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Abstract
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Magnetic Nanowires with Chemical Constraints

by Jodo FRADET

Technological advancement demands constant miniaturization of functional devices.
Magnetic nanostructures give promise to a vast range of applications in a wide variety of
fields, from scientific research and industry to medicine and private consumption. The
controlled oxidation of aluminum has provided a simple and cost effective way of fabri-
cating metallic nanowires by nanoporous aluminum oxide template assisted electrodepo-
sition, causing a significant boost in the study of such nanostructures.

In this thesis, nanoporous alumina templates were fabricated by anodizing aluminum.
Nickel and Cobalt nanowires with non-magnetic periodic constraints were grown on an-
odized aluminum templates by DC electrodeposition. Structural, morphological, elemen-
tary and magnetic characterization was performed on the fabricated nanowire arrays
by X-ray diffraction, scanning electron microscope, energy dispersive spectroscopy and
SQUID magnetometry. The results interpreted with the assistance of micromagnetic sim-
ulations.

Different phases of the electrodepositon process were identified and correlated to the
deposition of distinct structural material composition. This could provide a novel process
for the control of the magnetic anisotropy of nanostructures with materials with a relevant
magnetocrystalline anisotropy.

The magnetization reversal modes were studied by means of micromagnetic simula-

tions, and interpreted in terms of characteristic length scales.
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Resumo
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Nanofibras Magnéticas com Constri¢des Quimicas

por Jodo FRADET

O progresso tecnolégico requer uma miniaturizagdo constante de dispositivos fun-
cionais. Nanoestruturas magnéticas compreendem um vasto namero de apliagdes tec-
nologicas numa grande variedade de areas, desde a investigacdo cientifica e industria a
medicina e ao consumo particular.

O controlo da oxidac¢do do aluminio, por anodizacdo, permitiu um método versatil e
a baixo custo de fabricacdo de nanofibras metélicas, por electrodeposi¢do em moldes de
O6xido de aluminio, fomentando um acréscimo no estudo destas nanoestruturas.

Nesta dissertacao, sdo fabricadas nanofibras de niquel e cobalto, por electrodeposi¢do
em corrente directa, em moldes de 6xido de aluminio nanoporoso. Foram realizadas
caracterizagdes estruturais, morfoldgicas, elementares e magnéticas por difrac¢ao de raios-
X, microscopia electrénica de varrimento, espectrometria de dispersdo de energias e por
magnetometria SQUID. Diferentes fases de electrodeposi¢do sao identificadas e correlaci-
onadas com a formacao de estruturas cristalinas. Os resultados obtidos indiciam a possi-
bilidade de controlar a anisotropia magnética de nanoestruturas de materiais de anisotro-
pia magnetocristalina relevante, particularmente de nanofibras cilindricas segmentadas.

Foram realizadas simula¢des micromagnéticas de modo a compreender o compor-
tamento magnético de nanofibras cilindricas, particularmente os modos de reversdo da
magnetizacdo, e a nucleagdo e prapagacao de paredes de dominio magnético. Os resulta-

dos sdo interpretados em termos de escalas de comprimento caracteristico.
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Chapter 1

Introduction

1.1 Nanotechnology

The advancement of experimental techniques in the twentieth century, such as the de-
velopment of the field emission microscope in the 20s, the field ion microscope in the
50s, and the scanning tunnelling and atomic force microscopes in the 80s, permitted the
study of matter at the atomic scale, thus laying the foundations for the development of
nanotechnology.

Although the definition of nanotechnology has long been subject to debate, it is usu-
ally referred to as the study and manipulation of matter at the nanoscale. Nanotechnol-
ogy have applications in virtually all scientific and technological fields, from medicine
and biotechnology to energy production, photonics and electronics [1, 2].

The invention of the transistor was a tipping point in the field of electronics, as it per-
mitted the amplification and switching of electric signals with low power consumption,
and became the fundamental element for logic gates. Combined with the possibility of
cheap mass production, it has revolutionized technology in the 20th century.

The advent of the integrated circuit (IC), in the 1960s, was a significant move towards
miniaturization, as the integration of a large number of transistors into a single chip re-
sulted in electronic circuits becoming orders of magnitude smaller, faster and more cost-
effective. Gordon Moore made the observation that the number of transistors packed in
an IC follows a rather predictable tendency, doubling every two years [3]. It was soon no-
ticed a broader meaning to Moore’s Law, also describing the increase in storage density

of memory devices (figure 1.1).
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FIGURE 1.1: Hard disk drive areal density

nanomaterials are considered either 2D (thin trend. Adapted from [4]

films), in which the material is reduced in
only one dimension, 1D (nanowires and nanotubes) in which it is reduced in the other two
dimensions, or 0D where the material is reduced in all three dimensions (e. g. nanoparti-

cles). As such, their properties and applications differ from one another.

1.2 Magnetism in reduced dimensions

The magnetic properties of nanomaterials are of considerable importance in modern nan-
odevices. Shape plays a significant role at the nanoscale, often completely dominating
other sources of the magnetic anisotropy.

The exchange anisotropy (or exchange bias) relates to the surface exchange interac-
tion between an antiferromagnet and a ferromagnet which causes a shift of the magnetic
hysteresis curve of the ferromagnet [6-8]. This effect is used for pinning the state of mag-
netization of ferromagnetic layers, such as the fixed layer in a spin-valve.

In nanomagnetism, it is necessary to consider a set of characteristic lengths below
which, physical properties change. Most nanodevices require a magnetic material to have
a single domain in at least one dimension, the maximum size a material exhibits a single
domain behaviour is therefore an important characteristic length.

Another useful characteristic length is the exchange length [9], which relates to the

balance between the dipolar and exchange interactions. It is of paramount importance
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when considering the discretization for numerical calculations in micromagnetism and is

defined as

l _ ZAEJC
ex — ‘M()Mg

where A,y is the material exchange stiffness, y is the vacuum magnetic permeability
and M; is the saturation magnetization.

Other characteristic lengths include the domain wall width and the coherence radius,
below which nanoparticles exhibit coherent magnetization reversal. When dealing with
transport properties, length scales to consider are the electrons free mean path, the elastic
scattering, the spin-diffusion length and the cyclotron radius. Finally, quantum character-
istic lengths need also be considered such as the Fermi wavelength for confining electrons
in quantum wells and quantum dots, and the Ruderman-Kittel-Kasuya—Yosida (RKKY)
interaction.

By tailoring the properties of magnetic and non-magnetic nanomaterials, one can com-

bine them to construct more complex heterostructures to engineer functional devices.

1.3 Spintronics

The field of spintronics, in which the spin of electrons is manipulated and functional-
ized, has been gaining increased attention since the discovery of giant magnetoresistance
(GMR) in 1988 [10, 11].

This phenomenon arises from spin-dependent

Spin FM NM FM Spin FM NM FM

scattering in ferromagnetic (FM) and conducting
non-magnetic (NM) multilayers, where the elec-
trons with their spin aligned parallel to the magne-
tization of the material will find less resistance than
the ones with the spin aligned anti-parallel [13].
ST " 5pin

f

In a spin-valve [14, 15], two FM layers are sepa-
f

rated by a NM layer. One FM layer is pinned, usu-

Ryt Rit

FIGURE 1.2: Schematic of spin- ally by surface exchange interaction with an anti-

dependent scattering in a spin-valve forromagnetic (AF) layer [6-8], and the other re-
and two-channel model, from [12]
mains free to switch magnetization. Considering a



4 MAGNETIC NANOWIRES WITH CHEMICAL CONSTRAINTS

two-channel circuit model (one channel for each spin-current), the resistance of the spin-

valve is given by

R, — 1R
b=
Ry + Ry

for the state where the layers magnetization is aligned parallel to each other, and

Rp = Nt I Ry
for when they are aligned anti-parallel to each other, where R4 is the resistance felt by
the electrons when their spin is aligned parallel to the magnetization and Ry when they
are aligned anti-parallel to it (figure 1.2).

This significant change in resistance permits the detection of the magnetization of the
free layer by passing very small currents, having applications in magnetic biosensors [16]
and in read-heads for hard-disk storage devices, permitting further scaling of such de-
vices. A mere 8 years after the discovery of giant magnetoresistance, IBM released the
first GMR product, being often regarded as an example of how quickly a fundamental
scientific discovery can reach the consumer market.

The spin-valve also became the fun-
damental cell of the magnetic random-
access memory (MRAM) [18], a non-
volatile random-access memory (RAM)

with relatively high bit density, where

each spin-valve is used to store one
Bit lines

bit of information (figure 1.3). The

Word lines

large difference in resistance permits the

reading of the bits with very small cur- FIGURE 1.3: Rep resegf;o[?;])f a MRAM. Adapted
rents, while the writing is performed by

applying a localized external field by passing a current through both the bit and word
lines connecting the spin-valves. The applied currents must be such that the combined
magnetic fields are sufficient to switch the state of the spin-valve at the intersection of the
bit and word lines, whereas not enough to do so on their own [19]. This imposes a scaling

limit, as the spin valves cannot be too close such that the stray fields switch the state of

neighbouring valves.
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The magnetic tunnel junction [20] has a similar architecture to the spin-valve but with
a thin insulator (tunneling layer) instead of the non-magnetic conducting layer. The
tunneling magnetoresistance permits a further scaling of spintronic devices due to the
larger change in resistance, and therefore enables the sensing of the junction state by even
smaller currents. It quickly completely substituted the spin-valve in read-heads and as
the fundamental cell in the MRAM. It also permits the nearly complete spin-polarization
of currents flowing perpendicularly to the layers (CPP), due to the difference of tunneling
probability of electrons with different spins.

The concept of spin-transfer torque (STT) [21] was first considered in the late 1970s
with Berger’s prediction [22] and latter observation [23, 24] that the spin of electrons
would apply a torque to the domain walls causing it to move. At the time, very high
currents were needed for current induced domain wall motion due to the large size of the
samples. This discouraged follow-up due to the lack of practical application. With ad-
vances in nanofabrication, this concept gained increased attention due to the possibility
of using smaller currents to control the magnetization and the domain wall movement, in
thin films and in nanowires.

In 1996, Slonczewski [25] and Berger [26] independently showed that the magnetiza-
tion of magnetic layers in FM NM multilayers could be reversed by spin polarized cur-
rent flowing perpendicularly to the layers plane. This mechanism replaced the previous
writing system of MRAM devices (STT-MRAM [27, 28]) due to the lower current use, per-
mitting further scaling of the device as it diminishes the stray fields and undesired Joule

heating.

1.4 Magnetic Nanowires

Magnetic nanowires are characterized by large aspect ratios and therefore, shape anisotropy
plays a significant role in their magnetic behaviour, with its contribution to the magnetic
anisotropy along the nanowire axis. For wires where shape anisotropy dominates and the
other sources of anisotropy are negligible, the easy axis lies, therefore, along the wire axis.
If the wire is long enough, magnetic domains are formed due to magnetostatic energy
minimization. The domain-walls will then be either of the head-to-head type, where the
domains magnetization are pointing to each other, or of the tail-to-tail type, where they

are pointing away from each other.
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FIGURE 1.4: (a) Racetrack (b) Write head (c) Read head; Adapted from [36]

By applying a magnetic field parallel to the wire axis, these domain-walls will propa-
gate as the field applies a torque to the magnetic moments, and the regions with the mag-
netization aligned parallel to the field will grow while the anti-parallel ones will shrink.
The magnetic field induced DW movement then causes the head-to-head and tail-to-tail
type DWs to propagate in opposite directions, and the DWs will eventually annihilate
each other as the magnetization becomes saturated. An alternative way to move the DWs
is by the spin-transfer torque (STT) effect, by passing a spin-polarized current through the
material. Unlike with magnetic fields, the domain walls will coherently move in the same
direction.

The magnetization reversal process of magnetic nanowires usually occurs by the nu-
cleation of DWs at the wires’ ends and at defects along the wire, which will then propa-
gate, inverting the magnetization [29, 30]. The DW nucleation can be engineered to occur
at sites of our choosing by fabrication constraints (defects) along the wire.

Such constraints can be either mechanical notches [31], size modulation [32] or chemi-
cal defects [33]. These constraints will also act as pinning sites where propagating domain-
walls will be pinned and further energy is required to unpin them.

The precise control of magnetic domain-walls is essential for future spintronic devices
like the domain-wall racetrack memory [34, 35], where magnetic bits are stored in an array
of vertically aligned nanowires, and are moved by pulses of spin-polarized current to the
read-write heads at the silicon substrate (figure 1.4).

This device depicts the move towards innately three-dimensional devices [37], an idea

that is gaining attention due to present technologies approaching fundamental limits.



1. INTRODUCTION 7

1.5 Micromagnetic simulations

Increasing computing power has permitted the study of micromagnetics by computer
simulations. Several projects exist today for the development of micromagnetic simula-
tion software, like OOMMEF (Object Oriented MicroMagnetic Framework) or the GPU-
based MuMax project [38].
Micromagnetic simulations are based on solving the Landau-Lifshitz-Gilbert equation
which describes the magnetization dynamics:
adM

W = —’)/M X Heff — AM x (M X Heﬂ-‘>

where 7 is the gyromagnetic ratio, and A = zleS, where « is the Landau damping
factor.

The dynamics of the magnetization reversal in cylindrical nanowires are subject of
extensive study by means of micromagnetic simulations [39].

The magnetic reversal modes in nanowires occurs by nucleation and subsequent prop-
agation of domain walls (DW) that are either transverse (TDW) or vortex type (VDW) ,
depending on the wire thickness. [30]. Hertel showed by micromagnetic simulations that
in a nickel cone-shaped nanowire, with a diameter of 60 nm in one end and 30 nm in the
other, a VDW nucleates first at the thicker end of the wire. The DW then propagates until
reaching some critical thickness where it turns in a TDW. The reversal dynamics occurs
by one of these DW types, depending on the nanowire thickness.

The pinning and depinning mechanisms of DWs in topological [32, 40] and chemical
[33] constraints along the wire, is an active filed of study due to its promising applications

in spintronic devices [34].

1.6 Thesis Outline

The objective of this thesis is the fabrication of nickel and cobalt cylindrical nanowires
with periodic non-magnetic chemical constraints by electrodeposition on nanoporous alu-
mina templates, and characterization of the fabricated nanowires. A complementary mi-
cromagnetic study was performed using the GPU accelerated MuMax3 software.

In Chapter 2, the nanowire fabrication methods are discussed, from the anodization

of aluminum for the fabrication of nanoporus alumina templates to the electrodeposition
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methods employed for the fabrication of samples for this thesis, as well as the experimen-
tal techniques used for their structural, morphological and magnetic characterization.

Chapters 3 and 4 discuss the details of the electrodeposition process and the experi-
mental results for the magnetic measurements by a Superconducting Quantum Interfer-
ence Device (SQUID), structural characterization by X-Ray Diffraction (XRD), and mor-
phological and chemical composition by scanning electron microscopy (SEM) and Energy
Dispersive Spectroscopy (EDS), for nickel and cobalt nanowires with non-magnetic con-
straints, respectively, as well as results of micromagnetic simulations.

Finally, in Chapter 5, the conclusions reached in this thesis are stated and further stud-

ies on the subject are called for.



Chapter 2

Experimental Methods

In this chapter, the experimental methods employed in this work are outlined and dis-
cussed. Section 2.1 discusses the nanowire fabrication process with particular focus on
the fabrication of nanoporous alumina templates and DC electrodeposition for the gorwth
of nanowire arrays. In section 2.2, a brief introduction of the characterization techniques

employed in this work is given.

2.1 Nanowire fabrication

Magnetic nanowires were grown by electrodeposition on porous alumina (aluminum ox-
ide) templates [41]. Figure 2.1 shows a schematic of the steps in the fabrication process,
from a high purity aluminum foil, to the electrodeposition process in the nanoporous alu-
mina membrane.

Squares of roughly 1,5 cm side length of a 99,999 % pure aluminum foil were cut.

Prior to the anodization process, the aluminum foils were cleaned in an ultrasound bath

B - WL o

Al anodization Al removal l
DC electrodeposition Gold sputtering l

iBEEEEEL «——— IHEEEEEN] «— IHEREEnl

FIGURE 2.1: Schematics of the nanowire fabrication process.
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for 3 minutes in acetone followed by 3 minutes in 99,9 % pure ethanol, and subsequent

electropolished in order to remove any undesired material at the surface.

2.1.1 Electropolishing

Electropolishing is an electrochemical process used for the removal of undesired material,
such as contaminations or an oxide layer, and to reduce the surface roughness of metals
[42]. The work-piece is immersed in a typically acidic electrolyte, serving as the anode,
and an electric potential is applied. The electric field lines concentrate at the top points of
surface irregularities, dissolving them faster then the bottom points. This phenomenon is
referred to as anodic-levelling.

The electropolishing was performed with a solution of 1/4 perchloric acid 60% (HClOy)
and 3/4 ethanol 99,9% (C;HsOH) in volume. A 20 V electric potential was applied be-
tween the aluminum foil and a platinum mesh for two minutes. This solution is highly
unstable and potentially explosive, consequently the temperature needed to be kept be-
low 10 © Celsius, by performing the electrpolishing in a bath of water and ice in equilib-

rium and monitoring the temperature of the electrolyte.

2.1.2 Anodization of aluminum

Nanoporous alumina templates are fabricated by the anodizating aluminum, an electric
field assisted oxidation process.

Originally developed in the 1920s [43] to protect metals against corrosion by forming a
protective oxide layer, some metals, such as aluminum, can form a nanoporous structure
when anodized. The porous structure of aluminum oxide has since been used to make
inorganic membranes [44], as well as for aesthetic pursues. Then, in the 1990s, Masuda
achieved an almost perfect hexagonal organization of the pores by employing a two-step
anodization technique [45]. This has sparked an enormous interest in nanotechnology
[46], particularly due to its use as a template for electrodeposition of nanowires and nan-
otubes [41].

Aluminum is known for its high affinity for oxygen. The formation of an aluminum
oxide layer at the surface of aluminum when exposed to the air is therefore, an almost
spontaneous process. The applied electric field causes the oxygen ions to migrate through
the insulating alumina layer, further oxidizing the aluminum, increasing the alumina

layer up to some thickness determined by the applied potential.
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For a porous alumina layer to form, cer-
tain conditions have to be met [47]. These con-
ditions will determine the pores diameter 4,
and the inter-pore distance d;;,;.

During the oxidation process, the alu-
minum undergoes a significant volume ex-
pansion. This causes a mechanical stress that
leads to irregularities in the alumina layer

t . [48]. The electric field lines will then con-
C| UP‘ go?ori 15?0 kV Wogam EstTEtD nggﬁt Oxallc-’;(lv

centrate at the bottom of these irregularities,

FIGURE 2.2: Top view of a nanoporous alu- ) ) o
mina template. where the thickness of the alumina barrier is

lower and therefore has lower resistance (fig-
ure 2.4a). This results in a local rise of temperature which lowers the pH, dissolving the
alumina at these points as the migration of oxygen keeps oxidizing the aluminum at the
metal/oxide interface (m/o0). The process then reaches a steady state where the rate of
field-enhanced oxide dissolution at the electrolyte/metal (e/m) interface equals the rate
of oxide formation at the m/o interface, keeping the barrier thickness and the pore growth
speed constant. The anodization time will then determine the pores” depth.

Figure 2.3 shows a typical behaviour

of the current density of an anodization 1
W on I VI

process and it’s four main phases. Phase 19

T,
I is characterized by a steep drop in _'(E |
the current density which corresponds 51_ »
to the formation of the insulating alu- E
mina barrier. When the current reaches § 1_: I o - anodisation
a minimum, the barrier is at its maxi- 055
mum thickness. Phase II, corresponds _ ‘!I oo e el

. Time (min)
to the pore nucleation process, the ox-

FIGURE 2.3: First and second andization curves.
ide barrier is thinner at the bottom of the
pores which become low resistance channels increasing the current passing through the
barrier. At this stage, the pores are disorganized and of various shapes and sizes. As the

anodization continues, a self-organization process ensues as smaller pores are absorbed
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by larger ones, leading to a slight decrease of current and the bottom becomes increas-
ingly more organized (phase III). Eventually, this process stabilizes and a highly ordered

hexagonal structure is formed at m/o interface as the pore growth continues.

Two-step anodization process Due to the highly organized structure of the aluminum
surface at the bottom of the pores Masuda [45] found that by performing a second an-
odization after chemically etching the porous alumina layer, one could grow pores with a
nearly perfect honeycomb hexagonal structure (figure 2.4).
The highly organized hexagonal structure that re-

mains at the aluminum surface acts as the pores’ nucle-  a)

ation sites, which will then grow with a highly organized
manner. It is then expected the absence of the decrease
in current density in phase III during the second anodiza-
tion, as can be observed in figure 2.3. Figure 2.2 shows
a scanning electron microscope (SEM) top view of a alu-
mina template fabricated in this work. It shows the pores’
highly organized hexagonal structure. It can also be seen
a grain structure, where the hexagonal meshes are not
aligned. This limitation can be overcame by nanoimprint-
ing in the "right places” the aluminum prior to anodiza-

tion [45, 49]

2.1.21 Anodization details FIGURE 2.4: Schematics of the

two-step anodization process: a)

The nanoporus alumina templates were fabricated by a The field lines concentrate at the

o ) o bottom of the oxide layer’s ir-

two-step anodization process. The first anodization was regularities; b) 1° anodization c)

Alumina is removed, leaving a

highly organized pattern; d) 2,4
acid (HC0y4) for 24 hours and temperatures between 2° anodization

performed at 40 V on an aqueous solution of 0,5M Oxalic

and 6 © Celsius, resulting in a pore diameter of roughly
30 nm and an inter-pore distance of 105 nm. A platinum
mesh was used as the cathode. The alumina was then removed by a solution of 0,4 M
phosphoric acid (H,PO,) and 0,2 M chromic acid (H,CrOy) for 24 hours at room tempera-
ture. Alternatively, at 40 °C, the time can be reduced in half. The second anodization was

performed for 48 hours under the same conditions, resulting in a membrane thickness
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of about 120 um. This longer anodization results in a thicker membrane which permits
the fabrication of longer nanowires. A thicker template also means it is easier to handle

without breaking.

2.1.3 Aluminum removal and pore opening

The remaining aluminum was then removed by wet chemical etching in a 0.2M CuCl,
and 4.1 M HCI aqueous solution. The alumina barrier at the bottom of the pores was
then removed by floating the membranes in a 10 % diluted phosphoric acid solution at
room temperature. As soon as the membranes sink, meaning the pores bottom are open,
they are immediately rinsed in water. This process can be accelerated by increasing the
temperature. Because the etching is not a perfectly homogeneous process, some pores will
be opened sooner than others, and the acid will flow up the pores, this results in a non-
uniform pore widening. Posterior SEM visualization determined that, after this process,
the pore diameter was around 50 nm, ranging from slightly over 30 nm to about 60 nm

(figure 2.2).

2.1.4 Sputtering

To serve as the working electrode for the
Sputterec To external power

electrodeposition, a gold film is sput- PR
—

tered at the bottom of the alumina mem- = Ar gas

branes. This was performed with a

bench-top ScanCoat Six sputter from ¢ Arﬁﬂ:@{ i(éc{ P }Q (i / / =

Sputtering is a widely used tech- —| @

nique in industry as both a physical de- ko
position technique and for etching ma- FIGURE 2.5: Schematics of the sputtering process.
Adapted from [50]

terial due to its versatility and the high

quality of the deposited thin films. It consists in the deposition of a material, usually met-
als, by momentum transfer. An inert gas is introduced in the chamber and a voltage is
applied between the target (cathode) and anode (figure 2.5). The target is the material

which is deposited and the substrate is usually placed over the anode.
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The free electrons are accelerated and collide with the Ar atoms. These are ionized
and second electrons are released, which in turn will ionize another atoms leading to a
gas breakdown, thus sustaining the plasma.

The Ar* ions are accelerated towards the (gold) target, sputtering its atoms. These

will then condense onto the substrate, resulting in a high quality thin film.

2.1.5 DC Electrodeposition

The electrodeposition was performed with a potentiostat in a three electrode cell, with a
Ag/AgCl reference electrode from Metrohm and a platinum mesh counter electrode.

Also referred to as electroplating, it has long been used in industry for growing films
due to its cost effectiveness and its wide range of applications. It consists in the reduction
of metal ions in an electrolyte by applying an electric potential. More recently, it has
become a rather cheap method for the fabrication of nanostructures.

The electrodeposition on nanostructured templates, such as nanoporus alumina for
nanowire growth, has been under continuous study [36].

The crystalline structure of certain magnetic materials such as cobalt is relevant for
the anisotropic behaviour, often dominating other sources of magnetic anisotropy such
as shape. It then becomes important to control the crystalline structure of these mate-
rials. By manipulating the electrodeposition conditions, such as the electrolyte pH, the
applied potential, the substrate on which the material is grown and the deposition time,
one can control the preferential crystal growth direction and, as a consequence, the mag-
netic anisotropy [51-54]. The electrodeposition under an applied magnetic field is also
subject to study [55].

The applied potential in a three electrode DC electrodeposition cell is such that the
electric potential at the sample (working electrode) is constant with respect to the refer-
ence.

Prior to the electrodeposition of the magnetic nanowires, gold was electrodeposited
with a commercial electrolyte suloution (Orosene E +4 g /It from Italgalvano s.p.a.) at -1

V for 5 minutes to improve the electrical contact.

Single-bath method When fabricating multilayered thin films or segmented nanowires,
one could simply change the electrolyte for every layer deposited. However, this is a

rather tedious and time consuming process, and not very attractive for industrial use.
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The single-bath method is a technique that permits the alternated deposition of different
elements using the same electrolyte by modulating the applied potential.

Taking nickel and copper as an example: Copper reduces at-0,4 V. At -1V, both nickel
and copper are reduced and an alloy is deposited. Low concentrations of copper ensure
low contamination in the nickel segments, at the cost of deposition time as the copper
segments will grow slower.

A significant limitation of this method is that only specific combinations of ionic species
can be deposited. More complex electrodeposition cells have been developed for the au-
tomation of dual-bath electrodeposition techniques [56, 57].

Further electrodeposition details are presented in Chapters 3 and 4 for the specific

materials deposited.

2.2 Characterization techniques

2.2.1 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy
(EDS)

The SEM / EDS exam was performed using a High resolution (Schottky) Environmen-
tal Scanning Electron Microscope with X-Ray Microanalysis and Electron Backscattered
Diffraction analysis: Quanta 400 FEG ESEM / EDAX Genesis X4M.

Scanning electron microscopy permits the visualization of materials at the nanoscale,
giving information regarding its morphology and chemical composition (atomic number).

Even though the first commercial model of a scanning electron microscope was intro-
duced in 1965, the concept of scanning electron microscopy dates from the 1930s, roughly
around the same time as the transmission electron microscope (TEM).

The principle of electronic microscopy is in the employment of an electron beam in
order to produce images of samples of various materials. An accelerated electron beam,
whose ondulatory behaviour is associated with a De Broglie wavelength which decreases
with the kinetic energy, reaches sub nanometre values in normal electronic spectroscopy
conditions. This permits the realization of electron beams with very small cross-section
diameter and aperture, achieving a far superior resolution and depth of field than it is
possible in optical microscopy. A series of electric and magnetic fields act as the optical

system to focus and deflect the beam to scan the sample surface.



16 MAGNETIC NANOWIRES WITH CHEMICAL CONSTRAINTS

Secondary Electrons Backscattered Electrons Auger Electrons or
X-Ray Fluorescence

FIGURE 2.6: Elastic and inelastic interactions. Adapted from [58]

Electron beam

Auger electrons

Sample ) Secondary electrons

Backscattered electrons

< 10 pm

Characteristic X-rays
Fluorescent
X-rays

Bremsstrahlung X-rays

FIGURE 2.7: Relative volume of radiation emission. Adapted from [59]

The sample surface is scanned by the electron beam (primary electrons), which inter-
acts with the sample material.

Figure 2.6 shows a schematic of the different (elastic and inelastic) interactions occur-
ring at the sample. These interactions can be elastic, where the resulting electrons are of
the same energy as the incident ones (primary electrons), or inelastic where the interac-
tion results in an energy loss. By means of these interactions, the sample emits radiation
such as secondary electrons, backscattered electrons and X-rays, each carrying distinct
information of the morphology, and chemical composition, forming an image, as it is the
case for the emitted electrons, or an X-ray spectrum.

Alternatively, the primary electrons can instead be absorbed by the sample, creating
a charge accumulation that produce image instability and high contrast effects due to
local electric fields interacting with the emitted electrons. It is then necessary to ensure
conductive paths from the sample surface to the mass, if the surface is not conductive

itself.
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Secondary electrons The secondary electrons (SE) result from inelastic interactions
where the electrons in the sample atoms are knocked off their orbital by the primary elec-
trons or by backscattered electrons. Owing to their low energy, the emitted SE originate
from the point of incidence of the beam and its immediate vicinity (figure 2.7), while the
ones that originate from interactions occurring deeper in the material are diffused before
they reach the surface. This signifies that a SE image contains mostly information about
the surface of the material.

The intensity of the emitted secondary electrons is
strongly dependent on the angle of incidence with its
highest values at grazing incidences, as it is schematized
in figure 2.8. This results in an image with a strong topo-
logical contrast, similar to a photography. The emission of

SE varies irregularly with the chemical composition. The

contrast originating from chemical variations results from
interactions with backscattered electrons, whose intensity

FIGURE 2.8: Topographical ef-
fect in SE and BE emission. depends on the atomic number of the material, and it is
Adapted from [59] only observable on low topography, and significant dif-

ference in atomic number.

Backscattered electrons Backscattered electrons (BE) result from the deflection of the
primary electrons by the material atoms nucleus. These are usually elastic or quasi-elastic
interactions with no or very low energy loss.This signifies that the BE from greater depths
reach the surface and are emitted. The resolution of the resulting image is therefore funda-
mentally dependent of the incident beam energy, and the resolving power is significantly
less than with SE.

Perhaps the most important aspect of BE is that backscattering rate increases with the
atomic number, carrying information on the chemical composition of the material.

Like the secondary electrons, the intensity of the backscattered electrons increases with
the angle of incidence (figure 2.8), however the BE emission is highly directional. The

intensity is therefore dependent on the location of incidence relative to the detector.

X-rays and Energy Dispersive Spectroscopy (EDS) There are two distinct sources of
X-rays in electron spectroscopy, one is a continuous spectrum that results from the inter-

action of electrons with the electric field from the material nucleus (Bremsstralung). The
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other results from the vacancies left by the creation of secondary electrons that are read-
ily occupied by electrons from higher energy orbitals. Energy conservation is assured by
either the emission of an electron from a higher energy orbital (Auger electron), or by the
emission of an X-ray photon.

The emitted X-rays have therefore, characteristic wavelengths that permit the determi-

nation of the chemical composition. This is the basis of Energy Dispersive Spectroscopy.

2.2.2 X-Ray Diffraction (XRD)

The structural characterization for this work was performed with a SmartLab, Automated
multipurpose X-ray diffractometer from Rigaku.
X-ray diffraction is a characterization technique

Detector
that permits the identification of the crystalline

structure of materials.
D.iv'érgence
Anode I STt
Filter! =

X-rays have the wavelength of the same or-

der of crystallographic cells (about 1 A) The inci-

dent X-rays interfere with the electron orbitals of

“sample
Holder

the atoms and are diffracted at different crystallo-
graphic planes which will then interfere either con-
structively or destructively, creating a diffraction

pattern read by the detector, which results in inten- FIGURE 2.9: Bragg-Brentano geometry.
sity peaks at characteristic angles of the crystallo- Adapted from [60]
graphic structure.

The relationship between the spacing of the crystallographic planes and the angle of

diffraction is given by Bragg’s law:

nA = Zdhklsin(G)

where 1 is a natural number resulting from the waves periodicity, A is the X-ray wave-
length, 6 is the angle of incidence and d is the inter-planar distance of miller indices hkl.
The broadening of the diffraction peaks gives the average size of the ordered crys-

talline grains by Scherrer’s equation:

= lecos(Q)
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where f is the peak width at the centre of intensity, and k is the dimensionless shape
factor, with a value close to unity.

An X-ray diffraction machine can work in several geometries:

Bragg-Brentano geometry This geometry is useful for 6 26 measurements as it focuses
the diffracted beam at the detector, allowing for increased intensity.

This requires the X-ray source and the detector to be placed at the same distance from
the sample, creating a spherical surface where the diffracted beam is focused.In 6 26 mea-
surements, the angle of the incident X-ray beam is equal to the angle of detection, as the
movement of the X-ray emitter accompanies the movement of the detector to scan diffrac-
tion pattern. The 0 refers to the angle of incidence, while the 26 refers to the detector angle
with respect to the incident beam (figure 2.9).

The X-ray penetration in the sample depends on the angle of incidence. This results in

the deeper probing of the sample as the angle increases.

Parallel beam geometry The parallel
beam geometry is useful for grazing in-
cidence measurements with a fixed an-
gle of incidence (w260). The emitted

divergent X-ray beam is reflected on

| e | a Goebel mirror which collimates the
FIGURE 2.10: Parallel beam geometry. Adapted beam that is then incident on the sam-
from [61]
ple. The diffracted beam is again re-
flected in a Goebel mirror and is focused at the detector (figure 2.10).
In a (w20) measurement, the incident beam is fixed at an angle w and the diffraction
pattern is scanned by the detector scans.

By performing several measurements at different ws, the structural properties of the

samples at different depths can be measured.

2.2.3 Superconducting Quantum Interference Device (SQUID)

The magnetic measurements were performed with a Quantum Design/EverCool Super-
conducting Quantum Interference Device (SQUID) magnometer.
The SQUID is essentially a magnetic flux to voltage converter consisting in a super-

conducting loop with Josephson junctions. The signal from the pick up coils induces a
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current in the SQUID. The resulting voltage constitutes the output signal resulting in a
highly sensitive magnometer.

In this work, only M(H) measurements were performed at 300 K.



Chapter 3

Nickel Nanowires with Chemical

Constraints

In this chapter, the fabrication and characterization of nickel nanowires are discussed and
the results interpretation is assisted by micromagnetic simulations.

In section 3.1, a general study of nickel nanowires magnetic behaviour is performed
by means of micromagnetic simulations as a basis for the interpretation of more specific
simulations and experimental results. Section 3.2, discusses the details of the electrodepo-
sition process of Ni/Cu segmented nanowires. In sections 3.3, 3.4 and 3.5, morphological,
elementary, structural and magnetic characterization results are discussed. Finally, sec-

tion 3.6, finalizes the chapter by stating the conclusions of the study on nickel nanowires.

3.1 Micromagetic Simulations

In order to get a better understanding of the magnetic behaviour of nickel nanowires,
micromagnetic simulations were performed using the MuMax3 software, which uses the
finite difference method, dividing space into a parallelepipedal mesh. This inevitably
results in an error associated with the staircase discretization of a cylindrical geometry of
the nanowires.

The common simulation parameters for nickel were used: a saturation magnetization
0f490 x 10°> Am~!, and an exchange constant of 9 x 10712 J m~!. A Landau damping fac-
tor of 0,5 was assumed in order to ensure rapid convergence. The nickel wires were con-
sidered pure. It was checked that the introduction of the magnetocrystalline anisotropy

gave only negligible differences in the results, for any direction.

21



22 MAGNETIC NANOWIRES WITH CHEMICAL CONSTRAINTS

—&— d=30nm
—&— d=40nm
d =50 nm

2,000 —4+— d=60nm

Hc(Oe)

1,000

500 Trr[rrr|jrrrrrrrrr [Tttt 1T T[T T 1] 71711

o 2 4 ] E o 12 14 18 12
Aspect Ratio

FIGURE 3.1: Coercivity versus the aspect ratio (length/diameter) for various wire diam-
eter.

The simulated space was a parallelepipedal mesh with unit cell size of 5 nm in the wire
axis which is smaller than the nickel exchange length [, = 7,72nm.
In the perpendicular cross-section plane, it was varied

a) such that the wire had 20 cells along its diameter in or-

der to better simulate a cylindrical geometry.

The hysteresis of single wires with varying lengths
and diameters, with the field applied parallel to the wires,
was simulated.

Figure 3.1 shows the coercivity of the wires versus

their aspect ratio (length/diameter), for different diam-

c)
‘ eters. It shows that, as a general rule, the coercivity in-
—— creases with the wire length until it reaches aspect ratio

FIGURE 3.2: DW nucleation pro-
cess; a) Nucleation of a VDW in

a 60 nm diameter nanowire ; b) The magnetization reversal of nickel nanowires occurs
Nucleation of TDW in a 50 nm

diameter nanowire; ¢) No nucle- essentially by three distinct means, depending on their di-
ation occurs in a 30 nm diameter
nanowire, magnetiation reversal

of about 5, where the coercivity remains constant and the

wire essentially behaves as if it were infinite.

ameter (figure 3.2). For wires with a diameter of 60 nm,
occurs by coherent rotation.  the reversal occurs by nucleation and propagation of a
vortex domain wall (VDW). For wires from 55 nm to 40

nm diameters, the system cannot maintain a VDW and the reversal occurs by nucleation
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and propagation of a transversal domain wall (TDW). It should be noted that it is not a
pure TDW as the magnetic moments at the cross-section at the centre of the DW are not
perfectly aligned. For simplicity, in this work, it will be referred to as a TDW instead of
quasi-TDW. Finally, for wires with 30 nm and 35 nm diameter, the wire size is below some
mono-domain limit and therefore cannot sustain a domain wall and the magnetization
reversal only occurs when the magnetic field is high enough to switch the magnetization
by coherent rotation (CR). The value of the coercivity is consistent with analytical calcu-
lations based on the Stoner—Wohlfarth model for the coercivity of coherent rotation for
nickel nanowires with 30 nm diameter [62]. The conflict with experimental results in [62],
which suggests that, for 30 nm diameter nanowires, the magnetization reversal occurs by
the propagation of a TDW, may be due to the dipolar interactions of a large number of
vertically aligned nanowires in the measured sample.

An exception exists for the case of a 60 nm diameter wire with aspect ratio 1. Although
the diameter tends to nucleate a VDW, the wire length is shorter that the VDW width and
therefore, has a distinct magnetic behaviour. Instead of having a magnetization reversal
by DW nucleation and propagation, when a certain field is reached H, and saturation
can no longer be maintained , the outer magnetic moments (shell) will adopt a vortex
state slightly tilted towards the core while it remains saturated. As the field increases,
the vortex shell will rotate (maintaining its chirality) away from the saturated core and
towards the direction of the applied magnetic field, until the switching field H; is reached
when the core is switched and the wire is again saturated in the reversed state.

For an infinite wire (I = 500 nm), the

3
a2
|

coercivity decreases with the wire diam-
eter in an almost linear fashion, as can
be seen in figure 3.3. 1400

In order to study the influence of

1,300

Hc (Oe)

a non-magnetic segment in a nickel

1,200

nanowire, two coaxial wires of 50 nm
1,100

in diameter and 100 nm in length, sep-

1,000 _| TTTT | L | TT 1T | TTTT ‘ TTTT | L | TTTT | TTT1T |
25 an s 40 45 50 55 60 65
d (nm)

arated by some distance J, were simu-

lated. If the wires are far enough, they
FIGURE 3.3: Nanowire coercivity with respect to di-

will behave independently, and in the ameter.

case where 6 = 0, the wires become a
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single wire of length 200 nm. The unit cell size in the wire axis direction was reduced

as the spacing § demanded. Figure 3.4 shows an exponential increase of the coercivity

as de distance J shortens, and that for spacer widths grater than 60nm, the wires behave

independently.

100 BD &0 40 20 a

8 (nm)

FIGURE 3.4: Coercivity of two nanowires in the
same symmetry axis separated by a distance 9.

The DW nucleation occurs at the ex-
tremities of the segments, and there-
fore, at the NM constrictions and at the
nanowire ends. Due to the dipolar in-

2 teractions at the constriction forcing the
magnetization to stay in place, the DWs
nucleated at the nanowire ends unpin
at lower magnetic fields, propagating
through the wire and reaching the NM
constriction. At this point the dipolar
field at the constriction now forces the

reversal of the next FM segment and the

DW propagates through the constriction without the need to further increase the mag-

netic field. In other words, the magnetization reversal occurs only by the propagation of

the DWs nucleated at the nanowire ends and not at the NM constrictions.

Up until now, the term infinite has
been used to refer to a nanowire long
enough so that its coercivity no longer
changes by differences in length, con-
serving, however, the discontinuity at
the nanowire ends where the DW nucle-
ation occurs.

In order to simulate an infinite
nanowire without the discontinuity in
the nanowire ends, the magnetic sur-
face charges were removed, by intro-
ducing the appropriate boundary con-
ditions, eliminating the discontinuity of

the magnetization. A spacer was placed

1,500

1,400

1,300

H. (Oe)

1,200

1,100

1,000

20 a0 60 B0
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FIGURE 3.5: Coercivity of infinite nanowires with

spacer 6. For 6 = 40 nm and larger, the magnetiza-

tion reversal occurs by DW propagation (DWP). For

shorter spacings, the reversal occurs by coherent ro-
tation (CR).
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at the middle of the nanowire so that if the magnetization reversal occurs by DW prop-
agation the DWs will be forced to occur at the spacer. Figure 3.5 shows the coercivity of
such an infinite wire with 50 nm in diameter and spacer varying widths.

It is found that, for spacer widths of 20 nm or less, the dipolar interactions prevent the
nucleation of DWs and the magnetization reversal can only occur by coherent rotation,

resulting in a significant increase in coercivity.

3.2 DC Electrodeposition of Ni/Cu segmented nanowire arrays

The reduction potentials of nickel and copper are sufficiently apart in order for the single-
bath method to be employed. An electrolyte of 0.5M NiSO, - 7H,O + 0.005M CuSOy -
5H,0 + 0.6M H3BO3 was used. The boric acid acts as a buffer keeping the pH at 4 [63].
Nickel is deposited at -1 V while Copper was deposited a -0,4 V.

Non-segmented wires of nickel and copper were fabricated by electrodeposition with
the same electrolyte at -1 V and -0,4 V in order to grow nickel and copper nanowires
respectively. Energy-dispersive X-ray spectroscopy (EDS) analysis shows no nickel con-
tamination in the copper wires, as expected. More importantly, copper energy peaks were
absent in the EDS spectrum of the nickel wires, indicating a negligible copper contamina-
tion.

Three samples were fabricated with different copper segment widths. Each sample
had 15 Ni/Cu segments. Nickel was deposited for 417 s while copper was deposited for
60s,120s and 180 s.

Prior to Ni/Cu segmented electroeposition, copper was deposited for three minutes
so all nickel segments are deposited over a copper substrate. Figures 3.6 and 3.7 show the
applied potential and the measured current response during the electrodeposition process
of one of the samples.

Even though the current caused by the cathodic reaction (cation reduction at the cath-
ode) is but one contribution to the overall current response, it still gives an indication of
the quantity of material being reduced. Note that the current intensity when depositing
nickel is about forty times the deposition current for copper while the applied potential
is of the same order of magnitude. This is due to the difference of concentration of the
different elements in the electrolyte. The deposition rate of copper is, therefore, much

slower than of nickel.
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3.3 Scanning Electron Microscopy

The membranes cross-sections, exposing the nanowires, were visualized in a scanning
electron microscope (SEM).

The small difference in atomic number between nickel and copper elements results
in very little contrast in SEM visualization. Furthermore, backscattered electrons from
nanowires behind the cross-section, whose segments are not necessarily aligned, are also
emitted, effectively resulting in the impossibility of distinguishing the nanowires seg-
ments, particularly for very small copper constrictions.

It was then necessary to selectively
etch the nanowires segments. The
membranes cross-section were dipped
in an aqueous solution of 10 % diluted

nitric acid for about two seconds, dis-

solving the copper segments.

In figure 3.8, an example of SEM im-

age of the cross-section of in-membrane

wires is shown. The bright segments

correspond to nickel while the darker H

ones correspond to the copper segments

det | mode | m————— 2 um

BSED |Z Cont Ni417Cu120

which were chemically removed.

FIGURE 3.8: Cross-section SEM visualization of
The selective etching permitted the sample 2.

measurement of the nanowires seg-

ments, tabeled in table 3.1.
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Sample Deposition time Segment length
1 Ni(417s) / Cu(60s) | Ni(2um £ 200nm) / Cu (18 nm £+ 5nm)
2 Ni(417 s) / Cu(120s) | Ni (2 um £ 200nm) / Cu (35 nm £ 5nm)
3 Ni(417 s) / Cu(180s) | Ni (2 um £ 200nm) / Cu (46 nm £ 5nm)

TABLE 3.1: Deposition times and segment lengths of the Ni/Cu samples.

The Nickel segments were of about 2 yum and therefore, magnetically, should behave
as infinite. The copper constraints were measured to be of 18 nm, 35 nm and 46 nm for
60 s, 120 s and 180 s long deposition respectively. The uncertainty represents both the

variation of length of different segments, and the resolution of the SEM image.

3.4 Structural characterization

X-ray diffraction was performed with a Bragg-Brentano geometry and 20 angles were
scanned from 30 ° to 90 °.

Figure 3.9 shows the diffraction pattern for all three nickel samples with different cop-
per constriction widths on a logarithmic scale. Ni is shown to have a fcc cubic structure
with a preferential orientation in the (220) planes.

Other peaks are also visible on a logarithmic scale. The absence of the three first peaks
in sample 1 is due to fact that the sample was placed with the top side up, contrary to the

others that were placed with the bottom side up. The X-rays do not probe deep enough
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FIGURE 3.9: X-ray diffraction pattern for Ni/Cu segmented nanowires.
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in the sample to detect gold contact. It is then probable that the 26 = 44, 3° peak is due to
gold.

A peak which can be attributed to a nickel hcp structure is visible. A meta-stable Ni-
hcp phase has been reported previously, and is generally thought to be non-magnetic [64—
67]. The absence of this peak in sample 1, indicates that the possible nickel hcp structure
occurs only at the Ni/Cu interfaces, and Ni is deposited onto Cu. Another possibility
is formation of Ni-hcp by the variation of the electric potential. When the potential is
switched, a dynamic phase of the electrodeposition occurs before it reaches equilibrium,
potentially forming a meta-stable at the first stages of the electrodeposition process of

the Ni segments. When the first Ni segment is deposited, the potential lowers from 0

V to -1V, therefore the step is of AV = —1V, while in the other segments is AV =
(-1) — (-0,4) = —0,6V. Itis then possible that this phase only occurs in the first Ni
segment.

Both the potential step and the nickel deposition occurring on a copper segment rather
than on itself can form different crystalline structures. However, more systematic study

on the electrodeposition process is required for more conclusive results.

3.5 Magnetic Characterization

Magnetic characterization was performed with a SQUID magnometer. Measurements of
the magnetization versus the applied field M(H) were performed at room temperature

(300 K).

Parallel to wires Perpendicular to wires

| —e— sample 1-Cu(18 nm)
7 & Sample 2 - Cu(35 nm)
Sample 3 - Cu{46 nm)
Simulation - Cu(20 nm)

—&— Sample 1-Cu(18 nm)

#— Sample 2 - Cu(35 nm)

Sample 3 - Cu(46nm)
Simulation - Cu{20 nm})

H s
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FIGURE 3.10: M(H) with field applied FIGURE 3.11: M(H) with field applied

parallelarly to the wires. perpendicularly to the wires.
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Figures 3.10 and 3.11 show the hysteresis for the three fabricated samples compared
to a single simulated wire, with the field applied parallel and perpendicular to the wires
axis. It is clear that the magnetic easy axis is along, or close to the wires axis. This is
expected since shape should play a dominant role.

All samples have similar hysteresis, as all magnetic segments are long enough to be
considered as if they were infinite. And therefore, the non-magnetic segments are irrele-
vant.

The difference in squareness with respect to the simulation is due to the demagne-
tizing field of the large array of parallel wires in the template, as the simulation is of a
single nanowire due to computational power limitations[68]. The value of coercivity is
fairly consistent with the micromagnetic simulations. And comparison with analytical
calculations [62] indicate a reversal process occurring by nucleation and propagation of a
transversal domain wall.

Magnetic measurements at room temperature can cause some difficulties when satu-
rating the material due to thermal oscillations on the magnetic moments, even though it
is well below the Curie temperature for nickel, which is 355° C for bulk.

Much of the material in the sample is the alumina template, which has diamagnetic
behaviour. Indeed, as a very broad estimate, employing Nielsch’s 10 % rule [47], and as-
suming the pores are about a quarter filled, the percentage of the ferromagnetic material
in the sample is about 2,5 % in volume, the rest being the diamagnetic template. Neglect-
ing the areas of the alumina template where the material was not electrodeposited due to
defects in the electrical contact or the areas outside the electrodeposition cell. All linear

contributions were then removed by data processing.

3.6 Conclusions

Micromagnetic simulations were performed in order to study the magnetic behaviour of
nickel nanowires, particularly the magnetic reversal modes, and the DW nucleation in
non-magnetic spacings.

The magnetization reversal was found to occur in three distinct modes, either by nu-
cleation and propagation of a TDW, VDW, or by coherent rotation, were all magnetic mo-
ments revert simultaneously. The mode in which the wires” magnetization revert depends

essentially on the nanowires diameter. For aspect ratios larger than 5, nickel nanowires
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essentially behave as if they were infinite in length (keeping the extremities where DW
are nucleated).

Due to the dipolar interactions at the NM constrictions forcing the segments to keep
their magnetization, the DWs nucleated at the nanowires ends will unpin at lower mag-
netic fields, therefore determining the reversal mode and the coercivity as the magnetiza-
tion switches in a single step.

By annulling the surface charges at the nanowire ends, the DW nucleation is forced to
occur at the constraints. This permitted the study of the DW nucleation at the constraints.
It was found that the DW nucleation only occurs at constraints widths greater than 20 nm,
for simulated nanowires with 50 nm in diameter.

Arrays of nickel nanowires with copper constraints were fabricated by DC electrode-
position on nanoporous alumina templates.

The samples were characterized by SEM, EDS, XRD and SQUID for their morpholog-
ical, chemical and structural composition and for their magnetic behaviour.

The minimal contrast between nickel and copper segments on a SEM due to the small
difference in atomic number causes the distinction of the segments to be virtually impos-
sible. It was necessary to selectively etch the copper segments prior to SEM characteriza-
tion.

XRD showed a fcc struture with a preferential orientation in the [110] direction. An
X-ray diffraction pattern peak can be attributed to the (220) crystallographic planes of
a hcp structure, possibly forming at the Ni/Cu interfaces, occurring in the first stages
of electrodeposition. This could provide a way of fabricating non-magnetic structural
constraints by modelating the electrodeposition potential in nickel nanowires.

The performed magnetic and morphological characterization of the fabricated nanowires
are fairly in conformity with the expected from the micromagnetic simulations, since each

segment, in all samples, is long enough to be considered an infinite wire.



Chapter 4

Cobalt Nanowires with Chemical

Constraints

In this chapter, the fabrication and characterization of cobalt nanowires with chemical
constraints are discussed.

Section 4.1 discusses the details of the electrodeposition process of segmented Co/Cu
nanowires. In sections 4.2, 4.3 and 4.4, the morphological, elementary, structural and mag-
netic characterization results are discussed. Section 4.6 concludes the chapter by giving

an overview of the conclusions.

4.1 DC electrodeposition of Co/Cu segmented nanowire arrays

The electrodeposition of segmented Co/Cu nanowires was performed employing the
single-bath method since the reduction potetial of both elements is distinct enough. Cobalt
was deposited at -1 V while Copper was deposited at-0,6 V, and a 0,4M CoSOy - 7H,O +
0,005M CuSOy - 5H,0 + 0,4M H3BO3 electrolyte with pH = 4 was used.

Non-segmented Co and Cu were electrodeposited for the characterization of the seg-
ments chemical constitution. EDS shows no Cu contamination on Co and vice-versa.

Six Co/Cu segmented samples were fabricated, with cobalt being deposited for 20 and
80 seconds, and copper for 290, 580, and 870 seconds, plus sample C represented in table
4.1, corresponds to non-segmented Co nanowires deposited for 1 hour and 45 minutes.

Figures 4.1 and 4.2 show the current response to the electrodeposition process for sam-
ples Al and B1 respectively. It is clear that during the deposition of the cobalt segments,

the current did not reach a steady state after the sudden potential step.

31
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phase of the electrodeposition process  FIGURE 4.3: Electrodeposition of a Co segment.
occurs after the potential step, before

the system reaches a steady state where the current slightly decreases with time. The
same behaviour is observed in the electrodeposition curves of samples A and B (figures
4.1 and 4.2), however the Co deposition ends at different stages of the dynamic phase,
which are marked by the blue lines in figure 4.3.

This change in the current intensity can be solely due to the chemical reactions oc-
curring in the electrolyte before it reaches equilibrium, without affecting the nanowires
growth. However, a possibility must be considered, that the structural and chemical com-
position of the wires being deposited are affected during this initial phase of the electrode-
position, leading to non-homogeneous nanowires. It is therefore possible, that samples A
and B, whose segments were deposited for 20 and 80 seconds respectively, have differ-
ent structural and chemical compositions, despite having been fabricated with the same

electrolyte and under the same conditions.
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Similar conclusions were previously reached for pulsed electrodeposition of non-segmented
Co nanowires and for segmented Co/Cu nanowires employing a dual-bath method in
[69, 70], which proposes the control of the mangetic anisotropy by the electrodeposition
time, not letting the deposition reach an equilibrium state.

With this possibility under consideration, and in order to ensure homogeneity in most
of the wire length, an electrolyte with less Co concentration could be used, at the cost of
copper contamination, so that the possible defects occuring during the dynamic phase of

the electrodeposition are but an interface occurrence.

4.2 Scanning electron microscopy

The two proton difference between cobalt and copper elements results is little contrast
on SEM visualization. Particularly considering the signal from the nanowires behind the
cross-section, whose segments are not necessarily aligned. Backscattered electrons are
emitted from depths of the order of the micrometre, while the alumina templates inter-
pore distance is of 105 nm. This results in considerable noise from the wires deeper within
the sample.

The reported Co/Cu selective etchants were unsuccessful in selectively removing the
segments [71-73].

Figures 4.4 and 4.5 show the cross-section view of Co/Cu segmented wires, where
segments were removed, purely by chance, when breaking the sample to expose the cross-
section. This, however, is a rather rare and uncontrolled event and only occurs in partic-
ular areas of the cross-section.

The solution found was to disperse the wires in a silicon wafer, by removing the sput-
tered gold contact with an aqueous solution of 5 % I, and 10 % KI. and dissolving the
alumina templates in a solution of 0,4 M phosphoric acid (H,PO,) and 0,2 M chromic acid
(HxCrOy) at 40 © Celsius, with occasional agitation. The wires are then captured with a
permanent magnet and washed with ethanol.

Figures 4.6 and 4.7 are examples of the images acquired in SEM. The segments are
clearly observed in these images, with the copper segments much brighter than the cobalt
ones.

The bright top segment in the nanowires of figure 4.7 and at the bottom in figure 4.4
corresponds to the gold electrodeposited in order to improve the electric contact of the

sputtered layer, which is not removed by the chemical etching.
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FIGURE 4.4: Copper segments in a FIGURE 4.5: Cobalt segments in a
cross-section view. The cobalt seg- cross-section view. The copper seg-
ments were removed. ments were removed.
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FIGURE 4.6: Co/Cu segmented FIGURE 4.7: Co/Cu segmented

nanowire. The bright segments corre- nanowires. The brightest segments at

spond to copper while the darker ones the top end of the wires correspond to
correspond to cobalt. the gold contact.

EDS shows a significant increase in oxygen when probing the cobalt segments, indi-
cating a rather fast oxidation cobalt nanowires. Oxidation results in a decrease in density
which would further improve the visualization contrast. Another possibility for the pres-
ence of oxygen in the EDS spectrum is the formation of a hydroxide during the electrod-
deposition of cobalt [74].

This improved contrast permitted the measurement of the nanowires segments, tabeled
in table 4.1.

An exact control of the segments length is hard to achieve. Samples A3 and B2 have

abnormal Co segments. This could simply be a statistical error of the specific nanowires
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Sample Deposition time Segment length
Al Co(20s) / Cu(290 s) Co (250 nm £ 30nm) / Cu (80 nm £ 10 nm)
A2 Co(20s) / Cu(580s) | Co (250 nm + 30nm) / Cu (150 nm + 10 nm)
A3 Co(20s) / Cu(870s) | Co (400 nm + 50nm) / Cu (180 nm + 10 nm)
B1 Co(80s) / Cu(290s) | Co (1000 nm + 100nm) / Cu (80 nm + 10 nm)
B2 Co(80s) / Cu(580s) | Co (800 nm + 100 nm) / Cu (120 nm £ 10 nm)
B3 Co(80s) / Cu(870s) | Co (1000 nm £ 100 nm) / Cu (150 nm + 10 nm)
C Co(1 h 45 min) Co(60 pm £ 5 pum)

TABLE 4.1: Deposition times and segment lengths of the Co/Cu samples.

captured by SEM imaging, or it could be due to the position of the reference electrode,
which is manually placed, and therefore there is a significant error in its distance to the

working electrode.

4.3 Structural characterization

/20 XRD measurements were performed with Bragg-Brentano geometry. All segmented
samples were measured with the bottom (Au contact) up, while the non-segmented sam-
ple C was measured with the top up.

Cobalt is known to have both a hexagonal closed packed (hcp), and face-centred cubic
(fcc) structure. Fcc cobalt has four magnetocrystalline easy axes (c-axis), along each of
the cubic cells diagonals, and its contribution to the magnetic anisotropy can usually be
neglected, while the hcp structure has the [001] direction as the single c-axis.

In figure 4.8, a schematic of the magnetocrystalline and shape anisotropies, for the
detected XRD peaks, is shown. The contribution of shape to the magnetic anisotropy is

always along the wires axis. The (002) texture, which corresponds to the [001] direction of

(100)
(110)

4 .. ‘.

(201)

Magnetocrystalline
anisotropy
—_— i >

Shape anisotropy

FIGURE 4.8: Schematic of shape and magneticrystalline anisotropy in hcp Co nanowires.
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the hexagonal cell, has the c-axis aligned with the wires axis, adding to shape anisotropy.
In the (100) and (110) textures, the c-axis is perpendicular to the wire axis, while the (101)
and (201) textures, the c-axis is at an angle with the wire axis of 61,9° and 75,1° respec-
tively, leading to competing shape a magnetocrystalline anisotropy.

Figure 4.9 shows the X-ray diffrac-

tion pattern for hcp cobalt powder, in

(101)

which all the crystallographic directions
are equi-probable. It shows the relative

intensity of the diffracted peaks, where
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FIGURE 4.9: Relative intensities of hcp cobalt pow-

observed in the characterized samples
der.

(figures 4.10, 4.11 and 4.12).

In figures 4.10 and 4.11, Au and Cu is always fcc, while Co has a hcp structure by
omission.

For samples B (figure 4.11), which have the longer cobalt segments, the relative inten-
sities indicate a strong preferential direction in the (201) planes, consequentially putting
the c-axis at an angle of 75,1° with the wires axis.

The (101) peak, which is the most diffractive family planes, has low intensity, indicat-

ing a very low (101) contribution to the overall crystallographic structure.
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FIGURE 4.11: X-ray diffraction pattern
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The peak at 20 = 44,4°, visible at all segmented samples can be attributed to either
gold, Co hcp and Co fcc. Comparison with a control sample with only the gold contact,
sputtered and electrodeposited on the alumina template, indicates that most of this peak
is due to gold, with the rest being either a hcp or fcc structure of cobalt. If it is due to fcc
(111), its contribution to the magneticrystalline anisotropy would be negligible. On the
other hand, if its due to hcp (002) crystallographic planes, its contribution would move
the c-axis towards the wire axis in the [001] direction, adding to the shape anisotropy.

The gold contact is rather difficult to remove due to the Au electrodeposition process
filling the bottom of the pores, forming a gold nanowire segment (figures 4.4 and 4.7).
For further studies, nanowire fabrication should be performed at least with considerably
lower Au electrodeposition time.

Finally, the second most significant contribution to the magnetocrystalline anisotropy
are the hcp (100) and (110) planes, both of which put the c-axis perpendicular to the wire
axis, resulting in competing shape and crystallographic anisotropies.

Samples A have less material deposited. With the exception of sample Al, hcp Co
peaks (100) and (101), are almost unnoticeable. Again, the 20 = 44, 4° peak is mostly due
to gold and the Co fcc (111) has a negligible contribution to anisotropy, while the hcp Co
(002) peak would put the c-axis contribution in the wires axis direction. This indicates
that, either the amount of cobalt deposited is not enough to be detected for the conditions
in which the measurements were performed, or cobalt has a mostly amorphous structure
in the first stages of electrodeposition.

Sample Al Co(250 nm) / Cu(80 nm), has a similar crystallographic structure to sam-
ples B, where there is a significant perpendicular to wires contribution to the magne-
tocrystalline anisotropy.

By comparing samples A and B, in which the cobalt segments were deposited for 20
and 80 seconds respectively, it appears that the structural composition of the Co segments
change with the electrodeposition time. It was previously seen that the electrodeposition
process enters a new phase at around the first 20 seconds after the potential step. In
fact, the cobalt segments of samples A were deposited for precisely the time when the
electrodeposition enters a new phase. This can explain the fact that sample A1l Co(250
nm) / Cu(80 nm) has a similar crystallographic structure to samples B, and gives further

indication of a structural change in the different phases of the electrodeposition process.
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In references [69, 70], it was concluded that the initial non-equilibrium deposition
corresponds to a nanowire growth in the fcc (111) orientation. In that study, however,
a pulsed electrodeposition was performed, and either non-segmented wires were de-
posited, or segmented wires were deposited by two distinct electrolyte baths. This results
in the initial potential step, before the deposition of cobalt being of -1 V, instead of -0,4 V.
This potential step results in a different behaviour of the current response, as can be seen
in the first Co segments of figures 4.1 and 4.2.

It is rather difficult to reach such

conclusion with the results obtained in Sample C - Co(60 pm)

Co (101)

this work due to the superposition of

the Au (200) from the electrical contact.
Plus, the Co hcp (002) peak also super-
poses with fcc (111). In any case, the

Intensity (a. u.)

result is having the magnetic easy axis

(EA) along the wire axis.

Figure 4.12 shows the diffraction e = a I., Ta W w
pattern for sample C. A strong orienta- 0
fion of the (101) planes appears, with FIGURE 4.12: X-ray diffraction pattern for sample
the (100) peak also visible. The (101)
plane orientation would put the c-axis at an angle of 61,9° with the wires axis and there-
fore compete with shape anisotropy. It must be noted that the measurement was only per-
formed up to 20 = 90°. Therefore, the question emerges whether the wires keep a (201)
preferential orientation, as in samples B, or at some point during the electrodeposition
equilibrium phase, it changes to a (101) preferential orientation. This would be consistent

with the results in reference [53], where it was shown that the a distinct crystallographic

structure appears for electrodeposited Co nanowires of 3 and 30 micrometres.

4.4 Magnetic characterization

M(H) measurements were performed with a SQUID magnometer at room temperature.
Figure 4.13 shows the magnetic hysteresis for all samples with the field applied parallel

to the wire” long axis.
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Samples A2 and A3 exhibit the most squared hysteresis cycles. This signifies that they
are the ones with magnetic EA closest to wires axis, even though the barely detected struc-
ture hep (100) puts the c-axis perpendicular to the wires. It is then clear that the magnetic
anisotropy for samples A2 and A3 results from shape and possibly from a contribution
from the magnetocrystalline anisotropy of the hcp structure in the [001] direction.

Sample A3 Co(400 nm) / Cu(180 nm) has a considerable larger coercivity and rema-
nence than sample A2 Co(250 nm) / Cu(150 nm). Since they have similar crystallographic
structure, and the dipolar interactions between the Co segments, which are stronger for
shorter Cu spacings, should have the opposite effect, this must be due to the longer Co

segments of sample A3.
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The shape of the Co segments cannot be the only contribution to magnetic anisotropy.
Sample Al - Co(250 nm) / Cu(80 nm), has the same Co segment length as sample A2 -
Co(250 nm) / Cu(150 nm), and the dipolar interactions between the Co segments would
put the magnetic EA of sample Al, closer to the wire axis due to shorter Cu spacings.
Yet the opposite is observed. The magnetic behaviour of sample Al can therefore only be
explained by the crystalline structure, which is consistent with the XRD results in which
a (201) preferential orientation is observed with a strong contribution from the (100) and
(110) orientations, leading to competing shape and magnetocrystalline anisotropy. The
same applies to samples B, which have considerably longer Co segments, and exhibit less
hysteresis than samples A2 and A3. It is then clear that structure plays an important role
in the magnetic anisotropy after the first stages of electrodeposition.

All B samples have similar crystallographic structure. The low hysteresis of sample B2
- Co(800 nm) / Cu (120 nm) should be due to the lower aspect ratio of the cobalt segments.
The greater hysteresis of sample B1 - Co(1000 pm) / Cu (80 nm) relatively to B3 - Co(1000
pum) / Cu (150 nm) can be attributed to the stronger dipolar interactions between the
cobalt segments, due to the shorter copper spacer.

Shape, however, is still the domi-

nant factor for the segmented samples Sample C- Co(60 ym)

Of all the segmented samples, Al and —— Parallel to wires A —
+— Perpendicular to wires ¥

B2 are the ones with the least hysteretic ] :
behaviour. Figures 4.14 and 4.15 show &

. s 3’
greater hysteresis when the field is ap- /
plied parallel to the wires axis for these o] &
samples and therefore, the mangnetic 1. «/
EA is closer to the wires axis than per- L O S N

H (Oe)
pendicular to it.

FIGURE 4.16: Hysteresis loops of sample C with the
field applied parallel and perpendicular to the wires
axis.

The non-segmented sample (C - Co
(60 um)) is the one with the least hys-
teretic behaviour. Figure 4.16 shows the
M(H) of sample C with the field applied parallel and perpendicular to the wires. The
hysteresis loops show no apparent magnetic anisotropy, meaning that the EA is close to a

45 © angle with the wires axis.
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4.5 Co/Au nanowires

The difficulty in differentiate the cobalt and copper segments in electron microscopy mo-
tivated the fabrication of Co nanowires with constrictions of an alternative element. Since
the deposition of gold was already being performed with the commercial gold-plating
solution, Co/Au segmented nanowires were fabricated. For this material combination, a
dual-bath method is necessary. For the deposition of Co, the same solution as the previ-
ous wires was used minus the Cu ions. For the Au deposition, the Orosene solution was
used, also at -1 V.

Three samples were fabricated with 10 Co/Au segments. The Co segments were de-

posited for 200 seconds and gold was deposited for 20, 40 and 60 seconds.

e Co(2005s) / Au (205)
e Co(2005s) / Au (405s)

e Co(2005) / Au (60 s)

It was already established that an exact control of the segments length is hard to
achieve, and that different wires grow at slightly different rates, attributing an error to
the nanowires length. However, the length of the segments within the same wire has
consistently been constant. This is not observed on the Cu/Au wires. In figures 4.17 and
4.18, centred in a cobalt segment, it can be seen that the gold constrictions at the lower
end of the image are significantly shorter than the ones at the top. This fact can be at-
tributed to the manual placing of the reference electrode, which has to be placed each
time the electrolyte is changed, and whose distance to the working electrode (sample)
is not precisely controlled. It is also observed some defects on some wires where a Au
segment is deposited almost immediately after the previous one, with very little cobalt in
between them. It is possible that it is rather difficult to properly wash the sample at each
bath switch, and that some of the previous electrolyte bath remains inside the pores. It
is clear that the quality of these samples is considerably inferior to the Co/Cu nanowires
fabricated employing the single-bath method.

The difference in segment length is even more evident in figure 4.19, where the wires
have grown orders of magnitude shorter than the rest, likely due to some defects in the

electrical contact or some obstruction in the pore that limits the diffusion of the electrolyte
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FIGURE 4.17: Co/Au nanowires, cen- FIGURE 4.18: Co/Au nanowires, cen-
tred in a Co segment. tred in a Co segment.
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FIGURE 4.19: Nanowires bottom.

Some wires are grown orders of mag-
nitude shorter than the average.

FIGURE 4.20: Overview of the whole
length of the nanowires.

ions. Although it is possible that the formation of these nanowires, could have also oc-
curred for the Co/Cu and Ni/Cu samples, the variation of segment length within the
same wire is evident in these shorter wires.

Figure 4.19 shows a less zoomed image of a Co/Au sample, showing the whole length
of the nanowires. Horizontal bright lines can be seen which correspond to the gold seg-
ments. The first two Au segments are clearly defined while the third is slightly less clear
The remaining Au segments are rather hard to notice. This is the result of the multiplica-
tion of the error of segments length, as each segment is deposited.

This led to a difficulty in attributing a value to the segments length, and therefore the

samples will be referred to by their deposition times.
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FIGURE 4.22: M(H) of the Co/Au sam-
ples with the field applied parallel to
the wires.

FIGURE 4.21: X-ray diffraction pattern
for Co/Au nanowires.

Figure 4.21 shows the diffraction pattern of the Co/Au samples.

In the previous Co/Cu nanowires, preferential orientations were (201) and (101) for
long non-segmented nanowires. In the Co/Au nanowires, the (201) samples were almost
unnoticeable, however still relevant due to the low diffractiveness of these planes. Al-
though the Co segments were deposited for considerably longer than the Co/Cu ones,
the (101) contribution is very small, either because it did not have enough time to form,
as in sample C, or the electrodeposition conditions do not favour such orientation. There
is, however, a slight increase in the (100) peak, particularly in samples Co(200)Au(20s) and
Co(200)Au(60s). The result of this difference can be seen in figure 4.22 where Co(200) Au(40s)
has a more squared hysteresis loop.

The differences in the crystallographic growth of these samples can be attributed to

several factors:

1. Different crystallographic structures can be grown, depending on the substrate. It
is therefore possible that the cobalt segments grow with a distinct crystallographic

structure when they are deposited on a Au segment rather than on a Cu segment.

2. The electrolyte used for the electrodeposition is different and therefore the reactions

occuring are also different.

3. The absence of copper contamination in the deposited cobalt can affect its preferen-

tial crystallographic structure.

4. Finally, the postential step at the start of each Co segment deposition is of -1 V rather

than -0,4 V. This can affect the initial dynamic phase of the electrodeposition.
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Overall, the quality of the Co/Au samples is of inferior when compared to the Co/Cu
samples. The electrolyte solution had to be manually changed for each segment deposited
which is a tedious and time consuming process that greatly increases the probability of
human error. It is therefore not viable for any industrial application in the manner in
which it was performed. This calls for the development of an automated bath-switching

electrodeposition cell and one that fixes the reference electrode at a determined position.

4.6 Conclusions

Cobalt nanowire arrays with gold and copper constraints were fabricated by DC elec-
trodeposition on nanoporous alumina templates. A precise control of the Co and Cu
segments length is hard to achieve with the methods employed.

The samples were characterized by SEM, EDS, XRD and SQUID. Copper contamina-
tion in the cobalt segments is not detected by EDS. The dispersion of segmented nanowires
with small atomic number difference between segments in a silicon wafer improves the
contrast for electron microscopy visualization. This is partly due to the improved mi-
croscopy conditions, and partly due to the decreasing density of the Co segments by oxi-
dation.

The magnetic anisotropy of Co wires is highly dependent on the crystalline structure.
Different phases of the electrodeposition of Co segments can be identified. There are indi-
cations of a change in preferential crystallographic structure with the different phases.
This could provide a path to controlling the magnetic anisotropy of multi-segmented
Co nanowires. fabricatend by DC electrodeposition, employing the single-bath method.
However, a more conclusive and systematic study is required.

An alternative solution to the gold contact electrodeposition should be explored for
further studies of Co nanowire fabrication, so as to not have the superposing Au peaks in
the XRD pattern of the samples, either by reducing the time of Au electrodeposition, or
eliminating it altogether. The sputtered gold layer could also be substituted by copper.

For longer, non-segmented nanowires (sample C), and for the electrodeposition con-
ditions used, a strong (101) crystallographic orientation emerges. However, it is not clear
if this is a preferential growth direction or a (201) preferential orientation is kept. In any
case, this results in the magnetocrystalline anisotropy competing with shape, leading to a

magnetic EA close to a 45° angle with the wires axis.
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The Co/Au samples, electrodeposited using a double-bath method, were found to
be of inferior quality when compared to the Co/Cu samples. The repetitive and time
consuming process of switching the electrolyte baths greatly increases the probability of
human error. The development of an automated bath-switching electrodeposition cell is

called for.






Chapter 5

Conclusions and Ongoing Work

Micromagnetic simulations were performed in order to study the magnetic reversal modes,
and the DW nucleation in non-magnetic spacings.

The magnetization reversal process was found to occur in three distinct modes, either
by nucleation and propagation of a TDW, VDW, or by coherent rotation, where all mag-
netic moments revert simultaneously. The mode in which the wires magnetization revert
depends essentially on the nanowires diameter. For aspect ratios larger than 5, nickel
nanowires can be considered as if they were infinite. Domain wall nucleation occurs at
the nanowires ends and for spacings longer than 20 nm.

A micromagnetic study on the dynamics of the magnetization reversal process is
required, particularly on the movement of DWs in nanowires with non-magnetic con-
straints, both by pulses of magnetic field and by spin-polarized current.

Simulation of cobalt nanowires should also be performed in the near future to study
the effect of a large magnetocrystalline anisotropy in the dynamics of the magnetic be-
haviour of nanowires. The simulation of a polycrystalline structure is rather tricky. The
crystallite grain structure is modelled by the Voronoi tessellation which is built into the
Mumax3 code. To each crystallite is assigned a random c-axis considering the experimen-
tal results acquired by the structural characterization, such as the preferential orientations
and the crystallite size. For example, a cobalt nanowire has an hcp (101) polycrystalline
structure, the crystallite c-axis vectors are randomly distributed on the surface of a cone
of 61,9 © with respect to the wire axis. The same simulation can therefore have slightly
different results as the grain distributions differ from simulation to simulation. Therefore,
each simulation should be ran several times in order to determine the variations of the

magnetic behaviour due to the randomness of the grain distribution.

47
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Arrays of nickel and cobalt nanowires with chemical constraints were fabricated by
electrodeposition on nanoporous alumina templates. The samples were characterized by
SEM, EDS, XRD and SQUID.

It was found that the precise control of the nanowires segments is difficult to achieve
by electrodeposition. A dynamic behaviour occurs when the electrodeposition poten-
tial is varied for the deposition of each segment. Distinct phases are identified within
this dynamic behaviour. There are indications of crystallographic structural changes in
the nanowire growth with respect to these phases. This could provide a new method of
controlling the magnetic anisotropy of multi-segmented Co nanowires. The controlled
electrodeposition of non-magnetic Ni-hcp structure could provide a way of fabricating
nickel nanowires with structural constraints for the control of magnetic domain walls for
spintronic devices. However, a more conclusive and systematic study is required.

The small atomic number between Ni, Co and Cu elements results in negligible con-
trast between the nanowires segments. The solution employed for the Ni/Cu samples
was to selectively etch the copper segments. For the Co/Cu samples, no selective etchant
was found, however the dispersion of the nanowires onto a silicon wafer improves the
contrast for electron microscopy visualization. This is, in part, due to the improved mi-
croscopy conditions, and possibly due to the decreasing density of the Co segments by
oxidation.

The oxidation of cobalt nanowires gives prospects for some interesting results. One
of the cobalt (CoO) is anti-ferromagnetic. As an oxide layer forms around the nanowire,
an exchange bias effect should emerge. This effect as been previously reported for cobalt
nanotubes in an alumina membrane where the inner surface of the tubes is exposed to the
air, forming the antiferromagnetic layer [75].

Non-segmented nanowires (of sample C) were dispersed using the same method as
in chapter 4. The nanowires were orientated by placing a drop of ethanol, with the wires
dispersed in, between two permanent magnets, and letting the ethanol evaporate. The
wires were then left to oxidize still between the magnets so as to force the direction of the
antiferromagnetic axis.

M(H) measurements are being performed with a SQUID at temperatures from 300 K
to 5 K so as to determine the wires Neél temperature (which is 291K for bulk CoO), and
to observe the oxidation process. About three and a half months after the nanowires were

dispersed and left to oxidize, an exchange bias effect was observed at all temperatures
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measured, indicating an increase of the Néel temperature above 300K for this nanoscaled
material.

Figure 5.1 shows an example of the exchange biased hysteresis loop, at 50 K. The
hysteresis loops exhibit similar behaviour for all temperatures measured. However, the
measurement needed to be rectified after the first two measurements (300K and 250K)
in order to obtain more points near te coercive field. This resulted in a large error for
temperatures 250K and 300K in plotting the exchange bias in figure 5.2.

These results call for the repetition of the measurements with an increased number
of points near the coercive field in order to reduce the error of the exchange bias, and at
higher temperatures in order to determine the Néel temperature.

From the hysteresis loops, it is clear that the magnetization reversal process is more
complex than conventional magnetic nanowires. The determination of the reversal modes
can be done with the assistance of micromagnetic simulations. An interesting possibility
that emerges is the fabrication of cobalt nanowires with oxidized segments, possibly serv-

ing as DW pinning sites.
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