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Chapter 1

Introduction

1.1 Wire-shaped ferromagnetic materials

Wire-shaped ferromagnetic materials, that have been researched since the last
century and are also at the center of attr
can be categorized amly in two; microwires (MWs) and nanowires(NWSs). The
MWs have diameters typically within the range of ~ 1 to 100 um whereas the NWs
have the diameter less or of the order of 100 nm. The MWs can be several centimeters

long whereas the NWs can have lesgifi several micrometers.

MWs that have been fabricated for many years are made of alloys rich in
ferromagnetic elements (Fe, Co, Ni etc.) depending on the interest in various sensing
applications such as pulse generators, position and field sensonsnedtabunters,
magnetostrictive delay lines €té The technological interests in amorphous MWSs are
related either to their characteristic sindlmmain wall propagation during
magnetization reversal that determines their bistable magnetic bénavtbeir soft
magnetic behavior important for GMI efféctAdditionally, MWs with positive or
vanishing magnetostriction show natural ferromagnetic resonance (NFMR) at
microwave frequencies that make them suitable for high frequency applications such
as radatechnology’ On the other hand, MWs are important for basic micromagnetic
studie§ due to their simple magnetic domain structure. The amorphous MWSs are
fabricated by rapid solidification from the melt of the alléy&. The synthesis
processes determindiseir cylindrical shape and the amorphous nature of the MWs.
The amorphous MWs may be fabricated with or without a glass (Pyrex like) coating.
The glass coat protects the metallic MWs from surface corrosion. Additionally, the
glass coat reinforces the magoelastic anisotropy in contrast with amorphous MWs
without the glass coat. First glass coated amorphous MWs were prepared in 1950s by



Ulitovsky’ employing a modified technique that was previously introduced by Taylor
in 1924° Recently, attempts made fibricate multilayered MWs consisting of several
cylindrical microlayers with different magnetic behaviors and offering-givelike

or the asymmetric magnetoimpedance respofises.

The main interest in the research on ferromagnetic NWs is due to their
potential applications in recording meti® and spintronics system&' In case of
magnetic storage media, the magnetization of a single NW treated as a single bit of
data which is either 06006 or 0106 depending
may be Oupdé or O6downd respectively. Propag:
spin polarized current pulse current (where the spins of the conduction electrons are
polarized) pulse or applying a magnetic field is the basic concept of spintronics. DW
propagation through a NW opens up the possibility to store hundreds bits of data in a
single NW*2 It is possible to transport information through the NWs by the use of DW
motion within the NWs. Study of DW dynamics in NWs is one of the most exciting
research as today**'’ In these regards, DW velocity, current density of the spin
polarized current, precessional frequency of DW etc. are the important parameters to
concern**® Permalloy NWs show large anisotropic magnetoresistance (AMR) and
hence easy tprobe in the investigation of domain wall dynamics in the NWs make
them important for spintronics applicatiolisThe two dimensional arrays of NWs
show unique magnetic behavior depending upon NWs diameter, length, material of the
NWs and on inter NW sepation.?° Highly ordered arrays of NWs can be used as data
storage media in perpendicular magnetic recording systems. Multilayered NW, i.e.
NWs that have different nanolayers made of different materials can show giant
magneto resistance (GMR) efféttThe unique resistive properties of multilayered
NWs are potentially important for data read/write heads in magnetic storage systems.

Investigation of NWs is also important for exploring the micromagnefism.

The NWs are polycrystalline or single crystallinedamade of ferromagnetic
metals and their alloys. Magnetic nanowires can be prepared by various methods, such
as Ebeam lithography, chemical routes, electrochemical depositioff étmong
which, the electrochemical deposition is proved to be the mosiegtjest and cost

effective synthesis procedure. In this process, a porous diamagnetic membrane (few



microns thick) is used to deposit metallic NWs within the pores (diameter ~ few
nanometers) of the membrane electrochemically. Membranes that are geusedlly

for the purpose can be made of alumina or polycarbonate. The NWs have the same
diameter as nano pores and are uniform in length throughout the membranes. The
synthesis technique wafast introduced by George HPossin who reported the
fabrication oftin, indium and zinc NWs by electrochemical deposition in 1868.

1975, magnetic properties of electrodeposited Co nanowires aiidi Gltloy NWs

within the pores of alumina membranes were investigated (Kawai & Ueda, 49i5).
1986, as an applicatiomo perpendicular magnetic recording medium, alumina
membranes containing Fe NWs were fabricated (Tsuya et al., 98agnetization

curling process in perpendicular direction was studied by Huysmang$®aisihg Fe

NW arrays in alumina membrane in B3 1990, influence of the packing density on

the magnetic behavior was investigated using alumite media containg magnetic
nanowires by Zhang et &l.At the same time, nanoporous polycarbonate membranes
are also used to synthesize metallic NWs (inclgdiitkel, cobalt magnetic NW$j.

Nano sized pores in the dielectric polycarbonate membranes are produced by the rapid
passage of heavy ions (such as those emitted from a radioactive transuranium isotope)
through the dielectric material that creates nuctizanage tracks or the parallel pores
within the materiaf’ In polycarbonate membranes, the pores are randomly distributed
in the membranes. In 1995, Masuda and Fukuda in Japan dev&lbjogdly ordered
nanoporous alumina membranes via electrochemiaalization of aluminum. Since

the time, highly ordered porous alumina membranes have attracted many international

groups as a template material for the synthesis of magnetic nandwires.

1.2 Magnetic domains

Magnetic domains are the regions within a magmaagterial that have distinct
magnetization directions where all the magnetic spins are parallel to each other. The
domains are separated by boundaries where the spins slowly rotate from one particular
direction to other (i.e. the transition from one dontaither) and are called domain

wall (DW). The dimension of a typical domain is of the order of 10 nm and the DWs



that may be Neel or Bloch kind of wallsave the typical dimension of few atomic
layers to several nanometefé.n a ferromagnetic matet, the domains are formed

due to the ferromagnetic exchange interaction and the anisotropy energy of the
materials. The positive exchange interaction, which is an inherent characteristic of all
the ferromagnetic materials, tries to orient the neighbapigs parallel to each other
within a domain. Whereas, the anisotropy energy, that may originate due to the
peculiar shape, stress or crystalline structure of the material, try to orient the
neighboring spins along the anisotropic direction within the don&hape anisotropy
originates from the asymmetry in shape of a magnetic material. The demagnetizing
field due to the free magnetic charges on the surface of the material is found to be
different at different directions of the material. Whereas, diffargataction of orbital

and spin magnetic moment along different direction of a particular crystal lattice
generates the magnetocrystalline anisotropy within a material. Thus, within a
ferromagnetic material, the exchange interaction and the anisotrtpgdimpete with

each other and form a peculiar domain and DW distribution within a particular

magnetic material.

The domain structures for MWs had been thoroughly investigated in various
literatures: * In glass coated amorphous MWSs, the domain distdhuis mainly
determined by the stresses that develop during synthesis processes and the cylindrical
shape of the wires. The MWs are formed by rapid cooling of molten alloy coated with
a glass coating on its surface. During the process, a gradient sfist=/eloped in
the cylindrical alloy fibers. The outer surface of the alloy fiber cools faster than the
inner core region of the alloy. The stress and the cylindrical shape of the MW promote
a single domain inner core within the alloy MVIRepending orthe magnetostrictive
nature of the MW, the rest portion of the MW i.e. the outer shell is subdivided in many
small domains as depicted in Fig. 1.1 and Fig. 1.2. Fig.1.1 shows the schematic
diagram of possible domain structure of a negative magnetostidivelt shows an
inner core single domain with magnetization parallel to the axis of the MW. Here, the
outer shell is subdivided in many small domains with consecutively opposite
circumferential magnetization. Fig. 1.2 shows the same for a positive msigictie

MW having outer shell domains with random magnetizations.
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In bulk systems, one can observe mdtimain structure defined by Neel or
Bloch domain wall¥. But we know that, the domain structureaisylindrical shaped
MW is divided in to acylindrical single domain inner coreQ@) and a multidomain
outer shell (OS). Theliameter ofinner core cylindrical single domaicen occupy
more than 50% of thdiameter of MW Here the domain structure determned by
stress induced anisotropy in the MWiaring synthesisthe cylindrical kape and
composition of theMWs. Therefore inNWSs, which have diameters of ~ 100 nm,

single domainstructure governed bghape anisotropy due tbeir cylindrical shape



may be possibleHowever in micromagnetic frame work, the NWwy take other

complex renanent states.

Ideally, NWs have uniaxial anisotropy with a preferential magnetization
direction along the axis of the NW. The anisotropy originates from the self
demagnetizing field due to their cylindrical shaped structure and depends on the aspect
ratio (length/diameter) of the NWs. Other anisotropies also present in the NWs. The
magnetic spins near the surfaces of NWs realize less coordination numbers than the
spins in the inner portions of the NWs. Thus due to the large surface to volume ratio in
NWs compared to bulk systems (e.g. Wires and may even MWSs), the anisotropy
corresponds to surface energy has a significant contribution to the magnetic free
energy of the NWs. The controlled synthesis of the NWs promotes crystallinity in the
NWs and single cistal NWs can easily be obtained. Hence the magnetocrystalline
anisotropy can have significant role depending on the crystal structure of the NWs.
The domain sizearecomparable to the sizes of the NWs and the interplay among the
exchange interaction andamous anisotropies within the NWs gives unique spin
distributions to them. Their remanent states have been calculated using micromagnetic
framework by various researché¥é’ Considering all these energy terms and
assuming a classical ferromagnetic extafe interaction as written . 1.1, the total

magnetic free energy for a ferromagnetic NW can be written &q.ih.2 below,

Ex=-8 JiS.§=-JF & costj [1.1]
ij

neighbors

E = H[(cISTa){(Bm)? + (Bmy)* + (Bm,)* }
+Wai ¥2M.Hgi M.Ha]dU+ Hw,dS [1.2]

By minimizing the free energyE(Q. 1.2) using micromagnetic simulations,
researchers havehewn two possible remanent state configurations for NWs. They
found a critical diameter D~ 3.5ay that defines the transition point between the two

stated® where, a, is the exchange length of the material. Exchange length is the



dimension of the regimin which the exchange interaction of a particular spin exists.
However, the simulations were carried out for NWs with aspect ratio (length/diameter)
less than 3.8 When the diameter of the NWs is less than the remanent state is
flower state, wher¢he spins are arranged parallel to each other with small radial tilts
at both ends of the NWs. On the other hand, if the NWs have diameters greater than
D., vortex remanent state is favorable within the N{V& In vortex state, the spins

are not paralleto each other and oriented in the circumferential direction. Schematic
diagrams of the two states are shown in Fig.1.3. For cobak, 4.5 nm and for
nickel, D. = 70 nm. In an infinite NW, the magnetostatic energy during the curling
reversal reduce®ta minimum compared to a finite cylinder. The energy barrier to the
reversal is then entirely the exchange enéfgys a result the value of the critical
diameter decrease in infinite cylinder. In case of vortex NWs, surface energy term

stabilizes the ortex staté'!
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Figure 1.3.Schematic diagrams of flower (left) and vortex (right) remanent states of NW.

For an isolated NW, both the flower and vortex state develop an axial easy
direction of magnetization which can be detected by MH loop measateméh the

external applied field parallel and perpendicular to the NW. It can be seen that, the



NW is hardly magnetized when the external magnetic field is applied perpendicular to
the NW axis whereas it saturate easily when the applied field is diengW axis.
Furthermore, the flower state has higher remanent magnetization than the vortex state
as it is evident from the spin distribution in the two states. However, the flower state
follows a coherent reversal and produces a square shaped magntdredigydoop

with a large coercivity. Whereas, NW with vortex state follow curling reversal mode
and produces nequadrilateral hysteresis loops with low remanence and low coercive

field values compared to the flower state.

1.3 Magnetically interacting nanovés

Electrodeposition technique of synthesizing NWs in porous membranes
produces a two dimensional arrays of NWs. That means, millions of NWs are arranged
in a two dimensional hexagonal or squared mesh or randomly. Here it is obvious that,
if the NWs areclosely spaced, they should interact with each other magnetostatically.
If one assumes each of the NW as a single magnetic dipole then the simplest form of
the magnetostatic interaction is the dipolar interactioideal case the dipoles should
have lowaspect ratios and should be infinitely far away from each 8tfiére dipole
assumption of individual NWs and dipolar approximation metessarilyhold when
the length of the NWs are many orders of magnitude longer than their diameters and
inter-wire spa&ings.Using the assumption, it was shown earlier in 1998 that the dipolar
magnetostatic interaction between nanodots in a two dimensional (2D) array changes
the magnetization process compared to the one of a single ndhbdaer in 2000s,
the dipolar aproximation extensively used for explaining the magnetic properties of
arrays of NWs even when their lengths are comparable to the NW diameter and
interwire spacingd’ The studies established that, the dipolar interaction among the
NWs (considering eaciNW as single magnetic dipolg@lay the dominating role in
determining the magnetic properties of arrays of NWs which are significantly different
from the individual NWs. However at the same time, other approaches also made by
other researchers. M. Vazquat el. (2000) works on a model, which divides a NW

into thousands of cubic cells each of which contains a point dipole parallel to each



other and then consider the dipolar interaction between the nearest neighbairenter
point dipoles®™ This approactis more realistic compared toe consideration oach

NW assingle dipole as described earlier. The nature of magnetostatic interaction is
difficult to simulate when the pores are randomly distributed in the membranes but
possiblé® considering the avege interwire distance. The other way to calculate the
magnetostatic interaction field was introduced bym@l et al (2006) where they
assumed each NW consisted of linear chain of tiny dipoles. They calcthatédid
produced by a single NW and then foe whole array on a particular test Nfun

this regard, the whole 2D array can be divided in two regions. One is the nearest
neighbor discrete distribution of the NWs. For longer NWs, it was seen that the field
produced by it and hence the interactwith other NWs is more concentrated at the
ends of the NWs, breaking its dipolar approximation. Beyond the discrete region, the
NWs can be considered as continuously distributed and their effect, the same as that of
a thin film. This mean field approach nsore realistic to calculate the interaction at
saturation taking both dipolar and ndipolar interaction among the NWs depending

on its length. It shows an increase in axial saturation field of the NWs with the length
dominated by the axial interactioetiveen the NWs whereas, the transverse saturation
field decreases upon increasing the length of NWs. The field acted on a particular NW
by the others opposes (antiferromagnrétié F Mo coupling) and
(ferromagneticn FMO0 coupl i ng) tohge the nagiad anel ttrangvarsei o n al
direction respectively. The interaction field strength along the transverse direction is
half of the axial directionHowever, these models are valid throughout the hysteresis
for the flower state (point dipoles are parallektxh other) of the NWs at remanence

but not for vortex state.

1.4 Obijective of the work

The magnetic properties of a single cylindrical shaped NW are difficult to
investigate in detail unambiguously due to small dimension of the NWs which in turn

limits the performance of the measuring instruments. Howettempts were made in



order to investigate the magnetic hysteresis loops of single cylindrical shaped NW
using micreSQUID instrumenté’ Study on template grown NWs is an alternate way

to investigatehe NWs as it is possible to tailor the NW diameter, iatee separation

et c. by changing the t e mp kedlteedasic goeousmet r i c a
membranes can be synthesizedatcessfully with high accuracy, then it is very easy
and cost effdive to make 2D arrays of NWs with various dimensions repeatedly
using the membranes. The approximate results of single NW can be found by
increasing the intepore separation of the membranes. Here in this work, we prepared
and investigateseveral NWs ofdifferent materials using commercial membranes.
Later we tried to synthesize alumina membranes by ourselveésgotsuccessive
success. We also tried to synthesize cylindrical hohewotubes. Butsabeginner in

the field of wireshaped nanomaterials, \Wweped at the start @iur work that,study of
wire-shaped microwirexan make us comfortable andelp usto understand the
domain structure and magnetic propertiesf wire-shaped nanowiresMagnetic
propertiesof MWs canchangeby inducing various anisaipies such as applying
stress or annealing under different conditions. These studies can throw light on the
domain structure of the MWSs. Hence, we planned to study first the magnetic properties
of amorphous MWs in presence of stress and péissingshortdurationcurrent pulse
though the MWs.

We started the study of NWs of ferromagnetic elements such as Ni, Co. The
physical and structural properties are needed to investigate first to get a flavor of the
system. With the change in aspect ratodifferent NWs diameters anéhter wire
spacingshow the magnetization of the arrays of NWs changes that remained one of
our goals. These studies are important for their use in high density storage media. Co
rich alloy NWs are recently used for perpendicular stnagterials. High coercive
NWs are one of the prime needs to achieve the goal. In this regard extensive research
is going on for alloy NWs, e.g. CoPt, FePt alloy N{#% Lithographically made
single planar NWs (squared cross section) are studied by toagptecal Kerr signal
measurements and electrical measurements to study the domain wall dynamics in NWs
in the interest of spintronics systefis®> We tried to study the magnetization of
isolated cylindrical Ni NWs as the similar study has been perfoforeplanar NWs.

Alumina membrane is the starting material of synthesizing NWSs. Controlled
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electrochemical anodization of aluminum leads to the formation of porous alumina
oxide membrane. Within the scope of the thesis, we also tried to synthesize highly
ordered porous alumina membranes. Permalloy NWs are found to be probed easily for
DW dynamics study as it has significant anisotropic magrestistancé: Hence, the
preparation and study of permalloy NWs is the other goal of the work. Nanotubes are
anotlter interesting nanostructure as it has uniqgue magnetic properties different from
NWs andgive the possibility to produce core shell nanowires. Nanotubes exhibit a
coref ree magnetic conyguration | eading t
reproducibility® > and due to their low density they can float in solutions making
them suitabl€or applications in biotechnology.Proper synthesis of NTs is critical

what we have also tried in the thesis.

1.5 Outline of the thesis

In this thesis we report magnetization study of ferromagnetic amorphous alloy
(cobalt rich) microwires (MWSs) undetifferent stressed and current pulse annealed
conditions. Whereas, geometrical and crystal structure along with magnetization
process of two dimensional (2D) arrays of cobalt, nickel, cgidatinum alloy
nanowires (NWSs) are investigated in detail. NWe grown within the pores of
commercially purchased alumina and polycarbonate membranes. However, it is
possible to synthesize the alumina membranes in laboratory. An elaborate description
of the synthesis technique and homemade alumina membranes areagittes
beginning of the thesis. In addition, synthesis of nigtad alloy NWs and nickel

nanotubes (NTs) are described briefly at the end of the thesis.

Glass coated alloy MWs with two different compositions are received from
Instituto de Magnetismo Agado, Madrid, Spain. The compositions of the alloys are
Cog3 Mn; 6Sis gBs 3 and (CqoF & 07)saNi10Si1B1s and are amorphous in nature. Surface
morphology of the MWs is studied by electron microscope and confirms the uniform
diameter (~ 14 & 20 um resptively) of the alloy cores with a glass coating (~ 5.5

pm) on the surface of the cores of MWs. The MWSs are several centimeter long and
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free of corrosion due to the glass coating. DC magnetic hysteresis loops of the MWs
are recorded under different stredsconditions and after passing short current pulses
through the MWs. Observed experimental results are in accordance with the inner
single domain core surrounded by outer multi domain shell structure of the alloy cores
of MWs.

Two dimensional arrays of f@magnetic NWs of Co, Ni and CoPt are
successfully synthesized within the pores of alumina and polycarbonate membranes by
DC electrodeposition technique. NWs have diameters typically ranges from 50 to 275
nm and are several microns long. Surface morphaabgharacterizations of the NWs
indicate uniform length of the NWs throughout the membranes. Ni NWs show fcc
crystalline phase. However, Co NWs have hcp phase and upon decreasing the wire
diameter, Co NWs become more crystalline. Thermal annealing chatige
crystalline phase of G@Pbs NWs from fcc to L} fct phase. In order to better
understand the annealing effect in arrays of CoPt NWs in a better way, a comparative
study on CoPt nanoparticles (NPs) has been done. The NPs are prepared in miceller

media synthesized by chemical process and have an average particle size of ~ 6 nm.

Magnetization study of the arrays of NWs are performed using vibrating
sample magnetometer (VSM) and superconducting quantum interference device
(SQUID) indicates strong magtostatic interaction among the NWs which dominate
over the other anisotropies (e.g. shape, magnetocrystalline) of the NWs. In most of the
cases, the interaction makes the transverse direction of the NWs as easy direction of
magnetization. Whereas in casdearrays of Co NWs with diameter 50 and 150 nm, we
observe a directional change of magnetic easy axis of the NWs from axial to the
transverse direction of the NWs upon increasing their length. The observed directional
change of easy axis in 50 nm Co NV¥sin accordance with the dipolar interaction
model of interacting NWs. But, the 150 nm NWs does not follow the dipolar
interaction model as observed in static hysteresis loop measurements and in their
dynamic response measurements probed by ferromagnesonance (FMR)
measurements. We conclude that, the magnetostatic interaction among the NWs is not
dipolar in nature at all the circumstances which need a rigorous theoretical

formulation.
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Magnetic hysteresis loops of three isolated Ni NWs with diametenB0@re
measured successfully by magneto optical Kerr signal measurement. Experimental
observation indicates the easy axis of the NWs along their length i.e. opposite to the
case of arrays of the NWs. Here, the shape of the hysteresis loop is deterntined by
shape anisotropy of the NWs.

Magnetization study of thermally annealed 2D arrays afsPs NWs show
enhanced coercivity of ~ 6.4 kOe compared to the as prepared NWs (~ 500 Oe).
Comparatively, the thermally annealedy@®i s NPs show an enhancedercivity of
~ 44 kOe. Observed experimental facts indicate stress development on the NWs by
alumina matrix during annealing and the enhanced coercivities are the consequence of

large magnetocrystalline anisotropy of the nanostructures.

We synthesize hhgy ordered porous alumina membranes by two step
anodization technique with an average pore diameter of ~ 50 and 70 nm. We anodize
thin sheet of 99.99% pure aluminum in various acidic electrolyte solutions. The
arrangements of the pores are highly ordexed upon proper post treatment of the
porous oxide layers, the hexagonal cell structures are observed in the membranes. The
removal of aluminum base using mercury chloride solution is critical to open the pores
and obtain a smooth surface at the back eidexide membranes which is ideal for
electrodeposition of metal NWs. At our early stage of research on the membranes,
ZnO NWs are successfully grown chemically within the pores of the membranes in

order to investigate the magnetic properties of the NWs.

Arrays of FeNi alloy NWs with diameter 50 & 200 nm are prepared in porous
alumina template by DC electrodeposition technique. The NWs are very uniform in
length throughout the membranes whereas the compositions of the NWs are confirmed
by energy dispersiv-ray analysis. Xay diffraction pattern indicates fcc crystalline
phase of the NWs. Ni NTs are prepared by slow deposition Ffidtis within the
pores (pore diameter ~ 200 nm) of alumina template. Surface morphological study of
the NTs done by electranicroscopes confirms the hollow cylindrical structures of the
NTs.
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Chapter 2

Experimental Detalils

2.1 Preamble

In this chapter, we elaborate various experimentalugst employedto
synthesize the nanostructures along with their characterization processes that are used
during the investigations presented in this thesis work. We develop homemags set
to synthesize the porous alumina membranes and nanoparticles (NPs). While the
nanowires (NWSs), nanotubes (NTs) are synthesized employing a commercial
electrochemical cell. Thermal evaporation and RF (radio frequency) sputtering
techniques to prepare gold thin films on alumina membranes and Si(fi€rates are

described in detail.

The structural and phase characterizations of the samples are done using SEM,
FESEM, TEM, HRTEM, EDX, SAED and XRD. The magnetic characterizations are
carried out employing MFM, VSM, SQUHYSM, FMR magnetometer and using a
MOKE setup. The detail of lithogphy process that is used to make the patterns on

Si/SiO; substrate for MOKE samples is described here as well.

2.2 Synthesis techniques

2.2.1 Electrochemical anodization

Electrochemical anodization is a simple and elegant way to synthesize porous
oxide films on a conducting metal surface such as aluminum*¢AW)e engineer

porous alumina membranes in our laboratory by two step anodization of pure
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aluminum using a homemade electrochemical celupefThe schematic diagram of
the setup is shown in K. 2.1. The cell consisted of two electrod€éathode- a thin
(~ 1 mm thick) copper (Cu) sheet connected to the negative terminal of a power supply

Adiabatic wall

|

-+

Balelite sample
holder

[

Al sheet
(Anode)

(i

DC Power Supply

—> Cu Sheet (Cathode)

Coolingbath «—f4—— Electrolyte solution

Figure 2.1.Schematic diagram of the experimentahgetfor anodization of thin aluminum sheet.

Figure 2.2.Experimental setip of the anodization of thin aluminum sheet (left), a close view of the
elctrochemcial cell consisting of cathode: Cu ribbon and anode: thin Al sheet inside the backelight

structure (righttop) and a close view of the backelighusture (rightbottom).
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and Anodei a thin (~ 130 um thick) aluminum (Al) sheet connected to the positive
terminal of the power supply. The Cu sheet is connected with the negative terminal of
the power supply. The experimental-sptthat is developed iour laboratory is shown

in Fig. 2.2. The back side and selected portion of front side of the Al sheet is covered
by Bakelite to restrict the growth of oxide film only to a selected area on the front side

of Al sheet as shown in Fig. 2.2.

Under a suitableonstant potential difference across the electrodes, thin porous
oxide film starts to grow over the aluminum surfade. our case we maintained a
potential difference within the range of 60 V to 64 V to maintain a constant current
density of ~ 2 mA / cfhacross the electrodes. The voltage drops across the electrodes
changes with the anodization time due to the growth ofaomucting oxide layer on

the aluminum surface.

The growth mechanism and details of synthesized alumina membranes are
described inchapter 4 The conversion of aluminum in to alumina film on the Al
surface is an exothermic reaction. Depending upon suitable choice of electrolyte
solution and under a typical potential difference, porous type oxide film develops
during the anodization pecess.The porous oxide film growth with uniform pore
distribution is attributed to the thermally assisted, field accelerated dissolution of oxide
at the base of pores. This dissolution of oxide layer at pore bottom and formation of
new oxide layer at metaixide interface needs to maintain a dynamic equilibrfuim.
order to attain the equilibrium we maintain a constant temperature &€ 18y

immersing the cell in a temperature bath.
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2.2.2 Electrodeposition of NWs and NTs

Electrodeposition techque is a cost effective and relatively simple process to
synthesize nanstructures compared to the lithography processes e.g. optical, electron
beam, ion beam lithography €tdVe employed a commercial sap (Autolab) in
order to prepare ferromagnetic dvVidnd NTs within the nano pores (diameter ~ 50
300 nm) of alumina and polycarbonate membranes having thickness of ~ 5 and 60 pm

respectively.

The setup consists of an electrochemical cell and a power supply. Schematic
diagram of the satp is shown irFig. 2.3. The electrochemical cell is consists of three
electrodes:working, counterand reference electrodesThe working electrode is
generally the substrates on which the required electrochemical depositions are carried
out. To deposit the metal ions the pores of membranes in order to synthesize NWs
and NTs, we use the membrane as a working electrode. One side of the membranes is
therefore coated with a conductive gold layer of ~ 100 nm thickness by RF sputtering
technique. In case of metal depositisom the aquas solutions of their salts, the

working electrode is connected to the negative terminal of the power supply.

During the deposition, the electrochemical reaction is carried out between the
working and counter electrodes. We use either a go&platinum wire as the counter
electrode having the purity of ~ 99.99% commercially purchased from sifgirieh’

The reference electrode is a Ag/AgCI calomel electrode that is used to measure the
other electrode potentials with respect to it. Theugetised in our laboratory is shown
in Fig.2.4. The cell has the volume capacity of ~ 26fomthe electrolyte solutions.
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electrode electrode
(Ag/ AgCl (Gold wire)
electrode)

One side Au coated

porous membrane

Electrolyte
solution

Figure 2.3.Schematic diagram of three electrode electrochemical cell used to deposit NWs and NTs in

alumina membranes.

Figure 2.4. Electrodeposition saip used to deposit NWs and NTs
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NWs and NTs are deposited in the pores of alumina membranes by choosing
typical potential of corresponding depositions from linear sweep voltametry (LSV).
The LSV gives us aoltage versus currergrofile for a particular electrolyte solution
for a particular choice of electrodes. LSV scanned betweeri A1 is presented in
Fig. 2.5. Up to a certain value of the applied voltage, the current remain near zero
value with the increase in voltage indiog no deposition of cations at cathode. After
which the current suddenly increases and attain a maximum value followed by
saturation. The sudden increase in current indicates metal ion deposition at cathode.
Simultaneously, the pH value of the solutiomridg the LSV scan is also recorded.

The pH graph shows a spike near the potential where the sudden jump in current value
has started. We choose a potential of deposition just after the pH spike and very near to
the start of the jump in current value. Chimgy higher potentials may incorporate

foreign ions (e.g) depositions and hence avoided.
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Figure 2.5.LSV profile fortypical Ni (top), Co (bottom) NWs deposition in poralamina

template.

Formation of NWs is the consequence of metal ions deposibiorgold thin
film at the pore bottoms in the nano channels of the membranes. Usually higher rate of
ion deposition leads to formation of NW whereas the lower rate leads to NT formation
within the nano channels. We prepare Ni and Co NWs under the constantiagd of
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~ 0.85, 0.9 V respectively (see Fig. 2.5). Details of all the NWs including NiFe alloy

NWs and Ni NTs are described elaborately in the following chapters of the thesis.

2.2.3 Thermal deposition

Thermal evaporation is a technique commonlydus®e deposit thin films of
metals. The metal source is heated up to evaporate in a vacuum chamber that maintains
a pressure of ~ 10mbar. At an elevated temperature, the thermal energy of surface
atoms of the metal becomes greater than the binding ewérthe same and they
become free from the metal surface. Under such high vacuum atmosphere the typical
mean free paths of the evaporated particles are in the range of few meters. That large
mean free path allows the particles (atoms/molecules) to travitlet target object
(substrate) where they deposited. On the substrate, the deposited particles lower their
energy through the dissipation of heat and make a thin film of the source material.
Generally a diffusion pump is employed to achieve such highumacwithin the
chamber to extract all unwanted gaseous particles within the chamber. However, hot
objects within the chamber (e.g. heating filament, molybdenum boat in our case)
produce unwanted vapors that limit the quality of the vacuum. A cooling system

employed to keep the chamber and substrate holder temperature at normal.

In case of metallic oxide thin film deposition, the deposition is carried out in
the presence of oxygen so that the metal can react to produce oxide film. Perhaps, the
oxygen atora can collide with the metallic particles within the chamber and reduce the
amount of vapor that reaches the substrate. The quality of the film (i.e. uniformity in
thickness, contamination free) is mostly depending on the quality of vacuum within the
chamler and the quality of the substrate on which the film is deposited. As the
evaporated materials approach the substrate from a particular direction, the rough
surface of the substrate thus leads a non uniform deposition of thin film. A schematic

diagram ofthe setup is shown below in Fig. 2.6.
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Figure 2.6.Schematic diagram of thermal evaporation.

2.2.4 Sputtering deposition

DC (direct current) Sputter deposition is a physical vapor deposition process
for depositing thin films of metals. Sputtering meaejecting material from a target
and depositing it on a substrate. Fig. 2.7 shows the schematic diagram of a sputter
deposition system. The target is the source material. Substrates are placed in a vacuum
chamber and are pumped down to a prescribed ggquessure. Prior to the sputtering
coating process a vacuum of ~>lfbar must be achieved. Once the appropriate
pressure has been reached a controlled flow of an inert gas such as argon is introduced.
Sputtering starts when a potential difference [@iad between the target and substrate
holder causing a plasma or glow discharge. The negative terminal is connected to the

target material. Positive charged gas ions generated in the plasma region are attracted
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to the negatively biased target plate atesyvhigh speed. This collision creates a

momentum transfer and can eject atomic size particles from the target.

If the energy transferred to a lattice site is greater than the binding energy,
primary recoil atoms can be created which can collide withr @tteens and distribute
their energy via collision cascades. A surface atom becomes sputtered if the energy
transferred to it normal to the surface is larger than about three times the surface
binding energy (approximately equal to the heat of sublimatibmse particles are
deposited as a thin film into the surface of the substrates. A schematic diagram of the

deposition technique is shown below.
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Figure 2.7.Schematic diagram of sputter deposition.

For efficient momentum transfer, the atomicigie of the sputtering gas
should be close to the atomic weight of the target, so for sputtering light elements neon
is preferable, while for heavy elements krypton or xenon are used. Reactive gases can
also be used to sputter compounds. The compoundectmrbed on the target surface,

in-flight or on the substrate depending on the process parameters.

Magnetron sputtering can be done either in DC or RF (radio frequency) modes.
DC sputtering is done with conducting materials. If the target is a non camglucti
material the positive charge will build up on the material and it will stop sputtering. In
such a situation, RF sputtering is employed. In magnetron sputtering which has almost
no restrictions on target materials, magnets are used to increase thdagerasn
electrons that take part in ionization of events and thereby increase the probability of
electrons striking the Argon atoms, increase the length of the electron path, and hence

increase the ionization efficiency significantly.
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Table 2.1 shown belows describing the differences of two deposition

processes, e.g. evaporation and sputtering.

EVAPORATION SPUTTERING

low energy atoms high energy atoms

high vacuum path low vacuum, plasma path
A few collisions A many collisions
A line of sight deposition A less line of sight deposition
A little gas in film A gasin film

larger grain size smaller grain size

fewer grain orientations many grain orientations

poorer adhesion better adhesion

Table 2.1.Differences between evaporation and sputtering deposition.

2.2.5 Electron Beam (Ebeam) Lithography

E-beam lithography technique uses a focused beam of electrons to create
patterns on desired substrate e.g., Si wafer atrsalbmeter length scale, in contrast
with optical lithographywhich uses light for the same purpose in creating larger
patterng’ °Electron lithography offers higher patterning resoluffothan optical
lithography because of the shorter wavelength possessed by-8tekHY electrons

that it employsElectrons can induce the deposition of substances onto a surface
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(additive), or etch away at the surface (subtractivepe&m lithography is particularly
important in micro electronics, which require extremely precise placement of micro
sized circuit elements. -Beam lithography allows scientists to design and place
elements at the smallest possible scale. Because electrons are charged particles, it is

necessary to performBeamlithography inside a vacuum.

E-beam Components

Fig. 2.8shows schematic diagram oftieam lithography system with a detalil
view of electron optics used in the system. The processhafain lithography (EBL)
is simple, however, the schematics and the parts required are quite compjgxcal

EBL systenmainly consists of the following parts:
1) An electron gun or electron source that supplies the electrons.
2) An electron optical column that 'shapes' and focuses the electron beam.
3) A mechanical stage that positions the substrate (Si wafer) under therelectr
beam.

4) A computer system that controls the equipment.

Electron Gun

The electron gun which is the centerpiece behiAoe&m lithography is an
apparatus that i's able to Ashooto a beam
common Ebeam entters are lanthanum hexaboride crystal and a zirconium oxide
coated tungsten needle. The emitter is first heated to produce and excite electrons on
the surface. Then, when a high voltage is applied, the excited electrons accelerate
towards a structure bead the anode. By varying this voltage, the trajectory and the

focus of the beam can be manipulated.
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Electron Optical Column

The electron optical column is a system of lenses that, by a combination of
electromagnetism and optics, has the abilitjottus the electrons into a concentrated
beam in a desired direction. Two parallel plates inside the column can be-electro
statically charged to a precise degree; the resulting electric field is able to bend the

beam in a desired direction.

The mechan@l stage positions the substrate (Si wafer) under the electron
beam which is automated by a computer. The computer system can control the whole

equipment.
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Figure 2.8.Schematic diagim of Ebeam lithography system

Substrate manipulation

After the bean is directed and concentrated by the optical column, it is ready to
be focusd on the surface of substratAs with most lithography techniques, a
substance called ahptoresist covers the surfaddowever, Ebeam photoresists are
not as specific as othdypes. Technically, high energy electron bombardment will
causebond breakage in any polyméWVhen the beam hits the surface, either an
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additive or subtractive reaction takes place as shown schematically in Fig.2.9. An
additive writing method uses theeetrons to induce a deposition of a compound on
the surface. Subtractive writing methods use tbeam to remove the sections of the
resist and surface. This method is common in creating masks for other lithographic

techniques such as UV lithography.

PMMA (poly methyl methacrylate) is the most commonly used phesist for
E-Beam. Before exposing the Si substrate under the electron beam, a thin/thick film of
PMMA is made on the wafer employing a spin coater. Knowing the film thickness for
particular spn speed the film is made with desired thickness.

E-beam

Resist

Surfa(./y

l A

Resist \ / Resist

Surface Surface

Subtractive Additive

Figure 2.9.Interaction of Ebeam with resist (subtractive and additive).

Scanning Methods

Raster Scan The ebeam is swept across the entire surface, pixel by pixel, with the
beam being turned on aroff according to the desired pattern (see Fig.2.10). This
method is easy to design and calibrate, however, because the beam is scanned across
the entire surface, sparse patterns take the same amount of time to write as dense

patterns, making this methaakfficient for certain types of patterns.
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Vector Scan Theebeam fdjumpsd from one patterned
unwanted areas (see Fig.2.10). This makes the vector scan much faster than the raster
scan for sparse pattern writing. Adjustmetiotshe beam can also be made relatively

easily. However, it takes longer for the beam to settle, making it more difficult to

maintain accurate placing for the beam.
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Raster Scan Vector Scan

Fig.2.1Q A schematic diagram of raster scan and vector scan technique.

Disadvantages

The resolution of optical lithography is limited by diffraction, but this is not a
problem for electron lithographyThe reason for this is the short wavelengths-(0=2
angstroms) exhibited by the electrons in the energy range that they are beihy used
EBL systems. However, the resolution of an electron lithography system may be
constrained by other factors, such edctron scatteringp the resist and by

variousaberrationsn its electron optics.

When electrons are subjected directly to a surfack,ey tend t o fAsc
quickly. This phenomenon, known as electron backscattefifigsauses unwanted
reactions to take place outside of the focused electron beam. As a result, the resolution
of an Ebeam is not limited to only the size of the focusedm. In addition to
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backscattering, the focusedbgam hitting the surface produces secondary electrons,
which can expose the resist as much as several micrometers away from the point of
exposure. These proximity effet%&® can cause critical variatis when dealing with
surfaces that need to be exact on the submicron level.

2.2.6 Miceller technique to synthesis NPs

CoPt alloy nanoparticles with various compositions of Cobalt and Platinum are
prepared by micellar technique. A micelle is an aggregatsurfactant molecules
dispersed in a liquid colloid. A typical surfactant molecule has a hydrophilic head and
a hydrophobic tail. While they form a spherical micelle in an aqueous solution, they
aggregate their hydr op haeftar and tid reydrdphilic r e gi o n
Aheado regions in contact with surroundi n¢
Reverse micelle is just the opposite case of micelle with hydrophobic heads in the
micelle centre and hydrophilic tails at the outside in comattt the solvent. Fig. 2.11
below shows schematic diagram of a micelle and reverse micelle. By using elegant
synthesis techniques, nanoparticles of different materials can be synthesized at the

centre of reverse micelles.

Hydrophilic
heads

Hydrophobic <—|

tails

Figure 2.11.Schematic diagransf micelle and reverse micelle.
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We use all the reagents of analytical grade and purchased from-8igrc.
The water used is of Millipore grade. Cobalt sulfate and hexachloro platinate salts are
used as sources of Co and Pt, respectively. These attskan in different ratios and
are dissolved in TXLOO micellar medium under Argon atmosphere in a round bottom
flux as shown in Fig 2.12. The laboratory-get for the synthesis is shown in Fig.
2.12. The mixture is stirred for 30 min then it is heae80°C. Sodium borohydride
and oleic acid are added to it under stirring and heating condition. The solution turned
into black after the addition of sodium borohydride. The particles are separated from
the mixture by the method of centrifugation and fiedi by washing the particles
several times by ethanol to remove -IB0 micelles. We prepare CoPt alloy
nanoparticles with different ratios of Co and Pt such as Co:Pt = 90:10, 75:25, 50:50,
25:75 and 10:90 in at%. The particles are dispersed in hexardr@wukd on silicon
wafer to make the thicker ylm of all yve
treatment at 900°C for 1 hour under N and H atmosphere and different
measurements are done on the samples before and after the heat treatment to
investigate the properties of the particles.

I8 8.
Ar o/ \ Ar
Miceller (/“, / —> CoSO, + H,PtCl;
solution o
C) 0 QO
( ]
Magnetic Stirrer

Figure 2.12.Schematic diagram of synthesis of NPs employing miceller technique (a),
laboratory setp for the synthesis (b).

34



2.3 Surface morphological and structural characterization techniques

2.3.1 ElectronMicroscopes (EMs)

Electron Microscopes are microscopic instruments that use a beam of highly
energetic electrons to examine objects on a very fine scale of submicron'feRigjth.
examination can vyield information about the topography (surface featdires
object), morphology (shape and size of the particles making up the object),
composition (the elements and compounds that the object is composed of and the
relative amounts of them) and crystallographic information (how the atoms are
arranged in thelmgect). EMs function exactly as their optical counterparts except that
they use a focused beam of electrons instead of light to "image" the specimen and gain
information as to its structure and composition. The Transmission Electron
Microscope (TEM) was thfirst type of EM to be developed first in 1931 and is used
to "see through” the specim&hHowever, the Scanning Electron Microscope (SEM)
debuted in 1935 with the first commercial instruments around ¥g85ts late
development was due to the eledics involved in "scanning” the beam of electrons

across the sample.

Scanning Electron Microscope (SEM)

The basic steps involved in all EMs are the following: A stream of electrons is
formed in high vacuum (by electron guns). This stream is accelematedds the
specimen (with a positive electrical potential) while is confined and focused using
metal apertures and magnetic lenses into a thin, focused, monochromatic beam. It is
basically similar to the electron optical column described ihe&m lithograhy
system earlier (see Fig. 2.8). The sample is irradiated by the beam and interactions
occur inside the irradiated sample, affecting the electron beam. These interactions and
effects are detected and transformed into an image. The above steps aregtamed

all EMs regardless of type.

In SEM (Schematically shown in Fig. 2.13), the electron beam is
thermionicallyemitted from arelectron gurfitted with atungsterfilamentcathode

and focused in vacuum into a fine peothat is rastered over the surface of the
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specimen. The electron beam passes through scan coils and objective lens that deflect
horizontally and vertically so that the beam scans the surface of the sample. SEM
works on a voltage between 2 to 50kV andogem diameter that scans the specimen

is 5 nm2 pm. Other types of electron emitters incllgethanum hexaboridgaBg)
cathodes anfleld emission gunéFEG)?® which may be of theold-cathodeype

using tungsten single crystal emitters or the thegvasbkistedschottkytype, using
emitters ofzirconium oxide When the primary electrobeam interacts with the
sample, the energy exchange between the electron beam and the sample results
deceleration of incident electrons through the energy dissipation and produces a
variety of signals. These signals include secondary electrons, baadlestatiectrons,
diffracted backscattered electronsharacteristic Xays visible light Cathode
luminescence and heatSecondary and backscattered electrons are conventionally
separated according to their enerdieBetectors of each type of electrons are placed

in the microscope in proper positions to collect them.
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Figure 2.13.Schenatic diagram FESEM shows the parts of the microscopes.

Emission of secondary electrons ibglastic scatteringf incident electrons
produces the SEM micrograph thfe sample. Due to the very narrow electron beam,
SEM micrographs have a lardepth of fieldyielding a characteristic three
dimensional appearance useful for understandiegstirface structure of a sample.
Whereas, characteristic Xays produced by inelastic collisions of the incident
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electrons with electrons in discrete orbitals (shellgtoms in the sample are used for
elemental analysis. The process is known as energy dispersive analysisapf X
(EDAX).

NONE SEI 5.0kY  X20,000 1um WD 7.0mm

Fig.2.14.FESEM micrograph of alumina membrane (top) and Ni NWs (bottom).
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Fig.2.15.EDAX spectra obtained from Ni NWs.

A field-emission cathode in the electron gun of a SEM (FESEM) provides
narrower probing beams at low as well as high electron energy, resulting in both
improved spatial resolution and minimized sample charging and damage. The sample
preparation include a thin lgb coating on the sample (mainly for electrically non
conducting samples) to avoid static charge accumulation during SEM imaging. Fig.
2.14 shows the FESEM micrographs of alumina membrane and Ni NWs. The EDAX
spectrum of Ni NWs is shown in Fig. 2.15.

Transmission electron microscope (TEM)

Our use of TEM mainly exploits two different interactions of electron beam
specimen; unscattered electrons (transmitted beam) and elastically scattered electrons
(diffracted beam). Schematic diagram of a TEM is showngn ZiL6.
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Figure 2.16.Schematic diagram of electron optics of a TEM.

In case of transmitted beam, incident electrons are transmitted through the thin
specimen without any interaction occurring inside the specimen. The transmission of
unscattered eleans is inversely proportional to the specimen thickness. Areas of the
specimen that are thicker will have fewer transmitted unscattered electrons and so will
appear darker, conversely the thinner areas will have more transmitted and thus will
appear lighte This mode of operation to create contrast in image is known as bright
field imaging mode. In order to take microscopic images of ferromagnetic nanowires
(NWs) and nanoparticles (NPs), we place them on carbon grids that are specially made
for TEM imagingpurposée Standard TEM grid has typical diameter of ~ 3n0%
with a thickness and mlessize ranging from a few to 1@0m. Pretreat ments
NWs and NPs are done before placing them on carbon grid. Alumina and
polycarbonate membranes that are used to prepare the NWs are dissolved chemically
using 2M NaOH and chloroform solution respeetiv NWs are washed carefully
using distilled water and then the residual is tdwaicated in ethyl alcohol for few
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minutes to free the bare NWs from gold thin film. The sonication also helps to detach
the magnetic NWs from each other. In case of NRsxsbnication has done to the
particles in ethyl alcohol to detach the magnetic particles from each other. After
sonication, we drop the ethyl alcohol solutions containing NWs and NPs on the TEM
grids using micropipette. Proper pretreatment is necessaygttgood quality images

of nanostructures. Fig. 2.17 shows the TEM micrograph of 200 nm Co NWs.

Fig.2.17.TEM micrograph of Co NWs.

In case of crystalline sample, the electron beam undergoes Bragg scattering and
disperses electrons into discretedtions in the back focal plane as shown in Fig.2.18
below. The desired Bragg reflections can be selected by specific placement of
objective apertures at back focal plane. Thus only parts of the sample that are causing
the electrons to scatter to the sedelctreflections will end up projected onto the

imaging apparatus producing diffraction contrast.
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Figure 2.18.Schematic diagram of image forming bybEam.

Another part of the incident electrons are scattered (deflected from their
original path) by atms in the specimen in an elastic fashion (no loss of energy). These
scattered electrons are then transmitted through the remaining portions of the

specimen. All electrons follow Bragg's Law and are scattered according to

2dsing=n / [2.1]

Where & is the wavelength of the rays,
with respect to the surface of the crystal and d is the spacing between layers of atoms.
All incident electrons have thersa energy (thus wavelength) and enter the specimen
normal to its surface. All incident electrons that are scattered by the same atomic
spacing will be scattered by the same angle. These scattered electrons can be collated
using magnetic lenses to form atpan of spots; each spot corresponding to a specific
atomic spacing (or crystalline plane). This pattern can then yield information about the
orientation, atomic arrangements and phases present in the area being examined. Fig.
2.19 shows electron diffraon patterns of polycrystalline and single crystalline Co
NWs.
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Fig. 2.19.SAED patterns of Co NWs.

The radius of circular rings in the diffraction patterns are measured using the
microscopic length scale and then compared with the standard diffraetiarof the
corresponding elements or compounds provided by ICSD (Inorganic Crystal Structure

Database¥?

2.3.2 X-Ray Powder Diffraction

X-ray crystallography relies on the dual wave/particle nature-@fys to
discover information about the structucé crystalline materials. Xay powder
diffraction is a common technique for the study of crystal structures and atomic

spacing.

The physics and mathematics describing the generation of monochromatic X
rays and the diffraction of those-tdys by crystalhe powders are very complex.
However in precise, Xays are generated by a cathode ray tube, filtered to produce
monochromatic radiation, collimated to concentrate, and directed toward the
sample?® X-rays can be considered waves of electromagnetic i@aliat/pon
incidence on crystalline sample, atoms within the sample elastically scatterrélye X
waves, primarily through the atomds el ect
(electrons) within a crystalline sample produces a regular array of outgdirgcs
waves of scattered -Kays. Although these waves cancel one another out in most
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directions througldestructive interferenceghey add constructivelin a few specific
directions, determined Wragg's lawstated in Eq. 2.1These diffracted Xays are

then detected, processed and counted. By scanning the sample through@ frang2 d
angles, all possible diffraction directions of the lattice should be attained due to the
random orientation of the powdered material. Conversion of the diffraction peaks to d
spacings allows identification of the elements/compound present in théedagopuse

each element/compound has a set of unigapattings. Typically, this is achieved by
comparison of épacings with standard reference patterns (ICSD).

Powder diffractometers -€cdoime whiraylwot e s X
tube and detectoronv e si mul t azhdc oiurs | w hraydube ad filkbd, ark
the specimen moves at | the-2dageomktthe deO
X-ray Panalyti-Zdlsyytseam.m ilsn abath systems th

diagram in Fig.2.Q is maintained during data collection.

The angles and intensities of diffractions are recorded electronically using a
detector, electronics and specialized soft\
vs. intensity (vertical axis) for the spe@m Fig. 2.21 shows a typical XRD pattern

obtained from fcc crystalline Ni NWs.
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Fig.2.21.XRD pattern of Ni NWs.

2.4 Magnetic characterization techniques

2.4.1 Magnetic Force Miasscopy (MFM)

MFM is a special type of Scanning Probe Microscopy (SPMhere a
sample can be scanned by a magnetic probe in order to gather information about
the properties of the surface of a magnetic safiphnother type of SPM is
Atomic Force Microsopy (AFM).

In case of AFM, the probe is a very tiny sharp tip at the end of cantilever.
Cantilever can be made of singlgystallinesilicon, silicon dioxide(SiO,),
or silicon nitride(SisN4).With AFM the force between the surface and the probe is
measured. Thre are two different modes to achieve this goal. In contact mode,
the tip is directly in contact with the surface and the interaction force is dominated

by Van der Waals interaction. Whereas, the tapping mode is a non contact mode.

46


http://en.wikipedia.org/wiki/Silicon_crystal
http://en.wikipedia.org/wiki/Silicon_dioxide
http://en.wikipedia.org/wiki/Silicon_nitride

A drive signal is applieé by a piezoelectric crystal with typical frequencies
ranging from 1kHz to 1MHz*to the "Tapping Piezo", mechanically oscillates

the probe at or near itss@nance frequency. The interaction between the tip and
the surface changes the cantilever oscillation amplitude or the phase relative to the

Drive Signal (see schematic in Fig. 2.22).

Cantilever Oscillations
N A

Laser Beam

Y Drive Signal
NN

I8 .’n"‘

Photodetector Tapping VEAVARVARY

Piczo I‘J

Figure 2.22 Schematic of the Tapping Mode

In case of MFM, the AM Tips are coated with a thin (< 5@n) magnetic
film (such as Ni or Co), which not have negligiblgercivity, so that the tip
magnetic state (or magnetizatidy) does not change dag the imaging.The
magnetic tip is sensitive to the eoftplane component of the stray field
originating from a magnetic sample (e.g. from a domain wall). During these
modes each scan line is recorded twice. First, the topographic information of the
line is recorded using the AFM Tapping Mode. This information is used during
the second scan in order to keep the cantilever always at a certain probe sample
distance, calledl.ift Height During this scan the magnetic tip is only sensitive to
the magnetic stgafield from the sample. Therefore the combination of these two
modes enables an accurate localization of the magnetic stray fields on the

magnetic structure along with a good matching of topological artifacts
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Figure 2.23.Schematic diagram of MFM tipcan over a magnetic surface.

In MFM measurements, the magnetic force between the sample and the tip can

be expressed as

F = Ho(m.B) H [2.2]

Wherem is themagnetic momertf the tip (approximated as a point
dipole),H is the magnetic stray field from the sample surface,@nsl themagretic
permeabilityof free space. The stray magnetic field from the sample can affect the
magnetic state of the tip, and vice versa. Thus, interpretation of the MFM
measurement is not straightforward. For instance, the geometry of the tip
magnetization musbe known for quantitative analysis. Fig. 2.23 shows schematic
diagram of the magnetic tip movement over a magnetic sample. The stray field of the
MFM tip magnetizes the sample surface locally along its own direction of
magnetization as it close to thengale area. Typical resolution of 3dn can be
achieved?’ although resolutions as low as 10 tor2d are attainabl&.Fig. 2.24 below
shows typical AFM and MFM micrographs bii NWs. In MFM micrographs, the
bright spots corresponding to the magnetic stray field at the portion of the sample

upward from the page anle black regions corresponds to the downward stray field.
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Fig. 2.24.AFM (left) & MFM (right) micrographs of Ni NWs.

2.4.2 Vibrating Sample Magnetometer (VSM)

Vi brating sample magnetometer (VSM) is

an emf (electromtive force) will be generated in a coll if there is a change in flux

Il i n

6abd

then

king the coil. The i nducedectomfareaai a coi |

can be written as,

V = -na(dB/dt)

When the coil is positioned in a constant magnetic field,

B=poH

Now if we place a magnet iM®
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B=uo(H+ M) [2.5]
The corresponding flux change can be written as
aB = yoM [2.6]

The induced emf in pickip coils expressed at the beginning thus can be

rewritten as
Vdt = -napM [2.7]

The above equation implies that thetput signal of the coil is proportional to
the magnetization M but independent of the magnetic field in which the magnitude of

M is to be determined.

Schematic diagram of a VSM is shown in Fig. 2.25. In a VSM, the sample is
subjected to a sinusoidal motid¢af frequencyn) and the corresponding voltage is

induced in suitably located stationary pickup coils.

The electrical output signals of these latter coils has the same frequdisy
intensity of proportional to the magnetic moment of the sample, thetwon
amplitude and the frequenecy The schematic diagram of the-sgt is shown in fig f
below. The sample to be measured is centered in the region between the poles of a
electromagnet which can generate a uniform magnetic figldA thin vertical no
magnetic sample rod (made of plastic/quartz) connects the sample holder with a
transducer assembly located above the magnet. The transducer converts a sinusoidal as
drive signal (generated by an oscillator/amplifier circuit) into a sinusoidal vertical
vibration of the sample rod. The sample is thus subjected to a sinusoidal motion in the
magnetic fieldH,,

Pickup coils made of copper and mounted on the poles of the magnet pick up
the signal resulting from the motion of the sample. However, though tkeaupicoil
signal at the vibration frequencyis proportional to the magnitude of the moment of
the sample, it is also proportional to the vibration amplitude and frequency. Thus the
moment readings taken simply by measuring the amplitude of the sigrsalgeet to

errors due to variation in amplitude and frequency of vibration. In order to avoid this
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difficulty, a nulling technique is introduced employing a vibrating capacitor for
generating a reference signal that varies with moment, vibration amplktnde
frequency in the same manner as the signal form the pickup coils. When these two
signals are processed in an appropriate manner, it is possible to eliminate the effects of
vibration amplitude and frequency shifts. In that case, one obtains readagsm

only with the moment of the sample.

Driving Coil

Power amplifier
= |
-}

Oscillator

Oscillating ~1 3 3
Capacitor NHV amp hfier : [
plate :
Fixed Flange
Capacitor plate attenuator
: Digital
Sample . ¢ Tuned —e o
¥ Differential - readout
holder 2 : amphfie
amphfier :
Polepicce :1>__,{S__

\& Lock in Integrating

u L ‘ .

' N Preanplifie amplifiec  MPlhifier
Sample | P

Pick-up coil

Fig. 2.25.Schematic diagram of VSM.

In case of NWs, we measured the corresponding hysteresis loops at two
different orientations of the samples as shown in Fig. 2.26. The NWs are placed either
parallel to he external uniform magnetic field jHhamed as oubf-plane (OP)
configuration or perpendicular togiHamed as #plane (IP) configuration. Thehrase
outof-plané (OP) anddn-planed (IP) are coined from the orientation of the flat
planes of alumina goolycarbonate membranes within which the NWs are deposited.
The magnetization per unit volume or per unit mass of the NWs is difficult to measure
as the NWs are within the membranes (which are very fragile and pores are not well

arranged). We rather inested in the nature of magnetization curve of the NW&$
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want to do comparative studies of the magnetization processes of the nanostructures
Hence, we normalized the magnetic moment values in hysteresis loops recorded by

VSM. We follow the same techniqlegerfor V-SQUID measurements.

The VSM in our laboratory (Lakeshore make) has maximum magnetic field
generating capability of 2.1 T without cryogenic system and 1.76 T can be achieved
with LN,/LHe dewar between the coils. The moment versus temperature or
temperature dependent hysteresis loops can be measured using a cryogenic system
(Lig. N) that can operate within a temperature range of 80 to 400 K with temperature
stability of 0.2 K and temperature resolution of 0.001 K. Noise level of 1.25 pemu

(RMSvalue) in moment measurement can be achieved using the system.

Parallel Perpendicular

v
L 3

k J
k J

L
L

L 2
L 2

v
v

v

L 2

L
L 4

Fig.2.26.placement of NW samples between the pole pieces of VSM magnet.

2.4.3 Superconducting Quantumtérference Vibrating Sample
Magnetomete(S-VSM)

SVSM or SQUID-VSM is the mos sensitive and effective device available
till now to detect magnetic moment/field in less time compared to the usual SQUID
magnetometer. This magnetometer is a kind of combination of two magnetometers, the
conventional high speed VSM and the high sersitsQUID. Unlike the copper
detection coils in a c¢onvenhUSM & daected¥ys M,
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SQUID sensors. Signal created by sample vibration is frequency modulated to separate
the sample signal from the instrumental artifacts. The sitieeasignal is independent

of the vibration frequency. Similar to a SQUID, a superconducting second order
gradiometer detection coil used in MPMS SQUY3M detection coil produces a
current in response to local magnetic field disturbances, rather thachange in
magnetic flux as in the case of the VSM coils. Figure 2.27 is a simplified model of the
MPMS SQUID VSM detection hardware. The current in the detection coil is a
function of the sample position. The detection coil can be considered as coristing
three loops, the upper loop has a single turn wound clockwise, the middle one has two
turns wound antclockwise and the lower one has a single turn wound clockwise. The
sensor in the MPMS SQUIIVSM is the wellknown Josephson junction, which is a
deviee consisting of superconductHngsulatingsuperconducting (SIS) tlayer

junction. The basic equations governing the Josephson junction are

U(t)=%%, 1(t) =1 sinf €) 2.8]
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Here, U(t) and(t) are the voltage and current through the Josephson junction,
lcis the critical current of the junction
wave functions in the two superconductors. In case of no emf is applied through the
Josephson junctiom, constant DC current flows through it. If a constant DC voltage is
applied then an ac current flows with a frequency (2e/h)U. When a magnetic moment
is kept in the loop containing a Josephson junctfaan emf is induced in the loop,
which induces a cuent with a frequency decided by the Josephson equations. The
MPMS SQUID VSM detects the change in currents or frequency to deduce the

magnetic moment of the sample.

There are two types of SQUIDs, DC or AC. The MPMS SQWBM works
on the principle of DC QUID, consisting of two Josephson junctions connected in
parallel so that the electrons tunneling through the junctions demonstrate quantum
interference depending upon the magnetic field within the loop.

The MPMS SQUIDVSM is capable of providing magnefields in the range
+70 kOe with field ramp possible as high as 700 Oe/s and sample temperature ranging
from 1.8 K to 400 K. Sensitivity is 1 x Foemu at zero magnetic field and 5 x®10

emu at 70 kOe with 4 seconds data averadjing.
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Fig.2.27.Schlematics of the SQUIEVSM detection system

2.4.4 Ferromagnetic Resonance (FMR) Spectrometer

FMR is a spectroscopic (FMR) method to measure magnetic properties by
detecting the precessional motion of the magnetization in a ferromagaefpte.
FMR absorpion is the analog of paramagnetic and nuclear resonance absorption. The
ferromagnetic effect was found originally by Griffifisand further confirmation has

been reported by Yager and BozofthA theory of the resonance effect has been
proposed by C. Kiel *°

From a macroscopic point of view, the applied static magnetic Higtduses
the total magnetic moment to precess around the direction of the locafieloefore
relaxation processes damp this precession and the magnetization aligHgswlitlhe
sample is irradiated with a transverse radio frequency field (microwaves of typically
1i 35 GHz), and if the rf frequency coincides with the precessional frequency, the
resonance condition is fulfilled and the microwave power is absorbed by thé&esamp
The motion of the magnetization is described by the Latdfahitz-Gilbert equation:

M/ Oto Mk He) +  G[M I NUD Ot ] [2.9]
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The first part in right hand side corresponds to the precession. However, the
second parintroduces a viscous damping (Gilbert damping conganThe effective
magnetic fieldHeincludes the applied DC field, the rf microwave magnetic field
component, the demagnetizing field (shape anisotropy) and the magnetocrystalline
anisotropyg thel igyro mag/nke.ti The apiionoi paagd r e

theory® is that the resonance condition for a plane surface should be given by
Yo= 2 Y BH) [2.10]

Instead ofthe Larmor conditionygy = 0 here ¥y is the frequency at
resonancey is the magnetenechanical ratio for an electron spin; H is the strength of
the static magnetic field and B is the magnetic induction in the specimen.

Microscopically, theH field creats a Zeeman splitting of the energy levels,
and the microwave excites magnetic dipole transitions between these split levels. Since
it is difficult to vary the microwave frequency over larger ranges, the DC magnetic
field Hp is varied instead.

Usually theabsorption derivative is measured. During the measurements, the
angular orientation of pumping field and static field are maintained as depicted in Fig.
2.28 while the schematic diagram of the-getis shown in Fig. 2.29. The resonance
signal resembles orentzian lineshape. The resonance field positippdepends on
the angles, anisotropy parameter$actor, and magnetization of the samgibe
linewidth go His directly connected to the relaxation processes.

In ultrathin films, Gilbert damping is camonly used to describe the
relaxation. But several other possible relaxation paths are also known, e:g. two
magnon scattering, sppumping effect, etc., which can contribute to the linewidth.
The anisotropy constants can be easily deduced from angledéepeneasurements
of single crystalline samples. For magnetic multilayers, also the interlayer exchange

coupling constant can be determined by FMR in absolute units.
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Figure 2.28.0rientation of static and dynamic magnetic field in a right angle FMR
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Figure 2.29.Schematic diagram of FMR sap.
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2.4.5 Magneto Optical Kerr Effect (MOKE) magnetometer

We use the magnetptical Kerr effect (MOKE) to assess the magnetization
behavior of electrodeposited NWs. Membranes are dissolenhically in order to
free the NWs employing an ultsonicator. Individual NWs are then placed on SifSIiO
substrates and then used as sample for MOKE measurement. In tldsstctive
surface sensitive technique, polarizatmodulated LASER light reficts from the
surfaces of magnetic NWs in the presence of a sweeping magnetic Sieick the
LASER is an electromagnetic field, the magnetic field of the sample interacts with the
l ight to cause a very slight adelliptciyy i n t he
We measure these changes in the LASER light as an intensity change through nearly

crossed polarizers, recording the intensity as a function of the applied magnetic field.

Magnet

I S AN
= —— VR

Beam expander L
Diode LASER ens
Polarizer

Attenuator Lens

-‘

Detector

M4 plate

Analyzer Mirror

Figure 2.30.Schematic diagram of the table top MOKE-gpt

We measure the longitudinal or transverse magneto optical Kerr effect where
the magnetization lies in the plane of sample substrate. Schematic diagram of the set
up is shown in Fig. 2.30. The polarizer and analyzer are kept at crossed with respect to
each ¢her before the measurement starts. An attenuator is used to decrease the

LASER power of the diode LASER source to 3.5 mW. Beam expander expands the
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beam which is later converged to a fine elliptical LASER spot of dimension 5x7 um

using a plarconcave lensThe reflected beam is diverged and parallel beam is

produced using another lens. The intensity of the reflected beam is detected by a high
resolution Si detector. All the parts are available from Thorlabs. In presence of an
alternating magnetic field ¢ 17 Hz) produced by the external magnet placed near the

sample (see Fi®.30, the magnetization of the sample changes followed by a change

in polarization angle of the reflected beam. Thus the intensity detected at the detector

is change which is propori o n a | to the change i n magneti z
plate is introduced to reject the change in ellipticity of the beam reflected from the

sample substrate. The laboratorygetis shown in Fig. 2.31.
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Electro-
magnet Silver
mirror
Sample

holder

Figure 2.31 Laboratory setup of MOKE measurements for NWs.
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Chapter 3

Study of glass coated amorphddsVs

3.1 Preamble

Among the soft magnetic materials, wire shaped amorphous magnetic
materials exhibit peculiar magnetic behavior due to their novel synthesis techniques.
Amorphous wires with diameter O 100 Om (the
excelent soft magnetic properties. MWs with large positive magnetostriction show
bistable magnetic hysteresis loop. Sharp change in magnetization makes them ideal for
ijitterl esso ! Wheleasse MWg ewitle rneat @era or vanishing
magnetostriction showiant magnetoimpedance (GMI) effect. Observed GMI effects
in MWs pointing towards their possible applications in stress sehsorshermore,
the MWs have gained the interest of researchers in order to get a better understanding
of micromagnetism for thesimple magnetic domain structure. The MWSs that have
been most widely investigated are composed ofSi)B, where TM is one of the
transition metals (e.g. Fe, Ni, Co) with the index x ranges typically frorh 0.82 On
the other hand, y and z are tyally in the range of 0-D.2. Other transition metals

such as Cr occasionally added to improve corrosion resistance.

There are mainly two ways to synthesize the MWsirohatingwater
guenching technique and quenching & drawing technique. In the fast ttee molten
metal stream is ejected from the orifice of a quartz tube and then projected onto a
water layer formed by centrifugal force on the internal surface of a rotating cylinder.
The technique is first introduced by Ohn&Kehe second process udegex like glass
tube which is placed within a high frequency induction heafer The alloy with
desired composition in the form of a pellet is put inside the glass tube. At an elevated

temperature, the metal melts within the tube and the temperatatgo sufficient to
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melt the Pyrex or similar insulating glass. The molted alloy took the form of a droplet.
During the process, a glass envelope form on the metal droplet. A glass capillary is
then drawn from the viscous melt and wound on a rotatimgndA running cold water

jet solidifies the melt rapidly followed by the formation of metallic MW with the glass
coated on its outer surface. The typical inner metallic core diameter that can be
achieved by the process is about ~3D um and the glass ating has thickness of ~ 2

- 10 um. The insulating coating of glass provides corrosion resistance to the MWs and
offers electrical insulation. Due to lack of crystal structure, the magnetocrystalline
anisotropy is almost negligible in these materials.rivetestresses developed within

the MWs during the rapid solidification of the melt gives rise to magnetoelastic

anisotropy, the main source of anisotropy.

In this chapter we are investigating the magnetic domain structure of the MWs
via the magnetic hystesis loops measurements of the MWs under different physical
conditions. These studies will help us to understand the domain structure and magnetic

properties of magnetic nanowires which are discussed in the following chapters.

3.2 Experimental

We study cobalt rich glass coated amorphous MWs with two different
compositions of Cg Mn7eSis Bz 3z and (Cop o .07)63Ni10Si11B1s. The microwires
were received from Instituto de Magnetismo Aplicado, Madrid, Spain. The surface
morphology of the MWs is studidaly scanning electron microscope (SEM). Before
the microscopic study we remove the glass coatings from the surface of the MWs very
carefully using sharp edges, for example razor blades. The DC magnetic hysteresis
loops of the MWs are measured dygonventioal DC magnetization setp where the
MWs are magnetized using a air core solenoid and the change in magnetic flux
through a pickup coil is recorded and then integrated using a fluxmétagnetic
hysteresis loops are measured under different stressksdajopthe MWs. The MWs
are stressed out using different weights applied at one end of the MWs keeping the
other end fixedsee Fig.3.1(d and magnetic hysteresis loops are recorded for each
load. The stresses are calculated by knowing the weights arddbs sectional area
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of the MWSs. DC magnetic hysteresis loops are also measured after passing different
number of current pulses through the MW&e pulses are generated by an electronic
circuit using IC 555 see Fig. 3.(b)] that produces current putsef 12 sec width and

100 mA DC current amplitude. During the passage of the current pulses through the
MWs, the MWs are subjected to joule heating accompanied by a circumferential
magnetic field according to Amperthedbs | aw.
annealing of the DC magnetic hysteresis loops of thg &, ¢Sis B33 MWSs in the
presence of the magnetic field is then studied by their DC magnetic hysteresis loops

measurements.

=
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150 ohm | -fier

Sample
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Figure 3.1.(a) Laboratory arrangement for applying pressutd¢éoMWs and (bCurrent pulse

generating circuit using 1C555.

3.3 Results and Discussions

3.3.1 Structural properties

Fig. 32 (a) and Fig. 3.2 (b) show the SEM micrographs of the
Cog3Mn76Sis B33 and (Cop.odFe.07)e3Ni10SihiBis MWSs respectively. Fom the
micrographs the glass coating on the surfaces of the metal core of the MWs is evident.
It is observed that the diameter of the metal core and the thickness of the surrounding
glass coating are uniform throughout the length of the MWs. In case of

Cos3.2Mn7 6Sis B3 3sMWSs, the glass coating has a thickness of ~ 5.3 um while the inner
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metallic corehas the diameter of ~ 14.7 urthe (C@.9F & .07)s3Ni10Si11B16 glass
coated microwires have a thickness of glass coating ~ 5.4 um and the inner core has

thediameter of ~ 20.5 pm.

The synthesis procedure (quenching & drawing procedure) of the MWs
supports the formation of several centimeter long MWs with smooth surfaces of the
metallic core covered by glass coating. This is observed in SEM micrographs where
we merely have seen any surface defects. The scratches observed in SEM micrographs

are believed to be due to the cutting of the MWSs before the SEM study.

Figure 3.2. Scanning Electron Microscopy (SEM) image of glaeated amorphoug)
C0g3 Mn7 ¢Sis gB3 3 microwire and (b)YCoy oF&.07)63Ni10Si11B1g Microwire.

3.3.2 Magnetic properties and Domain structure

Fig. 3.3 shows three hysteresis loops of g;@dn76Sis sB3 3 MW under three
different stresses e.g. 0, 220 and 440 MPa. The external ticafielel applied along
the axis of the MWs has the upper limit of 10 Oe. The hysteresis loops show sharp
jump at the start of the switching followed by a slow increase in magnetization
towards saturation with the increase of external magnetic field d@lmmgpposite
direction. The loops are thus not square in shape. It is to be noted that the switching of

magnetization in the MWSs is observed to be increases with the increase in applied
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tensile stress (i.e. 0 MPa < 220 MPa < 440 MPa). In contrast, thesslimation
process of MWs after the switching (i.e. when the applied field is directed at opposite
direction) is decaying slowly with the increase in stress. The coercivity of the
hysteresis loops is also observed to be decreasing with the increasssnlistprecise

we can state that, the hysteresis loss of the MWs is decreasing with the increase of

applied tensile stress.

Fig. 3.4 shows the hysteresis loops og£bIn; ¢Sis sB3 3 MW before and after
heat treatment with different current pulses (elg.2, 3 and 4 current pulses).
Hysteresis loops are found to shear as the MWs are treated by the current pulses.
Furthermore, the shear nature of the loops (i.e. low initial susceptibility) increases as
we increase the number of pulses passing througlvitles. The sharp switching is
prominent in agjuenched sample which is also observed in the MW after single pulse
heat treatment. However, the sharp switching starts to disappear after the MW is
treated with two pulses and completely disappear in the MNghnis treated with four

consecutive pulses (see Fig. 3.4).

In order to explain the observed experimental results, it is necessary to
understand the domain structure of the glass coated amorphous MWs. The MWs are
synthesized in quenching and drawing gahare followed by the rapid cooling from
melt. The process accompanied by a strong mechanical stress on the metal core
induced by the surrounding glass coating due to their different thermal coefficient.
However, the composition of the alloy defines thegnedostriction of the MWs. For
example, Fe based alloy shows positive magnetostriction while Co based alloy show
negative magnetostrictichOn t he ot her hand, MWs contai ni
show nearly zero magnetostrictidit is believed that thenique stress distribution
within the metallic core and the nature of magnetostriction of the MW together define
all the unique magnetic characteristics of the MWwa&he corresponding
magnetoelastic and shape anisotropies determines the domain strudthenea the

magnetization process™

During the rapid quenching of the melt in the synthesis procedure, the outer
layer of the melt solidifies first followed by shrinking of inner core of the same. The

delay in shrink of inner core of the melt devel@psadial tension in the wire. Perhaps
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the radial tension increases towards the centre of the MWs due to the differential
cooling process and as a consequence, an axial stress is developed in the inner core. In
summary, two distinct regions are developethiv the wires: inner core where the

axial stress exists and outer layer where the radial stress exists. The transition between
these two regions is expected to occur gradually over a few atomic layers. Volumes of
the two regions depend largely on thegmeteelastic coupling of the material. The
stresses are long range in character and play a crucial role in defining the domain
structure of the MWs. Domain structure of the MWs can be derived from axial
magnetic hysteresis loops combined with domain etgien by magneto optical Kerr

effect or Bitter techniqué&" In case of glass coated MWs, it is difficult to observe the
domain structure by the later techniques due to their reduced dimension compared to
the water quenched MWsHowever, the domain struge in glass coated MWs is

very similar to the water quenched MWs. Detail study on domain structure can be
found in literatur&® '# 23|l of which indicate the possible domain structure in

amorphous MWs as shown in Fig. 3.5 and Fig. 3.6.

Fig. 3.5 show the typical domain structure of a negative magnetostrictive
amorphous MW. Whereas, Fig. 3.6 shows the same for a positive magnetostrictive
MW. The domain structure consist of a single domain core (inner core or IC) having
magnetization parallel to theiaxof the MW and a multidomain outer shell (outer shell
or OS) with transversely oriented magnetization. In case of negative magnetostrictive
MW, the OS magnetization is circular (see Fig. 3.5) and for positive magnetostrictive
MW, it is radial (see Fig..B).

The sharp switching observed in the hysteresis loops of as quenched
Cog3 Mn76Sis B33 MW (Fig.3.3) as discussed earlier is a consequence of switching of
the IC domain upon reversing the external field. After the switching, the slow
saturation in lie opposite direction is attributed to the OS magnetization. As we
applied an external stress (220 MPa) along the axis of MW, the IC increases in volume
results an enhanced sharp switching (Fig.3.3). On the other hand, the slow saturation
after the switchmg decreases perhaps due to the decrease in OS volume. Hysteresis
loop corresponds to 440 MPa shows further enhancement of sharp switching for

greater IC volume whereas less OS signature is evident.
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Figure 3.3.Axial hysteress loops of the amorphous £aVin; ¢Sis B3 sMW at various stress values.
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In contrast to the stress dependent results, heat tneiatrei@g current pulses
indicates an opposite response of the MWs (Fig. 3.4). It is seen that, the sharp jump in
magnetization near zero field is decreased in the MW treated with single current pulse.
Upon increasing the number of current pulses, the sharp observed during
switching slowly disappears and it completely disappears on sending four current
pulses. On the other hand, the slow rise at higher field is increased in the current pulse
treated MW indicating an enhancement of OS volume. The cupdsé generates
heat to the MW which allows the OS to expand in volume at the cost of the IC. The
volume enhancement of the OS is more preferable because of the presence of circular
magnetic field corresponding to the current pulse. As the IC volumeasecrthe
sharp jumps during switching disappear with increasing number of pulse. This is just
the opposite case of application of a tensile stress to the MWs where the IC volume

increases upon increasing the stress.

We studied another amorphous microwirevith the composition
(Con.oFe.07)63Ni10Sii1B1s. We plot the hysteresis loops of as quenched and stress
induced MWs in consecutive panels in Fig. 3.7. We observe, the applied stresses (209
MPa and 431 MPa) enhanced the sharp switching in the MWs comjoatbd as

guenched condition. These indicate the enhancement of IC volume.
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microwire in absence of stress, in presence of 209 MPa anklRastress.
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3.4 Conclusions

Magnetization process amorphous glass coated MWs with the composition
of Cagz. Mn76Sis B3z zand (Ce o e .07)63 Ni1oSiiiB1e MWS are studied in detail under
different stressed and current annealing conditions. a&eirf morphological
characterizations done by electron microscope shows the MWs are uniform in
diameter throughout their length. Inner metallic core of the MWs have average
diameters of ~ 14.7 and 20.5 pum respectively with the glass coating thickness of ~ 5
pm. It is assumed that, magnetic domains in MWs have two distinct regions, namely
IC and OS. IC is a single domain with magnetization along the axis of the MWs.
Whereas, the OS is a multidomain region with transverse magnetization. Low field DC
magnetic hgteresis loops are recorded at different conditions of the MWs. MWs
subjected to external tensile stress along their length show increase in sharp switching
indicating the increase of IC volume increases at the cost of OS. Conversely, sending
current pulss (100 mA) of short duration (12 sec) have reverse effect on the MWs.
They heated up the MWs in the presence of circular magnetic field associated with the
current sending through the MWs. As a result, the OS volume increased at the cost of
IC which is jus reverse the case of stressed MWs. All the results are in accordance

with the inner cor@uter shell domain structure of the MWSs.
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Chapter 4

Synthesis and characterization of
anodic alumina membrane

4.1 Preamble

Nanotechnologys a result of miniaturization of devices and the development of
specific instrumentations leads us to the nanoworld.littwa us to do surface
engineering at nano scale resolution. One of the main aspects of nanotechnology is to
fabricate various nanostructures, particularly the inexpensive formation of periodically
ordered structures (e.g., nanopores, nanotubes and nas@wiays) with a periodicity
of less than 100 nm, has triggered extensive activities in research. The unique
properties of the arrays or of an integral functional unit consisting of multiple
nanostructures are the result of collective behavior and itimiacamong them
producing response of the system as a whleghly ordered nano materials have
potential use in the future technologies in the fields as nanophotonic, photocatalytic,
microfluidic and sensing devices, as well as functional electrodesneghetic

recording medid?

Lithography patterning is the earliest technique to produce various nanostructures
(e.g. nanoparticles, nanowires, nanotubes) arranged in highly ordered “arrays.
Following all the processing steps of various lithography tegles (e.g. electren
beam, ioRbeam, Xray, interference or holography lithography) with ultra high
precision, it is possible to fabricate highly ordered nanostructures with periodicity less
than 50 nnT.® However, two serious drawbacks that exist in theseesses are: low
aspect ratio (the ratio of length to diameter) of the formed nanostructures and the high
cost of their preparations. These limit the applications of lithography techniques to the
laboratory scale. In order to overcome such drawbacksimanint lithography (NIL)

as a highhroughput and lovcost method has been developed for fabricating
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nanometesscale pattern$.Template synthesis in nanometer scale however proved
now another elegant, inexpensive and technologically simple approackhédor
fabrication of various nanoscale sophisticated materials (e.g. arrays of nanowires,
nanotubes}® ! The templates can be synthesize by electrochemical anodization of
thin metal sheet (thickness of micrometer length scale) of aluminum, tin or zinc.
Depending upon various anodization conditions and surface topology of the metal
surfaces, nano sized pores start to form in the oxide layer on the metal surface.
Directional growth of the pores within the metal oxides can gives rise to an oxide
membrane (hav a thickness of several microns) with highly ordered rdramnels
(diameters of the channels are in nanometer length scale) with a periodicity within a
range from few nanometers to several nanometers. We synthesize highly ordered
porous alumina templatdsy electrochemical process. In this chapter we discuss the

synthesis procedure of the templates and their structural and magnetic properties.

4.2 Types of alumina oxide films

Alumina templates or membranes consist of-eajfanized nanopores can be
made by anodization of thin aluminum sheet in an electrochemical cell. The detail of
the experimental setp is discussed earlier ahapter 2 The anodization of aluminum
can result in two different types of oxide films: a barrier type film, and a porads ox
film. Films of controlled morphology may be developed by appropriate selection of
electrolyte and filrforming conditions. Thus, films grown at high current efficiency
in largely neaneutral electrolytes at ambient temperatures are highly uniform in
thickness and relatively compact; such films are termed as barrier films. It has seen
that barrier flms may develop at current efficiencies of film formation above
approximately 60%2 '3 However, irrespective of the current density, the relatively
high field developed across the alumina gives rise t Agress and ® or OH

ingress through the anodic film.

In acidic electrolytes, or selected alkaline electrolytes, the relatively compact

barriertype anodic films on aluminum no longer develop as altresuanodic
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polarization. Examination of the resultant film at appropriate magnification and
resolution reveals a relatively regular porous oxide firithe pores, of cylindrical
section, pass normally to the macroscopic aluminum surface but are s@bematet

by a relatively compact barrier layer of scalloped appearance.

In an alumina membrane, each hollow pore is surrounded by alumina wall and
can be consider as a cell. Hence, the pore diameter is defined as the diameter of the
pores, wall thicknesss the thickness of the alumina wall separating two nearest
neighbor pores and interpore distance is the centre to centre distance of two
consecutive pores. Ideally, an alumina template will consisloged packed arrays of
hexagonally arranged cellsccan be represented schematically as shown in Fig. 4.1
below. The alumina templates or membranes consist of nhancgudeare generally
characterized by given parameters such as pore diameter, wall thickness, barrier layer
thickness and interpore distance

(a) (b)

Pore Pore Interpore
Cell TP diameterthigzigssdistance
o000 Rt —s
.
Anodized Al
layer

[ |
|
| |

A A\

.
Barrier

layer

Figure 4.1.(a) Schematic diagram of idealized structure of porous alumina template obtained from

anodization of thin aluminum sheet &)l a cross sectional view of the anodized layer

The pore diameters of the membranes can range from few nanetodtendreds
of nanometers by altering the anodization conditions. On the other hand, the depth of
the fine parallel channels can even exceed 100 Research onhe growth,
morphology and composition of porous anodic films on aluminium have received
tremendousattentiondue to high level of perfection that can be achieved quite easily

at various stages in their developmert is known that the major anodic film
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parameterssfuch asparrier layer thickness and pore and cell diameters) are directly

depeneént upon thanodizatiorvoltage®®

4.3 Growth mechanism

A particular barrier and porous type anodic filmith particular surface
morphology can be synthesized &yodizingpure aluminumunder specific conditions
in various electrolytes allows incor@ion d species from the electrolyt&uch an
ability to control morphology, particularly for porous anodic films, as well atake
of electrolyte species, enables tailor making of anodic films for particular applications.
For example, relatively largeiameter pores are generated by anodizing at high
voltages in phosphoric acid compared with the fine pores in the anodic films which are

developed rapidly by anodizing in sulphuric acid.

It was previously accepted that the nature of electrolyte used dolization of
alumina is the key factor which determines the type of oxide grown on the stirface.
However, more detail studies later revealed that, there is no distinct difference in the
selection of an electrolyte used for the formation of barrieroooys films during the
anodization of aluminunt:?® For porous oxide film of alumina, the film growth is
associated with localized dissolution of oxide, as a result of which pores start to form

on the barrier type oxide film.

It is possible to fabricatellamina oxide membrane by two step anodization of a
thin sheet of aluminum using proper acidic solution. In the first anodization, the barrier
layer formed followed by the pore nucleation on the aluminum surfoe.oxide
removal from the surface of theide film is carried out by keeping the sample in a
mixture of 6% phosphoric acid and 1.8% chromic acid at an elevated temperature of
60° C for 1015 minutes. Following the chemical removal of oxide, a periodic concave
triangular pattern formed on the alumam surface acts as selésembled masks for
the second anodizingThe second time anodization leads to the growth of the pores
inside the aluminum and form a porous membrane. During the anodization of

aluminum, the growth of oxide layer takes place at itietal/oxide interface at the
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pore bottom, and involves the conversion of a preexisting, naturally occurring film on
the surface into a barrig¢ype film and further into a porous oxide layer. The porous
oxide growth accompanied with a thin and compactriéra layer at the pore
bottom/electrolyte interface which continuously dissolved by locally increased field,

and a new barrier layer at the metal/oxide interface rebuild.

However, the growth mechanism of porous alumina oxide is not known very
clearly e.g which oxygen carrying anion species @r OH ions are involved in the
anodic process. The generation of Gths in an anodizing electrolyte solution can
occur in two ways: the simple splitting of water or by cathodic reduction of water

followed by thereaction with dissolved oxygen as described below,
H,O + 2€ = 20H + H; [4.1]
O+ 2H,0 + 4€ = 40H [4.2]

The possible ways of the generation Jf iBns at the electrolyte/oxide interface
are: adsorption of OHons by oxygen vacancy annihilatiGror from water following
the interaction with adsorbed electrolyte anidis the processis shown in Fig. 4.2.

In the letter process, Okibns may also be produced.

The anodic polarization of the Al sheet in acidic electrolyte solution leads to the
formation of amorphous oxide film growth on the surface of the Al sheet according to

the following reactions:

2AP* + 3H,0 = Al,O3+ 6H" + 6€ [4.3]
and
2Al + 60H — Al,O3+ 3H,0 + 3¢ [4.4]
2Al + 307 = AlLO; + 6€ [4.5]

The growth of oxide occurs mainly at oxide/metal interface for typical acidic
electrolyte solutions containing sulfuric, phosphoric, chromic, acetic, oxalic acids etc.
It is widely acceped that, the pore formation is attributed to the thermally assisted,
field accelerated dissolution of oxide at the base of the pores. The growth of porous
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alumina involves the inward migration of oxygen containing iorfs/(OH) from the
electrolyte through the barrier layer and simultaneous outward drift®dfolis across

the oxide layer (shown in Fig. 4.2). In the steady state of the process, i.e. during the
formation of porous oxide structure, a dynamic equilibrium is maintainecebatthe

local field assisted dissolution of barrier layer at pore bottom/electrolyte interface and

the rate of new barrier layer formation at metal/oxide interface.

Figure 4.2.Schematic illustration of ions movement and dissolution of oxide baryier & pore
bottom in a typical sulfuric acid solution.

The side reactions that are responsible for the evolution of o¥§genear

metal/oxide interface are as follows:

2H,0 = O, + 4H* + 46 [4.6]
40H - 2H,0 + O, + 4€ [4.7]

Or alternately,
207 = O, + 4€ [4.8]

At high anodizing poterui, it is observed that the generation of oxygen is also

possible through the following reaction:
H,O, = O, + 2H" + 2¢ [49]

The evolution of oxygen bubbles may enhance further near thel/oxéde

interface due to the presence and compositions of impurities or second phase
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particles™ It is suggested that oxygen evolution is directly connected with the
growth of porous alumina film and it is useful for testing from batgpe to poros

type coatings’

For steady state porous oxide growth, the locally increased field at the
electrolyte/oxide interface affects the dissolution of oxide in the pore Hases.
Moreover, the oxide growth rate at the metal/oxide interface increases due to the
increasing field assisted dissolution of oxide. The field assisted dissolution starts from
the polarization of AlO bonds, followed by the removal of *Alions from the oxide

structure'® The removal of Al* ions occurs more easily in the presence ofitid.

4.4  Synthesis and microstructures of porous oxide films

In order to prepare alumina membrane in a more simple way, we first try to
anodize a thin sheet of aluminum (Al) with the thickness of ~ 135 nm and dimension
of ~ (5 x 10) mm using phosphoracid. The aluminum sheet has the purity of ~
99.998% and purchased from Sigma Aldrich. The sheets are available with prior
electrepolished. One side of the sheets is covered by a Bakelite structure (Fig. 2.2 in
chapter 2 so that only the other side dueninum comes to the contact of electrolyte
solution. The concentration of the phosphoric acid solution is 0.42 M. A constant
voltage of 34 V is applied between the Al thin sheet and Au wire (the cathode). The
anodization is carried out at room temperatfoe 10 minutes. After the first
anodization, the FESEM images are taken and shown in Fig. 4.3. The cross sectional
view of the membrane shows the formation of channels with a radius of ~ 80 nm and
length of ~ 2 to 2.5 um. Moreover, the channels are séeifms cross linked with each
other. The pore initiation from the top surface (Fig. 4.3) is neither regular nor easy to
observe as most of the pores on the surface are blocked with alumina. In order to see
the effect of time, we increased the time and didamodization for 1 hour and the
FESEM micrograph of the resultant alumina film as shown in Fig. 4.4. In this case, the
pores can be seen from the top surface of the film with an average radius of ~ 80 nm.

The surface of the film has seen to be coverett wasidual alumina confirmed by
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EDX and XRD which are started to dissolve during the anodization by phosphoric acid

solution.

Figure 4.3.Alumina membrane prepared using 0.42 MPB, undera constant potential of 34 #ér 10

minutes at room temperature: (left) side view, (right) top view.

The time and voltage both are then increased to 14 hours and 64 V
respectively. The righpanelin Fig. 4.4 shows thEESEM micrograph ofop surface
of the alumina film. In this e, the top surface of the alumina film is free from
residual alumina due to the long time interaction of film surface with the phosphoric

acid. However, most of the pores are blocked on the surface whereas the pores with

lower diameters get opened in fr@cess.

Figure 4.4. Top view of alumina membrane prepared at room temperature using 0.4P® whdera
constant potential of 34 V for 1 hour (left) and at 68 V for 14 hours (right).
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In order to accelerate the pore opening procestdiyng out the alumina from
top surface of the film, we add 0.001 M of chromic acid. We hoped, the growth of the
nano channels through the aluminum would also enhance by the use of chromic acid.
An anodization of a similar aluminum sheet is carried outlf hour and 40 minutes
keeping the voltage constant at 34 V. The SEM study reveal (see Fig. 4.5), the pore
formation on the surface of the alumina film is quite irregular. The diameter also varies

in a wider range from ~ 50 nm to 250 nm.
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Figure 4.5.Top view of the alumina membrane prepared by using 0.00LGA® mixed with 0.42 M

H3P O, solution under a constant potential of 34 V for 1 hour 40 minutes at room temperature.

As far we observe, the single step anodization using phosphoric acid or mmix wit
chromic acid is not good for preparing highly ordered porous membrane with parallel

nano channels through the membrane without any cross link among them.

With the target fixed for getting highly ordered porous membrane, we use oxalic
acid (GH»0,) electolyte solution. The concentration of oxalic acid is taken as 3 wt%
as the voltage maintained at a constant value of ~ 60 to 62 V to achieve a current
density of 2mA/crA The anodization is carried out at’1@ to dissipate the heat
generated during the etk@rmic reaction of conversion of aluminum in to alumina.
The first anodization is carried out for-BO minutes. After the first anodization, oxide
removal from the surface of the film is carried out as described earlier. The self
assembled mask on aluram after the first anodization followed by oxide removal is

shown in the SEM micrograph in Fig. 4.6.

84



Figure 4.6.FESEM micrograph of alumina layer on aluminum sheet after first anodization
followed by post treatment.

The second anodization is conductéert at same potential used for the first
anodization. Finally the hexagonally arranged nanopores structure is detached from the
base aluminum using mercury chloride (HgQolution. If desired, the pore opening
and widening of the resultant alumina menmeaan be done using 5% phosphoric
acid solution. The alumina membranes are then characterized by SEM, FESEM and

the micrographs are shown in Fig.4.7.
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Figure 4.7.FESEM micrographs of alumina membranes obtained after two step anodization at 60
V for 2 hrs. (a) & (b) The top surface of the membrane. (c) Back side of the membrane after partial pore
openning treatment using phosphoric acid. (d) The pore bottoms on the backside of membrane.

The FESEM micrographs of the resultant membrane shouforom pore
formation [Fig.4.7(a), 4.7(b)] on the top side of alumina membrane though a large
region. Whereas the backside of the membrane after partially pore open region is
shown in Fig.4.7(c). A close view of the pore bottom is shown in Fig. 4.7(d). It is
observedhat the pores are arranged in a hexagonal pattern within the membrane. In
Fig.4.8 we can see a closer view of a selected region of the top surface of the
membrane. It shows an average pore diameter of ~ 73 nm with an average pore
seperation of ~ 145 nm.
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Figure 4.8.A high resolution FESEM micrograph of the top surface of alumina membrane after

two step anodization at 60 V for 2 hrs.

Different pore diameters can be achieved using different potentials of anodization
and different time of pore widenirtgeatment. Fig.4.9 shows the SEM micrographs of
the top surface of membrane obtained after two step anodization under a potential
difference of ~ 64 V followed by a pore widening treatment in phosphoric acid. It
shows a wide range formation of uniform paréhe average diameter of the pores is ~
100 nm. Pore widening process is a sophisticated process during which the alumina
going to dissolve in acidic solution at some elevated temperature (typically )60
and widened the pore diameter. Here, the agphiotential is nearly same as previous
but with the pore widening treatment the average pore diameter of ~ 100 nm is

obtained.
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Figure 4.9. SEM micrograph of top surface of alumina membrane prepared using a potential of ~
64 V for 2 hrs followed by a peropening and widening treatment in phosphoric acid. (a) Long range

formation of uniform pores, (b) a close view (c) a closer view with pore parameters measurements

Fig.4.10 shows the FESEM micrographs of alumina membrane prepare by two
step anodizatioprocess under a potential of ~ 55 V. The pore opening treatments are
partially performed in this case. The micrographs clearly show the hexagonal shape of
the cells with a hexagonal clepacked arrangement among themselves. The average
pore diameter is of 50 nm with an average center to center distance between the
pores is of ~ 134 nm.
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Figure 4.10.FESEM micrograph of alumina membrane obtained by two step anodization using a
potential difference of ~ 55 V for 2 hrs (a) followed by a partial poenp treatment, (b) a close view
of the surface with pore diameter measurements, (c) a close view of the surface with pore separation
measurements.
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Figure 4.11 FESEM micrographs of the alumina membrane prepared using two step anodization
under a potetial of ~ 55 V for 2 hrs (a) pore bottoms at the back side of the membrane after dissolving
the aluminium base by Hg&lb) A closer view of the pore bottom with a partially open region (c) & (d)
cross sectional view of the membranes (e) & (f) typicalvgief the edges of the membranes.

90



The pore bottoms of the membrane are shown in Fig.4.11 (a) and (b). The closer
view of the pore bottom on the back side of the membrane [Fig.4.11 (b)] shows a clear
hexagonal structure of the pore cell. The cross settioesy of the membrane
[Fig.4.11(c), 4.11(d)] shows the uniform growth of the channels through the membrane
and are not cross linked with each other. The typical edges of the membranes are
shown in Fig 4.11(e) and 4.11(f) which shows the sharp edges ofeimbdranes. The

second anodization performed under a potential difference within a range6df\65

for 2 hour duration typically produce a membrane with thickness 41.25 uym and is
shown in Fig.4.12.
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Figure 4.12.FESEM micrograph of a cross sectionawiof a typical membrane synthesized by
two step anodization process using different potential differences from 55 to 64 V for 2 hrs.
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4.5 Elemental and crystalline phase characterization

Elemental study of the membranes is performed by EDAX. The EBgetra
are shown in Fig. 4.13 and indicate the pree of Al and OThe XRD pattern
obtained from powder diffraction of the alumina membrane after dissolving the Al
base shown in Fig.4.14. The powder diffraction has no distinct peak and indicates the

amaphous nature of the membrasynthesized using oxalic acid solution
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Figure 4.13.EDAX spectra of alumina membranes prepared in lab.
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Figure 4.14.XRD spectra of alumina membranes prepargidg oxalic acid solutian

4.6 Magnetic characterization

It is well known that, pure aluminum is paramagnetic in nature at room
temperature. During the anodization of aluminum, the conversion of aluminum to
alumina oxide started to form on the surface of aluminum. The magnetic state of
alumina membrane afteeimg taken out from the aluminum base has been studied by
VSM. Magnetization loop of the membrane measured at room temperature indicates
diamagnetic phase as shown in Fig. 4.15. The data points (red)-Sidesglown
triangle indicate the MH loop of a menaime placed in a diamagnetic sample holder
used for VSM. The data points in triangular symbol (green) indicate the MH loop of
the sample holder only. However, the linearly fitted curves of the MH loops are
represented by orange and deep green solid limeséonbrane with sample holder
and bare sample holder respectively. The solid line in violet color thus indicates the
sample holder subtracted diamagnetic MH loop of the membrane only. From the curve

it is observed that the membrane has a week diamagmeperpy with lower initial
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susceptibility than the sample holder. The Al and O are both paramagnetic in nature
but while they form the amorphous .8k, it becomes diamagnetic because of the

covalent bond form between them.
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Figure 4.15.Experimental MH loops of AAO membrane with sample holder (red triangle witidep
down) and of sample holder only (green triangle). Linearly fitted straight lines for membrane with VSM
sample holder (orange) and for VSM sample holder only (desgn). Sample holder subtracted
theoretical straight line for AAO membrane only (solid line in violet color).

4.7 Synthesis of Zing®xide nanowires using the AAO membrane

Two dimensional arrays of ZirOxide (ZnO) NWSs using the alumina
membranes havieeen synthesized by simple wet chemical process. The membranes
with an average pore diameter of 50 nm have been used in this purpose. The NWs are
formed within the pores of the membranes by dipping the membranes into saturated
0.1 M solution of Zn(CHCOOH), 2H,0 prepared in ethanol followed by drying and
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annealing of the membranes. The membranes are used to dipped within the solution
for four to five days so that the solution can reach inside the nanopores. The surfaces
of the membranes are washed very ftdlieto remove the acetate solution from the
surface. The membranes then kept at room temperature till they become dry. Thermal
annealing of the membranes at 48D for 2 hrs has done at the last stage of the
synthesis procedure. During the annealinghef templates, arrays of ZnO NWs form
within the nanopores through the decomposition of the acetate salt. In order to dope
the NWs with different atomic % of Potassium (K), one can add selective amount of

potassium acetate to the zinc acetate solution.

The SEM characterizations of the NWs are performed after dissolving the
membranes in 2 M NaOH solution and are shown in Fig. 4Al8t(shows the clear
formation of the NWs. The Xay diffraction patterns confirm the formation of-un
doped and Kdoped ZnO heagonal wurztite crystal structues are shown in Fig. 4.16
(b). The XRD patterns clearly show the distinct peaks of ZnO. The diffraction peaks
correspond to Al is because of the presence of aluminium substrate beneath the

alumina membrane.
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Figure 4.16.(a) SEM micrograph of ZnO NWs after dissolving the membrane by NaOH solution with
an inset showing a single N@hd (b)XRD spectraof undoped and Klopped ZnO NWs
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The elemental analysis of the NWs has performed by EDAX whereas the
optical and magneti properties have been characterized by photoluminescence
spectroscopy and vibrating sample magnetometer respectively and the detail of the
work can be found in reference [33].

4.8 Conclusions

We successfully prepare the Alumina membranes using oxadisalution by
a two step anodization process. Structural characterizations done by electron
microscopes clearly show the formation of uniform pores with hexagonal cell
structure. A dynamical equilibrium between the local field assisted dissolution of the
barrier layer and conversion of Al into /&) at metal/oxide interface help to grow the

nanachannels through the oxide film converting all the sample into porous membrane.

Anodization of Al is an exothermic reaction. At an elevated temperature,
phosphoic acid solution can open the pore on the anodized surface of Al. But, one
step anodization is no good even using a mix solution of chromic and phosphoric acid.
Post anodization treatments both after the anodization are crucial to clean or open or
widen the pores. It is possible to grow pores with different diameters by using different
anodization potential and employing different post anodization treatments. The
elemental analysis is done by EDAX whereas the amorphous nature of the membrane

is confirmed byXRD patterns.

Magnetic measurements are astonishing as we observe weak ferromagnetic
hysteresis loops for the Al base and Al base/AAO film composite. The samples are
prepared and measured with highest sincerity to avoid any contamination. The
measuremestrepeatedly show ferromagnetic nature of the samples. The Al base/AAO
composite and the annealed Al bases show enhanced ferromagnetism compared to
mere Al base and wannealed Al base respectively. As there are no other sources of

ferromagnetism present those sample, we believe the ferromagnetism is originated
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from the localized defects that form within the Al base and Al base/barrier layer

interface during the anodization.
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Chapter 5

Structural and magnetic properties of

2- dimensional arrays of Ni NWs

5.1 Preamble

Research on ferromagnetic NWs has attractedeasing interest in material
science because of their potential applications in various fields, particularly in high
density perpendicular magnetic stordgeHighly ordered arrays of magnetic NWs
show novel and interesting magnetic properties diffefremb those of bulk and thin
films and sensitively depend on their sizes, shapes, and the interactions between
them?'’

Among the various methods for preparing NWSs, electrodeposition technique is
widely used because of its simplicity, cost effective amhstication. In this method,
various ferromagnetic metals such as Fe, Co, Ni and their alloys can deposit into the
nanopores of silica, alumina, or polycarbonate porous substrates or membranes by the
electrodeposition techniqlfe®® The process Bels to the formation of two dimensional
(2D) arrays of thousands of NWs within the membranes with their long axes parallel to
each other. Elongated shape of the NWs determined their shape anisotropy that plays a
dominating role in governing the magnetic propertgsa single NW such as,

magnetic easy direction, coercivity, remanence etc.

Magnetic behavior of the arrays of NWs is determined by the magnetic nature
of individual NWs controlled by the geometrical shape and orientation of crystal axes,
texture as wells by the magnetostatic interactions among the NWs. In the present

work, Ni NWs with diameters of ~ 150 and 275 nm are prepared in alumina membrane

101



by the electrodeposition method. Surface morphology and structural characterization
of the NWs are done idetail. Magnetic properties of the arrays of NWs, such as
magnetic hysteresis loops and hence the coercivity, squareness are studied at various
temperatures between 80 and 350 K for different aspect ratio AR (= length/diameter)
of the NWs. The experimentedsults suggest the development of magnetic easy axis
perpendicular to the wire axes with vortex remanent ‘staté in the NWs. Attempt

has made to investigate the magnetic hysteresis loops of three isolated NWs by
magneto optical Kerr effect (MOKE) @asurement.

5.2  Experimental

Synthesis of Ni NWs

2D arrays of Ni NWs are fabricated within the pores of alumina membranes by
simple DC electrodeposition method. The thickness of a 13 millimeter circular
alumina membrane is approximately 60 umhaianesized pores of average diameter
of ~ 150,275 nm and a pore density of ~>16n?. To use it as an electrode, one side
of it was coated with a conductive gold layer of ~ 0.1 um thickness by the thermal
evaporation technique. All electrochemical dgifon of Ni NWs is carried out in a
three electrode electrochemical cell supported by a potentiostat as descobapter
2.

The goldcoated membrane is used as working electrode and acts as cathode
whereas a platinum (or gold) wire and a saturatgtP§Cl electrode are used as the
counter and reference electrodes respectively. Ni is electrodeposited at room
temperature using an aqueous electrolyte containing 0.57 M of;NigD0.32 M of
H3BOs. Boric acid is used as buffer solution and the pH ofsihletion is adjusted
between ~ 3.5 and 4.0. The constant potential for the electrodeposition is chosen as
10.85 V followed by linear sweep voltametry results. Electrodeposition is performed
for different durations in order to obtain NWs with different ldsg(hence different
aspect ratios, ARS).
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5.3 Results and discussions

5.3.1 Structural and elemental properties

In structural characterization of the NWs, we study the geometrical structure
of the NWs by scanning electron microscope (SEM). The micrbgraybtained
through the study gives us an idea of surface morphology of the NWs and determine
their length and diameter. We did structural characterization of the NWs using powder
X-ray diffraction (XRD) and the elemental study is done by energy dispensalgsis
of X-ray (EDAX). In order to do the SEM, FESEM study and EDAX analysis of NWs,
the alumina membranes are dissolved in 2 M of NaOH solution at room temperature.
SEM micrographs of NWs are also often taken without dissolving the alumina
membranesNi NWs with the diameter of 150 nm are shown in the SEM micrographs
in Fig. 5.1. The left micrograph in Fig. 5.1 shows the NWs, within alumina membrane,
having length of 1.4 um i.e. the AR ~ 9 and the right micrograph shows the NWs,
without alumina membran having length of 28.4 pm i.e. the AR ~ 189. The

micrographs also indicate the uniformity in length and diameter of the NWs.

AccV Spot Magn Det WD
10.0kvV 30 8675x SE 7.7

Figure 5.1 SEM micrographs of Ni 150 nm NWs (left) having length of ~ 1.4 pm within the alumina

pores and (right) having lgth of ~ 28.4 um after dissolving the alumina membrane.
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Figure 5.2 FESEM micrographs of Ni 275 nm showing the NWs after dissolving the alumina
membranes. (top left) Side view of the NWs having average length of ~ 1.37 um, (top right) side view
of theNWs having average length of ~ 2.1 pm, (bottom left) top view of 1.37 um long NWs and
(bottom right) top view of 2.1 pum long NWs.

Fig. 5.2 shows the FESEM micrographs of 275 nm NWs aftsolisig the
alumina membraneddicrographs clearly show thatehNWs are very stable and did
not break due to the alumina dissolving process. Different lengths of the NWs,
confirmed from SEM and FESEM micrographs, are obtained by changing the time of
deposition of Ni within alumina membranes during the electrocherdigabsition.
The length of the 150 nm NWs is varied from 1.4 um (AR ~ 9) to 28.4 um (AR ~ 189)
whereas the same for 275 nm NWs is varied from 1.37 um (AR ~ 5) to 7.7 um (AR ~
28.

Powder Xray diffraction pattern of 275 nm NWs is recorded and shown in Fig.
5.3. The XRD peaks correspond to either feestereecubic Ni or gold as shown in
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this figure. The average crystallite size in the NWs calculated from various peaks of

XRD using the Scherer equation is ~ 29 nm. The (200) peak of Ni in the XRD pattern

is fitted with Lorentzian for determining the crystallite size and shown in the inset of

Fig. 5.3. EDAX spectra obtained from the NWs is shown in Fig. 5.4 and indicate that

the NWs are free from sulphur and boron contamination as they are developed under
thenegati ve potent i afandBQ> andns 8idnot\get depasited. he SO
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Figure 5.3.X-ray diffraction pattern of 275 nm Ni NWs. Inset: (200) peak of fcc Ni fitted with

Lorentzian.
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Figure 5.4.Energy dispelige analysis of Xray (EDAX) spectra of Ni NWs.

5.3.2 Magnetic properties of arrays of Ni NWs

The magnetic measurements of the arrays of NWs are done by keeping the
membranes intact. Fig.5.5 shows the OP (external applied field parallel to the wire
axis)and IP (external applied field perpendicular to the wire axis) isothermal magnetic
hysteresis loops of arrays of 150 nm NWs with different aspect ratios (ARs) recorded
at room temperature. For all the samples observe that, the rate of increase in
magnéization with the external magnetic field in the OP hysteresis loops is much
slower than that in the corresponding IP hysteresis loops. Remanence in the OP
direction is also much smaller compared to the IP counterpart. Along the IP direction,
magnetizationsaturates at a lower field compared to the OP direction. All these
characteristics indicate the direction of the easy magnetization of the NWs is
perpendicular to the wire axis. Similar behavior of having IP easy magnetic axis in 275
nm NWs is observed iRig. 5.6 which shows the magnetic hysteresis loops in IP and
OP directions for different ARs of 275 nm NWs.

The remanence (< 0.45MMsthe saturation magnetization) and coercivity (<
300 Oe) of the hysteresis loops are quite small for the NWs. Thesabwérthe NWs
is an important aspect of the remanent state of the NWs. It is important to know the

remanent state of the NWs with the help of micromagnetisrorder to investigate
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the magnetic properties of arrays of NWs, it is first obvious to underskee domain

structure or the magnetic spin distribution within a single NW.
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Figure 5.5.1P and OP magnetic hysteresis loops of arrays of 150 nm Ni NWs having an aspect ratio of
(@) ~ 8 (b) ~ 37 (c) ~ 82.7 and (d) ~ 189.
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Figure 5.6.IP and OP magnetic hysteresis loops of arrays of 275 nm Ni NWs having an aspect ratio of
(@) ~3.2(b) ~7.3(c)~10and (d) ~ 20.

The magnetic spin distribution within a NW is determine by its exchange
interaction, bkape anisotropy (originated from the self demagnetizing field),
magnetocrystalline anisotropy (originated from spihit coupling of crystalline
structure of the NW), surface anisotropy (uneven coordination number of the spins
near the surface of the NWAtc. Diameters of the NWswvhich are about few
nananetersare often comparable to the magnetic domain wall widths that make them
hard to accommodate multidomain structures and promote to form single domain
structure. However, various micromagnetic caltafes were performed in this regard
based onLandau LifschitzGilbert equations to determine the remanent states of
cylindrical shaped magnetic materials: ! In case of NWs with diameter below
3 . & & being the exchange length, the spin magnebments within the NW lies
parallel to each other and directed along the length of the NW with a small radial tilt at

both ends. This configuration produces very high axial remanencé- M, the
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saturation magneti zati on) e. dVithdtheiinsreaseenr med as
di ameter, mor e g the spin snagnetic naoiments, ewithd the W,

begin to tiltdt i n the circumferential direc
The axial remanence decreases as the vortex develops. Tiheughldulations were

done mostly for the cylindrical NWs with low ARs (< 3) but, it is still significant for

high ARs* > |t was shown earlier somewhere éf5€ that the surfacénduced

anisotropy stabilizes vortex states in cylindrical ferromagréi's at high ARs.

In case of magnetic thin films with a thickness in the nanometer range, uniaxial
anisotropy along the direction normal to the layer surface is developed due to induced
orbital moments near the surface and interfaté§This well esablished fact in thin

ﬁlmSlZI' 14

suggests that magnetic anisotropy can also be induced in NWs by the lateral
surfaces because of a similar microscopic origin. In some materials, this surface
induced anisotropy exceeds the magnetocrystalline anisotropylessaf magnitudes

and stabilizes the vortex configuration when the length of the wire is much higher than
the diametet? For Ni, as = 20 nm and thus the critical diameter of Ni NWs is 70
nm* However, compared to flower structure, it is relatively easy to move a vortex
wall through the wire with vortex structurelence, the observed low remanence and
coercivities of the hysteresisops in Fig. 5.5 and 5.6 indicate vortex remanent state

within the NWs.

In case of two dimensional (2D) arrays of NWs, magnetostatic interactions
among the NWs play an important role in governing their magnetic properties,
especiallywhen the length oridmeter of the NWs are comparable to the mige
distance'’ For simplicity, each NW can be consider as magnetic dipole. Therefore, the
dipolar magnetostatic interaction field produced by surrounding NWs on a particular
test NW in a 2D arrays systemcammve t wo cont r i bfproduced s : t he
by the charges on the cylindrical wire surfaces of surrounding NWs which tries to
make the perpendicular direction of the test NW as easy magnetic direction and the
f i el dpratducdtl by the free chargasboth ends of the surrounding NWs which
tries to make the axial direction of the test NW as magnetically hard, where f is the
filling factor of the NWs or porosity of the alumina membrane (it is the ratio of the

total cross sectional area of the porestt he membr aneds f | at sur f
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combining these two contributions with the shape anisotropy of the test NW, the net

effective magnetostatic field @g can be written a4
Ht=2 M2 § T & M [5.1]

Here,f is the filling factorandf & d/D, the ratio of the NW diameter (d) to the
inter-wire distance (D). Ifieq5.1, the first term is the selfemagnetizing | e | gof 2~ M
a NW, i.e. the shape anisotropy. The. 5.1 can be rewritten as

Hett= 2 "sM6 = [5.2]

EQ5 . 2 show, how t he magned)desetmanesithe i nt er
magnetic easy axis bgr along axial (OP direction) or along the transverse (IP
direction) direction of the NWs. In case of the NWs that are well separated, due to
selfdemagnetization field and relatively small magnetostatic interaction among them,
it is possible that the diction of easy magnetization lies parallel to the axes of the
NWs, giving rise to a large OP remanefcéBut, the easy axis can turn in to the
perpendicular direction of the NWs if the NWs are close enough (a large value of f) to
produce a strong magiostatic interaction field greater than the shape anisotropy field.

In our study, the pores and hence the NWs are randomly arranged. Thus, an exact
calculation of the filling factor f considering a square or hexagonal mesh of NWs
within the membranes maywg wrong information. However, the observed transverse

or IP magnetic easy axes of the 150 and 275 nm NWs in Fig. 5.5 and 5.6 can be
gualitatively explain by the dipolar interaction field for a dense arrays system as
described above.

The variation of squaness (= MMs, M, being the remanent magnetization
measured from hysteresis loops) with the AR in case of 150 and 275 nm NWs are
shown in Fig. 5.7 and Fig. 5.8 respectively. The sqaurenesses (Fig.5.7) of 150 nm
NWs at different ARs are measured at ro@mperature (300K). It shows an increase
in IP squareness and slow decrease in OP squarness with the AR of the NWs. On the
other hand, the squarnesses of 275 nm NWs at different ARs are measured both at 80
and 300 K (see Fig. 5.8). Here, the change in Ainhghs the IP and OP squarnesses
significantly. After an initial decrease at lower values of the ARs, the squarnesses

started to increase at higher ARs. Here, the trends of variation of both squarnesses are
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almost same at both the temperatures and the syaltgeealmost same in case of OP
squarnesses at all the ARs. Micromagnetic calculations: * states that, the
transition from flower to vortex state takes place when a tilt in the magnetization
develops near the base of a cylindrshhped particleral the magnetization forms a
helical structure. The magnetization lies closer to the base plane due to the increase in
particle size. In the flower state, the squarness is close to 1 and decreases
monotonically as the vortex develops resulting small valoéssquarnesses.
Furthermore, as the magnetic easy direction of a single NW is along the length of the
NW dominated by shape anisotropy, the OP squarness must be higher than the IP
squarness. However, the magnetostatic interactions among the NWs can tblgange
scenario. We have dense arrays of NWs with iniee distances comparable to the
diameter of the NWs and smaller than the lengths of the NWSs. Hence, the
magnetostatic interactions among the NWs are strong enough to dominate over the
shape anisotropef individual NW. Here in Fig. 5.7 and 5.8, the higher IP squarnesses
compared to OP squarnesses of all the NWs is the signature of IP easy axes which is a
consequence of domination of magnetostatic interaction over the shape anisotropy of
the NWs. With tle increase in length (i.e. AR) of the NWs, the magnetostatic
interaction increase among the NWs due to stronger magnetic field produced by the
neighboring NWs. Point to note here, the IP interaction f2ld @) produced by free
charges on the cylindricalurfaces of NWs tries to make the transverse direction of
NWs as easy. And, the OP interaction fiedd ( #) produced by free charges at both
ends (the flat surfaces) of NWs tries to make the axial direction of NWs as hard. As a
consequence, with the imase in AR, the OP direction becomes magnetically harder
and the IP direction becomes easier direction of magnetization. The increase in IP
squareness and slow decrease in OP squareness in 150 nm NWs with increase in AR,
though not very clearly but indieathe increase in interaction field with the increase

in AR (length) of the NWs. In case of 275 nm NWs, the iatree separation (i.e. the
separation between the cylindrical surfaces of two neighboring NWs ~ 35 nm) is very
smaller than the NW diameter2Y5 nm. In this circumstance, the array system can be
considered as continuous distribution of NWs similar to thin film. Thus, as the AR
(length) of the NWs increase (the situation as similar to the increase in thickness of a
thin film), the OP direction é&comes magnetically easier (explains the increase in OP
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squarness in Fig. 5.8) and IP direction becomes the harder (explains the decrease in IP
squarness in Fig. 5.8). However, influence of NWs characteristic is also present in the
array systems resulting the increment of IP squarnesses at higher ARs of the NWs
(Fig.5.8). Near the same values of OP squarnesses at 80 and 300 K for all the ARs of
275 nm NWs (Fig.5.8) indicate no change of self demagnetization values (or the
strength of shape anisotropy)tbe NWs in the arrays (or the demagnetization values

of the approximated thin film systems) with temperature. Using the same argument
one can assume that, no change in magnetostatic interaction among the NWs. But, a
significant change in IP squarnesse®liserved with the change in temperature. At

low temperature (at 80K), the IP squarnesses are low compared to OP squarnesses
measured at relatively higher temperature of 300K. The phenomena are more clearly
depicted in the plot of squarness at differemeratures for different ARs of 275 nm

NWs in Fig. 5.9. OP squarness does not change significantly for the change in
temperature and the IP squarness remain higher than OP squarness and increase slowly
with temperature. For Ni NWs with fcc polycrystallisgucture, magnetocrystalline
anisotropy is small as Ni fcc structure has a low magnetocrystalline energ®.6f

10° ergs/cni. The alumina has low thermal expansion coefficient (~ %x10
meter/milliKelvin) compared to Ni (~ 13xT0meter/milliKelvin) and we prepare the

NWs at room temperature. Thus, the stress induced anisotropy is also low. Thus, it is
not very clear to us that, who increases the IP squarness upon increasing the

temperature.

Change in coercive field value with respect to ARs of 1@ 275 nm NWs

are plotted in Fig. 5.10 and Fig. 5.11 respectively. Coercivities of 150 nm NWs are
measured only at room temperature (300K)e coercivities of 275 nm NWs are
measured at various temperatures. Coercivities at 80 K and 300 K of 275 nm NWs at
various ARs are plotted in Fig. 5.11. The OP and most often the IP coercivity increase
with the increase in AR in both the NWs. At a particular temperature, the OP
coercivity is always higher than the IP coercivity at all the ARs. Fig.5.12 shows the
chang in coercivity of 275 nm NWs having different ARs with respect to temperature.

It also shows the OP coercivity is always higher than the IP one for any particular
arrays of NWs. It is previously discussed that, the low coercivity observed in the NWs

(< 28 Oe) is a consequence of vortex remanent state of the NWs. However, for a
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single NW, the strong shape anisotropy along OP direction can produces higher
coercive field value compared to IP direction. But, a dipolar kind of maga#tos
interaction in a 2Darray of NWs tries to reduce the OP coercivity to attain a lower
energy state of the array system. However, the interaction does not remain dipolar in
nature in case of vortex NWs during magnetization reversal (more specifically below
the saturation fielslin hysteresis loops) as then the individual NWs cannot be treated
as magnetic dipoles. Because, within a vortex NW, the spins are not parallel to each
other rather orient in circumferential direction. The nature of interaction is complex for
vortex NWs ad not clearly known which makes tough to predict its effect on
coercivity of the arrays. It may possible that, in defining the coercive field value of
arrays of NWs, the shape anisotropy of individual vortex NW took a decisive role that
makes the OP coewity higher than the IP one (Fig.5.11, 5.12) through a curling
reversal. The nanopores of alumina membranes are not always cylindrical with inner
surfaces perfectly smooth enough to create NWs without any domain wall pinning site.
During the reversal, ansignificant surface roughness of NWs can act as pinning site
of vortex wall which results an increment of coercive field values upon increasing the
AR (length) of the NWs (Fig.5.10, 5.11). OP and IP coercivities of the NWs decrease
with the increase inemperature (Fig.5.12). With the increase in temperature, the
thermal fluctuations of spin magnetic moments within the NWs increase which results

a decrement of coercivity as observed in most of the ferromagnetic materials.

113



-

~, 0.24} t
% aqa e P
4 018 L op
c
©
© 0.12 Ni 150 nm NWs
O
(0))]

006 T }

0 40 80 120 160 200
Aspect Ratio

Figure 5.7.Variation of squarness (¥Mg) of Ni 150 nm NWs with respect to aspect ratio at room
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temperature (300K) arat 80K.
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5.3.3 Magnetization measurement of three isolated Ni NWs

In order to understand the magnetization dynamics of arrays of NWs it is
always important to understand the dynamics for a single NW. We tried to measure
the magnetic hysteresis loops of single NW employing a magneto optical Kerr effect
(MOKE) setup. The schematic diagram of the-aptis shown in Fig. 2.30 iohapter
2. The detail of the seip is also described in the same chapter. In MOKE
measurement, we gezted an unpolarized LASER ray on the sample and measured
the Kerr rotation of the ray after being reflected from the sample kept under an
alternating magnetic field. It is assumed that the change in Kerr rotation is linearly
proportional to the change magnetization of the sample under the external magnetic
field. Thus the change in Kerr rotation with the change in external magnetic field gives
the MH loop of the sample.

We separate the NWs by ultrasonication after dissolving the alumina
membrane usiop NaOH solution. Then we place the NWs on SifSifips. However,
it is a challenging task to detect MOKE signals coming from the NWs. For an isolated
single NW, it is obvious that the sign@) to noise(N) ratio (S/N) extremely small.
Moreover, it is ao a rather difficult task to find the isolated NWs on the S§SiO
substrate. To locate the NWs on the chips we make gold patterns on the O
by E-beam lithography. The detail of the technique is describethapter 2 A thin
film of PMMA is prepared on the chip and various gold patterns of miceter
dimensions are made on that byp&m lithography. The micro patterns are shown in

Fig. 5.13 taken by an optical microscope.

The NWs are placed on the gold patterned SyYSitp and then foundyb
using scanning electron microscope (SEM). Knowing the coordinates of the identified
NWs on the chipgsee Fig.5.14 (a) for three isolated NWs on SifS@bstrate)the
NWs are then investigated by MOKE sgt. The SEM micrographs of such an
isolated bunh of three NWs are shown in Fig. 5.(b}.
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Figure 5.13.Optical images of gold micro patterns on Si/StBips made by beam

lithography.
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Figure 5.14.SEM micrograph ofa) three isolated NWs with gold markers on Si/gs0bstrateand(b)
the three isolated NWs in a close view.
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Figure 5.15.MOKE hysteresis loop for three isolated Ni NWs placed on Sy&i. The external

magnetic field is parallel to the NWs axes.
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It is clear in the SEM micrograph that, th&Md are parallel and attached to
each other. The diameter of the NWs is ~ 300 nm with an average length of ~ 7 um.
The MOKE signals are detected by a high resolution Si diode detector while the
external alternating magnetic field has a maximum strength 406- Oe with a
frequency 17 Hz. The spot size of the LASER beam is about 5 x 6 um. The magnetic
hysteresis loop recorded for the three isolated NWs is shown in Fig. 5.15. The loop is
recorded while the magnetic field is kept parallel (OP configuration 8MV
measurements) to the NWs axes.

In Fig. 5.15, a sharp jump during reversal is observed in the hysteresis loop. In
contrast, arrays of NWs show a sheared hysteresis loop in OP direction in VSM
measurement (Fig. 5.6). This is due to the magnetostatradtittn among the NWs.

We change the angle between the applied magnetic field and NW axis ffam®0

and measure the hysteresis loops at few different angles. Fig. 5.16 shows the magnetic
hysteresis loop of the NWs while the applied field is perpeiatithe NWs axes (IP
configuration in case of arrays of NWs). The reversal here is not as in OP direction and
becomes sheared. The VSM measurements indicate vortex remanent state in the NWSs.
Here in OP direction magnetization the relatively sharper jumgviersal compared to

VSM measurement indicate the absence of magnetostatic interaction among the NWs
which generally tries to shear the jump. The three NWs are attached to each other here

and thus may be treated as a unified system.

We plotted the changa coercive field with the applied external field angle
and is shown in Fig. 5.17. The coercivity of the loops decreases slowly upon
increasing the angle of applied field. This is perhaps due to the decrease in shape
anisotropy as we increase the anglevieen the applied field and NW axes. The other
anisotropies such as magnetocrystalline, magnetostatic interaction among the NWs are

weak to counter act the shape anisotropies of the NWs.

It is difficult to detect the MOKE signals for such isolated cylicalr NWs as
the most of the incident beam is randomly scattered by the cylindrical surface of the
NWSs. Moreover, the gold pattern Si/SiGubstrate adds some additional noise and
decrease the S/N ratio. MOKE signal detection from single NW is thus really a

challenging task and need more sophistication in thasand in sample preparation.
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Figure 5.17.Plot of coercive field with respect to the external applied field angle.
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5.4 Conclusions

Highly uniform and dense arrays of nickel NWs with an average diameter of ~
200 nm are prepared varying the AR from 3.5 to 28. Structural characterization of the
NWsreveals the fcc crystalline phase of the NWs and are free from any contamination
as confirmed by EDAX spectra. The typical crystallite size is found to be of ~ 29 nm.
Room temperature isothermal magnetic hysteresis loop measurements in IP and OP
configuraion of the external magnetic field indicate the magnetic easy axis of the
arrays of NWs along their perpendicular direction (IP). The experimental results are in
accordance with the vortex configuration of NWs. With this configuration, substantial

OP coecivity and remanence are possible at high ARs of the NWs.

MOKE measurement of three isolated NWs shows sharp magnetization
reversal indicating OP easy axis due to shape anisotropy and low magnetostatic
interaction among the NWs. The decrease in coercupiyn increasing the angle of
applied external field indicates the decrease in shape anisotropy in perpendicular
direction (IP) of the NWs.
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Chapter 6

Magnetic behaviorof 2-dimensional
arrays of Cobalt nanowires: Influence

of aspect ratio
6.1 Preamble

A renewal of interest in ferromagnetic nanowires (NWs) has surged recently
triggered by their possible use in spintronic devices and more specifically in non
volatile memory (MRAM), magnetic logic devicés and low Ohmic loss devices.
Fabrication and magnetic properfiesf two dimensional (2D) arrays of NWs are
important not only from the fundamental physics point of view but also from the
technological aspect, owintg their potential applications in perpendicular recording
medid and in field, current and biological sensors based on the giant magneto

resistance effedt*?

Magnetic properties of a NW are governed by various anisotropy energies such
as shape, magnetystalline, surface anisotropy of the NXABut in case of 2D arrays
of such NWSs, another anisotropy developed due to the magnetostatic interaction
among the NW¥, which can play a dominating role over the other anisotropies as
seen earlier in case ofray of nanodot$® Each NWcan be assumed as magnetic
dipole and the interaction may be dipolar in nature if the diameter of the NWs is
negligible compared to the intenre distance. But, when the NWs are closely spaced
i.e., when the intewire distances comparable to the NW diameter, the interaction
among the NWsnay not be considered as dipolar interaction. In the present chapter,
we describe the synthesis procedure of 2D arrays of Co NWSs electrodeposited in
alumina and polycarbonate membranes inidéihe typical diameters of the NWs are
50, 150 and 275 nm. We did a detail study of the structural properties of the 2D arrays

as well as of the individual NWs. The NWs show a change in crystal texture on

125



decreasing the wire diameter. We investigatesthc and dynamic magnetic response

of the arrays. Study of magnetic properties revealed that NWs had vortex state and the
magnetostatic interaction among the NWs, which is complex in nature, changed the
magnetic easy axis from the axial to the transvelisection of the NWs at some

higher aspect ratios (AR = length/diameter) on increasing their length.

6.2 Experimental

Synthesis of Co NWs

Arrays of Co NWs are prepared employing electrodeposition method within the
pores of polycarbonate membrane wittava ge por e di ameter d ~ 50
alumina membrane with d ~ 150 (4 ~ 6) and
deviation. The membranes are commercially available from Whatman *fUKje

average thickness of the polycarbonate membranéis  CGnm-arid fhat of alumina

me mbr anes i sm. The@wrage intgere distance (D), i.e. the center to
center distance of the nanopores is 250 nm
and ~ 185 (404 ~ 6) and 3 didnetdrl®s0 and375 mm f or

respectively. All electrochemical depositions of Co NWs are carried out at room
temperature using an AUTOLABO potentiostat. To use the membrane as an
el ectrode, one side of it i s coakusidg with a
thermal evaporation technique. The gotthted membrane is used as a working
electrode (cathode) whereas a platinum foil and saturated Ag/AgCl are used as the
counter and reference electrode respectively. The backsides of the membranes are
covered by adhesive plastic tapes to prevent deposition on that side during
electrodeposition. The deposition is carried out at a constant voltage of 0.9 Volt
maintained between the working and counter electrodes. The potential of deposition is
determined by lingr sweep voltametry in a conventional thedectrode cell (20 c. c.
capacity) for the particular electrolyte and for the above mentioned electrodes used for
the synthesis. A saturated Ag/AgCI electrode is to be chosen as the third electrode, i.e.
the refeence electrode. Co is electrodeposited from an aqueous electrolyte solution of
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0.9 Mof CoSQand 0.8 Mof HBO;. The pH of the solution
~0.5) recorded by a pH meter. Under the constant potential, theid®s move
towards the working electrode (gold coated alumina membranes) and enter in to the
nano channels (nano pores) within the memésa The ions are then become
electrically neutral as soon as they come in contact with the gold film at the pore

bottoms.

6.3 Results and discussions

6.3.1 Structural properties

The NWs are expected to take the cylindrical shape of thectearmnels ofthe
membranes used for the synthesis. In order to do the structural characterization of the
NWs, the alumina membranes are dissolved in 2M solution of NaOH at room
temperature. The polycarbonate membranes are dissolved using chloroform solution.
A field emission scanning electron microscope or FESEM (JEOL, I8R00 F) is
employed to study the surface morphology of the NWs and to determine their length
and diameter. The crystal structures of the samples are confirmedagydKfraction
( X6 Pert ta)andsdreatedareayelectron diffraction (SAED) pattern is taken
by a high resolution transmission electron microscope or HRTEM (JEXQD).
Composition of the NWs is determined by energy dispersirgg/»scattering or EDAX
spectra obtained from thealated NWs during their imaging by FESEM.

FESEM micrographs of the nanowires taken after dissolving the membranes
clearly show the formation of Geanowires with uniform length and diameter and are
shown in Fig. 6.1 (a), (b) and (c) for the NWs with deens of ~ 50 nm, 150 and 275
nm, respectively. Fig. 6.1 (d) shows the top view of the 275 nm NWs array after
dissolving the alumina membrane. All the micrographs indicate that the lengths of the
nanowires are uniform. We did the microscopic study forousriNWs synthesized by
electrodeposition process using different deposition time. We found the length of the

NWs is linearly proportional to the time of deposition. Therefore the ARs of the NWs
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for a particular diameter are varied by changing the lengtth@fNWs. For each
diameter, length of the NWs is varied by changing the deposition time and hence AR
of the NWs. The ARs of the NWs are varied from ~ 3.7 to 410.

The lengths of the NWs are varied by changing the time of deposition of the
NWs during synthsis. Lengths of the NWs obtained by using different deposition time
are confirmed by FESEM study and are shown in Fig. 6.2 for 275 nm NWs. The plot
of the length of NWs against deposition time is shown in Fig. 6.3. It clearly shows the
length of the NWssg a linear function of deposition time. EDAX study of the NWs
confirms that, the NWs are composed of cobalt (see Fig. 6.4). The residual alumina
membrane in the etched samples is the source of Al in EDAX pattern. The observed
Au peaks in EDAX spectra arel€ to the presence of Au thin film beneath the alumina
membrane. Presence of oxygen peaks indicates the surface oxidation of the nanowires
on removing the template. Similar results are obtained for the NWS with other

diameters.
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Figure 6.1 FESEM micrographs of the NWs with average diameters (a) 50 nm (b) 150 nm and (c) 275
nm. (d) Top view of 275 nm NWs.
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Figure 6.2. SEM micrographs of Co 275 nm NWs obtained for the deposition time of (a) 45 min, (b) 55
min, (c) 65 min & (d) 90 rim.
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Figure 6.3.Length of NWs against the deposition time of NWs indicating a linear relationship between
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Figure 6.4.EDAX pattern of 275nm NWs after dissolving the membrane in NaOH solution.

X-ray diffraction (XRD) pattern for the array$ 75nm NWs is shown in Fig.
6.5. The XRD pattern of the NWs is recorded keeping the membranes Titadtvo

peaks at°ald5.8f tarréspond to hcp (100) and (110) planes of Co
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respectively which indicating the hcp phase of the NWs. It further indicates that Co
NWs are not oxidized. It is perhaps because of the membranes which prevents the
surfa@ oxidation of the NWs. The second peak also corresponds to the (220) peak of
the fcc structure of cobalt. But, the absence of most intense peak of fcc Co, i.e. the
(111) peak in the spectra indicate that the NWs have no fcc phase.
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Figure 6.5.XRD patern of 275nm NWs indicating hcp phase of Co NWs.
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Figure 6.6. TEM micrograph of 150 nm NWs after dissolving the membrane in NaOH solution.

Transmission electron microscopic (TEM) studies of the NWs are performed
after dissolving the alumina and polybbanate membranes in NaOH and chloroform
solutions for respectively. Such a TEM micrograph of 150 nm NWs is shown in Fig.
6.6. It clearly shows the cylindrical shape of the NWs with a uniform diameter
throughout the length. These kinds of NWs are ideal tfansport property

measurements if the surfaces of the NWs are cleaned properly.
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Figure 6.7.SAED patterns of (a) 275nm, (b) 150nm and (c) 50nm NWs after releasing the NWs from
the membranes. The electron beam incidents on the curved surface of shend\perpendicular to

their axes.
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The crystal structure of the NWs after releasing them from the membranes are
also studied by selected area electron diffraction (SAED) study. SAED patterns
obtained from a single NW with diameter 275nm, 150nm and 50armshawn in Fig.

6.7 (a), (b) and (c), respectively. The diffuse rings from the 275nm wire indicate its
polycrystalline structure and shows the diffraction patterns obtained from (100) and
(110) plane of hcp phase. The observation is consistent with thepdRE&n.

However, the texture of the hcp crystal phase improved as we decrease the
nanowire diameter. In 150nm wire diameter, circular ring with hexagonal spots of hcp
phase are observed from (200) and (020) planes and the circular ring corresponds to
polycrystalline (101) plane of hcp Co. SAED pattern of 50nm wire diameter shows
single crystalline hcp (hexagonal close packed) phase with diffraction spots from (010)
and (100) planes. During the study, the electron beam was projected perpendicularly to
the axes of NWs and the patterns indicate the textuaxiscperpendicular to the
length of the NWs.

The increase in crystalline texture on decreasing the diameter is the
consequence of increased pressure at smaller diameter during the electrod&fassition
other parameters during synthesis are kept the same. Diffraction patterns of cobalt
oxide are also identified in SAED patterns (Fig.6.7) as expected in bare NWs after

dissolving the membranes.

As the NWs are magnetic, we employed a magnetic force mapes(MFM)
along with an atomic force microscope (AFM) to study the bare NWs coming out from
the gold thin film after chemically dissolving the membranes. The MFM micrographs

along with the AFM data are shown in Fig. 6.8 and Fig. 6.9.
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Figure 6.8 AFM (left) and MFM (right) micrographs of bare 275nm Co NWs after dissolving the

membrane.
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