [44] Besides, good adhesion
between coating and substrate is still a challenge for solution-based methods,

but it is required for most industrial applications.

In this chapter, we have successfully developed a facile approach towards the
epitaxial growth of thick ferrite films based on thermal decomposition. For
example, thick epitaxial Fe;O,4 films with smooth surface and strong adhesion

have been fabricated on MgO different single crystal substrates with and
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without Fe;O4 seed layers. Hard magnetic cobalt ferrite (Hc=14500e¢) and soft
magnetic nickel and manganese ferrite with high resistivity (p > 1x10*Q. cm)

have been grown via thermal co-decomposition of 2-3 precursors.
4.2 Experimental

4.2.1 Chemicals

Different chemical precursors Fe(acac); (97%), Co(acac), (97%), Mn(acac),
(97%), Ni(acac)2(95%), Al(acac);(99%), Zn(acac), xH,O, oleic acid (OA),
Benzyl ether 98%, were purchased from Sigma-Aldrich. All the reagents were

analytical grade and were used without further purification.

4.2.2 Deposition of ferrites film

For Fe;O4 films, substrate was placed at a three-neck flask, then desired
proportions of Fe(acac)s, oleic acid (OA) and Benzyl ether were loaded inside.
After the set of magnetic bar in flask, the mixture was dehydrated at 180 °C
for 10 mins under a flow of argon and then quickly heated to 280 °C for 20
mins. At the refluxing temperature, it was found that the solution turned from
red into muddy black. After the black solvent was cooled to room temperature,
the substrate was removed from the flask and washed 3 times with hexane in
solicitor. The as-deposited Fe;O4 films were characterized by different
measurements. The preparation of (Co, Ni, Mn and Zn) ferrites films were
performed using co-decomposition by adding desired proportion of the
corresponding precursors together with Fe(acac); in the three-neck flask before
reaction. The different ferrite films were obtained through a similar procedure

as for the pure Fe;O4 films.
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Single crystal MgO substrates with orientations of (111), (110) and (100) were
used. In addition, Fe;O4 can be also deposited on Si substrate with a thin

Fe;0,4 seed layer with a typical thickness of 30 nm.

4.2.3 Characterization

The crystallographic structure of the obtained films was examined using a X-
ray diffractometer system with Cu Ka. A = 1.5418 A (Bruker D8, Karlsruhe,
Germany). X-Ray photoelectron spectroscopy (XPS; VGESCALAB 200i-XL)
was used in the study of the film composition and ionic states. Transmission
electron microscopy (TEM) images were obtained with a JEOL 2010
microscope at an acceleration voltage of 200 kV. Energy dispersive
spectroscopy (EDS) attached with the SEM and TEM was used for elemental
analysis. Magnetic properties were detected by vibrating sample magnetometer
(VSM: Lakeshore, Mode 665) and superconducting quantum interference
device (SQUID; Quantum Design, MPMS, XL-5). The electrical properties
were investigated using Hall effect system (HL5500PC, BIO-RAD) by four-
point probe method and Physical Property Measurement System PPMS
(PPMS; The Quantum Design PPMS EverCool-II). The relative complex
permeability of sample was determined from the scattering parameters
measured by a network analyzer (Agilent Technologies E8363B). The optical
properties were characterized by photoluminescence spectroscopy with a He—

Cd laser (325 nm) as the source of excitation.
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4.3 Investigation on Fe;Oy4 film

4.3.1 Structure characterization
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Figure 4. 1. (a) A schematic diagram of deposition of Fe;O4on Si Substrate,
(b) X-ray diffraction 0-26 scans of Fe;O4 film on Si Substrate, (¢) The in-plane
and out-of-plane hysteresis loops of Fe;O4 film, (d) Typical surface AFM
image, (e) Cross-section of SEM micrograph of 0.5um Fe;O4 film.

As reported in our previous publication, [45] ZnO can be grown on ZnO seed

layer by hydrothermal process. In this work, our first exploration was the
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deposition of Fes;Os on Fe;O4 seed layer on Si substrate by thermal
decomposition. The fabrication procedure is illustrated in Figure 4.1 (a). The
20 nm Fe;0O4 seed layer has a (111) texture after deposition by pulsed laser
deposition (PLD). Figure 4.1(b) shows the XRD plot of the as-deposited
Fe;04 film after thermal decomposition. The XRD peaks in the pattern are
corresponding to Fe;O4 {111} family, indicating the highly (111) oriented
growth (JCPDS 79-0417 file). From the inserted rocking curves, the full width
at half maximum (FWHM) of the Fe;04 (222) peak is small of 0.14, indicating
the excellent crystallographic quality. The magnetic properties of as-deposited
Fe;0,4 film were studied by VSM. From Figure 4.1(c), the as-deposited Fe;O4
film has a coercivity (H.) below 30 Oe and saturation magnetization (Ms) of
512 emu/cc. In-plane and out-of-plane hysteresis loops have shown that the
Fe;04 film needs a relatively higher in-plane magnetic field for saturation due
to shape anisotropy. The magnetic measurements showed a good soft magnetic
behavior of as-deposited Fe;O4 film and the saturation magnetization (Ms) for
the synthesized Fe;O4 film is slightly higher than bulk value (477 emu/cc).
Figure 4.1(d) is a typical surface AFM image of the Fe;O4 film; it clearly
shows that the film is actually a Fe;O4 with very smooth surface. The
roughness average (Ra) from the AFM measurement is Ra=1.82 nm, lower
than most value reported in the literature using the solution-based techniques.
[46-49] The thickness of film could be tuned by adjusting amount of reaction
time, the Fe;O4 film with thickness from 60 nm to 0.5 um was fabricated in
our study and the SEM image of sample in 0.5 um from cross-section view is

displayed in Figure 4.1(e).
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Figure 4. 2. (a) X-ray diffraction 06-20 scan of Fe;O4 film on MgO(111),
MgO(100) and MgO(110) substrate, (b) X-ray diffraction ¢ scan of Fe;O4 film
on MgO(111), MgO(100) and MgO(110) Substrate. Inset shows the rocking
curve.

As reported previously, [50] Fe;O4 has an excellent crystallographic matching
with MgO, and high-quality epitaxial Fe;O4 films can be gown on MgO

substrate by physical and chemical vapor deposition techniques. In this work,
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we further explored the possibility of growth of Fe;O, directly on MgO
substrate. In our experiment, we found that the Fe;O4 film can grow on MgO
substrate without Fe;O4 seed layer. From XRD plots (Figure 4. 2(a)), the
Fe;0,4 film deposited on MgO(111), MgO(100 ) or MgO (110) substrates have
excellent epitaxial growth. The epitaxial crystallographic relationship between
Fe;04and MgO was further studied by ¢ scans. As shown in Figure 4. 2(b),
the ¢ scans performed on Fe;O4 (311) plane shows threefold symmetry,
fourfold symmetry and non-symmetry patterns for Fe;O4 (111), Fe;O4 (100)
and Fe;O4 (110) films respectively, indicating epitaxial growth of Fe;O4 on
MgO. The inserts of Figure 4. 2(b) are the rocking curves of Fe;O4 (222) peak
from Fe;O4 (111) film, Fe;O4 (400) peak from Fe;O4 (100) film and Fe;Oq4
(220) peak from Fe;O4 (110) film. The measured full width at half maximum
(FWHM) was 0.29°, 0.18°, and 0.38°, respectively, confirming the good

epitaxial alignment of Fe;O4 on the MgO substrates.
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Figure 4. 3. (a) Reciprocal space mapping of the (111) Fes;O4 film, (b) Fe 2p
core level of XPS spectra.
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In order to further understand the epitaxial nature of as-deposited Fe;Oy4 films,
the FesO4 (111) film was chosen and evaluated by reciprocal space mapping
(RSM). Two well-resolved peaks corresponding to MgO (222) and Fe;04
(444) are clearly shown in the map (Figure 4.3(a)), which reveals strong
epitaxial crystallographic relationship between Fe;O4and MgO (111) substrate.
In addition, the centers of diffraction peaks of MgO (222) and Fe;04 (444)
align well along the same axis. This observation suggests (111) axis-oriented
Fe;04 was coherently grown on the MgO substrate. The typical XPS spectrum
of the Fe 2p core level is displayed in Figure 4.3b. The binding energies of Fe
2p3» and Fe 2p;,; are located at 710 eV and 723 eV respectively, which are
consistent with the values reported previously. [51,52] The fitting procedure
yields a Fe*" and Fe" ratio of (1.9 + 0.1) and this value agree well with that
expected for Fe;04 (Fe*'Fe,’"0y). Thus, the XPS results confirm the spinel of

Fe;0O4 phase.
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4.3.2 Magnetic and electrical properties
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Figure 4. 4. (a) FC and ZFC curve of the (111) Fe;O4 film, (b) Resistivity (p)
vs. Temperature (T) for (111) Fe;O4 film while the insert shows the curve of
log p vs. T2, (c) Magnetoresistance MR curves as a function of temperature
for (111) Fe;O4 film with H parallel to the plane of the film.

The magnetic properties of epitaxial Fe;O4 films on MgO substrates were
studied by VSM. The results are similar to those as measured for Fe;O4 films
on Fe;04 seed layer on Si substrate as shown in Figure 4.1. More detailed
studies were carried out for the (111) Fe;O4 film on MgO (111) substrate as
shown in Figure 4.4. The ZFC/FC curves under a constant magnetic field of

500 Oe parallel to the film plane are shown in Figure 4.4 a. A saturation

magnetization of My = 512emu/cc was measured at 300K. The rapid decrease
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of magnetization at 122K shows the Verwey transition, which is consistent

with that of bulk value, as expected for spinel Fe;O4. [53,54]

The resistivity value at room temperature for the Fe;Os (111) film was
measured to be 5.2x10°Q.cm, which is close to the bulk value (4x10°
Q. cm).[55] Figure 4.4b exhibits the temperature dependence of resistivity of
the (111) FesO4 film. The Verwey transition is found to be 122K as a
significant increase in resistivity by two orders as shown in the inset of Figure
4b. Figure 4.4c is the magnetoresistance (MR) curves as function of
temperature with magnetic fields parallel to the film plane. At 300K, the MR is
around -0.8%, this value decreases slightly and reaches around -1.2% at 200K.
Further lower the temperature down to 100K, MR decreases sharply to -10.5%
due to the discontinues changes in the thermodynamic quantities (enthalpy and
entropy) at Verwey transition temperature which had been discussed in the

literature [56]
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Figure 4. 5. (a) Cross-section of TEM micrograph of (111) Fe;O4 film, (b)
Magnified TEM image from (111) Fe;O4 layer, (c) SADPs taken from (111)
Fe;04, (d) HRTEM image viewing around (111) Fe;O4/(111) MgO interface.
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Figure 4. 5(a) is a bright field cross-section TEM image of Fe;O4 film on MgO
substrate. The thickness measured from the image is 203nm. The interface and
surface of the whole stack is flat, and contrast is uniform through the whole
film, indicating a high-quality epitaxial growth of the Fe;O4 film. From the
TEM image as shown in Figure 4. 5(b), the lattice fringe observed from Fe;O4
layer is consistent to the fcc-Fe;O4 (111) plane. The corresponding selected
area diffraction pattern (SADP) is shown in Figure 4. 5(c). The high resolution
TEM image demonstrates a smooth interfacial features between Fe;O4 films
and the MgO substrate (the green dash line indicates the interface). From the
image (Figure 4. 5(d)), we can observe the good lattices in both sides of the
interface and no intermediate layers are found in the interfacial region,
indicating a chemically clear interface. The dark contrast around the interfacial
region implies the lattice strain from the misfit dislocation (&), which is around

3% calculated using the equation 4.1: [57]

_ 2(dy—dy)
d= Tditd, 4.1)

whereas d; and d, denote lattice parameter of the Fe;O4 and MgO substrate,

respectively.
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4.3.3 Patterning of Fe;O4 film

S 'Q
Si substrate

MgO ) =
deposted by PLD Gold sputtering Chemical deposition

e

Fe304 layer

(=== Aulayer

Patterned Fe3O4 film

Figure 4. 6. A schematic diagram of process for patterning Fe;O4 film by
simple masking.

Thick spinel films are promising candidates for engineering applications, such
as energy harvester, inductor on chip and MEMS. [12-19] Many of these
applications require silicon-technology compatible fabrication process. In this
work, we have tested the growth of thick ferrite films on silicon substrate. In
addition, it is necessary to develop suitable techniques for patterning for device
fabrication. The details of developed patterning process are depicted in the
schematic diagram in Figure 4. 6. The Si substrate with a size of (10 mmx10
mm) was deposited with a 50 nm layer of MgO with (111) texture. A patterned
gold thin film was sputtered with a patterned mask with NUS logo, as shown
in Figure 4. 6. The patterned substrate with NUS logo was placed in the flask

and 0.5 um Fe;04 film was deposited by chemical solution-based method. The

93



XRD result shows the (111) orientation. From the photo displayed in Figure 4.
6, the simple work demonstrates that the as-deposited Fe;O,4 film could be
easily patterned with desired pattern by simple route with mask with a good

patterning quality.

4.3.4 Microwave and supercapacitor application
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Figure 4. 7. (a) Relative complex permeability real part u'and imaginary part
u''of the (111) Fe;04 film, (b) The cyclic voltammograms of (111) Fe;O4 film
electrode at different scanning rates, (c) Cycle life of the Fe;O4 film at 12 mA
in 1 mol/L Na,SOj solution.
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The good quality and epitaxial nature of our thick Fe;O4 film deposited by the
new technique inspired us to look into its practical applications. Recently, the
electromagnetic interference problem has become more important because of
the fast development of wireless telecommunications, local area network and
high frequency devices. As a result, microwave absorbers as a solution have
attracted a great research interests. [58-61] It had been reported that Fe;Oy is
an excellent absorber of microwave radiation at frequency between 0.5-10
GHz through the process of ferromagnetic resonance. [62] To obtain the
microwave absorption properties, we measured the complex permittivity of
(111) Fe304 on MgO substrate by microwave vector network analyzer in the
frequency range from 100 to 1300 MHz. From the Figure 4. 7(a), at resonance,
the real permeability y'exhibit the initial value u’ o) around 73 at 100 MHz.
The permeability spectra exhibits a relaxation type as ' decreases sharply to -
11 till 1050 MHz. Moreover, the imaginary part of permeability u'' curve
reveals a broad nature resonance peak, ranging from 100 MHz to 1100 MHz
with the resonance frequency about 500 MHz. Thus, the as-deposited Fe;O4
illustrates high relaxation losses at low frequency, showing great potential in

microwave applications.

Another important application of Fe;O4 is supercapacitor. [63-65] Fe;O4 thick
film with patterned structure is promising as MEMS supercapacitors. Till now,
among various transition-metal oxides, oxides of manganese (Mn), nickel (Ni),
cobalt (Co), and vanadium (V) have been intensively studied as electrode
materials of supercapacitor. In this work, we have tested the (111) Fe;O4 thick

film electrode for use in supercapacitor. The specific capacitance (Csp) is
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defined as equation 4.2 and the interfacial capacitance (C;) is defined as

equation 4.3, [66]

It
P = Tvm (4.2)

_ It
I 7 aAva (4.3)

Where [, t, V, m, A are the constant (A), discharge time (s), potential deviation
(V), the weight of active materials (g) and A (cm?®) is the area of active

material dipped in the electrolyte, respectively.

Figure 4. 7(b) shows the CV curves of Fe;O4 electrode in 1M Na,SO;
electrolytes. The as-deposited (111) Fe3O4 film exhibits a maximum Cg, of
2133 F/g and C; of 0.16 F.cm™ at 10mV/s between -12V and OV.
Supercapacitive properties of Fe;O4 films have been studied previously. For
example, S.Y. Wang reported the value of Cy, 170 F/g in Na,SOj3 electrolyte
for thin film Fe;04 electrodes, [67] Jie Chen et al. reported a Cy,of 118.2 F/g
in Na,SOs electrolyte for Fe;O4 deposited by hydrothermal method. [68]
Ruizhi Li reported a C; of 0.005 F.cm™ in Na,SOjs electrolyte for Fe;O, film.
[69] The relatively higher specific capacitance and interfacial capacitance of

Fe;04 film in our investigation may be due to its good epitaxial nature and
relatively high conductivity, resulting in high power density and corresponding
high energy density at high rate. [70] In addition, the service life of the Fe;O4
film was examined by cycle test. From Figure 4. 7(c), approximately 86.49%
of capacitance was remained after 500 cycles, suggesting that the Fe;O4 film

has the promising application in the electrode of MEMS supercapacitor.

96



4.4 Investigation on different ferrites film

4.4.1 Magnetic and electrical properties

Spinel ferrites have been found very important uses in industry and other fields.
It is well known that Co-ferrite can exhibit hard magnetic behavior, while Ni-
and Mn-ferrite can have excellent soft magnetic properties and high resistivity
which is required for microwave application because of reduction of eddy
current loss. [71-72] In this work, we have studied if different spinel
compounds can be realized using the novel fabrication technique and if epitaxy

can be maintained.
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Figure 4. 8. The in-plane and out-of-plane hysteresis loops of FeCo0,04 film.
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Fe304 NiF6204 ZHF6204 MHF6204

Ms
512 495 545 542
(emu/cc)
p
5.3x10° 1.6x10* 7.2x102 15
(2:cm)
CoFe;04 (Ni,Zn)Fe;O4 (Mn,Zn)Fe,04
Ms
380 470 543
(emu/cc)
p
1.3x10* 1.4x10* 22
(Q2:cm)

Table 4. 1. Magnetic parameters and Resistivity values of Fe;O4 and other
ferrites films.

In this work, we have successfully fabricated different spinel ferrites, including
Ni-ferrite, Mn-ferrite, Co-ferrite and Zn-ferrite, as shown in Table 4. 1. Co-
ferrite (CoFe,0,) is a hard ferrite. As shown in Figure 4. 8, the epitaxial Co-
ferrite has shown a perpendicular anisotropy with coercivity of 1.5 kOe and a
relatively high perpendicular remanence ratio, showing its potential for hard
magnetic applications. Enhanced magnetization has been reported by Zn-
ferrite. [73] Zn-ferrite thick films prepared by the thermal decomposition
method also showed relatively high magnetization of 545 emu/g

(corresponding to 0.68 Tesla). In addition, resistivity has been increased from
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5.3x10° Q-cm to 7.2x10° Q-cm, showing the potential for soft magnetic
applications. Our structural characterization showed that all these thick films

in Table 4. 1 have high-quality epitaxy.

As metal-based soft magnets possess high permeability, spinel ferrite soft
magnets are mainly used in high-frequency areas (such as microwave magnets).
[74-75] For such applications, high resistivity is desired. As it can be seen in
Table 4. 1, Mn-ferrite possessed a resistivity of 15 Q-cm which is much higher
than that of Fe;04 (5.3x10° Q-cm). Ni-ferrite is expected to have a much
higher resistivity. Our thick Ni-ferrite film possessed a resistivity of 1.6 x10"
Q-cm, which is similar to those reported to bulk Ni-ferrite. [76] It is to note
that our Ni-ferrite film has a high saturation magnetization of 495 emu/cc
(corresponding to 0.62 Tesla), which is significantly higher than that expected
for bulk Ni-ferrite (0.5 Tesla). [77] In this work, we have found out that our
Ni-ferrite film can possess a high resistivity (comparable to that of bulk Ni-
ferrite), and maintain the saturation magnetization over 0.6 Tesla. This
behavior is very promising for commercial application, as high magnetization
microwave magnet. The physical origin of high magnetization needs to be

further investigated in the near future.
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4.5. Conclusions

In summary, we have successfully developed a fabrication process method for
epitaxial growth of thick magnetic ferrite films through a simple and economic
wet-chemical thermal decomposition. High quality epitaxial Fe;Oj4 thick films
have been deposited on MgO, or Fe;O4 and MgO seed layer on silicon
substrate. Based on the fact that Fe;O4 cannot grow on Au, patterned Fe;O4
structure can be obtained after Au patterning. The Fe;O4 films have shown
good properties for microwave and supercapacitor electrode. Different ferrite
thick films have been successfully deposited through co-decomposition.
Relatively high coercivity has been obtained for Co-ferrite films. High
resistivity and enhanced saturation magnetization have been achieved for Ni-

ferrite showing its great potential as novel microwave magnets.
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Chapter 5 Chemical synthesis of magnetic FeCo nanoparticle

and film

In Chapter 3 and 4, magnetic ferrites nanoparticle and film had been
investigated on their synthesis method, structures, properties and applications.
In this chapter, we turn to another important class of magnetic Fe-based
nanomaterial; Ferrous alloy. Specifically, typical Fe-3d metal alloy FeCo will

be studied in detail.

5.1 Introduction

Fe-3d transition-metal alloy have been intensively studied by many researchers
because of their promising applications in a wide range of areas, including data
storage, medical diagnosis and drug delivery. [1-2] Among all Fe-3d
transition-metal alloys, FeCo alloy nanoparticles were of interest in this
context for their high saturation magnetization which is approximately four
times higher than that of iron oxide. [3-5]There is no doubt that such a high
magnetization will offer significant advantage of FeCo in many biomedicine

utilizations [6-7] and magnetic memory devices. [8-11]

Recently, some synthesis protocols for FeCo nanoparticles had been reported,
[12-16] which involved either an expensive, toxic and explosive iron
organometallic compound Fe(CO)s or under a highly reducing protection
environment such as H; or using a toxic reducing agent such as NoHy. It has
been reported [3,17,18] that the annealing process can enhance saturation
magnetization of FeCo nanoparticles. However, after annealing, the particle

size was often larger than 100 nm which restricted them to be used in many
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biomedicine applications. For example, the large size particles are likely to
cause embolism and in the application of drug delivery, they may be
obstructed by endothelial barriers. In addition, most of the synthesis of FeCo
thin films have been based on vacuum deposition, including pulse laser
deposition (PLD), [19-22] Molecular beam epitaxy (MBE), [23-25] Sputtering
[26-30] and so on. However the cost of these techniques is high as the use of
high vacuum. Thus, an exploration for alternative method for deposition of

FeCo film is necessary.

In this chapter, we have developed a safe and ecofriendly route of synthesizing
FeCo alloy nanoparticles. There are no toxic materials involved in the
synthesis procedure and no toxic by-products were produced. The whole
process is safe. The obtained FeCo nanoparticles were mono-dispersed and
size-controlled with high saturation magnetization by optimizing the Fe/Co
ratio, concentration of surfactant used and reaction condition. Besides, bcce-
FeCo film was deposited on Pt substrate by thermal decomposition and its

magnetic properties were investigated.

In this approach, FeO(OH) and Co3;O4 were chosen as the economic source
materials. Oleic acid was used as effective reduction agent and surfactant
simultaneously. Oleic acid has been widely employed to synthesize various
mono-dispersed oxide and metal nanocrystals [31-37] It has been also
demonstrated that oleic acid could behave as a strong reducing agent when the
reaction temperature is high enough [38,39] The fabrication procedure for

nanoparticle synthesis is showed in Figure 5. 1.
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Figure 5. 1. Reaction scheme for the synthesis of FeCo nanoparticles. The iron
and cobalt precursors were dissolved at 180°C, then reduced at 365°C to form
the FeCo nanocrystals.

5.2 Experimental

5.2.1 Materials and characterization

FeO(OH) (catalyst grade 30-50 mash), oleic acid (OA), TOA (Trioctylamine
98%), poly(isobutylene-alt-maleic anhydride) (PBMA) with molecular weight
= 6000 and technical grade 85%, poly(vinylal-cohol) (PVA) with molecular
weight = 31000-50000, 1-2 henxadeanediol (technical grade 98%),
Tetrehydrafuran (THF 99%) and cobalt(ILIII) oxide (Co304) were purchased
from Sigma-Aldrich. Cell counting Kit-8(cck-8) was obtained from DoJunDo.

All the reagents were analytical grade and used without further purification.
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The crystal phase of the obtained FeCo nanopowders was determined by an
advanced diffractometer system (Bruker D8 with Cu Ko 1.5418 A, Karlsruhe,
Germany). Transmission electron microscope (TEM) images were obtained
with a JEOL 2010 microscope at an acceleration voltage of 200 kV. Magnetic
properties of the obtained nanoparticles were studied by vibrating sample
magnetometer (VSM: Lakeshore, Mode 665). The hydrodynamic diameters of
the particles were measured by Zetasizer Nano series - Malvern. Energy
dispersive spectroscope (EDS) attached with the SEM was used for elemental

analysis.

5.2.2 Synthesis of FeCo nanoparticles

Firstly, mixtures of FeO(OH) and Co30,4 in desired proportions with suitable
amount of solvent TOA (Trioctylamine) were loaded into a three neck flask,
and then the mixture was dehydrated at 180°C for 1h under a flow of argon.
After that, the solution was quickly heated to 365°C while stirring using a
stirring bar and aged for 4 hours. During the process, we observed that the
solution containing Fe and Co ions turn rapidly into muddy black when
reaching the refluxing temperature. Lastly, the resulting black solution was
cooled to room temperature and washed several times with ethanol and hexane
followed by centrifugation at 10000 prm. Half of product obtained was
dispersed into hexane while the rest was dried overnight for further
characterization. The same synthesis procedure was applied for the single
precursors FeO(OH) and Cos;04 separately, after dehydrated at 180°C, the
solution is heated up to 365°C for 4 hours, and then the products were rinsed

for characterization.
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5.2.3 Phase transfer of hydrophobic FeCo nanoparticles

The hydrophobic FeCo nanoparticles were transferred into aqueous phase
according to the reported procedure. [40] At first, PBMA and specific amount
of the as-synthesized FeCo particles were dissolved in chloroform individually
before we mixed them together. After that, the solution was emulsified with
water (10vol excess, 1 wt% PVA as stabilizer) for 5 mins by an ultrasonic
homogenizer (SONICS VCX 130PB) at 20 kHz frequency and 60% amplitude.
Lastly, transferred the mixture to an open glass beaker and heated it to 50°C
with rapid stirring by magnetic bar to allow the chloroform to evaporate. The
as-prepared colloids centrifuge at 8000 rpm for 10 min for purification and

then redisposed in water/methanol (50: 50) at least two times.

5.2.4 Vitro cytotoxicity

The NIH/3T3 fibroblast cells were used for assessing the cytotoxic effect of
the prepared FeCo@PBMA at different concentration .The NIH/3T3 fibroblast
cells were grown in DMEM (Dulbecco’s Modified Eagle Medium) culture
growth medium (10% bovine calf serum) in incubator at 37 °C in a 5% CO,
humidity environment. The cells with the concentration of 7.5x10" cells per
mL (0.1 mL) were then transferred to a 96-well cell culture plate (TPP 96) by
pipet and incubated again overnight. After that, 20ml of prepared
FeCo@PBMA with predetermined concentration was added into each well and
moved TPP 96 back to incubator. 24 hours later, 10 mL cell counting kit-8
(CCK-8) was added, following by 4 hour incubation before the cell viability
test. Absorbance readings were analyzed spectrophotometrically at 355 nm

using a FluoStar Optima microplate reader.
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5.2.5 Fabrication of FeCo film

Firstly, substrate was placed at a three-neck flask, then desired proportions of
FeO(OH), Co304 and 1-2 henxdeaediol with suitable amount of TOA solvent
and OA were loaded inside. After glass separator and magnetic bar were set,
the mixture was dehydrated at 180 °C for 1 hour under a flow of argon and
then quickly heated to 300 °C for 3 hours. At the refluxing temperature, it was
found that the solution turned into muddy black. After the black solvent was
cooled to room temperature, the substrate was took out from the flask and

washed 3 times with hexane in sonicator.
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5.3 FeCo nanoparticle

5.3.1 Structure and magnetic properties of FeCo and by-products

Fe/Co molar ratio Fe/Co molar ratio Reaction Surfactant

in metal precursors from EDS analysis  time (Oleic acid)

(FeO(OH)/ C0304)
Sample 1 Single FeO(OH) 1 4 hours 0.013 mol
Sample2 61 0.86/0.14 4 hours 0.013 mol
Sample3 622 0.73/0.27 4 hours 0.013 mol
Sample4 63 0.68/0.32 4 hours 0.013 mol
SampleS 64 057043 4 hours 0.013 mol
Sample6 66 0.48/0.52 4 hours 0.013 mol
Sample7 63 0.66/0.34 4 hours 0.026 mol
Sample8  Single Co;0, 0 2 hours 0.013 mol
Sample9  Single Co304 0 3 hours 0.013 mol
Sample 10 Single CozO4 0 4 hours 0.013 mol

Table 5. 1. The Fe/ Co molar ratio of each sample according to the precursor’s
ratio and EDS analysis as well as their respective reaction conditions.

113



A Fe304

~
<
~—

Ajisuajul

90

80

0

7
2 theta (degree)

60

50

40

30

20

~
e

N

' 0 10 20
Field (koe)

-10

20

- —
= =] (= (=
S § 7

40 { —Fe30a4

(3/nuwd)uoneznagey

Figure 5. 2. (a) XRD pattern of Sample 1 (Fe;O4 ), (b) Magnetization loops

for Sample 1.

l

16

Particle Size (nm)

12

114



Figure 5. 3. (a) and (b) morphology images of Sample 1 from TEM, (c) The
high resolutionTEM image indexed as the [220] plane of Fe;O4 and the
histogram of size distribution on the right side.

The Sample 1 (Fe;O4 nanoparticles) was synthesized with the single precursor
FeO(OH). Figure 5. 2(a) showed X-ray diffraction pattern of the resulting
product. The sharp peaks matched well with those standard data for Fe;O4
(JCPDS 190629). [41] Spherical well-dispersed nanoparticles with average
particle size = 10nm were observed in the TEM images (Figure 5. 3(a) and
Figure 5. 3(b)) and from the HRTEM image Figure 5. 3(c). The nanostructures
were crystalline as the lattice fringes could be clearly observed which responds
to the [220] plane systems of spinel-structured Fe;O4. The magnetic properties
were characterized using VSM at room temperature with saturation

magnetization about 40emu/g.

The bee-FeCo nanoparticles were synthesized by adding Co3;O4 precursor and
Fe/Co ratio was controlled by varying the initial molar ratio of the metal
precursors of FeO(OH) and Co3;0s. The elemental composition of as-
synthesized nanoparticles was confirmed with EDS analysis and the results
were listed in Table 5.1. The reaction time was four hours because we
observed that Co ** that is reduced from CosO4 precursors would convert to

CoO phase if the aging time is less than 4 hours.
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Figure 5. 4. XRD pattern of as-prepared sample with different Fe/Co ratio a
6:1; Sample 2, b 3:1; Sample 3, ¢ 2:1; Sample 4, d 3:2; Sample 5, e 1:1;
Sample 6.

XRD patterns of FeCo nanoparticles with different Fe/Co ratios are plotted in
Figure 5. 4. In all plots in Figure 5. 4, we observed the bee-FeCo crystal planes
of (110) (200) (211) that are corresponding to the peak indexes at 44.82°,
65.00°, 82.60°(JCPDS card n0.000441433). [42] The XRD patterns of Sample

2 and Sample 3 (Figure 5. 4(a) and 5. 4(b)) indicated the presence of

metallic Fe and Fe;O4 peaks. When Fe/Co precursor ratio increased to 2:1 and
3:2, no iron oxide phase was observed. These results imply that the presences

2+, 3+

of Co ions can promote the reduction of Fe ions into metallic state Fe’. In

terms of the XRD pattern of Sample 5 (Figure 5. 4(d)), hcp- Co peaks

appeared and if we further tune the ratio, the coexistence of hcp and fec- Co
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peaks were observed from Sample 6 (Figure 5. 4(e)). However, a small amount

of hep-Co phase is detected in the XRD pattern of Sample 4.
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Figure 5. 5. (a) Room temperature M-H loop of Sample 4, (b) The saturation
magnetization trend as function of Fe/Co ratio.

Magnetic properties of these particles were composition dependent. From the
VSM results (Figure 5. 5(a) and 5. 5(b)), it was illustrated that saturation
magnetization is 135emu/g for Sample 2, probably due to the presence of iron
oxide phases (Fe;O4). Saturation magnetization increased with Co content and

reached the maximum of 187 emu/g for Sample 4 with a Fe-Co composition of
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FepssCop32. A further increase in Co concentration led in decrease in
saturation magnetization. Sample 6 with a Co concentration of 52% has
saturation magnetization to be 165emu/g. As saturation magnetization
decreased, we didn’t prepare FeCo nanoparticles with even higher Co
concentrations. In this work, detailed study was carried out for the optimized

sample - Sample 4.
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Figure 5. 6. TEM images of FeCo nanoparticles with different size (a)
12.3nm; Sample 4, (b) 9.3nm; Sample 7, the size distribution histograms are
on the right side, (¢c) HRTEM image of the prepared 12.3nm FeCo
nanoparticles and inset is an electron diffraction pattern of the selected area,
the four rings labeled with miller indices are correspond to the expected FeCo
pattern.

The size of nanoparticles was dependent on the amount of oleic acid (OA).
From the TEM analysis Figure 5. 6(a) and 5. 6(b), the Sample 4 and Sample 7
were mono-dispersed with an average size of 12.3nm and 9.3nm, respectively.
The decrease of the nanoparticle size was the result from the double amount of
the surfactant - oleic acid. Saturation magnetization of Sample 7 was nearly
20% less than that of Sample 4. A further increase in oleic acid caused serious
aggregate and further decrease in magnetization. The high-resolution TEM
(HRTEM) micrograph image (Figure 5. 6(c)) of the Sample 4 revealed the 0.2
nm lattice fringe distance, corresponding to the known value of interplanar

spacing for the [110] planes of FeCo alloy, further confirming our XRD

results.
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Figure 5. 7. (a) XRD pattern of synthesized mix hcp and fcc-Co; Sample 10,
(b) Vibrating sample magnetometer plot.

As discussed previously, we could only obtain Fe;O4 if only Fe precursor —
FeO(OH) was used. The presence of Co ions can promote reduction of Fe*"
and Fe’* into metallic Fe”. Maximum saturation magnetization was obtained
when Co concentration reached 30-35%. A further increase in Co led in
reduction of magnetization accompanied by fcc- and hcp-Co. Therefore, it is
also interesting to study if only the Co precursor (Co30O4) was used as the
starting material. As shown in Figure 5. 7(a), fcc and hep-Co phases were
present if Co3O4 was used as the only precursor. VSM results (Figure 5. 7(b))

showed that saturation magnetization values (to be 88 emu/g) were much

120



lower than that of bulk-Co. [43] The composition was further confirmed by the
high resolution TEM (Figure 5. 8(e)). HRTEM displayed two different kinds
of lattice fringe detected in the particles were consistent with the fcc-Co (111)
and (200) planes. The rings observed in electron diffraction pattern matched
with both fcc-Co pattern and hep-Co pattern. The low saturation magnetization
of the Sample 10, possibly because of the oxidation during drying process
before the VSM test. These nanoneedles may be reactive because of larger

surface area.
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Figure 5. 8. Typical TEM image of Co nanoparticles with different reaction
time (a) 2 hours; Sample 8, (b) 3 hours; Sample 9, (c) 4 hours; Sample 10 and
(d) magnified view of Sample 9, (e) high resolution of TEM image of Sample
10 and the insert is the electron diffraction pattern of mix fcc and hep-Co
nanoparticles.
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A series of products Sample 8, Sample 9 and Sample 10 synthesized with 2, 3
and 4 hours aging time were investigated and from the TEM images, a
systematic evolution of hairy ball like morphology was observed. With 2 hours
reaction time, the Sample 10 was in the form of Co nanoneedles with 100 nm
in length and was coated with a layer of surfactant OA as showed in Figure 5.
8(a). From the TEM image of Sample 9, the nanoneedles grown longer and
started to intersect each other (Figure 5. 8(b)), forming the flower bouquet
shape over 500 nm. At the last stage, the hairy ball Co nanoparticles were
observed in the image of Sample 10 with the aging time of 4 hours by
assembling of nanoneedles in various directions (Figure 5. 8(c)). This self-
assembly process was similar to what reported by [44] and the particles that
form assembly were called as superparticles, however, the size of assembly
ball nanoparticles in report were in micron level while in my study, the as-

synthesized hairy ball-shape Co nanoparticles with the diameter around 0.5um.
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5.3.2 Cytotoxicity test
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Figure 5. 9. (a) Dose-dependent viability evaluation of NIH/3T3 Cells treated
with nanoparticles, (b) TEM image of FeCo@PBMA dispersed in ethanol and
dried on the copper grid, (c) DLS plot of nanoparticles.

The as-prepared FeCo nanoparticles were hydrophobic because of
immobilization of oleic acid on the surface via carboxylic acid group. The
hydrophobic OA-coated FeCo nanoparticles were converted into hydrophilic
by coating with PBMA. Typical HRTEM (Figure 5. 9(b)) indicated that the
obtained FeCo@PBMA nanoparticles were well dispersed in the water and the
diameter observed was around 70 nm. In the meantime, the average size of the
nanoparticles of FeCo @PBMA characterized by DLS measurement(Figure 5.
9(c)) was nearly 85 nm which was larger than that observed under electron

microscope, presumably because of the swelling of the nanogels in the wet
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state as compared to the dry state[24]. From the cell viability image Figure 5.
9(a), the prepared FeCo@PBMA showed no cytotoxicity within in the range
concentrations. Thus the as-synthesized FeCo nanoparticles along with the
PBMA layer possessed high bio-compatibility and could be termed as a
promising material for future biomedicine application like drug delivery and

biosensor.

5.4 FeCo film

5.4.1 Structure characterization
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Figure 5. 10. XRD spectra of the FeCo film.

The molar ratio of Co:Fe in the precursors was 1:2, which is consistent with
the result detected from the EDS analysis. Figure 5. 10 shows the XRD
patterns of bce-FeCo film deposited on Pt substrate. From the patterns, it can

be seen that the film have a bce-FeCo phase with crystal planes of (110) (200)
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(211) that are corresponding to the peak indexes at 44.8°, 65.0°, 82.6° (JCPDS

card n0.000441433). [45]

5.4.2 Morphology

Figure 5. 11. (a) SEM images showing morphology of FeCo film, (b)Cross-
section of SEM micrograph.

Figure 5. 11 shows the surface morphology of bee-FeCo films deposited on Pt
substrate by thermal decomposition. The surface of film shows a relatively
poor quality when compared with Fe;O4 film deposited with similar method
descried in the chapter 4. The films are uniform and around 250nm in

thickness according to cross-section SEM images.
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5.4.3 Magnetic property
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Figure 5. 12. In-plane hysteresis loop of bcc-FeCo film.

The magnetic property of as-deposited bee-FeCo film is detected by the VSM
(Figure 5.12). The saturation magnetization of bee-FeCo film is around 1300
emu/cc. This value is lower than the bulk bcc-FessCoss (around 1900
emu/cm’), [46] it is probably caused by the oxidation of sample when rinse the

film before VSM test.

5.5 Conclusions

We have developed an ecofriendly and safe method for the synthesis of
hydrophobic and mono-dispersed FeCo nanoparticles. The saturation
magnetization of the particles was dependent on composition and the highest
magnetization was 187emu/g with Fe/Co ratio at 2:1. After the nanoparticles
were transferred to aqueous phase by coating with PBMA, the cytotoxicity test
indicated that the obtained nanoparticles have no cytotoxic effect upon the cell.

The high bio-compatibility of FeCo@PBMA particles makes it a promising
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material for future biomedicine applications. In addition, this method also had
been approved available to synthesis 10nm Fe;O4 spherical nanoparticles and

self-assembly hairy ball shape Co nanoparticles.

A wet chemical method had been presented to deposit FeCo film in thickness
of 250nm. The bce-FeCo phase was identified by XRD and its morphology
was observed by SEM. The saturation magnetization of as-deposited film was

1300 emu/cc with Fe/Co ratio at 2:1.
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Chapter 6 Chemical synthesis of magnetic FePt nanoparticle

and L1,- FePt film

In Chapter 5, we have investigated the typical Fe-3d transition metal alloy;
FeCo nanoparticles and films. In this chapter, Fe-5d transition metal alloy will
be studied. In Fe-5d alloys, the large magnetic moments of the Fe 3d electrons
are combined with the rather large spin—orbit interaction & of the 5d

electrons. The Fe—5d alloys will be studied in this chapter is FePt. In FePt
alloy, the spin-orbit interaction of 5d element Pt (Pt = 0.6 eV) is about one
order of magnitude higher than that of Fe(§Fe = 0.08 eV), resulting in an
increase of the orbital moment of the 3d electrons and a larger magnetic

anisotropy. [1].

6.1 Introduction

Currently, magnetic materials with high coercivity have been intensively
studied by many researchers because of their promising application in
recording medium, micro electromechanical systems (MEMS), permanent
magnet or bias layer for spin electronic devices [2-10]. Among various hard
magnetic materials, FePt with ordered L1, phase had drawn a significant
attention because of their high magnetocrystalline anisotropy, high Curie
temperature, large saturation magnetization and good corrosive resistance [11-
16]. In addition, fcc disordered phase of FePt has also attracted some attention
in connection with its possible use as a room temperature superparamagnet for

biomedical applications. [17-21]
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Some synthesis protocols had been reported for preparation of FePt
nanoparticle and film. Till now, most technique for FePt nanoparticle growth
is based on thermal decomposition. Usually, disordered fcc-FePt nanoparticle
is formed through decomposition of Fe(CO)s and reduction of Pt(acac),, [22-
24] or co-reduction of iron salt and Pt(acac), [25,26] while L1y-FePt
nanoparticle is synthesized by post-annealing process of fcc-FePt nanoparticle.
[27-29]. With respect to the deposition techniques for FePt films, most of them
are vacuum deposition methods, such as pulse laser deposition [30-32],
molecular bean epitaxy [33] and sputtering [34-37]. However, all these
procedures are involved with high vacuum systems and the high cost of the
equipment severely limits their application [38,39]. As an alternative approach,
the wet chemical route we presented offers several advantages, particularly,

low cost of equipment.

In chapter 5, we presented a we chemical route to fabricate FeCo nanoparticle.
In the former part of this chapter, this method had been successfully applied
for synthesis of fcc-FePt nanoparticle. The magnetic properties of fcc-FePt
nanoparticle was investigated by VSM. In the later part, we have developed a
method to fabricate FePt films by a combination of chemical deposition and
post-annealing. Pt-doped Fe films were deposited on
Pt(100nm)/Ti(50nm)/Si0,/Si substrate using thermal deposition and the as-
deposited films were subsequently annealed from 300°C to 800°C under
5%H2/95%N,. Lly-phase FePt films were achieved through diffusion and
rearrangement of Fe and Pt atoms in post-annealing process. We investigated

the structure of as-deposited and annealed FePt films with annealing
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temperatures, and studied the effects of post-annealing treatment on magnetic

properties of the films.

6.2 Experimental

6.2.1 Materials and characterization

FeO(OH) (catalyst grade 30-50 mesh), oleic acid (OA), TOA (Trioctylamine
98%), 1-2 hexadecanediol (technical grade 98%) were purchased from Sigma-
Aldrich and H,PtClg (~%38Pt) was brought from Tianjin Yingda Sparseness &
Noble Reagent Chemical Factory. All the reagents were of analytical grade

and were used without further purification.

The crystal phase of the FePt film was determined by the 626 geometry X-ray
diffractometer system (XRD; Bruker D8 Advanced Diffractometer System,
Karlsruhe, Germany) with a Cu Ka (1.5418 A) source. Transmission electron
microscope (TEM) images were obtained with a JEOL 2010 microscope at an
acceleration voltage of 200 kV. Magnetic properties were detected by
superconducting quantum interference device (SQUID; Quantum Design,
MPMS, XL-5). The morphology of samples was examined by scanning
electron microscopy (SEM; Zeiss Supra 40). Energy-dispersive X-ray
spectroscopy (EDS) attached with the SEM and TEM was used for elemental
analysis with the accelerating voltage at 15 kV. The samples for observation
under TEM were treated with a mechanical polishing followed by an ion
milling to perform final stage thinning. The Bravman-—Sinclair method was

used to prepare cross-sectional samples.
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6.2.2 Synthesis of FePt nanoparticles

Firstly, mixtures of FeO(OH) and H,PtCls in desired proportions with suitable
amount of solvent TOA (Trioctylamine) were loaded into a three neck flask,
and then the mixture was dehydrated at 180°C for 1h under a flow of argon.
After that, the solution was quickly heated to 365°C while stirring using a
stirring bar and aged for 2 hours. During the process, we observed that the
solution containing Fe and Pt ions turn rapidly into muddy black when
reaching the refluxing temperature. Lastly, the resulting black solution was
cooled to room temperature and washed several times with ethanol and hexane
followed by centrifugation at 10000 prm. Half of product obtained was
dispersed into hexane while the rest was dried overnight for further

characterization.

6.2.3 Fabrication of FePt film

STEP 1 I Chemical deposition

¢ Featoms

. e Fe [
Pt E33333888333250ed
3o, T
/\Mv\"" Si —_—>
5
‘FJ SiO;
g,@ ) A/\/\ A/\/\

Pt(100nm)/Ti(S0nm)/ Deposition of Fe Film
SV/SIO: substrate

STEP 2 I Annealing from 300°C to 800°C |

/\/\/\/\/\/\

Diffusion of Fe/Pt atoms Formation of FePt film
Figure 6. 1. Reaction scheme for the synthesis of FePt films.
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The fabrication procedure is shown in Figure 6.1. The deposition of Fe Film
on Pt(100nm)/Ti(50nm)/SiO,/Si substrate is based on thermal decomposition.
Its procedure is similar to that of our previous report [40] which describes a
wet chemical route to synthesize Fe;O4 nanoparticles. We found that the same
procedure is applicable for film deposition if a substrate is placed in the three-
neck flask. The product is the Fe film that is grown on
Pt(100nm)/Ti(50nm)/Si0,/Si substrate. Firstly, substrate was placed in a three-
neck flask, then the desired proportions of FeO(OH), H,PtCls and 1-2
hexadecanediol with suitable amount of TOA solvent and OA were loaded
inside. After glass separator and magnetic bar were set, the mixture was
dehydrated at 180 °C for 1 hour under a flow of argon and then quickly heated
to 300 °C for 3 hours. At the refluxing temperature, it was found that the
solution turned from red into muddy black. After the black solvent was cooled
to room temperature, the substrate was removed from the flask and washed 3
times with hexane in asonicator. Lastly, the as-deposited FePt film was

annealed at an annealing temperature between 300 and 800 °C.

The same synthesis procedure was applied for the reaction without H,PtCls,

after dehydration, the solution was heated to 300 °C for 3 hours and the as-

synthesized film was washed for characterization.

136



6.3 FePt nanoparticle

6.3.1 Structure characterization
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Figure 6. 2. XRD spectra of the fcc-FePt nanoparticle.

Figure 6. 2 shows X-ray diffraction pattern of the resulting product. The sharp
peaks matched well with those standard data for fcc-FePt (JCPDS, 29-0718).
[41]. From the XRD pattern, we can observe crystal planes of (111), (200),
(220) and (311) that are corresponding to the peak indexes at 40.04°C,
47.02°C, 68.71°C and 82.79°C. The elemental composition of as-synthesized
nanoparticles was confirmed with EDS analysis and their final particle

composition is FezsPtos.
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6.3.2 Morphology

Figure 6. 3. SEM images showing morphology of fcc-FePt nanoparticle.

Figure 6. 3 shows a typical TEM image of the as-synthesized fcc-FePt
nanoparticles. Different from the methods used in other reports that fabricate
FePt nanoparticle less than 5 nm [23, 42-45], the approach we presented is
capable to produce fcc-FePt nanoparticle in larger size at around 15 nm. However,
from the TEM image (Figure 6. 3), compared with FeCo and Fe;O4
nanoparticles synthesized in the Chapter 4 and 5, as-synthesized FePt
nanoparticle is not so uniform. In addition, dispersibility of sample powder in

organic solution is not good.

138



6.3.3 Magnetic property
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Figure 6. 4. In-plane hysteresis loop of fcc-FePt nanoparticle.

The in-plane hysteresis loop for the samples synthesized is shown in Figure 6.
4. The coercively is around 150 Oe at room temperature. The magnetic curve
and the presence of nonzero value for the coercivity indicates paramagnetic
behavior, suggesting not all the FePt particles are completely

superparamagnetic and some amount of ordering should be present
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6.4 FePt film

6.4.1 Fe film and Pt-doped Fe film synthesis
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Figure 6. 5. (a) XRD pattern of Fe film, (b) XRD pattern of Fe film after 168
hours.

o6 e VA I

Figure 6. 6. (a) and (b) morphology images of as-synthesized film from SEM
observed directly and 168 hours later.
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Figure 6. 7. The saturation magnetization trend as function of exposed time of
Fe film and Pt-doped Fe film.

The Fe film of 150 nm was synthesized with the single precursor FeO(OH).
XRD was used in the study of films. The formation of bce-Fe was confirmed
by the (110) peak at 44.6° in the XRD pattern (Figure 6. 5(a)). Figure 6. 6(a)
showed the SEM morphology of Fe film, the surface of deposited films was
smooth and continuous. As shown in Figure 6. 7, the as freshly deposited Fe
film possessed a saturation magnetization of approximately 800 emu/cc, which
is expected by metallic bee-Fe (with a theoretical saturation magnetization of
1700 emu/cc) [46]. However, saturation magnetization decreased rapidly with
time when the film was exposed to air, approximately 200 emu/cc after 24
hours. After exposure of the Fe film in air for 168 hours, saturation
magnetization was further reduced to 130 emu/cc, which is higher than the
bulk value of a-Fe,O; (1 emu/cc) [47] and lower than that of Fe;O4 (477
emu/cc) [48] and y-Fe,O03(408 emu/cc) [47], suggesting that part of bce-Fe

phase may transform to a-Fe,Os phase. In addition, much lower bce-Fe (110)
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peak was found in XRD spectrum (Figure 6. 5(b)) for films exposed in air for
168 hours and our EDS study suggested oxidation of metallic. Nevertheless,
from the Figure 6. 6(b) that the sample was observed after exposure to air for
168 hours and the surface of films was cracked and curled up to a tube-like
shape. This work shows that metallic Fe film prepared by this method was not

stable when exposed in air and can be easily oxidized.

In order to enhance chemical stability, Pt was doped by adding H,PtCls
together with FeO(OH) for the deposition of Fe films. As shown above, Fe
films of a thickness of 150 nm could be formed conveniently. In order to form
FePt films by Pt diffusion (or Fe diffusion), the ratio of Fe and Pt should be
kept around 1:1. As there was a Pt underlayer of 100 nm, the ratio of Fe:Pt
should be around 5:1 in the Pt-doped Fe film with a thickness of 150 nm. After
an adjustment of the amount of H,PtCls, we deposited Pt-doped Fe films with
a Pt composition of 18 at.%. The Pt-doped Fe films showed greatly improved
chemical stability in air. As shown in Figure 6. 7, saturation magnetization was
remained around 1000 emu/cc after exposure in air over 160 hours. From the
analysis of XRD, no obvious change has been found after the Pt doping (18
at.%) and XRD pattern remained nearly unchanged after exposure in air over

160 hours.

142



Figure 6. 8. SEM cross-section image of as-synthesized Fe films with
different thickness (a) 150nm, (b) 400nm and (c¢) 700nm.

Despite the Pt-doped Fe films in the thickness of 150 nm as shown in SEM
cross-section image of Figure 6. 8(a), the thickness could be tuned to 400 nm
(Figure 6. 8(b)) and 700 nm (Figure 6. 8(c)). The boundary of the as-
synthesized Pt-doped Fe film and underlayers could be clearly seen. The
increase of the film thickness was the result of the more surfactant (Oleic acid)

used.
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6.4.2 FePt synthesis by annealing and structure characterization
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Figure 6. 9. X-ray diffraction of films after annealing at different temperature.

The Pt-doped Fe Film was annealed in the atmosphere of 5%H,/ 95%N, at
different temperatures. XRD was used in the study of the formation of the
desired hard magnetic L1yp-FePt phase. It could be seen in Figure 6. 9 that the
as-deposited Pt-doped Fe film showed a mixture of bce-Fe and L1y-Pt (of the
Pt underlayer). The fundamental (111) peak (40.31°) of disordered fcc-FePt
phase appeared after annealing at 300 °C, whereas the intensity of the bcc-Fe
peak was much lower than that of the as-deposited film. This result shows that
the formation of disordered fcc-FePt phase started to form at 300 °C due to
diffusion of Fe and/or Pt. The annealing at 400 °C and 500 °C led to the
domination of the disordered L1,-FePt phase, as both XRD peaks of bcc-Fe

and fcc-Pt disappeared. A small peak corresponding to the (111) plane of the
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ordered L1,-FePt phase was exhibited at 41.09 °C after annealing at 400°C or
higher. After annealing at 600 °C, the (001) super lattice peak of the L1, phase
appeared with the intensity ration (Zyp9;/1;;;) of about 0.36 which is slightly
higher than the ratio of 0.33 estimated from the XRD database @ Socabin (03-
065-9121), suggesting a small (001) texture. There was nearly no fcc phase
after anealing at 600 °C or higher, indicating the complete transformation from
fcc to L1 phase. Further increase in annealing temperature to 800 °C resulted
in higher intensities of peaks for L1, phase, especially the (001) peak. The
relative intensity of the super-lattice (001) peak for L1y-FePt phase is higher
compared with the standard PDF file of isotropic FePt (JCPDS file 431359).
The degree of (001) texturing ([ppi/1;1;) increased with the annealing
temperature, indicating that the film has a small crystallographic (001) texture.
At 800 °C, the calculated d-spacings of the FePt (001) and (111) planes
according to Bragg law are d=0.368 nm and 0.219 nm respectively, which are

similar to the other results for L1¢-FePt reported in the literature [49-52].

6.4.3 Effect of annealing temperature on ordering parameter
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Figure 6. 10. Dependence of ordering parameter (S order) of FePt film on
annealing temperature.
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To investigate the growth degree of L1y phase after annealing, the ordering
parameter S was evaluated as follows. From the integrated intensity of FePt

(00 1) and FePt (0 0 2), the ordering parameter S is defined as [53]:

2
S = [(I(O_OD)X (&) M]l/z

Lioo2) Fs/ (LxAxD)s
I 1
= kx(22) 72 (1)
I(oo2)

Where [o01) and [(go2) represent the integrated intensities of the (001) and (002)
peaks, F, L, A and D are the structure factor, Lorentz polarization factor,
absorption factor and temperature factor, respectively. f refers to fundamental
peak and s refers to superlattice peak. The k value (0.59) was estimated by
following the analysis described in [53]. Fig. 7 plots the results as a function of
annealing temperature. The chemical ordering S was found to increase with

increasing temperature from 600 °C to 800 °C, from 0.73 to 0.88.

6.4.4 Magnetic properties
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Figure 6. 11. (a) In-plane and out-of-plane coercivities depend on various
temperatures, (b) The in-plane and out-of-plane hysteresis loops of FePt film at
600°C.
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The in-plane and the out-of-plane coercivities in dependence of annealing
temperature are plotted in Figure 6. 11(a). The SQUID result agrees well with
our XRD results. With the formation of L1,-FePt phase, coercivity started to
increase (after annealing at 400 °C). Maximum coercivity (9 kOe) was
obtained after annealing at 600 °C, whereas the phase transformation from
soft-magnetic fcc to hard-magnetic L1y was completed and the film possessed
a nanograined structure. At higher temperatures, coercivity decreased with

increasing annealing temperature, as a result of grain growth.

Another observation is that out-of—plane coercivity is always slightly higher
than that of in-plane coercivity. The small out-of-plane magnetic anisotropy
may originate from the magnetocrystalline anisotropy because of a small out-
of-plane (001) texture. A set of in-plane and out-of-plane hysteresis loops of
the film annealed at 600 °C is shown in Figure 6.11(b). The hysteresis loops
demonstrate magnetic out-of-plane anisotropy. With increasing the annealing
temperature from 300°C to 500°C, the saturation magnetization (Ms) of FePt
film increases from 720 emu/cc to 850 emu/cc, which is lower than bulk value
of fcc-FePt (1030 emu/cc) [54]. At 600°C, the Ms of FePt is 1000 emu/cc and
it slightly increases to 1080 emu/cc at 800 °C, which is close to the bulk value

of L1¢-FePt (1140 emu/cc) [55].
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6.4.5 Morphology

, .
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Figure 6. 12. (a) Cross-section of TEM micrograph of FePt film after
annealing at 800 °C, (b) HRTEM image of the prepared FePt and inset is an
electron diffraction pattern of the selected area, the rings labeled with Miller
indices correspond to the expected L1y-FePt pattern, (c) and (d) showed the
plane view bright and dark-field TEM images of the L1y-FePt film annealed at
800 °C.

The TEM cross-section micrograph of FePt after annealing at 800 °C was
illustrated in Figure 6. 12(a). Based on the densities of bce-Fe, fecc-Pt and the
alloy L1o-FePt, the volume of fcc-FePt should be reduced by 20-25% if the bi-
layers of bce-Fe and fce-Pt form the single phase L1o-FePt. Our TEM results
showed a thickness of 160 nm for L1o-FePt, which agree well with the

expected thickness. By EDS examination (which is equipped with our TEM

system), the composition of the FePt film was found to approximately 50
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at.%Fe & 50 at.%Pt, showing a good agreement with our calculation
expectation. Besides, it has been observed that the composition of Fe and Pt
was uniform throughout the thickness of the film. From d spacing analysis of
the HRTEM in Figure 6. 12(b), the lattice fringe was consistent with the L1y-
FePt (111) plane. The diffraction rings from L1,-(001) (110) and (111) can be
observed in electron diffraction pattern, consistent with XRD patterns as
shown in Figure 6. 9. There is no clear ring from fcc phase observed,
suggesting the high L1, ordering after post-annealing. Different from the cross-
section view of Fe film in Figure 6. 6, no Pt underlayer could be observed, as
we could only find the L1o-FePt layer above Ti underlayer, indicating that the
bee-Fe and fee-Pt layers form L1o-FePt intermetallic after annealing at 800 °C
through diffusion under H, Figure 6. 12(c) and (d) showed the bright and dark-
field images of L1y-FePt film annealed at 800 °C. The bright area in Figure 6.
12(d) is the area with L1y ordered structure satisfying the diffraction condition.
The average grain size measured from TEM image is 110nm, which is nearly
50 nm higher than the value evaluated by Scherrer’s formula from XRD

pattern of FePt film after being annealed at 600 °C.

6.5 Conclusions

A thermal decomposition method was applied for synthesis of FePt
nanoparticles. The fcc-FePt phase was identified by XRD and the morphology
was observed by TEM. The nanoparticle size measured from TEM image is
around 15nm. From VSM study, the coercivity of fcc-FePt sample is around
150 Oe at room temperature rather than 0 Oe as expected for typical
superparamagnetic disordered FePt phase, indicating the presence of some

amount of ordering (L1¢) phase. In addition, We have developed a method for
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the synthesis of FePt film by annealing of Pt-doped Fe film on
Pt(100nm)/Ti(50nm)/SiO,/Si substrate. A wet chemical route was used in the
synthesis of Pt-doped Fe films on Pt underlayer. We have found out that
doping with a relatively small amount of Pt can enhance chemical stability
significantly. A post-annealing can lead inter-diffusion between Fe and Pt
layers to form FePt intermetallic phase. Diffusion occurs after post-annealing
to form disordered fcc-FePt at 300 °C, which can further transform into hard-
magnetic L1y-FePt phase. The FePt films showed out-of-plane anisotropy with
the maximum coercivity of 9 kOe after annealing at 600°C. Reduced
coercivity obtained after annealing at higher temperatures (700°C and 800°C)
was probably due to grain growth. TEM and TEM-EDS results confirmed the
L1o-FePt phase and uniform composition approximately Fe:Pt = 50:50

throughout the thickness of film.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

This thesis mainly investigated wet chemical synthesis, magnetic and electrical
properties of Fe-based systems in both nanoparticles and film forms which
have drawn considerable attention for their wide range of applications
recently. Firstly, the shapes, surface and magnetic properties of Fe;O4
nanoparticles were manipulated by introduction of external magnetic field
during thermal decomposition process. The hyperthermia application of as-
synthesized Fe;O4in different shapes was studied. Furthermore, a simple and
wide wet chemical route was demonstrated to deposit high-quality epitaxial
thick Fe;O4and ferrite film on different substrates. The potential applications
of Fe;O4 had been explored for microwave absorption and MEMS
supercapacitor. Typical Fe-3d metal alloy (FeCo) nanoparticles had been
studied and a detail insight into the composition effect on the microstructure
and magnetic properties was provided. The as-fabricated monodispersed FeCo
nanoparticles were promising candidate for use in biomedicine according to
cytotoxicity test. In addition, the similar wet chemical method that applied to
deposit Fe;O,4 film could also use to deposit FeCo film. The bee-FeCo phase
was identified by XRD and its magnetic property was investigated by VSM.
Similarly, Fe-5d metal alloy (FePt) nanoparticle and film were also studied in
our work. fcc-FePt nanoparticles had been synthesized with particle size
around 15nm. L1o-FePt films were achieved by a combination of chemical

deposition of Pt-doped Fe films and post-annealing in furnace. The structure
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and magnetic property of as-deposited and annealed FePt films with annealing

temperatures were investigated.

The detailed results can be summarized below:

(1) An external magnetic field was utilized during thermal decomposition
process to manipulate the shapes, surfaces and magnetic properties of
Fe;04 nanoparticles. The applied magnetic field of 500 Oe induced
formation of uniform Fe;O4 nanocubes of 250 nm, in sharp contrast
with the nanocuboctahedrons if no magnetic field was present. Size of
Fe;04 nanoparticles was also effectively controlled by adjusting the
pre-heating time of reaction precursor. It is noticed that the magnetic
field promotes the change of Fe;O4 nanocuboctahedrons to nanocubes
and has no effect on nanooctahedrons. Furthermore, first-principles
calculation was employed to understand the interaction between
magnetic field and synthesized nanoparticles by studying surface
magnetic anisotropy of Fe;O4 (001) and (111) surfaces. Moreover,
Fe;04 nanocubes and nanocuboctahedrons were coated with chitosan
and well dispersed in water for hyperthermia measurement. The
intrinsic loss power (ILP) of the Fe;O4 nanocubes (1.71 nH-m2/kg)
was 56% higher than that of nanocuboctahedrons (1.09 nH-m2/kg)

inferring surface magnetic effect on hyperthermia performance.

(2) A wet chemical (thermal decomposition method) had been presented
for high-quality and epitaxial thick ferrite. A silicon-technology

compatible process has been developed, that highly textured Fe;O4
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can be grown on Si substrate with a MgO seed layer and patterned
structure can be relatively easily realized. As-prepared Fe;O4 thick
films have demonstrated their potential applications for microwave
and MEMS supercapacitor. Different ferrite compounds have been
successfully fabricated, including Co-ferrite with high coercivity and
perpendicular anisotropy, and Ni-ferrite with high resistivity and

enhanced magnetization.

(3) A facile chemical process has been developed for the preparation of
magnetic Fe-3d alloy FeCo nanoparticles. The FeCo nanoparticles
were mono-dispersed obtained by the safe and ecofriendly method,
possessed saturation magnetization up to 187 emu/g and demonstrated
excellent chemical stability. In this work, we have studied how to
control Fe/Co ratio by variation of precursor ratio, and how to vary
particle size from 9.3nm to 12.3nm by surfactant amount used. The
cytotoxicity of as-synthesized nanoparticles was investigated after
coating with the poly(methyl methacrylate-co-butyl acrylate) (PMBA)
by the emulsion process and the results demonstrated high
biocompatibility. Similarly, the same synthesis method was used with
the single precursor FeO(OH) or Co304. The results showed that this
method can also fabricate 10nm mono-dispersed spherical Fe;O4
particles and self-assembly Co nanoneedles. In addition, we had
successfully deposit bcc-FeCo film on Pt substrate via thermal
decomposition. The as-deposited FeCo film has the saturation

magnetization around 1300emu/cc.
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(4) fcc-FePt particles were synthesized through thermal decomposition.
Its elemental composition was detected by EDS and their final
particle composition was FessPtys. The particle sizes observed form
TEM were around 15 nm although it was not as uniform as the Fe;O4
and FeCo nanoparticles fabricated before. Compared with
superparamagnetic behavior of disordered fcc-FePt phase, the VSM
result showed nonzero value (1500e¢) for the coercivity, indicating
some amount of ordering should be present in fcc-FePt phase. In
addition to FePt nanoparticle, a method to fabricate FePt films by a
combination of chemical deposition and post-annealing had been
presented. Pt-doped Fe  films  were  deposited on
Pt(100nm)/Ti(50nm)/Si0,/Si substrate using thermal deposition and
the as-deposited films were subsequently annealed from 300°C to
800°C under 5%H,/95%N,. FePt films were achieved through
diffusion and rearrangement of Fe and Pt atoms in post-annealing
process. From X-ray diffraction results, the fcc-FePt phase appeared
at 300 °C and the transformation from fcc to L1, phase started at
400°C. The L1y-FePt film possessed an out-of-plane anisotropy and a
coercivity of 9 kOe after annealing at 600 °C. A further increase in
annealing temperature led to lower value of coercivity, probably
because of grain growth. In addition, the thickness of Pt-doped Fe
films could be controlled from 150 nm to 700 nm by adjusting
amount of the surfactant used. Our SQUID analysis showed that Pt
dopant could significantly improve the chemical stability of Fe films

1n air.
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7.2 Recommendations for future work

Based on the substantial experimental results, scientific discussion and

conclusions drawn from this thesis, several potential directions for future

research are presented:

(1) The work in the chapter 3 indicated that the shape, surface and

)

magnetic properties of FesO4 could be manipulated by the external
magnetic field. However the effect of external field on the other
nanoparticles fabricated in our study (FeCo and FePt) is negligible.
This is maybe because Fe;O4 is saturated at lower external filed
(around 400 Oe) than that of FeCo and FePt observed from magnetic
study. Further study may be focus on figuring out why the external
magnetic field has more influences on the growth of Fes;Oq4
nanoparticle than other ferrous alloys. In addition, the external
magnetic field could be used in the future study for controlling the
growth and properties of other magnetic oxide nanoparticles as well

as some magnetic semiconductors (TiO,, ZnO).

The potential of the solution-based method we presented for the
deposition of thick films could be further explored in the future work.
In our work, we have demonstrated that this method could be applied
to deposit Fe-based films including, Fe;Oy, ferrites, FeCo, FePt and
Fe films. However, it would be interesting to broaden this method for
growth of other oxide and metal films. Additionally, the quality of
films deposited by this method is very different. Compared with high-

quality epitaxial structure and smooth surface of as-deposited Fe;O4
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and ferrites films, FeCo film that was deposited on Pt substrate has
poor morphology, which is probably due to the poor matching
between substrate and film or oxidation of FeCO film in air
environment. Some work in the future could be concentrated on the
improvement of quality of FeCo film by adjusting the thermal

decomposition process.

(3) The excellent hyperthermia properties of Fe;O4 and biocompatibility
of FeCo magnetic nanoparticles pave their ways for biomedicine
applications in future. On the other hand, the poor disperbility and
uniformity of as-synthesized FePt nanoparticle restricts us form
further study on its potential for biomedicine use. In addition, because
of the presence of ordering (L1y) phase from our magnetic study, fcc-
FePt nanoparticle shows non-superparamagnetic behavior and, thus,
not desirable for biomedicine application. In terms of FeCo magnetic
nanoparticles, in order to make it more suitable for biomedicine test,
efforts should be made to increase this concentration after transferring

to water phase.

Therefore, in future work, we will optimize reaction conditions and
phase-transfer technique to achieve better quality of fcc-FePt
nanoparticle and higher concentration of FeCo nanoparticle in water

phase.

(4) We just have grabbed a small aspect of the epitaxial thick Fe;O, films
to investigate. There is still a broad scope of the research gaps to be

fulfilled. Mechanism of growth of thick Fe;O4 and ferrites films by
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thermal decomposition is rewarding to be further investigated. Some
work could be done by comparing the magnetic properties, strain
effect, and defect state of as-deposited thick epitaxial Fe;O4 with its

bulk or thin counterparts.

(5) We have explored the use of as-deposited Fe;O4 for patterning,
microwave absorbing and supercapacitor. Various ferrites films with
high resistivity, high magnetization, and high coercivity were also
obtained. Thus, investigation for their applications like, spintronics

device, is counted for the days.
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