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Abstract

A full understanding of the magnetism of isolated ferromagnetic nanowires is still an unresolved
issue and presents a research challenge for researchers. Understanding the intrinsic magnetic
properties of such nanowires is significant from a scientific point of view and will be an issue for
potential applications. Therefore, the aim of the work presented here is to investigate the magnetic
and magnetisation reversal behaviour of electrodeposited template released isolated ferromagnetic
nanowires complemented by detailed micromagnetic simulations.

To understand the fabrication techniques, characterisation systems and the materials used to
fabricate the nanowires, the elemental composition, surface topography and magnetic properties of a
range of electrodeposited thin films were investigated first.

In order to emphasis the reasons behind studying the magnetic behaviour of such isolated
nanowires, the statistical distribution of template pore size and spacing, nanowire dimension
distributions, and the morphology of such nanowires have been measured using high resolution
scanning electron microscope analysis. To determine the crystal structure and the crystallite sizes
within these nanowires, which might have a great influence on their magnetic properties, both the
template deposited and selected areas of individual nanowires have been studied using a
combination of X-ray diffraction and high resolution transmission electron microscopy
incorporating with electron diffraction, respectively.

To align the template released nanowires with respect to the prefabricated micromarkers and
electrical contact pads, magnetic field assisted alignment was developed. The effect of field
strength, nanowire composition and aspect ratio on the percentage of aligned nanowires have been
statistically analysed and the results explained.

The surface and bulk magnetisation reversal behaviour of isolated individual, small bundles and
clusters of nanowires is technically challenging but have been successfully measured here using
magneto-optical Kerr effect magnetometry and magnetoresistance, respectively. The magnetic
switching behaviour obtained from these techniques is compared with each other, the literature and
analytical models.

In addition, detailed micromagnetic simulations have been utilised to determine the magnetic
behaviour of two wire geometries: cylindrical and planar Nig Fe;g nanowires with a range of
diameters and thicknesses, respectively. For both geometries, the effect of nanowire diameter and
thickness on the magnetic properties such as switching fields, remanent magnetisation and magnetic
state before and during the switching behaviour, have been analysed and compared. The switching
field of the simulated nanowires are compared with their counterparts results obtained from both
MOKE and MR measurements. The magnetisation reversal behaviour of these wires geometries was
also investigated and compared with the classical analytical curling model of magnetisation

reversal.
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Chapter one
Introduction

1-1 Introduction

Ferromagnetic nanowires, nanorods, nanoribbons and nanopillars are closely related
terms that can be defined as structures that have a thickness or diameter of nanometer scale
and unconstrained length. Typical ferromagnetic nanowires exhibit high aspect ratios
(length to diameter), and they have often been approximated as one-dimensional structures.
These nanowires have many interesting features that are not seen in bulk or three-
dimensional materials and therefore the fabrication, physical characterisation and analysis
of the behaviour of these structures presents interest for both fundamental science and
industrial applications [1-10]. As an example, they have been proposed for roles in future
applications of various magnetic technology including spintronics, magneto-optical devices,
sensors, logic circuits and ultra-high density magnetic storage media in hard-disk drives and
non-volatile magneto-resistive random access memory (MRAM). These applications may
lead to devices that are smaller, more compact and portable. In addition, they have
numerous potential applications in various other fields, such as chemistry and biosciences.

There are two main approaches for fabricating these types of structures, the first is
lithographic patterning of vapour phase deposited thin-films and multi-layers (typically
thermal evaporation or sputtering techniques) by electron beam lithography and/or focused
ion beam milling, to create planar nanowires with ultra-thin rectangular cross sections,
where the thickness is of the order of ten nanometers and the width is in the range of 150-
1000 nm [11-15]. These planar nanowires have been the focus of studies of magnetisation
behaviour of individual nanowires and are most readily compatible with the production
processes needed for device applications. The other important technique that has been
widely used to create nanowires is the electrochemical deposition of ferromagnetic
materials from solution into nanoscale porous templates, often made from alumina, mica,

silica or track etched polycarbonate [16-23]. In contrast to lithographic patterning, this later



Chapter one. Introduction

technique produces circular cross-section nanowires with diameters from ~5 nm up to
hundreds of nanometers. By controlling the electrodeposition conditions or template
parameters, this technique can also produce nanotube structures [24-26]. This technique is
powerful, as it can produce large numbers of nanowires relatively quickly and at a low cost,
and while, for lithographic patterning, the nanowires lie parallel to the substrate plane,
template deposited nanowires are orientated orthogonal to the substrate and attached to a
conducting base layer, typically made of gold or copper. With this technique, single
element [16-18], alloyed [19,20] or compositionally modulated multi-layered [21,22]
nanowires can be prepared.

The magnetic and magnetisation reversal behaviour of as-deposited arrays of templated
ferromagnetic nanowires have been investigated extensively over the last couple of decades
using different techniques including vibrating sample magnetometry (VSM) [27,28],
superconducting quantum interference device (SQUID) [29,30], torque magnetometry [31]
and magnetoresistance (MR) [32-34]. These studies have produced significant insights into
the physical behaviour of two-dimensional arrays of nanowires. These results are obtained
as averages over many hundreds or thousands of nanowires, in which the dipolar or
magnetostatic interaction between neighbouring wires complicates the situation regarding
intrinsic magnetisation behaviour. Understanding the intrinsic magnetic properties and the
magnetisation reversal processes in isolated individuals and small bundles of nanowires is
significant and crucial from the scientific point of view and is a demanding issue for
potential applications. Indeed, a full understanding of the magnetism of template released
ferromagnetic nanowires is still unresolved issue and presents a significant challenge for
researchers.

In order to understand the magnetic behaviour of such isolated nanowires, wire
behaviour has been analysed by different groups using templates with a low density of
nanopores. These studies however, cannot provide precise information and the

interpretation of the data is limited, as will be shown later, due to variations of
2
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morphologies, orientations, dimensions, circularity and separation distances among these
wires, where the wires are distributed randomly in a disordered fashion and the
magnetostatic interaction between neighbouring wires again complicates the situation.

Therefore, researchers have attempted to investigate isolated nanowires by releasing
them from the templates using suitable chemical solutions to dissolve the template without
damaging the wires [35-38]. The focus of these studies has been nanowires of the smallest
diameters that are likely to display single domain states and simpler magnetic behaviour
compared to larger diameter nanowires, which support more complex domain structures.
Most of these studies, however, involve primarily electrical-transport measurements and
few measurements by micro-SQUID. Much less work has focused upon thicker isolated
magnetic nanowires [39-42], where the magnetic processes are likely to be more complex.
Indeed, as described later the contrast between transport measurements and magneto-optical
magnetometry suggests that a combination of techniques is needed to understand the
magnetisation behaviour of larger diameter nanowires. Thus, the main purpose of the
research presented here is to investigate the magnetic state and magnetisation reversal
behaviour of isolated template released ferromagnetic nanowires using both magneto-
optical Kerr effect (MOKE) magnetometry and magnetoresistance measurements.

In this research, nickel (Ni), NiFe (nominal composition NigyFey (permalloy)) and
cobalt (Co) nanowires and thin films were grown by an electrodeposition technique in
alumina templates and on Au/Cr/Si/SiO, substrates, respectively. The nanowires were
released from their templates, placed into a dilute suspension and then dispersed on
oxidised silicon substrates for magnetic and electrical transport measurements. The results
of these studies are discussed and interpreted in comparison with micromagnetic
simulations of cylindrical and planar nanowires.

To perform these measurements, the isolated nanowires were aligned with respect to the
prefabricated gold micromarkers and electrical contact pads using magnetic field assisted

alignment. To better understand and interpret the magnetisation behaviour, the crystalline
3



Chapter one. Introduction

structure and the grain sizes within these nanowires was investigated using both X-ray
diffraction (XRD) and high resolution transmission electron microscopy HRTEM
incorporated with selected area electron diffraction (SAED).

Electrodeposited thin films were investigated here to gain an insight into the elemental
composition, morphology and magnetic properties of the basic materials that form
templated nanowires. The elemental composition was investigated using both energy &
wavelength dispersive X-ray (EDS & WDS) analysis, whereas the topography of these films

was studied using grazing incidence X-ray reflectivity (GIXR) measurements.

1-2 Thesis outline

In this thesis, chapter two presents some of the important theory of ferromagnetism to
provide a relevant background framework that includes significant concepts and principles
of magnetism, micromagnetic and magnetisation reversal processes needed to put this work
into context. Chapter three presents a focused literature survey covering the relevant
magnetic, magnetisation reversal behaviour and alignment of ferromagnetic nanowires. A
review of material preparation and crystalline structure, as well as the effect of growth
conditions, wire dimensions, magnetostatic interactions and filling factor on the magnetic
and magnetisation reversal process in two-dimensional arrays and isolated ferromagnetic
nanowires. Furthermore, a survey of the magnetic alignment of template released
ferromagnetic nanowires is covered in this chapter. Chapter four deals with the
experimental techniques used to fabricate thin-films, nanowires, micromarkers and contact
pads as well as the electrical connection of the isolated nanowires with the contact pads and
the external circuitry giving a theoretical background for each technique first. The methods
used to release and deposit templated nanowires onto substrates are also described.
Moreover, the technical difficulties associated with the electrical connection of these
nanowires with the contact pads are also discussed along with some examples. Brief

theoretical and experimental descriptions of the investigative techniques including scanning
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electron microscopy (SEM), grazing incidence X-ray reflectivity, magneto-optical Kerr
effect magnetometry, magnetoresistance, and micromagnetic modelling employed in this
research are presented in chapter five. Results and discussion of the chemical composition,
roughness and thickness of a range of electrodeposited ferromagnetic thin films are
presented in chapter six. The statistical distribution of template pore diameter, spacing and
wire diameter, as well as length, morphology and crystal structure of the nanowires are also
investigated in chapter six. The results presented in chapter seven provide a quantitative
analysis of the magnetic field assisted alignment of a range of template released
ferromagnetic nanowires. Specifically, this chapter investigates the alignment of nanowires
deposited onto substrates as a function of magnetic field strength, composition (saturation
magnetisation) and the aspect ratio of the nanowires. This chapter also reports some further
observations resulting from the magnetic alignment experiments along with the most
important potential applications of magnetically aligned ferromagnetic nanowires in various
fields. Chapter eight investigates the results of magnetic, magnetisation reversal and
electrical-transport behaviour of a range of template released isolated ferromagnetic
nanowires using MOKE and MR measurements, respectively. A comparison between these
results is investigated. The technical difficulties associated with the MR measurements are
also discussed. To understand deeply the magnetic properties of such isolated nanowires, a
range of electrodeposited thin films are investigated first. Chapter nine is a theoretical study
of the magnetic and magnetisation reversal behaviour of cylindrical and planar cross-
section Nig;Fej9 nanowires with a range of diameters and thicknesses/widths and all with
the same length using the object oriented micromagnetic framework (OOMMEF) software. A
comparison between the simulation and the experimental results is presented in this chapter.

Finally, chapter ten presents the conclusions of this work and suggestions for further work.
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1-3 Definitions and magnetic units

The most significant terms used in the description of the magnetic phenomena in this
work are defined here, including their units and conversions. In magnetism, unit systems
are still complex as some use system international (SI) units and others the centimetre gram
second (cgs) system. Each one, however, has certain advantages and disadvantages. Both

are discussed here.

1-3.1 Magnetic field

Magnetic field is denoted by H and it appears in volume space whenever there is an
electrical charge in motion. It also appears in a permanent magnet, as a result of electrons in
orbital motions and the intrinsic spin of electrons. The unit of magnetic field strength is

expressed by ampere/metre (A/m) or orested (Oe) in SI and cgs units, respectively [43,44].

1-3.2 Magnetic induction

The magnetic induction or magnetic flux density, B, is defined by the magnetic field and
the magnetic characteristics of the media within the magnetic field. Its unit is given by fesla
(or weber per square meter (W/m?)) or gauss, G, in SI and cgs units, respectively. In free

space the relation between magnetic induction and the magnetic field is given by [43]:
B =u,H 1-1

Where, 1, is a universal constant and known as the permeability of free space. In SI units,

U, is equal to 4 x 10”7 Henry per meter (H/m), whilst it is one in cgs units [43].

1-3.3 Magnetic moment

Magnetic moment, m, is a significant and basic quantity in magnetism. It is applicable
for both bar magnet and electronic magnets. Its unit is generally referred to as, emu,
because it is an electromagnet unit. Its unit is A.m’ or weber.m in SI unit and erg/oersted in

cgs system [44].
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1-3.4 Intensity of magnetisation

Intensity of magnetisation or simply magnetisation, M, is a quantity used in magnetism
to describe the degree of magnetisation in the magnetic materials. It is the magnetic moment
per unit volume,V, (M = m/V). Its unit is given by erg/oersted cm’ or emu/cm’ [44].
1-3.5 Magnetic susceptibility and permeability

These two quantities represent the magnetic material response to the magnetic field

where u = S and y = %, where; u and y are the permeability and susceptibility of a
specimen, respectively [44].
1-3.6 Basic units in magnetism and their conversions

The following table summarise the most important quantities used in magnetism and

their conversions [43].

Quantity Symbol | SI units CGS units Conversions
Magnetic field H A/m Oresteds 1 oersted = (1000/47) A m™" =79.58 A m’!
Magnetic induction B Tesla Gauss 1 gauss = 10 tesla
Magnetisation M A/m emu cm’” 1 emu/cm® = 1000 A m’!
Magnetic moment m Am’ Emu 1 emu =107 Am’

Table 1.1 Important units in SI and CGS systems currently used in magnetism and their conversions.
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Chapter two

Ferromagnetism and theory of magnetisation reversal

2.1 Introduction

This chapter discusses the key physics associated with ferromagnetism that is relevant to
understanding the results presented and discussed later. The chapter starts with a brief
introduction to the microscopic origin of magnetisation within magnetic materials, their
classifications and the difference between demagnetised states and saturated ferromagnetic
materials. The anisotropies that contribute to the magnetisation behaviour of ferromagnetic
materials and the concepts behind domains, domain walls and magnetisation reversal
mechanisms are also covered in this chapter along with a brief description of the theory of

micromagnetism.

2-2 Microscopic origin of magnetism
In a simplified view, the clouds of electrons surrounding atoms may be visualised as
rotating in circular orbits around the nucleus, as shown in Figure 2.1(a). These electrons

(charge of, e, and mass of, m,) rotate around the nucleus at a radius, r, with a velocity, v [1-

3].
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ugrvtat toh s
T | |
U Q) | (i) |
|
/ | \ | A -
& = -e G BN > . s
A__ 4 e 4
\ 7/.U
|
I, X .
v v v
L J o
(@) (b)
Figure 2.1 Schematic representation of the electron motion in an atom (a) orbital motion around the
nucleus[4] produce a magnetic moment, u2r’*® and (b) spin motion around its own axis produce a spin

magnetic moment, [, . The two orientations of electron spin are shown as (i) clockwise and (ii) counter-

clockwise. Modified from [5].
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The rotation of electrons can be considered as an electric current flowing in a circular
loop with zero resistance which gives rise to a magnetic moment, 2T’ that appears
perpendicular to the plane of the electron motion, as illustrated in Figure 2.1(a), associated
with this moment is an orbital angular momentum, L, directed opposite to the orbital
magnetic moment [4,5].

Very crudely, the electrons can also be thought to rotate about their own axis in a spin-
like motion. This spin motion is used to describe a purely quantum mechanical concept
which has no classical analogy. The spin can be in one of two quantum mechanical
orientations namely: spin up and spin down. Therefore, the associated magnetic moments
can take only one of these two directions. To understand the concept of electron spin, the
electrons were assumed classically as a solid sphere and the charges are distributed over

their surface, as shown in Figure 2.1(b) [5]. This representation is only an aid of
visualisation with no quantitative importance [5]. The rotation of these charges produce
current loops which all sum together to give rise to a spin magnetic moment, j,° in, oriented
along the rotation axis. As a result there will be a spin angular momentum, S, in an opposite
direction to the spin magnetic moment [5].

The total angular momentum, J, of the electrons in an atom is given by the vector sum of

the orbital and spin angular momentum as follows [1,3]:

J=L+S 2-1
Total

while, the fotal magnetic moment, u,’**", is given by [3]:

plotal — _ %] 2-2

Where, 7 is the reduced Planck constant, g is the Landé factor (dimensionless), and up is

the Bohr magneton given in SI units as [3]:

2-3

Up =

2me
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The Landé factor can be given by [4]:

JU+1D) +S(S+1)-L (L+1)

2-4
2](J+1)

g=1+

The, g, factor can take values between 1 and 2, where it takes 1 for orbital motion and 2
for spin motion only. When / < g < 2 indicates that both effects are involved. The g factor
can be measured from the frequency of an electron orbital motion, which is known as
gyromagnetic ratio, y [6]. This factor is significant in micromagnetic theory and it is

defined as the ratio of the angular momentum to the magnetic moment and given by [6]:

y= -2l gk 25

2me

The value of the gyromagnetic ratio confirms that the largest contribution to the intrinsic
magnetic moments within ferromagnetic materials arises from the electron spin motion

rather than electron orbital motion around the nucleus [6].

2-3 Classification of magnetic materials

It is clear from the previous section that the origin of the magnetisation within magnetic
materials arises from electron orbital and spins contributions. Therefore, magnetic materials
according to their response to an applied magnetic field can be classified into three main
categories [5,7,8]. The first category is diamagnetic materials which have no net
magnetisation because the electronic shells are completely filled. The induced magnetic
moments in these materials opposes the external applied magnetic field and so they have a
small and negative susceptibility (around -10° dimensionless in SI units) [7,8].
Diamagnetic susceptibilities are significantly independent of temperature. Examples of
these materials are copper, silver, carbon, gold, bismuth and beryllium [7]. The second
category is paramagnetic materials in which the atoms and molecules have an odd number
of electrons in unfilled shells, so there is an unpaired electron spin, giving rise to a net
magnetisation in response to an applied field. This magnetisation does not exhibit long-

range order such as found in ferromagnetic materials, therefore the susceptibility is small
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and positive (typically 10°-10) [7,8]. In fact, the atomic magnetic moments are randomly
oriented when there is no applied magnetic field due to the thermal or Boltzmann energy.
The magnetisation in these materials is weak and could be aligned parallel to the direction
of the applied magnetic field. The susceptibility in most paramagnetic materials are
inversely proportional to the temperature and this correlation is known as the Curie law
[5,7]. Examples of these materials include aluminium, platinum, and copper sulphate. The
third group is the ferromagnetic materials, which are the most significant group due to their
extensive use in many applications and are the most relevant here. The susceptibility of

these materials is positive, much greater than 1 and can have values ranging up to 10* [7].

2-4 Ferromagnetic materials

Ferromagnetic materials can be defined as materials that have a spontaneous
magnetisation even when there is no external applied magnetic field [5,7]. Examples of
these materials are: iron, cobalt, nickel, some rare earth elements (e.g. scandium, yttrium
gadolinium, neodymium, and samarium) and their alloys. With these materials, maximum
and minimum spontaneous magnetisation can be obtained at OK and the Curie temperature,
respectively, whilst above the Curie temperature ferromagnetic materials show
paramagnetic properties in which the magnetic moments are randomly distributed with no
field [7].

Different types of spontaneous magnetic materials exist and the moment depends on the
relative orientation and magnitude of the magnetic moments (electron spins) with respect to
each other. These materials are ferrimagnets, antiferromagnets, helimagnets, and
supermagnets [7,8]. Figure 2.2 show schematic diagrams for the magnetic moment
arrangement in ferromagnetic, antiferromagnetic and ferrimagnetic materials. In
ferromagnetic materials, the nearest neighbour magnetic moments are aligned parallel in
some regions, as schematically shown in Figure 2.2(a). The magnetic moments in anti-

ferromagnetic materials are aligned anti-parallel, as shown in Figure 2.2(b). Examples of
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(©

() (b)
Figure 2.2 Schematic diagrams showing the alignment of magnetic moments in different magnetic

materials [7]: (a) Ferromagnetic, (b) antiferromagnetic, and (c) ferrimagnetic alignments.

antiferromagnetic materials include chromium, manganese and the transition metal oxides
such as FeO, CoO, NiO and MnO. Ferrimagnetism is a special case of antiferromagtism
and these materials are usually referred to ferrites in which the magnetic moments on
different lattice sites are aligned in opposite directions and with different magnitudes such
that a net moment exist, as illustrated in Figure 2.2(c). It was first suggested by Néel in
1948 [9]. The archetypal ferrimagnetic material is FezO4 [9].

The alignments of the magnetic moments in small regions within these materials are
known as magnetic domains, these will be discussed in further detail later. In the
demagnetised state, the orientation of magnetic moments varies from domain to domain and
the net magnetisation is zero, Jm=0 [7,10], as shown in Figure 2.3. When an external
magnetic field is applied, the domains that aligned in the opposite direction to the field are
reduced and eventually with increasing the field all the magnetic moments are directed
towards the field direction resulting in a single domain specimen [7] and the material
reaches saturation magnetization, ) m= M,, as shown in Figure 2.3. Nevertheless, the
alignment of the neighbouring electron spins within the domains is strongly dependent on

the quantum mechanical exchange interaction, as will be seen in the following section.

N)Z) Y )2 - - —> =
/“L/'Yé —_ = - —

Demagnetised state Saturation state
>m=0 >m=Ms

Figure 2.3 Alignment of magnetic moments within domains in ferromagnetic materials as a demagnetised
state in which the magnetic moments varies from domain to domain, and saturated state in which all the

magnetic moments are aligned parallel when a sufficient external magnetic field is applied [7].
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2-5 Exchange interaction

The alignment of the magnetic moments within ferromagnetic materials is due to the
quantum mechanical exchange interaction which was explained by Heisenberg in 1928
[5,7]. This interaction is dependent on the relative orientation of the neighbouring electron
spins. As it is well known from Pauli Exclusion Principle that any two electrons cannot
occupy the same energy level if they have the same quantum numbers, whilst they can
occupy the same energy level if they have different quantum numbers [5]. Therefore, an
attractive or repulsive force appears when the electrons spins are antiparallel or parallel,
respectively. Hence, there is an electrostatic force between the nearest neighbours modified
by the spin orientation known as the exchange force or the exchange energy, E.., which is
responsible for introducing magnetic ordering to the electronic spins [5]. The exchange
energy is dependent upon the interatomic distances and is a short-range effect, decreasing
rapidly with increasing separation [5]. This energy can be given as a summation over

adjacent interacting spins as follows [5-7]:
Eex = -2 Z]l] SiZjCOSBi]' 2-6

Where, J;; is the exchange integral, S;; are the spin momenta associated with each adjacent
spin, and 6; is the angle between the neighbouring spins. If the exchange integral is
positive, the minimum (maximum) energy is obtained when the spins are parallel
(antiparallel) to each other. If the exchange integral is negative, the minimum energy state
is achieved when the spins are antiparallel to each other. Parallel (antiparallel) spin
alignment leads to ferromagnetic (antiferromagnetic) order [9]. If the magnitude of the
spins is equal and the angle between neighbouring spins is small, then the variation in the

exchange energy, AE . can be written as [11]:

AEex == _zjijSZHZ 2-7
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The exchange stiffness constant or simply exchange constant, A, is a measure of the

force which acts to maintain the electron spin alignment. It can be expressed as [11]:
A= ]S%n/a 2-8

where, S is the value of the individual spins, a is the lattice parameter, and » is the number
of atoms in the unit cell [5]. For simple cubic structure (SC) n=1, for a body centred cubic
(BCC) n=2, for a face centred cubic (FCC) n=4 and for a hexagonal close packed (HCP)
structure n = 2V 2 [5,11]. In most ferromagnetic materials, the exchange stiffness constant
is around 1-2 x10°° erg/cmin cgs units and 1-2 x 10" J/m in SI units [11]. As will be seen
in later chapters this value is relevant to understanding the angular dependence data from
the experimental work with the curling model of magnetisation reversal and is needed in
simulation studies.

The exchange energy gives rise to long-range order, but it is not the only energy
responsible for the overall magnetisation behaviour of ferromagnetic materials. There are
various contributions termed magnetic anisotropy energies arising from different origins

compete to give the overall magnetisation behaviour within the ferromagnetic materials.

2-6 Magnetic anisotropy

The magnetic moments within ferromagnetic materials prefer to align in a certain
direction. This phenomenon is known as magnetic anisotropy [12,13]. There are two main
sources of magnetic anisotropy in ferromagnetic materials depending on their origin. The
first is of internal origin due to spin-orbit coupling and include both magnetocrystalline
anisotropy and magnetoelastic anisotropy [12,13]. The second category is termed
magnetostatic or shape anisotropy, which is the most significant anisotropy in measuring
nanowires and its origin is related to the dipole-dipole interactions. These anisotropies
strongly influence the overall magnetisation behaviour of the ferromagnetic nanomaterials

and the shape of the hysteresis loops obtained.
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2-6.1 Magnetocrystalline anisotropy

In ferromagnetic materials, the magnetic moments are usually oriented along a certain
crystallographic axis known as the easy axis of magnetisation. In contrast, the direction
along which it is difficult to align the magnetic moments is referred to as hard axis of
magnetisation. This phenomenon is known as magnetocrystalline anisotropy. This
anisotropy is due to the fact that the spin of the electrons in the orbit is strongly coupled to
the lattice via a mechanism called spin-orbit coupling [12,13]. As an example, the
magnetisation curves at room temperature of Fe, Ni and Co materials measured along all
the crystallographic axes are shown in Figure 2.4 [5,6]. Fe and Ni have BCC and FCC
crystal structure, respectively [5,6]. It is easier to magnetise Fe to saturation along the [100]
axis than the [111]. Therefore, the [100] axis is the easy axis of magnetisation for Fe. In
contrast, the [111] axis for Ni is the easy axis of magnetisation and the [100] axis is the
hard direction of magnetisation. On the other hand, Co has a HCP structure and the ¢ axis is
the easy axis of magnetisation, whilst all the axes of the basal plane are hard to
magnetise[S].

In order to rotate the magnetic moments in a ferromagnetic material away from an easy
axis of magnetisation, energy is required to overcome the spin-orbit coupling. This energy
is known as magnetocrystalline anisotropy energy [5]. In a cubic structure such as Fe and
Ni, the magnetocrystalline anisotropy energy, E.,, 1s given by a series expansion in terms of

the angles between the direction of magnetisation and the cubic axis as follows [6,7]:

E., = K, + K;(cos?8,c0s?0, + cos?0,c0s205 + cos?0;c0s%6,)

+K2605291C05292C05293 I L E R LTI T TR 2-9

Where, K, K;, K, ....... are known as magnetocrystalline anisotropy constants for a
particular material and 6,, 6,, and 6; are the angles between the magnetisation direction and

the three crystal axes, respectively.
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Figure 2.4 Magnetisation hysteresis curves for three different structures of single crystal (a) BCC (Fe), (b)

FCC (Ni), and (c) HCP (Co). Reproduced from [5,6].

The magnetocrystalline anisotropy constants, K, and K, can be neglected because K is

independent of the direction of magnetisation and K, has very small value compared to K;

[11]. For example, K; and K>, for nickel are -5.7x1 0° J/m® and -2.3x10° J/m3, respectively

[13], whilst for Ni-Fe alloys, K; is dependent on the Ni content. K; is found to be around

zero when the Ni content is between 75% and 80% [11,14]. The magnetocrystalline

anisotropy energy of HCP structure such as Co is given by [5,13]:
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E.q = Ko + K;sin%6 + K,sin*6 2-10

where, 0 is the angle between the easy axis, ¢, and the magnetisation direction. The uniaxial
anisotropy constants, K; and K, for cobalt are 4.1xI O J/m’ and 1.2x10° J/m’ ,
respectively[6].

The magnetocrystalline anisotropy can have a significant effect on the magnetic
properties and magnetisation reversal process of ferromagnetic nanostructures, as well as

the magnetic alignment of nanowires, as will be seen in the later chapters.

2-6.2 Magnetoelastic anisotropy

Magnetoelastic anisotropy is associated with magnetostriction which is the change in
the dimensions of a ferromagnetic material under the application of an external magnetic
field [7]. This effect was first discovered by Joule in 1842 and it is sometimes called as
Joule effect. There are two types of magnetostriction [7]. The first one is known as
spontaneous magnetostriction and it appears as a result of ordering the magnetic moments
into domains when cooling through the Curie temperature [7]. The other type is known as
field induced magnetostriction which appears as a result of applying a magnetic field to a

ferromagnetic material [5,7]. In both cases, magnetostriction, A, is defined as the fractional
Al, . ) .. . ) .
change, (T)’ in a material length, /, as a result of magnetising the material into its saturation

state. Figure 2.5 shows a schematic representation of the change in the material length as a
result of applying magnetic field.
The fractional change in the length is small and in the range of 10°-10°. For example,

the magnetostrictive strain (at room temperature) of Ni along the <100> direction (Ajo) is

S—— | ———]

Figure 2.5 Schematic diagram demonstrating the change in the material length Al as a result of applying a

magnetic field He,, for positive +Al and negative -Al magnetostrictive effects.
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-45.9x10° and in the <111> direction (M) s 24.3%10° [6,13]. For Fe Aig is 20.7x10°®
and A1 = 21.2x10°° [6,13]. For Nig Fejo, Aj1; and Ao are extremely small [13]. The
positive (negative) signs in the values of magnetostriction indicate that the magnetisation of
the material expands (shrinks) as a result of changing from the demagnetised to saturated
state [9].

A further effect of magnetostriction is the converse effect where applying tension or
compression to a ferromagnetic material can change it is magnetisation behaviour and easy
axis. This effect is referred to as the inverse-magnetostriction effect [5]. The induced

magnetoelastic anisotropy energy, E,,., for cubic structures can then be written as [14]:
3 .
Eme =550 sin%0) 2-11

where, A, is the average change in the length along the two directions (1,¢¢ and 1;11), 0 is
the longitudinal stress (N/m”) applied on the material and @ is the angle between the

measured change in the length and saturation magnetisation.

2-6.3 Shape and magnetostatic anisotropy

It is equally easy to magnetise a sphere of a magnetic material along any direction in the
absence of magnetocrystalline anisotropy, whilst non-spherical shapes are more easily
magnetised along their longer axis than their short axis [5]. This phenomenon is known as
shape anisotropy. The shape anisotropy arises from the magnetic dipolar interaction and
will be discussed briefly in the following example.

Now consider a uniformly magnetised magnet as shown in Figure 2.6, the magnetic flux
density, B, is continuous and the material discontinuity leads to the formation of free poles.
The poles create a magnetic field, H, outside and inside the bar magnet [5]. The magnetic
field inside the magnet acts in the opposite direction to the magnetic moments and therefore
acts to demagnetise the magnet. This self-demagnetising field is very important, as it affects
both the effective magnetic field and influences the magnetisation behaviour of the

magnetic materials.
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Figure 2.6 Schematic representation of a uniform magnet showing the demagnetising field Hy created by the

magnetic moments.

The demagnetising field, H,, is proportional to the material magnetisation and is given by
[7,11]:

H; = —Ny;M 2-12

Where, N; is known as the demagnetising factor or demagnetising coefficient and is
strongly dependent upon the shape of the material and the axis along which the
magnetisation lies. For a sphere, the three demagnetising factors are equal to each other
[11], whilst for non-spherical shapes, the demagnetising factor is found to be larger along
the short axis and hence a large magnetic field is required to saturate the magnetisation, M,

along that direction. The magnetostatic energy, Ej,q4, for a given magnetisation direction

can be expressed in cgs units as [11]:

Emag = 5 NaM? 2-13

2-6.3.1 Single domain structures

Single domain structures occur when all the magnetic moments within a ferromagnetic
material are aligned parallel to each other [5]. It occurs when the size of the structure or
particle is smaller than a critical size. It is found that the critical size is independent of the
elongation of the particle and magnetocrstalline anisotropy [9], whereas it is dependent on
the balance between exchange energy and magnetostatic energy. When the particle exceeds

this size, a multi-domain structure is expected to occur.
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The demagnetisation factors in a single domain nanostructure can only be calculated
exactly for an ellipsoidal shaped object [11]. This is because the magnetisation in this shape
is uniform throughout the structure and single valued. The sum of these factors along the
three perpendicular axes is constant and related to each other by N, + N, + N, = 41 in cgs
units and equal to / in SI units [11]. Where, N,, N, and N, are the demagnetisation factors
along the minor, a, semi minor, b, and major axis, c, of the spheroid (see Figure 2.7) [11].
Three types of ellipsoids are available for studying single domain structures. The prolate
spheroid (ellipsoid of revolution) shown in Figure 2.7 is the most relevant here because it
can be used as an approximation for a single domain nanowire [11]. Its semi axis is ¢ > a =
b and the aspect ratio, m, is defined as m = c/a. Therefore, the critical size, 4, for a prolate

spheroid nanowire can be given by [5,11]:

Zed 1)) 2-14

64
Teg = |— ln(
sd \/NCMSZ [ a

Using equation 2-14, the calculated critical size for Ni and Co nanowires as an example
with an aspect ratio around 10 is found to be 300 nm and 70 nm, respectively [11].
Therefore, single domain particles are expected to occur for a radius less than 300 nm for

Ni and 70 nm for Co nanowires [11].

2.6.3.2 Principles of domain formation in ferromagnetic materials
The first satisfactory explanation of the idea behind domain formation within
ferromagnetic materials was produced by Landau and Lifshitz in 1935 [6]. This idea can be

understood by considering the magnetic bars presented in Figure 2.8 [5,7].

Prolate spheroid
c>a=b

Figure 2.7 Schematic representation of a prolate spheroid (ellipsoid of revelation) which is often used to

represents a single domain nanowire. Reproduced from [11].
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The illustrations in Figure 2.8(a-c) are cross sections throughout a uniaxial single crystal
ferromagnetic material. Figure 2.8(a) shows a single domain structure with high
magnetostatic energy as a consequence of the magnetic poles formed on the end surfaces of
the bar. Reducing the magnetostatic energy and hence the demagnetising field to nearly half
its value is achieved by creating two domains separated by a domain wall, as shown in
Figure 2.8(b) [5-7]. Further reduction in the magnetostatic energy to approximately a
quarter of its value occurs by creating further domain and domain walls, as shown in figure
2.8(c). A further reduction in magnetostatic energy can be achieved in cubic systems by
creating additional domains and 90° walls, as shown in Figure 2.8(d), these closure domains
reduce the magnetostatic energy to zero. This configuration completely removes the
demagnetising field. Thus, the system can reach an equilibrium domain size in which the
energy required to form further domain walls is much greater than the reduction in the
magnetostatic energy.

In reality, the formation of domains in ferromagnetic materials is more complicated than
those considered in this example, but it gives the principle behind the formation of domains
by lowering the energy of the system from a saturated state with high magnetostatic energy
to a closure system with lower demagnetisation energy. The addition of domain walls adds

energy each time.
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(a) (b) (© (d)

Figure 2.8 Schematic diagrams showing the idea behind domain formation in a perfect uniaxial crystal of a
bar magnet. The domain formation lowers the magnetostatic energy of a system by going from a saturated
condition shown in (a) with a high demagnetisation field to a flux closure system shown in (d). Reproduced

from [7].
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2-7 Zeeman energy

The Zeeman energy, Ey, is a result of the interaction of an externally applied magnetic
field with the magnetisation of a ferromagnetic material. This energy is minimised
(maximised) when the magnetic moments are aligned parallel (anti-parallel) to the applied
magnetic field and is given by [11]:

Ey=-M.H 2-15

2-8 Total free energy of ferromagnetic materials

The total free energy density, E,, of a ferromagnetic material is the sum of the

contributions of the magnetic anisotropy energies, the exchange and the Zeeman terms
described in the previous sections. It can be expressed as [11]:
Ey = Eex + Ecq + Epe+ Egg +En 2-16
It will be seen later in the theory of magnetisation reversal that the competitions between
these anisotropies in ferromagnetic nanowires under different conditions are responsible for

the overall magnetisation behaviour of a ferromagnetic system.

2.9 Ferromagnetism and the theory of domains

As mentioned earlier, the magnetic moments in the ferromagnetic materials are aligned
uniformly in volumes called magnetic domains. The boundaries between these domains are
known as domain walls. The domains and the associated domain walls appear as a result of
energy minimisation of the system [7]. Domain walls were first suggested by Bloch in 1932
[5]. Domain walls are transition regions between adjacent domains where the magnetic
moments realigns over many atomic planes and not in one discontinuous jump across a
single atomic plane. The total angular displacement of the magnetic moments across the
wall is often 90° or 180° [5,7]. Depending on the material thickness, two types of domain
walls may occur, known as Bloch and Néel domain walls, as illustrated schematically in
Figure 2.9 [7]. The change in the magnetic moments within the Bloch wall is out of the

plane.
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Bloch wall
(a) rotation of magnetic moments
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Figure 2.9 Schematic diagrams showing the localised spin moments in the domains and domain walls in a
ferromagnetic material. Two types of domain walls are available (a) Bloch wall, and (b) Néel wall depending

on the thickness of the ferromagnetic material. Modified from [7].

Its width can be calculated using micromagnetic simulations by minimising the total energy
of the wall with respect to its width using the exchange energy and anisotropy energy [5].
The contribution of magnetostatic energy is neglected, because the Bloch wall is usually far
from the surface of the ferromagnetic material where the uncompensated poles are located.
Thus, the Bloch wall thickness is strongly dependent on the competition between the
exchange energy (which tries to make the wall as wide as possible) and magnetocrystalline
anisotropy (which tries to make the wall as thin as possible to reduce the number of spins

oriented away from easy axis). The width of Bloch wall, 551", is given by [5]:

SBloch ~ \/Kzl 2-17

The associated domain wall energies for both 90° and 180° cubic structures can be given by
[5]:
EX, .. = 2\/AK, and E. = 4.[AK, 2-18

The energy of the domain wall in most ferromagnetic materials is around few erg/cm’

which is also dependent on the wall orientation in the crystal. For example using equation
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2-17, the calculated 90° and 180° domain wall thickness for iron was found to be
approximately 40 nm and 85 nm, respectively [5].

In contrast, Néel walls shown schematically in Figure 2.9(b), appear in ferromagnetic
materials where their thickness becomes equivalent to the thickness of Bloch walls. As the
thickness of the ferromagnetic material becomes very thin, the magnetostatic anisotropy
energy cannot be ignored in this case due to the formation of free poles on the wall [5,7].
Therefore, the rotation of the magnetic moments in a Néel wall is in the plane of the
sample [5,7].

2-10 Magnetic hysteresis and magnetic properties

Magnetic hysteresis has been widely used to characterise the behaviour of ferromagnetic
thin films and nanostructures by plotting the magnetic induction, B, or magnetisation, M, as
a function of an external applied magnetic field, H [15]. A typical hysteresis loop is shown
in Figure 2.10 obtained from measuring a NigoFe4o thin film. The inset figures are schematic
representations of the magnetic moment orientations within the sample at saturation and

remanence states.
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Figure 2.10 A typical hysteresis loop obtained from measuring ferromagnetic NiFe thin film showing the
saturation state, remanent state, and coercivity. The insets are schematic diagrams showing the magnetic

moment orientations at saturation and remnant states.
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The ratio of the remanent magnetisation, Mg, to the saturation magnetisation, Ms, is
referred to as the squareness ratio, S=Mp/Ms [11], this is widely used in describing
hysteresis loops. The squareness ratio is an indication of the fraction of magnetisation along
the measurement axis at zero fields, hence informing on the anisotropy. In order to reduce
the remanent magnetisation or saturation magnetisation to zero, an extra reversed applied
magnetic field is required. This field is known as the coercive field or coercivity, H.,
respectively [7]. The coercivity is strongly dependent on the composition, geometry,
dimensions, magnetic history and the crystalline structure of the material under
investigation as well the angle of applied field with respect to the sample long axis [11].
Other significant terms that are commonly used in describing the magnetisation reversal in

nano-materials are the switching field, H,,, and nucleation field, H, [5,11]. The switching

2
field is the field required to make the slope of the hysteresis loop a maximum, ZTA;I =0 (i.e.

an abrupt change in the magnetisation) [11]. The nucleation field is a theoretical concept
used for describing the change in the magnetisation when just it begins in a single domain
state.

Several techniques can be used to measure magnetic hysteresis loops to derive
significant information about the ferromagnetic materials including thin films and arrays of
ferromagnetic nanostructures. These include vibrating sample magnetometers (VSM) [16-
18], superconducting quantum interference devices (SQUID) [19-20] and alternating
gradient magnetometers (AGM) [21-22]. In addition, the magneto-optical Kerr effect
(MOKE) magnetometry can be used to study these properties in thin films [23], planar [24-
25] and more recently cylindrical nanowires [26-28]. The principles of MOKE
magnetometry are described in some detail in chapter five.

2.11 Micromagnetic theory
Micromagnetic theory was first introduced by William Fuller Brown, Jr. in 1963 [29]. It

is defined as the science that deals with the electron spin interactions in ferromagnetic
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materials on sub-micrometre length scales between atoms and domains. It deals with the
local directions of magnetisation as a function of position considering their magnitude as
constant [29,30]. Thus, micromagnetic theory does not require the need for domains and
domain walls and can be used to find the distribution of magnetisation vectors within
ferromagnetic materials which in turn can lead to the appearance of domains and domain
walls. This can be achieved by finding the lowest energy for the sum of all the energy
contribution terms in equation 2-16. For simplification in micromagnetic analysis some of
these terms can be ignored depending upon the magnetic system in use. As an example, the
magnetostriction and magnetocrystalline anisotropy energies in Nig;Fe;9 nanomaterials are
extremely small and close to zero [13], therefore they can be ignored in micromagnetic
modelling.

Due to the contributions of all the energy terms on the distribution of the magnetic

moments, for a given applied magnetic field there is an effective field, H, s, that can drive

the motion of the magnetic moments given by [31]:

iaETotal 2_19

Herr = =5

Where, Ery¢q1 1S the total free energy given in equation 2-16, M is the magnetisation and g
is the permeability of free space. The effective field exerts a torque on the magnetisation
within the sample to drive its orientation until the torque is negligible at thermodynamic
equilibrium [30]. To reach thermodynamic equilibrium a dissipative process is required, as
schematically shown in Figure 2.11(a). The precessional motion of the magnetic moments

in an effective field was first described by Landau and Lifshitz in 1935 and is given by:

oM

However, in all materials there is a natural decay of the magnetisation precession over time

[32] due to the existence of different factors such as defects in the material, magnon-
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(b)
Effective field (Hef) Effective field (Hef)
N

Figure 2.11 Schematic representation of the effect of torque exerted on the magnetisation vector which
induces (a) Precessional motion, and (b) damped precision leading the magnetisation aligning in the direction

of the effective field. Reproduced from [30].

magnon scattering, and eddy currents as illustrated in the schematic diagram shown in
Figure 2.11(b) [30].
In 1955 Gilbert introduced the idea of a phenomelogical damping parameter, a, to

represent these factors into equation 2-20 to give the following equation [33]:

oM M oM
W__lylMXHeff-i_ O(EX¥ 2-21

Where, o is not constant for common ferromagnetic materials and it is nonlinearly
dependent on the magnetisation [30]. In micromagnetic simulations, the damping parameter
is often set to a value between 0.1 and 1. Using these higher values results in a reduced
computation time as it governs the rate to reach equilibrium. In reality, the damping
parameter is usually smaller, e.g. 0.01 for permalloy.

The Landau-Lifshitz-Gilbert (LLG) equation is used to solve the time-dependent
micromagnetic problems in two and three dimensional ferromagnetic structures using code
such as the object oriented micromagnetic framework (OOMMF) software available at the
national institute of standard technology (NIST) website [34]. Further discussion on this

software is given in chapter five.
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2.12 Magnetisation reversal in ferromagnetic nanowires

Magnetisation reversal can be defined as the change in the magnetisation from an
energy minima state to a different state. According to theoretical analysis and
micromagnetic calculations there are various distinct mechanisms that are able to describe
the magnetisation reversal processes in single domain nanoparticles and nanowires. Models
considered here are coherent rotation of Stoner-Wohlfarth and incoherent rotation
including curling, buckling and fanning models. Brief theoretical descriptions of these
models are presented in the following subsections. Their applicability to a system as will be

seen later depends upon various parameters.

2-12.1 Magnetisation reversal via coherent rotation (Stoner-Wohlfarth model)

The simplest model of reversal was investigated classically by Stoner and Wohlfarth (S-
W) in 1948 [35]. This model describes the magnetisation reversal process in a single
domain ferromagnetic nanostructure. In which the spins of all atoms rotate simultaneously
and uniformly in-phase with each other during the application of an external magnetic field
at an angle with respect to the anisotropy axis (easy axis of magnetisation), as shown
schematically in Figure 2.12. Figure 2.12 (a) represents the distribution of magnetic
moments within the nanoparticle during the application of magnetic field at an angle, 6,,
with respect to the anisotropy axis, and (b) the coordinate system (ellipsoid of revolution)

used here for the theoretical analysis in this model.

(a) (b) B

Easy axis

Figure 2.12 (a) Schematic representation of the distribution of magnetic moments within the particle of

Stoner-Wohlfarth in which the magnetic moments rotate simultaneously and coherently during the reversal,

and (b) the coordinate system used for the theoretical analysis. Reproduced from [11].
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For simplicity in this model, different assumptions have been used. For instance, the
magnetocrystalline anisotropy energy was neglected from the calculations as it has a small
effect compared with the magnetostatic anisotropy energy [35]. The magnetoelastic
anisotropy was also ignored from the calculations. The particle is assumed to be uniform
and free from imperfections and its shape is approximated to an ellipsoid of revolution
[6,11]. Thus, the total free energy, Er,tq;, in this model can be written as a function of
demagnetising energy (magnetostatic energy, Epqq) and Zeeman energy, En as follows
[11]:

Erotar = Emag + Ey 2-22
The magnetostatic energy of the particle is given by [11]:
Emag = Ky sin?(6 —6,) 2-23

where, 6 is the angle between the magnetic field and the magnetisation component, M;, as
shown in Figure 2.12(b). K, is the uniaxial magnetostatic anisotropy constant. For a prolate
spheroid particle with high aspect ratio, the demagnetisation factor along the hard axis is 2z
and along the easy axis is 0 in cgs units [35]. Therefore, the difference in the

demagnetisation factors is 2z and hence:

K, = mM; 2-24
Using equations 2-15 and 2-23, the total energy can be expressed as [11]:

Erotar = Kysin?(0—-6,) — H.M 2-25
The magnetisation component, M, along the field axis is:

M = M; cosf 2-26

Therefore, equation 2-25 can be written as [11]:

Erotar = Ky sin? (0 —6,) — H.M, cosf 2-27
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d

When, i 0, the total energy is minimised, therefore equation 2-27 at equilibrium

position of M is [11]:

2K, sin(6 — 6,)cos(0 —6,) + H.Mg sinf =0 2-28
Let,
h = H/Q2K,/M,) 2-29
and
m = M/M; 2-30
Then,
sin [2(6 — 6,)] = —2hsin 6 2-31

where, & and m are referred to as reduced field and reduced magnetisation, respectively.
Solving equation 2-28 using trigonometric relations, reduced field and reduced
magnetisation yields the general solution of the magnetisation, m, with respect to, h, at a
definite angle, 6, as follows [11]:
2m(1 — m?»)Y%c0s26, + (1 — 2m?)sin26,
= +2h(1 — m?)Y/? 2-32

The hysteresis loops can be obtained by solving equation 2-32. When dh/dm =
0 and 9%2E/06?%> 0, the reduced switching field, hg,, and reduced coercivity, h., can be

obtained as follows [11,36]:

hg, = (cos?/30, + sin?/3 9,)73/? 2-33
h, = sin6,cos 8, 2-34

where, hg, = Hg, / (2K, / M;) and h. = H./ (2K, / M)

Solving equation 2-32 for various angles 8,, the hysteresis loops can be obtained with
two identified regimes. When the magnetic field is applied between 0° and 45 (i.e. close to
easy axis of magnetisation), relatively rectangular hysteresis loops are obtained and the

coercivity is equal to the switching field, whilst when the field is applied above 45 (i.e.
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approaching the hard axis of magnetisation), sheared hysteresis loops are obtained and the
coercivity in this case is not equal to the switching field. Thus, the change in the orientation
of the magnetic moments within this model may occur suddenly via switching or smoothly
via rotation. Figure 2.13 show examples of the hysteresis loops obtained from solving
equation 2-32 when the field is applied at four different angles 0°, 30°, 60° and 90° to the
anisotropy axis.

The angular dependence of the reduced switching field and reduced coercivity from
solving equations 2-33 and 2-34 are shown in Figure 2.14. These figures demonstrate that
hg, = h. when 0°<6)<45° and hy, # h. when 45°<,<90° [11]. Importantly, the switching
field and coercivity in the S-W model are independent of the size of the nanomaterial, due

to the rapid increase of the magnetostatic energy with nanoparticle size [5].

L

(a) 0=0° (b) : eoz 30°

Figure 2.13 Hysteresis loops obtained from solving equation 2-32 of Stoner-Wohlfarth model assuming an
applied field at four different angles (a) 0°, (b) 30°, (c) 60° and (d) 90° with respect to the easy axis of

magnetisation. Reproduced from [11].
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Figure 2.14 Angular dependence of (a) reduced switching field, hy,, and (b) reduced coercivity, h,, calculated
using equations 2-33 and 2-34 of S-W model. The reduced coercivity and switching fields are normalised by

2K/M;. Reproduced from [11].

The Stoner-Wohlfarth model has several limitations due to the usage of several
assumptions [37]. As stated earlier, the model assumes that the particle is a single domain
structure despite the fact that most ferromagnetic materials are multidomain structures. This
model neglects the imperfections, roughness and dimension variations which may have a
great influence on magnetisation reversal process. Moreover, the calculations have been
performed on the particles that have a simple uniaxial anisotropy such as Co particles,
whereas other compositions such as Fe and Ni have cubic anisotropy which complicates the
situation [37]. Furthermore, it has been found experimentally as will be seen in chapter
three that the measured coercivity of arrays of particles are much lower than the predicted
by this model [38]. In spite of all these limitations, this model of reversal can give a useful
picture of uniformly magnetised nano-materials. This model is dominated by uniaxial shape

anisotropy.

2-12.2 Magnetisation reversal via incoherent rotation

Since 1950 researchers have tried to study magnetisation reversal in magnetic recording
particles and very thin elongated particles [5,39,40]. They found that these particles have
much lower values of nucleation fields than predicted by the S-W model [5,40]. This led the

researchers to find other possible models of magnetisation reversal. Therefore, incoherent
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rotational processes such as curling [41-43], buckling [44-48] and fanning [5,49-52] have
been considered to describe the magnetisation reversal in ferromagnetic nanostructures. The

following subsections briefly describe these models.

2-12.2.1 Curling rotation model

Curling rotation is theoretically discussed using micromagnetic calculations [5,6,11].
This model of reversal is expected to occur when the particle size is still in a single domain
regime but larger than a critical size known as exchange length. It assumes that the
magnetic moments within infinitely long particles rotate in a plane perpendicular to the
anisotropy axis and they are not parallel to each other during reversal, as shown
schematically in Figure 2.15, reducing the longitudinal component of the magnetisation and
hence the magnitude of the switching field [11]. The distribution of the magnetic moments
in such configuration eliminates the formation of free poles and hence the magnetostatic
energy [5]. Therefore, this model of reversal is entirely dominated by the exchange energy.
In contrast, decreasing the aspect ratio of the particles, magnetostatic energy will be
generated because the magnetic moments within the ellipsoid will no longer be parallel to
its surface and the S-W model [5] will dominate.

The switching field, Hg,,, of the curling model for an infinite cylinder is given by [53]:

_ My a(1+a)

HSW ) Jaz+(1+2a)cos?6, 2-35
The reduced switching field is hg,, = Hg,, /27 M, and:
a = —1.08()? 2-36

Figure 2.15 Schematic representations showing the distribution of magnetic moments in curling model in a
prolate spheroid particle. It assumes the magnetic moments rotate in a plane perpendicular to the anisotropy

(easy) axis of the nanowire. Reproduced from [6,11].
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where, r and 7, are the particle radius and exchange length, respectively. The ratio, :—0, is

known as reduced radius, S. The exchange length is a parameter that defines the transition
from uniform rotation to the curling model. When the diameter of the particle is in the
single domain regime but larger than the exchange length, the curling model is expected to
occur, whereas for diameters less than the exchange length, Stoner-Wohlfarth switching is
expected [5,11]. For example, when the diameter of ferromagnetic Ni nanowire is greater
than 50 nm, curling model was found to be the dominating mechanism, whereas for wires
with diameters less than 30 nm, the magnetisation reversal mechanism switched to S-W
coherent rotation.

The exchange length is dependent upon the critical size, 754, and independent of the

actual size and the shape of the particle. It is given by [36]:
r, = AY? /M, 2-37

In curling reversal model the change in the magnetisation is an abrupt process and the
switching field is very close to the nucleation field and the coercivity is equal to the
switching field in all angles of applied field [11,54]. The angular dependence of the
switching field can be obtained by solving equation 2-35 for different angles. As an
example, Figure 2.16 shows the angular dependence of the reduced coercivity for particles
with (a) three different aspect ratios (5,10 and 50) having the same reduced radius (S = 3),
and (b) three different reduced radii (2, 3 and 5) with the same aspect ratio (10). In general,
the coercivity is found to increase slowly at low angles and increases rapidly at higher
angles of applied magnetic field with respect to the long axis of the nanoparticle. The
coercivity is dependent on the aspect ratio, size and shape of the particle [5,47]. With
increasing aspect ratio the coercivity increases due to a reduction of the magnetostatic
energy and the exchange energy dominates the behaviour. The coercivity also decreases as
the particle diameter increases because the exchange energy per unit volume decreases with

increasing particle size [47].
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Figure 2.16 Reduced coercivity as a function of prolate spheroid axial angle for the curling model calculated
by solving equation 2-35 for three different (a) aspect ratios with S = 3, and (b) reduced radius with aspect
ratio =10 [11].

2-12.2.2 Buckling rotation model

The Buckling model is another incoherent rotation of magnetisation reversal mechanism
that occurs in single domain ferromagnetic nanoparticles. It was first described in 1957 by
Frei et. al. [39]. This model of reversal is similar to the coherent rotation of the Stoner-
Wohlfarth model, but the nucleation field obtained with this model is lower than that
obtained by coherent rotation or the curling model over a very narrow range of reduced
radius (near unity) [39]. In this model, the magnetic moments are uniform in any plane
perpendicular to the easy axis with the magnetisation distribution varying periodicity along
the easy axis in a wave-like pattern [11,47]. This is illustrated schematically in Figure 2.17
[11].

The buckling model has been investigated theoretically using different shapes of
particles [39,40]. It has been proved that this model can never take place in shapes ranging
from oblate spheroids up to spheres [40] and also in prolate spheroids with small aspect
ratio. However, it is found difficult to completely rule out the possibility of this model in
more elongated prolate spheroids. In this model square hysteresis loops have been obtained
in infinite circular cylinders [40] when the field was applied parallel to their long axis. In

this case the nucleation field is equal to the coercive field [47].
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Figure 2.17 Schematic representations showing the distribution of magnetic moments in buckling model of
reversal. The magnetic moments are uniform in any plane perpendicular to the particle axis with the existence

of periodicity of the magnetisation distribution along the particle long axis. Reproduced from [11].

2-12.2.3 Fanning rotation model

The fanning rotation model of magnetisation reversal was first introduced by Jacob and
Bean in 1955 [5]. This model of reversal was suggested by the shape of the iron particles
grown by electrodeposition which has a peanut shape with periodic bulges rather than
smooth sides. Therefore, these particles were approximated as a chain of spheres with the
same diameter [5,6,49]. Usually, the angle of the magnetic moments along the axis of the
chain is constant and therefore called symmetric fanning. A schematic diagram of this
model is shown in Figure 2.18 [5,6].

The spheres are assumed to be single domain structures without anisotropy of their own
and without exchange interaction between the adjacent spheres due to the assumption of
minimal contact [5]. If the contact area is considered to be high, the magnetic moments
favour coherent reversal according to the S-W model. Under the application of an external
magnetic field on the chain of spheres, the magnetic moments in each sphere fans out

coherently by rotating in alternate directions in the different sphere.

Chain axis

. e

Figure 2.18 Schematic diagram showing the orientation of magnetic moments in the fanning model. It
approximates the particle as a chain of spheres according to their shape. The angle of the magnetic moments
in the fanning model is constant along the long axis of the chain and hence it is called symmetric fanning

[5,6].
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This is in contrast to the S-W model where the magnetic moments rotate at the same polar
angle. In this way the hysteresis loop is characterised by a square shape. The coercivity in
this model is independent of the particle size as in the S-W model [5]. The predictions of
this theory were found to be in a good agreement with the experimental results on elongated

iron nanoparticles [5].
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Chapter three
Magnetic, magnetisation reversal behaviour and alignment of ferromagnetic

nanowires

3-1 Introduction

This chapter presents a review of the magnetic and magnetisation reversal behaviour of
ferromagnetic nanowires prepared by electrodeposition and in addition, a review of
previous work on the alignment of template released nanowires that related to the main
work in this thesis. Most of the studies described were performed on nanowires of a single
element or alloys of a range of compositions with diameters that ranging from 5-500 nm
and lengths of several micrometers. Many studies were carried out on nanowires embedded
in their original templates, due to the simplicity of these measurements and the opportunity
to use a wide range of investigative techniques owing to their large net magnetisation and
associated high signal, as well as the fact that these wires are more protected against
oxidation. The preparation and the crystalline structure of a range of ferromagnetic
nanowires are first discussed. Then, the effects of nanowire growth conditions, temperature,
diameter, length, magnetostatic interactions and filling factor on their magnetic behaviour is
summarised and discussed with some examples. The magnetisation reversal processes in
two dimensional arrays and isolated wires are then briefly described. Finally, the magnetic

field assisted alignment of template released ferromagnetic nanowires is reviewed.

3-2 Preparation of ferromagnetic nanowires

Different approaches have been utilised to prepare ferromagnetic nanowires. The first
approach is using lithographic patterning (typically electron beam lithography or ion beam
milling) [1-3]. The second approach is using ion or electron beam induced deposition which
is also known as: local chemical vapour deposition (LCVD) [4-6]. These techniques are
investigated in some detail in chapter four. Atomic force microscopy (AFM) has also been
employed to create Nig;Fej9 nanowires [7,8]. These techniques however are expensive,
complicated and time consuming as well as creating planar (rectangular) nanowires that lie
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parallel and fixed to an underlying substrate plane. In contrast, electrochemical deposition,
or more commonly electrodeposition has been widely used to create cylindrical
nanostructures oriented perpendicular to the substrate plane. Among these techniques, the
most important and widely used method is electrodeposition due to its ease of use, short
preparation time and relatively low cost. Moreover, it can be easily scaled up for industrial
processing to produce single element [9-11], alloys [12,13], and compositionally modulated
layers [14,15] of electrically conducting materials as thin films, nanowires [9-15], nanodots
[16,17] and nanotubes [18-20].

Although, this technique has been known for a considerable time, it was first introduced
to create metallic nanowires in two dimensional mica template with diameters as small as
40 nm by George Possin in 1970 [21]. These templates had arrays of channels (pores)
backed with a good conducting layer to serve as a working electrode (cathode) in an
electrochemical cell to direct the growth of the desired composition of nanostructures inside
these pores. A detailed discussion of electrodeposition technique is given in chapter four.

With this technique, different templates have been utilised to synthesis ferromagnetic
nanowires including nanoporous polymeric (e.g., polycarbonate), inorganic (e.g., mica)
insulating films, silica and alumina membranes. These templates are available
commercially with a wide range of pore diameters, spacing and thicknesses. The typical
size of these templates is in the range of a few cm? [22]. Examples of scanning electron
micrographs showing the top and side view of alumina templates are shown in Figure
3.1(a,b).

The pores in polycarbonate or mica insulating films are prepared by etching the damage
tracks created by highly energetic particles [14,24-26]. The thickness of these templates is
in the range of 5 to 50 um. The pores within these templates are randomly distributed with
diameters ranged from 5 nm to 3 um depending on the chemical treatment [19]. On the

other hand, the pores in the alumina membranes are produced by anodic oxidation of pure
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Figure 3.1 Examples of scanning electron micrographs showing alumina template as a: (a) top view with 50
nm pores diameter [23], (b) side view, and (c) schematic illustration of hexagonal arrangement of the

nonporous in this template.

aluminium foil in acidic solution [18]. The pore density in alumina membranes is much
higher than for polycarbonate templates where they range from 10°to 10" cm™ for alumina
templates [18,26] and 107 to 10° cm™ for polycarbonate membranes [26]. The thickness of
alumina templates may be up to 200 um with typical pores diameter of 5 to 500 nm.

Figure 3.1(c) shows a schematic diagram of two dimensional arrays of nanopores in an
alumina template. The spacing between the centres of pores is known as interwire or
interpore distance. The distance between any two neighbouring pores is known as pore
wall thickness. The ratio of pore diameter, d, to the interpore distance, D, is referred to as
filling factor, d/D. The filling factor in alumina templates are strongly dependent on the
anodisation conditions and the electrolyte used for anodisation [27,28]. With careful
preparation hexagonally ordered pores in alumina templates can be achieved [27].

To study the magnetic properties of such nanowires, alumina templates are preferred
over other type of templates because it is easy to control the density of pores, their
distribution is more uniform and their diameter is controllable [9,23]. Furthermore, the
pores are typically parallel to each other and perpendicular to the membrane surface.
Nonetheless, the crystalline structure of the nanowires created in such a technique is
strongly dependent on the growth conditions and wire dimensions, which in turn affect their
magnetic properties. Thus, the following sections briefly outline the effect of some of these

parameters upon their crystal structure and magnetic properties.
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3-3 Structural characterisation of ferromagnetic nanowires

Different techniques have been adopted to study the crystalline structure of
ferromagnetic nanowires. These include transmission electron microscopy (TEM) with
selected area electron diffraction (SAED) and X-ray diffraction (XRD) [23,27-36]. These
studies reveal that these wires are polycrystalline in nature having crystallites with a large
variation in size and preferred orientation depending upon various parameters including
nanowire composition, dimensions and the growth conditions.

For example, Ni nanowires have a faced centred cubic structure [29]. The crystallite size
was found to be 29 nm for wire diameter of 200 nm and 22 nm for wire diameters of 30 nm
[29]. The crystallites in nanowires with diameter of 200 nm were found to have a preferred
orientation, whereas the crystallites are oriented randomly in wires with diameter of 30 nm.
The variations in the grain size were attributed to the preparation conditions and the
diameter variations [29]. In contrast, Co nanowires were found to have a mixture of two
different phases: FCC and HCP [12,31-33]. The later HCP structure was found in thin
nanowires, whilst a mixture of FCC and HCP structures was found in thicker nanowires
[31]. Thinner Co nanowires have a highly textured HCP phase, whilst thicker nanowires
have a mixture of textured HCP and FCC phases. The FCC phase was found to be the main
phase. HCP was observed to be the major phase when the wire diameter was small, which
suggests a transition from FCC to HCP with decreasing nanowire diameter [31]. Again, the
size of crystallites and their orientation was found to depend on the growth conditions.
However, the grain sizes estimated were extremely small up to a few tens of nanometers.
The crystal structure of a range of electrodeposited alloys such as Coy3Niz7 [34,35] and
NigsFe s [34,36] nanowires with 200 nm diameters demonstrate that these nanowires have
FCC structure with the existence of preferred orientations and the average grain sizes are 15

nm and 11 nm, respectively [34-36].
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As will be seen in the following sections, these variations in the crystalline structure
have a significant influence on the magnetic behaviour and magnetisation reversal state in

such nanowires.

3-4 Magnetic behaviour in two dimensional arrays of ferromagnetic nanowires

During the past few decades, the magnetic properties of two dimensional arrays of
ferromagnetic nanowires have been extensively investigated using a range of investigative
techniques. As an example, Figure 3.2(a,b) shows typical hysteresis loops obtained from
VSM measurements of an array of Ni nanowires synthesised in an alumina template with
nominally 60 nm diameter and a few microns length. The magnetic field was applied
parallel and perpendicular to the nanowire long axis, respectively [23].

In general, the preferred magnetisation orientation (i.e. easy axis of magnetisation) was
found to be parallel to the nanowire long axis when the external magnetic field was applied
parallel to the long axis (perpendicular to the template plane). The hysteresis loops were
found to exhibit a large coercivity with a high remanent magnetisation. This behaviour
indicates that the shape anisotropy dominates the magnetic anisotropies owing to the large

aspect ratio (length to diameter).
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Figure 3.2 Typical hysteresis loops of an array of Ni nanowires with 60 nm diameter and few micron lengths
obtained from VSM measurements when the field was applied (a) parallel, and (b) perpendicular to the

nanowires long axis. Reproduced from [23].
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In contrast, these properties become insignificant when the magnetic field was applied
perpendicular to the nanowires long axis (i.e. parallel to the template plane) as shown in

Figure 3.2(b).

In most work, the loops were found to be slightly sheared in field, despite the large
shape anisotropy of these wires and the remanence ratio was found to be below than 1.0
when the magnetic field was applied parallel to the nanowires long axis. Various reasons
have been proposed. The most significant one is the dipolar or magnetostatic interactions
between the neighbouring wires (discussed later in section 3-4.5). Another explanation is
that the wires are not perfectly aligned with each other. The magnetocrystalline anisotropy
is another significant reason, because if the magnetocrystalline anisotropy is strong and the
easy axis is not aligned along the wire long axis, a competition between the
magnetocrystalline anisotropy and shape anisotropy occurs and hence there may be a
reduction in the remanence ratio along that direction. For instance, the magnetocrystalline
anisotropy of Nig;Fej9 and Ni nanowires is zero or extremely small compared with the
shape anisotropy and hence the magnetisation lies along the wire long axis giving rise to
high remanence ratio. In contrast, the strong magnetocrystalline anisotropy of HCP-Co
nanowires and the orientation of the crystal easy axis nearly perpendicular to the wire long
axis allows for the appearance of a multi-domain magnetisation configuration where
domains are oriented partially along the normal to the wire long axis resulting in a
reduction of remanent magnetisation [37,38].

The following subsections briefly describe how the growth conditions, temperatures,
diameter and length of these nanowires, as well as the magnetostatic interaction and filling

factor have a significant role in determining their final magnetisation configuration.

3-4.1 Magnetisation dependence upon growth conditions
The magnetic properties of ferromagnetic nanowires are strongly dependent on the

parameters or the conditions under which they are prepared. For example, the effect of
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using different electrolyte temperature during the electrodeposition growth has been
investigated [39-42]. Different temperatures were found to change the size and the
preferred orientation of the crystallites within Ni wires (20-200 nm diameters) which in turn
affects their magnetic behaviour. Ni nanowires prepared using an electrolyte temperature of
40°C were found to have a higher coercivity (70-150 Oe) and remanent magnetisation than
nanowires prepared under same conditions but an electrolyte temperature of 60°C
(coercivity 50-100 Oe). This was attributed to the formation of larger grain sizes compared
with the nanowires diameter at low temperatures, which leads to the formation of single
domain structures and enhances the coercivity [39,40].

pH is a measure of the concentration of hydrogen ions in the solution. The pH of the
electrolyte in the electrochemical cell was also found to have a strong influence on the
crystalline structure of a range of ferromagnetic nanowires with various dimensions [26,39-
42]. For instance, with an electrolyte pH of 4 during the preparation of Co nanowires with
50 nm diameters and 0.8-3 um lengths, the microstructure was found to be HCP with c-axis
oriented perpendicular to the wire axis [41]. Increasing the pH of the electrolyte to greater
than 4 led to the orientation of c-axis becoming predominantly parallel to the nanowire long
axis. Using lower pH (< 2), only FCC crystallites were found. This variation in the
crystalline structure was found to affect the magnetic behaviour of such wires [41].

The effect of using different electric potentials (-0.9 to -1.46 V) during the
electrodeposition growth of alloys of Ni-Zn nanowires with 60 nm diameter and 40 um
lengths on the magnetic behaviour was also investigated [43]. Using higher deposition
potential, the elemental composition of the alloys was not only changed, but the crystalline
structure of these wires was also changed and this affects the magnetisation [43].

The effect of annealing condition for arrays of ferromagnetic nanowires under vacuum
or argon atmosphere was found to have a great influence on their magnetic properties [44-
46]. Under certain temperatures, annealing was found to enhance the coercivity. As an

example, annealing the Fe nanowires under vacuum for about 6 hours at temperatures
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between 100 and 400°C was found to enhance the coercivity. The highest coercivity was
obtained at an annealing temperature of 300°C. Annealing the samples above 400°C sharply
degrading the coercivity, suggesting that the nanowires were damaged or oxidised. Again,
the enhancement of the coercivity with annealing was attributed to the change in the
crystalline structure [44].

The effect of applying a magnetic field parallel to the template nanopores during the
electrodeposition growth of nanowires has also been thoroughly investigated [47-51]. The
results show that the magnetic properties of such nanowires are sharply improved. As an
example, Figure 3.3 shows the coercivity and squareness ratio as a function of the magnetic
field applied perpendicular to the template surface during the growth of NigsFe;s nanowires
[47]. When there is no magnetic field applied during the growth of nanowires, the
coercivity was found to be ~378 Oe and the squareness ratio is 0.46, whereas they increased
linearly to 530 Oe and 0.77, respectively when an ~1000 Oe external magnetic field was
applied during the electrodeposition growth [47]. The application of magnetic field during
electrodeposition process was found to enhance the textures and improve the

magnetocrystalline anisotropy of these wires [47].
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Figure 3.3 (a) Coercivity, and (b) squareness ratio as a function of magnetic field applied along the
nanoporous axis during the electrodeposition growth of NigsFe s nanowires. The dashed lines provide a guide

to the eye. Data analysed from [47].
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Micromagnetic models are in agreement with the previous experimental results indicating
that the magnetism of such nanowires is strongly affected by the grains in the nanowires,
specifically the size, orientation, and their interactions are the origin of the differences in

the magnetic properties of such nanowires [48].

3-4.2 Magnetisation dependence upon temperature

The effect of using different temperatures during the measurements on the saturation
magnetisation, remanent magnetisation and coercivity of a range of electrodeposited
ferromagnetic nanowires embedded in their templates has been investigated widely [11,52-
55]. As an example, Figure 3.4 summarise the effect of temperature change on the
coercivity [52] and saturation magnetisation [53] of arrays of Ni, Co and Fe nanowires with
aspect ratio greater than 50 when the magnetic field was applied parallel to the nanowire
long axis .

In general, there is a reduction in these properties with increasing temperature from
liquid helium to room temperature (10-300 K) in both orientations of measurements (i.e.
when the field was applied parallel and perpendicular to the nanowires long axis). This
reduction was attributed to the reduction of the magnetocrystalline anisotropy energy with

increasing temperature [54], thermal fluctuations which were found to be stronger for
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Figure 3.4 Effect of temperature change on the (a) coercivity [52], and (b) normalised saturation
magnetisation [53] of arrays of electrodeposited Ni, Co, and Fe nanowires with aspect ratio greater than 50
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thinner wires [53], as well as changes in the magnetoelastic effects. The magnetoelastic
effects were attributed to the large difference between thermal expansion coefficients of the
wires and their templates. Moreover, the reduction in the coercivity was found to depend
on the wire diameter (not shown in Figure 3.4) and composition. The variation with
different compositions is attributed to the difference in the Curie temperature of these

materials [53].

3-4.3 Magnetisation dependence upon nanowires diameter

The effect of nanowire diameter on the magnetic properties of arrays and individual
ferromagnetic nanowires has extensively been studied [31,38,52-65]. These investigations
demonstrate that there is an increase in the coercivity and the remanent magnetisation with
increasing nanowire diameter up to 13-18 nm and which has been attributed to the reduced
effect of thermal fluctuations [52,56]. Increasing the wire diameter greater than 18 nm leads
to a reduction in the coercivity and the remanent magnetisation. Figure 3.5 shows an
example of the coercive field and squareness ratio of Ni nanowires as a function of
nanowire diameter when the external magnetic field was applied along the nanowires long
axis [57]. The measured coercivity along the parallel axis for 40 nm diameter wires was

found to be ~800 Oe falling to ~200 Oe for 200 nm diameter wires.
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Micromagnetic simulations of individual ferromagnetic nanowires are in good agreement
with the above experimental results [60].

The interpretations of these results are quite complex for several reasons. One of the
most important reasons is the tendency of these wires to form single domain structures as
their diameter gets smaller [38,58]. Decreasing the wire's diameter, increases the shape
anisotropy and the relative contribution of any magnetocrystalline anisotropy becomes less
important [59]. Moreover, it is difficult to explain these results without taking into account
the magnetostatic interactions between neighbouring wires (discussed in section 3-4.5)

which affect the overall magnetisation behaviour of such wires [38,53].

3-4.4 Magnetisation dependence upon nanowires length

The effect of nanowire length on the magnetic properties has been experimentally and
theoretically investigated on a wide range of wires [47,49,52,54,61,62,66]. These studies
demonstrate that the nanowire lengths have a great influence on their magnetic properties.
Two different behaviours have been noticed in these researches. For example, the coercivity
and remanence ratio was found to increase rapidly with increasing the length of Co
nanowires and then approaches saturation when the aspect ratio exceeds 5, as demonstrated

in Figure 3.6(a) [52,66].
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Figure 3.6 Coercivity of two dimensional arrays of nanowires as a function of their length for (a) Co
nanowires [52,66], and (b) Nig,Fe|5s nanowires [47]. The dashed lines provide a guide to the eye. Note the
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This behaviour can be attributed to the enhancement of the shape anisotropy with
increasing the nanowires length according to the infinite long magnetic cylinder model.

In contrast, a reduction in the coercivity and remanence ratio was noticed with
increasing the nanowire lengths for longer wires of other compositions [47,49]. As an
example, Figure 3.6(b) shows the coercivity of NigsFe s nanowires with 200 nm diameter
embedded in their templates as a function of their lengths [47]. Clearly, there is a reduction
in the coercivity with increasing nanowire length which has been attributed to the strong
dipolar interactions which increases with increasing the wire length or the different strength
of the magnetostatic interactions among these wires [61,57]. Thus, it can be concluded that
there is a transition region in the magnetisation behaviour of such wires depending on their

lengths.

3-4.5 Magnetisation dependence upon magnetostatic interactions

When the interwire spacing in an array of ferromagnetic nanowires is smaller or
comparable to the nanowire diameter or length, magnetostatic interactions are expected to
occur between the neighbouring wires [62]. This interaction is often defined as a long range
interaction. The interaction creates an internal effective field which strongly affects the
magnetic properties of such wires [68]. Most of the experimental studies of these nanowires
correlate the variations in the magnetic behaviour to this effect [22,61,62,67-75].

Recently, micromagnetic modelling confirms that the magnetostatic interactions among
a small number of ferromagnetic nanowires have a significant influence on their
magnetisation state [69-71]. For example, the results of studying an array of 16 hexagonal
closely packed Ni nanowires with 40 nm diameter and 100 nm spacing on the coercivity
and remanence when the field was applied parallel to the nanowires long axis are
summarised in Figure 3.7 [69]. The inset figure shows a schematic diagram of the
arrangement of simulated nanowires. Obviously, there is a reduction in the coercivity and

the remanent magnetisation with increasing the number of interacting nanowires.
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The dashed lines provide a guide to the eye. Data analysed from [69].

The effect of magnetostatic interaction on the remanent magnetisation is very small and
correlated to the small number of wires [69]. Similar trends were obtained with lower
values when the external magnetic field was applied perpendicular to the nanowires long
axis [69]. This is because the loop is already narrow at that direction. Thus, increasing the
number of interacting wires will aid to increase the internal effective field which in turn

reduce the field required to reverse the magnetic state of such wires.

3-4.6 Magnetisation dependence upon filling factor

The magnetic properties of two dimensional arrays of ferromagnetic nanowires are
strongly dependent on the filling factor, d/D, defined earlier [62,75,76]. For example,
Figure 3.8(a) summarises the effect of filling factor on the coercivity of Ni nanowires with
two different diameters (30 and 50 nm) and four different lengths (3, 6, 9 and 12 um) [62].
This study was performed both experimentally and theoretically using simple models to
calculate the coercivity as a function of nanowire geometry. When d/D=1 this means that
the wires are in contact, whilst when d/D=0 the wires are infinitely separated [62]. Clearly,
there is a reduction in the coercivity with increasing nanowire diameter and decreasing its
length. On the other hand, for the same diameter or length the coercivity decreases with

increasing the ratio of d/D.
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Figure 3.8 Effect of filling factor (d/D) on the coercivity of arrays of Ni nanowires with two different

diameters (30 and 50 nm) and four different lengths (3, 6, 9 and 12 um). Reproduced from [62].

Thus, the interwire spacing, diameter and length of such systems play a significant role in
their final magnetisation behaviour of arrays of nanowires.

As another example, MOKE magnetometry has been used during the course of this
research to investigate the surface magnetisation behaviour of isolated small clusters of
NigoFe,p nanowires and other alloys and multilayer nanowires with diameters ranged from
35 nm to 300 nm [77]. The results of this study demonstrate that the magnetisation of these
wires is strongly dependent on the wires diameter, composition and the number of the wires
in the cluster. The switching field was initially found to decrease with increasing wire
diameter and then increases for larger diameter. This was attributed to the difference in the
penetration depth of the laser spot and the demagnetisation effect. The effect of
magnetostatic interactions was also evident from this study where the switching field was
found to increase with increasing the number of wires up to 3 and then it decreases for 4
wires. This behaviour was attributed to the complicated magnetic field distribution in the

cluster as a result of the magnetostatic interactions [77].
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3-5 Magnetisation reversal processes in ferromagnetic nanowires

As stated in the previous chapter, there are various theoretical models describing the
magnetisation reversal processes in ferromagnetic nanowires. Their applicability depends
on different parameters. The most important and widely used method to study the
magnetisation reversal process is applying an external magnetic field at different angles
with respect to the nanowires long axis. Then, by extracting the coercivity from the
hysteresis loops and plotting against the nanowire angle, the angular variation of the
coercivity can be obtained. Thus, the following subsections review the most important
results obtained from studying the magnetisation reversal processes in nanowires
synthesised in their templates and then discussing these properties on an individual

nanowires.

3-5.1 Magnetisation reversal in arrays of nanowires

Magnetisation reversal processes in arrays of planar [5,78,82] and cylindrical
[10,37,38,55,83-88] nanowires are extensively investigated experimentally and
theoretically using a range of investigative techniques. These studies demonstrate that the
magnetisation reversal is strongly dependent on the competition between various magnetic
anisotropy energies. The magnetic anisotropy energy in turn depends on the physical
properties of the system under investigation such as crystalline structure, composition,
diameter and temperature during measurements, as mentioned earlier. Moreover, both the
experimental measurements and micromagnetic simulations confirms that the magnetostatic
or dipolar interactions between the neighbouring nanowires significantly reduce the
coercivity and the remanence ratio, in addition to changing the magnetisation reversal from
one mode to another.

As an example, studying the magnetisation reversal of Ni, Co and Fe nanowires
embedded in an alumina templates with diameters ranged from 6 to 50 nm at 5K indicates

that the coercivity of Ni and Fe are significantly lower than the predicted for the uniform
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rotation of the Stoner—Wohlfarth model [37]. The magnetisation reversal was attributed to
the domain nucleation and domain wall propagation through the entire wires. In contrast,
Co nanowires show different behaviour attributed to the competition between shape and
magnetocrystalline anisotropies [37]. Using the same compositions of wires with diameters
in the range of 250-300 nm and lengths in the range of 3-8 um shows that curling modes
occur for Co and Fe nanowires with fields applied at angles less than 70° to75° and that the
coercivity drops almost to zero at angles larger than 75°, as shown in Figure 3.9(a) [10]. In
contrast, the coercivity of Ni nanowires was roughly constant up to 60° before decreasing to
zero at 90° as shown in Figure 3.9(b) [10]. The difference in the magnetisation behaviour
was ascribed to the competition between shape anisotropy and magnetostatic interactions
among the interacting wires.

In order to gain a better understanding of the magnetisation and magnetisation reversal
process of isolated nanowires, researchers have reduced the number of nanowires using
templates such as polycarbonate with low density of nanopores. The discussions in these
researches remain intriguing and controversial and there is still no common agreement
about the reversal process in such arrays of ferromagnetic wires due to the variation of
morphologies, wire diameter and the separation distances among these wires in addition to

the existence of surface features, as will be seen in chapter six.
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Furthermore, the dipolar or magnetostatic interactions between neighbouring wires again
complicate the situation and can give inaccurate explanations of individual wires. Thus,
studying the magnetic properties and magnetisation reversal in two dimensional arrays of
wires cannot always provide precise information about individual wires and the

interpretation of the data is limited.

3-5.2 Magnetisation reversal in isolated nanowires

Studying the magnetic and magnetisation reversal behaviour of isolated nanowires
experimentally is complicated and represents a real challenge because the magnetisation of
such small wires is of the order of 10" emu (1 0 Anm’ ) [89,90], which cannot be measured
with conventional magnetometry. Recently, due to development in the fabrication and
characterisation techniques it has become possible to measure these properties on isolated
ferromagnetic nanowires. This was achieved by creating arrays or individual planar
nanowires on the semiconductor chips using EBL, ion beam milling [3,78,91], ion/electron
beam induced deposition [4-6] and atomic force microscopy [7,8]. The thicknesses of these
wires however ranged from 5 nm to 50 nm and the widths ranged from 150 nm up to a few
microns. These planar wires however do not represent the cylindrical nanowires owing to
the large variations in the shape and dimensions. Therefore, researchers have attempted to
investigate isolated cylindrical nanowires by creating individual nanowires within the
templates [24,38,92,93] or removing the templates and releasing the nanowires in a dilute
suspension using a suitable chemical solution without damaging them [34-36,40,93-95].
Then, micro-superconducting quantum interference device at low temperatures or magnetic
force microscopy (MFM) measurements at room temperature have been used to study the
magnetisation reversal in such wires. However, the focus of these studies has been on
nanowires of the smallest diameters that are likely to display single domain states with
simpler magnetic behaviour compared to larger diameter nanowires that can support more

complex and interesting domain structure.
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As an example, the first experimental report which investigated the magnetisation
reversal process of a single isolated Ni nanowires with a range of diameters (40-100 nm)
was carried out in 1996 by Wernsdorfer et. al. using micro-SQUID magnetometer by
applying the magnetic field at different angles with respect to the nanowire long axis [95].
The results showed that the magnetisation reversal started by distortion of the magnetisation
followed by a nucleation and propagation through the entire wire length. The nucleation
value was close to the curling instability for wires greater than 50 nm in diameter, whilst for
wires having diameters less than 30 nm, the Stoner-Wohlfarth model was relevant.

Magnetoresistance measurements have also been utilised to investigate the
magnetisation reversal in such isolated wires using the anisotropic magnetoresistance effect
as this technique is sensitive to the orientation of the magnetic moments within these wires
[34-36,92-94]. These studies were carried out by dispersing the nanowire suspension onto
prefabricated metallic electrodes and then magneto-transport measurements were performed
after electrically connecting these wires with the electrodes. Two significant approaches
have been used to electrically connect these wires. The first approach is using lithographic
patterning which will be described in details in chapter four. For example, Vila et. al.
adopted this approach to electrically connect single Co nanowire with 60 nm diameter and
20 um length at different locations on the same wire as shown in Figure 3.10 [33,89]. With
this connection, they were able to measure the magnetic properties of small parts (500 nm)

on the same wire.

Figure 3.10 Scanning election micrograph showing an individual Co nanowire with 60 nm diameter and 20

um length electrically connected at different locations using EBL. Reproduced from [33,89].
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From these measurements, different magnetisation reversal was observed at different
locations on the same wire, indicating the local in-homogeneity of the magnetisation
reversal process. This was attributed to the change in the orientation of the
magnetocrystalline anisotropy (¢ axis) to be either along or perpendicular to the wire long
axis [89].

More recently, researchers have been used another approach to electrically connect the
individual ferromagnetic nanowires to the prefabricated metallic or ferromagnetic contacts
patterns using magnetic field assisted alignment during the dispersion of nanowire
suspensions onto the substrates to allow them to bridge on these patterns (see section 3-6
for further details) [29,34-36]. In this approach, the contact resistance was found to be very
high, in the range of 10 MQ, due to the existence of surface oxide or hydroxide layer or
other residue remaining on the wires after removing the templates. Annealing the samples
in 5% H, + 95% N, ambient at a temperature of ~300°C for 30 minutes was found to reduce
the contact resistance dramatically. With this technique the magnetisation reversal
behaviour of a range of individual ferromagnetic nanowires was investigated [29,34-36].
For instance, the angular dependence of the switching field obtained from the jumps in the
magneto-transport profiles of individual NigsFe;s [36] at room temperature and Ni
nanowires [29,34] at 10K with 200 nm diameters and more than 5 um lengths was found to
be consistent with the curling model of reversal as shown in Figure 3.11. According to their
calculations, the size of the nucleation was found to be smaller than the nanowire diameter
indicating that the reversal begins in a small area. In contrast, the magnetisation reversal of
an individual CoygNigy nanowire also 200 nm in diameter and measured with the same
technique showed that the reversal was more likely to follow the curling model at low
angles (< 75°) and S-W model at higher angles (> 75°) [35].

With the recent developments in the computer systems and memory, it has become

possible to use micromagnetic simulation to study the magnetic properties of a range of
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nanostructures including nanowires and nanotubes [38,60,69,71,96-98]. Therefore,

micromagnetic simulations on a range of isolated cylindrical soft ferromagnetic nanowires
have shown that the magnetisation reversal can occur via two different mechanisms, known
as the transverse wall mode and vortex wall mode [38,60,71,96-98]. In the absence of
magnetocrystalline anisotropy the competition between the demagnetisation and exchange
energies determine the domain wall structure [97]. The main difference between these two
modes is in the configuration of the magnetic moments within the plane of the domain wall.

The distribution of the magnetic moments in these modes is shown in Figure 3.12 together

with their schematic diagrams. These configurations have been obtained from

micromagnetic simulations of Nig;Fej9 planar nanowires. During the application of an
external magnetic field a reversed domain can nucleate at each end of the nanowire, or at
defects [97] or imperfections [37] separated from the original domain by a newly formed
domain wall. Subsequent propagation of the domain walls throughout the entire wire leads
to the wire switching from one magnetisation state to another and reduces the total

magnetostatic energy. The occurrence of nucleation at the ends of the wires is due to the

large demagnetisation field at the end of the wire [97].
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(@) (b)

Figure 3.12 Distribution of magnetic moments in (a) transverse, and (b) vortex domain wall modes together
with their schematic diagrams. These configurations were obtained from micromagnetic simulations of

Nig,Fe ¢ planar nanowires [99].

During magnetisation reversal, the magnetic moments precede in a spiral motion as the wall
propagates along the axial direction of the wire as a result of the torque exerted on spin.
Vortex domain walls have been found to move faster than transverse domain wall [96,98].
The transition between these modes was found to depend on the diameter, the
composition of the nanowire under investigation and the initial field applied [98]. In small
diameters, the reversal was found to occur by transverse walls, whilst in thick wires the
reversal occurred by vortex walls. For instance, the critical diameter for the transition of Ni
and Fe nanowires was found to be 40 nm and 20 nm, respectively as measured using
micromagnetic simulations on cone shaped Ni and Fe nanowires [97]. However, the value
of the critical diameter of Ni nanowires (40 nm) is very close to that which has been
reported for the transition between coherent and curling rotation modes (41 nm).
Nonetheless, the magnetic behaviour and magnetisation reversal of template released
isolated individual and small bundles of ferromagnetic nanowires is still ambiguous and
need further investigations which is the main purpose of this research and presented in

chapter eight.
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3-6 Magnetic alignment of template released ferromagnetic nanowires

For scientific study and also for potential applications of metallic nanowires, the
manipulation and alignment of the wires is a significant and demanding issue in different
fields. Therefore, a variety of techniques have been used to manipulate and control a wide
range of electrodeposited nanowires including thermocapillary motion of nanowire
suspensions in micro-channels [100,101], electrostatics [101-104], electric field
[101,104,105], and magnetic field assisted alignment [106-119]. Specifically, this section
investigates briefly the alignment of template released metallic nanowires using magnetic
fields during dispersion of these nanowires from a dilute suspension onto substrates.

Magnetic field assisted alignment is an attractive, inexpensive and straightforward
technique for aligning ferromagnetic nanowires. This technique has been utilized by several
researchers to control assembly and alignment of carbon nanotubes [101,115],
semiconductor [101], conductive [117], copper-tin [116], Pt [118], and ZnO [113] nanowires
capped with ferromagnetic ends and ferromagnetic [106-110] nanowires in their suspension
or by manually drop casting the suspension containing these nanowires between two
metallic (ferromagnetic or gold) electrodes using two permanent magnets. These studies
have been performed to investigate and analyse the motion of these wires in the suspension
under the influence of an applied magnetic field, and the effects of viscosity of the solvents
on the motion [57,108,110]. In addition, recent work has demonstrated the use of magnetic
alignment of ferromagnetic nanowires to create hierarchical structures [109]. Again,
permanent magnets were used, this time for sequential alignment of the nanowires onto
either un-patterned or pre-patterned metallic electrodes on substrates. A schematic diagram
showing this process is presented in Figure 3.13(a). An example of an SEM image of
ferromagnetic nanowire aligned between two metallic electrodes using this method is
shown in Figure 3.13(b) [106]. The effects of shape [114], separation distances and
dimensions [119] of the prefabricated ferromagnetic electrodes and the local magnetic field

on the alignment process were also examined.
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the nanowires suspension was spilled onto a pre-patterned substrate with Ni or Au electrodes and placed
between two permanent magnets. (b) Scanning electron micrograph showing individual Ni nanowire bridged

on the electrodes [106].

In the absence of magnetic field, various forces affect the directionality of the nanowires
in the droplet of a dilute suspension on a specimen including drag, weight of the nanowires,
and buoyancy forces [109]. In addition, the concentration of nanowires, the distance
between nanowires, the density of the wires and the suspension, as well as the contact angle
of the solvent with the substrate have a significant influence on the directionality of these

wires. Therefore, the net force exerted on the nanowires, F,, has been summarised by [109]:

Fn=FW+Fd+Fb 3-1

Where, F,, F;, and F}, are the weight of the nanowires, drag force, and buoyancy force,
respectively. The weight of the nanowires can be neglected due to their small sizes. The

drag force is given by Stokes formula as [109]:

Fy = émurv 3-2

Where, 1 is the viscosity of the suspension, v is the velocity of the nanowires and 7 is the
equivalent radius of nanowires. The buoyancy force can be given by the density of the
suspension, pg,s, and the density of the nanowires, p,,, as well as nanowires length, [, and
diameter, d, as [109]:
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d
Fp = (pn - psus)ln(g)zg 3-3

Where, g is the acceleration due to gravity. Although, the gravitation might cause some
preferential orientation to the dispersed nanowires, it can be ignored because its direction is
opposite to the buoyancy force [109]. Thus, the dominant force on such wires is the viscous
drag which is responsible for their orientations and make them distributed randomly on the
substrate.

The situation is quite different with applying a uniform magnetic field in the direction of
the substrate plane during the dispersion of these wires. In this case, the magnetic field
exerts a torque force on the nanowires, as shown schematically in Figure 3.14 considering
these nanowires having a prolate spheroid shape. This torque, z, is determined by the vector

product of the magnetic moment, m, and the applied field, H as follows [100,109]:

T =mxH 3-4
The magnetic moment depends upon the magnetisation, M, length and cross-sectional area,
A, of the nanowire. Therefore, the torque exerted on the nanowires can be given by the

following expression [110].

7= VMH sinf = lm (d/2)>MH sinf 3-5
where, V is the volume of the nanowire and 6 is the angle between the nanowire long axis

and the direction of the applied magnetic field, as shown in Figure 3.14.

Nanowire as
prolate spheroid

Figure 3.14 Schematic representation of the nanowire as a prolate spheroid with respect to the field applied,

H, where 8 is the initial angle between the applied magnetic field direction and the nanowire long axis.
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Thus, application of a sufficient magnetic field during nanowires deposition induces
movement of these nanowires to align themselves with the magnetic field lines due to the
high aspect ratios and the dominant shape anisotropy on the behaviour. It is therefore
reasonable to expect that the process of magnetic alignment will also depend upon the
strength of the magnetic field, saturation magnetisation and the aspect ratio of nanowires.

This forms a topic in this work investigated in chapter seven.
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Chapter four

Experimental methods: Fabrication of thin films and nanowires

4-1 Introduction

The experimental techniques used to fabricate ferromagnetic thin films, cylindrical
nanowires, micromarkers and contact pads are described in this chapter following a brief
discussion on the theory behind each technique. The technique used to create thin films and
nanowires was electrodeposition. The methods used to release and deposit templated
nanowires onto substrates are described. To allow the magnetic and electrical transport
measurements to be performed on isolated ferromagnetic nanowires, gold micromarkers
and contact pads were prepared using physical vapour deposition (PVD) methods combined
with electron beam lithography. The PVD methods include magnetron sputtering and
thermal evaporation techniques. To electrically connect the isolated nanowires with the
contact pads, electron beam lithography and local chemical vapour deposition were used.
The technical difficulties associated with the electrical connections of isolated nanowires to
the contact pads are also discussed along with some examples. Finally, the wire bonding
process used to electrically connect the contact pads with the chip carrier for external

connections is also described.

4-2 Electrochemical deposition

Arrays of ferromagnetic cylindrical nanowires (and thin films) were grown by
electrochemical deposition in alumina templates (on flat substrates) with different diameters
(thicknesses) and compositions. The nanowires were released from their templates by
dissolving the templates and then kept in a suitable dilute suspension. The suspension was
dispensed onto substrates with prefabricated gold micro-patterns and electrical contact pads
for magnetic and electrical transport investigations, respectively. Therefore, a theoretical
background of this technique and the experimental procedure followed to fabricate these

structures is presented in the following sub-sections. Release of the nanowires into a dilute
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suspension, and their deposition onto substrates (in the absence or presence of a magnetic

field) are also described in detail.

4-2.1 Theoretical background of electrochemical deposition

Electrochemical deposition (electrodeposition) has been known for a long time and is
commonly known as electroplating to describe its usage in covering various materials with
different metals [1]. It can replicate the exact shape of the surface needing to be covered by
selected metals depositing atom by atom. As mentioned in the previous chapter, this
technique can be easily scaled up for industrial processing and it is possible to produce
different types of nanostructures of single elements [2,3], alloys [4,5] and multilayers [6,7]
of electrically conducting materials such as thin films, nanowires, nanodots and nanotubes.

Let us now consider the theoretical background of electrochemical deposition. If an
electrode of solid material such as zinc is immersed in a container containing a polar
solvent or an electrolyte solution, electrochemical reactions occur accompanied by charge
transfer across the metal/solute interface until equilibrium is reached [8,9]. The zinc ions
Zn*™*, move into solution leaving behind electrons in the Zn electrode. Due to electrostatic
forces, the ions are distributed at the electrode surface, as shown schematically in Figure
4.1[10]. The surface of the Zn electrode thus becomes covered with negatively charged
electrons and the solution in close proximity to the electrode will contain positively charged

Zn*, forming an electric double layer at the metal/solution interface [8,9].

lons of Zn lay in the
electrolyte near the
electrode surface

Electrolyte Close up . . . . .
solution view I I I I I

ok “) Zn electrode

Figure 4.1 Schematic diagram showing charges across the solid/liquid interface when equilibrium is reached.
Zinc ions transfer from the metal to the solution leaving behind electrons to build up on the metal surface

creating an electric double layer. Modified from [10].
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For a given size of electrode, the number of ions produced in the process depends on its
composition [8,9]. As an example, magnesium produce more positive ions than copper or
zinc [8]. This basically depends on the location of the element in the electrochemical series.
Some of the ions get back their electrons and become neutral atoms sticking to that point of
the electrode surface. After a period of time, a dynamic equilibrium will be established
between the rate at which the ions leave the electrode surface and the rate at which they
rejoin it, leading to a final potential difference at the double layer. This potential difference
is known as the electrode potential for that particular electrode/solution interface [8,9].
Although, this potential is very small (around a few volts at most), the potential gradient is
high due to the very small layer thickness [8]. It is very difficult to measure this potential
directly using a voltmeter, because it is impossible to connect the voltmeter with the
negatively charged electrode surface and the positively charged ionic layer of the solution.
Therefore, relative potentials of the electrodes are measured with respect to a standard
electrode known as a standard hydrogen electrode and assuming this electrode has zero
potential [8,9]. Some elements such as Mg and Zn oxidise more easily than hydrogen,
losing electrons and forming ions. In contrast, elements such as Cu, Ag and Au have a
lesser ability to be oxidized than hydrogen which means that they reduce easily back to the
neutral atoms. Accordingly, Zn and Cu electrodes have the standard potentials of —0.76 V
and +0.34 V, respectively [11]. This means that the Zn electrode oxidizes easily (producing
more electrons) than the hydrogen electrode, whilst the Cu electrode reduces more than the
hydrogen electrode.

Let us now imagine two electrodes of different materials such as Zn and Cu immersed in
suitable electrolyte solutions such as ZnSO4 and CuSOQy, respectively separated by a porous
membrane. The electrochemical reactions would produce their metal ions (Zn2+, Cu2+) at
the respective metal/electrolyte interfaces. The Zn electrode will have more excess
electrons than the Cu electrode on their surfaces until they reach their corresponding

standard electrode potentials of —0.76 and +0.34 V, respectively [11]. The electrochemical
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reactions at the zinc/electrolyte and copper/electrolyte interfaces are given by Zn — Zn* +
2¢ and Cu™ + 2¢” — Cu, respectively. These equations indicate that, the Zn continuously
dissolves into the solution due to its oxidation, whereas the reduction of Cu*"ions results in
the deposition of Cu onto the Cu electrode. This process will end only when a new
equilibrium is reached.

The situation can be reversed by applying an external electric field to these electrodes
using a constant voltage source. This process is known as electrolysis in which the
electrical energy converts into chemical potential. The setup used for this process is referred
to as an electrochemical cell and the electrode connected with the positive terminal of the
external voltage source where the oxidation reaction took place is known as the anode or
counter electrode. The electrode connected with the negative terminal of the external
source, where reduction process occurs accompanied by material deposition, is termed the
cathode or working electrode [8]. In a two-electrode system however, it is impossible to
measure the exact potential difference between these electrodes. Therefore, three electrode
systems have been developed. The third electrode is a standard electrode with a known
potential and is referred to as the reference electrode [8]. A reference electrode composed
of Ag/AgCl in saturated KClI solution is widely used in this technique [8]. It has a standard
electrode potential of +0.197 V [8]. A schematic diagram of a three-electrode
electrodeposition system is shown in Figure 4.2(a). Three electrode systems are
recommended for exact measurements of the voltage between the working and counter
electrodes during the synthesis of thin films and nanowires of desirable conducting
materials. Therefore, a three-electrode system was used to produce ferromagnetic thin films
and nanowires in this work. Figure 4.2(b) is a photograph showing the actual
electrochemical cell used in this work. The green colour of the electrolyte is a NiSOy4

solution.
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Figure 4.2(a) Schematic diagram showing the three electrode system in which a reference electrode is added
in order to measure the exact voltage and hence to improve the deposited materials, and (b) photograph of the

actual system used to fabricate ferromagnetic nanowires and thin films [12].

In order to create thin films of various materials, suitable substrates such as Si/SiO, were
used as a working electrode, whilst to create nanowires, nanoporous (nano-channel)
membranes are needed. As mentioned in chapter three (section 3.2) a wide range of
templates have been developed, such as alumina and polycarbonate. These templates are
widely used to create ferromagnetic nanowires [2-7], nanodots [13] and nanotubes [14,15].
As such membranes are insulators to electric current, a good electrically conducting layer
needs to be deposited on one side of them to serve as a working electrode and to block the
pores on one side. A platinum or gold wire of purity ~99.999% is often used as a counter
electrode in the electrochemical cell. The membrane electrode is placed vertically in the
electrolyte solution with the open end of the nanopores facing towards the counter
electrode. By applying a suitable negative potential between the working and the counter
electrodes, the desired materials such as Ni, Co and Fe and their alloys (such as NiggFex)
can be deposited onto the working electrode either in the form of continuous thin films or
template structured nanowires depending on the substrate in use. To grow these materials,
sulphate salts of the elemental metals such as; NiSO4, CoSO4 and Fe; (SO4)s, respectively
are used as the electrolyte solution. To deposit an alloy of the desired metals, a mixture of

the corresponding sulphate salts can be used.
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During the electrodeposition, the positively charged metal ions of the sulphate salts do
not move alone towards the negatively charged working electrode under the potential
difference between the working and counter electrodes. This is because the metal ions are
surrounded with negatively charged hydroxyl ions, OH”. Therefore, these clusters of ions
as a whole are moving towards the working electrode. Consequently, the pH value of the
solution, that determines the hydrogen ion, H', concentration of a particular electrolyte
solution, plays a crucial role in depositing the metal ions on the substrates. Depending on
the pH value, the crystalline structure of the deposited materials may also change [7,16,17].

For a particular material deposition, a specific potential difference between the working
and counter electrodes is desirable depending upon the position of the metals in
electrochemical series [8,9]. Otherwise, the metal ions will not deposit at all on the working
electrode substrate or will be contaminated by the deposition of other undesirable ions that
are present in the electrolyte solution. Linear sweep voltametry (LSV) measurements were
used to determine the desirable potential needed [8,9,17]. During this measurement, the
working electrode potential is swept from zero to a negative value with respect to the
counter electrode and the corresponding electrical current passing through the electrolyte
recorded. As an example, Figure 4.3 shows a linear sweep voltametry result obtained from
a particular electrolyte solution and working electrode [12]. When the applied potential
difference is small, the corresponding cell current would be zero or very low because there
is no deposition on the working electrode. As the potential difference increases, the current
increases mainly due to the desired metal ion deposition, as the population of those ions are
the highest in the solution and it should be linearly proportional to the potential difference.
Any non-linear behaviour indicates the deposition of other undesired ions. In general, the
desired deposition potential is selected as the first rapid increase in the current, as marked

with a red circle in the Figure 4.3.
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Figure 4.3 Linear sweep voltametry for a particular combination of electrolyte solution and working electrode.

This measurement was performed during the preparation of Ni nanowires [12].

Thus, when a suitable negative potential is applied between the working and counter
electrodes, the positively charged metallic ions within the electrolyte solution move towards
the working electrode that is the gold thin film on one side of the membranes, through the
nanochannels and are reduced to metallic atoms by capturing electrons from the gold
electrode [16,17]. Using this technique thousands of metallic nanowires can be grown
within the membrane with nanowire diameters the same as the nanopores and with
maximum lengths same as of the thickness of the membranes. However, different
deposition times lead to different lengths of the nanowires with a uniform length across the
whole area of the membrane. Using a high quality template, one can achieve highly ordered
two-dimensional arrays of parallel cylindrical nanowires with a specific inter-wire

separation [17-19].

4-2.2 Fabrication of thin films and arrays of ferromagnetic nanowires

Nickel (Ni) and Permalloy (NiggFeyo) thin films were deposited onto Si/SiO; substrates
with different deposition times (different thicknesses) using electrochemical deposition.
The area of these substrates was 2.5 mm x 20 mm. The same procedure was used to
synthesise ferromagnetic nanowires in commercially available ~60 um thick alumina
templates purchased from Whatman Inc. with a nominal pore diameter of ~200 nm for

preparing NiFe nanowires and ~300 nm diameter for growing Ni and Co nanowires. The
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fabrication process was carried out using an Autolab-30 potentiostat and a glass
electrochemical cell of a capacity of 20 cm’ with three-electrode arrangement (see Figure
4.2(b)). The reference electrode used was Ag/AgCl, whilst a platinum electrode was used as
the counter electrode.

Prior to deposition, all the Si/SiO, substrates were first carefully cleaned using acetone
and isopropanol (IPA), then dried very well using a nitrogen blower. A gold layer of purity
99.99% was deposited onto Si/SiO; substrates with a thickness of ~10 nm using thermal
evaporation (explained in section 4-3.2). To enhance the adhesion of this layer to the
substrates, 3 nm of Cr was deposited prior to Au deposition. On the other hand, a layer of
Au with thickness of ~100 nm was deposited on one side of the alumina templates using the
sputtering technique (explained in section 4-3.1). The samples were placed in the
electrochemical cell and connected to the external circuit using copper wires attached to the
sample by silver conductive paint. To prevent electrodeposition onto the backside surface
of the substrate (gold surface) the surface was covered with a strip of insulating tape. The
thin films and nanowires samples were produced by B. Das (SN Bose National Science
Centre, Kolkata, India), J. King and D. Atkinson (Department of Physics, Durham
University, U.K.) at SN Bose National Centre for Basic Science in Kolkata, India [12].

Ni and Co thin films and nanowires were grown using 0.57 M of NiSO4 and CoSOs,
respectively with 31 g/l of H3BOs. NigoFeyg thin films and nanowires were prepared using
an electrochemical bath consisting of 1.3 M of NiSO,4 and 0.151 M of FeSO,4 along with
boric acid. The pH of the solution was maintained between 3.5 and 4 by adding few drops
of dilute ammonia solution.

To obtain different thicknesses of thin films, deposition times of 10, 20, 30, 60, and 90 s
were used. For nanowire deposition, the pores of the alumina templates were filled with
nanowires of approximate length of 20 um for a deposition time of ~180 minutes. After

electrodeposition, the samples were washed very well in distilled water followed by acetone
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for a time of ~30 seconds followed by IPA for another ~30 seconds and blown with argon
/nitrogen gas to dry completely.
4-2.3 Release of nanowires from their templates

Before the nanowires can be measured with magneto optic Kerr effect (MOKE) and
magnetoresistance (MR) setups, they need to be separated from the membrane and cleaned.
This was carried out by dissolution of the alumina membrane. The objective was to obtain
clean nanowires distributed over prefabricated substrates with gold patterns and sufficiently
isolated from each other to allow the electrical and magnetic measurements to be performed
on isolated individual or small clusters of nanowires.

To dissolve the alumina templates, the nanowire filled templates were subdivided into
small sections of approximate areas of 4 mm” and placed in 2 M sodium hydroxide (NaOH)
for approximately 48 hours at room temperature. Sodium hydroxide dissolved the alumina
template and formed a water soluble complex ion with hydroxide ions [20,21]. The
nanowires were washed repeatedly with distilled water and then with IPA leaving the
nanowires attached to the gold base layer. Figure 4.4 shows two example scanning electron
micrographs of arrays of NiFe nanowires attached to the gold electrode layer after removal
of the alumina templates. To release the nanowires from the gold layer, the suspension in
IPA was placed in an ultrasonic bath for sonication. Different periods of sonication were
used to investigate the effect of sonication time upon the nanowire lengths as presented in

chapter six.

Gold layer

Figure 4.4 Scanning electron micrographs showing examples of arrays of electrodeposited NiFe nanowires

attached to the gold layer after removal of the alumina templates using sodium hydroxide.
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4-2.4 Deposition of released ferromagnetic nanowires on substrates

Once the nanowires were released to form a dilute suspension in IPA, single drops of the
suspension were placed onto the centre of a clean Si/Si0; substrate. Two areas of substrates
were used in this work. One set of substrates of approximate area of 8x10 mm?, were used
for studying the morphology, dimensions and for analysis of magnetic alignment presented
in chapters six and seven, respectively. The other one is of approximately 4x4 mm®
substrates with prefabricated gold patterns were used for the magnetic and electrical
transport investigations presented in chapter eight.

For magnetic alignment analysis, the substrates were placed horizontally between the
pole pieces of a small purpose made electromagnet as demonstrated in the schematic
diagram shown in Figure 4.5. Low concentration nanowire suspensions were allowed to
deposit the nanowires on the desired substrates using a pipette with a fixed volume of 15 pL
by drop casting the dilute suspension into the substrate. The solvent evaporated at room
temperature under normal laboratory atmospheric conditions, which typically took a few
minutes. The deposited nanowires become fixed to the substrate probably due to the van

der Waals or electrostatic forces. This 1s 1mportant because it enables all the

characterisation measurements and the subsequent nanofabrication steps needed later.

< Pipette Magnetic field ~#
fixed volume

Nanowires
suspension

o

Electromagnet

Figure 4.5 Schematic illustration of the deposition of nanowires onto a clean silicon substrate placed between

the poles of an electromagnet.
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4-3 Physical vapour deposition for thin films and nanostructures

Physical vapour deposition (PVD) is another method for preparing thin film materials.
The atoms of the material need to be evaporated as in thermal evaporation and molecular
beam epitaxy or ejected from a target as in sputtering by ion bombardment. The evaporated
or sputtered atoms need to have a sufficient energy to transfer and be deposited on a
substrate by condensation and relaxation. The following subsections investigate both
magnetron sputtering and thermal evaporation techniques which were extensively used

throughout this work.

4-3.1 Magnetron sputtering technique

Magnetron sputtering was mainly used here to fabricate contact pads, electrically connect
the isolated wires with the contact pads after patterning and deposit gold layers on one side
of the alumina templates to serve as a working electrode in the electrochemical cell. In this
work a single source magnetron sputter system was constructed and built by the author with
help from D. Atkinson and technical staff (Department of Physics, Durham University,
U.K.). This section deals with the theoretical background of this technique followed by the

experimental procedure employed to deposit these structures.

4-3.1.1 Theoretical consideration of magnetron sputtering technique

Sputtering in general can be defined as the removal of surface material when it is
bombarded with highly energetic ions. It was first discovered in 1852 by W. R. Grove when
he was working on the electrical conductivity of gases [22]. In a sputtering system, an
electric field is applied between two metallic electrodes known as the cathode and anode
that are sited in an evacuated chamber. The electrodes can be connected to a D.C. or R.F
power supply [22]. A schematic description of a conventional sputtering system is shown in
Figure 4.6(a). The target material is usually placed on the surface of the cathode. The
chamber is filled with a low pressure inert gas such as argon, xenon, or krypton. This gas

becomes positively ionised upon applying a sufficient electric field to strike the glow disch-
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Figure 4.6 Schematic diagrams of (a) conventional, and (b) magnetron sputtering systems. Atoms are ejected
from the target surface as a result of bombardment by ions such as argon or krypton ions. A series of
permanent magnets is placed behind the target to capture the escaping electrons and increase the sputtered
atoms.
arge (plasma) between the two electrodes [22-24]. Due to the negative voltage of the target,
the positive ions are accelerated toward the target and as a result different phenomena can
occur depending on the type of the material making up the target, the ion type, the ion
energy, and other factors, including gas flow rate, pressure, plasma power, electrode
dimensions, electrode spacing, ratio of electrode dimensions to electrode spacing [22-25].
These phenomenon are: the ejection of atoms from the target, scattering and neutralisation
of ions, the production of secondary electrons and ions, and ion implantation in the target

with or without simultaneous target atom ejection [22,25].

The most important phenomenon here is the ejection of atoms from the target. There are
two different theories explaining this ejection [22,25]. The first theory is thermal
vaporisation in which the ejection of atoms is due to the vaporisation of the target surface
as a result of heating due to the bombardment of high energy ions [22,25]. The second
concept is direct momentum transfer in which the sputtering occurs as a result of the
transfer of kinetic energy from the incident ions to the target surface atoms and sputtering
occurs as a result of the collision cascade in the surface of the target [22,25].

However, in the conventional sputtering system high gas pressure is required to create

the plasma between the two electrodes because there is a problem that not all the free
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electrons contribute to produce the plasma reducing the rate of material deposited onto the
substrate and increasing contamination [22,25]. Placing permanent magnets behind the
target as schematically shown in Figure 4.6(b) to form a magnetron source was found to be
effective in reducing the gas pressure needed for producing the plasma, increasing the rate
of material deposited onto the substrate up to one order of magnitude with a very low
contamination in the deposited films [22,26]. This is because the permanent magnet
produces a magnetic field that extends parallel to the target surface and perpendicular to the
plasma capturing the escaping electrons and densifying them in the immediate area of the
target where they move in spiral motion and as a result increase the ion bombardment and
hence the number of sputtered atoms [26]. As an example, Figure 4.7 shows photographic
images of a Ni target before and after sputtering which clearly demonstrates the effect of
using a permanent magnet behind the target.

The ratio of the number of atoms removed from the target material to the number of
incident ions is referred to as the sputtering yield [22,25]. The sputtering yield is strongly
dependent on the energy of the incident ions, target materials and angle of incidence. The
sputter yield decreases with increasing incident angles [22,25]. The crystalline structure of
the target surface is also significant depending on whether it is polycrystalline, single

crystal or amorphous [25].

Figure 4.7 Photographs of a Ni target (a) before, and (b) after sputtering showing the race track effect from the

permanent magnet (magnetron) to densify and confine the plasma on the target.
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4-3.1.2 Experimental procedure for sputter-deposition

The magnetron sputtering system used in this research is shown in Figure 4.8(a). The
lowest base pressure achieved within this system was around 2x10° Torr using a
combination of rotary and turbo molecular pumps, this may have been limited by the very
large O-ring seal on the top flange. The sputtering gas was argon with a purity of 99.9 %
which entered the vacuum chamber through a variable leak valve. The gas flow rate in the
chamber was controlled via the partial closing of a gate valve. When the gate valve was
closed, a low flow rate was achieved, when the gate valve was half opened, medium flow
rate was defined, and a high flow rate was obtained with a fully open gate valve. Different
target materials can be used with this system. They were discs with a 50 mm diameter and
99.99% purity. The target was mounted by mechanical supports on a water cooled backing
plate and surrounded by a metallic shield, which acts as the anode. The construction of the
magnetron and target is shown in Figure 4.8(b). The distance between the anode and target
surface (cathode) was kept constant at ~3 mm and the distance between the target surface
and the substrate holder was also kept constant at ~90 mm throughout all the work

presented here.
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Figure 4.8 Photographs of (a) DC magnetron sputtering system used in this project to deposit ferromagnetic
thin films and nanostructures, and (b) the target set of this system in which the cathode is a planar disc of the

material to be deposited surrounded by a metallic anode shield.
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The anode and cathode were connected to a DC power supply (with a maximum voltage
600 volt and a power around 3.6 kW), to provide the power needed to strike and maintain
an argon plasma. The target voltage and plasma current were measured with digital multi-
meters. The deposition rate and film thickness were monitored during film growth using a
quartz crystal oscillator. The thickness monitor was calibrated using grazing incidence X-
ray reflectivity measurements.

Special sample holders shown in Figure 4.9 were designed in the course of this research
to deposit multiple thin films and nanostructures at different conditions within the same
vacuum deposition run. This multiple substrate holder allows deposition on up to 15
samples in a single run without breaking the vacuum. The maximum stray magnetic field
measured near the sample holder was around 20 Oe.

In order to obtain uniform thickness across all the samples, the substrate holder was
rotated during the deposition process by an electrical motor at ~12 revolutions per minute.
Prior to deposition, the chamber was flushed with argon gas for approximately 5 minutes, in
order to remove the residual air molecules or water vapour inside the chamber if any were
left after evacuation. To clean the target surface from oxides or any other contaminates, a
pre-sputtering process was performed prior to deposition for a time of ~5 minutes, whilst

the sample shutter was closed.

Figure 4.9 Photographs showing the special sample holder designed in the course of this research to deposit
thin films under different conditions within the same vacuum run. This multiple substrate holder allowed

sputtering of up to 15 samples in a single run without breaking the vacuum.
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4.3.2 Thermal evaporation technique

Thermal evaporation is another physical vapour deposition technique and can be used to
deposit many materials onto substrates [22]. It was mainly used here to deposit thin uniform
layers of chromium and gold onto Si/SiO; substrates after patterning using electron beam
lithography to create micro-scale markers, electrical contact pads and electrodes for
connecting the electrodeposited isolated nanowires with the prefabricated electrical contact
pads. A photograph of the system built in Durham is shown in Figure 4.10 together with a
schematic illustration of this system.

The main part of this system is an evacuated chamber. This chamber was evacuated by
rotary and turbo molecular pumps to create a base pressure around 107-10® Torr. During
deposition and film growth, the pressure was typically in the range of 10 Torr. At the top
of this chamber there is a sample holder protected by a mechanical shutter which is opened
when a stable deposition rate is achieved and is used to monitor the exposure time and film
thickness. A piezoelectric crystal is used to control the deposition rate and the thickness of
deposited material. There are three tungsten/alumina crucibles in the chamber and they are
heated by passing a large electric current (typically 30-50 A) through the filaments within

the crucibles.
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Figure 4.10 (a) Photograph, and (b) schematic diagram of the thermal evaporation system used in this project
to deposit thin uniform layers of chromium and gold onto Si/SiO, substrates after patterning of micromarkers,
electrical contact pads and electrical electrodes to connect the electrodeposited isolated nanowires with the

prefabricated contact pads.
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The target material melts and a vapour pressure is established, the atomic vapour reaches
the substrate, located approximately 37 cm above the source, where it cools down and
solidifies to form a thin film with a stable and uniform deposition over the entire surface. A
high vacuum and the large distance between the sample holder and crucibles is significant,
as the long mean free path of the molecules allows the deposition of films that are

uncontaminated and of high uniformity [22].

4-4 Dual beam system: focused ion and electron beam methods

A dual beam system that combines a focused ion beam column and an electron beam
column was extensively used throughout this project to perform different operations or
functions. This system was used as a scanning electron microscope for imaging and as a
fabrication tool. For instance, it was used to fabricate micromarkers and electrical contact
pads on chips to allow location of the isolated nanowires for MOKE measurements, as well
as to connect the isolated wires with the prefabricated contact pads for the electrical
measurements (MR) presented in chapter eight. Therefore, a brief theoretical description
and details of the experimental procedure followed to achieve the fabrication processes

within this technique are given in the following subsections along with some examples.

4-4.1 Components and principles

The dual beam apparatus is a combination of two systems, a scanning electron
microscope (SEM) and a focused ion beam (FIB) system. This type of apparatus first
appeared in the late 1970s and early 1980s. A decade later the first commercial system was
introduced [27]. A photograph together with the schematic diagram of the FEI-Helios
Nanolab dual beam FIB/SEM system used in Durham are shown in Figure 4.11. This
system consists of four parts; the ion and electron columns which lie on the top, an
evacuated chamber underneath the columns, gas delivery tools and a computer system with
specialised software which allow performing all the operations necessary for imaging and

nanofabrication process.
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Figure 4.11(a) Photograph, and (b) schematic diagram of the dual beam system, with a focused ion and an

electron beams, used in Durham. It was used extensively in this work as a SEM for imaging and for a number

of different nanofabrication applications.

Figure 4.12 shows the detailed schematic diagrams of the system. The SEM produces

electrons from an electron gun located at the top of the column. The electron gun is very

important in determining the final imaging performance of the system which depends on

three factors [28]. The first is the virtual source size which determines the spot size at the

sample and gives the resolution of the system. The second factor is the brightness, which is

related to the current density in the beam.
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Figure 4.12 Schematic diagrams showing the main components of (a) electron beam, modified from

[30,33,36], and (b) ion beam columns in the dual beam system.
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Finally, the energy spread of the beam is responsible for widening the spot size. Different
approaches and various types of materials have been utilized to fabricate electron sources,
but a Schottky emitter or thermal field emission source is widely used and is used in the FEI
system [29-32]. In this source, a conductive needle with a low work function barrier is
heated-up to produce excited electrons on its surface. By applying an electric field, the free
electrons are provided with the required energy to escape from the needle. This method can
produce a good image with a very high stability for electron beam lithography [33-34].
These electrons are accelerated by the application of a high voltage, to follow a vertical
path down through the column, where there are many electrostatic or magnetic lenses.
These lenses focus the electron beam to a very fine point onto the specimen with a typical
spot size around 5-10 nm depending on the system and focusing process [30,34]. These
lenses suffer astigmatism and two types of aberration; spherical and chromatic aberration
[29,32]. In spherical aberration, the outer zones of the lens bend the electron beam more
strongly than the centre of the lens, leading to a spread of the focal point, whilst in
chromatic aberration, electrons of slightly different energies (colours) will have different
focal lengths, thus will be focused at different image planes [29,32]. Aberration and
astigmatism in the SEM distorts the image of every point, leading to an overall loss of
quality and resolution in the image and for lithography will affect the quality of the final
feature on the nanometer scale. Therefore, a special type of lens called astigmator is used to
balance the imperfection in the astigmatism by forcing the beam to go back into its
optimum shape.

Apertures are small holes through which the beam passes on its way down the column
[32,35,36]. There are different kinds of apertures with various applications, such as the
stray aperture which can be used to stop stray electrons. The blanking apertures, are used
to turn the beam ON and OFF when the beam transfers from one pattern to another in EBL

[32,36].
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In order to scan a region on the specimen surface, the electron beam is deflected back
and forth. This deflection is achieved using electrostatic or electromagnetic coils [30,36].
The most important elements in the SEM are the defectors which are located close to the
end of the objective lens just above the sample. The vacuum chamber is usually evacuated
to a pressure below appropriate level around 2x10” mbar in order to prevent scattering and
attenuation of the electron beam or production of additional ions by impact ionisation.
These ions have the potential to react with the sample and lower the quality of the image
produced. Different types of pumping systems are available which are explained in some
detail in Ref [22,31]. The chamber contains a fully motorised stage in all directions on
which the sample is mounted. Details of the many other components necessary for the
operation of the SEM system can be found elsewhere [28,30,32].

The components of the focused ion beam column are similar to the SEM, as shown
schematically in Figure 4.12(b). There are a number of ion sources which can be used in the
FIB, such as In, Bi, Sn, and Au, but the most widely used in commercial systems and in
Durham are gallium ions due to the low melting temperature of Ga (~30°C), the low
volatility, and low vapour pressure [27]. The ion beam is produced at the top of the column
by placing the gallium metal in contact with a tungsten needle which heats the gallium and
make it flow to the tip of the needle. Applying a suitable electric field to the needle relative
to the tip (greater than 1x10® volt/cm) can lead to ionisation and field emission of the
gallium ions [27].

The ion beam column consists of several electro-optical components. For instance,
condenser and objective lenses are used to accelerate and focus the beam with energy
between 1-30 keV onto the specimen with a diameter of ~5 nm and high degree of
brightness [27]. Theses lenses are electrostatic lenses rather than electromagnetic lenses as
in the electron column, because the focusing process is related to the particle charge and
mass ratio, so it is impractical to use electromagnetic lenses with ion beam column [27].

There are also deflection plates to raster the beam over the specimen. The size (current) of
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the ion beam hitting the specimen determines the imaging resolution and the fabrication

precision [27].

4-4.2 The physics of electron and ion beam interactions with a specimen

When an incident beam of focused electrons strike a specimen, different types of rays
and electrons are obtained from the interactions [30-32] as illustrated in Figure 4.13(a). For
instance, reflection of high energy electrons by elastic scattering, emission of secondary
electrons by inelastic scattering, the emission of electromagnetic radiation
(cathodoluminecence), characteristic X—ray, Auger electrons and for very thin samples
(~30 nm) transmitted electrons might occur.

The size of the interaction between the focused electron beam and the specimen is
referred to as the interaction volume, which can be accurately determined using Monte
Carlo simulations [30,31]. The interaction volume was found to depend on the energy of
the incident beam, the atomic number and the density of the specimen [30,32]. Secondary
electrons are emitted as a result of the ionisation process occurring within the specimen.
Typical energies of these electrons are of the order of few electron volts (less than 50 eV)
[28,30]. Secondary electrons are the key to SEM imaging. The backscattered electrons
come from the main beam of electrons and are reflected from the specimen by elastic

scattering.
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Figure 4.13 Schematic representation of the interaction of focused (a) electron [30], and (b) ion beams [27]

with a specimen. Various phenomenon occur from this interaction depending on different parameters.
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When highly energetic electrons knock out inner shell electrons from a material,
characteristic X-rays may be emitted which can be used to identify the atomic species
[28,31,32]. Additionally, atoms of luminescent specimens excited by the incident high-
energy electrons and returned back to their ground state will emit light and this process is
known as cathodluminescence [30].

On the other hand, when a focused 1on beam strikes a specimen, different phenomenon
can occur, as illustrated in the schematic diagram shown in Figure 4.13(b). Atom removal
(milling or sputtering) from the specimen surface can occur when atoms gain enough
kinetic energy to overcome their surface binding energy [27]. Sputtering can occur as a
result of series of elastic collisions [27]. Another possibility is the formation of ions due to
the ionisation of a portion of the sputtered atoms. These ions can be collected to form an
image. Additionally secondary electrons can be produced [27]. lon implantation and re-
crystallisation or amorphisation can also occur as a result of this interaction, where the ions
are not backscattered out from the specimen and settle at some depth below the specimen
surface.

Thus, a dual beam system can be used to perform different applications at the same time.
For instance, it can be used for imaging by scanning either the ion (with low currents) or
electron beam across the surface of a specimen and collecting the emitted secondary
electrons or ions using suitable detectors, as will be investigated in chapter five. The ion
beam cannot be so finely focused onto the specimen and the imaging process always
produces implantation and sputtering of the substrate surface [27,30]. Therefore, image
resolution with an ion beam is generally lower than with the electron beam and the sample
is modified. Image resolution with the ion beam is around 5 nm depending upon the ion
energy and the detector efficiency [27,30]. Furthermore, it can be used to create
nanopatterns using lithography and ion beam milling and also to deposit materials via ion or

electron beam induced deposition, as described in the following subsections.
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4-4.3 Electron beam lithography (EBL)

Lithography in general has wide applications in the electronic industry and it is
extensively used in support of integrated circuit technology and for researching in a wide
range of fields with very small dimensions [33,37]. The principles of the lithographic
process including the most significant resists in use are covered within the following
discussion.

The basic idea in any lithographic process is transferring patterns to the surface of a
clean substrate. To do that, the substrate is covered by a uniform film referred to as a resist.
This resist needs to be sensitive to the incident electron beam. The physical or chemical
properties of the resist change upon exposure to the radiation [33,34,37]. The exposed areas
become more soluble and can be dissolved in a specific solvent this occurs for a positive
resist, whilst the exposed area will cross-link to the specimen and this resist will be
characterised as a negative resist, as demonstrated in Figure 4.14. The process of dissolving
the resist in a chemical solvent is called development, which is similar to the development
of photographic films. After developing, a thin metallic layer can be deposited on the
substrate using a physical vapour deposition such as sputtering or evaporation techniques
[38]. This process is referred to as metallisation. In a positive resist, the areas that were
exposed to the radiation and subsequently developed are clear and the deposited film will
stick directly onto the substrate, while on the unexposed regions the metal will stick to the
resist surface. In contrast, in a negative resist, the areas that were exposed to the radiation
remain and the deposited film will adhere to the resist, while the unexposed areas are clear
and the film will stick on the substrate, as shown in Figure 4.14. After the metallisation
process, the remaining resist and the unwanted metal film are removed in a specific solvent

leaving behind only the desired patterns on the substrate and this process is known as [lift-

off-
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Figure 4.14 Illustration of the pattern definition in positive and negative resists. The electron beam causes

Substrate

physical-chemical changes in the exposed region and only the changed properties of the resist can be

dissolved in a specific solvent [34,38].

There is a variety of different lithographic resists with different properties [38]. Each
one requires different chemical solution for development and lift-off. One of the most
important materials developed for electron beam lithography is poly-methyl-methacrylate
(PMMA) [38]. PMMA is a very common positive tone electron beam resist and it remains
one of the highest resolution resists available [33]. Figure 4.15 shows the chemical structure
of this polymer which is composed of a long chain with repeating units of methyl-
methyacrylate monomer [38]. The long carbon backbone of this resist is divided into small
chains with lower molecular weights upon exposure to sufficient radiation [38]. It was
found that the scission of the resist occurs with energies greater than 5 eV indicating that
the most effective exposure is due to the secondary electrons produced as a result of the

dissipated energy of the primary beam in the resist through electron cascade [38].
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Figure 4.15 The chemical structure of PMMA resist. It is composed of repeating units of a monomer. The
long chain backbone of this resist is divided into chains of lower molecular weight upon exposure to a focused

electron beam which make it more soluble in the solvent. Reproduced from [38].

This effect might produce a broadening of the exposed region related to the exposed beam
and is referred to as the proximity effect which can be accurately measured using Mont
Carlo simulations [38]. For further information see reference [38]. However, EBL offers
line widths down to a few nanometer ranges, but tens of nanometers is more typical
(example 20-50 nm) [38]. This is much smaller than can be achieved by optical lithography
techniques [33]. The drawback of EBL is that the writing of patterns is a serial processes

and hence very time consuming for larger area structures.

4-4.4 Experimental procedure for patterning
In order to study the magnetic and electrical properties of template released isolated
nanowires, EBL and lift-off techniques were carried out to create two kinds of chips, as

shown in Figure 4.16.

(@) Micromarkers : Contact pads

Figure 4.16 Optical microscope images showing gold (a) micro markers, and (b) electrical contact pads
fabricated on the Si/SiO, substrates using electron beam lithography and lift-off techniques. These chips were

used to investigate the magnetisation behaviour and electrical properties of isolated nanowires, respectively.
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The first type of chip contains a set of gold micro-markers of several microns. These
patterns were designed to be large enough to be observed in the optical microscope of the
MOKE system. The second kind of chip had gold contact patterns which were made to be
thick enough to withstand the different steps required in lithography for electrical
connections. These patterns were designed in a finger-like pattern to increase the
probability of nanowires being dispersed between them for the electrical connection. After
the nanowire were dispersed on the chips, EBL and electron beam induced deposition were
used as a second step to electrically connect the dispersed electrodeposited nanowires with
the pre-patterned gold contact pads. Finally, ion beam milling was employed to remove a
layer from the nanowires where the connection was to be made before patterning or any
spread of gold after patterning and lift-off. The following sub-sections describe the
experimental procedure that was followed to achieve the fabrication process of these
patterns using the dual beam system and gives some examples and discusses the most
important technical difficulties arising from connection of the nanowires to the

prefabricated contact pads.

4-4.4.1 Patterning using EBL

A film of PMMA resist was applied to a clean surface of Si/SiO, with approximate area
of 4 x 4 mm? by placing the substrate on a rotating sample holder of a spin coat unit. The
sample was held in a place by a vacuum chuck and a drop of 2% PMMA-495 in anisole
solution was placed on the surface. The substrate was spun at ~3000 rpm for ~30 seconds to
produce a uniform film with thickness ~70 nm [38,39]. The substrates were then removed
carefully so that the resist was not scratched or damaged and were placed on a hot plate at a
temperature of ~117 °C for a time of ~90 seconds [38]. This baking process had the effect
of removing any residual solvents (anisole) from the resist. This process was repeated for 2-

4 times depending on the thickness required for the resist and hence the deposited materials.
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The substrate was placed on the movable stage inside the SEM and the chamber was
evacuated. Two types of SEM systems were used in this project: a FEI Raith Elphy Plus
SEM instrument and a FEI-Helios Nanolab dual beam FIB/SEM system. The accelerating
voltage was set to 30 kV, the working distance was ~4 mm and the beam spot size selected
for the desired beam current. The designs for the patterning were created using the software
available and saved for use in the fabrication process. To obtain high resolution patterns,
the electron beam was focused onto features on the sample edge at the highest

magnification level possible. Exposure parameters were calculated using the equation [38]:

N Beam Current X Dwell time
Area Dose = 4-1

Pixel area

An area dose of ~400 ;‘lCCm'2 was used, based on calibration tests for the system carried
out by previous users. The beam current was measured on the sample and the time is the
exposure time set by the user. The write field is the area in which the exposure is carried
out, and it can be divided into small points known as pixels. A pixel can be defined as the
smallest allowed movement of the electron beam on the write field. A smaller pixel can be
achieved by decreasing the write field. The above equation was used to estimate the time
required for drawing one pixel from the pattern and is known as dwell time. Finally, control
of the SEM was given to the lithography system to raster the electron beam over the surface
of the substrate using the designs created earlier in the fabrication process.

To develop the chips, they were ultrasonically immersed in methyl isobutyl ketone
(MIBK) and IPA in a ratio of 1: 3 for a time of ~30 seconds at a temperature of 20 + 1 °C
according to the manufacture recommendations [38,39]. The chips were then immediately
washed for ~30 seconds with an IPA solution in the ultrasonic bath to remove the traces of
the MIBK and then dried with nitrogen gas. To ensure that the exposure had worked well,
the developed chips were examined using both optical and SEM microscopes. Thermal
evaporation and magnetron sputtering techniques were used to deposit the required film as

described in the previous sections. For lift-off, the substrates were placed in an acetone bath
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for a time of one hour. This enabled the resist to dissolve and hence be removed from the
chips leaving behind the final pattern of the metal structures. The chips were then
transferred to IPA for a time of ~15 minutes to remove any residual acetone before being

dried in nitrogen gas.

4-4.4.2 Electrically connecting electrodeposited isolated nanowires

Two techniques were tried to connect template released ferromagnetic isolated
naonowires with the prefabricated electrical contact pads. The first method employed EBL
and lift-off techniques as discussed previously. The thickness of the gold electrodes was
~35 nm and the width was ~1 um. It is noteworthy that selecting, locating and imaging of
the isolated wires relative to the gold patterns was carried out using optical and scanning
electron microscope before patterning the connection electrodes.
The second method was achieved via ion or electron beam induced deposition which also
known as local chemical vapour deposition (LCVD). This can be achieved by introducing a
suitable precursor gas to the vacuum chamber which is allowed to interact with the focused
ion or electron beam to break down the precursor and allow chemisorption onto the
substrate, as schematically shown in Figure 4.17 [27,34]. It is found that the secondary
electrons produced as a result of the interaction are responsible for the gas decomposition
by breaking the chemical bonds of the precursor gas and the material is deposited on the

substrate surface whilst the volatile products are removed by pumping.

Volatile
reaction products

Substrate

Figure 4.17 Schematic representation of the interaction between the focused ion or electron beams with the

precursor gas resulting in chemisorption onto the substrate of the deposition materials.
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Different precursor gases can be used including those containing platinum, tantalum and
gold, but here only methylcyclopentadienyl-trimethyl platinum (CoH;cPt) was used for the
deposition of platinum. For further information about different types of precursors in use
see Refs [27,38,40-42]. This connection process was performed with help from Erhan Arac
(Department of Physics, Durham University, U.K.). The thickness of the deposited Pt was
~150 nm and the width was ~1 um. The deposition was performed using electron beam
energy of 5 keV chosen as a result of optimisation experiments. This energy was found to
be more efficient of producing platinum. The beam current was chosen according to the
deposition time, where it was found that smaller currents yield better quality of deposited
material but the time becomes longer. As an example, Figure 4.18 shows scanning electron
micrographs of electrodeposited individual nanowires connected by Au and Pt electrodes to
the prefabricated gold electrical contact pads using both EBL and electron beam induced Pt

deposition techniques, respectively.
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Figure 4.18 Examples of scanning electron micrographs showing electrodeposited individual nanowires
connected to the prefabricated Au contact pads using (a-c) EBL and lift-off techniques, and (d-f) electron/ion

beam induced deposition. Pt deposition images from [43].
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4-4.4.3 Ion beam milling

Ion beam milling was used here to remove a layer of thickness around 5 nm from the
wires where the gold electrode connections were to be made before patterning. This was
performed in order to remove the oxides or hydroxides or any other residue on the wires. In
this method, the ion and electron beams were focused onto a feature (e.g. damage) on the
sample corner at perpendicular direction after finding the eucentric focus point. The stage
was then fixed at that point with an approximate working distance of 3.8 mm from the
electron column. The milling process was performed manually by first selecting the
dimensions of the features to be milled, the current and the depth of the milled material was
determined by the total beam exposure time. This was achieved by allowing the beam of
gallium ions with a current as required to be rastered over these locations. The ion beam
milling, in general was employed with great care to ensure that the ion beam never scanned

directly over all the area of the wire.

4-4.4.4 Technical difficulties associated with electrical connection to isolated wires

As mentioned earlier, the spinning process is one of the requirements for resist
application for EBL. Sonication is also necessary during the development and lift-off
techniques after patterning. These requirements make the electrical connection of isolated
nanowires with the prefabricated gold contact pads very challenging. Figure 4.19 show
examples of scanning electron micrographs demonstrating the effect of resist spinning and
sonication on the connection of such wires. For instance, the wires or the gold electrode
connections were damaged or moved during development or lift-off processes as
demonstrated in Figure 4.19(a-c). If sonication times were reduced or eliminated excess
gold remained on the surface, as demonstrated in the examples shown in Figure 4.19(d,e).
As it is impossible to look at the sample during the patterning process, the existence of
template residue or any other impurities or other nanowires in the vicinity will makes

connections difficult to achieve, as shown in Figure 4.19(f).
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Figure 4.19 Examples of scanning electron micrographs demonstrating the difficulties arising from the
electrical connection of electrodeposited isolated nanowires with prefabricated gold contact pads. The effect

of (a-c) sonication, (d,e) without or with reduced sonication during the development and lift-off techniques

and (f) the existence of residue preventing contact to proposed electrodes.

4-5 Wire bonding

In order to study the magnetoresistance behaviour of the isolated ferromagnetic
nanowires that are electrically connected on a chip to lithographic contact pads, wire
bonding was required to connect the contact pads with a chip carrier [44-46]. This was
performed using the wire bonding machine shown in Figure 4.20(a). This is controlled by
computer system. In this machine, a gold ball is formed by melting the end of fine gold
wire with a diameter of around 15 pm and held by a capillary tool [47]. This ball is then
brought into contact with the terminal of the chip carrier and by applying a sufficient
amount of pressure, heat and ultrasonic forces onto the ball for a period of time, a
metallurgical weld between the ball and the chip carrier can be achieved [48]. Then,
moving the capillary tool to the desired electrical contact on the silicon chip to form a loop
of wire a second bond is formed again by applying ultrasonic forces to the end of the wire
[48]. The machine then breaks the wire for the next wire bonding. Figure 4.20(b) shows an

example of the electrical contacts of a silicon chip bonded to the chip carrier by gold wire.
105



Chapter four. Experimental methods: Fabrication of thin films and nanowires

<% ) = (b)
8 /L_, : Au wire bonds

Computer monitor

(@)

Hot plate

Chip carrier

Prefabricated Au
contact pads on
Si/SiO2 chip

Capillary needle
Hot plate
sample stage

Figure 4.20 Photographs showing (a) the wire bonding machine used in this work to electrically connect the
gold prefabricated contact pads on the silicon chip with the terminals of chip carrier, and (b) example of chip

carrier bonded to the contact pads by gold wires [49].
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Chapter five
Experimental methods: Investigative techniques for analysis of thin films and

nanowires

5-1 Introduction

The physical principles of the techniques used for characterising the morphology,
structure, magnetic and electrical properties of electrodeposited ferromagnetic thin-films
and nanowires are described and discussed in this chapter. The methods employed to
analyse the data are also described. A variety of investigative techniques were employed
within this research including scanning electron microscopy (SEM), grazing incidence X-
ray reflectivity (GIXR), magneto-optical Kerr effect (MOKE) magnetometry,
magnetoresistance (MR) measurements and micromagnetic modelling. An understanding of
these systems and their principles will aid in understanding the analysis presented in the

results chapters.

5-2 Scanning electron microscope (SEM)

In this project, a FEI-Helios Nanolab dual beam FIB/SEM system and a Phillips SEM
equipped with a Raith Elphy Plus electron beam controller were widely used for electron
beam lithography, ion beam milling and local chemical induced Pt deposition as mentioned
in the previous chapter. It has also been used to investigate the morphology, diameter, and
length distributions of nanowires, as well as to determine the chemical composition of thin
films and to select, identify and locate the position of isolated individual and clustered
nanowires with respect to the prefabricated micro-markers. The main components of SEM,
their functional principles and the physics of electron interactions with the specimen are
described in the previous chapter. Therefore, the following subsections are focusing on the
most important detectors used in this work for characterising the samples, namely

secondary electron and X-ray detectors.
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5-2.1 Secondary electron detectors

Figure 5.1 shows a photograph taken inside the chamber of FEI-Helios Nanolab dual
beam FIB/SEM system showing the most important parts including secondary electron
detector. As mentioned in chapter four, the interaction of the focused electron beam with a
specimen yields different rays. The emitted secondary and backscattered electrons are
usually detected by an Everhart—Thornley detector [1-3]. The schematic diagram of this
type of detector is shown in Figure 5.2(a) [2]. It is a scintillator-photomultiplier system in
which the secondary electrons are attracted by a positively biased grid and accelerated to
the scintillator creating a flash of light (photons) which is amplified by the photomultiplier

and converted back to electron current [2].

Secondary

lon beam column B
| electron detector

Through lens
detector

Faraday cage

Sample

Fully motorised
stage

Figure 5.1 Photograph showing the secondary electron detector and the most important parts inside the SEM

chamber of FEI-Helios Nanolab dual beam system.

Focused electron
beam

SE

Light guide
Scintillator BSE /
(+12 kV)
Faraday cage -
(-50to +300 V) Specimen
h.__—_____/

Figure 5.2 (a) Schematic diagram of Everhart-Thornley detector which is widely used in this work for
imaging. Modified from [2]. (b) Example of scanning electron microscopy image of released and deposited

individual nanowire on a substrate detected using this type of detector.
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This current is amplified and converted to a digital image on the screen. To protect the
detector from unwanted beams, it is surrounded by a Faraday cage [2]. This type of
detector was widely used in this research for secondary electron imaging processes. An
example image of an individual nanowire lying on a substrate recorded by the detector is

also shown in Figure 5.2(b).

5-2.2 EDS and WDS detectors

As mentioned earlier in chapter four, when highly energetic electrons hit a sample, a
core electron may be ejected from the sample leaving behind a hole which is filled with an
electron from a higher energy level [3]. This results in emission of an X-ray with a
characteristic energy equal to the energy difference of these shells. The emitted X-ray can
be used to characterise the chemical composition of the investigated sample [2,3]. The
characteristic X-rays can be detected using either energy dispersive spectroscopy (EDS) or
wavelength dispersive spectroscopy (WDS). In both techniques the X-ray counts are
recorded as a function of the energy. WDS measurements are more precise but time
consuming since it depends on the rotating of the diffracting crystal. Thus, the chemical
composition of a wide range of electrodeposited ferromagnetic thin films were measured by
either energy or wavelength dispersive X-ray analysis with the aid of L. Bowen (Scanning
Electron Microscopy Facility, Department of Physics, Durham University, U.K.) using
scanning electron microscope SEM Hitachi-SU 70 and JEOL 2100F TEM systems,

respectively.

5-3 Grazing incidence X-ray reflectivity (GIXR)

Grazing incidence X-ray reflectivity (GIXR) is a non-destructive surface sensitive
analytical technique first reported in 1954 by Lyman G. Parratt [4]. The grazing incidence
means that the angle of incidence is either at or just above the critical angle of transmission

into the specimen. This technique is commonly used to study thin films and multilayers [5].
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It is able to offer quantitative information of layer thickness, density, and both surface and
interface roughness [5,6]. The thickness ranges that can be measured within this technique
are approximately between 1 to 1000 nm and surface roughness between 0.01 to 4 nm
depending on the material and system in use [5,7]. It can be used to measure virtually any
material with amorphous or crystalline structure depending only on the differences in the
electron density of the layers [5,6].

This technique was mainly used here to estimate the thickness and roughness of the
electrodeposited thin films and to calibrate the thickness monitor of the magnetron
sputtering system that was developed in this work and presented in chapter six. The
interpretation of the results was performed by numerical comparison with the simulations
using Bede REFS software [8]. A brief theoretical and experimental description of this

technique is provided in the following sub-sections elucidated with some examples.

5-3.1 Principles of GIXR

If X-ray radiation is allowed to interact with a specimen, absorption, reflection, or
scattering (diffraction) may occur. The reflected radiation is determined by both the
difference in the refractive index of the surfaces and by the width of interface region, which
in turn depends upon the atomic number and electron density of the material [5]. The
refractive index, n, is defined as the ratio of the phase velocity of an electromagnetic wave

in a vacuum, c, to it is velocity in a material, v [5]:

5-1

< |a

For visible light, the refractive index of a material is greater than one, whereas for X-

rays can be written as [5]:

n=1-6—ip 5-2
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Where, § and f are dispersion and absorption coefficients, respectively. These parameters
are positive and extremely small of the order of 10° and 10 respectively, giving a
refractive index that is very slightly less than one [5]. Therefore, when X-ray beam is
incident on a material with a refractive index, ngecimen from air or vacuum, the specimen
appears optically less dense and the transmitted beam is refracted away from the surface
normal, as demonstrated in Figure 5.3 [5,6].

If the angle of the reflected beam with respect to the sample surface, 6,., has the same
angle with the incident beam, 6;, the reflected beam is referred to as a specular reflection,
whilst if the angle of the reflected beam makes different angle with the incident beam then
the reflection is said to be diffuse scatter or off-specular, as shown in Figure 5.3 [5,6]. The
diffuse scatter is a result of the existence of sample curvature, roughness and composition
grading which leads the reflected beams to interfere destructively leading to loss of
intensity [5].

If the incident angle, 8;, with the sample surface is decreased, the transmitted angle, 6,
is also decreases. There is a critical angle, 6., at which the transmitted wave moves
parallel to the specimen surface. Total external reflection occurs when the incidence angle
is below the critical angle (6; <8.) [5]. The correlation of incident angle with the
transmitted angle is described by Snells law via [5]:

i

Inaideribaar Specular reflectivity

x Diffuse scattering l

\
----- ' X

Nspecimen

Ki Kr

Nair

Figure 5.3 Schematic diagram of grazing incidence X-ray reflectivity from the interface between two
materials of different electron density. Specular reflection (or diffuse scatter) occur when the incident and

reflected beams makes the same (or different) angle with respect to the sample surface [5,6].
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Nair COS 0; = Ngpecimen COS O 5-3

Thus, when the X-ray is incident from the vacuum or air in which ng;,- = I, then the critical

angle, 6., at 8, = 0 is [5]:
62
CcoS QC = Ngpecimen = 1— > Foee 5-4

Assuming that, f# = 0, which means that there is no absorption, therefore equation 5-4 can

be written as [5]:

6é

Nspecimen = 1-6=1- 2 5-5
0. =V26 5-6

This equation indicates that the critical angle is dependent on the electron density in the
near surface region [5].

For a film with refractive index, n;, and a thickness, d, deposited on an infinitely thick
substrate with refractive index, n,, grazing incidence X-ray radiation is partially reflected at

both the air-film interface and film-substrate interface, as shown in Figure 5.4 [5].

Figure 5.4 Reflection and transmission of X-ray radiation from a finite layer of thickness d and refractive
index n; intermediate between an infinitely thick substrate and air with refractive index n, and ny,
respectively. The letters, r, denotes for reflection whilst, ¢, for transmission, and 0,1,2 refers to the air, film,

and substrate, respectively [5].
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Note that the letters, r and ¢, used in the figure denotes to the reflected and transmitted
beams, whilst 0, 1, 2 refers to the layers air, film and the substrate, respectively.
Interference can occur as a result of changing the angle of incidence. This is due to the
changes in the path difference between the reflected waves from the different surfaces
leading to fringes that are referred to as Kiessig fringes [5]. These fringes appear when the
path difference equals an integral number, n, of wavelengths, A, exactly as in the Bragg
condition for diffraction, where d is the distance between the top and bottom of the

deposited layer. Thus,

nl = 2d sinf, 5-7

Changing the angle of incidence, the period of the oscillated intensity is given by [5]:

£ ~ A0y = = 5-8

Thus, the period of the oscillation is inversely proportional to the film thickness [5]. As
an example, Figure 5.5 show reflectivity simulations for 10 nm and 30 nm thick Ni films on

infinitely thick SiO; substrate with perfectly sharp interfaces.
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Figure 5.5 Examples of REFS simulation reflectivity measurements of Ni thin films with thicknesses of (a) 10
nm, and (b) 30 nm on infinitely thick SiO, substrate with perfectly sharp interfaces. The Kiessig interference

fringes and the critical angle are clearly shown.
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Kiessig fringes and the critical angles are clearly marked in the figure. The amplitude of
the Kiessig fringes depends on the electron density difference between the layers, as well as
roughness and grading of the interfaces [5,6]. The number of these fringes increases with
increasing film thickness [5]. The decay in the reflected beam intensity as a function of
angle is determined by the roughness of the interfaces. For rough interfaces the reflectivity

decreases faster than the sharp interface [5].

5-3.2 Experimental setup for GIXR

In this research, the thickness and roughness of a wide range of electrodeposited Ni and
NiFe films were measured using a Bede diffractometer (Jordan Valley) DI System. This
system was provided with a CuKa radiation source (anode) equipped a channel cut Si filter
to monochromatise the X-ray beam. Figure 5.6 shows the measurement geometry. The
acceleration voltage was ~40 kV, the maximum power used was approximately 1.6 kW and
the X-ray wavelength was 0.1541 nm [6,7]. To decrease the angular divergence of the
beam, narrow slits of 0.5 mm x 2 mm were used at the source giving a divergence of
approximately 0.01° [7]. To precisely define the angle of collection that is needed to
separate the specular scattering from diffuse scattering events, narrow slits of 0.5 mm x 0.5

mm were located in front of the detector.

Source
e9° slits

Incident beam Channel

cut crystal

X-ray
y tube

Figure 5.6 Geometry diagram of X-ray reflectivity setup used in this research to measure the thickness and

roughness of electrodeposited ferromagnetic thin films.
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However, these slits decrease the intensity of the beam which leads to an increase in the
experimental time. The incident beam makes an angle 6 with respect to the sample surface,
whilst the reflected beam was measured at an angle 26 using an EDRa detector (a
scintillation counter) [7].

Samples were mounted on a plate that was installed on a higher resolution stage called a
goniometer. The alignment process is important to obtain meaningful data. Therefore, the
reflectivity measurements were performed after highly precise alignment, which was
carried out first by adjusting the angle of the detector, 26, with respect to the incident beam
to maximise the intensity when the sample is out of the beam. Then, by adjusting z and 6
(these parameters are defined in the figure) to achieve an optimum position of the sample
with respect to the incident beam. This was achieved by optimising z and 6 until
approximately the half intensity of the incident beam was incident on the detector. Further
optimisation of x and y positions was made to maximise the intensity of the beam at the
detector [7]. The specular and off-specular reflectivity curves were recorded using 6 /260
scan by setting 6 at 0°-6° and 0.1°-6°, respectively. Increments of 0.01° were used with a
count time of 15 seconds for each step, giving a total time of approximately 7 hours per
sample measurement. The count time was selected as a compromise to give a good signal to
noise ratio and to enable the analysis to take place over a reasonable period.

An example of specular and off-specular reflectivity curves obtained from measuring
sputter deposited Ni films with a nominal thickness of ~10 nm are shown in Figure 5.8(a).
To remove the background and forward scatter effects, the off-specular reflectivity data
were subtracted from the specular reflectivity data to yield the frue specular curve, as
shown in Figure 5.7(b). The true specular curve can then be fitted and analysed using

suitable software.
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True specular reflectivity

T T

Intensity (cps)

Intensity (cps)

-
o

1 072 T T T T . T
0 1 2 3 4 5 6 0 1 2 3

20 (deg) 20 (deg)

10'; i 10 bﬁ'” J.r'“ l!‘ ]H,l "l”rw :I

5 6

Figure 5.7 (a) An example of specular and off-specular reflectivity curves obtained from measuring a
sputtered Ni film with a nominal thickness of 10 nm using the D1 reflectometer, and (b) true specular

reflectivity curve obtained by subtracting the data of off-specular from specular to remove the effect of

forward diffuse scatter.

5-3.3 Data analysis for GIXR

As stated above, the specular and off-specular reflectivity data were used to give the true
specular reflectivity. The true specular reflectivity curve was fitted with simulations using
Bede REFS software package [8] which is based upon the Parratt recursive formulism [4].
Using this software, solutions for the thickness, density and roughness of the specimen
could be accurately determined. The details of the algorithm can be found elsewhere [4-9].
In each simulation, the layer thickness, roughness and density were allowed to vary as free
parameters with nominal values of film thickness introduced as starting values to ensure the
simulation ended in a reasonable time.

All of the simulations were performed on the nominal structure of the as-deposited films
with the addition of an oxide layer or sub-layer with a thickness up to a few nanometres as
needed to improve the quality of simulation fit to the data. This is quite reasonable since a
partial oxidation of the surface might occur during the time elapsed between deposition and
characterisation of samples. The simulations were completed when the free parameters and

the goodness of fit parameter (a statistical measurement of the agreement between the
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simulation and the experimental data) remain constant for more than 15000 iterative
generations. Examples of grazing incidence X-ray reflectivity measurements for a sputter-
deposited NiFe film with a nominal thickness of 15 nm and the best-fit simulations with
and without the inclusion of a top oxide layer are shown in Figure 5.8. Clearly, both cases
produce the same number of Kiessig fringes, but the inclusion of the top oxide layer results
in a better fit to the experimental data and in this case, a lower value for the goodness of fit
parameter is obtained. A range of oxides are available with each composition investigated
here, for instance Fe,O; and NiO were used with NiFe films. However, the difference is
unnoticeable using these different oxide layers in the simulations as demonstrated in Figure
5.8(b). This is because the X-ray reflectivity measurements are only sensitive to the

electron density difference which is very small between these materials.

5-4 Magneto-optical Kerr effect (MOKE) magnetometry
Magneto-optical effects occur when polarised light interacts with magnetic materials. In
1886 Faraday noticed a slight rotation of the plane of polarisation in the light transmitted
through a transparent magnetic material [10]. Later, John Kerr observed similar behaviour

for light reflected from a magnetic material [11,12].

L X 105 1 1 1 1
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Withlout top Ilayer
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]—— Simulated reflectivity curve
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Figure 5.8 True specular X-ray reflectivity measurements (black curves) and the corresponding simulated
reflectivity (red curves) obtained using Bede REFS simulation software for 15 nm thick NiFe films (a)

without using top oxide layer, and (b) using both Fe,0O; (red curve) and NiO (green curve) top oxide layers.
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These effects are known as Faraday and Kerr effect, respectively. The magnitude of the
rotation for the Faraday effect is higher than that of Kerr effect. This rotation is strongly
related to the magnitude and direction of the magnetisation within the material [13,14].
The magneto-optical Kerr effect is a non-destructive technique with a lateral resolution
of around 0.3-0.5 pm for typical wavelengths depending on the diffraction limit of the
light source [13]. This technique has been widely used to study the magnetic behaviour of
a wide range of magnetic materials. As an example, it has been used to study the magnetic
properties of thin films [15,16], individual and arrays of planar nanowires [17-24], arrays
of cylindrical wires [26] and very recently isolated nanowires [25]. It can be used to
determine the direction of net magnetisation of magnetic materials. The following sub-
sections briefly describe the fundamental theory and the principles of the magneto-optical
Kerr effect. The experimental MOKE setup used in this research to investigate the
magnetisation behaviour of ferromagnetic thin films and isolated nanowires is then
described. Finally, an explanation is given of how isolated nanowires were located and

measured.

5-4.1 Geometries of magneto-optical Kerr effect

From a practical point of view, the magneto-optical Kerr effect can be classified into
three different geometries, depending on the relative orientation of the planes of incident
and reflected light with respect to the magnetisation vector within the magnetic sample and
applied magnetic field orientation [13]. A schematic description of these geometries is
shown in Figure 5.9 [13,27]. When the magnetisation vector of the sample lies normal to
the reflection surface (sample surface) and parallel to the plane of incidence, the polar Kerr
effect occurrs, as shown in Figure 5.9(a). When the magnetisation vector within the
magnetic material is parallel to the reflecting surface and the plane of incidence, the

longitudinal Kerr effect appears, as shown in Figure 5.9(b) [28].
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Kin Kout Kin

Figure 5.9 The three geometries of Kerr effects depending on the relative orientation of the magnetisation at
sample surface with respect to the planes of incident and reflected surface. These geometries are referred to as
(a) polar, (b) longitudinal, and (c) transverse Kerr effects. In both polar and longitudinal geometries there is a
slight rotation and some ellipiticity of the reflected light, whilst in the transverse Kerr geometry there is only a

change in the intensity of the reflected light. Modified from [13,27].

In this geometry, it is found that the rotation of the reflected light falls to zero at normal
incidence and increased to maximum at an incident angle of 60° [28]. If the magnetisation
of the sample is normal to the plane of incidence and parallel to the reflected surface, then
the geometry is said to be in the transverse configuration, as illustrated in Figure 5.9(c)
[27]. In this configuration, there is no rotation of polarisation, there is only a change in the
intensity of the reflected light [29]. It is noteworthy to mention that in both longitudinal and
transverse MOKE measurements, the incident light comes in at oblique angle with respect
to the magnetic material, whilst normal angles of incidence is best for polar MOKE
configuration [28,29]. The longitudinal Kerr effect has been widely used to study the
surface magnetic properties of thin films and nanostructures with in-plane magnetisation.
Thus, longitudinal MOKE setup is used in this work to study the magnetisation behaviour
of electrodeposited ferromagnetic thin films and isolated nanowires, because their

magnetisation vector is expected to lie parallel to the sample surface.

5-4.2 Physical origin of longitudinal Kerr effect
Two orientations of linearly polarised light are available, s and p polarised light, in
which the plane of polarisation is perpendicular and parallel to the plane of incidence,

respectively [13], as schematically shown in Figure 5.10. When s or p polarised light is
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Figure 5.10 Schematic illustrations of the two forms of linearly polarised light s and p which mean that the

plane of polarisation is perpendicular and parallel to the plane of incidence, respectively.

incident on a medium, the electric component of the light interacts with the conduction
electrons of the medium and generates an oscillation of these electrons [13]. The oscillating
electrons re-radiate a spherical wave front in the polarisation direction of the incident light.
When the medium is non-magnetic, the re-radiated light has the same polarisation as the
incident light, resulting in no rotation in the polarisation of the reflected light [13].
However, in the case of a magnetic medium, an orthogonally polarised component known
as Kerr component emerges in the reflected beam which is superimposed with the initial
polarisation direction of the incident light causing a small rotation in the polarisation of the
reflected light. The magnitude of this orthogonal component is related to the longitudinal
magnetisation state. The origin of the Kerr effect is directly related to the optical properties
of the magnetic material, which are determined by its dielectric characteristics [13].

To understand the physics of this interaction consider that polarised light can be
described as a linear combination of left and right circularly polarised light, as
schematically illustrated in Figure 5.11. The interaction with a non-magnetic material occur
such that the electrons in both directions are in-phase with each other, so light is linearly
polarised [13], as shown in Figure 5.11(a). In contrast, the speed and absorption of
polarised light in the magnetic material are different for the left and right directions.
Therefore, the difference in the speed of the left and right polarised parts give rise to the

Kerr rotation, as shown in Figure 5.11(b), whereas the difference in the absorption coeffici-
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Figure 5.11 Schematic diagrams showing the effect of electrons oscillations in a sample to give rise to the
rotation and elliptical components of the reflected light in longitudinal magneto-optical Kerr effect.

Reproduced from [30].

ent between the two directions changes the linearly polarized light into elliptic polarized
light and yields the Kerr ellipticity, as demonstrated in Figure 5.11(c).

Importantly, in the context of this work, the magnitude of the detected MOKE signal is
limited by the depth that the light penetrates into the specimen, this is called the penetration
depth or optical skin depth, Ayokg > due to the absorption of light in the medium [13] and it
can be defined as the distance at which the intensity of the incident light, /,, is attenuated to,

I, of the initial value and it is given by [13]:

) 59

Where, ¢ is the optical path length. The penetration depth is calculated to be
approximately 10-20 nm for good conductive metals at visible frequencies [13]. Therefore,
the skin depth is very important for thick nanowires investigated here as the MOKE can

only probes the surface of these nanowires.
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5-4.3 Experimental usage of longitudinal MOKE magnetometry

Since the magnetisation lies in the plane of the electrodeposited thin films and
nanowires, the longitudinal Kerr effect was employed to investigate the magnetic properties
of those samples. Therefore, the following subsections describe the experimental setup and
the procedure used to locate the nanowires, as well as the method employed to perform the

measurements.

5-4.3.1 Description of MOKE apparatus
A schematic diagram of the longitudinal MOKE setup used in this research is shown in
Figure 5.12 [31]. This setup combines two optical systems, one for performing magnetic
measurements and the other for imaging the samples to locate the nanostructures. A highly
stable 30 mW diode laser with a wavelength of ~658 nm was attenuated to about 5 mW
using a neutral density filter. In order to focus the laser light into a small spot size, the light
passed through a beam expander. The light then passed through a Glan-Taylor polarising

prism to polarise the laser light linearly.

CCD
camera
Analyser Beam splitter
Mirror
PQ;tggfrde Quarter
wave plate Refocusing
lens
Beam . Beam
Polariser Electromagnet
expander attenuator g

&

w, Movable

Collimating Focusing ' sample stage
lens lens
White light

Laser source

Filter

Figure 5.12 A schematic diagram of longitudinal MOKE setup used in this work to investigate the magnetic
behaviour of electrodeposited thin films and template released isolated ferromagnetic nanowires. Reproduced
from [31].
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The polarised beam was then focused onto the specimen with a spot size of approximately 5
um using a focusing lens. A quarter-wave retardation plate was used to remove the ellipticity
of the reflected laser light and restores it to a linear polarized light beam. The reflected light
then passed through an analyser prism (Glan-Taylor polariser). Finally, in order to eliminate
the background light into the diode detector, a narrow band pass filter was placed in front of
the detector (silicon photodiode). The detector was connected to a digital voltmeter (DVM)
via a trans-impedance amplifier (Melles Griot Large Dynamic Range Amplifier) to amplify
the weak detected signal. The output signal was connected to a digital storage oscilloscope
(Tektronix TDS 71041 GHz bandwidth oscilloscope) and a computer system for processing
the data and producing the hysteresis loops [31].

The electromagnet coils of this system were supplied by an alternating current with a
frequency of approximately 21-27 Hz from a bipolar operational power supply (KEPCO
BOP 20-5M). A maximum magnetic field of approximately + 400 Oe was produced in the
plane of the specimen using two pole iron pieces of electromagnet with approximately 5 cm
separation gap [18,30,31].

The change in the Kerr signal was strongly dependent on the magnitude and orientation
of the magnetisation within the sample. The measured Kerr signal was usually plotted as a
function of the external magnetic field to obtain the hysteresis loops. As an example, Figure
5.13(a) shows a typical hysteresis loop obtained from measurements of template released

individual Ni nanowire with a ~300 nm diameter using this setup.
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Figure 5.13 An example of typical hysteresis loop obtained from measuring template released individual Ni

nanowire with a ~300 nm diameter using longitudinal MOKE setup (a,b) before, (c) after correction.
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The figure inset is a scanning electron micrograph showing the measured wire. The loop is
quite tilted due to the small sample size and the influence of a background optical effect
from the substrate. Therefore, all the MOKE measurements of nanostructures were
corrected by fitting a linear line of best fit to the high field data where the magnetisation is
saturated, as shown in Figure 5.13(b). The gradient of the slope was then subtracted from
the Kerr signal to yield the corrected hysteresis loop as shown in Figure 5.13(c). These

loops are then normalised.

5-4.3.2 Locating isolated nanowires within the MOKE setup and their measurement
Due to the particularly small sizes, very small magnetisation and the rounded surfaces of
the nanowires, the locating, positioning and measurement of these wires using the MOKE
setup was a major technical challenge in this work. The isolated clusters and individual
nanowires were first selected and identified with respect to the pre-patterned micromarkers
using both scanning electron microscopy and optical microscopy. Then, the micromarkers
were located using the optical microscopy imaging facility available on the MOKE
magnetometer. Based on the SEM measurements the sample was moved to locate the laser
spot as close as possible to the selected nanowire using the CCD microscope image as a
guide. Then, using an optical reflectivity scan with laser spot illumination, the exact
position of the nanowires on the chip was achieved. This was performed by rastering the
sample through the laser spot at a desired area and spatial resolution. Figure 5.14(a) shows
such a 20 um x 20 um reflectivity map with a pixel resolution of 1 pm used to locate an
individual NiFe nanowire on a pre-patterned silicon chip. The white areas in the map
correspond to the highest reflected signal, whilst the grey or black areas represent the lower
reflected signal that comes from the chip. The sample was then moved to the desired

position on the nanowire and the measurements were carried out.
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Figure 5.14 (a) Optical reflectivity scan on an area of 20 um x 20 pm with a resolution of 1 um on a pre-
patterned silicon chip used to locate and measure an individual template released NiFe nanowire within the
MOKE setup, (b) an example of a normalised hysteresis loop obtained from measuring the same nanowire

located using this method. The figure inset shows an SEM image of the measured wire.

Moreover, it allows the measurements to be performed at different positions and angles on
the same isolated nanowires as will be seen in chapter eight.

As the laser spot was focused onto desired position on the sample, the quarter-wave
plate and the analyser were iteratively rotated until a high optical extinction of the Kerr
signal was detected. The analyser then was rotated by a suitable angle from the extinction
in order that the photodiode detected the extinction polarisation change as a variation in the
intensity of the detected signal [18,31]. To improve the signal to noise on the data, the
MOKE measurements were averaged over many hundreds of field cycles, taking
approximately 3 minutes. An example of normalised hysteresis loop obtained from
measuring an individual template released NiFe nanowire following this procedure is shown
in Figure 5.14(b). The figure inset shows an SEM image of the measured wire.

In order to study the magnetisation reversal behaviour of thin films, isolated clusters and
individual nanowires, the hysteresis loops were recorded at different angles from parallel,
0°, to perpendicular, £90°, directions in steps of 5°. These measurements were extremely
time consuming as the nanowires had to be relocated using a reflectivity scan after each

rotation or changing the position.
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5-5 Anisotropic magneto-resistance (AMR)

The change in the electrical resistance of a ferromagnetic material upon applying
magnetic field is referred to as magnetoresistance (MR) [28]. This change in the resistance
has various physical origins depending upon the system, but here the discussion is limited
to anisotropic magnetoresistance which was used in this work to investigate the electrical
transport properties and magnetisation behaviour of electrodeposited isolated ferromagnetic
nanowires.

William Thomson found that the resistance increases when electrical current, I, was
flowing in a ferromagnetic material (iron) in the same direction as the external applied
magnetic field, whilst it decreases when the current was flowing normal to the magnetic
field [32]. This effect is referred to as anisotropic magnetoresistance (AMR) [28]. The
relation between electrical resistance and the applied magnetic field however is nonlinear,
as shown in Figure 5.15(a) which shows an example of anisotropic magnetoresistance
profile of an isolated NiFe nanowire measured at room temperature when the magnetic field
was applied parallel and perpendicular to the current flow. The schematics of the
magnetisation orientation with respect to the current flow at both directions of applied

magnetic field are presented in Figure 5.15(b).
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Figure 5.15 (a) An example of anisotropic magnetoresistance profile of isolated NiFe nanowire measured at
room temperature when the magnetic field was applied parallel and perpendicular to the current flow. (b) The
schematics of the magnetisation orientation with respect to the current flow at both directions of applied

magnetic field.
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5-5.1 Microscopic origin of anisotropic magnetoresistance

The microscopic origin of anisotropic magnetoresistance in ferromagnetic materials lies
in the spin-orbit coupling which was first described by Smit in 1951 [33]. This coupling
causes a difference in scattering of the conduction electrons when they are moving parallel
or perpendicular to the magnetisation.

If an external magnetic field is applied to a ferromagnetic material, the electron spins
rotate towards that direction depending on a combination of the strength and direction of
the applied magnetic field and the intrinsic magnetic properties of the material [34]. The
change in the direction of the magnetic moments slightly distorts the closed electronic
orbitals of the ferromagnetic material, which in turn changes the amount of scattering of the
conduction electrons [33-35]. If the magnetic moments are oriented perpendicular to the
current, then the relevant electronic orbitals are in the same plane as the electric current,
and there will be a little effect of scattering, yielding a low resistance state. In contrast,
when the magnetic moments are parallel to the current the electronic orbits are oriented
perpendicular to the current and the scattering increases giving rise to a high resistance
state.

It is more convenient to use resistivity, p, rather than resistance which is given by [36]:
p=T 5-10
Where, R is the resistance. A and L are the cross-sectional area and length of the specimen,

respectively. The change in the resistivity, §p, upon applying a magnetic field is defined as

the difference between the resistivity when the applied magnetic field is parallel, p, and

perpendicular, p_, to the current flow, as shown in Figure 5.16 and it is given by [34]:
8p =p—ps 5-11

Since the resistivity at saturation for any angle, 8, is defined as [34,37]:

peo) = P+ + 8pcos?6 5-12
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Therefore, the AMR can be used to investigate the magnetisation reversal in ferromagnetic
nanostructures.

Since the resistivity in the absence of magnetic field depends on the domain
configuration, which depends on the magnetic history of the material, it is more convenient

to use the following relation to define an average resistivity [34]:

1
Pave = §(p|| +2p1) 5-13

The change in the resistivity of a ferromagnetic material upon applying a magnetic field

. . . 8 D . .
is usually expressed in terms of the fractional change, —£_ which is known as anisotropic

Pave

magnetoresistance ratio and given by [34]:

) -
P _ 1(Pn pL) 5-14
Pave  3(p+2pL)

The anisotropic magnetoresistance ratio at any angle, (%p)g, can be given by [38,39]:

ép po (H)—pg (Hyax)
9Py 5-15
( P )9 po (Hpmax)

o 8 8 . : .
Hence, the longitudinal, (7'0) | » and transverse, (7'0) | , anisotropic magnetoresistance can be

written as [38,39]:

5p piy (H)—py (Hyax)
5oy _ 5-16
( 0 )Il P (Hmax)

ép p1 (H)-py (Hmax)

ud s W -17
( p )J' p1 (Hmax) :

where, pg(H) and pg (Hyqy) are the resistivity at 0 and maximum applied magnetic field,
respectively. The AMR ratios for ferromagnetic materials and their alloys are typically very
small (around few percent) [40]. As an example, Figure 5.16 shows the variation in the
anisotropic magnetoresistance ratio as a function of Ni content in the alloys of NixFe;. [40].

For instance, a maximum value of ~5% was noticed in the Nig¢Fe | nanowires [34,40].
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Figure 5.16 Anisotropic magnetoresistance ratio as a function of nickel content in the alloys of Ni,Fe; «

measured at room temperature. Reproduced from [40].

5-5.2 Experimental methodology for magnetoresistance measurements
Magnetoresistance measurements of electrodeposited ferromagnetic isolated nanowires
were carried out using a room temperature magnetoresistance setup which is illustrated as a
block diagram in Figure 5.17 [41]. This setup was controlled by a computer system using
LabVIEW software. Samples were placed on a rotation stage between the pole pieces of an
electromagnet with a maximum field strength of 1 kOe and covered with an electrically and
thermally shielded cover. Two main types of measurements were performed with this
system [41]. It was used to measure the resistance at a particular angle as a function of
magnetic field, or rotating the sample and measuring the resistance under a fixed magnetic

field. Further detail of this setup and their measurements can be found in Ref [41].

Electromagnet

Voﬂgllgigzg;n Hall probe stable
ag 9 voltage source Thermally and electrically
Keithley 2000 S shielded cover
PC-GPIB - q
interface to — —
instrumentation *~——Rotation stage
Samples current Electromagnet B < Hal probe
source Kepco BOP
Keithley 2400 current source

Electromagnet

Figure 5.17 Block diagram of anisotropic magnetoresistance setup used in this research to investigate the
electrical transport properties and magnetisation behaviour of template released isolated nanowires. Modified

from [41].
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This setup is provided with different sample holders and connecting methods to allow
measurement of different geometries, shapes and sizes of samples. As an example, Figure
5.18 shows the two point probe system which is designed to measure the AMR of isolated
nanostructures. In this geometry the voltage across the nanowire is the current passing
through the nanowire multiplied by its resistance and the connection (lead) and contact
resistance. All the measurements were carried out using a direct current of ~0.1 mA. This
gave an equivalent current density of approximately 10 Am™ [30,41]. Using higher
currents could lead to increase the Joule heating which might damage the sample [42]. The
sample holder could be rotated with an angle of 0-180° with respect to the applied magnetic
field direction allowing the magnetisation reversal to be studied. At each field step, 50
measurements of voltage were made and averaged to give the resistance [41].

Prior to MR measurements, an initial test was carried out for all samples and at different
angles of the applied magnetic field with respect to the current flow in order to get an
insight into the signal to noise ratio. All measurements employed a magnetic field that was
gradually increased or decreased at a steady rate of ~0.5 Oe/s. This was repeated for two
full sweeps in which the magnetic field was applied between +1 kOe and -1 kOe. Since

each field sweep took about two hours, there was a very slight increase of saturation

Sample holder

Chip carrier

Chip

¢ Connection wires to
current source and
voltage reading

Figure 5.18 Photograph of the sample holder used in magnetoresistance setup to measure the electrical

transport properties of isolated nanowires.
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resistance with time due to the effect of heating. All AMR measurements were then
corrected according to the following procedure. Figure 5.19(a) shows the raw resistance as
a function of magnetic field for isolated NiFe nanowires measured when the current was
applied nominally parallel to the magnetic field. The measurements was corrected by fitting
a linear line of best fit to the resistance time curve, as shown in Figure 5.19(b). The periodic
features appearing in the figure are related to the switching fields within the sample. Then,
the gradient of the slope was subtracted from the measured resistance, as shown in Figure

5.19(c) to give a final corrected profile as shown in Figure 5.19(d).
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Figure 5.19 (a) An example of the resistance as a function of magnetic field for isolated NiFe nanowires

measured by MR setup when the current was applied parallel to the magnetic field. The resistance as a

function of time (b) before, and (c) after corrections. (d) The resistance as a function of magnetic field after

corrections. The periodic jumps correspond to the switching field within the sample.
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5-6 Micromagnetic modelling

In this study, micromagnetic simulations were used to investigate the magnetic
behaviour of cylindrical and planar (rectangular) cross-sectioned individual NigiFejg
nanowires with different diameters and dimensions, respectively. These simulations were
performed in order to gain a significant insight into the magnetic behaviour of such
nanowires and to compare these results with the experimental MOKE and AMR results.
The software used is based on numerically solving the Landau—Lifshitz—Gilbert equation as
discussed in chapter two using the object oriented micromagnetic framework (OOMMEF)
package. A brief description of this code and how it is used to investigate the magnetic and

magnetisation reversal behaviour are described in the following subsections.

5-6.1 OOMMF software

The OOMMF code is public domain software available freely from the National
Institute of Standards and Technology (NIST) website and it was developed by Donahue
and Porter in 1997 [43]. It is a collection of programs working together to solve magnetic
problems. This software has the ability to simulate any shaped elements and display the
changes in the magnetic configuration at each field step in the hysteresis loop [44].

Within this package, it is first necessary to define the magnetic problem to be solved
which is managed by creating a micromagnetic input file (MIF). This file contains all the
information required to solve the problem, such as nanowire dimensions, geometry and cell
size, as well as the energy contributing terms (mentioned in chapter two) and the magnetic
parameters for which the simulation is employed. It is very important however to use the
values for the parameters which are representative of the sample under simulation so that

the program can provide relevant and insightful results.
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5-6.2 OOMMEF 3D problems solver

Cylindrical and planar Nig;Fe 9 nanowires with diameters and dimensions ranging from
10 to 200 nm and a fixed length of 1 um were simulated to investigate their magnetic and
magnetisation reversal behaviour. Calculations were performed by dividing these nanowires
into three dimensional arrays of cubic cells with dimensions of 5x5x5 nm’, as shown in
Figure 5.20. This cell size was selected to be less than the exchange length of NiFe
nanowires to allow the exchange interaction to be correctly modelled as defined in chapter
two [45,46] and to reasonably approximate the shape [47]. The magnetisation in these cells
were assumed to be constant and located at the centre of each cell. All the simulations here
were performed using the university mainframe computer. The values of saturation
magnetisation, M, and exchange stiffness parameter used here were: 8.6x10° A/m and
13x107 J/m, respectively [48,49]. The magnetocrystalline anisotropy, K;, was set to zero
because permalloy (81:19) has zero magnetocrystalline anisotropy [50]. The Gilbert
damping parameter, o. (defined in chapter two) was selected to be equal to 0.5, to speed up
the computations and decrease the simulation time which took around a month for thick
nanowires, where the typical simulations needs around 1.5 kB per cell [51,52]. Using
smaller values of the damping parameter is however preferable but the simulation will take

longer time and a huge amount of computer memory.
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Figure 5.20 Micromagnetic simulations were performed on planar and cylindrical nanowires by dividing these
wires into 3D arrays of cubic cells. The cylindrical nanowires were created by setting the saturation
magnetisation at the circumference surface of the planar wires to be zero using the mathematical cylinder

equation.
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The gyromagnetic ratio was y=17.59 MHz/Oe. The shape anisotropy was incorporated in
the calculation of the demagnetising field of the system via magnetostatic energy
calculations.

The magnetic field was varied according to the nanowire dimensions with a typical
range of +4 to —4 kOe in steps of 10 Oe. A field step of 5 Oe was sometimes used to
observe finer details. The computational stopping condition is given by the torque MxH.
The exchange energy was computed via an eight neighbour dot product and the
magnetostatic energy was calculated alone using a fast Fourier transform (FFT) based
scalar potential due to the nonlocal magnetic structure [47].

To create cylindrical nanowires the saturation magnetisation on the circumference
surface of the planar nanowires was setting to zero using the mathematical circle equation,
as demonstrated in Figure 5.20. To investigate the magnetisation reversal in all these
nanowires, the magnetic field was applied along and perpendicular to the nanowire long
axis using different strengths of magnetic fields to create a vector sum for the angles used
for the measurements. More details are given in chapter nine.

All micromagnetic simulations were carried out at 0K, because OOMMEF is limited to
zero temperature calculations. If another temperature was instead used, thermal fluctuation

would complicate the simulations and also increases the simulation time [48].
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Chapter six
Results: Composition, morphology and statistical distribution of ferromagnetic thin

films and template released nanowires

6-1 Introduction

In order to gain a full understanding of the fabrication system used to prepare
ferromagnetic nanowires, the chemical composition, thickness and roughness of a range of
electrodeposited Ni and NiFe thin films have first been studied using energy & wavelength
dispersive X-ray analysis and grazing incidence X-ray reflectivity measurements,
respectively. To emphasise the most important reason behind studying the isolated
nanowires presented in the following chapters rather than large arrays, the statistical
distribution of interpore wall thickness (spacing) of the individual templates, the diameter
and length distributions, as well as the morphology of template released ferromagntic
nanowires were investigated using high resolution scanning electron microscopy. The
crystal structure and crystallite size of these ferromagnetic nanowires can have a strong
influence on their magnetic and electrical behaviour, therefore the crystalline structure of
as-deposited (templated) and isolated Ni and NiFe nanowires were investigated using both
X-ray diffraction and high resolution transmission electron microscopy incorporating with

electron diffraction, respectively.

6-2 Composition, roughness and thickness of ferromagnetic thin films

The following subsections investigate the chemical composition, thickness and
roughness of a range of electrodeposited ferromagnetic thin films. These measurements
were mainly used to gain an insight into the base materials which were used to prepare

cylindrical nanowires using the same technique under the same conditions.

6-2.1 Compositional analysis of electrodeposited thin films
The chemical composition of electrodeposited ferromagnetic Ni and NiFe thin films

with different growth times was analysed at different locations on the samples with the
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support from Mr. L. Bowen (Electron Microscopy Facility, Physics Department, Durham
University, U.K.) using both energy & wavelength dispersive X-ray (EDS and WDS)
analysis in scanning electron microscopy SEM Hitachi-SU 70 and JEOL 2100F TEM
systems, respectively [1]. Figure 6.1 show examples of EDS measurements of
electrodeposited Ni nanowire and NiFe thin film. The atomic identification of the peaks in
the spectrum relate to Ni, Fe, Cu, O, Si and Au. In general, a small amount of oxygen was
seen in most of the samples and may have formed by oxidation during the fabrication
process or subsequent storage. The Cu, Si and Au content reflect the chemical composition
of the substrates. Importantly, these measurements confirm that these films are free from
contamination of boron and sulphur which has been observed elsewhere [2].

Detailed compositional analysis of the Ni and Fe ratios in the NiFe films with different
electrodeposition times and a nominal composition of 80:20 was undertaken using
standardised quantitative WDS analysis. The results are plotted in the distribution
histograms shown in Figure 6.2(a). These histograms demonstrate that the weight ratios of
Ni and Fe in the NiFe films are close to 60:40. Clearly, a large shift of around 20% in the
elemental composition was noticed. The effect of electrodeposition growth time on the

elemental composition of the same films was investigated and plotted in Figure 6.2(b).
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Figure 6.1 Examples of energy dispersive X-ray spectroscopy (EDS) measurements of electrodeposited (a) Ni

nanowires, and (b) NiFe thin films [1].
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Figure 6.2 (a) Elemental weight distributions of electrodeposited Ni and Fe in NiFe films with a range of
thicknesses and nominal composition of 80:20, and (b) the effect of growth time (film thickness) on the

elemental composition of Ni and Fe in the NiFe films.

There is a slight variation in the elemental composition across the area of measured films of
up to 8%, which is smaller than the data points and so does not appear in the figure. There
is also a very limited variation in the elemental weight with growth time. These variations
can be attributed to the variation in the concentration of Fe ions in the electrolyte, as
demonstrated elsewhere [3,4]. This compositional change is likely to have some effect on
the magnetic behaviour of these films and nanowires grown under these conditions, as will

be seen in chapter eight.

6-2.2 Grazing incidence X-ray reflectivity (GIXR) measurements

In order to gain an insight into the thickness and roughness of the electrodeposited
ferromagnetic thin films, GIXR measurements were made using a Bede (Jordan Valley) X-
ray DI reflectometer [5-7]. The interpretation of the experimental results was carried out
using Bede REFS simulation software as discussed in chapter five. All the simulations were
performed by starting with the nominal structure of the as-deposited films, with the addition
of an oxide layer or sub-layer with a thickness up to a few nanometres in order to improve
the quality of the simulation fit to the data. This is quite reasonable since the measurements

were performed on these films some time after their preparation (see chapter five for more
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details). Figure 6.3 show the true specular X-ray reflectivity measurements of
electrodeposited NiFe and Ni films prepared at different growth times and the
corresponding best-fit simulations obtained by recursively fitting the layer thickness,
percentage element weight, roughness and density. An example of the parameters obtained
from the best-fit simulations of NiFe films are provided in Tables 6.1.

From the curves shown in Figure 6.3 and the parameters given in Table 6.1, it can be
concluded that the electrodeposited NiFe films are composed of layers with different
elemental weight and density. These films are very rough and highly nonuniform with an
average mean square roughness of about 4-5 nm. The roughness is believed to be due to the
presence of voids and defects which occur during the fabrication process as a result of the
existence of impurities, gas bubbles or the density of the electrolyte solution which may not
have been homogenous throughout the -electrochemical cell. This topographical
nonuniformity has a pronounced effect on the magnetic behaviour as will be seen later in
chapter eight.

The relation between electrodeposition growth time and the corresponding NiFe film
thickness is shown in Figure 6.4. In general, there is an increase in the film thickness with
increasing the growth time and there is a large variation and hence uncertainty in the film
thickness across the area of the sample. Again, this confirms the nonuniformity of these

films, which clearly increases greatly for shorter growth times.
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Figure 6.3 True specular X-ray reflectivity measurements of electrodeposited Ni and NiFe films (black

curves) and the corresponding simulated reflectivity (red curves) obtained using Bede REFS simulation

software for Ni films with different growth times (thicknesses) (a) 40 s, (b) 60 s, and (c-f) NiFe films with 10

s, 30 s, 60 s and 90 s, respectively.
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Electro- Total Layer Layer Density (%) Roughness
deposition | thickness thickness (nm)
growth (nm) (nm)
time (s)
10 25199 Fe,03 15+ 187 20 £ 260 5+129
Nip,Feos 9 +62 100 £ 128 511
Nig¢Feo.4 1+27 31+110 4+23
Au 5+£0.5 105 + 44 0.6 +0.1
Cr 2+04 119 £ 98 1+£0.5
Si0, 00 100 0.5+04
30 25440 Fe,03 5+37 120+ 626 5+20
NigcFeo4 20+ 15 117 £37 4+ 5
Au 4+10 130+ 113 1+£2
Cr 2+7 140 + 945 2+7
Si0O, 00 100 1+£3
60 201+23 Fe,03 3+17 68 + 483 2+4
Nig 41Feg 50 9+11 60 +24 5+5
Ni0,37FCQ,63 189 +12 37+7 3+5
Au 543 87 +£44 3+2
Cr ! 81 + 104 2+1
Si0, 00 100 1.5+1
90 201£19 Fe,03 2+15 113 +412 4+19
Nig;Feo 3 6+8 90 = 20 4+£3
Nig ¢sFeo 35 193+9 42 +4 5+3
Au 5+£0.9 99 + 15 2+04
Cr 2+04 98 + 136 1+£04
Si0, 00 99 + 346 0.6 +0.2

Table 6.1 The best fit parameters obtained from REFS simulations software of electrodeposited NiFe thin

films prepared under different growth times (different thicknesses).
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6-3 Dimension distribution and morphology of electrodeposited nanowires

This section demonstrates the reasons behind studying the magnetic behaviour and
electrical transport properties of isolated nanowires which are presented in chapter eight.
Results obtained from measuring wall thickness of templates, the diameter and length
distributions of electrodeposited ferromagnetic nanowires and the morphology of such
nanowires after release and deposition on the substrates are discussed. These measurements

were performed using high resolution scanning electron microscopy analysis.

6-3.1 Template interpore wall thickness distribution

Figure 6.5 show examples of scanning electron micrographs of alumina templates with
nominal pore diameters of 300 nm and 200 nm and a polycarbonate template with nominal
pore diameters of 50 nm. Some of the pores in the templates were not circular and the
density of nanopores in the alumina templates was much higher than the pore density in
polycarbonate templates. In both types of templates, different ordering of nanopores across
the sample area was evident. The distribution of pores within the alumina membrane is
more uniform than in the polycarbonate template. In order to measure and analyse the wall

thickness among the pores, a detailed series of scanning electron microscopy imaging and

measurements was performed.

Figure 6.5 Scanning electron micrograph examples of top view of (a) alumina membrane with nominal pore
diameter of 300 nm and spacing 50 nm, (b) alumina membrane with nominal pore diameter of 200 nm and

spacing 150 nm, and (c) polycarbonate template with nominally 50 nm pore diameter.
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For each sample more than five hundred interpore wall thicknesses were measured. As an
example, Figure 6.6(a) shows the distribution of interpore wall thickness for alumina
templates with nominal spacing of 150 nm. For comparison with other studies in literature,
the interpore wall thickness of hexagonally ordered pores in alumina template with nominal
wall thickness of 50 nm was measured and is plotted in Figure 6.6(b) [8]. The insets of
Figure 6.6 show examples of scanning electron microscopy images of the area in which the
measurements were performed.

Figure 6.6 shows the interpore wall thickness ranged from approximately 10 nm to 250
nm and 30 to 80 nm for templates with nominal wall thickness 150 nm and 50 nm,
respectively. This variation in the spacing might be introduced during the fabrication
process of the template itself [8,9]. Thus, the random variation in the interpore wall
thickness even in well ordered templates will eventually cause the nanowires created in a
such template to come closer to each other in some places. This might lead to a variation in
the magnetostatic interactions among the wires and thus change the magnetic behaviour.
Furthermore, the non-circularity of the pores and the variations of the interpore spacing will
affect the magnetic properties and make the magnetic measurements of such arrays of wires

not a true representation of uniform circular identical nanowires. Accordingly, this study
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Figure 6.6 Statistical distribution of nearest neighbour interpore wall thickness in alumina templates with
nominal interpore wall thickness of (a) 150 nm, and elsewhere (b) 50 nm [8]. The figure insets represent

examples of the area in which the measurements were performed.
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aims to investigate the intrinsic magnetic properties of isolated wires in order to overcome

some of these variations observed with the nanowires embedded in their templates.

6-3.2 Diameter distributions of template nanopores and nanowires

Figure 6.7(a) shows the distribution of pore diameters measured at the surface of an
alumina template (Whatman) with nominal pore diameters of 200 nm, whilst Figure 6.7(b)
shows the distribution of diameters of template released NiFe nanowires grown in the same
type of template. Both distributions are symmetrical about the peak and they are reasonably
represented by a Gaussian distribution. The distribution of wire diameters is very similar to
the template pore size distribution. Figure 6.7(c) and (d) shows the distribution of diameters

for Ni nanowires grown in alumina template with pore diameters of ~50 nm and ~300 nm.
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Figure 6.7 (a) Distribution of pore diameters in a nominally 200 nm pore alumina template, (b) distribution of
diameters of released NiFe nanowires grown in nominally 200 nm pore template, and (c,d) distribution of

diameters for Ni nanowires grown in a nominally 50 nm and 300 nm pore diameters. Gaussian curves have

been fitted to the distributions.
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In these cases the distribution are not Gaussian and not symmetrical about the peak but
skewed to smaller or higher diameters. It is clear that the diameters of NiFe wires grown in
templates with 200 nm nominal pores size range from ~125 to ~275 nm, whilst the diameter
of Ni nanowires grown in templates with nominal pores diameter of 50 nm and 300 nm
range from ~15 to ~75 nm and ~180 to ~400 nm, respectively. Again, this variation in the
pore diameter may occur during the fabrication process of the template itself. Therefore, it
is very difficult to fully describe the magnetisation behaviour of the nanowires by

measuring templated arrays, which encompass such variations.

6-3.3 Morphology of template released ferromagnetic nanowires
The morphology of a range of template released ferromagnetic Ni and NiFe nanowires
was investigated and interesting features were observed. Figure 6.8 shows examples of

scanning electron micrographs of isolated Ni nanowires with a nominal diameter of 300 nm

Figure 6.8 Scanning electron microscopy images showing examples of a range morphologies of Ni nanowires

with nominal~300 nm diameter deposited from a dilute suspension after dissolving the alumina template.
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deposited onto silicon substrates from a dilute suspension from the same type of alumina
template mentioned in the previous section. Many of the wires are highly uniform as shown
in Figure 6.8(a), however there are some wires which do not have constant diameters along
the wire length (varying from ~240 to ~360 nm). This is in full agreement with other
studies [10,11]. However, from the same template, some of the wires can be observed to be
highly irregular with significant surface features. This include the appearance of
protrusions, lobes, serrations and branches, examples of which are shown in Figure 6.8(b-
d). This variation in the morphology most likely reflects the variations, defects or cracks
that exist in the internal surfaces of the pores within the template itself [8,9], or in some
cases may be associated with trapped air pockets or impurities within the pores during the
nanowire growth as discussed in reference [8,10]. Significantly, the observed variation in
the wire diameters and the existence of these structural variations and defects will lead to

variable magnetic behaviour of the nanowires within two dimensional templates.

6-3.4 Formation of bundles of wires upon releasing process

Imaging of the released and deposited nanowires from a dilute suspension on the
substrates revealed the presence of individual, small groups, clusters and chains of
nanowires. In addition, bundles of nanowires were observed after sonication for a period of
about 10 minutes. These bundles were found to consist of many wires of the same length
that are aligned and tightly packed as shown in Figure 6.9(a). The uniformity of the
alignment in these bundles suggests that they are beginning to form by electrostatic or
magnetostatic forces between the wires during removal of the alumina template. Increasing
the sonication time up to approximately 60 minutes did not significantly break-up these
bundles, indicating the strong interactions between these wires. Longer sonication time did
lead to some of the wires becoming bent or broken, rather than separating the wires, as

shown in Figure 6.9(b-d).
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Figure 6.9 Examples of scanning electron micrographs showing (a) Ni nanowires stacked to form bundles as a
result of the electrostatic or magnetostatic forces, (b), (c) and (d) bent and broken nanowires resulting from

increasing the sonication time during the release from alumina template.

6-3.5 Length distribution of template released ferromagnetic nanowires

As mentioned in chapter four, the length of the as-grown nanowires was ~20 um. This
was controlled by selection of the current density and growth time. Results show that such
growth creates nanowires with very similar lengths in the templates as demonstrated in
Figure 6.10(a). However, it was found that the lengths of the released and deposited
nanowires differed from the as-grown nanowires [8]. Figure 6.10(b) shows an example of
the length distribution of NiFe nanowires deposited onto a silicon substrate after sonication
of the suspension for about 10 minutes. The inset of Figure 6.10(b) is an example of an
SEM image of measured wires. The nanowire lengths were found to range widely from
about 500 nm up to about 20 um, indicating that the sonication process used to separate the
nanowires from their gold substrate causes the nanowires to break in different places and
hence produce the wider distribution observed. This is supported by further tests involving
an increased sonication of more than ~60 minutes for both NiFe and Ni nanowires, where
the distribution broadens further and shifts to the shorter lengths as shown in Figure

6.11(a,b), respectively.
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Figure 6.10 (a) NiFe nanowires attached to the gold substrate after removal of the alumina template, and (b)
length distribution of the same nanowires after template release using ~10 minutes sonication time. The line is

the best fit Gaussian distribution. The inset is an example of SEM imaging of the measured nanowires.
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Figure 6.11 Distributions of (a) NiFe, and (b) Ni nanowire lengths as a result of increasing sonication time to

60 minutes. The lines represent the best fit exponential curves.

6-4 Crystalline structure of electrodeposited ferromagnetic nanowires

As it is well known that the crystalline structure of ferromagnetic materials and their
crystallite sizes plays an important role on their magnetic behaviour, an understanding of
these properties before starting with the magnetic and electrical measurements of such
nanowires is extremely important. Therefore, the crystalline structure of the as-deposited
and selected areas on individual Ni and NiFe nanowires are discussed in the following
subsections using an X-ray diffraction (XRD) patterns, high resolution transmission
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electron microscopy (HRTEM) and incorporated selected area electron diffraction (SAED),

respectively.

6-4.1 Crystalline structure of templated ferromagnetic nanowires

The crystalline structure of as-grown electrodeposited Ni and NiFe nanowires were
investigated using X-ray diffraction analysis. These measurements were performed by B.
Das (SN Bose National Science Centre, Kolkata, India) using an X-Pert-Pro system [12].
The X-ray source of this machine was CuKao which has a wavelength of 0.15418 nm.

As expected [3,8,13], both compositions show FCC structures as demonstrated in Figure
6.12 which shows typical XRD patterns of Ni and NiFe nanowires embedded in their
alumina templates and attached to the gold substrates. The measurements of Ni nanowires
show peaks at 20 = 44.57°, 51.88°, and 76.48° which correspond to the FCC phase of Ni,
and peaks at 20 = 38.21°, 44.48°, 64.67°, and 77.81° which correspond to the FCC phase of
the Au substrate, as compared with the standard reference patterns (Inorganic Crystal
Structure Data base (ICSD)) [14]. On the other hand, the NiFe nanowires show peaks at 20
=44.13°, 51.49°, and 76.28° which are related to the FCC phase of NiFe and a peak at 20 =

38.18°, corresponding to the FCC phase of the Au substrate. There are no peaks related to
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Figure 6.12 X-ray diffraction patterns of arrays of electrodeposited (a) Ni, and (b) NiFe nanowires embedded

in alumina templates and attached to the gold substrates [12].
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the alumina template in the patterns due to their amorphous structure which is in a full
agreement with other research [15]. The peaks in the Ni nanowire pattern are narrower than
the peaks in the NiFe nanowires indicating that the grains in the Ni nanowires are larger
than the grains in the NiFe nanowires. To estimate the grain sizes, t, within these wires, the

Scherrer equation was utilised [16,17]. The Scherrer equation is given by [17]:

0.91

t= A(20) cos 6

where, 1 is the wavelength of the X-ray beam, 65, is the Bragg angle, A(26) is the angular
width at half the maximum intensity (in radian) and 0.9 is the correction factor. Thus, the
grain size is found to be approximately 30 nm and 15 nm for Ni and NiFe nanowires,
respectively. This is in excellent agreement with the results reported by other researchers
[13]. The intensity of the diffracted peaks is related to the sample thickness or the presence
of a preferred crystallite orientation (or texture). Texture is defined as the probability of
certain crystallographic lattice planes to orient along the measured direction more than
others. The measured intensity ratio of the peaks indicates that these nanowires have no

preferred orientation along any direction.

6-4.2 Crystalline structure of individual ferromagnetic nanowires

HRTEM and SAED were used to investigate the crystalline structure and estimate the
average grain sizes of individual electrodeposited ferromagnetic nanowires. This was
performed with the guidance of B. Mendis (Electron Microscopy Facility, Physics
Department, Durham University, U.K.) using a JEOL 2100F TEM system [18]. An IPA
suspension of template released Ni and NiFe nanowires were deposited onto holey carbon
TEM grids, as shown in Figure 6.13(a) where each cell in the grid has an approximate area
of 60 um x 60 um as measured by SEM. The dried samples were then placed in the TEM.
Images of one grid before and after NiFe nanowire deposition are shown in Figure

6.13(b,c).
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<Suspended:nanowires
X A ‘e

Figure 6.13 (a) Scanning electron micrographs of holey carbon grids used for characterising the crystal
structure of individual electrodeposited Ni and NiFe nanowires, and (b,c) higher magnification images before

and after NiFe nanowire deposition, respectively.

In the transmission electron microscope a beam of electrons are accelerated by ~200 kV
from a cold field emission source and transmitted through a selected area of the nanowire to
obtain high resolution images and electron diffraction patterns. For further information
about HRTEM see for example Ref [19,20]. Figure 6.14 show examples of the electron
diffraction patterns obtained from single Ni and NiFe nanowires with nominal diameter of
300 and 200 nm, respectively. Note that the scale bars in these images are in reciprocal

space units.

Ni nanowires (b) NiFe nanowires

Figure 6.14 Selected area electron diffraction patterns on individual (a) ~300 nm diameter Ni, and (b) ~200

nm diameter NiFe nanowires [18]. The scale bar is in reciprocal space units. The diffraction planes are

identified in the figures.
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A weak continuous circular ring together with spot patterns appeared from Ni nanowires,
whilst only continuous rings pattern appeared from NiFe nanowires. The appearance of
these rings in the patterns indicates the diffraction of the electrons from favourably oriented
crystallites, and hence the structure is polycrystalline. The regular spot patterns appearing in
the Ni diffraction patterns suggest the existence of large grains which behave as a single
crystalline structure. To identify the diffraction planes the following equation was used

[19,20]:

Al
dhkl == E 6-2

Where, djy; is the plane spacing, hkl are the Miller indices, A is the electron beam
wavelength, L is the microscope camera length and R is the radius of the diffraction rings.

The assignment of the diffraction ring for Ni nanowires is (111), whilst for NiFe
nanowires they are (111), (200), (220), (311), (222), and (400) planes, as shown in Figure
6.14.

To identify the grain sizes within Ni and NiFe wires, high resolution dark and bright
field images were measured for different nanowires and at different locations on the same
nanowire. As an example, Figure 6.15 shows dark field images of Ni and NiFe nanowires at
two different locations. The bright features in these images correspond to strongly
diffracting grains. Evident from Figure 6.15 are grains distributed in the Ni and NiFe
nanowires with average sizes around 27 nm and 12 nm, respectively. These results are in a
full agreement with the results obtained from X-ray diffraction analysis. Additionally, large
crystallites distributed randomly in Ni nanowires were found with an approximate length

extended up to about 200 nm.
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Ni nanowires Ni nanowires

NiFe nanowires NiFe nanowires

Figure 6.15 Dark field images obtained using high resolution transmission electron microscopy of (a,b) 300
nm diameter Ni nanowires, and (c,d) 200 nm diameter NiFe nanowires [18]. The bright features correspond to

favourably orientated grains that are strongly diffracting.

6-5 Chapter conclusions

The chemical composition, thickness and roughness of a range of electrodeposited
ferromagnetic thin films were investigated using both energy & wavelength dispersive X-
ray analysis and grazing incidence X-ray reflectivity measurements, respectively. These
studies were mainly carried out to confirm the formation of ferromagnetic films on the
substrates and to ascertain their purity, as well as to measure their roughness and thickness.
The results demonstrate that, these films were free from contamination and there was about
20% shift in the Ni and Fe contents in all the electrodeposited NiFe films with respect to the

nominal composition. A slight variation in the elemental composition across the area of

157



Chapter six. Results: Composition, statistical distribution and morphology of thin films and template
released ferromagnetic nanowires

measured films was also noticed. A limited variation in the elemental weight with growth
time was also observed. These variations were attributed to the variation in the
concentration of Fe ions in the electrolyte.

The surface topography of electrodeposited thin films was studied using GIXR
measurements and found to be nonuniform and very rough. The roughness was attributed to
the presence of voids and defects which might occur during the fabrication process as a
result of impurities, gas bubbles or the variation in the electrolyte density. The relation
between electrodeposition growth time and film thickness was also investigated. There was
a large variation and uncertainty in the film thickness across the area of the samples which
again indicated the nonuniformity of these films.

The main reasons for the need to study the magnetic and electrical transport properties
of isolated nanowires presented in chapter eight were demonstrated by analysis of the
distribution of interpore wall thickness of the alumina templates and the dimensions and the
morphology of template released ferromagnetic nanowires. A wide distribution was found
in the wall thickness, with non-uniformity in their pore cross-section, wire diameter, and
nanowires surface features being attributed to the template itself. These variations will lead
to a variation in the magnetostatic interactions among the arrays of templated wires, thus
making the understanding of intrinsic wire magnetic properties difficult to obtain. On the
other hand, grouping, clusters and bundles of nanowires were noticed when the templates
dissolved and the nanowires were released and deposited on the substrates. The formation
of these bundles was attributed to the effect of electrostatic or magnetostatic forces among
these wires. Increasing the sonication time up to approximately 60 minutes did not separate
these bundles, but produced bent or broken nanowires with shorter lengths.

Finally, in order to understand the crystal structure and the grain size of the
electrodeposited Ni and NiFe nanowires, the crystalline structures of nanowires embedded
in their templates and analysis of selected areas on single nanowires were investigated
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using XRD and high resolution transmission electron microscopy measurements,
respectively. The results demonstrate that these wires have a FCC structure and both Ni and
NiFe nanowires have small grains with an average size of approximately 30 and 15 nm,
respectively. Moreover, the HRTEM measurements on Ni nanowires reveal the existence

of some large grains with lengths extended up to about 200 nm together with small grains.
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Chapter seven
Results: Magnetic field alignment of template released

ferromagnetic nanowires

7-1 Introduction

For scientific study and for potential applications of template released nanowires, the
manipulation and alignment of these structures is a significant and demanding issue in
different fields. Therefore, the goal of the work presented in this chapter was to
quantitatively investigate the details of magnetic field alignment for a range of
ferromagnetic nanowires using an electromagnet. Specifically, this work investigates the
deposition alignment of nanowires from suspension when deposited onto substrates as a
function of the strength of the magnetic field, the effect of the composition and the effect of
the aspect ratio of the nanowires upon the alignment process. This chapter also reports
some further observations resulting from the magnetic alignment experiments and discusses

the potential applications of the ferromagnetic nanowires aligned by magnetic fields.

7-2 Calibration of electromagnetic setup

The electromagnet system used to investigate the alignment process of template released
NiFe, Ni and Co nanowires is shown in Figure 7.1. Due to the importance of the uniformity
of the magnetic field across the sample area on the alignment process, the sample stage was
divided into different positions, namely the centre and the edges of the sample holder, as
demonstrated in the schematic diagram shown in Figure 7.1. Then, field was calibrated by
measuring the magnetic field strength at these locations using a gaussmeter. The results of
this study are shown in Figure 7.2(a). The maximum field obtained was approximately 1
kOe. A slight variation in the field strength across the sample stage was observed,
especially at high magnetic field strength. To understand this variation, the distribution of
magnetic field strength across the sample stage was obtained at different currents and at

different positions, as shown Figure 7.2(b).

161



Chapter seven. Results: Magnetic field alignment of template released ferromagnetic nanowires

°m

L0 VOLTAGE =8 CURRENT
(‘g 3 k& 3 &= { & Sample stage
. oy + o+ o+ o+ 4
+ + + + +
+ + + + +
+ + + + +
+ + + + +
Electromagnetic + + + + +
Coil + + + + +
) k] '} ] ]
L} L] L Ld L]
Electromagnet '1 . g 2 }l
Edge Centre Edge
Sample stage 2 1

Figure 7.1 Electromagnet setup used to investigate the magnetic alignment of nanowires showing a schematic

representation of the sample stage and the different locations where the magnetic measurements were

performed.
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Figure 7.2 (a) The relationship between current and magnetic field strength at three locations on the sample
holder, and (b) magnetic field strength as a function of position across the deposition area for different

currents. The dashed lines provide a guide to the eye.

The results of this study show that there is an 8% variation in the uniformity of the
magnetic field across the area of the nanowire deposition, which is small and it is

considered negligible in this context.

7-3 Alignment analysis of nanowires
In order to assess and analyse the efficacy of the magnetic alignment process, a detailed

series of scanning electron microscopy images were made on a number of samples prepared
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under different field strengths and with different nanowire compositions. Imaging and
analysis was performed using a high-resolution field emission scanning electron
microscopy column on a FEI-Helios Nanolab dual beam FIB/SEM system with an electron
beam energy of 10 keV and current of 17 nA. Typically, for each sample, more than five
hundred individual nanowires were studied to determine their angular orientation with

respect to the alignment field axis.

7-4 Effect of magnetic field strength on the alignment of nanowires

The influence of the magnetic field upon the alignment of NiFe nanowires is
demonstrated in the scanning electron micrographs shown in Figure 7.3. In the absence of
an applied field, the wires are randomly oriented as in Figure 7.3(a). The random
orientation of these wires can be attributed to various mechanical forces within the droplet
of the suspension including fluid drag force and Brownian motion, as well as the weight of
the nanowires and buoyancy forces [1]. For deposition in a moderate strength field, the
nanowires show modest alignment as demonstrated in Figure 7.3(b), while a strongly
aligned assemblage of nanowires occurs at the highest field investigated here (1 kOe),
Figure 7.3(c). In order to quantitatively investigate the effect of magnetic field strength on
the alignment process a detailed statistical analysis was undertaken to determine the
orientation angles of NiFe, Ni, and Co nanowires deposited as a function of magnetic field

for field strengths up to ~1 kQOe.
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Figure 7.3 Examples of scanning electron micrographs of deposited NiFe nanowires under (a) no applied

magnetic field, (b) moderate and (c) high magnetic field applied during deposition process.
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Figure 7.4 shows the angular distribution histograms for assemblages of NiFe nanowires
deposited at a range of magnetic field strengths. These wires have a nominal diameter of
~200 nm and a broad distribution of lengths centred around ~10 pm as investigated in
chapter six. In the absence of an applied magnetic field no preferential alignment of the

assemblage is observed (see Figure 7.4(a)). With increasing magnetic field up to ~200 Oe,
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Figure 7.4 Angular distribution histograms for assemblages of ~200 nm diameter NiFe nanowires deposited at

different field strengths (0-1 kOe) as indicated in the figure titles.
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the distribution of nanowire orientation develops with respect to the field axis (Figure
7.4(b-c)), indicating the effect of the field. At higher fields, ~500, ~750 and ~1000 Oe, the
peak in the alignment distribution develops further, as shown in Figure 7.4(d-f).

The angular distribution of nanowire orientation for field-aligned assemblages is not
Gaussian, but it is characterised by a large number of nanowires oriented very close to the
applied field axis surrounded by a distribution of nanowires over a wider range of angles.
The wider distribution in the histograms may be attributed to the variation in the
morphology and dimensions of these wires as investigated in the previous chapter or/and
the variety of mechanical forces that can affect the alignment of the nanowires. The
alignment process is also affected by the resistive drag of the suspension solvent, which is
likely to influence the timescale of the alignment process that can be of the order of
milliseconds. A further effect that may warrant consideration in the process is thermal
agitation of the suspended nanowires; this will act to misalign the nanowires. In the
situation where the suspension solution is evaporated to leave the nanowires deposited on a
substrate, the interaction of the nanowires with the evaporating solvent and the substrate
may further complicated the alignment process and this would be difficult to analyse. The
field alignment behaviour for NiFe nanowires is summarised in Figure 7.5, which shows
the proportion of nanowires aligned at angles between 0°-10° and 0°-20° of the applied field
axis as a function of magnetic field.

It is clear that the percentage of NiFe nanowires aligned by the field increases rapidly up
to ~200 Oe, then increases more slowly up to the maximum field, when ~64 % of the
nanowires are aligned within 0°-10° and a total of ~82 % of the nanowires are aligned
within 0°- 20° of the applied field axis. The high field dependence of the alignment suggests
an approach to a maximum alignment with field, indicating that some further improvement
in the proportion of aligned nanowires may be possible with magnetic fields greater than 1

kOe.
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Figure 7.5 Proportion of NiFe nanowires aligned at angles within 10° and 20° of the field axis as a function of

the magnetic field strength applied during the deposition process. The dashed lines provide a guide to the eye.

Figure 7.6 shows a comparison of the angular distribution histograms for assemblages of
Co and Ni nanowires deposited on the substrates at different field strengths. These two
compositions have nominal diameters of ~300 nm and a range of lengths centred around
~10 um as discussed in chapter six. For all field strengths investigated here, the percentage
of aligned Ni wires is higher than for Co wires. Furthermore, the Ni wires show the
emergence of clear alignment at a relatively low field of ~100 Oe compared to the Co
nanowires where similar alignment was not observed until the field was greater than ~180
Oe. The field dependence of the alignment behaviour for both Co and Ni nanowires are
summarised in Figure 7.7(a-b), respectively, which shows the proportion of nanowires
aligned at angles within 10° and 20° of the applied field axis. = In general, the percentage
of Ni nanowires aligned with the field increases rapidly with applied magnetic field up to
~200 Oe, then the percentage of aligned wires increases more slowly as the magnetic field
increases up to the maximum field, where ~59 % of the wires are aligned within 10° and a

total of ~71 % are aligned within 20° of the field axis. The high field dependence of the

alignment (see Figure 7.7(b)) indicates an approximately linear increase in the proportion of
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nanowires aligned as a function of magnetic field. Again, this suggests further
improvements in the proportion of aligned Ni nanowires are possible with magnetic fields
greater than 1 kOe. In contrast, the assemblages of Co nanowires shows significant

alignment at low fields, but the proportion of aligned nanowires at higher field strengths
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Figure 7.6 Comparison of angular distribution histograms for assemblages of ~300 nm Co and Ni nanowires

deposited at the field strengths indicated.
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Figure 7.7 Proportion of (a) Co, and (b) Ni nanowires oriented at angles between 0°-10° and 0°-20° of the field
axis as a function of the magnetic field strength applied during deposition process. The dashed lines are used

as a guide to the eye.

seems to saturate when the fractional alignment is ~36 % aligned within 10° and a total of

~53 % of wires are aligned within 20° of the applied field axis.

7-5 Effect of nanowire composition on the alignment

The previous results show that the nanowires are strongly influenced by the magnetic
field. As introduced earlier in chapter three, the magnetic torque due to the applied
magnetic field is proportional to the effective magnetic moment, which depends upon the
saturation magnetisation, the domain state and the dimensions of the nanowires. Thus, this
dependence presents the opportunity to investigate the effects of the nanowire composition
upon the alignment process.

Figure 7.8(a) shows the proportion of nanowires aligned within 0°-20° of the applied
field axis for Ni, NiFe and Co nanowires. Since the nominal saturation magnetisation
values of these wire compositions are: 485, 860 and 1440 emu/cm’, respectively (assuming
that Co is not oxidised) [2], it is not unreasonable to expect increasing efficacy of field
alignment from Ni through NiFe to Co. This trend is observed for the Ni and NiFe, but in
contrast, the Co shows the poorest field alignment, as shown in Figure 7.8(b).
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Figure 7.8 Proportion of Ni, NiFe and Co nanowires oriented with (a) 20° of the alignment field as a function
of the magnetic field strength applied during the deposition process, and (b) 10° and 20° of alignment field as a

function of the saturation magnetisation. The dashed lines are used as a guide to the eye.

The effect of saturation magnetisation upon the field alignment for NiFe nanowires may be
complicated by the fact that these wires have a smaller diameter than the Ni and Co
nanowires, although the relatively long length of the wires should minimise any differences
in the demagnetizing factors. Nonetheless, comparing Ni and Co nanowires, which have
nominally identical geometries, the results show that the percentage of aligned Ni wires is
higher than Co nanowires in all field strengths investigated (e.g. see Figure 7.6) and also
that the proportion of Co nanowires aligned does not increase greatly above ~200 Oe (see
Figure 7.7(a)).

To explain the compositional variation of the magnetic field alignment, both the
magnetostatic shape anisotropy and the magnetocrystalline anisotropy have been
considered here. In the case of NiFe nanowires, the intrinsic magnetocrystalline anisotropy
is vanishingly small and the magnetization orientation will be controlled by the
magnetostatic shape anisotropy along the wire long axis. The situation is likely to be similar
for nickel as the intrinsic magnetocrystalline anisotropy is relatively low, so the

magnetisation will also be aligned along the wire long axis. For nanowires with these
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compositions, the alignment torque is therefore largely dependent upon the magnetic
moment, which is larger for the NiFe than for the Ni nanowires. In contrast to both NiFe
and Ni nanowires, where the crystal structure is FCC, the crystal structure of Co nanowires
is more complex and depends upon the deposition conditions and the wire diameter, and
can be FCC or HCP [3-7] or some combination of the two phases. In both cases the
magnetocrystalline anisotropy is relatively large and may dominate the shape anisotropy.
Indeed, HCP Co nanowires have been shown to have a component of magnetisation
perpendicular to the wire axis [5,8,9]. Therefore, it is suggested that the magnetic field
alignment of the Co is lower than for the NiFe and the Ni nanowires, because the dipole
moment of the Co nanowires is not strongly developed along the wire axis, hence the torque
arising from the magnetic field is reduced. There is also the possibility of the differential
formation of oxide or hydroxide layers on the surface of these nanowires during and after
removal the alumina template that may adversely affect the magnetisation of the Co
nanowires. Thus, the magnetic field alignment is dependent upon the nanowire

composition, but the dependence can be complex.

7-6 Effect of nanowire length on the alignment

The fluid drag for a mid-point rotating nanowire has been approximated using a prolate
spheroid approximation by Lee et. al. [10], which showed a very strong dependence upon
the length of the structure and the viscosity of the suspension fluid. This dependence
presents the opportunity to study the effects of the nanowire aspect ratio upon the alignment
process. Therefore, a systematic study was performed to examine the effect of length on the
alignment process in a magnetic field for the Ni and NiFe nanowires. Figure 7.9 shows
comparative histograms of the angular distribution for magnetic field deposited
assemblages of NiFe nanowires with the wires divided into two length groups; one with

wires less than 5 um and the other with greater than 5 pm.
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Figure 7.9 Examples of comparative histograms of percentage alignment for nanowires with lengths more or
less than 5 um for ~200 nm NiFe nanowires deposited at different field strengths (a) ~100 Oe, (b) ~500 Oe,

and (¢) ~1 k Oe.

There is a noticeable effect of nanowire length on the alignment process for all field
strengths investigated here. The proportion of aligned wires for both lengths between 0°-10°
for NiFe nanowires and within 0°-20° for Ni nanowires under application of different

magnetic field strengths are summarised in Figure 7.10(a-b), respectively.
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Figure 7.10 Proportion of aligned (a) NiFe nanowires oriented with 0°-10°, and (b) Ni nanowires oriented with

0°-20° for two different lengths (more and less than 5 um). The dashed lines are used as a guide to the eye.

The trend in these figures suggests a consistently higher percentage of aligned wires are
obtained for longer nanowires at fields above ~200 Oe, where the percentage of long NiFe
wires (=5 pm) was found to be ~7% within 0°-10° higher than shorter (<5 pm) wires,
whereas this was ~12% higher between 0°-20° for long Ni wires than shorter wires (<5 pm).
Thus, in all applications that require high percentage of aligned wires, it is very important

to use wires with a higher aspect ratio.

7-7 Interesting observations resulting from the alignment experiments

During the course of these field alignment studies, a range of interesting features were
observed. Firstly, it was found that the nanowires could be oriented in any preferable
direction by simply rotating the substrate with respect to the magnetic field during the
deposition process without any noticeable effect on the orientation of previously aligned
and deposited nanowires. This behaviour was demonstrated in the scanning electron
micrographs shown in Figure 7.11 which show examples of Ni nanowires lying
perpendicular to each other produced by two sequential deposition steps using high
magnetic field strength orientated normal to each other. This result agrees well with the
other results in literature [11-13] and demonstrates that the van der Waals or/and the

electrostatic forces between the wires and the substrates are dominant after deposition.
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Figure 7.11 Examples of scanning electron micrographs of Ni nanowires deposited on substrates from a dilute
suspension in two sequential steps using high magnetic fields normal to each other during the deposition

process.

This behaviour may be useful from a practical point of view in the fabrication of complex
devices that need sequential steps of nanowire alignment, for example to create memory or
logic architectures.

Another interesting observation is the formation of continuous chains of head-to-tail
nanowires during deposition in applied magnetic fields, as demonstrated in Figure 7.12,
which show examples of scanning electron micrographs of parallel chains of Ni nanowires.
the electrical and magnetic properties of isolated nanowires. Reducing the concentration of
the nanowires in the IPA suspension was found to reduce this effect. The lengths of these
chains were observed to extend over hundreds of micrometres, in agreement with previous
results [12,14]. Depending upon the concentration, the location and distance between these
wires, in addition to the magnetisation, the viscous drag and the magnetic field strength, the
inter-wire dipolar interactions can play an important role in the formation of chains during
the deposition process.

The final interesting feature is the formation of cumulative clusters of nanowires as
demonstrated in the examples of scanning electron micrographs shown in Figure 7.13. The
formation of these clusters could be attributed to the high concentration of nanowires

during the deposition process and the low viscosity of the IPA [12].
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Figure 7.12 Examples of scanning electron micrographs showing (a) Chains of Ni nanowires formed as a
result of magnetic dipole-dipole interactions between the nanowires during the deposition on substrates under

high magnetic field strength, and (b,c) Magnified regions of the single chain of nanowires.

Figure 7.13 Examples of scanning electron micrographs showing cumulative clusters of Ni nanowires which

occur due to the high concentration of these wires and magnetic dipole-dipole interactions during the
dispersion process on the substrate under high applied magnetic field, and (b,c) higher magnification in the

cluster.

These clusters of nanowires are usually undesirable in fabrication of nano-devices or for
further studies on the electrical and magnetic properties of isolated nanowires. Reducing the

concentration of the nanowires in the IPA suspension was found to reduce this effect.

7-8 Discussion of applications of magnetically aligned nanowires

As outlined earlier in chapter three, a variety of methodologies have been proposed and
investigated for the alignment of quasi-one dimensional nanostructures for technological
applications. Here, the efficacy of magnetic field alignment has been quantitatively

assessed using magnetic nanowires, however, the results may be relevant to a wider range
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of functional materials where these nanostructures are capped, coated or incorporate
magnetic material, as demonstrated elsewhere [12,13,15,16].

The applicability of such global magnetic alignment in technological applications depends
upon the requirements of the particular application. The results show that at most ~80% of
nanowires were aligned within 20° of the field axis. There are a variety of applications in
which this level of alignment imparts a level of useful anisotropy to the material properties.
These include anisotropic polymer composites where electrical, electromagnetic, optical or
acoustic damping behaviour depends upon the anisotropy introduced by the aligned
nanostructures [17]. In solution, magnetic alignment of nanostructures can enhance thermal
conductivity [12] and with fluorescent functionality magnetic alignment has potential
benefits for optical tracking in biotechnology applications [14,18]. Magnetic alignment can
also be effectively applied to control and manipulate mammalian cells [19].

For applications where site-specific location and orientation of nanostructures is
required, such as electronic circuits and sensors, global magnetic alignment in conjunction
with other methods for locating the nanowires onto specified positions on a device structure
can assist in the orientation of nanowires. Such positioning techniques include; chemical
bonding via biochemical functionalization [15,20], localized electric field assisted
alignment [21-23], and localized magnetic field gradients [24]. For applications of
nanowires in sensors, such as for biotechnology applications [21], where nanostructures
need to make contact between electrodes but the precise orientation of the nanowires is not
significant, then magnetic alignment would be beneficial. For applications in other sensors,
such as for magnetic field detection [25] and for building electronic components and logic
circuits [26,27] that require high levels of precision in orientation and location, magnetic
alignment of nanostructures alone does not provide a technical solution.

7-9 Chapter conclusions
The effect of magnetic field strength, composition and the aspect ratio of template

released NiFe, Ni and Co nanowires on the efficacy of magnetic field alignment of the
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nanowires was systematically investigated. In the absence of an applied magnetic field
during deposition, the nanowires were found to be randomly oriented on the substrates due
to various mechanical forces. However, under the application of different strength magnetic
fields, the quality of the alignment was found to be strongly dependent upon the strength of
the applied field. For all compositions investigated here, the percentage of nanowires
orientated with the field axis was found to increase rapidly with increasing magnetic field
up to ~200 Oe, followed by a slower increase up to ~1 kOe for both NiFe and Ni wires and
constant for the Co nanowires.

The highest percentage of aligned wires was obtained for the NiFe nanowires, whereas
the lowest percentage of aligned wires was obtained for the Co nanowires, with the
percentage alignment of Ni nanowires falling between the two. The compositional
dependence of the magnetic alignment observed was complex and may be attributed to the
saturation magnetisation and the competition between magnetocrystalline anisotropy and
shape anisotropy.

The effect of the length to diameter of the nanowires on the alignment process was also
statistically investigated. It was found that the alignment was ~7% higher for the longer
NiFe wires ( =5 pm) aligned within 0°-10° of the field axis than for the shorter wires (<5
um) and was ~12% higher for longer Ni nanowires aligned between 0°-20° than for the

shorter wires (<5 pm).
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Chapter eight
Results: Magnetic and electrical transport behaviour of template released

isolated nanowires

8-1 Introduction

To remind the reader: the magnetisation behaviour of two-dimensional arrays of
ferromagnetic nanowires cannot provide precise information about the intrinsic magnetic
properties of individual nanowires. The interpretation of the data is limited due to the
variation of diameters, morphologies, orientations, circularity and the separation among
these wires as discussed in chapter six. Furthermore, the dipolar or magnetostatic
interactions between neighbouring nanowires seen in the literature complicate the situation
and may lead to inaccurate explanations of the magnetic behaviour of individual nanowires.
Therefore, the magnetic, magnetisation reversal and electrical transport behaviour of
template released isolated ferromagnetic nanowires form the main purpose of this research
and this chapter presents the most important results and their interpretation.

Studying these properties experimentally on an individual nanowire is however very
complicated and represents a real challenge because the magnetisation of such small wires
is of the order of 10" emu (10'14Am2) [1-3], which cannot be measured with conventional
magnetometry. Using high sensitivity magneto-optical Kerr effect (MOKE) is potentially
interesting as it provide a very sensitive probe that is proportional to the change in the
surface magnetisation to a depth of the order of skin-depth of the material [4,5]. But, the
difficulties arising from locating the position of such nanowires within the MOKE
illumination, the very small size of these structures with respect to the laser spot size, and
the curved surfaces of these wires, which leads to the scattering of the reflected light in
various directions may have contributed to the precious lack of measurements on isolated
nanowires using this technique. There are only two other papers on the subject published
during this work discussing the magnetisation behaviour of NigyFe,y and multilayer [S] and

Co [6] nanowires using MOKE magnetometry.
179



Chapter eight. Results: Magnetic and electrical-transport behaviour of template released
isolated nanowires

The surface magnetisation and the electrical transport properties of a range of template
released isolated ferromagnetic nanowires were investigated here using a combination of
longitudinal MOKE magnetometry and magnetoresistance measurements to probe the
surface and bulk behaviour, respectively. With magnetoresistance (MR) measurements, it is
possible to probe the electrical transport and magnetisation behaviour of isolated nanowires
using the anisotropic magnetoresistance (AMR) effect. In order to understand deeply the

magnetic properties of such wires, electrodeposited thin films were also investigated.

8-2 Magnetic properties of electrodeposited thin films

Before starting the magnetic measurements of isolated nanowires, it was necessary first
to start with more simple structures like ferromagnetic thin films in order to get a better
understanding of their magnetic properties that form the basis of isolated nanowires. The
following discussion is presented to investigate the magnetic behaviour of both Ni and NiFe
thin films grown on Au/Cr/SiO,/Si substrates with cross-sectional area of around 2.4x22
mm?. These films were prepared by electrodeposition under the same conditions but using
different growth times (different thicknesses) as for nanowires. The measurements were
performed with the MOKE laser spot positioned at different arbitrary locations on the
samples as a function of magnetic field applied at different angles from 0° (parallel) up to
+90° (perpendicular) with respect to the sample long axis. These measurements provide an
insight into the distribution of the switching fields across the whole sample area. Typical
examples of normalised hysteresis loops obtained from measuements of Ni and NiFe thin
films with various deposition times by applying the magnetic field along two orthognal
plane axes are shown in Figure 8.1.

In general, hystersis loops with a high squareness ratio were obtained with a very small
local variations. The similarity in loop shape between the two orthoganal axes observed in

most cases indicates the isotropic magnetic behaviour in the plane of these films.
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Figure 8.1 Typical examples of pairs of normalised hystersis loops obtained from MOKE measurements of
(a,b) Ni, and (c-f) NiFe electrodeposited films measured along two orthognal in-plane axes. These films were

prepared with different deposition times (thicknesses) as indicated in the figures.

The reversal behaviour is sharper for the thicker films and more rounded for the thinest

films. To understand the magnetic behaviour of such films, coercivity distribution
histrograms were obtained from repeating measurements with the MOKE laser spot
positioned at many different locations across these samples are plotted in Figure 8.2. A

reduction in the coercivity for both materials was observed with increasing deposition time.
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Figure 8.2 Histrograms showing the distribution of coercivity obtained from MOKE measurements of
electrodeposited (a) Ni, and (b) NiFe thin films at different locations across each film prepared with different

growth times.

For example, the coercivity of NiFe films peaked around 55 Oe and 15 Oe for deposition
times of ~10 s and ~90 s, respectively. It should also be noted that there is a wide
distribution of coercive fields across the sample area, which increases significantly for
shorter deposition times. For instance, the coercivity of the NiFe films was found to range
between 40-80 Oe and 12-19 Oe for the shortest (10 s) and longest (90 s) deposition times.
These coercivity distributions may be attributed to variations in the film properties in
particular roughness which measured and discussed in chapter six. The roughness is
believed to be due to the presence of voids and defects which occur during the fabrication
process as a result of the existence of impurities, gas bubbles or the density of the
electrolyte solution which may not have been homogenous throughout the electrochemical
cell. These defects have a more significant effect at shorter deposition times and prevent the
formation of uniform thin films on the substrates. The existence of such structural
variations can act as pinning centres during the domain wall reversal and hence can change
the coercivity and the shape of the hystersis loops. Increasing the growth time increases the
film thickness and hence the volume to surface ratio, which in turn reduce these defects and

ultimatly reduce the coercivity.
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The average coercivity for both the Ni and NiFe films as a function of growth time are
plotted in Figure 8.3(a). Clearly, the NiFe films show softer magnetic behaviour (lower
coercivity) than Ni films at small deposition times. For both compositions, the coercivity
falls with increasing the film deposition time. This may be attributed again to a reduction in
the surface strutural defects and the formation of multi-domain structures upon increasing
the film thickness which in turn reduce the pinning sites and coercivity.

Figure 8.3(b) shows the average coercivitiy obtained from measurements of NiFe films
(with different growth times) as a function of sample angle with respect to the magnetic
field applied. For each sample, the coercivity was approximately constant for most angles
investigated indicating the similarity in the magnetisation reversal behaviour in such films.
However, the data for the shortest deposition time shows an increase in the coercivity with
a wider distribution at different angles. This probably reflects again the variations in the
surface roughness of the films as described earlier. Nonetheless, these measurments give an
indication of the magnetic nature of the materials that forms nanowires investigated in the

rest of this chapter namely; soft behaviour at longer deposition times that is largely

isotropic.
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Figure 8.3(a) Coercivity as a function of deposition time for both Ni and NiFe films, the dashed lines are used
as a guide to the eye, and (b) coercivity measured at different locations on the NiFe samples (with various

growth times) as a function of sample angle with respect to the applied field.
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8-3 Magnetic behaviour of template released ferromagnetic nanowires

Magnetic measurements of template released isolated ferromagnetic nanowires
deposited from dilute suspension onto oxidised silicon substrates is the key aim of this
research. The following subsections investigate the results obtained from measurements of
isolated individual, small bundles and small clusters of Ni and NiFe nanowires using
longitudinal MOKE magnetometry. These measurements were performed by applying the
magnetic field nominally parallel to the nanowire long axis. These wires have dimensions
of approximately 7 pm and 9 um lengths and diameter of ~300 nm and ~200 nm,

respectively, as measured by high resolution scanning electron microscopy.

8-3.1 Magnetic properties of individual nanowires

Figure 8.4 show examples of normalised hysteresis loops obtained from measurements
of individual Ni and NiFe nanowires. The scanning electron micrographs inset in Figure 8.4
show the areas interrogated by the MOKE laser spot. In general, the signal to noise ratio
(SNR) of the MOKE appears quite low, indicating the sensitivity needed to make these
measurements on individual nanowires. The hysteresis loops have a high squareness ratio,

indicating a characteristic magnetic easy axis along the long axis of the wires.
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Figure 8.4 Normalised hysteresis loops of isolated individual (a) Ni, and (b) NiFe nanowires obtained using

the MOKE setup by applying the magnetic field nominally parallel to the nanowire long axis. The insets are

the scanning electron micrographs of the measured wires.
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In order to understand deeply the magnetic properties of these wires, a series of MOKE
measurements were performed with the focused laser spot positioned and repositioned at
different locations on the wires, and multiple measurements were made at each location.
The results show that there is a very small distribution of less than ~2 Oe in the switching
fields obtained for repeated measurements at the same location, whereas the distribution of
the switching fields obtained from approximately 50 hysteresis loops at various locations on
each wire was found to be approximately 10 Oe, as shown in Figure 8.5. The average
switching fields for the Ni and NiFe nanowires are centred at approximately 140 Oe and
165 Oe, respectively. This is significantly higher than the switching fields obtained from
the continuous thin films prepared using the same technique as discussed in the previous
section indicating, as expected, that the nanowire switching is dominated by shape-induced
magnetic behaviour.

Comparing the switching fields of these different wires, the NiFe nanowire was perhaps
expected to be magnetically softer than the Ni nanowire, but the switching field of NiFe
nanowire was found to be higher than the Ni nanowire. This contradiction may be attributed

to different dimensions of the nanowires as the diameter of the NiFe nanowire is smaller
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Figure 8.5 Histograms of switching fields distribution of isolated individual (a) Ni, and (b) NiFe nanowires
extracted from MOKE loops by applying the magnetic field nominally parallel to the nanowire long axis and

measuring at different locations on the wires.
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and the length longer than the Ni wire. Therefore, calculations were performed to estimate
the self-demagnetising field along the long axis of these wires using equation 2-12
presented in chapter two for the ellipsoid shaped object [7] and it was found to be 14 Oe
and 38 Oe for NiFe and Ni nanowires, respectively which is consistent with the difference
between Ni and NiFe wire coercivity. As a result, the NiFe wire has a relative enhanced
switching field because the self-demagnetising field along the long axis is lower.

In both cases shown in Figure 8.5, the full width of the switching field distributions is
around 10 Oe. This range is larger than the local measurement repeatability mentioned
earlier and represents variation in the switching field due to different measurement
locations of the laser spot on the nanowires. It indicates that the switching fields vary
somewhat along the length of the nanowires. This position dependent variation may be
related to either difference in the morphology along the nanowires (discussed in chapter
six) as the onset of switching is very sensitive to the surface regularities or dimension
variations in the nanowire or any differences in nanowire orientation with respect to the
magnetic field, although in this case the nanowire long axis was nominally parallel to the
field applied. Stochastic effects due to thermal fluctuations that can lead to peak broadening
are unlikely to be relevant here as each MOKE loop represents the averaging of several
hundred switching cycles and therefore stochastic effects will be included in the averaged

loop.

8-3.2 Magnetic properties of isolated bundles of nanowires

In addition to the importance of investigating the magnetic behaviour of individual
nanowires presented in the previous section, the magnetic behaviour of bundles of wires
that are close enough to interact with each other is also of significant interest. Therefore, the
magnetic properties of bundles of 3 and 7 closely packed NiFe nanowires were

investigated. Figure 8.6 show typical examples of normalised hysteresis loops obtained
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from measurements of such nanowires. The scanning electron micrographs showing the

areas interrogated by the laser spot are inset in Figure 8.6. A series of MOKE

measurements were performed at many different locations on the wires and the histograms

for the switching fields of each group are shown in Figure 8.7. The results show a distinct

single peaked distribution for each bundle of wires. The average switching field falls with

increasing the number of nanowires in the assemblage. The switching field was centred at

~134 Oe and ~82 Oe for 3 and 7 NiFe nanowires, respectively.
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In fact when plotted as a function of the number of nanowires, the switching field decreases
from 1 to 7 nanowires as shown in Figure 8.8(a). For comparison, the result presented here
was plotted in Figure 8.8(b) along with the results from the literature for an array of
hexagonal closely packed Ni nanowires with 40 nm diameter and 100 nm spacing obtained
from micromagnetic simulations [8].

The key point from the data in Figure 8.8 concerns the reduction of the switching fields
with increasing the number of nanowires in the bundles measured. This reduction can be
understood in terms of magneto-static interactions between the neighbouring nanowires.
Interaction effects have been widely investigated experimentally and theoretically in two
dimensional arrays of various ferromagnetic compositions of cylindrical nanowires [8-19],
arrays of planar wires [20] and amorphous nanowires [21,22]. However, the magneto-static
interactions in these systems can be very complicated and found to depend on a variety of
factors including the magnetic state of the individual wires in the array, the magnetic
history, the wire diameter [9,10], spacing among the interacting wires [9,10,18], as well as
filling factor [17] or number (density) [9,12] and length [12,17] of these wires. These

studies demonstrate that the magneto-static interactions may aid switching or stabilise the
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Figure 8.8 (a) Average switching field as a function of the number of NiFe nanowires in the tight bundles, the
line represents theoretical calculations, and (b) comparison with a result from literature, the dashed lines

provide a guide to the eye.
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magnetisation, leading to a slight reduction in the remanent magnetisation and reduced or
increased switching field. To understand in detail the behaviour presented here, the
switching field was calculated using equation 2-12 presented in chapter two after
calculating the demagnetising factor along the nanowire's long axis for the ellipsoid shaped
object [7]. Assuming the saturation magnetisation is 90% of NigFej9 and an intrinsic
nucleation field 185 Oe. Very good agreement was obtained as shown by the continuous
line in Figure 8.8(a). Therefore, the bundle of closely packed NiFe wires suggest that it
behaves like a single system and the magneto-static interactions among these wires aids the
external field, leading to a higher local field in neighbouring wires, and consequently
decreasing the effective external applied magnetic field needed to switch the nanowires.
The local field increases with the number of closely packed wires and subsequently the
measured switching field falls. On the other hand, the remanent magnetisation is unchanged
with increasing the number of wires as observed elsewhere [8]. Thus, it may be concluded
that decrease in the separation between the nanowires, can lead the system to behave as a
one large effective magnetic structure with a lower switching field.
8-3.3 Magnetic properties of isolated clusters of nanowires

In contrast to the measurements of closely packed bundles of NiFe nanowires, the effect
of more variation in spacing and orientation between nanowires was also investigated in
assemblages or clusters of Ni nanowires. Examples of normalised hysteresis loops are
shown in Figure 8.9, which were obtained from MOKE measurements of one cluster of
chains of nanowires and another cluster of poorly aligned Ni nanowires. The insets of
Figure 8.9 again show scanning electron micrographs of the measured nanowires.

As before, the magnetisation curves are again noisy but have a high squareness ratio
close to ~1, indicating a characteristic magnetic easy axis along the wire long axis, although
more "structure” can be observed in the reversal behaviour of these clusters. The switching

is not sharp as for the single wires and tightly packed bundles but has steps in it.
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Figure 8.9 Normalised hysteresis loops of Ni as (a) a broad cluster of chains, and (b) a poorly aligned cluster

of 7 nanowires obtained using a longitudinal MOKE with the magnetic field applied nominally parallel to the

nanowire long axis. The insets are the scanning electron micrographs of the measured wires.

The histograms of the switching fields obtained from multiple measurements at different

locations on these clusters are shown in Figure 8.10.

It is clear that, the switching field distributions are more complex than for the closely

packed NiFe wires discussed in the previous section and in contrast to the closely packed

bundles, the switching fields are larger than those measured from a single Ni nanowire. The

switching field distribution for the broad cluster of chains was found to range widely from

approximately 135 Oe to 185 Oe and the distribution for the cluster of 7 wires was bimodal

with peaks centred around 185 Oe and 200 Oe.
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Figure 8.10 Switching field distribution histograms of Ni nanowires in (a) a broad cluster of chains, and (b) a

poorly aligned cluster of 7 nanowires extracted from MOKE loops with the magnetic field parallel to the

nanowire long axis and measuring at many different locations within the clusters.
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The switching field distributions reflect the greater variation in orientation between the
nanowires, the formation of chains and the more variable spacing between nanowires. The
influence of this large variation on the magneto-static interaction may either aid switching
or stabilise the magnetisation leading to reduced or increased switching fields, respectively
depending on the different parameters mentioned previously. For example, chaining may
effectively increase the magnetic length, stabilising the magnetisation and increasing the
switching field. The exact switching field observed depends upon the local interactions and
hence is highly sensitive to the MOKE measurement location. Furthermore, variation in the
angular orientation between the nanowires increases the switching field. As will be
discussed in the following section, the switching field increases with the angle away from
the wire long axis. Therefore, for nanowires orientated with their long axes at higher angles
to the magnetic field axis, the switching field will be higher, as observed in the nanowires
clusters in Figure 8.9. Thus, it may be concluded that slightly increasing the separation
distance, chaining or tilting of nanowires can enhance the switching field.

An important finding of all these measurements is the observation of a high remanence
ratio. This is quite different from the results obtained from measurements of high density
arrays of templated nanowires (see for example Refs [23-30]) which has been measured
using other techniques, such as VSM and SQUID that often display sheared hysteresis
loops due to the strong magneto-static interaction amongst these wires and may reflect bulk

compared with surface measurements.

8-4 Magnetisation reversal of template released isolated nanowires

To understand the magnetisation reversal behaviour and the underlying physical
mechanism in these nanowires, systematic measurements were performed to study the
angular dependence of the switching fields using MOKE magnetometry. As mentioned

earlier these measurements represent the most challenging part of this work. Typical
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examples of normalised hysteresis loops obtained from MOKE measurements of individual
Ni and NiFe nanowires obtained by applying the magnetic field at different angles (where
possible) with respect to the nanowires long axis are shown in Figures 8.11. Other examples
from measurements of bundles of 3 and 7 closely packed NiFe nanowires are presented in
Figure 8.12. The associated scanning electron micrographs showing the measured wires are
presented in the insets of the first figures. The Ni nanowires were 7 pm long and 300 nm in
diameter, whilst the NiFe nanowires were 9 um long and 200 nm in diameter.

In many cases, the hysteresis loops were distorted with additional magneto-optical
effects at higher magnetic fields and high angles. These loops were plotted without any
corrections. From all of the measurements the loops generally show well-defined switching
behaviour with high squareness ratio. Square hysteresis loops are expected to occur when
the magnetic field is nominally applied parallel to the nanowires long axis owing to their
high aspect ratio and the dominant shape anisotropy. However, theoretically the shape of
the hysteresis loops should vary with increasing nanowire angle, therefore the square loops
at higher angles indicates either that the easy axis of magnetisation rotates with the angle of
applied field or the difficulty in recognising the change in the shape of these loops due to
the distortion occurred with other magneto-optical effects. A further possibility is that the
MOKE setup was actually detecting two signals arising from the transverse component in
addition to the expected longitudinal component of magnetisation within these wires. The
transverse component perhaps gives rise to the square hysteresis loops at higher angles.
Importantly, these loops demonstrate that there is a strong correlation between the
switching field and the angle of applied field.

To investigate the magnetisation reversal behaviour of the individual Ni and NiFe
nanowires, the switching fields extracted from the loops were plotted as a function of the
nanowires angle with respect to the applied field, as shown in Figure 8.13(a,b).

Distributions of the switching field values were obtained from repeating measurements at
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Figure 8.11 Examples of normalised hysteresis loops of a template-released individual (a-d) Ni nanowire, and
(e-h) a NiFe nanowire measured using MOKE magnetometry with the magnetic field applied at different
angles with respect to the nanowires long axis as indicated in the figures. The insets show scanning electron

micrographs of the measured wires.
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Figure 8.12 Examples of normalised hysteresis loops of template released bundles of closely packed NiFe
nanowires for (a-d) 3 nanowires, and (e-h) 7 nanowires measured using MOKE magnetometry with the
magnetic field applied at different angles with respect to the nanowires long axis as shown in the figures. The
insets show scanning electron micrographs of the measured wires.
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Figure 8.13 Average switching fields extracted from MOKE loops as a function of the nanowire long axis
angle with respect to the applied field for an individual (a) Ni, (b) NiFe, and (c) both Ni & NiFe nanowires.

The error bars are smaller than the data points.

more than 20 different locations on the wires at each angle and are included in the plots as
an error bars. These error bars are smaller than the data points. The switching fields were
increased slowly with increasing angle up to about 35°, and then increased rapidly at higher
angles.

Comparison of the data between the two different compositions is presented in Figure
8.13(c), different switching fields were noticed below +£20°. At higher angles, the angular
dependence of the switching fields were almost identical. The difference in the switching
fields at low angles may be expected since the diameter of NiFe nanowire is smaller and the
length longer than the Ni nanowire and may be attributed to the effect of demagnetising
field as discussed earlier in the previous section. The similar switching field behaviour at
higher angles (> 20°) indicates that the effects of the specific nanowire diameter or
composition on the behaviour are less significant.

To investigate the magnetisation reversal in the bundles of tightly packed NiFe
nanowires, the switching fields were extracted from hysteresis loops and also plotted
against nanowire angle, as shown in Figure 8.14. In general, the behaviour shows similar
trends to the individual wires discussed above, where the switching fields increase slowly at
low angles (< £35°) and increase rapidly at higher angles (> £35°). For all of the angles

investigated a reduction in the switching field was noticed with increasing the number of
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Figure 8.14 Average switching fields extracted from MOKE loops as a function of the angle of nanowires
long axis with respect to the applied field for an individual and bundles of 3 and 7 NiFe nanowires. The error

bars are smaller than the data points.

clumped NiFe wires. This reduction may be understood in terms of magneto-static
interactions among the nanowires mentioned earlier.

In order to understand and explain this angular dependence, it should first be noted that
since the diameters of these nanowires are much larger than the exchange length (defined in
chapter two), therefore one can expect a deviations of the micromagnetic structure away
from the uniform rotation behaviour that is described by the Stoner-Wohlfarth reversal
model. Since buckling behaviour is expected to occur when the nanowire diameter is
comparable to the exchange length (reduced radius around unity), buckling may also be
excluded from the applicability here. The shape and aspect ratio of the nanowires
investigated here is far from being a chain of spheres which would reverse as in the fanning
model. Therefore, the angular dependence of the switching fields is likely to be the
consequence of an incoherent rotational process following the curling model of reversal
with a maximum reversal field obtained along the hard axis at perpendicular direction.
Accordingly, all the experimental results were compared with the theoretical calculations of

curling model after normalising the switching fields to the minimum values using the
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equation for the curling model presented in chapter two (equation 2-35). Good agreement
was obtained at low angles, whilst there was some deviation at higher angles, as
demonstrated in Figure 8.15. The agreements between the experimental and theoretical
calculations suggest that the curling mode of reversal is a reasonable analytical
representation of the magnetisation reversal processes in these isolated nanowires at low
angles and the deviation may be due to more complex magnetisation structure. These
results are also in agreement with the results reported in literature using other characterising
techniques [31-33]. As examples, individual Ni [32] and NigsFe;s [33] nanowires with 200

nm diameters were investigated using MR measurements at 10K and room temperature,

respectively.
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Figure 8.15 Normalised switching fields as a function of nanowires long axis angle with respect to the field

applied for (a,b) individual Ni & NiFe nanowires, and (c,d) bundles of 3 & 7 NiFe nanowires, respectively.

The dashed lines represent the theoretical curling model.
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Their data were found to fit very well with the curling model of reversal and according to
their calculations, the size of curling reversal was found to be much smaller than the
nanowires diameter. Although, the experimental data was adequately fitted to the curling
model, the magnetisation reversal within these wires may occur in a different way as will be

seen in chapter nine.

8-5 Electrical transport behaviour of template released isolated nanowires

Magnetoresistance is a powerful technique adopted by many groups to obtain
information on the magnetic state and magnetisation reversal behaviour of a range of
ferromagnetic planar nanowires [34-39], cylindrical nanowires embedded in their templates
[40-43] and isolated nanowires [2,32,33,44-48] using the anisotropic magnetoresistance
effect. This is because the AMR is sensitive to the relative orientation of the magnetic
moments within the nanowires with respect to the applied current, where the resistance is a
maximum (minimum) when they are parallel (perpendicular) to each other. This
dependence is related to the anisotropic behaviour of the electrons via a mechanism known
as the spin-orbit coupling as described in chapter five. Here, the magnetisation behaviour of
template released isolated nanowires was investigated using magnetoresistance
measurements.

Figure 8.16 show scanning electron micrographs of two bundles of 3 NiFe nanowires
electrically connected to the gold contact pads. These wires have lengths of ~13.2 pm and
~19.2 pm and diameters of ~200 nm, respectively. The measurements of these small
assemblages of wires were conducted by applying the magnetic field at different angles
with respect to their long axis (current flow) using a two probe configuration for the
magnetoresistance setup after electrically connecting these wires to the external circuitry.
For convenience here, these two sets of wires will termed: assemblage (A) and assemblage

(B) throughout the following discussion.
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Figure 8.16 Scanning electron micrographs showing two bundles of 3 NiFe nanowires electrically connected
to the contact pads. These assemblages (A & B) of wires were measured by applying the magnetic field at
different angles with respect to the current flow (nanowires long axis) using two probes configuration of

magnetoresistance.

The measured electrical resistance of these assemblages of wires was found to be ~395
Q and ~218 Q, respectively. This resistance can be understood in terms of three
contributions. The first term is the nanowire resistance, R,, which depends on the
nanowires dimension, number of nanowires in the assemblage, scattering rates of the
conduction electrons with phonons, imperfections and grain boundaries within the wires.
The nanowires resistance is expected to be relatively higher than their counterparts thin
films due to their small dimensions and increased surface to volume ratio [47]. The second
term is the electrodes (gold) resistance, Ry, which appears as a result of the electrical
connection of these nanowires with the contact pads and the external circuitry. Finally, the
contact resistance, R, arising from the two connections of gold electrodes with the two
nanowire terminals [48] and the two connections of wire bonding. So, the total resistance,

Rr, can be expressed as:

Rrotat = Ry + 2Ry + 2R (Both gold electrodes & wire bonding) 8-1

The nanowires resistance was calculated roughly depending on their dimensions and
their intrinsic resistivity (~25 pQ.cm) [49]. It was found to be ~105 Q and ~153 Q for an

individual nanowire in assemblages (A and B) at room temperature, respectively.
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The electrode and contact pad resistance was approximately estimated as the bulk
resistivity of gold and their dimensions were known. The resistivity of gold is ~2.2 uQ.cm
[50], the length and the cross sectional area of the gold electrodes was approximately
ranged 3-30 x10° m and 4.6x10™"* m?, respectively. The thickness of the gold contact pads
was around 35x10™® m with different widths and lengths depending on the position of the
nanowires on the chip. Thus, the total gold resistance was estimated to be ~85 €.

The contact resistance, R, occurs as a result of the existence of oxide or hydroxide
layers or any other impurities or insulating residue remaining on the surfaces of these wires
after releasing and deposition or due to the wires curved surfaces as discussed elsewhere
[33,47,48,51]. These layers in general reduce the metallic cross-section of the wires
resulting in extremely high contact resistance and potentially an open circuit and prevent
the electrical measurements from being taken as will be discussed later in this chapter.
Thus, the estimated total contact resistance was ~276 € and 85 Q for assemblages (A&B),
respectively. Table 8.1 summaries the measured and calculated electrical resistance for both
assemblages of nanowires together with the calculated total gold resistance and estimated
remaining contact resistance.

Figure 8.17 show typical results obtained from measurements of these assemblages of
NiFe nanowires by applying the magnetic field at parallel (longitudinal) and perpendicular
(transverse) directions to the current flow (nanowire long axis). These measurements were
conducted by sweeping the magnetic field in one direction (black curve) for assemblage (A)

and in both directions for assemblage (B) of nanowires (red and black curves). The arrows

Assemblage Diameter Length Measured total R, Calculated Calculated total Estimated total
(nm) (um) ((9)) individual R, (Q) R, (Q) R. (Q)
200 13.2 396 105 85 276
B 200 19.2 218 152.5 82 85

Table 8.1 The experimental and calculated electrical resistance for both assemblages (A & B) of 3 NiFe

nanowires together with the calculated total gold resistance and estimated total contact resistance.
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Figure 8.17(a,b) Magnetoresistance curves obtained from measurements assemblages A & B, respectively by
applying the magnetic field either parallel or perpendicular to the current flow. The red curves represent the
reversed measurements and the arrows indicate the direction of field change. The figure insets are magnifying

the small features.

shown in the figure indicate the direction of the field change. Due to the difficulty of
precisely aligning these wires with the applied field and the existence of a small angle
offset in the MR setup, the nanowires angle were corrected in these profiles.

From these profiles, it is interesting to note the good quality of signal to noise ratio. For
both longitudinal and transverse field measurements, three different regions were identified.
At high magnetic field strengths, between 250-1000 Oe, the resistance displays saturation
behaviour indicating that the magnetic moments within the nanowires are oriented parallel
(with high resistance) or perpendicular (with low resistance) to the field applied. At
moderate magnetic field strengths, between 100-250 Oe, the measurements of assemblage
(B) show a series of nonmonotonic "continuous small features" in the resistance. These
features have been magnified and plotted as insets in Figure 8.17(b). This behaviour was
not seen in assemblage (A) of nanowires. When the magnetic field was less than £50 Oe the
resistance falls rapidly followed by positive jumps in the longitudinal measurements and

jumped up followed by drop in transverse measurements. These small and large changes in
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the resistance are symmetric about zero field when reversing the field direction, as shown in
Figure 8.17(b) using different colour of curves (red in this case).

Comparing the resistance at high magnetic fields (resistance at magnetic saturation) with
the theoretical calculations for the angular dependence of AMR, using equation 5-12
presented in chapter five, for both assemblages of wires and for all the angles investigated
here, good agreement was obtained, as shown in Figure 8.18. Clearly, there is a reduction in
the saturated resistance as the nanowire angle increases with respect to the magnetic field
applied. This can be understood in terms of the magnetisation orientations within these
nanowires. When the magnetic moments lie parallel (perpendicular) to the nanowires long
axis, the magnetisation will be collinear (perpendicular) to the current flow yielding the
high (low) electrical resistance. This is the high and low resistance relative orientation of

the current and magnetisation in anisotropic magnetoresistance.

. ) . . AR ) ) )
The anisotropic magnetoresistance ratio, - defined in chapter five was calculated for

both assemblages of NiFe nanowires using equations 5-11, 5-13 and 5-14 and was found to

be around 0.93% =+ 0.04.
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Figure 8.18 The resistance at magnetic saturation for both assemblages (A & B) of 3 NiFe nanowires as a
function of their angle with respect to the field applied. The lines are theoretical curves based on anisotropy

resistance, see text for details.
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It has been reported elsewhere that the anisotropic ratio of bulk NiFe materials dependent
on the Ni content, where it was found to vary from ~0.3% to 5% when the Ni content
changes from 40% to 90% [51]. Since, the Ni content of the nanowires presented here is
approximately 60% (see chapter six), therefore this value is in a good agreement with the

value (~0.98%) reported in literature for the NiggFeso [51].

. . . . . M
For both assemblages of wires, the effective remanence to saturation magnetisation, VR’

N

derived from the resistance at zero field and saturation field were plotted against the
nanowire angle in Figure 8.19. Saturation like behaviour was clearly seen at low angles for
both assemblages of wires. At higher angles (75° to 90°) saturation behaviour was also seen
for assemblage (A) of wires. A transition region was obtained between 30° to 75°. This
indicates that about 92% of the magnetic moments are aligned parallel to the nanowire's
long axis upon removing the magnetic field at low angles (< 30°) indicating that shape
anisotropy dominated on the behaviour. At higher angles (> 75°), approximately 65% for
assemblage (A) and 30% for assemblage (B) of the magnetic moments do not return back to
be oriented along the long axis of the nanowires but remains aligned far from the

nanowire's long axis upon removing the field. This indicates that there is a strong force that
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Figure 8.19 The remanent to saturation magnetisation as a function of nanowires angle for both assemblages

(A & B) of NiFe nanowires. The dashed lines provide a guide to the eye.
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can compete with the shape anisotropy that can impose a magnetic alignment away from
the nanowires long axis. Since, such nanowires have zero magnetocrystalline and
magnetostriction anisotropies [23,52,53] and as the crystal structure of these wires
(investigated in chapter six) showed small grain sizes with no preferred orientation, this
field induced effect could arise from magnetostatic interaction between theses wires or due
to the nanowire's surface structural regularities. Furthermore, it may perhaps reflect the
difference between surface and bulk magnetisation behaviour.

The magnetoresistance profiles obtained from measurements at different angles with
respect to the nanowires long axis (for both assemblages of wires) are plotted in Figure 8.20
and 8.21. The arrows shown in these profiles indicate the direction of the field change.
Similarly, three different regions were identified. At high magnetic field strengths, between
250-1000 Oe, the resistance showed saturation behaviour. At lower magnetic field
strengths, between 100-250 Oe, the measurements of assemblage (B) showed a series of
nonmonotonic "continuous small features" in the resistance which were magnified and are
plotted in the insets of Figure 8.21. These features may correspond to the magnetisation
reversal at the surface of these nanowires or due to the abrupt changes in the magnetic
configuration and switching of one of the clumped nanowires as a result of the
magnetostatic interactions between the clumped wires. Understanding these small features
however is important and will be investigated in the following section. Reducing the
magnetic field to < £50 Oe, the resistance at low angles (< 40°) drops followed by positive
jumps, whereas for higher angles (> 40°) the resistance jumped up then dropped. These
changes in the resistance are also symmetric around zero field when reversing the field

direction, as shown in the insets of Figure 8.21 using different colour of curves.
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Figure 8.20 Magnetoresistance profiles of assemblage (A) of 3 NiFe nanowires measured by applying the
magnetic field at different angles with respect to the nanowires long axis: (a) 6.2°, (b) 31.2°, (¢) 36.2°, (d)
41.2° (e) 46.2°, (f) 51.2°, (g) 56.2° and (h) 76.2°. The arrows indicate the sense of field change. The

measurements were performed in one field direction only.
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Figure 8.21 Magnetoresistance curves obtained from measurements of assemblage (B) of 3 NiFe nanowires
by applying the magnetic field at different angles with respect to the nanowires long axis: (a) -6°, (b) -1°, (c)
9°, (d) 24°, (e) 39°, (f) 54°, (g) 69° and (h) 79°. The red curves represent the reversed measurements and the

arrows indicate the direction of field change. The figure insets are magnifying in the small features.
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To understand the magnetic properties and the underlying mechanism responsible on the
magnetisation reversal in such assemblages of NiFe nanowires, the switching field
extracted from the magnetic fields at which the strong peaks (troughs) occur were plotted as
a function of the nanowire angle, as shown in Figure 8.22. In general, the switching field of
assemblage (A) was slightly higher than the switching field of assemblage (B). For
instance, the switching field for longitudinal measurements was ~24 Oe for assemblage (A)
and 16 Oe for assemblage (B). This difference may be attributed to the difference in the
length of these wires or due to the complicated magnetostatic interactions between these
assemblages of wires. The behaviour in assemblage (A) demonstrates that the field
increased slightly up to 60° then dropped and increased very slowly up to 90°. In contrast,
the switching field in assemblage (B) is almost constant for low angles and decreases step
wise close to 40° before increasing again slowly at higher angles.

To understand this behaviour the experimental data were normalised and compared with
the theoretical calculations of the curling model of reversal as shown in Figure 8.22(c). The
experimental data agree with the theoretical curve at small angles up to 25° and 60° for
assemblage (A) and (B), respectively, but the behaviour is very different at higher angles. It

has been reported elsewhere that the magnetisation reversal in arrays of Ni and Fe wires
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Figure 8.22(a,b) The switching field obtained from the fields at which the strong jumps occur in the MR
profiles as a function of nanowires long axis angle for both assemblages (A & B) of 3 NiFe nanowires, and (c)
normalised switching field for both assemblages of wires and the theoretical curling curve (red continuous

line). The dashed lines provide a guide to the eye.
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with 250-300 nm diameters and 3-8 pum lengths change from the curling to the S-W model
at angles more than 60° and 75° respectively [29]. They attributed this change to the
competition between the shape anisotropy and magnetostatic interactions among the
interacting wires. Rheem et. al. also used MR measurements to study the magnetisation
reversal in isolated CoyoNigy nanowires with 200 nm diameter and they found that the
magnetisation reversal changes from curling to S-W at angle greater than 75° [47].
Therefore, the change in the magnetisation reversal here could be attributed to the
complicated magnetostatic interactions among these wires. However, the difference in the
angle of changing reversal between these two assemblages may be attributed to the
difference in the effect of magnetostatic interactions among the interacting wires.
Nonetheless, the switching fields obtained from the main (large) features in the profiles
of both assemblages of wires are much lower than the switching field obtained previously
from MOKE measurements of the same assemblage of nanowires. Moreover, the angular
dependence of the switching fields were also showed different behaviour than the angular
dependence obtained from MOKE measurements. The significance of the differences will
be discussed in the following section, since this is the first study to combine MR and

MOKE measurements on the same nanowires.

8-6 Comparison of magnetisation behaviour between MOKE and MR measurements
In order to get a fuller understanding of the magnetisation behaviour of these small
assemblages of nanowires, the switching fields obtained from MOKE and MR
measurements were compared with the switching fields obtained from similar compositions
and dimensions reported in the literature that adopted the same investigative techniques.
Then, the results of MOKE and MR measurements were compared with each other. All of
the switching fields reported in the following discussion were obtained when the magnetic

field nominally applied parallel to the nanowire long axis.
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The average switching field obtained from repeating MOKE measurements of bundles
of three NiFe nanowires was found to be ~134 Oe (see Figure 8.7(a)). Very recently, Lupu
et. al. used only the MOKE technique to probe the magnetic properties of a range of
isolated NiggFeyp nanowires with diameters ranged from 35 to 300 nm [5]. The estimated
switching field of 300 nm diameter from their data was found to be around 100 Oe.
Comparing this value with the value presented here, a good agreement is clearly obtained
since the diameter of nanowires investigated here was smaller than Lupu's wires.

The fields at which the small features occur in the MR profiles were found to be around
100-240 Oe (see for example Figure 8.21). Comparing these values with the switching field
obtained from MOKE measurements, a comparable agreement is clearly observed. This
agreement suggests that these features may correspond to the magnetisation reversal at the
surface of these nanowires.

However, for both assemblages of wires investigated with MR measurements, the
switching fields obtained from the fields at which the large features occur in the profiles
were found to be around 24 Oe and 16 Oe, respectively (see Figure 8.17). Comparing these
values with the switching field obtained from MOKE measurements, a large difference is
clearly seen. Rheem et. al. studied the magnetic behaviour of individual NigsFe;s [33,46]
and individual NiggCoyo [47] nanowires with 200 nm diameters and more than 5 um lengths
using only MR measurements. The estimated switching fields from their data were found to
be around 15 and 28 Oe, respectively. Comparing these values with the MR values reported
here, again good agreement is obtained.

Now, comparing the behaviour of angular dependence of the switching fields obtained
from MOKE (Figure 8.15(c)) and MR measurements (Figure 8.22(c)), a large difference is
clear. This difference suggests that the magnetisation reversal within these wires may occur

in different ways to the classical models mentioned earlier.
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It is well known that MOKE setup is a sensitive technique to probe only the surface
magnetisation to a depth of the order of the skin-depth of the nanowires [4,5,54]. In
contrast, MR measurements are sensitive to probe the whole bulk of the nanowires but only
when there are changes in the angular orientation of the magnetic moments. It has been
reported elsewhere that the surface magnetisation of plane shaped iron single crystal thin
film [54] and amorphous microwires behaves differently from the bulk magnetisation.
Therefore, the two different behaviours obtained here from MR and MOKE measurements
strongly suggest that the surface magnetisation behaves differently from the bulk
magnetisation of such thick nanowires. Micromagnetic simulations on the similar
composition and diameter of nanowires confirm that the magnetisation at the surface
behaves differently from their bulk. Moreover, the micromagnetic spin structures of such
wires indicate that the reversal is not a simple curling-like behaviour, as will be seen in

chapter nine.

8-7 Technical difficulties associated with the electrical measurements of isolated wires

During the course of this research, various technical difficulties were faced in forming
electrical connections and measuring the electrical transport properties of the template
released isolated ferromagnetic nanowires. One of the most important difficulties was
associated with the electrical connection of these wires to the contact pads, as described in
chapter four.

In spite of all these difficulties, a range of nanowire samples were successfully
connected to the contact pads by platinum and gold electrodes using both local chemical
vapour deposition and electron beam lithography, respectively (e.g. see Figure 4.18).
However, the magnetoresistance measurements of such nanowires showed that the
connections were non-ohmic and highly resistive, 1 MQ, or an open circuit. This was

attributed to various reasons. The most important one being the formation of carbon and
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hydroxide contaminants during the Pt deposition, as investigated elsewhere using other
compositions of wires [51]. The formation of oxides, hydroxides or any other residual
layers during the release and placing of nanowires on the substrate is another significant
reason cited in literature [32,33,48]. Thus, the contacts were improved by removing the
undesired oxides or residual coatings layers at the areas along nanowires where the contacts
were to be made using direct electron beam milling to remove a layer of thickness about 5
nm before electrode patterning. But, the magnetoresistance measurements resulted in an
extremely high and noisy voltage readings. This noise was found to be larger than the signal
of the voltage drop across the nanowire, making the desired measurement unviable,
although the current—voltage measurements demonstrate that the contacts were ohmic.
Finally, the deposited gold electrodes might be not thick enough (around 35 nm) to
adequately connect these circular cross-section nanowires with the electrodes, although the
SEM analyses showed that these wires are properly connected. This needs more

investigations with increasing the thickness of the deposited gold electrodes.

8-8 Chapter conclusions

Magnetic and electrical transport behaviour of template released isolated ferromagnetic
nanowires were systematically investigated using highly sensitive MOKE magnetometry
and MR measurements, respectively. In order to understand the magnetic properties of the
materials that form templated nanowires, a range of electrodeposited thin films were
investigated. These measurements were performed by applying the magnetic field at
different angles with respect to the samples long axis.

The results of studying the magnetic properties at different locations of the
electrodeposited thin films revealed their isotropic nature with a distribution of coercivity
across the samples area that was more noticeable with decreasing the deposition time (film

thickness). This was attributed to the surface roughness that occurs as a result of the
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formation of voids or defects during the fabrication process. These structural variations
behaves as a pinning centers for domain walls during the application of magnetic field
which leads to enhanced coercivity. For both materials investigated here a reduction in the
coercivity was noticed with increasing deposition time. This was attributed to a reduction of
surface roughness and the formation of multi-domain structure. The coercivity of NiFe
films was found to be lower than the counterpart Ni films at small deposition times
indicating the softer behaviour of NiFe films.

In contrast to the results reported in literature for two dimensional arrays of nanowires,
the shape of the hysteresis loops obtained from MOKE measurements of isolated
individual, bundles of closely packed and clusters of spaced nanowires were found to have
high remanence ratio with a well defined switching behaviour indicating that the magnetic
easy axis directed along the nanowire long axis. The switching fields obtained from these
wires were much higher than their counterpart thin films indicating the dominate shape
anisotropy on the nanowires behaviour. A distribution of switching fields was observed by
repeating the measurements at different locations on these nanowires. The width of the
switching field distributions for individual nanowires was attributed to differences in the
surface structure and dimensional variations. For bundles of closely packed wires and
clusters of more widely spaced wires, the switching fields depend upon the magnetostatic
interactions among the nanowires. The variation in the behaviour between different bundles
of wires depends upon the separation among the interacting wires. In tightly bunched wires,
the switching field was reduced for larger number of wires, while for more widely spaced
and poorly aligned nanowires the switching field was more variable and depends on the
details of the nanowire assemblage.

At all angles investigated here, square hysteresis loops were obtained from the angular
MOKE measurements of such isolated wires. This behaviour was attributed to the rotation

of the easy axis of magnetisation with the direction of applied field or the difficulty in
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recognising the change in the shape of these loops due to the distortion occurred with other
magneto-optical effects, or due to the detection of the transverse component of
magnetisation within these nanowire samples. The angular dependence of switching fields
for all the wires investigated here showed some agreement with the theoretical calculation
of curling model.

In spite of all the technical difficulties associated with the electrical connection and
measurements of isolated nanowires, the electrical transport properties of two bundles of 3
NiFe nanowires were measured using two probe magnetoresistance setup after electrically
connecting these wires to prefabricated gold contact pads and the external measurement
circuitry. The electrical resistance was found in a reasonable agreement with the theoretical
estimations. The experimental MR data was in agreement with the theoretical predictions of
the anisotropic magnetoresistance. The anisotropic magnetoresistance ratio for both small
assemblages of nanowires was in agreement with the value of bulk NigFes reported in
literature. Inhomogeneous magnetic structures were obtained at remanence, where ~92% of
the magnetic moments were aligned parallel to the nanowire's long axis when the field was
reduced to zero in longitudinal measurements indicating that the shape anisotropy was
dominating the behaviour. In contrast, about 65% for assemblage (A) and 30% for
assemblage (B) of the magnetic moments were aligned away from the nanowire's long axis
upon removing the magnetic field in the transverse measurements. This behaviour was
attributed to the stray field originating from the surrounding wires or due to the nanowire's
surface regularties or the difference between surface and bulk magnetisation behaviour

The MR measurments of two assemblages of 3 NiFe wires showed small and large
features in the resistance profiles. The angular dependence of the switching field obtained
from the large features were compared with the theoretical calculations from the curling
model. An agreement was obtained at small angles and disagreement at higher angles

indicated that the magnetisation reversal in these wires changed from curling to S-W
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models. This behaviour was in agreement with other results reported in the literature using
other compositions of wires and other investigative techniques.

The extracted fields from the small and large features in the MR profiles were compared
with each other and with the switching field obtained from MOKE measurments on the
same assemblages of nanowires. A slight difference was obtained between the two
assemblages of wires and was attributed to the differnce in the length of these wires or the
complicated magnetostatic intractions in these assemblages. The field values obtained from
the small features were found to be in reasonable agreement with the MOKE switching
fields, whilst the fields extracted from the main features were found to disagree with the
MOKE measurements. Since this was the first study to combine the MR and MOKE
measurements on the same wires, these values were compared (discussed) with the
literature that adopted the same investigative techniques and similar composition and
dimension of nanowires. Agreements obtained from these comparisons indicate that the

magnetisation at the surface behaves differently from the bulk in such isolated nanowires.
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Chapter nine
Results: Magnetic and magnetisation reversal behaviour of individual cylindrical and

planar nanowires investigated by micromagnetic simulations

9-1 Introduction

Micromagnetic modelling is a rigorous approach widely used to investigate the magnetic
properties of a wide range of ferromagnetic structures including nanodots, nanotubes and
nanowires [1-12]. It has the ability to simulate hysteresis loops and to visualise the
magnetisation configurations at any point during a field cycle. Micromagnetic simulations
were systematically used here in order to understand the magnetic and magnetisation
reversal behaviour of a range of individual cylindrical and planar (rectangular) Nig;Fe9
nanowires with the same length and different diameters and thicknesses/widths,
respectively. The effects of nanowire geometry, diameter and thickness on the magnetic
behaviour including the switching fields, squareness ratio and magnetic states before and
during switching have been studied. The magnetisation reversal behaviour of these wires
was investigated by applying two magnetic fields: parallel and perpendicular to the
nanowire long axis. The micromagnetic results for the cylindrical and rectangular structures
are discussed and compared with each other and with the experimental results obtained
from MOKE and MR measurements presented earlier. The micromagnetic results for the
angular dependence of magnetisation reversal are also discussed and compared with the

experimental results and theoretical calculations of curling model of reversal.

9-2 Magnetic properties of individual cylindrical and planar Nig;Fe 9 nanowires
Micromagnetic simulations using the OOMMEF code [13] were systematically performed
to investigate the magnetic behaviour of a range of cylindrical and planar Nig;Fe9
nanowires with different diameters and thicknesses/widths, respectively. The details of the
methodology are presented in chapter five. The diameters and thicknesses of the wires
studied were in the range between 10-200 nm with a fix length of 1 um. This length was
chosen with consideration to the available computer memory and the computation time.
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The simulated structures are relatively short but the aspect ratio of these wires exceeds 5
and therefore no detrimental effects are expected in terms of self demagnetising effect.
Even with a 1 um length, the computation time and memory available were insufficient to
make a reasonable study of nanowires with diameters above 200 nm in the time available.
The simulations were carried out by applying a large magnetic field along the long axis of
the nanowires oriented at a slight tilt with respect to the wire axis of around 1°. The tilting
of the applied field was used in micromagnetic simulations of nanowires and nanotubes to
break the symmetry of the magnetic structure and hence to avoid numerical artefacts in the
simulations and hence yield stable meaningful results [1,2]. The magnitude of the
maximum magnetic field and the field steps were chosen according to test simulations
performed to roughly evaluate the hysteresis shape. In full simulations, the magnetic field
was decreased from saturation in steps of 5 to 10 Oe through zero to the opposite sign. In
the following subsections, the effect of nanowire geometry on the magnetic behaviour is

studied.

9-2.1 Magnetic state of individual cylindrical Nig;Fe 9 nanowires

Figure 9.1 show examples of normalised hysteresis loops obtained from simulations of
cylindrical Nig Fe;9 nanowires with different diameters and the same length when the
magnetic field was applied nominally parallel to the nanowire long axis. As expected, the
hysteresis loops for nanowires with diameter less than 100 nm are square shaped with a
well defined switching behaviour, indicating the dominant shape anisotropy on the
magnetisation behaviour owing to their high aspect ratio. For nanowires with diameters
greater than 175 nm, the loop shape is quite complicated showing different switching
behaviours. For these loops, the switching field and remanent magnetisation are strongly
dependent on the wire diameter.

To investigate the effect of nanowire diameter on the magnetic properties, the switching

fields and the remanent magnetisation were plotted against the nanowires diameter, as
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Figure 9.1 Normalised hysteresis loops obtained from simulations of cylindrical Nig,Fe,o nanowires with
different diameters and the same length using the OOMMEF code when the field was nominally applied
parallel to the nanowires long axis. The wire diameters are marked in the titles. Note the difference in the field

scale bar of the loops.
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shown in Figure 9.2. Clearly, for nanowires with small diameters the switching fields
decrease very rapidly with increasing nanowire diameter up to 40 nm, as shown in Figure
9.2(a). For nanowires with larger diameters (>50 nm), the switching field decreases more
slowly, as demonstrated in the inset of Figure 9.2(a). For nanowires with diameter up to 100
nm, the squareness ratio is close to unity, as shown in Figure 9.2(b). For diameters greater
than 100 nm, the squareness ratio decreases rapidly above 125 nm.

The reduction in the switching fields with increasing nanowire diameter may be
attributed to the formation of multi-domain structures or moment rotations within the
magnetic structure due to the reduction in the shape anisotropy with increasing nanowire
diameter. The effect of nanowire diameter on the magnetic properties has been extensively
investigated experimentally and theoretically elsewhere [14-25]. However, here the
simulations are of individual nanowires with no magnetostatic interactions with other
nearest nanowires as observed in literature in two dimensional arrays of wires. These wires
have no defects or impurities, therefore the reduction in the squareness ratio with increasing

nanowire diameters can be attributed to the effect of the demagnetising field which

increases with increasing nanowires diameter.
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Figure 9.2 (a) Switching field, and (b) squareness ratio obtained from the loops of cylindrical Nig,Feyo
nanowires as a function of their diameter. The inset shows detail in the data. The dashed lines provide a guide

to the eye.
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The remanence ratio provides one useful measure of the magnetisation within the
nanowires. However, the switching behaviour is more complex in wires with diameters
greater than 100 nm. Therefore, the magnetisation volume involved in sharp switching has
also been determined in order to interrogate the magnetisation process. The ratio of the
change in the magnetisation during the switching behaviour, AM, to the total saturation

magnetisation, Mryq, was used to define the magnetic state during the switching

behaviour, . These terms are shown in the loop example presented in Figure 9.3(a).

Total

AM

The state was obtained as a function of the nanowire diameter and is shown in

Total

Figure 9.3(b). It is clear that the magnetisation fraction involved in sharp switching is
nearly constant up to 60 nm then decreases with increasing nanowires diameter up to 150
nm. For diameters greater than 150 nm, the fraction was nearly constant at their lowest
values (60%). This indicates that the single domain switching volume decreases with
increasing nanowire diameter. This behaviour can again be consistently attributed to the

formation of more complex domain structure in larger diameter (>150 nm) nanowires.
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Figure 9.3(a) Definition of the magnetic state during the switching behaviour in a loop example, and (b)
magnetic state during the switching behaviour as a function of the nanowire diameter, the dashed line provide

a guide to the eye.

222



Chapter nine. Results: Magnetic and magnetisation reversal behaviour of individual cylindrical and
planar nanowires investigated by micromagnetic simulations

9-2.2 Magnetic properties of individual planar Nig;Fe;9 nanowires

Normalised hysteresis loops were obtained from simulations of planar Nig;Fejg
nanowires with different thicknesses/widths and the same length are presented in Figure
9.4. As with the cylindrical cross-section nanowires the hysteresis loops of these square-
section nanowires are square shaped with a very high remanent magnetisation for nanowire
dimensions up to 100 nm. For nanowire dimensions greater than 175 nm, the loops are
complicated showing some different features with different switching fields. The switching
field and remanent magnetisation of these loops are strongly dependent on the nanowire
dimensions.

Figure 9.5 summarise the effect of nanowire thickness/width on the switching field and
remanent magnetisation behaviour. The planar nanowires show very similar trends to those
seen for the cylindrical cross-section nanowires. Two different regimes were identified. For
nanowires with small thickness/width (<40 nm), the switching field decreases very rapidly
with increasing nanowire dimension, as shown in Figure 9.5(a). For larger dimensions (>50
nm), the switching field decreases much more slowly, as shown in the inset of Figure
9.5(a). This behaviour is in a good agreement with simulated individual rectangular Ni
nanowires reported in the literature [9]. This behaviour again might be related to the
tendency of these wires to form single domain structures or due to the increase of the shape
anisotropy when decreasing the nanowire cross-sectional dimensions. Figure 9.5(b) shows
the squareness ratio as a function of nanowire thickness/width. For nanowires with
dimensions up to 100 nm, the squareness ratio is close to 1.0, and then it decreases up to the
maximum dimensions of 200 nm. This can be attributed again to the effect of
demagnetising field which leads to the formation of multi-domain structures.

To better understand the magnetisation behaviour as a function of magnetic field, the

change in the orientation of the magnetic moments within the nanowire prior to the main
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Figure 9.4 Normalised hysteresis loops obtained from simulations of planar Nig,Fe;9 nanowires with different
thicknesses/widths using the OOMMEF software when the field was applied nominally parallel to the nanowire
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Figure 9.5 (a) Switching field, and (b) squareness ratio as a function of nanowire thickness/width. The inset

shows detail in the data. The dashed lines provide a guide to the eye.

switching event (reversal) had been obtained from the simulations performed in this field
region. This was carried out by sweeping the magnetic field up and down in the field region
where the magnetic moments start to rotate and take up to just before the switching
behaviour. Examples of the behaviour are shown in Figure 9.6 for four different dimensions
of wires. These simulations demonstrate that the changes in the magnetisation within the
wires are largely reversible with some complications occurring for thicker (>150 nm)
nanowires.

As for the cylindrical cross-section nanowires, the ratio of the change in the

magnetisation during the switching behaviour to the total saturation magnetisation,

b
Total

was also investigated. Figure 9.7 shows the fractional magnetisation involved in the
switching behaviour as a function of nanowire thickness/width. Again, the magnetisation
fraction was constant up to 60 nm and then drops between 60 nm and 125 nm. For
nanowires with diameter greater than 125 nm, the magnetisation fraction appears constant
at about 65%. This behaviour indicates the formation of domain structures as the system

moves from a simple single domain state to a multi-domain structure.
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Figure 9.6 The magnetisation behaviour obtained as a function of applied field below the switching behaviour

of different nanowire thicknesses as indicated in the loops title. Note the difference in the vertical scales.
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9-2.3 Comparison of magnetisation behaviour between cylindrical and planar wires
In order to compare the effect of nanowires geometry on the magnetic behaviour, the
switching fields of the cylindrical and square cross-section nanowires were plotted as a

function of nanowires diameter/thickness in Figure 9.8. The switching fields behaviour for
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Figure 9.8(a) Switching field as a function of nanowire diameter/thickness, and (b) zoom in the

measurements. The dashed lines provide a guide to the eye.

both geometries of wires were almost identical. The switching field of the cylindrical
nanowires were very slightly higher than the switching field of planar nanowires (see
Figure 9.8(b)) at the smallest cross-sections. Since, the magnetic parameters used for the
simulations and the size of the wires are the same, therefore it is reasonable to expect that
the slight difference in the switching fields are related to the discretisation effect. This
effect may appear as a result of the step wise curving surfaces used to create the cylindrical
wires meshes, which was more noticeable with decreasing the nanowires diameter. This
staircase-like structuring may add complexity to the domain structure and hence slightly
increasing the magnetic field required to switch the magnetisation from one state to another.
Moreover, the existence of sharp corners in the planar nanowires may prevent the
occurrence of the vortex state easily at the edges of the wires.

The effect of nanowire geometry on the remanent magnetisation was also investigated.
The squareness ratio of both geometries as a function of nanowires diameter/thickness was
plotted in Figure 9.9(a). The general behaviour for both geometries was again the same.
There was no noticeable difference between the two geometries of nanowires with

diameters up to 150 nm.
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Figure 9.9(a) Squareness ratio, and (b) the magnetic state during the switching behaviour as a function of

nanowire diameter/thickness for both geometries of nanowires. The dashed lines provide a guide to the eye.

However, the planar nanowires with diameters greater than 150 nm show slightly higher
squareness ratio than their cylindrical counterparts. This behaviour reveals the slight
difference in the domain structures within these wires. Figure 9.9(b) shows the change in
the magnetic state during the switching behaviour for both cylindrical and planar nanowires
as a function of their diameter/thickness. For both geometries, the behaviour is almost
identical up to 125-150 nm. Above 150 nm, the cylindrical nanowires show slightly lower
values than for planar wires. This again may be consistently attributed to the difference in

domain structures formed with increasing wire diameter.

9-2.4 Comparison of simulated magnetisation behaviour with experimental results

In order to get a full understanding of the magnetisation behaviour of thick nanowires,
the switching fields obtained from simulation of a cylindrical Nig;Fe 9 nanowire of 200 nm
diameter were compared with the switching field of their counterpart nanowires obtained
experimentally from MR and MOKE measurements. It should be noted that the
composition of the nanowires investigated experimentally was approximately NigoFeso.

As mentioned earlier in this chapter, two different switching behaviours were noticed in
the loops obtained from the simulation of cylindrical and planar cross-section nanowires of

greater than 175 nm diameter/thickness (see for example Figure 9.1(h) and 9.2(h)). The
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extracted switching fields from the loop obtained for a cylindrical nanowire with diameter
of 200 nm are approximately 31 Oe and 263 Oe (see Figure 9.1(h)). These two switching
events indicate that there are at least two magnetisation features in the reversal of such
relatively thick nanowire.

The switching fields obtained from the large and small features in the MR measurements
of the NiFe wires of similar dimensions were 16-24 Oe and 100-240 Oe (see for example
Figures 8.22 and 8.17), respectively. The average switching fields obtained from MOKE
measurements of individual and bundles of 3 NiFe nanowires was around 165 Oe and
1340e (see Figures 8.5(b) and 8.7(a)), respectively. Comparing all these switching fields
with the switching fields obtained from the simulations, reasonably good agreement is
observed, although the simulation values are higher than the experimental results. It has
been reported elsewhere that the switching fields of arrays of Ni, Fe and Co nanowires
decreases with increasing the temperature from liquid helium to room temperature [14-
16,25]. Thus, the difference between the experimental and simulation switching field values
may reasonably attributed to the temperature difference between the room temperature
measurements and zero temperature simulations. The nanowire compositional variations
may have also an influence on the switching field difference. This is due to the difference in
the saturation magnetisation and hence the demagnetising field. Moreover, the simulated
nanowires are free from impurities, defects and structural variations that were noted in the
real nanowires (discussed in chapter six). These imperfections can distort the spin
configuration structure and give different values of switching fields as discussed in Ref
[26].

Both micromagnetic simulations and the MR setup are techniques sensitive to the
orientation of the whole magnetic moments within the bulk of the wires, whilst the MOKE

is sensitive to the surface magnetisation, the micromagnetic simulations may therefore also
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suggest that the magnetisation at the surface of thick nanowires behaves differently from
their bulk.

To confirm this result, the magnetic moment distributions obtained during the
magnetisation reversal of this nanowire is presented in Figures 9.10 and 9.11. These
micromagnetic spin structure snapshots represent a cross-section through the centre of
nanowire along its axis and normal cross-sections of the left, middle, and right hand ends of
the nanowire, respectively at different field strengths, as marked in the loop shown in
Figure 9.10(a). The spin configuration in snapshot (i) is obtained at saturation
magnetisation, whilst snapshot (ii) at remanence and (iii), (iv), (v) & (vi) are obtained
during the reversal behaviour (switching events). As expected, the magnetic moments were
aligned parallel to the applied field at saturation magnetisation with the existence of vortex
states at both ends of the wire. At remanent magnetisation (ii), the nanowire shows multi-
domain structure and the magnetic moments are in a vortex state along the length of the
wire. During the first switching behaviour (iii) to (v), very complicated domain structures
are obtained. During the second switching behaviour (vi), the magnetic moments change
their orientation to the opposite direction forming again vortex state at both ends of wires.
These snapshots however reflect the complexity in the spin structure in such nanowire,
which further support the difference in the magnetic moment behaviour between the surface
and the bulk of the nanowires. Thus, it may be concluded that the magnetisation behaviour
at the surface of thick nanowires reverse differently from their core. This explains the
previously disparate observations for MR and MOKE for other researchers and the
combined MR and MOKE study presented here. The micromagnetic spin structures also
indicate that the reversal is not a simple curling-like behaviour, although the angular

switching field dependence is compared with curling later in the following section.
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( a) i Cylindrical nanowire-200 nm
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Figure 9.10(a) Normalised hysteresis loop obtained from simulations of cylindrical Nig;Fe 9 nanowire with
200 nm diameter showing the positions at which the spin configurations were obtained, and (b) snapshots of
magnetic moment distributions along the centre of the nanowires long axis at different field strengths. The

colour variation represents the x-z angle of the spin.
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Figure 9.11 Snapshots of magnetic moment distributions obtained at normal cross-section of the left end,

middle, and right end of the cylindrical NigFe;9 nanowire with 200 nm diameter at different field strengths.

The colour variation represents the x-y angle of the spin.
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9-3 Angular dependence of magnetisation reversal

In order to understand the details of the magnetisation reversal behaviour and the
underlying mechanism in these wires, a series of micromagnetic simulations were
performed to investigate the angular dependence of switching fields and remanent
magnetisation for both cylindrical and planar Nig;Fe 9 nanowires with a range of diameters
and thicknesses, respectively. Then, the angular dependence of switching fields for the
thicker nanowire was compared with the curling mode of reversal and with their
counterpart nanowire measured experimentally by MOKE magnetometry.
9-3.1 Angular dependence of magnetisation reversal in cylindrical and planar wires

Since, there is no simple method within the OOMMEF  software to rotate the nanowire
with respect to the axis of the applied magnetic field, the simulations of angular dependence
were performed by combining magnetic fields along two orthogonal directions with respect
to the nanowires long axis. One was applied along the long axis of the nanowire with a
strength of, H,, and the other was applied normal to the nanowire long axis with a strength
of, H,, as schematically shown in Figure 9.12.

Using trigonometric relations, the vector sum of the magnetic field along the selected

angle, 6, with respect to the nanowire long axis was determined using the following relation:

Hy = \JHZ + HZ 9-1

> H

Figure 9.12 Schematic diagrams showing the two fields applied along and normal to the nanowire long axis
and the projections of the two components of the magnetisation. The calculated field at a specific angle was
then defined within the OOMMEF code to study the angular dependence of magnetisation reversal in individual

NigFe 9 nanowires.
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In response to this magnetic field the magnetisation changes within the nanowire to a net

state, M 4. For hysteresis loops the component of M, called My, along Hyg, was calculated.
The angle ¢, can be obtained from:

tang = % 9-2

X

The magnetisation along the angle, @, was obtained using the following relation:

My =Mz + M5 9-3
whilst, the magnetisation along the angle, 0, is given by:

Mg = My cos (6 — ¢) 9-4
Accordingly, the magnetic field, Hy, was defined in the micromagnetic input files, MIF,
within the OOMMEF code to simulate the hysteresis loops at different angles. Then, the
hysteresis loops and the angular dependence of the switching fields and remanent
magnetisation were calculated using the relations 9-1 to 9-4.

Figures 9.13 to 9.15 show three typical examples of normalised hysteresis loops
obtained from the simulations of three different dimensions (30, 75 and 150 nm) of planar

Nig;Fe 9 nanowires for different angles (0°, 15°, 30°, 45°, 60°, 75°, and 90°).
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Figure 9.13 Normalised hysteresis loops obtained from simulations of planar Nig;Fe 9 nanowires with

dimensions of 30 nm at different angles as indicated in the loops title.
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Figure 9.14 Examples of normalised hysteresis loops obtained from simulations of planar NigFe o nanowires

with dimensions of 75 nm at different angles as indicated in the loops title.
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Figure 9.15 Examples of normalised hysteresis loops obtained from simulations of planar Nig,Fe 9 nanowires

with dimensions of 150 nm at different angles as indicated in the loops title. The insets are zoom in the loops.

For both geometries of cylindrical and square cross-section nanowires, the hysteresis
loops have a well-defined switching behaviour up to 125 nm diameter/thickness and for all

angles investigated here. For nanowires with diameters/thicknesses greater than 150 nm, the
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loops shape are complicated showing different switching features with increasing the
nanowires angle as shown in Figure 9.15 and their insets. With increasing angle, the loops
become less rectangular for all diameters/thicknesses. From all these results, a strong
dependence of the remanent magnetisation and the switching field was observed.

The angular dependence of the remanent magnetisation of four different
diameters/thicknesses (30, 50, 100, and 150 nm) are plotted in Figure 9.16. There is no
appreciable difference in the remanent magnetisation between the two geometries for all the
angles investigated. There is a slight reduction in the remanent magnetisation with
increasing the nanowire diameter above 100 nm. This reduction was noticed for all angles

of measurement. As an example, the remanence ratio is ~1 for nanowires up to 100 nm and

decreases to ~0.7 for nanowires with 150 nm diameter when the field was applied parallel
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Figure 9.16 Remanent magnetisation as a function of nanowires angle for both cylindrical and planar
nanowires with four different examples of diameters/thicknesses as indicated in the figure titles. The dashed

lines are theoretical fitting curves from equation 9-5.
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to the nanowire long axis. The remanent magnetisation was highest when the field was
applied parallel to the nanowire long axis. It then decreases continuously with increasing
angle and vanishes for field applied at an angle of 90°.

The slight reduction in the remanent magnetisation with increasing nanowire
diameter/thickness can again be attributed to the formation of multi-domain structures, as
described in the previous sections. The reduction in the remanent magnetisation with
increasing the nanowire angles can be explained as follows:

When the nanowire is parallel to the applied magnetic field, Hg, and upon removing the
field, the remanence ratio, as expected, show the highest value in all nanowires
investigated. This is because the magnetic moments are largely oriented along the easy axis
of magnetisation owing to the high shape anisotropy. Increasing the field angle with respect
to the easy axis of magnetisation and upon removing the applied field, the magnetic
moments relax and reoriente again along the nanowire long axis due to the dominance of
shape anisotropy on the behaviour, thus reducing the remanent magnetisation at that
direction with increasing the nanowire angles.

Returning to the schematic diagram presented in Figure 9.12, the remanent
magnetisation, Mp, at any angle, €, can be approximated by the projection of the

magnetisation along the direction of the measurements using the following relation [27-29]:

Mgr(0) = Mg(ll)|cos0| 9-5

where, Mg (ll), is the remanent magnetisation at an angle 6=0 (i.e. when the magnetic field,
Hpg, 1s parallel to the nanowire long axis). Using the above approximation, an excellent
agreement was obtained for all diameters/thicknesses and angles investigated here as shown
by the fitting curves in Figure 9.16. This indicates that the easy axis of magnetisation is
maintained along the long axis of the nanowires due to the dominant shape anisotropy on

the behaviour.
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The switching fields obtained from the angular dependent simulations for both
geometries of nanowires were plotted as a function of angle of the nanowire's long axis in
Figure 9.17 for four different diameters/thicknesses (30, 50, 100, and 150 nm). Similar
behaviour is clearly seen for both geometries of nanowires. For all angles investigated, the
thin cylindrical nanowires (30 and 50 nm) show slightly higher switching fields than their
planar counterparts. This may again related to the discretisation effect of the cylindrical
nanowires as discussed in the previous sections or due to the existence of sharp corners in
the planar wires which may prevent the occurrence of the vortex state at the edges of the
wires.

From these figures, two regimes were identified. For very thin nanowires less than 30

nm, a sharp decrease in the switching field was noticed with increasing the nanowire angle
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Figure 9.17 Switching field as a function of nanowire angle extracted from the loops of both geometries of
Nig,Fe 9 nanowires with four different examples of diameters / thicknesses as indicated in the figure titles. The

dashed lines provide a guide to the eye.
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up to ~20°. The switching field is nearly constant between 20° up to 60°. Then it increases
rapidly at higher angles (>60°). In contrast, for nanowires with diameter/thickness greater
than 50 nm, the switching fields increase very slowly up to about 40°. Then it increase more
rapidly to the highest value up to 75°. This behaviour suggests a transition in the
magnetisation behaviour between nanowires 30 nm and 50 nm in diameter/thickness. This
observation is in a full agreement with the other results in the literature using different
compositions of nanowires and investigative techniques [10,30,31]. For instance,
Wernsdorfer et. al. used micro-SQUID to measure the magnetisation reversal behaviour of
individual Ni nanowires with diameters ranged from 40 to 100 nm and they found a

transition diameter 34+4 nm [30].

9-3.2 Angular dependence: comparison with the curling model and MOKE results
Comparing the angular dependence of the switching field obtained from the simulations
of the largest thickness investigated here (150 nm) with the theoretical calculations of
curling model of reversal, after normalising the switching fields to the minimum values,
good agreement was obtained at all angles investigated as shown in Figure 9.18(a). This
agreement suggests that the curling model is a reasonable analytical representation of the
magnetisation reversal processes in such a nanowire. However, the micromagnetic structure
presented earlier in Figure 9.10 is more complex and is not a simple curling-like behaviour.
Now comparing the angular dependence of the switching field obtained from simulation
of the NigFe;9 wire with the experimental MOKE measurement of a 200 nm diameter
NigoFeso nanowire presented in chapter eight: The general trend in switching field agrees at
small angles (< 35°) as shown in Figure 9.18(b). At higher angles (> 35°), a deviation in the
switching field values is observed indicating that the magnetisation reversal behaviour in
the experimental wire may change at higher angles although the wire diameter is likely to
have an effect. However, for all angles investigated the simulated wire show higher

switching fields than their counterpart experimental wire.
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Figure 9.18 Normalised switching field as a function of nanowire angle with 150 nm thickness, the dashed
line is a curling model fit. (b) switching field as a function of nanowire angle for both simulated (150 nm) and

MOKE experimental nanowires (200 nm), the dashed lines provide a guide to the eye.

As an example, the switching field obtained from the simulated wire was 210 Oe when the
field was applied parallel to the nanowire long axis, whilst 165 Oe for nanowire measured
with MOKE magnetometry. This difference is expected since the simulation was performed
at OK and the simulated wire has smaller diameter than the experimental wire [14-
16,22,25]. Furthermore, the Ni to Fe content of the experimental wires was 60:40 (see
chapter six), whereas the simulation was used parameters of 81:19. As reported elsewhere

increasing the Ni content increases the switching field [32].

9-4 Chapter conclusions

Micromagnetic simulations were employed using the OOMMEF software to investigate
the magnetic and magnetisation reversal behaviour of both cylindrical and planar cross-
section Nig;Fe 9 nanowires with a range of diameters and thicknesses up to 200 nm with the
same length of 1 um. The results of these studies were compared with the experimental
results and the theoretical calculations of the curling model of reversal.

The effect of nanowire geometry and dimensions on the magnetic properties including
switching fields, remanent magnetisation and magnetic state before and during the

switching behaviour were discussed and compared with each other. In both geometries of
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nanowires, the switching fields increased with decreasing nanowires diameter and
thickness. This was attributed to the formation of a more well defined single domain
structure due to the enhanced shape anisotropy as the diameter/thickness of nanowires get
smaller. The cylindrical nanowires showed slightly higher switching fields than their
counterparts planar nanowires. This was more noticeable in thinner wires and was
attributed to the discretisation effect of cylindrical nanowires or the existence of sharp
corners in the planar wires which may prevent the occurrence of the vortex state at the
edges of the wires.

Nanowires with diameters and thicknesses up to 100 nm showed higher squareness ratio
than thicker nanowires. This was attributed to the effect of the demagnetising field which
decreased with decreasing the nanowires diameter. There was no noticeable difference in
the remanent magnetisation between the two geometries of nanowires up to 150 nm. The
planar nanowires with diameters greater than 150 nm showed slightly higher squareness
ratio than the cylindrical nanowires. This was attributed to the formation of complicated
domain structures as the nanowires became thicker.

The values of switching fields extracted from the simulation loop of nanowire with 200
nm diameter were compared and discussed with the results obtained from the experimental
MOKE and MR measurements. Simulations suggest that the surface magnetisation of thick
nanowires behaves differently from their bulk in agreement with the experimental results
found here. Snapshots of the micromagnetic moment distributions from simulations of the
reversal behaviour in such thick nanowires showed a complex evolving domain structure.

For both geometries of nanowires, the angular dependence of the remanent
magnetisation and the switching fields of a range of diameters and thicknesses were
investigated. The remanent magnetisation was higher when the field was applied parallel to

the nanowire long axis due to the dominant shape anisotropy. The remanent magnetisation
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decreased with increasing nanowire angle and showed a good agreement with the
theoretical calculations indicating the dominance of shape anisotropy.

The angular dependence of the switching field showed that nanowires with less than 30
nm diameter reverse differently from the nanowires with diameters greater than 50 nm. This
behaviour was in a full agreement with the results reported in literature using other
compositions of wires and investigative techniques. The simulated wire showed a higher
switching field than the counterpart experimental wire. This variation was attributed to the
difference in the nanowire diameter and composition in addition to the difference of
temperature between the simulation and measurements. The angular dependence showed a
good agreement with the classical curling model of reversal at all angles indicating that the
curling model of reversal was a reasonable analytical representation of the magnetisation
reversal process in such a nanowire. On the other hand, a deviation in the switching fields
between the simulated and measured wires at higher angles was obtained, indicating that

the reversal in real nanowires may be different at higher angles.
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Chapter ten

Conclusions and suggestions for further work

10.1 Conclusions

Magnetic measurements of template released isolated individual and small bundles of
closely packed cylindrical ferromagnetic nanowires allowed new insight and understanding
of the magnetic and magnetisation reversal behaviour in such nanowires through the
combination of both MOKE and MR measurements complemented by detailed
micromagnetic simulations.

Chapter six mainly presented an investigation of the elemental composition, morphology
and statistical distribution of electrodeposited thin films and template released
ferromagnetic nanowires. EDS &WDS analysis was utilised to confirm the formation of the
electrodeposited thin films on the substrates and to ascertain their composition. The results
demonstrate that these films were free from contamination of boron and sulphur. There was
approximately 20% shift in the Fe content in all electrodeposited NiFe films with respect to
the nominal composition. This was attributed to a high concentration of Fe during the
electrochemical growth. The topography of the electrodeposited thin films was also studied
using grazing incidence X-ray reflectivity measurements. These films were found to be
nonuniform and very rough which was attributed to the formation of voids and defects
during the deposition process. The relationship between electrodeposition growth time and
film thickness was also investigated.

The statistical distributions of the interpore wall thickness (spacing) and nanopore
diameters of the alumina templates were investigated. A wide distribution in the wall
thickness and non-uniformity in the nanopore cross-sections were found even in well
ordered templates (used in other reports) and attributed to a variation in the fabrication of
the template itself. The morphology, distributions of the diameters and lengths of template
released Ni and NiFe nanowires deposited from a dilute suspension onto the substrates were

also studied. The morphology of wires was found to range from smooth cylindrical
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structures to non-uniformity in diameters, surface roughness and surface features that were
attributed to defects or impurities in the internal surfaces of the pores or trapped air pockets
that occurred within the pores during nanowire growth. The distribution of wire diameters
was very similar to the template pore size distribution. The variation of nanowire diameter
was Gaussian in some cases and skewed in some other cases. These variations can lead to
variations in the magnetostatic interactions among the templated wires, making the intrinsic
magnetic properties of individual nanowires difficult to obtain from array measurements.
The distribution of wire lengths for template released nanowires was observed to depend
upon the sonication time, with longer sonication leading to a higher percentage of shorter
nanowires. Bundles of nanowires were also found after releasing and deposition onto
substrates and their formation was attributed to the effect of electrostatic or magnetostatic
forces among these wires. Increasing the sonication time up to approximately one hour was
ineffective for separating these bundles. Bent or broken nanowires with shorter lengths
were noticed with increasing sonication time.

To better understand and interpret the magnetic and electrical transport properties of
isolated nanowires presented in the later chapters, the crystalline structure and the grain
sizes within templated and isolated nanowires was also investigated in chapter six. These
studies were carried out using both XRD analysis and HRTEM measurements incorporating
SAED, respectively. The results demonstrated that these wires have an FCC structure with
small grains distributed randomly and with an average size of about 30 nm for the Ni and
15 nm for the NiFe nanowires. Moreover, larger grains with lengths extending up to ~200
nm were also observed in the Ni nanowires.

In chapter seven, a quantitative investigation showed details of magnetic field assisted
alignment of template released NiFe, Ni and Co nanowires using high resolution scanning
electron microscopy. This process was ultimately performed in order to align these wires

with respect to prefabricated micromarkers and electrical contact pads to allow the MOKE
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and MR measurements to be carried out, respectively. The effect of field strength,
elemental composition and aspect ratio on the efficacy of the magnetic field alignment of
the nanowires was statistically analysed. During the dispersion of nanowires onto the
substrates from a dilute suspension and in the absence of magnetic field, randomly oriented
nanowires were obtained, attributed to various mechanical forces. Under the application of
magnetic fields, the alignment was strongly dependent upon the strength of the applied
field. For all compositions, the percentage of nanowires orientated with the field axis was
found to increase rapidly with increasing magnetic field up to ~200 Oe, followed by a
slower increase up to ~1 kOe for both the NiFe and Ni wires and there was no further
significant change for the Co nanowires. The highest percentage of aligned wires was
obtained for the NiFe nanowires, whereas the lowest percentage of aligned wires was
obtained for the Co nanowires, with the percentage alignment of Ni nanowires falling
between the two. The compositional dependence of the alignment was attributed to both
saturation magnetisation and the competition between magnetocrystalline anisotropy and
shape anisotropy. The effect of the nanowire length on the alignment behaviour was also
statistically investigated. The percentage of longer wires aligned was found to be higher
than the shorter wires. This behaviour was attributed to the increased shape anisotropy
obtained with increasing nanowire length. This chapter also reported some further
observations resulting from the magnetic alignment experiments in addition to the possible
applications of the ferromagnetic nanowires aligned by magnetic fields.

The magnetic and electrical transport behaviour of isolated template released
ferromagnetic nanowires was systematically investigated in chapter eight using both
longitudinal MOKE magnetometry and MR measurements, respectively. In order to deeply
understand the magnetic properties of such nanowires, a range of electrodeposited thin
films were also investigated. To gain an insight into the distribution of the switching fields

across the whole samples (films and wires), the measurements were carried out using a
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focused laser spot at different locations on these samples. To investigate the angular
dependence of the switching fields in these samples, the measurments were performed at
different angles (parallel to perpendicular) with respect to the magnetic field applied.

Square hysteresis loops with high remanence ratios were obtained from measurments of
Ni and NiFe thin films with small local variations when the magnetic field was applied
along two orthognal in-plane axes, indicating an isotropic magnetic nature for these films.
A distribution of the coercive field across the sample area was observed that was larger for
the shorter deposition times. This was attributed to the existence of impurties or surface
roughness introduced during the electrodeposition growth. For both materials investigated
here, a reduction in the coercivity with increasing deposition time was noticed and
attributed to a reduction of surface roughness upon increasing the film thickness and to the
formation of multi-domain structures. The coercivity of the NiFe films at small deposition
times was found to be lower than for the Ni films, indicating the softer behaviour of NiFe
films.

The shape of the MOKE hysteresis loops obtained from measurements of a range of
template released isolated individual, bundles and clusters of ferromagnetic nanowires
when the field was applied parallel to their long axis were found to be largely square, with
well-defined switching behaviour and a high squareness ratio indicating a magnetic easy
axis along the nanowire long axis. This result is quite different from the results reported in
literature using two-dimensional arrays of nanowires measured with VSM and SQUID.
This was attributed to the strong magneto-static interaction amongst these wires or may
reflect the difference between bulk and surface magnetisation behaviour. A distribution of
the switching fields was observed by repeating the measurements at different locations on
the same nanowires. For bundles of closely packed wires and clusters of spaced wires, the
switching fields depend upon the magnetostatic interactions among the interacting

nanowires. The width of the measured switching field distribution for the individual
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nanowire was attributed to the differences in the surface structure and dimension variations
along the nanowire length, whereas the variation in the switching behaviour between the
bundles of wires depends upon the separation between the wires. In the tightly bunched and
aligned wires, the switching field was reduced for increased numbers of wires, whilst for
the more widely spaced and poorly aligned nanowires the switching field was more variable
and depends on the details of the nanowire assemblage. The general behaviour of a
reduction in the switching field in the tightly packed NiFe wires with increasing the number
of nanowires was found in agreement with other results reported in literature using
micromagnetic simulation on other composition and dimension of nanowires. The
switching field obtained from individual NiFe nanowires was higher than their counterpart
Ni nanowire. This was attributed to the difference in length and diameter of these wires.
These results were in agreement with the theoretical calculations performed to calculate the
demagnetising field along the long axis of the wires.

Square hysteresis loops were also obtained from the angular MOKE measurements of
these isolated nanowires as a function of field angle. This behaviour was attributed to some
rotation of the easy axis of magnetisation with the direction of the applied field or the
difficulty in recognising the change in the shape of these loops due to the distortion
occurred with the small signal to noise and possibly other magneto-optical effects, or
perhaps due to the detection of a transverse component of magnetisation in the MOKE
setup. The angular dependence of the normalised switching fields for all of the wires
investigated here showed an agreement with the theoretical calculation for the curling
model at small angles and a deviation from this analytical model at larger angles. This
indicated that the curling model was a reasonable analytical representation of the
magnetisation reversal processes at low angles, whereas more complicated magnetisation

structure occurs at higher angles.
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The electrical transport properties of two assemblages of bundles of 3 NiFe nanowires
were successfully measured and discussed in chapter eight using MR measurements. The
electrical resistance of these assemblages of wires was compared with the theoretical
calculations and accordingly both the gold leads and the contact resistance were estimated.
The technical difficulties associated with the electrical connection and measurements of
isolated nanowires were also presented in this chapter. The angular dependent MR data was
in good agreement with the theoretical predictions for anisotropic magnetoresistance. The
anisotropic magnetoresistance ratio for both assemblages of nanowires was in agreement
with the bulk value reported in literature. These measurements indicated, in contrast to
MOKE measurements, that high percentages of magnetic moments aligned away from the
easy axis of magnetisation upon removing the field at transverse measurements. This
behaviour was attributed to the effect of magnetostatic intraction among these wires or due
to the nanowires surface regularities or the difference between surface and bulk
magnetisation behaviour.

The MR measurments at all angles investigated showed a combination of small and
large features in the resistance profiles. The angular dependence of the switching field
obtained from the field at large features were compared with the theoretical calculations of
curling model. Agreement was observed at small angles and disagreement at higher angles
indicated that the magnetisation reversal in these wires changed from curling to S-W model.
This was in agreement with other results reported in the literature using other composition
of wires and similar dimensions.

For both assemblages of wires, the switching fields obtained from the small and large
features in the MR profiles were compared with each other and with the switching field
obtained from MOKE measurments on the same nanowires. A slight difference in the
switching field were obtained between the two assemblages of wires and was attributed to

the difference in the nanowire length or the complicated magnetostatic intractions in these
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small assemblages of wires. The switching fields obtained from the small features in MR
data were found to be comparable to the switching fields of the large reversal in the MOKE
measurements, whilst the switching fields obtained from the large features were found to be
much less than their counterpart results obtained from MOKE measurements. Since, this
was the first study to combine the MR and MOKE measurements on the same wires, the
switching fields obtained here were compared and discussed with the switching fields of
their counterparts nanowire reported in literature that used the same investigative
techniques. Good agreement was obtained from these comparisons and it is pointed out here
that the magnetisation process at the surface of such isolated nanowires differs from the
bulk. This result was in agreement with the other results reported elsewhere on thin films
and amorphous microwires.

Chapter nine presented an investigation of the magnetic and magnetisation reversal
behaviour of cylindrical and planar cross-section nanowires using micromagnetic modelling
(OOMMF software). These measurements were performed on Nig;Fe 9 nanowires with a
range of diameters/thicknesses between 10 to 200 nm with the same length of 1 pm. The
effect of nanowire cross-sectional geometry and dimensions on the magnetic behaviour
were discussed and compared with each other and with the experimental results obtained
from MOKE and MR measurements.

In both circular and square cross-section geometries, the switching field was found to
increase with decreasing diameter or thickness. This was attributed to the formation of
single domain structures or due to the increase of the shape anisotropy as the diameter and
thickness of the nanowires became smaller. The cylindrical nanowires, showed slightly
higher switching fields than their counterparts planar nanowires. This was attributed to the
discretisation effect of the cylindrical nanowire that may aid complexity to the domain
structure and hence slightly increasing the magnetic field required to switch the

magnetisation from one state to another. Furthermore, the existence of sharp corners in the
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planar nanowires may prevent the occurrence of the vortex state easily at the edges of the
wires.

Nanowires with diameters and thicknesses up to 100 nm showed highest squareness
ratio (~1) than thicker nanowires. This was attributed to the effect of the demagnetising
field which decreases with decreasing the nanowires diameter. There was no noticeable
difference in the remanent magnetisation between the two geometries of nanowires with
diameters/ thickness up to 150 nm. The planar nanowires with diameters more than 150 nm
showed slightly higher squareness ratio than their counterpart cylindrical nanowires. This
again was attributed to the complicated domain structure.

The switching fields obtained from simulation of thick nanowires were compared and
discussed with their counterpart nanowires studied experimentally by MOKE and MR
measurements. There was an agreement between these measurements which further
supports the idea that the surface magnetic moments within the thick nanowires reverse
differently from the bulk. The magnetic moment distributions at different field strengths
showed the complicated domain and domain wall structures within these wires but
relatively simple axial magnetisation at the surface of the nanowires.

The angular dependence of the remanent magnetisation and switching field on a range of
diameters and thicknesses of individual wires were also investigated in chapter nine. This
was carried out using a series of micromagnetic simulations by applying the magnetic fields
along and perpendicular to the nanowires long axis. The remanent magnetisation was found
to decrease with increasing the nanowires long axis angle away from the field. This was
found to be in agreement with the theoretical calculations indicating the dominate shape
anisotropy on the behaviour. The angular dependence of the switching field showed that
nanowires with less than 30 nm diameter reverse differently from the nanowires with
diameters greater than 50 nm. This behaviour was in agreement with other results reported

in literature using other compositions of wires and investigative techniques. The simulated
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wire showed higher switching field than their counterpart experimental wire. This was
attributed to the difference in the nanowire diameter and composition in addition to the
variation of temperature during the simulation and measurements. The normalised angular
dependence showed a good agreement with the classical curling model of reversal at all
angles, indicated that the curling model of reversal was a reasonable analytical
representation of the magnetisation reversal process in such nanowires, although the

micromagnetic structure was actually more complex and not simple curling-like behaviour.

10.2 Suggestions for further work

In order to develop the present work and to gain more understanding on the surface and
bulk magnetisation behaviour in such isolated nanowires, the following are possible
suggestions for further work:

The magnetoresistance measurements could be repeated again on template released
isolated ferromagnetic nanowires using multiprobe electrical connections to eliminate both
effects of contact and gold lead resistance. This configuration of electrical connections
could allow also magnetisation measurements to be performed on different parts on the
same wire and to determine the homogeneity of the magnetisation reversal within a
nanowire.

The MOKE and MR measurements could be undertaken on similar isolated nanowires
with different diameters, lengths and compositions. This will provide a more generalised
understanding of the surface and bulk magnetic and magnetisation reversal behaviour.

As seen in chapters four and eight, a wide range of nanowire samples were electrically
connected to the contact pads, but the magnetoresistance measurements showed that the
connections were often non-ohmic and highly resistive or an open circuit. One of the most
important reasons was that the gold electrodes were not thick enough to adequately connect
these circular cross-section nanowires with the electrodes. Therefore, this needs more work

by increasing the thickness of the deposited electrodes; this may allow the measurements to
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be performed easily on a wide range of isolated nanowires. This would require
improvements to the lithography.

To understand in more details the effect of nanowire geometry on the magnetisation
reversal process in thick nanowires, the results of this study needs to be compared with the
planar cross-section nanowires created by ion beam milling or EBL or LCVD using the
same investigative techniques.

Finally, a detailed comparison of the magnetisation behaviour between individual and
small bundles of ferromagnetic nanowires needs to be studied using micromagnetic
simulations to gain more insight into the effect of magnetostatic interactions among such

small bundles of nanowires.
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