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Preface

Nanotechnology is all poised to become the technology of the future and is
bound have a profound influence on other interdisciphinary fields of science,
which will eventually lead to several applications. It is thus destined to play
a seminal role in the day to day life of human beings and will usher in brand
new derivatives of this technology. It is already proven that nanoscience and
nanotechnology can find answers for many unanswered questions in atomic
and molecular physics and can solve many of the problems that the humanity
is going to face in the near future. It is envisaged that the influence of
nanoscience is going to be substantial and the development in nanoscience
will have a profound bearing on new interdisciplinary sciences involving
MaterialsScience/Physics/Chemistry/Biotechnology/ChemicalEngineering/
Mechanical Engineering. The epoch making statement of Sir Richard P.
Feynman made in the late 50s’ that ‘there is plenty of room in to the bottom’
has been vindicated and now scientists and engineers are delving at the
‘bottom” for understanding the various phenomena attributed to the
properties of the materials at the nanodimensions and also for finding newer
applications based on nanotechnology.

The fact that materials properties can be engineered by altering the
size, shape and dimension, while keeping the chemical composition intact
has entirely transformed the mindset of the materials scientists. Materials
when their particle size or grain size is reduced below a certain value are
found to be exhibiting superlative chemical as well as physical properties.
The prefix “Nano” indicates 10° and so nanoscience and technology deal
with the materials having at least one of their dimensions in nanometers. The
de Broglie wavelength of electron is also of the order of nanometers and so

these dimensions influence the confinement of electron, which will in tum



determine their various properties. Thus their physical and chemical
properties are dictated by the properties of electrons and electron bindings.
There are many ways to classify systems according to their reduced
dimensionalities, and one such classification is based on the transport
properties of the electrons/phonons. A system is said to be in a reduced
dimensionality if the intrinsic mean free path (A;,) of electron is greater than
the size of the materials (L,,,). Hence, according to their dimensionality,
nanostructures are classified as one dimensional (1-D) if L,y <Ain two
dimensional (2-D) if L, < Ai, and zero dimensional (0-D) if Ly y, < Aine.

Nanostructured materials by virtue of their distinctive physical
properties can find tremendous application in realizing various devices.
Different kinds of nanosized systems such as nanowires, nanotubes, nano
dots and nano wells are devised based on their dimensionality. These
engineered structures are identified as ideal templates for technology
developments in fields like energy storage, data storage, energy transfer and
medical diagnosis. Moreover, manipulation and control of matter at nano and
atomic level are crucial for the development of different micro-sized and
flexible devices like sensors, actuators and energy storage devices.

Magnetic nanostructures became the cynosure of all eyes with the
discovery of exciting phenomena like Giant Magneto Resistance (GMR),
Tunneling Magneto Resistance (TMR), Colossal Magneto Resistance
(CMR), Magneto Caloric Effect (MCE) and Spin Polarized Tunneling.
Studies on ultrafine magnetic multilayers were started in the 1970s,
immediately after the inventton of sophisticated thin film fabrication
techniques like Molecular Beam Epitaxy and Atomic Layer Deposition.
These studies later paved the way to a new and upcoming branch,
Spintronics. It is envisaged that magnetic nanostructures are likely to replace

today’s unstructured magnetic media in the future. Structured magnetic



materials have an additional advantage in tuning the magnetic properties
namely magnetic anisotropy and coercivity and hence data storage
manipulation. Another growing demand is for novel, low dimensional, high
conductance and low power electrical interconnects for future ultra high
performance networking chips.

In the class of structured magnetic materials two dimensionally
confined or quasi one dimensional objects like nanowire, tubes and rods
have an important role. Nano hole and rod arrays with uniformity in shape
and size have attracted growing attention due to their potential applications
in various types of functional nano devices. Besides nanoelectronics, their
applications extend to catalysis, energy storage devices, high density storage
disks, medical diagnosis, therapy and drug delivery as well. Many of these
proposed applications require membranes to be consisting ot monodispersed
aligned nanostructures.

Among various strategies for synthesizing nanoscopic materials
reported in the literature, being a versatile and inexpensive technique,
template assisted synthesis has attracted the attention of scientists. In this
class, template assisted electrodeposition is a unique technique for the
synthesis of well controlled nanostructures of both metal and metal oxides.
The size, shape and structural properties of electrodeposited nano objects are
controlled by the template chosen and a number of electrodeposition
parameters. These electrodeposited multi layered magnetic nanowires have
become a subject of intensive study, largely because they make it possible to
measure the magnetoresistance of multilayers when the electric current is
perpendicular to the layer interfaces.

Magnetic properties are usually dictated by size, dimension, shape,
structure, morphology of the constituent phases, along with the type and
strength of magnetic coupling between them. Fundamentally, the surface

effects associated with the magnetic nanoparticles often show complicated
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properties; especially under the interaction with surrounding particles.
Structured magnetic materials provide a unique model system for the
fundamental investigations on magnetism associated with the surface spin
states of nanoparticles along with the shape anisotropy from the 1D
structures. There is rich physics in this regime and investigations from a
theoretical point of view will unravel the mysterious surrounding magnetism
at the surfaces.

Nanofabrication offers the technical ability to fabricate magnetic
objects with nanometric scale precision having unique magnetic properties,
which may be tailored by wmanipulating the size, the shape, or the
composition of nanostructures. Many of these properties come about by
imposing a geometrical restriction on magnetization. As the size of the
nanomagnet becomes comparable to key magnetic length scales such as
exchange length (in the nanometer range) or domain wall width (nm-pum
range), the magnetization configuration may be strongly affected. The finite
lateral size may affect the magnetic behavior of nanostructures and is of
primary importance from practical and theoretical points of view. The
necessary criteria to achieve ultra high density in magnetic storage is that the
lateral size of the information bits should be as small as possible, keeping the
bit volume above the superparamagnetic limit, beyond which the energy
needed to switch the magnetization of a bit becomes less than thermal
energy. The transition region between two neighbouring bits should be as
narrow as possible, which is difficult to achieve in continuous thin film
media by the finite width of domain walls. A promising way to achieve small
lateral size with comparatively large volume and hence high magnetic
anisotropy of the bits is to realize arrays of nanometric magnetic pillars with
strong shape anisotropy. This removes the limitations listed before as each
bit then consisting of a single domain element, not experiencing exchange

interactions with neighbors however close they are, and having two well



defined magnetization states of equal magnitude and opposite direction
determined by the strong shape anisotropy of the element. Crystalline
anisotropy will either compete with or collaborate with the shape anisotropy
depending on the diameter of nanowires and tubes. These fundamental
properties can be fine tuned by different templates of varying dimensions.
One can synthesize not only metallic nanowires but also their alloys. Thin
metallic interconnects with favorable properties is a bottleneck for ultra large
scale integrated circuits and the fabrication of suitable metallic wires is a
milestone towards its realisation.

Understanding the growth mechanism plays an important role in
designing and fabricating various nanostructures. A general growth
mechanism for the growth of 1-D nanostructures during template assisted
electrodeposition is seldom seen in the literature. The lack of proper
understanding of the growth mechanism impedes the further use of this
technique for the synthesis of various multisegmented nanostructures for
applications. In order to put forward a generalized growth mechanism,
different precursors are needed to be tested with different templates under
identical physical conditions.

Carbon nanotubes belong to one among the most extensively
investigated materials in today’s materials science research. The promising
physico-mechanical properties make them unique for many applications.
Composite materials of carbon nanotubes are ingenious materials due to their
high performance and multiple functionalities. Different methodologies have
been adopted by different research groups towards the realization of carbon
nanotube based composite materials. Decorating the carbon nanotubes with
other nanoparticles and filling of carbon nanotube are the two important
methods among them. Though the filling of carbon nanotubes was widely
accepted right from the beginning of the carbon nanotube rescarch,

successful and complete filling of carbon nanotubes is not yet attained.



Absence of any type of magnetic ordering in carbon nanotubes hinders them
from magnetic applications. This motivated the scientists to make hybrid
materials of carbon nanotubes with magnetic materials. Moreover, these
types of hybrid materials have tremendous applications in various fields such
as energy storage, radar absorbers, various sensors, NEMS, bio-medicine
and catalysis. An exhaustive literature survey reveals that studies on these
multisegmented carbon nanotube structures with magnetic materials are not
very abundant. The confined existence of magnetic materials inside carbon
nanotubes can exhibit unusual magnetic properties which are not seen in
bare magnetic nanostructures or in their bulk material. The passivation of
magnetic materials with carbon nanotubes further makes these hybrid
materials very unique with long stability as they are protected from the near
surroundings.

The field of nonlinear optics is another area which flourished with
the advent of nanoscience and nanotechnology. Design and fabrication of
photonic devices demands the availability of versatile nonlinear optical
materials. Nonlinear optical properties of various nanostructures and
materials were studied during the recent past. A detailed literature survey
reveals that not many efforts have gone in to the studies of nonlinear optical
properties of magnetic nanostructures. Nanostructures having multiple
functionalities are sought after for future technological revolution and
magnetic nanostructures with optical activities can find tremendous
application in various optoelectronic devices, sensors and biological imaging
and detection. Though carbon nanotubes are benchmarked for their nonlinear
optical properties, their heterostructures with other metals are not much
explored. Studies on these hybrid structures will help to understand more
about the different mechanisms associated with nonlinear optics with equal

importance to their applications.
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So it is imperative that such magnetic nanostructures with

multifunctional properties are synthesized using novel template assisted

technique. Elucidation of mechanism of growth will help in tailoring the

properties of such multifunctional hybrid nanostrctures. This will provide a

platform for studying the magnetism at the nanolevel. So the specific

objectives of the present thesis are;

<

Synthesis of magnetic nanowires and nanotubes of Ni and Co using
various precursors using template assisted potentiostatic

electrodeposition.

Studies on the structural, morphological and magnetic properties of

these nanowires and nanotubes.

Formulation of a general growth mechanism for 1-D nanostructures

during potentiostatic electrodeposition.

Fabrication of hybrid 1-D structures of Ni and Co and verify the

generalised growth mechanism.

Synthesis of MWCNTSs using template assisted Chemical Vapour

Deposition and studies on their structure and morphology.

Fabrication of carbon nanotube based magnetic heterostructures of
Ni and Co using potentiostatic electrodeposition and their structural

and magnetic characterisations.

Evaluation of microwave absorbing properties of metal filled

multiwall carbon nanotubes.

Synthesis of MWCNT-superparamagnetic Iron Oxide composites

using ferrofluids using nanocapillarity.



& Evaluation of nonlinear optical properties of nanowires and

nanotubes of Ni and Co and their hybrid structures with MWCNTs.

% Synthesis of acicular Iron Oxide nanoparticles using complexing
media and studies on their structural, magnetic and optical

properties.
& Correlation of results.

This proposed thesis is entitled as “Template assisted fabrication of 1-
D nanostructures of Nickel, Cobalt, Iren Oxide and Carbon nanotubes
and a study on their structural, magnetic and nonlinear optical

properties for applications™ and is divided in to seven chapters.

Chapter 1 is the Introduction to the world of nanostructured materials
with a brief peep in to the physics at nanodimensions. An overview of 1-D
nanostructures and carbon nanotubes are provided here in a nutshell. Various
methods for the synthesis of 1-D magnetic nanostructures are also dealt with
in this chapter with special reference to their potential applications in various

fields. Finally the motivation and the objectives of the work are outlined.

Chapter 2 discusses the various fabrication methods adopted for the
synthesis of nanowires and nanotubes and the various analytical tools
employed for their analysis. The principle behind these state of the art

analytical tools is also briefly discussed in this chapter.

Details of template assisted synthesis of magnetic nanowires and
nanotubes of Ni and Co are provided in Chapter 3. A growth mechanism
has been proposed for the fabrication of these nanowires and nanotubes

during potentiostatic electrodeposition. Finally, the design and fabrication of

Vit



a novel multisegmented magnetic nanostructure called Ni @ Co nanorods is

discussed.

Chapter 4 deals with the synthesis and properties of Multiwalled
Carbon Nanotube based magnetic heterostructures and their possible
applications. This chapter discusses the synthesis of MWCNTSs using
chemical vapour deposition and their subsequent hybridization with
magnetic materials. Filling of MWCNTs with aqueous ferrofluids by
employing nanocapillarity are also described in this chapter. The microwave

absorption properties of Ni filled MWCNTSs are also investigated.

Evaluation of Non-linear Optical properties of magnetic nanowires of
Ni, Co, Ni @ Co nanorods and their heterostructures with MWCNT s
discussed in Chapter 5. A review on non-linear optics is provided at the
beginning of the chapter for ensuring continuity. The theoretical fitting of
experimental data is camed out by discussing various theories and

mechanisms.

Chapter 6 presents the synthesis and properties of nanostructures of
magnetic iron oxide. Acicular Iron oxide nanoparticles are synthesized using
a novel technique by employing a complexing media and their optical and

magnetic properties are discussed in this chapter.

A bird’s eye view of the inferences drawn out of this investigation is
provided in Chapter 7. The scope for further studies is also highlighted in

this chapter.
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Chapter 1

Magnetic Nanostructures:
An Overview

This chapter provides a comprehensive review on magnetic nanostructures
which include wires, rods, tubes, thin films and particles. The crucial role of
these structures in nanotechnology is brought out by considering some of
their unique aspect ratio dependent properties. A brief account of the recent
developments with regard to the synthesis of various magnetic
nanostructures through different routes is provided, simultaneously
discussing some of the fundamental issues related to controlling their
dimensionality, stability and surface passivation. Potential applications of
these structures in various fields are also discussed with special emphasis on
carbon nanotubes. An overview on fine particle magnetism has been
provided. The existing gaps in the literature with regard to low dimensional
nanostructures are also dealt within this chapter. Finally, after illustrating
some of the major advantages of structured magnetic materials, the

objectives of the present investigation are listed.
=



Chapter 1

1.1 Introduction

The realm of materials science underwent a sea change during the late 90’s
with the advent of Nanoscience and Nanotechnology. Now the sphere of
materials science encompasses Physics, Chemistry and biology with a
common denominator of nanoscience and nanotechnology. The
developments that have occurred in quantum physics and the emergence of
new fields like soft condensed matter physics all gave a new dimension to
the wide area of materials science. The earlier notion of change in material
properties by change in composition or mixing of different materials
remained no more isolated and a radically different approach emerged in
which, materials properties are engineered by changing the size by keeping
the chemical composition intact.!'” The methodology of varying the
material characteristics with size is feasible only in a specific size regime,
namely ‘nano’ meter (10” meter), where a quantum swapping of classical
phenomena can be observed. This gave birth to a new branch in science and
technology called “Nanoscience’ and ‘Nanotechnology’.

Nanotechnology is being identified as the ‘Technology of 21
century” with a multitude of opportunities for both fundamental and applied
research. In recent years, ‘‘nanotechnology’’ has carved out a new direction
for itself in the area of research with enormous social importance
representing an exciting, intellectually challenging and rapidly expanding
area that trespasses the seamless borders between many branches of
physical/biological sciences and engineering.!**! Thus nanotechnology can
be defined as the technology to fabricate, characterize, and manipulate
structures whose features are controlled at the nanometer level."! The
research in this direction is triggered by the aid of state of the art instruments
and approaches that allow the investigation of material properties with

subatomic resolution.



Magnetic Nanostructures: An Overview

The pioneering efforts have recently revealed new physical and
chemical insights of materials at a level intermediate between
atomic/molecular and bulk, which are expected to make a significant
technological revolutions in the near future.”! The emergence and growth of
nanostructured materials has actually been at an unprecedented rate,
principally due to their unique and outstanding physical and chemical
properties which could be controlled remarkably by tuning their morphology
(ie., size, shape, and dimensionality)."""”! A large number of prospective
applications spanning wide areas such as optoelectronics, data storage,
sensors, catalysis, energy storage, nanoelectronics, therapy, diagnosis and
photochemistry could be realized due to the development of many innovative

17-24 . )
17241 Moreover, interesting new

hybrid materials using these advances.
phenomena are also associated with these nanostructures, some of the
examples include quantized or ballistic conductance, coulomb blockade or
single electron tunneling, and metal-insulator transition all depending on

some critical length scale.”>?*

1.2 Classification of Nanostructures

Dimensionality has a profound influence on the resultant physical and
chemical properties of nanostructures and thus nanostructures can be
classified according to their dimensionality. The classification scheme is a
macroscopic approach and is based on the size dependence of some of the
physical behaviours of the system.”” This could involve, for example,
transport, usually of electrons/phonons, in which case an important length
scale i1s the mean free path, L. A system is said to be in a reduced
dimensionality if the size, L; of a macroscopic matenal is reduced
sufficiently in one or more orthogonal directions, 1 = (x, y, or z), so that in
thosc directions the mean free path is determined by the boundary scattering

and not by some other intrinsic mechanisms for electrons/phonons. Reduced
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dimensionality occurs when A, > L; so that A, =L; for transport in the i"
direction, since the total mean free path is given by a reciprocal sum of

. .. L. . . .1 . - -
intrinsic and extrinsic {boundary scattering) mechanisms, A ", = A " + A

130
exl-

The reduced length scales (L;) can also be related to the size of
electronic wave function *L,’. In this case, size quantization sets in if L; < L,..
Hence, a zero dimensional system (strictly speaking quasi-zero dimensional)
is one int which all three orthogonal lengths of a sample are less than A, and
a quantum dot results when the length is such that L, <L,. Similarly, one-
dimensional system is one in which two spatial dimensions are smaller than
Aine transport is then allowed along the remaining one dimension,
uncncumbered by boundary scattering. For example, a quantum wire is a
one-dimensional sample with size quantization in two dimensions (L, , < L,).
They constitute an idcal and interesting system to study the dependence of
electrical and thermal transport or mechanical propertics on dimensionality
and size confinement. Finally, a two-dimensional system is that in which
only one spatial dimension is less than A;, and hence transport 1s allowed in
two dimensions, limited only by intrinsic scattering mechanisms. A quantum
well is a two-dimensional sample with size quantization in the third
dimension (L, < L,). Difterent dimensional nanostructurcs and their

associated type of confinement are summarized in Figure 1.1.
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Lyyz> Lo No nanostructures No confinement Baik materal

Lyy>ly>Lz Twodimensional 2-D)  One-dimensional (1-D)  Wells
nancstnactres confinement
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Rancstuctunes confinement

Figure 1.1 Schematic representations of reduced-dimensional material
geometries (Reproduced from Ref.[30]).

The density of states (DOS) in nanostructures is strongly dependent
on the dimensionality.”**'! The DOS for these nanostructures of different
dimensionality is compared with that of a bulk solid as shown in figure 1.2.






Magnetic Nanostructures: An Overview

Moreover, these systems should exhibit density of states singularities, for
cxample Van Hove singularity in carbon nanotubes, can have energetically
discrete molecule like states extending over large lincar distances, which
might show morce cxotic phenomena, such as the spin-charge separation
predicted for a Luttinger liquid."™*! There are also many other applications
where 1-D panostructures could be exploited, including nanoclectronics.
superstrong and tough composites, functional nanostructured composites,
and novel probe microscope tips !

The assembly of atoms or other building blocks logically into
structures with nanometer size and desired (low) dimensionality is a key
challenge before material scientists. A better insight and understanding of
major factors which control the growth of the nanostructures is indispensable
for asscmbling these nano-building blocks. There are two phenomenological
approaches for the synthesis of systems of low dimensionality, top down and
bottomn up approaches. It has bcen quite clear in recent ycars that
conventional “top-down™ approaches are beset with many insurmountable
experimental difficulties owing to various physical effects that are not easily
scalable, and also because of the cost issues associated with nanoscale

M3 This statc of affairs has led to a great interest in the

fabrication.
development of new methodologies based on bottom-up approaches. The
following section brietly discusses some of the recent developments in the
synthesis of nanostructures with a closer look at one-dimensional

nanostructures.

1.3 Synthesis of Nanostructures: A brief Review
The manipulation of matter on the nanometer scale has become a central
focus from both fundamental and technological perspectives. Unique,

unpredictable, and highly intriguing physical. optical, electrical and
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magnetic phenomena result from the confinement of matter into nanoscale
features. Morphology control in nanostructures has become a key issue in the
preparation of electronic or mechanical nano devices and functional
materials.*!

As mentioned in the previous section, there are two general synthetic
protocols for nanostructured materials; top-down approach and bottom-up
approach. In the top-down approach, the bulk material is brought in to
smaller dimension by various tools. These include mechanical alloying -
mechanical attrition {High Energy Ball Milling) and radiation wmilling,
various tools of patterning-chemical etching and optical lithography, and
various methods to create ultra thin films of materials-thin film evaporation
and sputtering. Bottom-up approach assures high monodispersity, possibility
of further chemical derivatization, high degree of crystallinity and
specificity, chemical integrity and lack of defects. Due to these reasons
Bottom-up approach is thought to be more reliable than top-down approach.

There are two approaches in bottom-up method, gas phase approach
and liquid state approach.””! In the gas phase approach, the material to be
synthesized is mixed in the atomic state in the gas phase itself. The prepared
material in the gas phase is condensed to get the bulk material. At the stage
of condensation stabilizer materials can be added to control and preserve the
shape and size of the formed particles. Various metal nanoparticles and
oxides can be synthesized using this technique. The ‘arrested precipitation’
is the principal synthetic strategy used to make nanoparticles in solution.”"
In this approach, at some stage of the particle growth, the surface is
stabilized and further growth is arrested. The surface stabilization is
commonly achieved by ‘surfactants’ which bind to the surface of the

growing nanocrystal. Arresting the growth can also achieved by certain

microcavities such as micelles, zeolites, porous membranes (such as polymer
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membranes, alumina and silica). The sudden variation in temperature and
pressure conditions during the growth of nanocrystals can lead to quenching
and this will also lead to the arresting of the growth.

The most advanced chemical method for nanostructured materials
processing is the deposition of colloid inorganic particles. Recent
achievements in colloid chemistry have made a large variety of colloid
compounds commercially available.®” The list of colloid nanoparticles with
uniform (low-dispersed) dimensions in the range from 3 to 50 nm includes
the noble metals (e.g., Au, Ag, Pt, Pd, and Cu), semiconductors (e.g., Si, Ge,
HI-V and 1I-VI, and metal oxides), insulators (e.g., mica, silica, different
ceramic materials, polymers), and magnetic materials (e.g, Fe,Os, Ni, Co,
and Fe). The growth of colloid particles is usually stabilized during synthesis
by adding surfactants to the reagents. Therefore, the stable nanoparticles
produced are coated with a thin shell of functionalized hydrocarbons, or
some other compounds. Core-Shell nano systems represent a new class of
hybrid materials and they can find immense applications in various
engineering and biomedical fields. The deposition of colloid nanoparticies
onto solid substrates can be accomplished by different methods, such as
simple casting, electrostatic deposition, Self-assembly, Langmuir-Blodgett

B7) Jn these techniques, self-assembly or

and spin coating techniques.
chemical assembly is the simplest method of nanoparticle deposition and
gives remarkable results.

Though there is no general strategy to make nanoparticles with
narrow size distribution, tailored properties and desired morphologies that
they could be universally applied to all materials, it is believed to follow
Lamer mechanism for the formation of nanoparticles. Lamer mechanism ™!
suggests that a short burst of nucleation followed by slow diffusive growth,
favour the formation of monodisperse crystalline nanoparticles. Also recent

reports suggest that the synthesis is a muiti-step process, which provide the

10
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capability of producing controlled morphology, single and binary alloy
nanoparticles, by separating the nucleation and particle growth during
synthesis.

Solution based reduction technique is yet another commonly used
chemical route for the synthesis of various nanoparticles such as Ag, Au, Pd,
Pt, Co, Ni, Fe and Cu.””*" Though some of the above metals need
stabilizers, this method can employ nearly monodisperse nanoparticles.
Sodium borohydrate, Sodium citrate, Potasium bitartarate, Dimethyl
formamide, Ascorbic acid, and Alcohols are some of the reducing agents that
have been successtully tested.'”>’” Although significant progress has been
attained in the synthesis of monodisperse noble metal nanoparticles,
synthesis routes for magnetic Fe, Co and Ni nanoparticles are yet to be
improved."”'! Methods like inverse micelle and sonochemical decomposition
of the metal carbonyls have been reported for the preparation of nanosized
colloids of Co, "*7*! Fe "7 and Ni, 7 and most of them yield polydisperse
particles and are perhaps not suitable for scaling up because of the difficulty
of reproducibility at high volumes and high concentration. Thermal
decomposition of metal carbonyls is another novel approach for the synthesis
of metal nanoparticles and it has an advantage over the reduction technique

[77-80])

that it avoids the by-products like carbon monoxide. Moreover,

bimetallic nanoparticles can also be prepared by this technique by the
appropriate mixing of metal carbonyls.®***]

Oxide nanoparticles particularly that of transition metals, constitute a
very important class of materials offering a variety of functions. [84'
Additionally. because of the high oxygen content of earth’s atmosphere,
oxides are some of the most stable materials formed and many transition

metal oxides are biocompatibte. Though different methods like hydrothermal

and solvothermal preparation of oxide nanoparticles are reported.”" ! this
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area considerably lags behind the state of art of metal or chalcogenide
nanoparticles. Various methods like sol-gel,®®! co-precipitation,®” and

ceramic methods™

are in use to synthesize magnetic metal oxide
nanoparticles. Decomposition of zero valent carbonyls, such as Fe(CO)s in
solvents and resuitant oxidation of fine metal particles is another prevailing
technique for the synthesis of metal oxide nanoparticles. Organic oxidants
such as (CH;),NO can also used for the synthesis of metal oxides from pure
metals such as in the case of yFe,O;, where oxidation of bce Fe leads to
yFegO3.[X9'

Studies on monolayer thin films started in the 1920s, initiated by
Langmuir and Blodgett " where they studied the formation of a monolayer
of closely packed amphiphilic molecules on the surface of the aqueous
subphase, followed by film transfer onto the solid substrate during its up-
and-down movement through the water surface.”” The ideas of ‘molecular
systems’ and ‘molecular electronics® emerged in the beginning of 1970s and
this paved way to the more sophisticated thin film fabrication tools such as
molecular beam epitaxy. Two-dimensional nanostructures have been
conveniently synthesized using techniques such as molecular beam epitaxy
(MBE) and atomic layer deposition (ALD).”'™! These techniques offer
precise control of deposition parameters possibly at the single atom level,
along with the best film quality. The advent of highly precise thin film
deposition systems in the later years of 1960s led to extensive research on
magnetic multilayers and their spin dependent electronic transport. The

 195)

pioneering works on these areas have been carried out by Albert Fer and

® independently and these works paved the way to the

Peter Grunberg
discovery of Giant Magneto Resistance (GMR) for which they were awarded
Nobel Prize in the year 2007. From these it is to be concluded that
significant progress has also been made with regard to the preparation and

characterization of zero-dimensional (0-D) and two-dimensional (2-D)

12
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nanostructures in the past two decades and several physical and chemical
methods have already been developed for these nanostructures with well-
controlled dimensions to prepare a broad range of materials.”’ %]

However, in comparison with 0-D and 2-D nanostructures, the
advancement in 1-D nanostructures (high aspect ratio nanostructures) have
been rather slow until very recently, perhaps, due to difficulties associated
with the synthesis of these nanostructures with well-controlled dimensions,
morphology, phase purity, and chemical composition. Although high aspect
ratio nanostructures can now be fabricated using a number of advanced
nano-lithographic techniques, such as electron-beam or focused-ion-beam
writing, proximal-probe patterning, and X-ray or extreme-UV lithography,
further development of these techniques into practical routes for large
quantities of structures, rapidly, and at reasonably low costs, still requires
great ingenuity.!'™ "' In contrast, chemical as well as electrochemical routes
might provide an alternate strategy for generating high aspect ratio structures
in terms of material diversity, cost, and the potential for high-volume

519 Moreover, since the catalytic reactivity of nanostructures

production.
depends on their morphology. it is important to design and prepare well-
controlled shapes and sizes of these nanostructures for effective
applications, especially in the field of catalysis and electrocatalysis.!'*"!

1-D nanostructures got immediate attention soon after the landmark

1211 on carbon nanotubes in 1991 and various types of

paper by lijima
organic-inorganic 1-D nanostructures were realised thereafter.!'”? As
mentioned earlier, a generic method for the synthesis of 1-D nanostructures
has not been available although a number of strategies have been
persuaded.!"*’! For example, multiwalled carbon nanotubes (MWCNTS) have
been obtained from hot carbon plasmas.!'**'**) The growth mechanism

producing MWCNTSs under these conditions appears to be specific to the sp’
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bonded carbon and isostructural hexagonal boron nitride,!'?*'?”) although it is
possible that other layered materials could form nanostructures.!'?*'*
Moreover, for the synthesis of singlewalled carbon nanotubes (SWCNTs)

U301 and a

presence of certain metals is found to be needed as catalysts
sufficiently good understanding of the growth mechanism needed to control
the diameter and helicity of SWCNTSs is not available yet.

Template assisted synthesis is another versatile technique for the
synthesis of 1-D nanostructures.™"*'"** The nanosized pores in membranes
and zeolites have been used to confine the growth of wires/tubes.
Alternatively, more sophisticated lithography and deposition techniques are
available to create quantum wires on single crystal surfaces.!'**! Many other
inorganic nanotubes and wires were also synthesized using the
decomposition of precursor compounds containing the required elements."'*!
Hydrothermal method has been successfully used for the synthesis of
nanotubes and related structures of a verity of inorganic materials such as
Si0,, V105, ZnO, dichalcogenide nanotubes etc.l'?! Template wetting and
sol-gel chemistry are the other attempted routes for various inorganic
nanotubes and wires such as Silica, TiO, and Barium titanate. Template
assisted electrodeposition is a technique for the synthesis of vartous metallic
as well as oxide nanotubes and nanowires. Electrodeposition over
nanoporous membrane is a simple, low cost, and ingenious technique for 1-
D nanostructures having high purity. Moreover, the ability to control the

morphology during electrodeposition and large area of deposition make it

unique among other nanoscale material fabrication techniques.

1.4 1-D Magnetic nanostructures
Recent progress on magnetism and magnetic materials have made magnetic
nanostructures as a particularly interesting class of materials for both

{135]

scientific and technological explorations. Studies on areas such as

14
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interlayer coupling, giant magnetoresistance, colossal magnetoresistance,
tunneling magnetoresistance, exchange bias, half-metallic ferromagnets,
spin-injection, and current induced switching have led to exciting possibility
of utilizing electron spin for information processing and this paved a way to
a new branch known as ‘spintronics’.**"*") Novel properties will start to
emerge as the sample size becomes comparable to or smaller that certain
characteristic length scales such as spin diffusion length, carrier mean free
path, magnetic domain wall width, superconducting coherence length etc.

The effects of confinement, proximity, and degree of freedom
govern the interplay between the relevant physical length scales and the sizes
of the patterned magnetic materials.!'**) Ordered magnetic nanostructures are
particularly interesting to study, as one can probe both the individual and
collective behaviour of the elements in a well-defined and reproducible
fashion. Moreover, ordered magnetic nanostructures are important
technologically because of their application potential in magnetic random
access memory, patterned recording media, biomedical applications and
magnetic switches.!'™*'*]

1-D magnetic nanostructures such as magnetic nanowires, nanotubes
and hybrid magnetic nanostructures with carbon nanotubes, silica, and
various polymers are receiving tremendous attention due to their importance
in fundamental understandings of low dimensional physics, interwire/tube
interactions and above all their tremendous application potential in high
density storage media, energy storage devices, nanoelectronics,
interconnects, radar absorbers and biomedical fields.'*"! The effect of lateral
quantization (causing conductance quantization), weak and strong
localization on electrical conductivity and magnetisation switching due to

interwire interactions are well known to be important in magnetic nanowires
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and their intensive study is still very popular, although there are no known
practical applications for these interesting fundamental effects yet.

Most common method adopted to fabricate magnetic
nanowires/tubes is the template assisted synthesis using carbon nanotubes or
other nanopores as templates or cleaved edge of a molecular beam epitaxy-
grown quantum well or DNA molecules as templates.!"*"! Before this
template assisted synthesis became popular, the established way to fabricate
metallic magnetic nanowires was to shoot damage trails, and fill the damage
trails with metals. After dissolving the plastic in a solvent, piles of short
nanowires on the bottom of the beaker will be obtained. The template
assisted synthesis has proved to be an elegant chemical approach for the
fabrication of one dimensional nanostructures and an alternative to
sophisticated methods such as molecular beam epitaxy and
microlithography. !"*?) Moreover, depending on the nature of material and on
the other factors such as the chemistry of pore wall, the deposited cylinders
can be solid (a nanowire) or hollow (a nanotube).

Studies on the metallic magnetic nanowires and nanotubes of Iron
(Fe), Cobalt (Co) and Nickel (Ni) are highly promising and such studies are
needed for the understanding of various magnetic interactions, anisotropy
effects and transport properties. The understanding of magnetisation
processes such as magnetic hysteresis of the wires and the time dependence
of the magnetic reversal attained much scientific attention and immense
works are in progress in the synthesis of nanowires and nanotubes of 3d
transition metals. Moreover, ferromagnetic nanowires of Fe, Co and Ni are
candidate materials for studying fundamental phenomena like

-1 The modes of

micromagnetic reversal process quantum size effects.
magnetisation reversal and other properties in a collective magnetic
nanowire system are strongly influenced by the microstructure and the

interwire separation.
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A number of groups have been studied the magnetic properties of Fe

47 and these studies concluded that the coercivity measured

nanowires
parallel to the nanowire (H~=2300 Oe) is much higher than that
perpendicular to the nanowire (H.=300 Oe). This indicates that the wires
possess uniaxial anisotropy with the easy axis along the wire axis. This is
due to the high shape anisotropy of the wires and is often seen in magnets
whose shapes can be approximated as thin cylinders or needles.
Additionally, the coercivity also depend on the aspect ratio (wire length/wire
diameter), and coercivity increase gradually with increasing aspect ratio, but
increases very little with the aspect ratio larger than 10:1.1"*" Typical
hysteresis loops of Co NWs in alumina template with aspect ratios greater
than 20 resembles to that of Fe NWs, Co is an important ferromagnetic
material with large coercivity and high curie temperature. Ni NWs were
investigated by several groups mainly focusing on the correlation between
the dimension of the wire and the hysteresis behaviour.!"*! Ni NWs possess
their easy axis along the wire axis due to the high shape anisotropy.
Magnetic interactions between nanowires play a seminal role in deciding the
resultant magnetisation direction.

A complete understanding of the mechanism of magnetisation
reversal in a tightly packed nanowire system remains clusive and it is
persisting as a challenge for researchers. Tunable magnetic properties are
essential for practical applications of nanowires. This can be achieved by

U4 Changing the diameter will cause to the change in

many strategies.
magnetic properties, but this will also alter the magnetic storage density and
interaction between nanowires. The incorporation of nonmagnetic elements
in to nanowires is another alternative for tuning the magnetic properties.!"™!
Additionally this will affect the mechanical and thermal stabilities of

nanowires. Synthesis of various alloys and heterostructures are other
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strategies for tuning the magnetic properties with high thermal and
mechanical stability.

Synthesis and studies on magnetic nanowires of alloys is another
thrust area of research and different methodologies have been adopted for the
synthesis of various alloys by different groups. !"*'"**} Template assisted
electrodeposition of mixed electrolytes in required molar ratio is a common
method adopted for the synthesis of various alloys. Ferromagnetic alloys
have potential applications in variety of fields such as wear-resistant,
corrosion-resistant, heat -resistant materials, microelectronics, microsystem
technology used for the manufacturing of sensors and actuators, micro relays
and ultrahigh density storage media.’**"**1 Co-Ni, Cu-Ni, Fe-Ni alloy
systems are some of the highly persuaded alloy systems. Systems containing
Co are highly interesting due to the high possibility of tuning the magnetic
properties by Co concentration.!"*

Hybrid magnetic structures are another emerging trend in
nanomagnetism with great interest in both applied and fundamental
perspective. The combination of magnetic materials and Carbon nanotubes
(CNTs) start to become promising research direction and substantial basic
and engineering research is underway in this field.!"”® Recently,
heterojunctions for interconnects are created between metal filled carbon
nanotube using intense electron beam irradiation. "' Graphitic material
interfaces with metal nanoparticles are highly promising for catalysis,
hydrogen storage, radar absorbers, supercapacitors, and interconnects.
Electrical, thermal, and mechanical properties of CNTs as well as magnetic
properties of metals may get altered significantly with introduction of
ferromagnetic metals in to CNTs.!"”’! Different methods have been adopted
by different groups to fill carbon nanotubes with metals and wet chemical
method, captllary action, arc-discharge technique, catalysed hydrocarbon

pyrolysis and condensed phase electrolysis some of them. ">}
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1.5 Carbon nanotubes

The synthesis of molecular carbon structures in the form of Cs and other
fullerenes has stimulated intense interest in the structures accessible to
graphitic carbon.!*'! As it follows from Louis Pater that ‘Luck follows the
prepared mind’, Japanese scientist Sumio ljima’s mind was certainly well
prepared for his amazing discovery in 1991. He could observe a new type of
finite carbon structure consisting of needle like tubes, when an electrical
spark between two closely spaced graphite rods is produced. These
‘nanotubes’ were hollow and layered like ‘tubes inside tubes’ and their ends
sealed with conical caps and they are named multiwall carbon nanotubes
(MWCNTs). By 1993, the many layered tubes had given way to single wall
carbon nanotubes (SWCNTs) and whose properties are much easier to
predict. Carbon nanotubes are curled cylinders of Graphite with both having
a sp’ hybridisation. Carbon nanotubes are one of the most important building
blocks and materials in nanotechnology. Their unique combination of nano-
sized diameter with macroscopic length scale has lead to many new
phenomena and properties. Progress in large-scale synthesis, control of their
structural properties, thin film transparent electrodes and nano-composites
continues to widen their application in many new technologies.

Carbon nanotubes are one among the most extensively researched
materials today.”*! This is the most versatile material having the properties
ranging from optical absorption and emission on one hand to the mechanical
properties of bulk materials such as Young’s modulus.

Among the two important allotropes of carbon, graphite and
diamond, graphite is the thermodynamically stable bulk phase up to very
high temperatures under normal ranges of pressure, but diamond is only
kinetically stable. ') But, when the number of carbon atoms present

becomes finite, the structure will energetically favour to close in cages or
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rings for minimising the dangling bonds present. The cage structured carbon

allotropes are called fullerenes,!'®”!

and the elongated ring shaped allotropes
are called carbon nanotubes. The formation of curved structure from a planar
hexagonal lattice demand certain topological defects included in the
structure. To produce a convex structure, a positive curvature has to be
introduced in to the planar hexagonal graphite structure and this is satisfied
by creating pentagons along with the hexagonal structure. This is followed
from Euler’s principle that one needs exactly 12 pentagons to provide the
topological curvature necessary to complete the hexagonal lattice. Hence in
the case of Buckminster Fullerene (C¢;) and all the other fullerenes there are
many hexagons (C,, has (n-10) hexagons) but only 12 pentagons. This rule,
so called pentagon rule is valid even for an elongated closed structure
containing millions ot hexagons, but there will be only 12 pentagons. A long
cylinder made of hexagonal honeycomb lattice of carbon is named as carbon
nanotubes.

A carbon nanotube can be thought to be formed from the graphite by
the following way; a single layer of graphite called graphene can be fold in
the form of a cylinder in such a manner that the open edges match perfectly
to form a seamiess structure. The resulting open ended tubes will be closed
at some stage of the growth process by pentagons. The rolling up of
graphene sheets in to cylinders can be carried out in many ways by satistying
the condition that dangling bonds present at both edges are matched. This
introduces helicity to the tubular structure and helicity is the unique property
of carbon nanotubes and it was the most revealing discovery that emerged

33137 [ the mapping of a graphene in to

out even in the first papers of lijjima.
a cylinder, the boundary conditions around the cylinder can be satisfied only
if one of the Bravais lattice vectors and a pair of integer indices (n, m) of the
graphene sheet map to the whole circumference of the cylinder. This scheme

is important in classifying the carbon nanotubes and depending on this index
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the properties of the carbon nanotubes will differ. Nanotubes made from
lattice translational indices of the form (n, 0} and (n, n) have two helical
symmetry operations where as all other set of nanotubes, (n, m) have three
equivalent helical operations. The (n, 0) type of nanotubes are called zigzag
nanotubes and (n, n) are called armchair nanotubes. All others (n, m) are
named as helical. The indexing scheme that shows the folding procedure is

shown in figure 1.3.

Figure 1.3: Schematic illustration of the folding procedure to create carbon

nanotube cylinders (Reproduced from Ref.[161]).

The electronic conduction process in nanotubes is unique, since in
the radial direction the electrons are confined in the singular plane of the
graphene sheet. Calculations have predicted that all the armchair tubes are
metallic whereas the zigzag and helical tubes can be either metallic or

[163-164]

semiconducting. Generally 1t follows from the carbon nanotube

indexing (n, m) that, if (2"+"% 18 an integer, the corresponding nanotube

will be metallic.
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Carbon nanotubes in general can be categorized in to two categories,
MWCNTs and SWCNTs. MWCNTs are made up of concentric graphene
cylinders placed around a common central hollow with a spacing between
the layers (0.34 nm) slightly greater than that in graphite (0.335 nm). The
three dimensional structural correlation that prevails in single crystal
graphite (ABAB stacking) is lost in MWCNTs and the layers are rotationally
disordered with respect to each other. SWCNTSs are similar to an ideal
fullerene fiber with diameter close to the size of the fullerene (1-2 nm) and
are single layered long cylinders. Normally MWCNTs are metallic in nature.
Another major difference between MWCNTSs and SWCNTs is the difference
in their growth process. It required the presence of catalysts (transition
metals Fe, Co, Ni, Au are some examples) for the synthesis, but no such
catalyst is required for MWCNTs /")

Arc discharge method has been employed by lijima for the first time
synthesis of CNTs (MWCNTs). Highly ordered nanotubular structures were
created in the inter-electrode region, where the temperature is ~3500°C and
these tubular structures are found to be self-assembled. Though the time
scale for the formation of these nanostructures is extremely small, the
amount of nanotubes obtained during arc deposition is limited. Moreover the
deposit contains substantial amount of nanoparticles, hence the purification
is a tedious task. There are other efficient techniques giving high quality
nanotubes; they are catalytic vapour deposition, template assisted chemical
vapour deposition, and laser ablation method. SWCNTSs can be synthesized
using a combination of catalyst and dense carbon vapour. Chemical vapour
deposition with catalyst patterned surface is normally employed for the
synthesis of SWCNTSs. In a number of applications, such as field emission,
aligned carbon nanotubes are required. Porous template assisted CVD and

CVD over patterned substrate will often render aligned tubes.
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The very high tensile strength of carbon nanotubes (for
SWCNTs~45 GPa, which is 20 times that of steel; and that of MWCNTs is
~2-30 GPa) make them promising candidates for reinforcement
applications.!'®) Moreover, they have applications in various fields such as
nanotube based field emitters, as nanoprobes in meteorology, biological and
chemical investigations, templates for the creation of various nanostructures,
nanoelectronics and energy storage devices. ''*"

Multifunctional carbon nanostructures are currently under active
investigation for producing innovative materials, composites, and
optoelectronic devices, whose unique properties originate at the molecular
level. The filling of carbon nanotubes with various metals and non-metals is
thought as an ingenious idea right from the fist report by lijima et al.l'®’]
Carbon nanotube filled various composites have been fabricated for
multifunctional applications.!"®! The application of functionalised CNT as a
new method for drug delivery was immediately identified after the first
demonstration of the capacity of this material to penetrate into cells. !'®"!

Apart from the immense engineering and biomedical applications of
filled carbon nanotubes, they are also unique candidates for studying the
quantum mechanical effects such as confinement effects. Grobert et al.
observed enhanced magnetic properties in magnetic metals filled MWCNTs.
07 Similarly yFe (which is non-magnetic in bulk) is found to exhibit
interesting magnetic properties when they encapsulated in carbon
nanotubes.!'’”’) The combination of two classes of materials (CNTs and
nanoparticles) may lead to a successful integration of the properties of the
two components in the new hybrid materials that present important features
for catalysis and nanotechnology.!'”?! The focal theme of the present
investigation is hybrid magnetic materials and a peep in to the exciting area

of magnetism is provided in the ensuing sections.
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1.6 Magnetism — An overview

Magnetic materials caught the attention of scientists even from the old days
of civilisation and it continues to be a hot topic of research for both academic
and applied fields.'™ A pure magnetic system is a unigue one to study the
large scale collective behaviour of atoms and electrons. Different types of
magnetic ordering are found to occur in nature and hence the response of
different materials to the external magnetic field is also different!'”>'"*
According to their behaviour in an external magnetic field, matenals are
broadly classified as diamagnetic, paramagnetic, ferromagnetic,
antiferromagnetic and ferrimagnetic materials.

Diamagnetism is a fundamental property of all materials although it
is usually very weak. It is due to the non-cooperative behaviour of orbiting
electrons when exposed to an applied magnetic field .Diamagnetic
substances are composed of atoms which have no net magnetic moments i.e.
all orbital shells are filled and there are no unpaired electrons. However,
when exposed to a field, a negative magnetisation is produced and thus the
susceptibility is negative. Moreover, diamagnetic susceptibility is
independent of temperature. Bismuth, Copper, Silver, and Gold are examples
of diamagnetic materials.

In paramagnetism, some of the atoms or ions in the material have a
non-zero magnetic moment due to unpaired electrons in partially filled
orbitals. Then an applied field modifies the direction of the moments and an
induced magnetisation parallel to the field appears. However the individual
magnetic moments do not interact magnetically and like diamagnetism the
magnetisation is zero when the field is removed. In the presence of filed,
there is now a partial alignment of the atomic magnetic moments in the
direction of the field resulting in a net positive magnetisation and positive
susceptibility. In addition, the etficiency of the field in aligning the moments

is opposed by the randomizing effects of temperature. This results in a
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temperature dependent susceptibility. Magnesium, Aluminium, Lithium,
Molybdenum and Tantalum are some of the examples for paramagnetic
materials.

Ferromagnetic materials are said to be ‘magnetic’ materials and
unlike other types of materials, there exist a strong correlation between
atomic magnetic moments. The interactions are produced by electronic
exchange forces and result in a parallel or antiparallel alignment of atomic
moments. The positive exchange interactions favour a parallel arrangement
of magnetic moments in neighbouring atoms. Below a particular temperature
called Curie temperature T,, the interactions overcome randomisation due to
thermal agitation and a spontaneous magnetisation appears in the presence of
an applied magnetic field. The spontaneous magnetisation reaches its
maximum value M, (called saturation magnetisation) at 0K corresponding to
parallelism of all the individual moments. Above T, the thermal
randomisation wins over exchange interaction and the material becomes
paramagnetic. Figure 1.4 depicts a schematic of phase transition diagram of

a ferromagnetic material with temperature.
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Figure 1.4: Schematic of phase transition (second order) of Paramagnetism —

Ferromagnetism.

X-axis is of the phase transition curve represent the magnetisation
(order parameter) and Y-axis is the Free energy (F). Below T=T,, the free
energy has two minima corresponding a non-zero value of spontaneous
magnetisation (either +m or -m). But at T=T, or T> T, the free energy curve
has a minimum only at M=0, indicates the net zero magnetisation. The 3d
transition metals such as Fe, Co, and Ni exhibit ferromagnetism at room
temperature. Two theories of magnetism were used to explain the
ferromagnetism in metals: (i) localized moment theory (ii) band theory in the
localized moment theory, the valence electrons are attached to the atoms and
cannot move about the crystal. The valence electrons contribute to magnetic
moment which is localized at the atom. The localized moment theory
accounts for the variation of spontaneous magnetisation with temperature in
the ferromagnetic phase and explains the Curie Weiss behaviour above the
Curie temperature. In the collective electron model or band theory, the
electrons responsible for magnetic effects are ionized from the atoms and are
able to move through the crystal. Band theory explains the non integer

values of the magnetic moment per atom that are observed in metallic
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ferromagnets. In real situations neither model can be considered perfectly
correct, but rather a good approximation. By far the most successful method
currently available for calculating the magnetic properties of solids is density
functional theory which includes all the interactions between all the
electrons. Here it is assumed that the electrons choose the arrangement
which will give them the lowest possible total energy. However Density
Functional Theory (DFT) calculations are both intensive and difficult as the
exact form of the exchange and correlation part of the inter-electronic
interaction energy is not known.!'”

In an antiferromagnet, exchange coupling between neighbouring
moments that causes the moments to align in an antiparallel fashion: the
exact opposite of a ferromagnet. In terms of Heisenberg Hamiltonian
interaction, the exchange integral J., is negative. This antiparallel alignment
causes the system to have small positive susceptibility, because an applied
field tends to align the spins and this induced alignment is larger than the
diamagnetism of the electron orbitals. Similar to ferromagnetic materials, the
exchange energy can be defeated at high temperature and then the system
becomes paramagnet. Fe,TiO,, ZnFe 04, and CdFe,0; are some of the
examples of antiferromagnetic materials.

Ferrimagnetism characterises a material which microscopically, is
antiferromagnetic like, but in which the magnetisation of the two sublattices
are not the same. The two sub lattices no longer compensate each other
exactly. A finite difference remains to leave a net magnetisation. This
spontaneous magnetisation is defeated by the thermal energy above a critical
temperature called the Curie temperature and then the system is

paramagnetic. Inverse spinel ferrites such as Fe;O4, YFe,O; and inverse

spinel mixed ferrites are examples of ferrimagnetic materials.
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The way the ‘magnetic’ materials get magnetised in an applied
magnetic field is a highly intriguing question in magnetism. The interesting
response of ferromagnetic materials to an applied magnetic field and the way

they attained the technical magnetisation demand the concept of ‘Domains’.

1.6.1 Magnetic Domains

Weiss first proposed that a ferromagnet contains a number of small regions
called domains, where all the magnetic dipoles are aligned paralle! to each
other. When a ferromagnetic material is in its demagnetised state, the
magnetisation averages to zero. The process of magnetisation causes all the
domains to orient in the same direction. Domains are separated by domain
walls. The formation of domains allows a ferromagnetic material to
minimize its total magnetic energy .The main contribution to the magnetic
energy are magnetostatic energy, magnetocrystalline energy and
magnetostrictive energy which influence the shape and size of the
domains."” The technical magnetisation process can be explained by
domain theory. In the initial demagnetised state, the domains are arranged
that the magnetisation averages to zero. When the field is applied, the
domain whose magnetisation is nearest to the field direction starts to grow at
the expense of other domains. The growth occurs by domain wall motion is
provided by the external magnetic field. Eventually the applied filed is
sufficient to eliminate all domain walls from the sample leaving a single
domain, with its magnetisation pointing along the easy axis oriented closely
to the external magnetic field. Further increase in magnetisation can occur
only by rotating the magnetic dipoles from the easy axis of magnetisation
into the direction of the applied field. The ‘anisotropy’ of magnetic materials

is another important factor determining the magnetisation process. !'”*!
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1.6.2 Magnetic anisotropy

Magnetic anisotropy generally refers to the dependence of magnetic
properties on the direction in which they are measured. The magnitude and
type of magnetic anisotropy affect properties such as magnetisation and
hysteresis curves in magnetic materials. The magnetic anisotropy can be of
two types; intrinsic anisotropy as a result of its crystal chemistry or its shape

and induced anisotropy as a result of some processing method.

1.6.2.1 Magnetocrystalline Anisotropy

Magnetocrystalline anisotropy is the tendency of the magnetisation to align
itself along a preferred crystallographic direction. For example, body
centered cubic Fe has the (100) direction as its easy axis .In nickel, which is
a face centered cubic, the easy axis is {111). It is observed that the final
value of the spontaneous magnetisation is the same, no matter which axis the
field is applied along, but the field required to reach that value is distinctly
different in each case. The physical origin of magnetocrystalline anisotropy
is the spin orbit coupling resulting in orientation of the spins relative to the
crystal lattice in a minimum energy direction, the so called easy direction of

magnetisation.
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Figure 1.5: Schematic of anisotropy of magnetisation in Fe

{Reproduced from Ref.[176]).

Aligning the spins in any other direction leads to an increase in
energy, the anisotropy energy E,. For a cubic crystal Ey is related to two

anisotropy constants K, and K; by

2,2 2.2 2,2 2,22
E, =K|(a,az+a2a, + a5, )+K2a| o, a, I

where oy, 0, and o; are the direction cosines of the magnetisation vector
relative to the crystallographic axis. In all materials the anisotropy decreases
with increasing temperature and near Tc, there is no preferred orientation for

domain magnetisation.

1.6.2.2 Shape Anisotropy

In a non-spherical piece of material it is easier to induce a magnetisation
along the long direction than along the short direction. This is because the
demagnetization field is less along a short direction, because the induced
poles at the surface are farther apart. For a spherical sample there is no

sphertcal anisotropy. The magnetostatic energy density can be written as

| :
E = N M 12
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where Ny is the tensor and represents the demagnetised factor (which is
calculated from the ratio of the axis). M is the saturation magnetisation of the

sample.

1.6.2.3 Induced Magnetic Anisotropy

Induced Magnetic Anisotropy is not intrinsic to the material, but is produced
by treatment such as annealing which has directional characteristics. Both
the magnitude of the anisotropy and the easy axis can be altered by
appropriate treatments .Techniques such as casting, rolling or wire drawing

is used to induce anisotropy in polycrystalline alloys.

1.7 Fine particle magnetism

The emergence of Nanoscience and Nanotechnology has made tremendous
impact on ‘magnetism’, as it does well in other fields, The advent of
sophisticated thin film deposition techniques in the early 1970, boosted the
research on ultra-thin magnetic multilayers and their coupling. Interesting
and intriguing phenomenon were observed and this motivated scientists to
look the magnetic properties of low dimensional system.

Ultrafine magnetic particles with nanometric dimensions are found
to exhibit novel properties compared to their conventional coarse grained
counterparts. Magnetic nanoparticles are dominated by unique features like
single domain nature, superparamagnetism and sometimes by unusual
phenomena like spin glass and frustration. The variation of coercivity in
ultrafine particles 1s also an interesting phenomenon. The unusual behaviour
exhibited by nanoparticles is mainly due to two major reasons, finite size

effects and surface effect.
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1.7.1 Single Domain Particles

There is a minimum domain size in a ferromagnetic material below which
the energy cost of domain formation exceeds the benefits from decreasing
magnetostatic energy. This implies that a single particle of size comparable
to the minimum domain size would not break up into domains. Qualitatively
it is observed that if a particle is smaller than about ~100nm, a domain wall
simply cannot fit inside it, resulting in single domain particles. A single
domain particle has high magnetostatic energy but no domain wall energy,
whereas a multidomain particle has lower magnetostatic energy but higher
domain wall energy. The magnetisation curve for a single domain particle
can be calculated using Stoner-Wohlfarth Model.!" The coherent domain
rotation concept can be discussed as follows; let a magnetic field H is
applied at an angle Oto a single domain particle having a uniaxial
anisotropy. If the magnetisation of the particle lies at an angle ¢ to the
magnetic field direction, the magnetic energy density of the system can be

written as,

E = KSin*(6 - ¢)~ u,HM Cos¢ 1.3

This energy can be minimized to find the direction of the magnetisation at
any given value of the applied magnetic field. Analytic calculations are

possible for this model for0=0t0 6 =w2.

1.7.2 Variation of Coercivity with particle size in fine particles

As the particle size is reduced, it is typically found that the coercivity
increases, goes through a maximum and then tend towards zero. In a
multidomain particle, magnetisation changes by domain wall motion. The

size dependence of coercivity is experimentally found to be given by!'™!
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b
H. =a+— 1.4
« =97

where a and b are constants and D is the particle diameter

Below a critical particle size D, the particles become single domain and in
this range the coercivity reaches a maximum. The particles with size D, and
smaller change their magnetisation with by spin rotation. As the particle size

decreases below D, because of the thermal effects, the coercivity decreases

according to the relation,

1.5

2000-
1500-
He
(0¢) 10901
500
. 0 2 4 6 8 10 12 14
D, Co nanoparticle size (nm)
® Particle size (D) ®)

Figure 1.6: Schematic of the coercivity variation with particle size
(Reproduced from Ref.[175]).

Figure 1.6.a depicts the schematic of the coercivity variation with
particle size reduction. It is to be noted that below a certain particle size the
coercivity of the particles become zero. The particles now behave like
paramagnetic particles, but with a giant individual particle magnetic

moment. This phenomenon is known as Superparamagnetism.

33



Magnetic Nanostructures: An Overview

1.7.3 Superparamagnetism

If single domain particles become small enough that, anisotropy energy KV,
where K is the magnetic anisotropy constant and V the volume of the
particle would become so small that the thermal fluctuations could overcome
the anisotropy forces and spontaneously reverse the magnetisation of a
particle from one easy direction to the other even in the absence of an
applied field. As a result of the competition between anisotropy and thermal
energies, assemblies of small particles show behaviour similar to
paramagnetic materials, but with much larger magnetic moment. This
momeunt is the moment of the particle and is equal to m=M,V. It can be quite
large amounting to thousands of Bohr Magnetons. An applied field would
tend to align this giant moment, but kT would fight the alignment just as it
does in  paramagnet. Thus this  phenomenon is  called
superparamagnetism.“73' If the anisotropy is zero or very weak, one would
expect that the total moment could point in any direction. Hence a classical
Langevin Function used for paramagnetism can be used to define
magnetisation

M = NmL(x) 1.6

where L(x)= Coth(x) ‘%? r= ﬂ% r 7
2 .4

The two distinct features for superparamagnetic systems are (i)
magnetisation curves measured at different temperatures superimpose when
M is plotted as a function of H/T and (ii) there is no hysteresis: both
remanence and coercivity are zero. The anisotropy energy KV represents an

energy barrier to the total spin reorientation hence the probability for

jumping thin barrier is proportional to the Boltzmann factor cxp(‘ KVk T)'
R

At high temperature, the moments on the particles are able to fluctuate

rapidly .The relaxation time 7 of the moment of a particle is given by
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KV
T =71, exp| ;7 1.8
B

where 1 is typically 107 s.

These fluctuations slow down (T increases) as the sample is cooled and the

system appears static whent becomes much larger than the measuring

time of the particular laboratory experimental technique.

The typical experiment with a magnetometer takes 10 to 100 seconds. Using

1=100s and 1,=10" s, we can obtain the critical volume as
w %

A particle with volume less than this act superparamagnetically on the 100s

1.9

experimental time scale. The equation can be rearranged to yield

KV
= 1.10

¥ 25k,

Ty is called the blocking temperature. Below Ty, the free movement of the
magnetic moment 1s blocked by the anisotropy. Above Ty the system

appears superparamagnetic.

1.7.4 Surface Anisotropy

In small magnetic nanoparticles, there can be another form of anisotropy
arising out of surface effects. The surface anisotropy is caused by the
breaking of the symmetry and their reduction of the nearest neighbour
coordination. The protective shell or ligand molecules which cover the small
particles play an important role as well leading to a change of the electronic
environment on the particle surface. Surface frustrations and surface spin
canting (particularly in magnetic oxide nanosystems) are other two important

effects those play crucial role in fine magnetic particles.

35



Magnetic Nanostructures: An Overview

Having discussed the various aspects of magnetism and magnetism
at the nano level it is imperative that the motivation of the present
investigation is spelt out clearly. The following section will take a close look
at the motivation for the present investigation and finally the objectives will

be spelt out clearly.

1.8 Motivation of the thesis

The impact felt by the emergence of Nanoscience and Nanotechnology on
science was so high that, it carves out new directions in fundamental and
applied research. Magnetism is one of the areas where the impact of
nanoscience and nanotechnology is felt very much. The realization of novel
devices based on Giant Magneto Resistance (GMR) and Magneto Caloric
Effect (MCE) bear testimony to this fact. From the above discussion it can
be seen that a lot more is to be understood on the surface of low dimensionai
magnetic system of 1D/2D types. This is essential not only in extracting the
physics behind various phenomenon at these dimensions but also necessary
for to tailoring various properties of these nanostructures for applications.
Finally, these nanostructures are to be fabricated using appropriate method
because knowledge of the history of the sample preparation and reaction
conditions only will help to deduce the correct physics occurring at different
stages of preparation.

Initial interest on ultra-thin nanomagnetic thin films now extends to
other nanostructures like nanowires and nanoparticles as well due to their
application potential in various fields such as data storage, sensors,
biological probes and medical therapy. Moreover, structured magnetic
materials like nanowires and nanotubes are in great demand due to their
potential use in high density data storage and in nano electro-mechanical

systems.
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The rational assembly of the basic building blocks like atoms or
molecules is a key challenge in the engineering of nanostructures and is
important to fabricate various nanodevices and structures. There are some
well developed methods like arrested precipitation "7 for 0D

1791 But, such a

nanoclusters and molecular beam epitaxy for 2D nano layers.
general method cannot be adopted for the growth of 1D nanostructures.
Though template assisted assembly is commonly accepted as a
versatile technique, no specific strategy has been adopted for the synthesis of
1-D  nanostructures  like nanowires, nanotubes and nanorods.
Electrodeposition over nanoporous templates is an inexpensive and
ingenious technique to fabricate 1-D nanostructures. A general growth
mechanism is lacking in the case of template assisted electrodeposition.
Presently, engineering the 1-D nanostructures is accomplished by
engineering the porous templates, but even this technique could not control
the morphology between nanotubes and nanowires. This warrants a detailed
investigations on template assisted electrodeposition with various precursors
and templates. This is one of the objectives of the present investigation.
Magnetic hybrid structures containing more than one magnetic
component are interesting materials where the magnetic properties can be
suitably engineered by varying one of the components. Until very recently,
this has been achieved by the nanowires and nanotubes of alloys. Core-Shell
nanostructures represent a new class of nano system and magnetic core-sheli
system can control the magnetic properties by controlling the amount of one
of the components. Understanding the growth mechanism during template
assisted electrodeposition will help design multisegmented magnetic
structures with controllable magnetic properties. A systematic study in this

direction is not seen in the literatures and such a study will be interesting.
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The small dimensions, remarkable strength and the physical
properties of carbon nanotubes have caught up the fancy of many scientists
and now they are among the most extensively researched materials. The
absence of any natural magnetic ordering in carbon nanotubes prevent them
from being put in to needful applications. Filling of carbon nanotubes with
magnetic materials, which is accepted as an ingenious idea right from the
early days of carbon nanotube research, is a viable alternative to tmpart
magnetic properties to carbon nanotubes. A literature survey carried out on
this area reveals that amount of magnetic material that can be impregnated in
carbon nanotubes is limited and hence its usefulness. A complete filling of
magnetic materials is also not attained yet. So multifunctional hybrid
magnetic structures are another area of interest where they can find
innumerable applications and not much work has been devoted to this aspect.

Carbon nanotube based magnetic structures can have a wide range of
applications from radar absorbers to biological probes. The introduction of
metals in to CNTs may lead to the modification of dielectric permittivity and
magnetic permeability of the composite and this will enhance the microwave
absorbing properties. The microwave absorbing properties of these
nanostructures will also be of interest because of the smaller dimensions of
these structures combined with the higher Snoek’s limit and magnetic
permeability needed for a good absorber. So yet another objective of the
present investigation is to prepare hybrid magnetic nanostructures based on
Co, Ni and MWCNTs.

Ferrofluids, which consist of fine magnetic particles suspended in a
carrier fluid, are interesting nanomagnetic system having a range of
applications from engineering to drug delivery. Moreover, they are unique
systems to study the fine particle magnetism and magnetic interactions
among them. Various quantum confinement effects such as blue shift due to

weak confinement and strain induced redshift "™ have been reported in
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ferrofluids and synthesis of various kinds of ferrofluids is still an active area
of research. A lot of ferrohydrodynamaic modeling studies were carried out
immediately after the first successful synthesis of ferrofluids by Rosenweig
et al."®) The interesting quantum confinement effects due to the spatial
confinement of magnetic particles are not subjected to investigation much.

Nanocapillarity is a complex phenomenon, the phenomenon of
wetting the nanoporous channels by capillary force, and is a subject of
intense investigation in leading laboratories all around the world. If the
ferrofluids could fill the carbon nanotubes by nanocapillarity, it will be a
versatile composite system to explore the confinement effects. The reports
on biocompatibility of functionalised carbon nanotubes open another
possibility of these composites in MRI contrast enhancement and magnetic
field aided bio-medical drug delivery. So yet another motivation of the
present study is to synthesize biocompatible aqueous ferrofluids and make
multifunctional entities based on MWCNTs for various applications. The
filling of MWCNTSs will be achieved by nanocapillarity.

Non-linear optics plays a salient role in studying the light-matter

2 . . . . .
"2 Various materials such as inorganics, organics,

interactions.
organometallics and metals have been studied for their nonlinear optical
properties in the past. Optical limiters are a class of nonlinear optical
materials, which have potential applications in the protection of sensitive
optical detectors and human eyes from accidental exposure to intense light
beams. Recently, interest in the field of photonic devices has increased due
to the advent of nano particles and nano structures. The nonlinear optical
properties of magnetic nanostructures are not explored fully. If they are

found to possess interesting optical properties, they will be unique systems

having multiple functionalities. Though carbon nanotubes exhibit interesting
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nonlinear light transition properties, their composites with magnetic
materials are not seen investigated in literatures.

Different mechanisms such as nonlinear scattering, two or three
photon absorption, and reverse saturable absorption phenomena including
free carrier and excited state absorption are thought to be responsible for
optical limiting. Moreover, in the case of a multisegmented system,
possibility for the simultaneous occurrence of different mechanisms in the
same system giving rise to strong optical limiting properties cannot be ruled
out. So the studies on the nonlinear optical properties of magnetic hybrid
structures are a fascinating area of research. This is another motive of the
present investigation.

Nanomagnetic oxides are promising candidates for high density
magnetic storage and other applications. Biocompatibility of magnetic oxide
systems find applications in augmented drug delivery, drug targeting and
MRI contrast enhancement agents. From a fundamental point of view,
magnetic iron oxides are ideal templates for studying ferrimagnetism at the
nano level since they possess an ideal two sub lattice with magnetic ions on
either site. Synthesis of gamma iron oxide from precursors is also rather
difficult, since they more often converted to more stabie non-magnetic iron
oxide phase. Nonspherical mesoscopic iron oxide particles are interesting
candidate imaterials for studying the shape, size and strain induced
modifications of various physical properties namely optical, magnetic and
structural. The nonsperical nature of particles assumes to exhibit interesting
magnetic and optical properties and these aspects are found to be not

explored well in the literatures.

40



Chapter |

1.9 Obijectives of the thesis

5

The specific objectives of the present investigation are as follows;
Synthesis of magnetic nanowires and nanotubes of Ni and Co using
various precursors using template assisted potentiostatic
electrodeposition.

Studies on the structural, morphological and magnetic properties of
these nanowires and nanotubes.

Formulation of a general growth mechanism for 1-D nanostructures
during potentiostatic electrodeposition.

Fabrication of hybrid 1-D structures of Ni and Co and verify the
generalised growth mechanism.

Synthesis of MWCNTSs using template assisted Chemical Vapour
Deposition and studies on their structure and morphology.
Fabrication of carbon nanotube based magnetic heterostructures of
Ni and Co using potentiostatic electrodeposition and their structural
and magnetic characterizations.

Evaluation of microwave absorbing properties of metal filled
MWCNTs by cavity perturbation technique.

Synthesis of MWCNT-superparamagnetic Iron Oxide composites
using ferrofluids with aid of nanocapillarity.

Evaluation of the nonlinear optical studies of nanowires and
nanotubes of Ni and Co and their hybrid structures with MWCNTs.
Synthesis of acicular Tron Oxide nanoparticles using complexing
media and studies on their structural, magnetic and optical
properties.

Correlation of results.
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Chapter 2

Experimental Techniques

]
The advent of nanoscience and nanotechnology demands state of the art
microcharacterisation tools. Most of the methods involve electrons,
photons, or ions as a probe beam striking the material to be analysed. This
chapter reviews the fabrication of nanostructures using electrodeposition
and various characterisation tools employed in the present study. 1-D
magnetic nanostructures are synthesised using the electrodeposition and a
Potentiostat/Galvanostat i1s employed for this. A description about the
electrodeposition technique is provided at the beginning of this chapter.
Analysis of various nanostructures are carried out using state of the art
tools such as X-ray Diffraction (XRD), Scanning Electron Microscope
(SEM), Transmission Electron Microscope (TEM), High-Resolution
Transmission Electron Microscope (HRTEM), Selected Area Electron
Diffraction (SAED), Energy Dispersive X-ray Spectroscopy (EDS), Raman
analysis, Atomic Force Microscopy (AFM), Magnetic Force Microscopy
(MFM), Fourier Transform Infrared Spectroscopy (FT-IR), Vibrating
Sample Magnetometer (VSM), Superconducting Quantum Interference
Device Magnetometer (SQUID Magnetometer), Thermo-Gravimetric
analysis (TGA) and UV-Vis NIR spectrophotometer. This chapter also
discusses the details of Zero Field Cooled-Field Cooled magnetisation

studies and other thermomagnetisation studies.
S —



Chapter 2
2.1 Fabrication techniques and tools

2.1.1 Electrodeposition

Electrodeposition is the process by which a metal is deposited on a surface
from a solution of its ions by means of passing an ac/dc current. The
electrodeposition process can be divided in to processes; nucleation and
growth. Nucleation, which dominates very early stages, is a heterogeneous
reaction of reducing ions in to a smaller cluster forming a new phase on an
electrode. Growth is the process of reducing ions on the existing nuclei,
thereby expanding the new phase. The nuclei eventually overlap and form a
film of the reduced metal on the substrate. If substrate used is a patterned
one, the resulting deposit will also have a pattern of the substrate. The
nucleation and growth reactions are important in determining the properties
of the resulting films, especially those of thin films with thickness of the
order of tens of nanometer."!

Eventhough, electrodeposition is a relatively old science, how the
deposit is initiated on the substrate during electrodeposition is not yet well
understood. There are numerous theories on nucleation, with no clear
consensus among researchers while studying the nucleation phenomena.
There are several variables in the system, from the conditions of the surface
and the electrolyte to the applied driving force.

Nucleation of a foreign material on to a substrate is assumed to take
place on active sites. Electrocrystallisation is a specific case of phase
formation and hence the steady state rate of heterogeneous nucleation can be
described by the classical theory of nucleation, if the basic kinetic and
thermodynamic parameters of the process are expressed in terms of the
electrochemical quantities. Several theories of nucleation process exist
which account for the time dcpendence of the number of nuclei growth.

Fleischmann and Thirsk,”! Kaishev and Mutaftshiev,”! Markov and



Experimental Techniques

Stoycheva ! and Fletcher and Lwin,® are some of the significant ones
among them. The Fleischmann and Thrisk model begins with the basic
assumption that there are a fixed number of active sites, Ny on the surface
and it is independent of applied potential. This model predicts that at long
times all of the active sites will be converted to nuclei. Modified
Fleischmann and Thrisk model is applying by many researchers to fits the
experimental data better. In most of these modifications, they allowed to
vary the total number of active sites on the surface of the substrate with
potential. The theory of Kaishev and Mutaftshiev, it was latter generalised
by Markov and Kashchiev,'* is based on the assumption that different active
sites on the surface have different critical over potentials for nucleation. A
critical over potential is one below which an active site can not be nucleated.
The Markov and Stoycheva is another model which combines the aspects of
both the Fleishmann and Thirsk model and Kaishev and Mutaftshiev model.
In this model, the saturation number of active sites, which is dependent on
the overpotential, is identical to that described in the Kaishev and
Mutaftshiev model. This model predicts the saturation of number of nucle
after a long time deposition. Fletcher and Lwin mode! is another model
which discusses the nucleation during electrodeposition. It is based on the
following assumptions;
1. The total number of active sites is a constant independent of over
potential
2. All active sites experience the same overpotential for nucleation.
3. A random distribution of surface energies exists at the interface
between crystal nuciei and active sites.
This model also agrees with Fleschmann and Thrisk model that after a long
time of deposition, all the active sites will become nucleated.
Various growth mechanisms (some of them are numbered below as

A. B, C) were also proposed for the continued growth of a metal deposit.!”!
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Chaprer 2

A. 1. Diffusion of ionic species through thc solution directly to the
location of lattice build up.
2. Discharge of species at the sites where the lattice is to be built up.

. Lattice formation.

(95}

B. 1. Diffuston of ionic species through the solution to the surface.
2. Charge transfer on the surfacc
3. Diffusion of discharged species over the surface to sites where the
lattice is built up.
4. Lattice formation.

C. 1. Diffusion of ionic specics through the solution to the surface.

to

. Diffusion of charged species over the surface to sites where the
lattice is to be built up.
3. Charge transfer and lattice formation.
Out of these mechanisms, C is considered to be most likely method of lattice

18-9]

growth and is proposed by Gerischer, Conway and Bockris.

2.1.2 Potentiostat

A potentiostat is the electronic hardware (Figure 2.1.a) required to control a
three electrode cell (Figure 2.1.b) run most electroanalytical cells. The
system functions by maintaining the potential of the working electrode at a
constant level with respect to the reference electrode by adjusting the current
at an auxiliary clectrode. Tt consists of an electric circuit which are usually

described in the form of simple op-amps.'"”!
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Figure 2.1: (a) Block diagram of a Potentiostat/Galvanostat system, (b) 3
electrode electrodeposition cell, (¢) potentiostat used for the present study
(273A).

In almost all applications. the potentiostat measures the current {low
between the working electrode and auxiliary electrode. The controlled
variable in a potentiostat is the cell potential and the measured variable is the
cell current.

The main parts of a potentiostat are: working clectrode. reference

clectrode, auxiliary electrode (counter electrode), clectrometer and control

S
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amplifier. A potentiostat can also be operated as a Galvanostat or as a Zero
Resistance Ammeter (ZRA). Potentiostat will become a Galvanostat when
the feedback is switched from the cell voltage signal to cell current signal
(Figure 2.1.a).

Working electrode is the electrode where the potential is controlled
and the current is measured. For many physical electrochemistry
experiments the working electrode is an inert material such as gold, silver,
platinum, or glassy carbon. The reference electrode is used in measuring the
working electrode potential. A reference electrode should have a constant
electrochemical potential as long as no current flows through it. The most
common reference electrodes are saturated calomel electrode (SCE) and the
silver/silver chloride (Ag/AgCl) electrode. The auxiliary electrode is a
conductor that completes the cell circuit. The auxiliary electrode in the lab
cells is generally an inert conductor like platinum or graphite. The current
that flows in to the solution via working electrode leaves the solution via
auxiliary electrode. Electrometer circuit measures the voltage difterence
between the reference and working electrode. Control amplifier measures the
cell voltage with the desired voltage and drives current in to the cell to force
the voltages to be the same.

Three electrode deposition has a definite edge over two electrode
electrodeposition technique. Most of the voltammetry experiments, where
the half cell reactivity of an electrolyte is investigated, use two electrodes
(working electrode and auxiliary electrode) to conduct the experiment. The
working electrode, which makes contact with the electrolyte, will apply the
desired potential in a controlled way and facilitate the transfer of electrons to
and from the electrolyte. A second electrode acts as the other half of the cell.
This second electrode must have a known potential with which it measures
the potential of the working electrode, furthermore it must balance the

electrons added or removed by the working electrode. While this is a viable

A
~



Experimental Techniques

setup, known as two electrode deposition has a number of shortcomings.
Most significantly, it is extremely difficult for an electrode to maintain a
constant potential while passing current to counter redox events at the
working electrode. This can be solved by separating the role of supplying the
electrons and referencing the potential in to two separate electrodes. The
reference electrode is a half cell with a known reduction potential. Its only
role is to act as reference in measuring and controlling the working
electrodes potential and at no point does it pass any current. The auxiliary
electrode passes all the current needed to balance the current observed at the
working electrode. To achieve this current, the auxiliary will often swing to
extreme potentials at the edges of the solvent window, where it oxidizes or
reduces the solvent or supporting electrolyte, These electrodes, the working,
reference, and auxiliary electrodes, constitute the modern three electrode

system.

2.2 Analysis tools and techniques

2.2.1 X-ray diffraction studies (XRD)

X-ray diffraction patterns have been widely used in nanoparticle research as
a primary characterisation technique for obtaining features like crystal
structure, crystallite size, lattice constants and strain. Inforiation about
particle size distribution and mechanical stress can be inferred from the
analysis of the width of the diffraction lines.

X-rays are high energy electromagnetic radiation having energies
ranging from about 200eV to 1MeV. The three basic components of X-ray
diffractometer are X-Ray source, specimen and X-ray detector. A thin layer
of the sample powder is spread on a flat non diffracting glass slide and is
exposed to the x-ray beam. If an element in the specimen has an atomic
number slightly below that ot the target metal, the X-rays will be strongly

absorbed leading to decrease in intensity of the diffracted beam. The XRD
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patterns of the samples were recorded on the X-ray diffractometer (Rigaku
Dmax-C) using Cu Ka radiation (A=1.5418 A), which has energy of
8.04keV.

In XRD a collimated beam of X-ray with a wavelength of 1.5418 A
is incident on a specimen and is diffracted by the crystalline planes in the
specimen according to the Bragg’s lawl']
nd =2dSiné 2.1

where A 1s the wavelength of the X-radiation, » is an integer , J is the
spacing between atomic planes in the crystalline planes and & is known as
diffraction angle. The intensity of the diffracted x-rays was measured and
plotted as a function of diffraction angle 26 From the 26 values of the peaks,
the lattice spacing (d) values are calculated using the equation (2.1). Lattice
parameter was calculated assuming cubic symmetry by employing the
relation

dyps = 22

NV B SRS A
The lattice parameter ‘a’ can be calculated from the equation

4

a=—2 W1k 4+ 23

" 28inb

The average particle size was determined from the measured width of their
2]

diffraction curves by using Debye Scherrer’s formula,

p=094 24

- Pcos@
Here A is the wavelength of Cu K, radiation (A = 1.5418 A), B is the angular

width which is equal to the full width half maximum.
The broadening of x-ray diffraction peaks can be obtained obtained

with a diffractometer, and this information can be directly quantified.
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However it is important to realize that the broadening of diffraction peaks
arises mainly due to three factors
1. Instrumental effects: these effects include imperfect focusing,
unresolved ) and a, peaks, or the finite widths of ) and a, peaks
in cases were the peaks are resolved. These extraneous sources can
cause broadening in the peak.
2. Crystallite size: the peaks become broader due to the effects of
small crystallite sizes, and thus an analysis of the peak
broadening can be used to determine the crystallite size from
100 to 500nm.
3. Lattice strain: lattice strain can also cause to the broadening of the
diffraction peaks. If all the effects mentioned are simultaneously

present in the specimen, the peaks will be very broad.

2.2.2 Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) is a type of electron microscope
that images the sample surface by scanning it with a high-energy beam of
electrons in a raster scan pattern. The electrons interact with the atoms that
make up the sample producing signals that contain information about the
sample's surface topography, composition and other properties such as
electrical conductivity.!'” There are many advantages for using the SEM
instead of a light detector. The SEM has a large depth of field, which allows
more of a specimen to be in focus at one tume. The SEM also has much
higher resolution, so closely spaced specimens can be magnified at much

higher levels.
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Scanner

Scanning

Figure 2.2: Schematic diagram of Scanning Electron Microscopy.

In Scanning Electron Microscopy, an electron beam with primary
electron encrgy typically of 1-10keV is focused by a lens system into a spot
of 1-10nm in diameter on the sample surface. The focused beam is scanned
in a raster across the sample by a deflection coil system in synchronous with
an electron beam of a video tube, which is used as an optical display. Both
beams are controlled by the same scan generator and the magnification is
just the size ratio of the display and scanned area on the sample surface. A
variety of signals can be detected, including secondary electrons,
backscattered electrons, x-rays, cathodoluminescence and sample current.
The two dimensional map of the signal yields a SEM image. The main
applications of SEM are in surface topography and elemental mapping. By
appropriate choice of the detector, the signal of the electrons from a desired

. 14
energy range can be monitored.!!
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Field emission SEM (FESEM) is another type of SEM instrument
where electrons are produced using the phenomenon of ‘field emission’.
There are three major types of electron sources: thermionic tungsten, LaBg,
and hot and cold field emisston. In the first case, a tungsten filament is
heated to allow electrons to be emitted via thermionic emission.
Temperatures as high as 3000°C are required to produce a sufficiently bright
source. These filaments are easy to work with but have to be replaced
frequently because of evaporation. The material LaB¢ has a lower work
function than tungsten and thus can be operated at lower temperatures, and it
yields higher source brightness. However, LaB, filaments require much
better vacuum than tungsten to achieve good stability and a longer lifetime.
Recently, field emission electron sources have been produced. These tips are
very sharp; the strong electric field created at the tip extracts electrons from
the source even at low temperatures.In this case, the energy profile is sharper
and less the effect of chromatic aberrations of the magnetic defocusing
lenses. Although they are more difficult to work with, since they need very
high vacuum and occasional cleaning and sharpening via thermal flashing,
the enhanced resolution and low voltage applications of field emission tips

are making them unique for high resolution scanning. ' '*'

2.2.3 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy is a straight forward technique to
determine the size and shape of the nanostructured materials as well as to
obtain structural information. In TEM, electrons are accelerated to 100KeV
or higher projected on to a thin specimen by means of a condenser lens
system, and penetrate in to the sample."" TEM uses transmitted and
diffracted electrons which generates a two dimensional projection of the
sample. The principal contrast in this projection or image is provided by

diffracted electrons. In bright field images the transmitted elcetrons gencrate
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bright regions while the diffracted electrons produce dark regions. In dark
field image the diffracted electrons preferentially form the image. In TEM,
one can switch between imaging the sample and viewing its diffraction
pattern by changing the strength of the intermediate lens. The greatest
advantage that TEM offers are the high magnification ranging from 50 to10°
and its ability to provide both image and diffraction information from a
single sample.

The high magnification or resolution of TEM 1s given by

[P 25

N 2mgV

where m and q are the electron mass and charge, / the Planck’s constant and
V is the potential difference through which the electrons are accelerated.

The schematic of a transmission electron microscope is shown in figure 2.3.

Specimen (b)

Dbjective Isns

Back focal plane
- A “* objective aperture

Viewing
creen
Image Diffraction pattern

Figure 2.3: Transmission Electron Microscope for imaging and Selected Area

Diffraction Pattern (Reproduced from Ref.{16] )
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Typically a TEM consists of three stages of lensing. The stages are
the objective lenses, intermediate lenses and the projector lenses. The
objective lens forms a diffraction pattern in the back focal plane with
electrons scattered by the sample and combines them to generate an imagedn
the image plane (1. intermediate image). Thus diffraction pattern and image
are simuitaneously present in the TEM. It depends on the intermediate lens
which appears in the plane of the second mtermediate image and magnified
by the projective lens on the viewing screen. Switching from a real space to
a reciprocal space (diffraction pattern) is easily achieved by changing the
strength of the intermediate lens. In imaging mode, an objective aperture can
be inserted in the back focal plane to select one or more beams that
contribute to the final image (Bright field (BF), Dark field (DF), High
Resolution TEM (HRTEM)). The BF image is formed by effectively cutting
out all the diffracted beams, leaving out only transmitted beam to form the
image. The bright field image is bright only in areas that have crystalline
planes that are tilted such that they do not satisty the Bragg condition. The
DF image will be obtained on the other hand if the transmitted beams are

blocked instead of diffracted beams.

2.2.4 High-Resolution TEM

High resolution transmission electron microscope (HRTEM)!'"! can generate
lattice images of the crystalline material allowing the direct characterisation
of the samples atomic structure. The resolution of the HRTEM is 1 nm or
smaller. However, the most difficult aspect of the TEM technique is the
preparation of samples. High-resolution TEM is made possible by using a
large-diameter objective diaphragm that admits not only the transmitted
beam, but at least one diffracted beam as well. All of the beams passed by
the objective aperture are then made to recombine in the image-forming

process, in such a way that their amplitudes and phases are preserved. When
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viewed at high-magnification, it is possible to see contrast in the image in the
form of periodic fringes. These fringes represent direct resolution of the
Bragg diffracting planes; the contrast is referred to as phase contrast. The
fringes that are visible in the high-resolution image originate from those
planes that are oriented as Bragg reflecting planes and that possess
interplanar spacings greater than the lateral spatial resolution limits of the

instrument.

2.2.5 Selected Area Electron Diffraction Pattern (SAED)

Selected area diffraction offers a unique capability to determine the crystal
structure of individual nanomaterials and the crystal structure of the different
parts of a sample. A small area of the specimen can be selected from a high
resolution transmission image and its electron diffraction pattern (rings or
spots) produced on the screen of the microscope by making appropriate
arrangement in the lenses of TEM. This is an optional arrangement in
HRTEM. The arrangement for taking the diffraction pattern is shown in
figure 2.3.b. The SAED allows the researcher to determine lattice constant of
the crystalline material which can help in species identification. Basically
diffraction patterns are distinguishable as spot patterns resulting from single
crystal diftraction zones or ring patterns are obtained from the randomly
oriented crystal aggregates (polycrystallites). For nanocrystallites, the
diffraction patterns will be a diffused ring patterns. The'd’ spacing between
lattice planes can be estimated radius r of the diffracted rings from the
relation AL = rd | if the camera constant AL is known .The estimation of d
values enable us to describe the crystal structure of the crystalline

. R-19
specimen.!'"”!
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2.2.6 Energy Dispersive X-ray Spectroscopy (EDS)

Energy dispersive X-ray spectrometer (EDS) attached to the transmission
electron microscope analyses characteristic X-ray radiation emitted from the
specimen when the electron beam interact with the specimen. The main use
of EDS is to accurately determine the composition of the sample under
investigation. Upon exposing the samples to high energy electron beams the
various atoms present in the sample emit characteristic X-rays which can be
observed as several distinct peaks on an energy scale. The intensities of the
peaks can be compared with the peaks of a standard sample to obtain the
relative amounts of each atomic species, whereby accurate composition of
the sample can be determined. The use of EDS has been demonstrated in

. . . 20-.
oxide nanoparticle research in a number of reports.”*?'!

2.2.7. Atomic Force Microscopy
The successful achievements of scanning tunneling microscopy have
inspired the development of a set of novel scanning probe microscopy
methods such as AFM, MFM, LFM etc. These techniques are based on the
usage of piezoelectric transducers that provide the ability to control the
spatial position of probing tip relative to the sample surface with great
accuracy and thus to map the measured surface property on an atomic or
nanometer scale. Among such methods, Atomic Force Microscopy has found
the widest application.

The Atomic Force Microscopy was invented by Binning, Quate, and
Gerber in 1986.AFM senses the forces between the tip and the sample.!"!)
This microscope can image surfaces with atomic resolution by scanning a
sharp tip across the surtace at forces smaller than the forces between ators.
A commercially available silicon tip was used in all studies.””

The principle of AFM operation is illustrated in the following figure

24,
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Deflection
sensor
Cantilever
C r Tip
Feedback
electronics
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Figure 2.4: Schematic illustration of AFM operation.

The cantilever with the attached stylus is sandwiched between the
AFM sample and the tunnelling tip. It is fixed to a small piezoelectric
element called the modulating piezo which is used to drive the cantilever
beam at its resonant frequency. The interatomic forces between the tip and
the sample surface atoms cause the cantilever to deflect. The AFM sample is
connected to a three dimensional piezoelectric drive i.e, the x,y,z scanner .A
feedback loop is used to keep the force acting on the stylus at a constant
level. The cantilever displacement is measured by a deflection sensor.
Typically sensors can detect deflections as small as 107 A. Measuring the
deflection of the cantilever while the tip is scanned over the sample allows
the surface topography to be mapped !'* >

The evident advantage of AFM is that it is applicable for studying all
types of surfaces, conducting, semiconducting and insulating. STM is

gencerally applicable only to conducting samples.
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Tapping mode AFM is of particular interest in determining
topography and phase morphology of films. In tapping mode, the silicon
probe tip oscillates at its resonance frequency as it rasters across the sample
surface, experiencing only intermittent contact with the surface. Tapping
mode does not provide atomic resolution but appears to be advantageous for
imaging rough surfaces with topographical corrugation. Three Types of
Tapping Mode Data are follows:

Height Data: The vertical position of the probe tip is monitored by noting
changes in the length of the z-axis on the xyz scanning piezo tube. Input
voltage to the scanning piezo tube is proportional to the length of the tube.
The change in the z-axis is plotted as a topographical map of the sample
surface. Height data is a good measure of the height of surface features but
does not show distinct edges of these features.

Phase Data: This type of imaging monitors the change in phase offset, or
phase angle, of the input drive signal [to the drive piezo] with respect to the
phase offset of the oscillating cantilever. The phase of the drive signal (i) is
compared to the phase of the cantilever response signal (ii) on the photo
diode detector. The phase offset between the two signals is defined as zero
for the cantilever oscillating freely in air. As the probe tip engages the
sample surface, the phase offset of the oscillating cantilever changes by
some angle with respect to the phase offset of the input drive signal. As
regions of differing elasticity are encountered on the sample surface, the
phase angle between the two signals changes. These changes in phase offset
are due to differing amounts of damping experienced by the probe tip as it
rasters across the sample surface. These differences are plotted as the so-
called 'phase image'".

Amplitude Data: The amplitude of the cantilever is monitored by the photo
diode detector. The RMS value of the laser signal on the y-axis of the

detector is recorded for each of the 512 segments on a given raster of the
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probe tip. These values are plotted as an amplitude map of the sample

surface. Amplitude images tend to show edges of surface features well. ©!

2.2.8 Magnetic Force Microscopy (MFM)

A magnetic force microscope is actually derived from Atomic Force
Microscopy. Here, unlike in the case of AFM, a magnetic tip is used for
study and thus it can probe the magnetic interaction between tip and
magnetic materials. MFM normally works in non-contact mode. The MFM
senses the stray magnetic field above the surface of a sample. A magnetic tip
(usually magnetic materials, such as Co/Fe or magnetic alloys, coated silicon
tip) is brought into close proximity with the surface and a small cantilever is
used to detect the force between the tip and the sample. The tip is scanned
over the surface to reveal the magnetic domain structure of the sample at up

to 50 nim resolution.

2.2.9 Raman Spectroscopy

Raman spectroscopy is used to identify different molecules and even
functional groups within larger molecules. The bonds formed between atoms
have specific vibrational frequencies that correspond to the atom's masses
and the strength of the bond between them. Complex molecules therefore
exhibit many peaks and can be readily identitied by the pattern or
“fingerprint” created by those peaks. As such, there are many uses for micro
Raman spectrometers as they can non-destructively identify microscopic
samples or microscopic areas of larger samples. When an intense
monochromatic light beam impinges on the sample, the electric field of the
incident radiation distorts the electron clouds that make up the chemical
bonds in the sample, storing some energy. When the field reverses as the
wave passes, the distorted electron clouds relax and the stored energy is

reradiated. Although, the incident beam may be polarized so that the electric
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field is oriented in a specific direction with respect to the sample, the
scattered beam is reradiated in all directions, making possible a variety of
scattering geometries. Most of the stored energy is reradiated at the same
frequency as that of the incident exciting light. This component is known as
the Rayleigh scattering and gives a strong central line in the scattering
spectrum. However, a small portion of the stored energy is transferred to the
sample itself, exciting the vibrational modes. The vibrational energies are
deducted from the energy of the incident beam and weak side bands appear
in the spectrum at frequencies less than that of the incident beam. These are
the Raman lines. Their separation from the Rayleigh line is a direct measure

of the vibrational frequencies of the sample.!"”

2.2.10 Fourier Transform Infrared Spectroscopy

FTIR spectroscopy is a technique that provides information about the
chemical bonding or molecular structure of materials, whether organic or
inorganic. It is used to identify unknown materials present in a
specimen. The technique works on the fact that bonds and groups of bonds
vibrate at characteristic frequencies. A molecule that is exposed to infrared
rays absorbs infrared energy at frequencies which are characteristic of that
molecule. During FTIR analysis, a spot on the specimen is subjected to a
modulated IR beam. The specimen's transmittance and reflectance of the
infrared rays at different frequencies is translated into an IR absorption plot
consisting of reverse peaks. The resulting FTIR spectral pattern is then
analyzed and matched with known signatures of identified materials in the
FTIR iibrary. FTIR spectroscopy does not require a vacuum, since neither
oxygen nor nitrogen absorbs infrared rays. FTIR analysis can be applied to
minute quantities of materials, whether solid. liquid, or gaseous. When the
library of FTIR spectral patterns does not provide an acceptable match,

individual peaks in the FTIR plot may be used to yield partial information
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about the specimen. Schematic diagram of a Fourier transform infra red

spectrometer is shown in the figure 2.5.

Fixed mirror
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Ne<— >N\ ;‘
, N \/
N N y
B
Movable V Vv
mirror M, Detector
O
Sample

Figure 2.5: Schematic diagram of a Fourier transform infra red spectrometer.

A parallel beam of radiation is directed from the source to the
interferometer, consisting of a beam splitter B and two mirrors M, and M,.
The beam splitter is plate of suitably transparent material coated so as to
reflect 50% of the radiation falling on it. Thus half of the radiation goes to
M; and half to M3, returns from both these mirrors along the same path and
is then recombined to a single beam at the beam splitter. If a monochromatic
radiation is emitted by the source, the recombined beam leaving B shows
constructive or destructive interference depending on the relative path
lengths B to M, and B to M,.As the mirror M, 1s moved smoothly towards or

away from B, therefore, a detector sees radiation alternating in intensity.
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The production of spectrum is a two stage process. Firstly, without
the sample in the beam, mirror M; is moved smoothly over a period of time.
Through a distance of about 1 cm, while the detector signal - the
interferogram is collected into the multichannel computer; the computer
carries out the Fourier transformation of the stored data to produce the
background spectrum. Secondly a sample inteferrogram is recorded in
exactly the same way. Fourier transformed and then ratioed against the
background spectrum for plotting as a transmittance spectrum. Alternatively
the sample and background spectra may each be calculated in absorbance

forms and the latter simply subtracted from the former.?*!

2.2.11 UV-Visible Spectroscopy

Ultraviolet-visible spectroscopy or ultraviolet-visible spectrophotometry
involves the spectroscopy of photons in the UV - Visible region. It uses light
in the visible and adjacent near ultraviolet and near infrared ranges. In this
region of the electromagnetic spectrum, molecules undergo electronic
transitions. The instrument used in ultraviolet-visible spectroscopy 1s called a
UV/Vis spectrophotometer. It measures the intensity of light passing through
a sample (1), and compares it to the intensity of light before it passes through
the sample (I,). The ratio | / 1, is called the transmittance, and is usually
expressed as a percentage (%T). The absorbance A is based on the

transmittance,'”’

A=-log(%T) 2.6
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Figure 2.6: Schematic diagram of UV-Visible spectroscopy.

A diagram of the components of a typical spectrometer is shown in
the following diagram 2.6. The functioning of this instrument is relatively
straightforward. A beam of light from a visible and/or UV light source is
separated into its component wavelengths by a prism or diffraction grating.
Each monochromatic (single wavelength) beam in turn is split into two equal
intensity beams by a half-mirrored device. One beam, the sample beam,
passes through a small transparent container (cuvette) containing a solution
of the compound being studied in a transparent solvent. The other beam, the
reference, passes through an identical cuvette containing only the solvent.
The intensities of these light beams are then measured by electronic

detectors and compared. The intensity of the reference beam, which should

73



Experimental Techniques

have suffered little or no light absorption, is defined as I,. The intensity of
the sample beam is defined as 1. Over a short period of time, the
spectrometer automatically scans all the component wavelengths in the
manner described. The ultraviolet (UV) region scanned is normally from 200
to 400 nm, and the visible portion 1s from 400 to 800 nm.

The absorption coefficient is calculated from the spectrum by
dividing the ad (fluence) value by the thickness (d) of the sample and it is
plotted against the photon energy. The intercept of this plot on the photon
energy axis gives the band gap of the material. The probable energies for the

172

transitions were estirated from the Tauc plot by plotting the (othv) ™ vs. hv

graphs.

2.2.12 Thermo-Gravimetric Analysis (TGA)

The thermal properties like heat capacities, the glass transition temperature,
melting and degradation of macromolecules can be analysed using
thermogravimetry and ditferential thermal analysis along with differential
scanning calorimetry (DSC). Thermal measurements are based on the
measurement of dynamic relationship between temperature and some
property of a system such as mass, heat of reaction or volume when the
matenial is subjected to a controlled temperature programme.

In thermo-gravimetric analysis, the mass of the sample is recorded
continiously as a function of temperature as it i1s heated or cooled at a
controlled rate. A plot of mass as a function of temperature, known as
thermogram, provides both quantitative and qualitative information. The
apparatus required for thermo-gravimetric analysis include a sensitive
recording analytical balance, a furnace, a temperature controller, and a
programimer that provides a plot of the mass as a function of temperature.
Often an auxiliary equipment to provide an inert atmosphere for the sample

is also needed. Changes in the mass of the sample occurs as a result of
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rapture and/or formation of various physical and chemical bonds at elevated
temperature that led to the evolution of volatile products or formation of
reaction products. Thus TGA curve provides information regarding the
thermodynamics and Kkinetics of various chemical reactions, reaction

mechanisms, and intermediate and final reaction products.

2.2.13 Magnetisation studies

This section discusses the important tools used for the magnetisation studies
in the present investigation. At the end, various magnetisation measurement
schemes such as zero field cool, field cool and M(T) studies are also

discussed.

2.2.13.1 Vibrating Sample Magnetometer (VSM)

A vibrating sample magnetometer (VSM) operates on Faraday’s Law of
induction, which tells us that a changing magnetic field will produce an
electric field. This electric field can be measured and provides us
information about the changing magnetic field. A VSM is used to measure
the magnetic behaviour of magnetic materials. Using VSM the hysteresis
loop parameters namely saturation magnetisation (M,), coercive field (H,),
remanence (M,) and squareness ratio {M/M,) can be derived. The schematic
of a vibrating sample magnetometer is given in figure 2.7.

In a VSM, the sample to be studied is placed in a constant magnetic
field. If the sample is magnetic, this constant magnetic field will magnetize
the sample by aligning the magnetic domains or the individual magnetic
spins, with the field. The stronger the constant field, the larger the
magnetisation. The magnetic dipole moment of the sample will create a
magnetic field around the sample, sometimes called the magnetic stray field.
As the sample is moved up and down, this magnetic stray field change as a

function of time and can be sensed by a set of pick up coils. A transducer
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converts a sinusoidal ac drive signal provided by a circuit located in the
console in to a sinusoidal vertical vibration of the sample rod and the sample
is thus made to undergo a sinusoidal motion in a uniform magnetic field.
Coils mounted on the pole pieces of the magnet pick up the signal resulting

from the sample motion.

Hall Prebe i Y Generater

Electromagaet

T
Rotating Table

Personal
Computer

System dizgram of
Vibrating Sample Magaetometer

Figure 2.7: Vibrating Sample Magnetometer

The alternating magnetic field will cause an electric field in the pick
up coil as according to Faradays law of induction, the current will be
proportional to the magnetisation of the sample. The greater the
magnetisation, the greater the induced current. The induction current is
amplified by a trans-impedance amplifier and a lock-in amplifier. The
various components are interfaced via a computer. Controlling and
monitoring software, the system can tell you how much the sample is

magnetized and how magnetisation depends on the strength of the constant
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magnetic field. For particular field strength, the corresponding signal
received from the probe is translated into a value of magnetic moment of the
sample. When the constant field varies over a given range, a plot of
magnetisation versus magnetic field strength is generated.

A dipole moment is induced in the sample when it is placed in a
uniform magnetic field be M. Then the amount of magnetic flux linked to the

coil placed in the vicinity of this magnetic field is given by
¢ = unoM 2.7

where ‘1, is the permeability of free space, ‘n’ the number of tumns per unit
length of coil and o< represents the geometric moment decided by position of
moment with respect to coil as well as shape of coil.

Anharmonic oscillator of the type,

Z=2Z,+ Aexp(jax) 28
induces an emf in the stationary detection coil. The induced emf is given by
d , 0.

V:—T‘f:—.](quonm(g)e] 29

If amplitude of vibration (4), frequency @ and %‘: are constant over the

sample zone then induced voltage is proportional to the magnetic moment of
the sample. A cryogenic setup attached to the sample permits low

temperature measurements. This is the basic idea behind VSM.**~?

2.2.13.2 SQUID Magnetometer

SQUID magnetometer is the instrument used to measure extremely sensitive
magnetic fields of the order of 10'* T. The superconducting quantum
interference device (SQUID) consists of two superconductors separated by
thin insulating layers to form two parallel Josephson junctions. The great

sensitivity of the SQUID devices is associated with measuring changes in
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magnetic field associated with one flux quantum (h/2e). The basic principle
that follows in a SQUID magnetometer is that, if a constant biasing current is
maintained in the SQUID device, the measured voltage oscillates with the
changes in phase at the two junctions, which depends upon the change in the
magnetic flux. Counting the oscillations allows to evaluate the flux change
which has occurred. Hence, when the sample is moved through the
superconducting magnetic coils, a flux change is induced in the pick up
coils. Highly magnetic sample should be moved slowly through the coils in

order not to exceed the maximum slewing rate of the electronic system.”*

2.2.13.3 Field Cooled and Zero Field Cooled Measurements

Various magnetic interactions are competing in a system of nanoparticles.
Magnetisation memory and relaxation measurements are the unique methods
to probe these magnetic interactions. Zero field cooled (ZFC) and Field
cooled (FC) measurements provide a means of investigating the effects of
the various magnetic interactions. In a ZFC measurement, sample is cooled
to liquid helium temperatures under zero applied magnetic fields. Then small
uniform external filed is applied and the net magnetisation is measured while
heating the sample at a constant rate. For small magnetic particles, this curve
has a characteristics shape. As the particle cools in a zero applied magnetic
tield, they will tend to magnetise along the preferred crystal directions tn the
lattice, thus minimizing the magneto-crystalline energy. Since the orientation
of each crystallite varies, the net moment of the systems will be zero. Even
when a small external field is applied the moments will remain locked into
the preferred crystal directions, as seen in the low temperature portion of the
ZFC curve. As the temperature increases more therimal energy is available to
disturb the system. Therefore more moments will align with the external
field direction in order to minimize the Zeeman energy term. In other words.

thermal vibration is providing the activation energy required for the Zeeman
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interaction. Eventually the net moment of the system reaches a maximum
where the greatest population of moments has aligned with the external field.
The peak temperature is called blocking temperature Ty which depends on
particle volume, (In principle, the maximum moment obtained from the ac
susceptibility at negligibly smacll fields is the actual blocking temperature.
From the dc measurements, if the FC/ZFC curves deviate below the
maximum in ZFC, then the maximum can be taken as the blocking
temperature). As temperature rises above Ty, thermal vibrations become
strong enough to overcome the Zeeman interaction and thus randomize the
moments.'*?*]

Field cooled measurements proceed in a similar manner to ZFC
except that the constant external field (a small magnetic field which lies in
the mnitial permeability region) is applied while cooling and heating. The net
moment is usually measured while heating. However, the FC curve will
diverge from the ZFC curve at a point near the blocking temperature. This
divergence occurs because the spins from each particle will tend to align
with the easy crystalline axis that is closest to the applied field direction and
remain frozen in that direction at low temperature. Thermal Remnant
Magnetisation (TRM) curves are obtained by cooling in field to the
measurcment  start temperature. The field is then removed and the
ntagnetisation is recorded as a function of temperature while the sample is
heated. It is important to note that ZFC, FC and TRM are non equilibrium
measurements.'”” " The rate of heating and cooling are important in all these
measurements. These DC magnetisation measurcments determine the

equilibrium value of magnetisations in the samples.
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Chapter 3

Fabrication of Magnetic Nanostructures of
Nickel and Cobalt and Elucidation of
Mechanism of Growth

Magnetic nanowires and nanotubes are ideal materials for the fabrication of
various multifunctional nanostructures which can be manipulated by means
of an external magnetic field. This chapter discusses the fabrication,
structural, morphological and magnetic properties of Nickel and Cobalt
nanowires and nanotubes. A plausible growth mechanism, mobility assisted
growth mechanism, has been suggested for the growth of one-dimensional
nanostructures during potentiostatic electrodeposition inside porous alumina
membrane. The veracity of the mobility assisted growth mechanism has
been tested using various precursors. The template assisted synthesis has
been extended to synthesize hybrid structures of Ni and Co, a new system
called Ni @ Co nanorods. The interesting magnetic features observed in
these one dimensional nanostructures are elaborately discussed in this

chapter.
I ——

*4 part of the work discussed in this chapter has been reported in
1. “J. Phys. Chem. C ” (2008, 112, 14281 )

2. “Nano Research” (2008, 1, 465 )

3. “Nanoscale Res. Lett.” (2009, Accepted)



Chapter 3

3.1 Introduction
Design and control of nanowire and nanotube growth with limited degree of

(n

complexity will surely impact the development of nanotechnology.”" Soon

1

after the discovery of carbon nanotubes by lijima,”) nanotube based

materials received sufficient attention from the scientific community because
of their extensive application potential in nanodevices and sensors."!
Nanohole arrays having uniform size and shape have been identified as
potential materials for fabricating various functional nanodevices."*”
Tubular structures offer multitudes of opportunities because they can be used
as pipes, microcavities, or microcapsules. Nanoholes, for example, with
large surface area, can successfully replace the low purity nanoparticles that
are prepared using more sophisticated techniques for various applications
such as catalysis, sensor technology, high density magnetic storage, and
delivery vehicles.*!

Inorganic nanotubes have also attained considerable attention during
the last few years due to their diverse utilities in racemic mixtures, sensors,
selective separation or selective ion ‘[runsportation.x However, literature on
non-carbon nanotubes is limited as compared to their carbon
counterparts.'"*) Among the non carbon cousins, much interest has been
devoted to metal nanotubes and nanowires. Several techniques are reported
for the synthesis of metal nanotubes. This include chemical routes such as
chemical reduction of metallic complexes and chemical vapour infiltration
within porous templates such as AAO or polymer nanochannels.!®'"'
There are also reports where in  nanotubes and nanowires have been
synthesized using highly sophisticated techniques like pulsed laser
deposition or molecular beam epitaxy.!'*"”!

Magnetism is a cooperative phenomenon and is dictated by size,
dimension, shape, structure and morphology of the constituent phases along

with the type and strength of the magnetic coupling that exists among the
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constituent phases. '**% Nanoscaled magnetic materials have been receiving
much attention, due to their unique magnetic properties that are different
from their butk counter parts and are promising candidates for various
applications. One dimensional structures-nanowires, nanotubes and nanorods
provide an ideal platform for exploring properties like magnetisation reversal
and shape anisotropy. ' Ferromagnetic nanowires and nanotubes of Fe, Co
and Ni are candidate materials for studying fundamental phenomena like
micromagnetic reversal process and quantum size effects.* %!
Ferromagnetic nanowires and nanotubes have innumerable applications in
areas such as ultrahigh density recording,'z"'m GMR sensors,*
supermolecular architectures "’} and nanoscale electronic and optoelectronic

(2829

devices.”*?) Moreover, control of morphology in nanostructures is very

vital in tailoring their properties.*”’

Deposition of metals inside nanometric pores of membranes is the
most inexpensive technique to produce nanosized patterned structures. The
template assisted synthesis is developing in to an elegant chemical approach
for the fabrication of nanoscale structures, as an alternative to sophisticated
lithographical methods,”"'! especially for larger areas. Here, the template
assisted electrodeposition is receiving much attention for the fabrication of
magnetic nanostructures because of its low cost, simplicity of operation, and
the ability to tailor magnetic properties by tuning the length and diameter of
the porous material. Aligned wires obtained via electrodeposition are likely
to replace today’s unstructured magnetic media with tera bit per square inch
capacity. These nanowires are promising candidates for nanoscopic

(32-33)

electrodes 1in applied electrochemistry and for various other

fundamental studies.™**¢)
The high ordering and the magnetic nature of the wires will induce
outstanding cooperative phenomenon that differ from the bulk and even from

their thin film counterparts. Among these ordered magnetic wires, the
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interwire interactions play an important role and have been the subject of

B749 1t has been reported that these interwire

extensive investigations.
interactions are so strong that they can even change the easy axis of
magnetisation and control the magnetisation reversal depending upon the
strength of the interaction. ”'*) A complete understanding of the mechanism
of magnetisation reversal in such systems remains ¢lusive and is a challenge

[3¥]

to researchers. Rivas et al. reported the change of easy axis of Cobalt

nanowires depending up on the magnetostatic interaction among them and

B71 studied the geometry dependence of coercivity in nickel

Escrig et al.
nanowires. These studies indicate that the modes of magnetisation reversal
and other magnetic properties in such systems are strongly influenced by the
microstructure and the interwire separation between nanowires. A complete
understanding of the mechanism of magnetisation reversal in such systems
remains elusive and it is persisting as a challenge for researchers.

Ferromagnetic nanotubes based on Ni, Fe and Co are being
investigated in great detail due to their application potential in diverse ficlds
such as perpendicular magnetic recording, cell separation, diagnosis,
therapeutics and magnetic resonance imaging for detection. The ease with
which they can be functionalized using specific group is an added advantage
of these nanostructures and can be used for drug targeting and other
applications in biotechnology.'*'**! However, not much literature exists as
regard the utilization of magnetic nanotubes in medicine. A survey of
literature reveals that a systematic method of preparation of nanotubes and
elucidation of growth mechanism is largely elusive.”*!

Electrodeposition over nanoporous membrane is a simple, low cost
and an ingenious technique for the preparation of one dimensional structure

with high purity. The ability of this technique to tune the material properties

by controlling the length and diamcter makes it promising for nanoscale
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material fabrication as an alternative to more expensive techniques such as
Molecular Beam Epitaxy and micro lithography.*

Most of the reports on the synthesis of magnetic nanotubes are by
chemical modification of inner surface of the porous template prior to the
deposition.*>'*'*'") However, these techniques result in low yield and
impure structures. Moreover, the mechanism leading to the formation of
nanostructures from nanoporous template is seldom elucidated which is very
essential for tailoring the properties of these nanostrustures. !

Hybrid magnetic nanostructures with high coercivity have immense
application potential in various fields. Metallic magnetic nanotubes/wires of
Ni, Co and Fe and also their alloys such as FePt, CoPt, NiFe, NiZn, CoCu
and FeB were investigated in great detail due to their application potential in
diverse fields such as perpendicular recording, cell separation, diagnosis,
therapeutics, and magnetic resonance imaging."***"! Controlled synthesis of
smart nanostructures based on magnetic materials assumes important due to
their potential applications in various fields and the possibility for
manipulating these structures using an external magnetic field.*®! The Co-Ni
system is special due to the capability of tuning the magnetic properties such
as coercivity, by varying the Co content. ! Several groups have reported the
synthesis of various magnetic alloys using template  assisted
electrodeposition (45-4) and they have achieved this by mixing the electrolyte
precursors in different compositional ratio. The lacuna of such techniques is
the unpredictability in the magnetic properties such as coercivity of the
resultant one dimensional structures after electrodeposition. Co-axial hybrid
magnetic structures synthesized via two step electrodeposition technique can
surpass this problem by controlling the deposition of one of the components.
Preparation and characterisation of such hybrid structures is the main motive

of this study presented through this chapter.
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3.2. Experimental
Alumina membrancs (AAO template, Whatman) of high purity (99.9%) and
uniform pore density, with average pore diameter ~ 150 nm and thickness ~
60um, were employed for electrodeposition. Figure 3.1 shows the FESEM
and AFM image (top view) of AAO templatc employed for

clectrodeposition.

Figure 3.1: (a) FESEM image, (b) AFM image of AAO template used for

electrodeposition.

The FESEM and AFM images are well correlated and both confirm
the uniform distribution of pores and average pore size is found to be ~ 150
nm. The three clectrode potentiostatic electrodeposition (as explained in
Chapter 2) was carried out by employing metal coated AAO template as
working electrode. Initially, a layer of Ag (about 200nm thickness) was
thermally evaporated onto one side of the AAO template which acted as the
working electrode for the electrochemical deposition. The electrodeposition
was carried out on the nanopores. using a standard three electrode
potentiostat system (Princeton EG & G 273 A). Ag/AgCl was the reference

electrode and platinum was used as the counter electrode. It is noteworthy
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that using this process the length of the metal nanotube can be controlled by
varying the time of deposition.

Various metal salt solutions were employed as precursors for
electrodeposition. The electrodeposition was standardised at a constant
voltage of -1V. Different precursors like Cobalt acetate, Cobalt acetate
tetrahydrate, Cobalt sulphate heptahydrate were wused for the
electrodeposition of Cobalt where as Nickel Sulphate and Nickel sulphate
hexahydrate were employed for the electrodeposition of Nickel. The
resultant nanostructures were found to highly depend on the precursor
solutions employed. 0.2 M Cobalt acetate was used as the precursor for
electrodeposition of Co nanotubes (Co NTs) and Cobalt acetate tetrahydrate
was employed for the synthesis of thick walled Co nanotubes. For Ni
nanowires (Ni NWs), the aqueous solution of 0.2M nickel sulphate
hexahyrate (NiSO,.6H,O) in 0.IM Boric acid (H;BO;) was used as the
precursor. The latter works as a buffer. Co nanowires (Co NWs) were
fabricated using aqueous solution of 0.2M C0S0,.7H-0 in 0.1M Boric acid
(H;BO;,. Once the electrodeposition was over, AAO was dissolved using 3M
Sodium hydroxide (NaOH) [alkaline treatment].

X ray powder diffraction pattern of nanotubes was recorded using
Cu Ka radiation, A=1.5418A (Rigaku Dmax-C). The morphology of the
nanotubes after removing the template was studied by Field Emission
Scanning Electron Microscope (SEM), JSM-6335 FESEM. Room
temperature and low temperature magnetic properties of these nanotubess
were investigated using a SQUID magnetometer (MPMS-5S XL Quantum
Design). Surface morphology and the magnetic phases were identified using
an Atomic Force Microscopy/Magnetic Force Microscopy (AFM/MFM)
(Nanoscope Digital Instrumeants). Transmission Electron Microscopy (TEM)
experiments were performed using JEM 2010 Transmission Electron

Microscope.
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3.3. Results and Discussion

3.3.1 Nickel Nanowires and Tubes
The growth rate of Ni NWs synthesised using Nickel sulphate hexahydrate
was studied at each hour and it was found that a 5 hour electrodeposition

was results in high aspect ratio Ni NWs of average length 50 pum and

diameter ~150 nm.

Current (Amperes)

L] v T v LJ v L v ¥ M T v Ll

Time(seconds;

Figure 3.2: Electrodeposition curve of Ni NWs.

Figure 3.2 shows a typical electrodeposition curve exhibiting the
time dependence of electrical current during electrodeposition for Ni NWs,
The horizontal part of the current transient indicates the production of
nanowires in the pores of the alumina membrane. Current variation also
shows that there is no over- deposition and the nanowire is in the growth

state.IS "
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Figure 3.3: XRD patter of Ni NWs inside AAO template.

XRD pattern of Ni NWs (Figure 3.3) indicates that the wires are
highly crystalline (polycrystalline) in nature and they crystallize in the face
centred cubic phase. Preferential growth along (220) can also be noticed
from the XRD pattern. It must be noted here that the broad diffraction
occurring around 15-35° is due to amorphous alumina.!*?

The high relative intensity ratio of 220 and 111 diffraction lines in
the case of Ni NWs is an evidence for strong texturing along <110>

direction.*"
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Figure 3.4: (a), (b), (c) FESEM images of Ni NWs, (d) EDS of Ni NW's,

FESEM images (Figure 3.4. a, b and ¢) indicate the formation of
good quality nanowires with a2 maximum length of 50um and diameter of
150 nm. Figure 3a and Figure 3b depict the bundles of Ni NWs after the
scparation of AAO template by alkaline treatment. Figure 3c shows
individual Ni NWs on a silicon substrate. Figure 3d is the EDS of Ni NWs
after re.meving the AAO template. The purity of Ni NWs is verified using
EDS and it is t0 be noted that there is no other elemental impurities. The
peak corresponding to Cu (~15% of Ni) arises from the Cu tape used for
EDS mecasurements.

TEM and SAED images of Ni NWs are shown in Figure 3.5.a. It
must be noted here that the samples were subjected to TEM studies after

removing the template (alumina) using 3M NaOH and the residue was
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magnctically separated. The residue was dissolved in ethanol and drop
casted over copper grid. The quality of the nanowire is evident from the
micrograph.

Y

Figure 3.5: (a) TEM and SAED (inset) images of Ni NWs, (b) TEM image of Ni

NTs.

The SAED patterns (Figure 3.5.a, inset) indicate that the nanowires
are crystalline in nature. The marked (200) and (311) planes are corresponds
to that of Ni.

Nickel nanotubes (Ni NTs) have been obtained after
electrodeposition by replacing the precursor with Nickel sulphate (NiSO;).
Figure 3.5.b depicts the TEM image of Ni NTs. A Y-junction formed in the
Ni NTs may be due to the defect already present in the AAO template
(voltage variation during the synthesis of AAO template leads to various
hierarchical branched structures).!"*!

The nanowires within the alumina template were subjected to
morphological studies using AFM/MFM. Figure 3.6 shows the AFM and
MFM images of bulk Ni NWs.
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Figure 3.6: AFM-MFM images of Ni NWs along with the AAO template.

The average diameter of Ni NWs inferred from the MFM s - 160
nm and is correlated with that of FESEM and TEM results. Tt is also to be
noted from the MFM image that the electrodeposited Ni NWs exhibit the
“skyscraper”™ phenomenon associated with the lack of length uniformity and
control, This can be removed by sclective etching of the surface using
concentrated acids.” !
3.3.2.1 Magnetisation studies on Ni Nanowires
Magnetsation measurements (M-H measurements) were carried out using a
SQUID magnetometer. SQUID measurements were carried out by keeping
the nanowires inside AAQ template so as to keep their alignment intact.
Magneusation studies of Ni NWs show features similar to that of Nickel
nanotubes ! but the length of the nanowire for the present study is much
higher and hence exhibit a high shape anisotropy. The M-H curves at 300K

2

and 6K are shown in Figure 3.7 (7a and 7b) and Figure 8 respectively.
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Figure 3.7: M-H curves of Ni NWs at 300K, (a) low resolution, (b) high
resolution.

Figure 3.7.b represents the rescaled and expanded view of Figure

3.7.a, representing the in- and out- of plane coercivity differences.
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Figure 3.8: M-H curve of Ni NWs at 6K.

The loop parameters are evaluated and are exhibited in Table.1.
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Temperature | Field Parallel Field perpendicular
H, M/M, H. M/M,

300K 180 Oe 0.2 90 Oe¢ 0.36

6K 260 Oe 0.1 220 Oe 0.2

Table 3.1: Hysteresis loop parameters for Ni NWs at two different geometries

and two different temperatures.

Coercivity values of Ni nanowires (H, parallel and H, perpendicular)
exhibit an enhanced value compared to the bulk Ni (around 0.7 Oe for Ni **
1y The coercivity values reported for Nickel nanowires of similar
diameters is ~2200e for longitudinal fields with a squareness value of 0.8.
"} The squarencss obtained for parallel field is much less than the reported
values for Nickel nanowire. It has long been known that aligning
nanoparticles gives rise to magnetic anisotropy, that is, a squarer hysteresis
loop for a magnetic field applied parallel to the direction of the alignment
than for a magnetic field applied perpendicular to this direction. This
behavior is predicted by the Stoner-Wohlfarth model or more recent

calculations and verified experimentally by a large number of studies. ****)

The Crystal anisotropy K; of Ni NW is ~ 4x10° erg/cm’ and shape
anisotropy is M * =7x10° erg/cm’. Due to this large shape anisotropy and

high aspect ratio (~330), the easy magnetisation direction always lies along
the wire axis. Moreover, for an fcc lattice the anisotropy orientation is
pointing along the (110) direction. Therefore, from XRD and magnetisation
measurements it is to be concluded that anisotropy axis is aligned along the
wire axis and it adds up to the shape anisotropy. So the easy axis is parallel
to the wire axis. Reported measurements on isoradial Ni NWs are on

polycarbonate membranes or single crystal mica films where the typical pore
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density is 107um™. ™! In the case of alumina template (used for the present
study) the pore density lies in the range of 10°-10" pm™.

Figure 3.9 indicates that the inter pore distance in the alumina

template is ~100nm.

-

Mag:50000 kV:25 700 nm

Figure 3.9: FESEM image of AAO template indicating the inter-pore distance.

The high pore density in the case of alumina results in high interwire
interaction which induces a dipolar field due to the adjacent wire interaction.
This dipolar field will act as the demagnetization field, which is given by
AH=-AN M. where AN is the demagnetization factor and M is the
magnetisation. The low MM, observed in the case of parallel field, where it
is expected to be ~I, is due to this high interwire interaction. Both the
magnetisation curves are highly sheared due to this demagnetization field
indicating strong interwire interaction, which is expected because the
average scparation between the nanowires is ~100 nm. The alumina template
is unable to mediate exchange interactions over more than a few interatomic
distances, so the interaction between the wires is realized only through

magnctostatic dipolar interactions.™!
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The effect of high dipolar interaction for perpendicular fields is to

reduce the saturating field. Saturating field for perpendicular field is
H.=7KOe whereas that of parailel field is H;,=10KOe. M-H curve recorded
at 6K exhibits an increase in coercivity and decrease in remanence parallel to
the nanowire axis, consistent with an enhanced contribution of cubic
magnetocrystalline anisotropy which is in competition with the uniaxial

shape anisotropy.'®®!

Shape anisotropy is identical at low and high
temperature measurements, because of the large length to diameter ratio (~
330).1! Figure 3.10 shows the M(T) measurement at 20KOe parallel to the
nanowire. In this measurement the sample is cooled in zero field to low
temperature (5K). Then a field of 20KOe is applied parallel to the wire and

the M(T) curve has been measured by warming up the sample in this field.
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Figure 3.10: M-T curve of Ni NWs at 20KOe.

Such a study enables one to compare the thermal demagnetization
process with field induced reversal process at low temperatures. M(T) curves
show a switching of magnetisation from a high magnetisation value to a

lower one (~ one order change in magnetisation value) at a temperature ~
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20K during warming. Since the sample is ferromagnetic both at low and
room temperatures as inferred from M-H curves, this cooperative switching
can only result because of surface spin disorder. Since there are no
indications of any oxide layer formation as evident from the XRD (Figure
3.3), the chance of surface spin disorder resulting from antiferromagnetic
interaction of nickel oxide is ruled out. The only possibility for such a
switching of magnetisation in the parallel field measurement can be because
of the dipolar interaction between adjacent nanowires. This helps to align
the spin antiferromagnetically between adjacent wires. Magnetisation
switching in terms of shape anisotropy is questionable and will not be
complete in the case of wires where an interwire magnetostatic interaction
exists. In the case of strong interwire interaction, the individual wires
switches cooperatively and it is more or like the magnetisation switching
happens in a thin film.*” M-T curve in Figure 3.10 depicts such a
cooperative switching and hence this type of unusual M-T curve also

proclaims the presence of strong interwire magnetostatic interactions in Ni.

3.3.2 Cobalt Nanowires and Tubes

X ray Diffraction (Rigaku Dmax-C) pattern (Figure 3.11.a) of cobalt
nanotubes (Co NTs, synthesized using Cobalt acetate) indicate the formation
of polycrystalline pure cobalt hexagonal close packed phase (space
group:p63/mmc). Broad features appearing in the 15-35° 20 range arise from

the amorphous alumina. This is in agreement with the earlier reports."*”)
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Figure 3.11: XRD Pattern of (a) Cobalt NTs and, (b) Co NWs, with alumina
template.

Figure 3.11.b. shows the XRD pattern of Cobalt nanowires (Co
NWs, synthesized using cobalt sulphate heptahydrate). The formation of
highly crystalline (polycrystalline) and textured Co hcp phase is evident
from the XRD. The FESEM images of Cobalt nanotubes, after removal of
supporting alumina template by alkaline treatment, are depicted in Figure
3.12. Figure 3.13 shows the TEM image of Cobalt nanotubes and Figure
3.14, the Energy Dispersive Spectrum (EDS) of Co NTs which confirms the
presence of Cobalt in cobalt nanotubes and also establishes the absence of

other elemental impurities.

Figure 3.12: FESEM images of Cobalt nanotubes, (a) 1hr electrodeposition (b)
Top view of Shr deposited nanotube.
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Figure 3.13: TEM image of Co NT.
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Figure 3.14: EDS of Cobalt nanotube,

The absence of other impurities in the nanotubes is further
confirmed by FT-IR (Figure 3.15.a) and Micro Raman analysis (at an
excitation wavelength of 514.5nm, Figure 3.15.b). The FT-IR and Raman
analysis were carried out after etching the AAO template using NaOH
(alkaline treatment). The FT-IR peaks corresponding to 630 and 1385 cm™
can be assigned to Metal-Hydroxide bond and ~OH in plane bending
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vibration.®™ The metal hydroxide group may arouses during the alkaline
treatment and subsequent rinsing using deionised water.
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Figure 3.15: (a) FT-IR, (b) Microraman analysis of Co nanotube (After etching
out the alumina template with NaOH).

Moreover, the peak corresponding to ~550 cm™ in the Raman
spectrum (Figure 3.15.b) can also assigned to that of Cobalt hydroxide,
formed during the etching process. The FESEM image of Co NWs
(synthesized using Cobalt sulphate heptahydrate) is shown in Figure 3.16.a.

e vbes

Figure 3.16: (a) FESEM image, (b) EDS of Co NWs.
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The clectrodeposition was carried out for a time period of 5 hours
and the resultant nanowires have found to be having an average length of
50um. The EDS of Co NWs is shown in Figure 3.16.b. This confirms the
purity of Co NWSs. The morphology of the synthesized Co NWs is mapped
using and AFM/MFM and 1s shown in Figure 3.17. AFM/MFM studies were

carried out on a single Co NW taken over a silicon substrate.

Figure 3.17: AFM, MFM images of a single Co NW over a silicon substrate.

The sample has been prepared as follows; the AAO template is
etched out using alkaline treatment and the residue was magnetically
separated and dispersed in ethanol. A high magnetic field (~1T) was then
applied to the solution and the resultant solution was drop casted over a
silicon substrate. The Co NW can magnetised along the axis of the wire and
that may be reason for the absence of a higher contrast in the MFM image.
This is further confirmed by magnetisation studies using a SQUID

magnetometer.

3.3.2.2 Magnetisation studies on Co nanotubes
Magnetic hysteresis loops, which display the magnetic response of a

magnetic sample to an external applied magnene tield. have been used to
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decreasing temperature, with the basic assumption that the shape anisotropy
is independent of temperature for high aspect ratio tubes.”

3.3.2.3 Magnetisation studies on Co nanowires
The SQUID magnetisation studies were carried out on Co NWs and are

shown in Figure 3.20.
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Figure 3.20: M-H curves of Co NWs, (a) at 300 K, (b) at 6K.

Room temperature (300K) and low temperature (6K) magnetic
properties of Co NWs are depicted in Figure 3.20.a and 3.20.b respectively.
The loops (parallel and perpendicular) are highly sheared and both exhibit a
very low M/M; (~0.1). This is perhaps due to the high interwire interaction.
Room temperature coercivity values of Ni NWs and Co NWs are by and
large comparable. As in the case of Ni NWs, low temperature coercivity of
Co NWs exhibit an enhanced value (H ~290 Oe) because of higher
magnetocrystalline anisotropy by these materials at low temperatures. A high
field M(T) measurement were also performed on Co NWs in the same way

as done for Ni NWs and is depicted in Figure 3.21.
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Figure 3.21: M(T) curve of Co NWs at 20kQOe.

A high interwire dipolar interaction can be inferred from the

cooperative switching of the magnetisation as explained for Ni NWs.

(L] 0
Tempesature [K]

3.3.2.4 Thick-walled Co nanotubes

Thick-walled nanotubes (some of them are completely filled as wires) of
Cobalt werc obtained when the precursor was replaced by an aqueous
solution of Cobalt acctate tetrahydrate. Parameters like pH, molarity and
field gradient are kept constant for both depositions (cobalt acetate and
cobalt acetate tctrahydrate). Figure 3.22.a. and 22.b. show the¢ FESEM

images (side view and top view) of thick-walled cobalt nanotubes.

Figure 3.22: FESEM images of thick walled Co NTs (a) side view, (b) top view.
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Figure 3.23: (a) EDS (b) TEM, images of thick walled Co NT.

Figure 3.23 shows the EDS and TEM pictures of thick walled Co
NT. No other elemental peak is observed in EDS other than that of Co (a
small peak after Co is that of Cu from copper tape used for EDS
measurements). TEM also confirms the quality of nanotubes and the patches
came at the surface may be due to the organic solvents used for TEM
measurements.
3.3.3 Mobility assisted Growth mechanism
Understanding the growth mechanism plays an important role in controlling
and designing of nanostructures. Yao et al. ™1 have explained a possible
growth mechanism for the formation of metal nanostructures over alumina
based on a current assisted growth mechanism. However, the role of metal
ion mobility was not forthcoming in their investigations. It must be noted
here that Yao er al. have carried out the electrodeposition at constant current
density while the present set of experiments was carried out by keeping the
voltage constant.

A possible mechanism based on the mobility assisted formation of
nanotubes and wires in the case of constant voltage (Potentiostatic)

deposition is discussed below. It is an already established fact that growth
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mechanism in a porous matcerial originates from the cathode surface at the
bottom edge of the pore. Because of their reduced coordination number and
high surface arca. porous parts of the template (alumina) serve as

energetically favourable sites for initiating metal atom adsorption."> ™!

& e @
& %
*
. -

Cathode Cathode
-1V -1V
fa) )

Figure 3.24: Schematic of mobility assisted growth mechanism, (a) nanotube

growth, (b) nanowire growth.

When a negative potential is applied to the working electrode. divalent
metal ions of Co™ (Ni*~ ion in the case of Nickel sulphate) surrounded by
hydration layer move towards the cathode and reduces to metal. This is a tri
stage process and are as follows,

1. The hydration number of metal ions decreases and the metal ions

(Co™") are rearranged in solution near the cathode surface which can
be written as follows,

24

Co’". mH,0 — Co™". (m-n) H;0 (m>n) + n H,O )

(]

Y . .
Co™ ions, surrounded by water molecules are then reduced. This is

a step by step process as observed in 3.3 and 3 4,
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Co*t (m—m)H,0+¢” &Cot (m—n)H0 33
Co* (m-n)H,0+¢” &Co.(m-n)H0 3.4

3. Eqn.3.5. is an adsorption process and the adsorbed metal cobalt

discards the hydration layer and enters in to the crystal lattice.
Co(m-n)H;0—-Co+(m-n)H,0 35

The movement rate of ions in a given electric field E is depends on
two factors, mobility of ions and the potential gradient across the working

and counter electrode.
Ve =u, 9E x 3.6
v_=p_ 97 3.7
whereV, , V_ are the movement rates of cobalt ion and acetate ion
and 4, , u_ are the mobility of cobalt ion and acetate ion respectively. The
components of the metal ion movement rate ¥ and V| and their competitions

are the key parameters determining the resultant geometry after

electrodeposition. Cao er al.” reported the formation of nanowires under low

applied current density, where in }; =V, . At high applied current
densities, this will lead to high values of dE/dx’ and nanotubes are the

resultant geometries because in this case };>> V, . In our investigation a

constant potential is maintained (Potentiostatically) for electrodeposition
instead of keeping the current density constant (Galvanostatically).
A schematic representation of the mobility assisted growth of

nanotubes and wires arc depicted in Figurc 3.24.a. and Figure 3.24.b.
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respectively. The mobility of cobalt ions in cobalt acetate and cobalt acetate
tetrahydrate can be different. The presence of other inorganic ions and
organic additives in the double layer or adsorbed on to the surface can
greatly modify the electro-crystallisation and growth process. The three
factors affecting the mobility of the ions during electrodeposition are the
asymmetry effect, electrophoretic effect and the viscous cffect. Each of these
can be different from precursor to precursor and the electrophoretic effect,
which is due to the radicals of water of hydration, can be prominent in
hydrated salt solutions. Based on these considerations, several deposition
mechanisms have been proposed. 77" So the extra hydration in tetrahydrate
will act as a dead layer and shield the metal ions from the external potential.
This case is similar to that of low current density deposition in Current

Directed Tubular Growth Mechanism (CDTG) as discussed by Yao ef af,

where V” is similar to J', . Here, as the time increases, metal atoms will fill

most of the template pores until they are completely filled. But in the case of
Cobalt acetate, Cobalt 1on mobility will be much higher and also have an
enhanced parallel velocity component. So a Co nanotube is the resultant one.

The key factors determining the morphology of the one dimensional
objects (nanowires or tubes) in an electrodeposition are the mobility of metal
ions and nmumber of hydrated ions attached. Similarly, in the case of Nickel
ions, the mobility can be different in Nickel sulphate and Nickel sulphate
hexahydrate. It is also inferred that the presence of hydration layer will act
as a shield for external apphied potential and thereby ion mobility can be
reduced. This mechanism is validated and generalised by other precursors
like cobalt sulphate too. This can be treated as a general growth mechanism
in the constant voltage deposition process for all types of metal nanowires,
and open the possibility for controlling the formation of one dimensional

structures. Optimization and standardization of process parameters will help
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to control the thickness of nanotubes and there by pave way for tailoring the

properties.

3.3.4 Ni (@ Co core-shell nanostructures

The expertise gained during the synthesis of Ni and Co nanowires and
nanotubes using various precursors extended to the synthesis of their hybrid
structures. Nickel (Ni} electrodeposited inside Cobait {(Co) nanotubes (a new
system named Ni {g Co nanorods) are fabricated using a two step
potentiostatic electrodeposition method. Testing the veracity of the growth
mechanism in other porous membranes such as metal nanotubes will help to
design multisegmented nanostructures; they can find enormous applications
in various fields such as energy storage, controlled transport, and magnetic

X{)
memory elements, ©

3.3.4.1 Fabrication of Ni @ Co nanorods

0.2 M Cobalr acctate was used as the precursor for electrodeposition for
making cobalt nanotubes and the deposition was carried out for a time period
of 1 hour. Ni NWs have been clectrodeposited in to these Co NTs using

0.2M nickel sulphate hexahyrate (NiS0,.6H-0) in 0.1M Boric acid (H;BO;)

as electrolyte for 1 hour.
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Figure 3.25: Schematic diagram showing the synthesis of Ni @ Co nanorods.

The formation of Co NT and subsequent formation of Ni NW inside
Co NT are consistent with the mobility assisted growth mechanism as
discussed above for nanoporous alumina. In generalizing this mobility
assisted growth mechanism. it is to be concluded that mobility of the cation
and the hydration layer over the cation are the important parameters
determining the morphology of one dimensional structure after

electrodeposition.

Figure 3.26: (a) FESEM image of Ni @ Co nanorods, and (b) TEM image of Ni
(@ Co nanorod.
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Figure 3.26.a depicts the FESEM image of Ni @ Co nanorods. It
indicates that the Ni @ Co nanorods have an average length of 15um and
diameter of ~150 nm. The formation of core-shell nanostructure with Co NT
as shell and Ni NW as core is clear from the TEM image (Figure 3.26.b).
The compositional analysis of these nanorods has been carried out using

Energy Dispersive Spectrum (EDS), and is shown in Figure 3.27.

; sl VWLl L |

000 ke 48

Figure 3.27: EDS of Ni @ Co nanorods.

The presence of Co and Ni is evident from the EDS. The presence of
small amount of silver (Ag) is coming from the back coating, which served
as working electrode during electrodeposition. The phase formation in Ni @
Co nanorods; is verified using XRD pattern. Figure 3.28 shows the XRD
pattern of Ni @ Co nanorods and it indicates the presence of two separate
phases, face centred cubic (fcc) Ni and hexagonally closed packed (hcp) Co.

It also indicates that the Ni @ Co nanorods are crystalline.
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Figure 3.28: XRD pattern of Ni @ Co nanorods.

Broad features appearing in the 15-35" 26, range arise from the amorphous

alumina. The phase formation is consistent with that of Co NTs and Ni NWs

as presented earlier in this chapter.

3.3.4.2 Magnetisation studies on Ni @ Co nanorods

In order to investigate the magnetic properties of crystaline Ni @ Co
nanorods, room temperature and low temperature (6K) magnetic properties
of the Nt @ Co nanorods were evaluated using SQUID magnetometer.
Figure 3.29.a and 3.29.b depict the room temperature and low temperature

(6K) M(H) curves of Ni @ Co nanorods measured parallel to the nanorods

respectively.
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Figure 3.29: M(H) curves of Ni (@@ Co nanorods; (a) at room temperature (b) at

6K.

The Ni @ Co nanorods exhibit a very good magnetic response with
room temperature coercivity of 200 Oe. This coercivity is much higher than
the bulk coercivity values of both the Ni (H.=0.7 Oe) and Co (H.=10 Oe¢). |*®!
The enhanced coercivity in Ni @ Co nanorods arises from the enhanced
shape anisotropy. Li et al. reported '*! a similar coercivity value for Co
nanotubes synthesized via template assisted synthesis, but it is much smaller
than of Co NTs discussed earlier having very high aspect ratio. This is due to
the fact that the shape anisotropy in the earlier report is much higher (aspect
ratio of Co NTs is ~330) than that of the present (aspect ratio of Ni @ Co
nanorods is~100). The coercivity value for Ni (@ Co nanorods is higher than
that reported for Ni NWs *! having very high aspect ratio and it is due to the
presence of cobalt. This indicates that one can tailor the coercivity of these
heterostructures by controlling the aspect ratio as well as cobalt content.
M(H) curve at 6K exhibit an enhanced coercivity of ~380 Oe. This is much
higher than the other reported values of Co based alloy nanowires.!*!! The
enhancement in coercivity at low temperatures is consistent with the
monotonic increase of uniaxial anisotropy constant with decreasing
temperature, with the basic assumption that the shape anisotropy is

(66

independent of temperature for high aspect ratio tubes. ! Similar 10 Co
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NTs, Co NWs and Ni NWs, squareness ratio (M/M;) of the Ni @ Co
nanorods is also very small. This may be due to the very high magnetic
dipolar interrod interaction between each rod. This type of hybrid magnetic
system with higher aspect ratio and much higher coercivity can find
applications in fields such as data storage where a high coercivity is

required.

Conclusion
Magnetic nanowires and nanotubes of Ni and Co are synthesised using
template assisted electrodeposition technique. Highly crystalline and
textured Ni NWs and Ni NTs are synthesised using Nickel sulphate as
precursor for electrodeposition in a potentiostatic electrodeposition of -1V.
Co NTs of highly ordered with hexagonal close packed structure are formed
by the electrodeposition of cobalt acetate (for the first time) in a constant
potential of -1V, The nanotubes and nanowires of 5 hour electrodeposited
have a maximum outer diameter of ~150 nm and length of ~50um. Co NTs
exhibit the highest reported longitudinal coercivity ~820 Oe at room
temperature. Co NWs with high aspect ratio (~330) and high coercivity are
synthesized by electrodeposition using and cobalt sulphate heptahydrate
(CoS0,4.7H,Q) precursor and constant potential of -1V. They exhibit a
preferential growth along <110>. Cobalt acetate tetrahydrate is employed to
fabricate thick-walled nanotubes. A very high interwire interaction resulting
from magnetostatic dipolar interaction was observed between nanowires and
nanotubes. An unusual low temperature magnetisation switching due to this
dipolar interaction for field parallel to the wire axis is evident from the
peculiar high field M(T) curve.

A plausible mechanism for the formation of nanotubes and
nanowires during template assisted electrodeposition based on mobility

assisted growth mechanism is clucidated. Such tunability and control over
L8
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the formation of magnetic nanotubes or wire opens a unique opportunity to
systematically approach these one dimensional structures for exploring their
possible applications in arcas such as magnetic recording, sensors, catalysis,
and so forth. The role of hydration layer on the resulting one dimensional
geometry in the case of potentiostatic electrodeposition is verified. Thesc
highly crystalline textured Ni and Co NWs and NTs arc possible candidates
for perpendicular recording and various other multifunctional devices.
Moreover, understanding the growth mechanism of one dimensional
structures will help design different coaxial multifunctional nanostructures
which can find enormous applications in various ficlds.

A novel magnctic nanostructure called Ni @ Co nanorods with Ni
NW as corc and Co NT as shell was synthesized using a two step
electrodeposition method. Mobility assisted growth mechanism for the
formation of one dimensional nanostructures in  potentiostatic
clectrodeposition is verified in the case of other nanoporous membrane such
as Co NTs too. Structural studies indicate the formation of Ni and Co in two
phases. Magnetic studies exhibited a high coercivity for the Ni @ Co NTs
and they can find cnormous applications in various fields where high

coercivity 1s required.
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Chapter 4

Synthesis and Properties of MWCNT Based
Magnetic Heterostructures and Their
Possible Applications

This chapter discusses the fabrication of Multiwalled Carbon Nanotubes
(MWCNTs) using template assisted Chemical Vapour Deposition and their
subsequent hybridisation with magnetic materials such as Cobalt, Nickel
and Iron Oxide. Cobalt and Nickel were electrodeposited inside aligned
MWCNTs employing different precursors for electrodeposition. These
hybrid structures were then subjected to detailed structural, morphological
and magnetic investigations. The veracity of the mobility assisted growth
mechanism inside carbon nanotubes is also tested. Nickel filled MWCNTs
were subjected to microwave absorption studies in the S-band using cavity
perturbation technique and the results were compared with that of bare
MWCNTs and Ni NWs. Aqueous ferrofluids based on lron Oxide are
synthesized using a controlled co-precipitation technique. Carbon nanotubes
are filled with aqueous Ferrofluids using the principle of nanocapillarity.
Structural, morphological and magnetic properties of these nanocomposites
are analysed using FESEM, TEM, SAED, Micro-Raman and SQUID

magnetometer.
R —

*A part of the work discussed in this chapter has been reported in
1. “Nanotechnology” (2009, 20, 055607)

2. “ECS Letters” (2009, 12(4), K21)

3. “Nanotechnology” (2009, 20, 285702)



Chapter 4

4.1 Introduction

The landmark paper on carbon nanotubes (CNTs) by Iijima!'l in 1991 and the
subsequent successful synthesis of CNTs in bulk™ triggered a multitude of
research activities on CNT based materials. CNTs and CNT based materials
are appealing to both engineers and scientists because of their superlative

7]

physicochemical properties.””! The unique and interesting electronic,

mechanical, optical and structural properties of carbon nanotubes made them
extremely promising for applications in materials science and medicine.®”!
CNTs assume significance not only because of their unique electrical and
optical properties but they are also ideal templates for the synthesis of
various other nanostructures. The formation of tubular structures, ranging
from a few nanometers to few tens of nanometers in diameter suggests the
possibility of engineering these nanostructures on scales considerably larger
than those to the fullerenes and immense research is underway in these
tubular carbon nanostructures all over the world. Moreover, these excellent
quasi-one-dimensional nanostructures provide a unique platform for
studying the physics at low dimensions.!""

The combination of magnetic materials and CNTs is emerging as an
interesting area of advanced research.!''' Nanocomposites consisting of
carbon nanotubes {CNTs) and magnetic materials have been attracting the
interest of many researchers and considerable amount of research is
underway in this area, especially on the synthesis and properties.!'>""!
Numerous attempts were made earlier to fill CNTs with metallic elements or

W41 The application potential of these metal encapsulated

compounds.
composites extend to various fields like spin polarized transportation,
magnetoresistive random access memory, nano-electronic devices and radar
absorbers."”"! The microwave absorbing properties of CNT-metal composites
are of importance because of its usefulness in military and business fields.""

A good electromagnetic absorber should possess the required dielectric
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permittivity and appropriate magnetic permeability in a given frequency of
operation leading to perfect impedance matching. Due to the modification of
their electronic structure, metal incorporated CNTs are found to be good
microwave absorbers.”” Embedding metallic inclusions in MWCNTs will
also provide encapsulation and passivation leading to long term stability.

The filling of CNTs is accepted as an ingenious idea right from the
early days of CNT research 2?* and attempts for complete filling of CNTs
are an ongoing research activity rewarded only with partial success.”’} The
confined existence of particles inside CNTs might introduce interesting new
properties which are unseen in these systems previously."™ Moreover filling
of CNTs leads to confinement of particles and confinement of nanoparticles
leads to possible quantum mechanical effects. Various chemical ' and
physical methods ) are in vogue for filling of CNTs. Immediately after the
theoretical prediction of capillary filling of CNTs by Pederson and
Broughton, attempts were made to fill CNTs by capillary action of
molten metals. However attempts to completely fill CNTs were in vain or
have met with only partial success."™"!

Electrodeposited metal nanowires are increasingly becoming
popular, and they are a hot topic of research due to their application potential
in ultrahigh density magnetic recording, ultrafast optical switching, and
microwave devices. Metal nanotubes are another interesting system of
current research where they can find enormous applications in hybrid
nanostructures for possible energy storage devices, cell separation and
diagnosis.’” Electrodeposition of metals inside CNTs has not yet been
perfected due to the buckling and bending of carbon nanotubes during
electrodeposition. Electrodeposited ferromagnetic fillings inside the carbon
shell are protected against oxidation and hence ensure long term stability.
Moreover, decoration of CNTs with magnetic nanoparticles. such as coating

or loading CNTs with y-Fe,Os, NiFe,Oy, and Fe;O, impart new optical,
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magnetic and electrochemical properties to CNTs.”! The hybrid magnetic
nanostructures based on CNTs can find applications ranging from
electromagnetic devices to biomedical fields such as magnetically guided
drug delivery systems and agents for hyperthermia.’*®’

With the growing demand for good electromagnetic shields and
absorbers the attention of scientists tumed towards CNT based microwave
absorbers. Isolated metallic soft magnetic materials have an upper hand over
traditional ferrite based microwave absorbers because of their higher
Snoek’s limit in the GHz frequency regime.®’*") Filling of CNTs with 3d
transition metals like Ni/Fe/Co will render them useful for applications such
as electromagnetic interference shields and microwave absorbers. Due to the
suppression of eddy current, isolated metallic particles having sizes less than
their skin-depth can exhibit enhanced microwave absorption."” Che et a/"*'!
reported the microwave absorption of iron encapsulated carbon nanotubes
and the enhanced microwave absorption of this system is attributed to the
better impedance match between the dielectric loss and magnetic loss.
Researchers adopted catalytic pyrolysis or wet chemical routes for the

synthesis of MWCNTs-metal composites.”?***!

Template  assisted
electrodeposition ts an alternative to such techniques and it is an etficient
and simple method for metal filling of MWCNTs.

The S band of the electromagnetic spectrum is extensively employed
in weather radars, communication satellites, direct broadcast satellites,
mobile satellite services and also in emerging WiMAX technology.”***! Ni
is employed as a filler in MWCNT due to its large resonance line width and
it can be used for large band width microwave absorbers ™! and literature
reports on the microwave absorbing properties of Ni-MWCNT composite is
rather scarce or seldom reported. The evaluation of complex dielectric

permittivity of MWCNTSs, Ni nanowires (Ni NWs) and Ni filled MWCNTs

thus assume significance.
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Nanocapiilarity is the spontaneous penetration of fluids into wettable
capillaries, and can be effectively utilized for filling large area of CNTs.!”")
This technique received the much needed fillip when open ended aligned
CNTs were prepared."*” Potential applications of filled CNTs with different
materials are in areas such as nanofluidic devices and functional devices like
nanoexplorers and cell manipulators. The lack of complete understanding of
liquid flow through nanochannels has propelled further acttvities on filling of
CNTs by capillarity and their further characterizations."**! It must be noted
here that the melting of materials often results in loss of useful physical
properties of materials. Filling of CNTs with colloidal suspensions was
thought of as an alternative to filling of CNTs with molten materials.

Ferrofluids (FF) are colloidal suspensions of magnetic particles and
they display novel magnetic and magneto optical properties. The condition
for arresting both agglomeration arising out of magnetic dipolar interaction
and sedimentation due to gravity necessitates the size of magnetic particles
inside the suspension to lie within 10nm."" These nanowmeter sized magnetic
particles in a ferrofluid are to be coated with an organic hull thus preveuting
them from agglomeration. The size constraint leads to interesting
applications for ferrofluids under the action of an applied magnetic field. FFs
can either be synthesized using hydrocarbon carriers or they can be aqueous
based. Hydrocarbon based FFs are noted for their extensive applications in
various engineering fields."”") The magneto optical and viscous properties of
these FFs are utilized in making devices like heat sinks, damping arrestors
and optical switches and can be used as magnetic inks in high speed printing
technology.*?) Aqueous magnetic fluids find innumerable applications in
therapy, diagnostics and as nanoprobes for biological applications.”””!

The absence of any natural magnetic ordering in CNT and the
growing demand for structured nanomagnets in fields such as NEMS (Nano

Electro Mechanical Systems),”” medicine and in defence persuaded
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hybridization of CNT with magnetic materials. Use of FM melts to fill CNT
is not practical because of the high melting point of FM metals and the
interaction between their melts and carbon.”"! Attempts to fill CNTs with
magnetic oxides (ferrites) by employing physical methods such as vigorous
stirring with salts ™! and other chemical means did not realise the desired
objectives. This persuaded researchers to seck alternatives and filling
MWCNTs with FF was proposed as a viable alternative. Fabrication of
CNT- FM composites can be achieved if FM particles can be dispersed as
colloidal suspensions in a carrier fluid. Fortunately, FFs offer this platform
and can be effectively utilized for this purpose.

[n addition to a plcthora of applications that can be perceived with
FF filled CNTs, they are ideal templates for investigating the magnetic
properties at the fundamental level. Confinement of ultrafine magnetic
particles will give rise to volume effects and will induce shape anisotropy.
Complex interplay between various interactions like exchange interaction,
dipolar interaction, shape anisotropy along with various other surface ctfects
will provide a unique opportunity to probe these interactions from a
fundamental perspective. FFs are interesting because of the possibility of
manipulating the interparticle interaction via dilution. For example, it would
be interesting to explore the phenomena of confinement of
supcrparamagnetic iron oxide nanoparticles (SPIONs) inside MWCNTSs. FF
filled CNTs can scrve as potential nanoprobes for biological applications and
as agents for magnctic hyperthermia. The easc with which CNTs can be
functionalized provides further leverage to target CNTSs to a specific site by
the application of an external magnetic field. So yet another motivation of
the present study is to explore thesc possibilities by the synthesis of a CNT-
SPION composite.
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4.2. Experimental

4.2.1 Synthesis of MWCNTSs

MWCNTs were synthesized by template assisted chemical vapour deposition
(CVD) over nanoporous alumina template (99.9% pure, Whatman).
Acetylene (C-H.) was used as the precursor for pyrolysis and argon as a
carrier gas. The temperature for pyrolysis was optimized at 650 °C for the
formation of nanotubes. The flow rate of acetylene (10 sccm) and argon (70
sccm) were optimized during the CVD process to obtain MWCNTSs with a
maximum inner diameter of~150nm. The resultant nanotubes were plasma
etched for removing the amorphous carbon content using a Radio Frequency
(RF) plasma unit (Harrick PDC-32G, plasma power 18 W) and then used for
further characterization. Figure 4.1 shows the schematic of template assisted
CVD set up.

NG

Temperature Controller ADJ Heater Off

Figure 4.1: Schematic of template assisted CVD synthesis.
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The resulting carbon nanotubes have an average length of ~ 60 pm.
The FESEM images of MWCNTS are shown in Figure 4.3.

4.2.2. Metal filling inside MWCNTSs

Nickel and Cobalt are electrodeposited inside MWCNTs using potentiostatic
electrodeposition (as explained in Chapter 2 and Chapter 3). Different
precursors are employed for electrodeposition. Schematic of

electrodeposition is depicted in Figure 4.2.
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Figure 4.2: Schematic of electrodeposition inside MWCNTSs.

Initially, the Ag coated AAO templates are subjected to Chemical
Vapour Deposition (CVD) in order to grow MWCNTSs inside the nanopores.
These AAO templates arc used as working clectrode for electrodeposition
and electrodeposition was carried out inside the AAO templates containing
MWCNTSs.

4.3 Results and discussion

The FESEM images (both lateral and top) of as synthesised MWCNTSs are
shown in Figure 4.3.
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Figure 4.3: FESEM images of MWCNTSs, (a) lateral view, (b) top view,

The quality of formed multiwalled carbon nanotubes is tested using
Micro Raman analysis. The spectrum (Figure 4.4) is characteristic of the
order G (E, mode in the graphite structure of carbon, 1600 cm™) and the
disorder D (1343 cm”') peaks exhibited by gl'a;:ihite‘[‘r"‘I The G-band
corresponds to the tangential stretching mode of highly oriented pyrolytic
graphite and can be used to assess the degree of crystallinity /graphitisation.
The D-band originates from the disorder in the sp” hybridised carbon atoms

and is characteristic of lattice distortions in the curved graphite sheets and/or

tube ends.
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Figure 4.4: Micro Raman spectrum of MWOCNT (excitation: 5§14.5 nm).
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It is assumed that extend of graphitization is taken as a yard stick for

good quality CNTs. This is found from the relative intensities of G and D
peaks from the Raman spectra (relatively high intensity ratio of G to D (~

1.2)) it is to be concluded that the formed carbon nanotubes are of high

purity.'s“l

4.3.1. Ni filled MWCNTSs

Nickel has been electrodeposited inside MWCNTSs using Nickel sulphate
hexahydrate as precursor. FESEM images of Ni filled MWCNTSs are shown
in Figure 4.5.

raL
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Figure 4.5: FESEM image of Ni filled MWCNT (Nickel sulphate hexahydrate):
(a) a bundle of Ni filled MWCNTs, (b) a single Ni filled MWCNT over a silicon
substrate, (c) EDS of Ni filled MWCNTSs.



Svnthesis und properties of .

EDS of Ni filled MWCNT indicates the presence of clemental Ni.

AFM and MFM studies are carried out on this single Ni filled MWCNT and

is shown in Figure 4.6.

Figure 4.6: AFM, MFM images of a Ni filled MWOCNT over a silicon substrate

(Nickel sulphate hexahydrate).

The MFM phasc contrast image is shown in Figure 4.6.b. The phase

contrast clearly reveals the presence of “magnetic™ Ni particles inside the

MWCNTSs. Particle size of the filled Ni particles calculated from MFM

image correlates well with the FESEM image (Figure 4.5) that they have an

average size of ~ 70 nm, Room temperature M(H) characteristics of Ni filled

MWONTS have been plotted using a SQUID magnetometer and is shown in

Figure 4.7. Magnetic ficld has been applied parallel to the nanotube.
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Figure 4.7: Room temperature M(H) curve for Ni filled MWONTS,
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Though the particle size inferred from MFM and FESEM are higher
than the critical particle size of nickel (~20 nm), the M(H) curve exhibit a
superparamagnetic behaviour for Ni filled MWCNTSs (H~0 Oe, M~0 emu).
This may be due to the agglomeration of nickel nanoparticles and the actual
particle size can be less than that inferred from FESEM and MFM. Micro-
Raman studies have been carried out on Ni filled MWCNTs after each hour
of electrodeposition and is plotted in Figure 4.8.
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Figure 4.8: Micro-Raman studies on Ni filled MWCNTSs (Nickel sulphate
hexahydrate).

It is noted that the intensity of the D peak is getting enhanced after
each hour electrodeposition and the ratio 1/l was decreased to a value of ~
0.6 after 5 hour electrodeposition from I/Ip=1.2 for pristine one. Moreover,
the D peak getting broadened with electrodeposition and G peak slightly
shifted to lower frequencies. This is thought to be because of the strain
developed due to the introduction of metal particles and hence the number of

defects also gets enhanced."”!
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4.3.2. Co filled MWCNTs

Cobalt is clectrodeposited inside MWCNTS using cobalt acetate and Cobalt
sulphate heptahydrate. The morphology is different in this case and is shown
in Figure 4.9 and Figure 4.12. As in the case of Co NTs (discussed in
Chapter 3). Cobalt acctate after electrodeposition inside MWCNTS give rise
to Co-axial nanotubular structure with MWCNTSs. The bright open ended
FESEM image indicate the formation co-axial structure and is named after
this as Co-in-Carbon nanotube. EDS indicates the presence of eclemental
cobalt. This is further veritied using TEM elemental mapping and is shown

in Figure 4.10.

&

Figure 4.9: (a) FESEM image, (b) EDS of Co filled MWCNT (using Cobalt

acetate).
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The uniform mixing of green (carbon) and red (cobalt) indicates the

co- axial structure of the resultant nanostructure after electrodeposition.

Figure 4.10: (a) TEM image Cobalt-in-Carbon nanotube, (b) elemental

mapping of Cobalt-in-Carbon nanotube (red color indicates Cobalt and Green

color indicates Carbon).
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Figure 4.11: The room temperature M(H) behaviour of the cobalt-in-carbon

nanotubes for field parallel to the nanotube.
Figurc 4.11 depicts the room temperature magnetic hysteresis for

Co-in-Carbon nanotubes. The very high value of the coercivity (H, ~350 Oc)

indicates that the easy axis of magnetisation is parallel to the tube axis and is
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arising out of the very high shape anisotropy due to the very high aspect ratio
of these tubular structures (aspect ratio~330)."*** Since the coercivity value
for bulk cobalt is only 10 Oe, the very high value obtained here can arise
only from the uniaxial shape anisotropy, in the nanowire or nanotube form of
cobalit.

The FESEM image shows the open ends of the nanostructure, which
confirm the nanotube structure of the prepared sample. This further verifies
the general mobility assisted growth mechanism that was discussed in
chapter 3, in that the hydration layer in the cation and mobility of the cation
determine the resultant morphology of one dimensional nanostructures after
electrodeposition. The mobility assisted growth mechanism during
electrodeposition seems to be valid in other nanopores such as carbon
nanotubes too.

This is further tested by the electrodeposition of Cobalt using cobalt
sulphate heptahydrate. As in the case of Co NWs, this gives in to a nanowire
inside MWCNTSs (Figure 4.12).
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Figure 4.12: FESEM image (Top), and EDS (Bottom) of Co filled MWCNT
(using cobalt sulphate heptahydrate).

EDS indicates the presence of elemental Cobalt. The presence of
Copper and Silver seen in the spectrum are from the copper tape and silver
back coating respectively. Micro-Raman studies have been carried out on Co
filed MWCNTs (using cobalt sulphate heptahydrate) and is shown in Figure
4.13.
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Figure 4.13: Micro-Raman Co filled MWCNTS (using cobalt sulphate
heptahydrate).

The gradual decrease in G-band (1600‘crn") with electrodeposition
time is evident from the spectrum and this can be attributed to defects with

introduction of metals in to the carbon nanotubes.

4.4 Microwave absorption studies using cavity perturbation method

Cavity perturbation method is widely used to measure the complex dielectric
permittivity and magnetic permeability of materials. Cavity is a rectangular
box made of a non-magnetic metal with dimensions appropriately chosen to
have resonance of electromagnetic waves in the frequency range of interest
and connected to a vector network analyser through coaxial cables. The
length (1), breadth (a), and height (b) of a cavity are so chosen to have a pre-
determined TE mode to sustain in the cavity. The schematic of a cavity

resonator is shown in figure 4.14.
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Figure 4.15: (a) Rohde & Schwaz ZVB4 network analyser, (b) schematic of
WR284 waveguide.

The cavity was perturbed for different TE,, modes. During the
insertion of the sample, the resonant frequency and the quality factor
changes and from this change in resonant frequency and quality factor the
dielectric permittivity and dielectric loss of the material were evaluated using

the formulae *"

e BAL=SD)
W7,

4 [ 1 ]
£, =t e 42
T4 9, O

where V, and V, are the volume of the material and cavity respectively., f,

+1 4.1

and f; are the resonance frequencies with and without the material while Q.

and Q. are the corresponding quality factors of the sample and cavity . given

by

_
L1

0 =—J_ 43

Q. f=rf

Figure 4.16.a and 4.16.b show the variation of € and &, with

frequency. The real part of diclectric permittivity is found to be 11 and 14
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for MWCNT and Ni nanowire respectively. There is a large increase in the
permittivity (€) for Ni filled MWCNT when compared to pristine MWCNT
and Ni NW. Ni filled MWCNTSs exhibited an enhanced permittivity (g, of
33.7 at 3.6GHz. The real part of dielectric permittivity decreased from 39 to
33.7 for Ni filled MWCNT in the frequency range of 2.4-3.6GHz.

The Ni filled MWCNTSs also exhibited an increase in dielectric loss
with an increase from 0.3 to 19.7 compared to that of pure MWCNTSs.
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Figure 4.16: Variation of (a) £, and (b) £, with frequency.

The cavity perturbation technique which was employed for the
evaluation of complex dielectric permittivity can also be used for
determining the complex magnetic permeability of magnetic materials.'®"!
When the material is introduced at the position of minimum electric field in
a rectanguiar cavity (TEon mode), the real (4,) and the imaginary ( 4,)

parts of the permeability are given by,*”!

u =1+ Yt Ve s
fi Y

ﬂ,:ﬁ L_L L. 45
S 200, Q)7
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where K, the geometrical factor dependent on the guided wave length (A,)
and width of the cavity (a) by the relation,

Al +4q?
8a

For the TEjy, mode, 4, = 2% , where L is the length of the cavity and

n=1,2,34.

Figure 4.17.a and 4.17.b depict the variation of p,and 1, with
frequency in the S band. The permeability of both the samples, Ni NWs and
Ni filled MWCNTs, decreases with increase in frequency and is in
agreement with other reports.[(“” Unfilled MWCNTs exhibited negligibly

small complex permeability values.
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Figure 4.17: Variation of (a) y, and (b) u; with frequency.

In pure MWCNTs, the energy loss of the electromagnetic waves can
be attributed to their dielectric loss,'®” which arises out of their semi metallic
nature and in turn their conductivity. When EM radiation is incident on
metallic surfaces, the electric field will induce two types of electrical
currents within the material. They are the conduction current induced due to
the presence of free electrons in the metal and the displacement current due

to bound charges. The conduction current will contribute to the imaginary
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part of the permittivity (dielectric loss), whereas the displacement current
will contribute to the real part of the permittivity. The later is due to
polarization effect, which mainly involves the unpaired point defects. So the
increase in the real part of the complex permittivity can be mainly ascribed
to the dielectric relaxation and space charge polarization effects. The
increase in the imaginary part of the complex permittivity can be attributed

to the increase in electrical conductivity. They are governed by the relation

o (W)= WE,(w) where O (w)is the real part of the conductivity, @1is the

angular frequency and &, (w) is the imaginary part of the permittivity.***)

In metal filled MWCNTSs, the presence of a larger number of
MWCNT - metal interfaces gives rise to enhanced interfacial electric
polarization. Interfacial polarization aids the microwave absorption due to
the interaction of microwave radiation with charge multipoles at the

1697 In ferromagnetic metals, an additional effect known as

interfaces.
magnetic resonance will also contribute to the microwave absorption. This
magnetic resonance absorption occurs due to the coupling of microwave
field to the internal magnetic moments. Moreover, if the impregnated metals
are in the nanometric regime, quantum size effects will also play a major role
leading to an increase in their energy level spacing and they increase the
microwave absorption. From FESEM (Figure 4.5) and MFM (Figure 4.6.b)
studies it is evident that there is a larger number of Ni -~ MWCNT interfaces
in Ni filled MWCNT sample. Besides, the magnetic contrast in the MFM
(Figure 4.6.b) proclaims that filled Ni nanoparticles are magnetic. The
permeability values, Myand W, (Figure 3a and 3b) of Ni NWs and Ni filled
MWCNTs are comparable with that of Fe filled MWCNTs "1 and other
reported values of magnetic nanowires such as CogsFesB,. " This indicates
that the magnetic loss can also contribute to the microwave absorption in Ni

NWs and Ni filled MWCNTSs. So, both the interfacial polarization and
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magnetic loss are contributing to the enhanced microwave absorption in the
Ni filled MWCNTs. The average particle size of Ni particles inside
MWCNTs is ~70 nm. Since the skin-depth of Ni at 1GHz is ~ 0.5 um (500
nm),'® there will be suppression of eddy currents in filled Ni nanoparticles.
This also contributes to the enhanced microwave absorption of these
composites. Defects in MWCNTSs can also modify the dielectric permittivity
due to multiple scattering and interfacial electric polarizations, which
provides an additional impetus to the absorption mechanism."*™! So Micro-
Raman studies were conducted (at 514.5 nm) to identify the presence of
defects in Ni filled MWCNTs and the result is shown in Figure.4.18.

Comparatively higher value of the relative intensity ratio of order
(G) and disorder (D) peaks (l5/1p) ~1.2 indicates the extend of graphitization
in pure MWCNT.P® But, the I/I;, is much lower (~0.7) for Ni filled
MWCNTs. The reduction in the value of I¢/l,; along with a broad D peak (at
~ 1340 em’) in Ni filled MWCNT reveal the presence of defects in filled
MWCNTs."
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Figure 4.18: Micro-Raman spectrum of (a)pure MWCNT, (b)Ni filted
MWCNT.

This is further confirmed by the shifting of G peaks to a lower value

in Ni filled MWCNT (1584 cm™) compared to that of pure (1605 em’'). This
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is thought to be due to strain and uneven curving of the graphite layers in the
presence of metals.™’! Though thesc defects do not alter the bandgap of
MWCNTs, and so is the conductivity, however, they can act as polarization
centers and thereby increase the g, value.™ This gives credence to the belief
that addition of defects in MWCNTSs by filling of metals can significantly

contribute to better microwave absorption characterizations.

4.5 MWCNT-SPION nanocomposites

4.5.1. Synthesis of Aqueous FF (AFF)

AFFs were synthesized by a controlled co-precipitation technique. Initially,
nanosized iron oxide particles werc prepared by chemical co-precipitation
mcthod with ferric chloride (FeCl;, and terrous sulphate (FeSO,.7H-O) in the
molar ratio 2:1. Aqueous ammonia was added to this solution aided by
constant stirring at room temperature by maintaining the pH at 10. The
resultant blackish Iron Oxide precipitatc was collected and dispersed in a 3
molar citric acid solution. The resultant mixture was maintained at 90 °C for
half an hour and the residuc was collected and dispersed in water by
extensive sonication. By this technique, highly viscous ferrofluids with high

shelf life and high thermal stability could be prepared.

4.5.2. Synthesis of MWCNT-SPION composite

For this, one drop of AFF (~3uL) was placed over MWCNT. The fluid
infiltrated in to the nanotubes instantaneously. A magnetic field (uH~1T)
was applied along the tubc axis to enhance the infiltration process.

The carrier fluid was evaporated off at room temperature. Subsequently, the
surface of CNT was ctched by sonicating with ethanol in order to remove the

surface layer. Alumina template was removed (for certain studies like SEM,
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TEM, EDS) by dissolving the template in a 3molar sodium hydroxide
(NaOH) solution and the residue was magnetically separated.

AFF prepared by co-precipitation exhibits high thermal stability and
offered high shelf life. The fluid spiked even under small applied magnetic
fields and this is an indicator of the fact that the FF synthesized by this
method yielded high quality FF. Figure 4.19 shows the schematic of the

infiltration processes.

AMtcro Pipette

. i

Tempiate

Figure 4.19: Schematic illustration of MWCNT filling by AFF.(a) Infiltration,
(b) AFF filled MWCNT.

Figure 4.20.a and 4.20.b depict the FESEM images of AFF filled
MWCNTSs after the removal of the alumina template. The energy dispersive
spectrum (EDS) of the MWCNT-SPION composite is displayed in Figure
4.20.c. Evidence for the presence of element iron emanating from iron oxide

can be clearly seen in the spectrum.

150



Chapter 4
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Figure 4.20 (a), (b) FESEM, (c) EDS images of AFF filled MWCNT.
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Figure 4.21: (a),(b) TEM images of AFF filled MWCNT, (c) TEM image of AFF
of SPION, (d) Selected Area Electron Diffraction (SAED) image of AFF filled
MWCNT.

The TEM characterization was camried out after removing the
alumina template using 3M NaOH and the residue was magnetically
separated. Two sets of samples were prepared for TEM analysis (in order to
verify the filling of SPION particles insidle MWCNTSs) by dispersing the
residue in ethanol and sonicating the residue for few minutes. This solution
was drop casted over TEM copper grid. TEM images derived from two
different parts (Figure 4.21.a. and Figure 4.21.b.) of the sample reveal filling
of CNTs with FF. The average size of the SPIONs is found to be ~12nm
(Figure 4.21.c). The SAED images (Figure 4.21.d) are indicative of
superimposition of several planes. They correspond to polycrystalline planes
of graphite, (110) and (112), and nanocrystalline planes from iron oxide,
(440). The size distribution of SPIONs is depicted in figure 4.22. The

distribution is Gaussian and centred at ~11.7 nm.
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Figure 4.22: Particle size distribution from TEM.
4.5.3. Magnetisation Studies

The AFM/SFM studies are conducted on both unfilled as well as filled
MWCNTSs and the results are shown in figure 4.23 and 4.24.

Figure 4.23: (a) AFM image of open ended MWCNTs (Left), (b) MFM image
(Right).

) ¥ e £ s S

Figure 4.24: (a) AFM image of FF filled MWCNT (Left), (b) MFM image
(Right).
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The open ended pores of MWCNTS are clearly seen from the AFM
image of unfilled MWCNTSs (figure 4.23.a). There is no magnetic phase
contrast visible in unfilled MWCNTSs (figure 4.23.b). But, the open ended
pores of MWCNTSs are found to be filled in the case of FF filled MWCNTSs
as it is inferred from AFM image (figure 4.24.a). Moreover, a magnetic
phase contrast is clearly visible in the MFM image of FF filled MWCNTSs
(figure 4.24.b), indicating that the sample is magnetic.

The magnetic properties M(H) studies have been carried out using a
SQUID magnetometer. Room temperature hysteresis loop of the composite
is shown in Figure 4.25. Hysteresis loop is typical of a superparamagnetic

material with near zero coercivity (H.) and negligible remnance (M,).

= . -
i1 et |3 -
200" 4 _f !
= = == |
F] et |
i
2 i
= =
f
20000 :
e ———
T - T T T
A0000 SI000 J0000 -] &00C 23000 A000C

Apphed Freld [Oe]

Figure 4.25: M(H)curve for MWCNT-SPION composite at room temperature.

Fitting the Langevin function with the experimentally observed M-H
curve is considered as a sure test for superparamagnetism (SPM).

The Langevin function can be written as

L(x)=cothx - Lt 4.7
X
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However, if due weightage is not given to the size distribution, this
fitting can be erroneous and can be misleading. So, after providing due

weightage for size distribution the Langevin function is modified as'®!

x(1+b)
L(x)= lsz [L(x")ax 48
x(1-b)
- (1= b)sinh[x(1 + b)] 45
2bx 7| (1+ b)sinh[x(1-b)

where b is the width of the size distribution. This modified function in
Equation 8 is used to simulate the magnetisation curve and is shown in

Figure 4.26.
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Figure 4.26: Langevin function fit (dotted line) to the experimental curve.

The function fit is in agreement and it reaffirms the fact that the
MWCNT-SPION composite exhibits SPM. It is to be noted here that the
magnetic response of AFF filled MWCNT originates from the SPIONs.

A better understanding of these spatially constrained SPION
particles can be arrived at by a temperature dependent magnetisation study.

The magnetisation of CNT-SPION composite is recorded at 6K and is
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depicted in Figure 4.27. Tt is noteworthy that they exhibited enhanced

coercivity (~150 Oe) and nonzero remanence.
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Figure 4.27: M(H) curve for MWCNT-SPION composite at 6K.

In order to probe the magnetic phase transitions emerging at low
temperatures, Zero field cooling-Field cooling (ZFC-FC) measurements
were carried out under an applied magnetic field of 300 Oe. The results are

shown in Figure 4.28.a
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Figure 4.28: ZFC-FC curves for (a) MWCNT-SPION eomposite, (b) bare (CA
coated) SPION.
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ZFC curve shows a blocking behaviour”” at ~ 110K, The blocking
temperature Tj is related to the size of the superparamagnetic particle by the

relation,m]

KV=25ksT 4.10

where kgl 1s the thermal energy, K anisotropy constant {for
magnetite 1.35x 10°Jm™) and V the volume of the particle. The blocking
temperature Ty calculated for 12nm magnetite particles is ~40K. The
deviation can be attributed to the clustering of SPION particles.”” TEM
pictures also provide proof for clustering of SPION particles within
MWCNT.

This unplies that magnetic properties of an ensemble of single
domain particles follows that of single particles and particle-particle
interaction is not strong enough to prevent collective behaviour of the system
at these temperatures,

It is to be noted here that FC and ZFC measurements carried out on
these samples exhibit anomaly near room temperature. Above room
temperature they show a ferromagnetic like behavior up to 400K. Here ZFC
measurements were carried out by cooling the sample in zero field up to 6K
and then moment i1s measured while warming in a field of 300 Oe. In FC
measurements, the sample is cooled in a field of 300 Oe up to 6K and the
moment 15 evaluated while warming upto a temperature ~ 400K. ZFC and
FC possess different ground states and similar vaniation in ZFC and FC
above room temperature indicates that the transition is reversible and
intrinsic. This observation points to the fact that there is a ferromagnetic like
moment ordering due to possible exchange interaction taking place between
comstrained superparamagnetic particles, Figure 4.28.b depicts the ZFC-FC

curves tor bare SPION at a lower field (100 Oe). Though there is a
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bifurcation temperature higher than that of MWCNT-SPION (it is expected
since the present experiment is carried out at lower magnetic field and hence
the blocking will be shifted to higher temperatures!’®), there is no increase in
magnetisation at elevated temperatures. It is known that magnetic relaxation
and blocking play a major role in fine particle system when they are

! Once the temperature is increased above room

randomly oriented."’
temperature, thermal energy wins over the electrostatic polar repulsive
energy between each nanoparticle, which keeps the particles away from
agglomeration in the case of a ferrofluid. However, when the nanoparticles
are constrained to small volumes, the role of interparticle interaction cannot

be ignored and this may initiate an exchange interaction between the

nanoparticles.
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Figure 4.29: ZFC-FC curves for MWCNT.

Recently, immense interest has been shown on organic magnetism
and induced magnetism in carbon nanotubes and lot of work, both in

: : 24
theoretical and experimental, are underway all around the world."*! In order

to investigate any magnetic ordering in synthesised MWCNTs, ZFC-FC
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measurements on bare MWCNTs are conducted. Figure 4.29 shows the
ZFC-FC curve for bare MWCNT. ZFC-FC curves do not exhibit any
magnetic phase transition indicating that the anomalous transition undergone
in the case MWCNT-SPION composite is not emanated from MWCNT. In
order to probe the origin of enhancement in magnetisation with temperature
for MWCNT-SPION composite a detailed thermomagnetisation and field

dependent studies are needed and will be carried out later.

Conclusion

MWCNT based various hybrid magnetic nanostructures of Nickel and
Cobalt were fabricated using electrodeposition. The mobility assisted growth
mechanism suggested for the growth of 1-D nanostructures inside AAQ
template is verified in the case of MWCNTSs. A novel and high coercivity
nanostructure called Co-in-Carbon nanotube has been synthesized using
cobalt acetate as precursor for electrodeposition. Introduction of defects in
MWCNTSs by the addition of metals is studied using micro-Raman studies.

Microwave absorption properties of Ni filled MWCNTs are studied
using cavity perturbation technique. Ni filled MWCNTs are found to be
acting as a good electromagnetic absorber in the S band. They exhibited
cnhanced microwave absorption than bare MWCNTs and Ni NWs.
Moreover, Ni filled MWCNTs exhibited better microwave absorption
characteristics than that reported for Fe filled MWCNTs and they find
applications as magnetodiclectrics for microwave devices such as phase
shifters, modulators and power absorbing terminals.

MWCNT-SPION  composite was prepared by employing
nanocapillarity of ferrofluids. Magnetisation studies of MWCNT-SPION
conducted at room temperature and low temperature suggest that the
embedded iron oxide nanoparticles exclusively contribute to the magnetic

properties of the composite. Anomalous ZFC-FC curves exhibited by this
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systemm above room temperature are probably due to the enhanced
interparticle exchange interaction. This kind of MWCNT-SPION composite
can be envisaged as good agents for drug delivery and can be easily

navigated through blood stream with augmented heating for hyperthermia.
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Chapter 5

Evaluation of Non-linear Optical Properties
of Magnetic Nanostructures and Carbon
Nanotube based Hybrid Structures

This chapter discusses the salient results obtained from the open aperture z-
scan studies conducted on magnetic nanowires, nanotubes and their hybrid
structures with MWCNTs. In the beginning, a brief introduction to
nonlinear optics has been provided with special emphasis on nonlinear
absorption properties. Optical limiters are one class of the nonlinear optical
materials, which have potential applications in the protection of sensitive
optical detectors and human eyes from accidental exposure to intense light
beams. Non-linear transmission properties of Ni and Co NWs/NTs and that
of MWCNTs are carried out. Non-linear transmission behavior of
MWCNTs and MWCNT based magnetic composites of Ni and Co are also
subjected to investigations using z-scan technique and their results are
compared. In comparison to the benchmark carbon nanotubes, these
composite materials show an enhanced nonlinear optical absorption. Cobalt-
in-carbon nanotubes are found to exhibit an interesting transmission
behavior, where effective two-photon and three-photon absorption
nonlinearities are present simultaneously. The experimental results are in
good agreement with theory when fitted numerically to the appropriate
expressions for nonlinear transmission. Nonlinear parameters namely order
of nonlinearity and nonlinear absorption coefficient are calculated from the
data show that these materials are efficient optical limiters. To our
knowledge this is the first discussion where the optical limiting properties
of metal nanotubes are compared to those of carbon nanotubes.

__—._—__,——_.—._._m

*4 part of the work discussed in this  chapter has  been  published in
“Nanotechnology (2009, 20, 285702).



Chapter 5
5.1 Introduction
In 1960s, ‘Laser’ was a ‘solution looking a problem’ but nowadays it is an
inseparable part of various fields such as medicine, research, supermarkets,
entertainment, industry, military, communication, art and information
technology. The intense laser beam can easily damage the sensitive optical
instruments, particularly human eye and thus protection from lasers is not
only a scientific subject but also a potential public safety issue.") The field of
non-linear optics (NLO) addresses this issue successfully and the emergence
of this field happened shortly after the first demonstration of second
harmonic generation by Peter Franken et al. in 1961.!1% Since then, NLO has
burgeoned in to a mature field of science and engineering.
An alternating electric field applied to an atom will result in the
oscillation of the electrons with the same frequency. If the electric field
vector of the exciting radiation is weak, the electron oscillation is simple

harmonic and the induced polarization of the materials has a linear
dependence on the field amplitude, P = y'E. Herc.y' is the linear
susceptibility and E 1is the arhplitude of the electric field vector of the
exciting electromagnetic radiation. ¥' is a second rank tensor and is
responsible for the usually observed optical properties like the linear
refractive index (ny) and absorption coefficient (o) of the medium. The
refractive index, dielectric constant and linear susceptibility of the medium
are related by, € = no2 =1+ ",

When the intensity of the incident light to a material increases, the
response of the system is no-longer linear. This is due to the fact that
electron response of the system becomes anharmonic to the applied light
field. The magnitude of the nonlinearity will depend up on the applied field
intensity and the nonlinear susceptibility coefficient y.In this case,

polarization will depend on higher powers of electric ficld as,

167



Evaluation of nonlinear optical...

P = y'E+ y?EE + ¥’ EEE (nonlinearities of still higher order are not
significant since the corresponding susceptibility coefficients progressively
drop in their values rapidly), where %* and %’ are second order (third rank
tensor) and third order (fourth rank tensor) nonlinear susceptibilities
respectively. It is possible to show from symmetry considerations that media
with inversion symmetry (isotropic media like solutions) lack nonlinearities
of even order while those lacking inversion symmetry (like anisotropic
crystals) can display both even and odd order nonlinearities.”” !

In linear optics, the optical properties of the medium are independent
of light intensity, while in the nonlinear optics the optical properties like
refractive index and absorption coefficient change with light intensity.
Various nonlinear optical effects will see in a material depending upon the
order of nonlinearity present. Moreover, all the allowed nonlinear
phenomena will not occur simultaneously in any given nonlinear medium
and by a careful choice of the experimental conditions, it ts possible to
maximize any given nonhnearity of interest, while minimizing or nullifying
the other nonlinearities.

In the present study, all the 1-D nanostructures investigated for their
optical nonlinearity were taken in the form of isotropic dispersions in
appropriate solvents and hence the nonlinearity of third order is needed to
be investigated. Before going to the details of the present investigation,
optical nonlinearities in nanostructured materials and different mechanisms
contributing to the optical nonlinearity are discussed with a special emphasis

to third order nonlinearity,

168



Chapter 5
5.2 Third order nonlinearity
In a third order nonlinear medium (example: isotropic solutions), the real and
imaginary part of the x’ are related to the nonlinear refraction and nonlinear

absorption respectively by the relations,

-6 2
Realpartof 7' = 107 cnq 5.1

4807

_ 10"7czn02ﬁ

Imaginary partof ¥’ = 5.2

961w
where c is the velocity of light (in cms™), ny is the linear refractive index,
wis the laser radiation frequency in Hz, [ is the nonlinear absorption
coefficient (in cmW™), and n;, is the nonlinear refractive index in cm’W".
The refractive index of the medium is given by the relation,
n=mn,+n,l 53
where 1 is the laser intensity. The absorption coefficient is given by
a=a,+ 5.4
where owis the linear absorption coefficient, and $is the nonlinear
absorption coefficient.

The propagation equation for light travelling in the z direction

through a third order nonlinear medium can be written as,
dl/ —.
e (o, + B 5.5

Depending on the sign of n, and B , the modification of the refractive
index will give rise to self-focussing or defocusing effects and modification
in the absorption coefficient will lead to induced transmission or

absorption.!*!
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5.3 Measurement of optical nonlinearity

The absolute measurement of the optical nonlinearity is not easy since the
experimental parameters have to be measured with very high precision. The
relative measurements of optical nonlinearity using a reference material of
known optical nonlinearity are the usual method which simplifies the
experiment considerably. The ‘Kurtz powder technique’ is the common
method adopted for the measurement of second order nonlinearities in
crystals. Ammonium dihydrogen phosphate and potassium dihydrogen
phosphate are two standards used as reference to determine second order
nonlinearities.

The usual methods adopted for third order nonlinearities are z-scan
technique and Degenerate Four Wave Mixing (DFWM). DFWM is a relative
measurement and usually carried out using standard reference like CS,. Z-
scan is an absolute measurement and can be used to measure both nonlinear
refractive index and nonlinear absorption.

In a z-scan measurement, a gaussian laser beam is focused by a
convex lens to a narrow waist (Figure 5.1). The sample to be measured is
then moved along the beam propagation direction (z-axis) using a translation
stage. At each z position, the sample transmission i1s measured using a
detector and at each position, the beam size will be different, and hence the
laser intensity. The laser intensity will be maximum at the focal point and
will reduce to either direction.

In a z-scan measurement, the nonlinear absorption and nonlinear
refraction of a medium are separately measured. There are two types of 2-
scan measurements depending up on the experimental set up; open aperture
z-scan and closed aperture z-scan. In a closed aperture z-scan an aperture is
placed in front of the detector (PD] in the figure 5.1) while in an open

aperture z-scan no aperture is used (figure 5.1). A plot of the transmission as
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a function of sample position is then made. If the sample has no measurable

nonlinearity, a flat line will be obtained, otherwise the transmission as a
function of sample position will not be linear. Results from closed aperture
configuration will provide information about the real part of the nonlinearity,
that is nonlinear refractive index and from open aperture configuration

information on the imaginary part (nonlinear absorption) will be obtained.

5.4 Optical nonlinearity in nanostructured materials

The successful fabrication and use of photonic devices depends upon the
availability of good nonlinear optical materials. Over the years various
materials such as inorganics, organics, organometallics and semiconductors

16111 Recently,

have been studied for their nonlinear optical properties.
interest in the field of photonic devices has surged due to the advent of nano
particles and nano structures. Nanotubes and nanowires are attractive in this
regard, as they possess a unique one-dimensional physical geometry.!'*"")
These one-dimensional nano materials are found to have a characteristic
behavior in the optical as well as in the electrical regimes, arising from their
peculiar geometry.!'"*"®! For instance, a number of authors have reported

2. LA . . .
1121316210 The expertise gained in

optical nonlinearities in carbon nanotubes.
the bulk production of carbon nanotubes”? attracted the attention of
scientific community for fabricating nanotubes and nanowires of various
other inorganic materials, which are also found to posses many features
similar to those of the CNTs. Nanotubes in general have high thermal and
chemical stability, along with high electrical conductivity and a fast optical
nonlinearity.

Carbon nanotubes can be suitably finctionalised to serve as versatile
one-dimensional nanostructures for various optical limiting applications.

This is abundantly evident from the vast literature reports available on this

topic of research. Wang and Blau highlighted the optical limiting properties
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of various hybrid nanostructures and CNT based composites in a recent
review article.l') In the recent past strong optical limiting has been observed
in metal nanowires synthesized from cobalt, manganese, silver, gold and
nicke} 224

and multiwalled carbon nanotubes (SWCNT and MWCNT respectively). In

and their optical limiting was compared to those of single walled

the present investigation, all the samples are synthesized and measured in the
nanotube/nanowire forms, and to the best of our knowledge this is the first
study where optical limiting properties of metal nanotubes are compared to
those of carbon nanotubes. Such a comparison is more appropriate, as these
tubular structures will induce similar kind of geometrical field distortion in
the incident electromagnetic radiation.

Mechanisms such as nonlinear scattering, two photon or three
photon absorption, and reverse saturable absorption phenomena including
free carrter and excited state absorption are thought to be responsible for
optical hmiting. Moreover, possibility for the simultaneous occurrence of
different mechanisms in the same system giving rise to strong optical

limiting properties cannot be ruled out.

5.4.1 Mechanisms

The physical and photophysical properties of a material system such as
absorption band, particle size, geometry, aggregation state and the properties
of the host matrix have a strong influence on its optical limiting
performance. Various nanomaterials exhibit distinct nonlinear responses for
laser sources with different parameters, including wavelength, pulse
duration, and repetition rate.!'! Different mechanisms for optical limiting,
associated with the effects of the material and laser parameters are discussed

below.
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5.4.1.1 Nonlinear scattering
Nonlinear scattering (NLS) is the most common nonlinear phenomenon for
nanomaterials. The scattering process can disperse the highly intense beam
in to a larger spatial dimension and hence reduce the intensity of the direct
incident beam. According to Mie scattering theory, nanoparticles alone can
not scatter a light beam effectively. The effective scattering arises from the
formation of scattering centres, initiating from nanoparticles, has three
possible origins.

The first possibility is the formation of solvent bubbles due to the
absorption of incident photon energy by the nanoparticles and subsequent
transfer of thermal energy to the surrounding solvent. This will cause the
evaporation of solvent and resulting in the formation of bubbles. Due to the
refractive index discontinuity at the vapour-solvent interface, the vapour
bubbles can scatter effectively. This is prominent in nanosecond laser
excitation, because evaporation time is also of the order of nanosecond.

The second origin of the scattering centres in the case of
nanoparticles is from the evaporation of nanoparticles itself. In the case of
metal nanoparticles, if the wavelength of the incident beam is in the surface
plasmon absorption band of metal particles, where strong photon absorption
will take place. This process can form microplasma states in the solution,
and hence serve as scattering centres. Also in some nanomaterials systems
the two mechanisms can coexist, giving rise to strong optical limiting.

The third type of scattering centre formation can take place due to
the variation of the refractive index of the surrounding solvents or the
interface between the particles and the surrounding liquid. Such a dielectric
with a refractive index discontinuity or mismatch, forming in the nanosecond

region can act also as scattering centres.
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5.4.1.2 Multiphoton absorption
A multi-photon absorption is a process in which simultaneous absorption of
two or more photons occur via virtual states in a medium. The two photon

absorption (TPA) can be described by a propagation equation with ‘Beer-

Lambert’ format as a%z =- (@ + ADI. Provided that the linear absorption

is very small at lower intensity, the solution for transmission intensity is
. / . . -

iven by [I{L)= / This solution indicates that the
g y (L) (1+1,8L)

transmission intensity decreases as the incident intensity increases, resulting
in to an optical limiting phenomenon. The ability of TPA induced optical
limiting strongly depend upon the TPA coefficient, incident intensity and
propagation length. The optical limiting characteristics of TPA materials is
more effective for shorter pulses (fempto second). The three photon process
also exhibits very similar characteristics.

Multiphoton process can not easily be identified from z-scan
technique. One has to utilise the photophysical properties of a materials such
as linear absorption, TPA cross section, etc. to determine the contribution of

multiphoton absorption.

5.4.1.3 Free-carrier absorption

In semiconductors, carriers can be generated by one-photon or two-photon
excitation. These electron/hole pairs, by absorbing additional photons, can be
excited to states higher/lower in the conduction/valence band. This process is
known as ‘Free carrier absorption’ (FCA). Semiconductors with large FCA
cross section can exhibit significant optical limiting effects. The FCA
induced NLO response is independent of the incident pulse duration,
provided that the duration is shorter than the diffuston and recombination

process of free carriers. FCA is also insensitive to the particle geometry and
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size. In many nanomaterials, FCA can cocxist with NLS and TPA since the

generation of free carriers can arise from a TPA process.

5.4.1.4 Reverse saturable absorption

In a molecular system, reverse saturable absorption (RSA) occurs when the
excited state absorption cross section is greater than that of the ground state.
resulting in a improved absorption capability to incident fluence. For
inorganic nanomaterials, the term RSA is accepted to describe the situation
where the excited state absorption (ESA) outperforms the ground state
absorption, leading to a decrease in the transmission with increase in incident

intensity.

5.5 Experiment

In the z-scan technique, the laser beam is focused using a lens, and the
sample 1s moved along the beam axis (z-axis) from one side of the focus to
the other, through the focal point (which is taken as z = 0). In this scheme

by bl

cach z position corresponds to an input fluence of 4Vln ZE% ..

()

where Ein is the input laser pulse energy, w(z) is the beam radius given by

wmfl +(:/z,)): where ©(0) is the beam radius at the focus, and z, =

1331 theasurcments

Ty /A is the Rayleigh range (diffraction length).The z-scan
using a frequency doubled Q-Switched Nd:YAG lascr (Quanta Ray, Spectra

Physics) having a nominal pulse width of 7 ns at 532 nm wavelength.
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Nd:YAG Laser Beam Focusing Sample Pyrroelectne
s Sy e Cel detector
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F 4
Photodetector PD2 PD2/PDN

Figure 5.1: Schematic of open aperture z-scan technique.

The laser is focused using a plano-convex lens of 20 cm focal length,
and the focal spot radius (wy) is 18 microns. The laser pulse energy is 25
microjoules. The peak optical intensity seen by the sample at the beam focus
is of the order of 10> Wm™. The nanotube/nanowire samples are dissolved
in a mixture of toluenc and ethanol (in the ratio 2:1) and then sonicated for
10 minutes for uniform dispersion. They are then taken in a 1 mm glass
cuvette which is mounted on a stepper motor controlled linear translation
stage. All samples arc prepared at low concentrations such that their linear
transmission was 83% at 532 nm, when taken in the | mm pathlength
cuvette. The sample thickness is lesser than the Rayleigh range (1.9 mm).
The sample was translated in the z direction in small steps, and the
transmitted energy was measured for each position z using a pyroelectric
laser energy detector (Laser Probe Inc.). The experiment is automated such
that laser pulses could be generated on demand. The interval between two
successive laser pulses is always kept sufficiently large (typically more than
| s), to enable the complete thermal relaxation of the sample before the

arrival of the following pulsc.
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5.5 Result and discussion
5.5.1 z-scan studies on MWCNTs, Co NTs and cobalt-in-carbon
nanotube hybrid structures
Initially, the z-scan studies are carried out on the solvent (mixture of toluene

and ethanol in 2:1 ratio) and z-scan curve is plotted in figure 5.2.
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Figure 5.2: z-scan curve for the mixture solution of toluene and ethanol (2:1

ratio).

It is to be concluded from the figure 5.2 that there is no considerable
optical nonlinearity in the mixture solution (as mentioned before, a flat z-
scan curve denote the absence of any nonlinearity).

Z-scan studies were conducted on high aspect ratio MWCNTSs after
removing them from alumina template (Figure 5.3). The z-scan curve is
depicted in figure 5.3 (inset). It represents a strong optical limiting

behaviour. The curves are best fitted using a 2PA process using the equation,

_ (1= R)? exp(-a,L) T 2
T=( p ,A;qo):[]n[\/l+q0 exp(—¢7)]dt 5.6
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where L and R are the sample length and surface reflectivity respectively,

and ay is the linear absorption coefficient. qo is given by A(1-R)I,L,,,
where 3 is the two photon absorption coefficient, and |, is the intensity of the
laser beam at position z. L.y is given by [l —exp(~a,L)]/ «,. Here we are

assuming that R=0 for simplictty, I=Fluence/time=Energy/Area/time.

Fluence, F=Energy/Area=ZE/1rr2, and for a Gaussian wave, =, .

MW CNT
B,=1.7x10" myw

el
©
A

Normalized Transmittance
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2 (men)

¢ u

i

e
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Figure 5.3: Nonlinear transmission in MWOCNTSs under 532 nm, 7 ns laser
irradiation. (The inset gives the open aperture z-scan curve. Hollow circles are
experimental data points and solid line is a numerical fit to the data for an effective

2PA process).

Figure 5.3 indicates that the observed limiting properties are well
fitted to a 2PA. This is further confirmed by plotting the log-log plot of
<delta alpha> versus input fluence for MWCNTs and is depicted in figure

5.4.
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Figure 5.4: log-log plot of <delta alpha> vs input fluence for MWCNTs.

The plot has a slope ot 1.01, which is close to that of 2PA and for

which it is expected to be 1. z-scan plot for Co NTs (FESEM image: Figure

3.12) is conducted and is shown in figure 5.5.
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Figure 5.5: Nonlinear transmission in Co NTs under 532 nm, 7 us laser

irradiation. (The inset gives the open aperture z-scan curve. Hollow circles are

experimental data points and solid line is a numerical fit to the data for an effective

3PA process).
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The z-scan curve is depicted in figure 5.4 (inset). It represents a

strong optical limiting behaviour. The curves are best fitted using a 3PA

process using the equation,

r==R e"p('“o%;p ) Jniy1+ py’ exp(-26%)]+ py exp(—1* e

[V —

5.7
py is given by [27(1—R)21:2L(,ﬂ.]“2, where yis the three photon

absorption coefficient, and L, =[1-exp(-2¢,L)]/2¢,.

Figure 5.5 indicates that the observed limiting properties are well
fitted to a 3PA. As done n the case of MWCNTs, this is further confirmed
by plotting the log-log plot of <delta alpha> versus input fluence for Co NTs

and is depicted in figure 5.6.
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Figure 5.6: log-log plot of <delta alpha> vs input fluence for Co NTs.
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The plot has a slope of 2.015, which is close that for a 3PA and it is expected
to be 2.

In the case of carbon nanotube samples optical limiting is reported to
have contributions from two-photon absorption (2PA) and nonlincar
scattering.”™ In metal nanoparticlc systems contributions from interband
transitions and free carrier absorption have been noticed, and the net
nonlinearity sometimes appears in the form of an “cffective” three-photon
absorption (3PA) phenomenon.* In a pure 2PA process two photons will be
simultaneously absorbed while in a pure 3PA process three photons will be
simultaneously absorbed, and both these are instantancous nonlinear optical
phenomena. Compared to the usual one-photon absorption process the cross
scctions of these phenomena are generally low, but they become significant
when the samples are irradiated with intense laser pulses of picoseconds or
shorter duration. With nanosccond pulse excitation accumulative nonlinear
optical phenomena like excited statc absorption and free carrier absorption
become more prominent. Depending on the material system under study.
cxcitation wavelength and applied laser fluence, a combination of the
instantancous and accumulative nonlinear effects may take place. These,
however, will appear like purc 2PA or pure 3PA in a simple transmission
measurcment like the z-scan. These combined nonlinearities can hence be
termed as “cffective 2PA” and “cffective 3PA™ processes to distinguish them
from pure 2PA and 3PA processes. Time-resolved pump-probed expcriments
are required to distinguish between instantaneous and accumulative
nonjinearities. and the conventional z-scan can throw light only on the order
and magnitude of the nonlinearity.

Z-scan studies arc also carried out on cobalt-in-carbon nanotube
hybrid structures. But, in the Cobalt-in-carbon nanotube samples the data
docs not fit well either to an effective 2PA or an effective 3PA process:

rather, it fits to an intermediate order of nonlinearity (figure 5.7).
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Figure 5.7: Nonlinear transmission in cobalt-incarbon nanotube under 532 am,

7 ns laser irradiation. (The inset gives the open aperture z-scan curve. Hollow

circles are experimental data points. The dotted curve is the best 2PA fit and the
dashed curve is the best 3PA fit. The solid curve (blue) shows the best fit data
obtained by assuming the simultaneous occurrence of effective 2PA and effective
3PA phenomena).
The intermediate behaviour is further verified by plotting log-log

plot of <delta alpha> versus input fluence (figure 5.8).
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Figure 5.8: log-log plot of <delta alpha> vs input fluence for cobalt-in-carbon
~ nanotubes.
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The plot has a slope of 1.45, while the expected slope for an
intermediate behaviour is in between 1 and 2. For calculating these fits
numerically the generalized z-scan equations given by Bing Gu et al. are
used.””) The intensity of a focused gaussian beam travelling along +z

direction (assuming z = 0 to be the focal point) can be written as,

@ (x)

where I; is the on-axis peak intensity and x = z/z, is the relative position with

1 -2r?
I(r,x)=lul+ exp 5.8

respect to the beam focus, where z, is the diffraction length (Rayleigh range).

a)(x)=,/a4,z(l+xz) is the beam radius. If this gaussian beam passes

through a thin sample of length L (L << z), having linear absorption

coefficient @, and (n+1) photon absorption coefficient § (721 where n is
an integer), then the propagation equation can be written as

diff \=~(a,+ 1" 5.9

where z' is the propagation length inside the sample. The transmitted

intensity is given by
I(L,x)=1(r,xyexp(-a,L)/(1+ nB, 1"(r,x)L))"" 5.10

where L7/ _[1-exp (_"a"L%a is the effective sample length for the
k (H

(n+1)" photon absorption process. The normalized transmittance of the
sample from an open aperture z scan, for an (n+1) photon absorption

process, can then be written as
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jz;zi(L, x)rdr
7:1+](x,‘}’")= L — 5.11
exp(-a,L) j 271(r, x)rdr

0

|
Here ¥, = (nﬂnl(','LZ;?)A . For 2PA the normalized transmittance simplifies

to

T, ¥, = 0ty 5.12

and for 3PA it becomes

o -1
sinh_(¥,) 5.13

2

Lx,Y¥Y,)=

n

+x

The normalized open aperture z-scan transmittance of a

3 -

where ¥, = ]

nonlinear medium with simultaneous 2PA and 3PA can then be written as

T W, W) =Tux¥Y)T,(x,¥,) [ (x,'¥,,'¥>) 5.14

where f(x,¥,,¥,) is a coupling function between the 2PA and 3PA

coefficients. From numerical calculations, it is found to be approximately

given by **

¥,10.33951n(0.498y, ) - 0.029]
140.966p "

S =1+ 5.15

The calculated 2PA coefficient (B,) is 1.7x10" m/W for the
MWCNT samples, while the 3PA coefficient (,) is 3x107* m* /W’ for the

184



Chapter 5
cobalt nanotubes. Cobalt-in-carbon nanotubes show a mixed behavior, and
the calculated B, is 2x10™"° m/W and B, is 8x10 m’/W? respectively. The
origin of the observed nonlinear absorption can be explained from the
absorption spectra of the samples given in Figure 5.9. The UV-Vis
absorption spectra of the samples are measured by dispersing these samples
in a mixture of toluene:ethanol (in 2:1 ratio) using a Perkin-Elmer Lammda
35 spectrophotometer. | mm quartz cuvette is used for holding the solution.

The solvent absorption is not subtracted from the spectra.

Absorbance

400

200 400 600 800 1000
Wavelength (nm)

Figure 5,9: UV-VIS absorption spectra of the MWCNT, Cobalt nanotube and
the Cobalt nanotube filled MWCNT samples.

From the inset we see that there is some absorption at 532 nm,
complementing the linear transmission of 83% of the samples. The
absorption is much stronger at the two-photon wavelength of 266 nm.
Obviously this absorption spectrum allows one-photon, two-photon, and
two-step absorptions to take place at 532 nm (since the spectrophotometer

has & lower wavelength limit of 190 nm we could not measure the absorption
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at the three-photon wavelength of 177 nm). As the samples are metallic in
nature, there is a high probability of additional photon absorption from the
terminal level reached by the two-photon and two-step transitions. It may
also be noted that the photoelectric work function of Co is 5 eV, and this
energy will be given and exceeded by three 532 nm photons (3 x 2.33 eV=
6.99 eV). The nature of the absorption spectra thus explains the observation
of effective 2PA, effective 3PA like, and the intermediary type nonlinear
absorption exhibited by the samples.

In general, the optical limiting mechanism in MWCNTs can be
expected to have a contribution from induced thermal scattering (also known
as nonlinear scattering), due to the similarities in optical limiting with the
well known carbon black suspensions.m] The general mode! for the fluence
based limiting in carbon nanotubes due to nonlinear scattering can be
summarized as follows: the thermal energy from laser absorption is
transferred to the surrounding solvent medium resulting in the formation of
micro plasmas at lower fluence levels. An increase in the fluence results in
the desorption of oxygen and amorphous carbon, and increasing the fluence
further leads to localized heating and eventually the ionization of MWCNTS.
forming rapidly expanding microsized plasmas.”® Since more heat is
transferred to the solvents at this stage, more micro bubbles are also created.
These micro bubbles and the micro plasmas formed at the focal regions wili
strongly scatter the input radiation trom its normal transmission path,
thereby resulting in a nonlinear decrease in the measured transmitted light.
However, the highly transparent samples absorb only a small fraction of the
input light in the present case, and the effects of induced thermal scattering
have to be minimal. Nevertheless, we found that the absorption is still
sufficient to cause some beam scattering when the samples are at or near the

focal point during the z-scan. A third detector is used - a sensitive
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photodiode - to gather a part of this scattered radiation. The photodiode was

mounted on the translation stage itself facing the sample, at an angle of 40
degrees to the forward laser beam direction. The results are shown in Figure
5.10.
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Figure 5.10: Nonlinear scattering from the samples measured using a

photodiode.

Scattering increases as the sample reaches the focus, but this does
not affect the cross-sectional quality of the central bright spot, when
observed on a white screen (observed using a CCD camera). This indicates
that the effect of nonlinear scattering is not significant compared to that of

nonlinear absorption, at the present sample concentrations used.
5.5.1.2 Theory of log-log plot

It is well known that in any sample, under normal condition, transmission of

a sample is given by Beer-Lambert’s law,

T = exp(-a,L) 5.16
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Here qy is the linear absorption coefficient. For a 2PA case,

dy - _ A2
=0l = Al 5.17
Or in other words we can write the transmission in terms of a new o, , which

is equivalent to oy, + B1. Hence for a 2PA case,
T =exp(-a,L) 5.18

Since we know the Transmission and length of the sample, o, can be
calculated from the above equation. Now since we know o, = o + Bl, o, -
o = BI. taking logarithm on both sides,

In(e, —a,)=InfF+In/ 5.19

here log B is a constant, and this is the equation of a straight line (y=mx+c).
Hence a plot between log(a, - o) and log 1 will give a straight line with

slope equal to 1.

Stmilarly, in the case of 3PA,
3

In this case we can write the transmission in terms of a new o, which is

equivalent to
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a, =a,+y, 5.21

Here also o, can be calculated from the transmission values (o, = -(log
T)/L).

And since o = oy + ¥Iy, a3 - ¢ = yl,. Taking logarithm on both sides,

In{er, —y)=Iny+2In/ 5.22

where log y is a constant, and hence this is the equation of a straight line
(y=mx+c). Hence a plot between log(a, - ) and log I, will give a straight
line with slope =2. If we have a case where both 2PA and 3PA are present,
we will get a line with slope value in between 1 and 2. So a plot between
log(a, - ap) and log I has been taken and then fit a straight line this plot. The

value of the slope will tell the process that’s happening in the sample.

5.5.2 z-scan studies other magnetic nanostructures

The z-scan studies were extended to other magnetic nanostructures such as
Ni NWs (FESEM: figure 3.4), Ni @ Co nanorods (FESEM: 3.36), Co NW
filled MWCNT (FESEM: figure 4.12), and Ni filled MWCNTs (FESEM:
figure 4.5). All the samples were prepared as discussed in the above case of
Co NWs. Initially the alumina template is removed using alkaline treatment
and then the nanowires are dispersed in the mixture solution of toluene and
ethanol in the ratio 2:1. Figure 5.11 depicts the z-scan curve obtained for Ni
NWs. Ni NWs found to exhibit a strong optical limiting property. The blue
bubbles indicate the experimental data. The red star indicates the best fit for

3PA and magenta Square indicates the best [it for 2PA.
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Figure 5.11: z-scan curve for Ni NWs,

It is evident from the theoretical fitting that the experimental data fits
well with 3PA. It is a typical metallic character as discussed in the case of
Co NTs. The 3PA coefficient (- or Gamma) calculated is found to have a
value of 4.5x10%* m"/W?.

Z-scan studies on Ni @ Co core-shell are conducted and they are
also found to exhibit strong optical limiting properties. Optical limiting

properties shown by these hybrid nanostructures are depicted in figure 5.12.
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Figure 5.12: z-scan curve for Ni @ Co nanorods.
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Similar to Ni NWs and Co NTs, Ni @ Co nanorods also exhibited
3PA behaviour (the experimental data (blue circles) is best fitted to
simulated 3PA curve (red stars)). The calculated value of 3PA coefficient is
5x107° mYW-.

Z-scan studies conducted on Ni filled MWCNTSs and Co NW filled
MWCNTs are depicted in Figure 5.13. Both of them were found to be

exhibiting a strong optical limiting behaviour.
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Figure 5.13: z-scan curve for (a) Ni filled MWCNTs, (b) Co NW filled
MWCNTs.

But, unlike cobalt-in-carbon nanotubes, Ni filled MWCNTs and Co
NW filled MWCNTs exhibited 3PA behaviour instead of an inbetween one.
This may due the higher optical limiting contribution of metals compared to
MWCNTs in to the cumulative optical nonlincarity of the composite
material. Ni filled MWCNTs have a 3PA coefficient value, B, (Gamma) of
7.4x10% m*/W?and Co NW filled MWCNTSs have a B, value of 5.4x107%

m"/W? indicating that they can act as good optical limiters.
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Conclusion

Optical limiting properties of various magnetic nanostructures are studied
using z-scan measurement. In comparison to the benchmark multiwall
carbon nanotubes, cobalt and cobalt-in-carbon nanotubes are found to show
a higher nonlinear absorption. To our knowledge this is the first study where
the optical limiting properties of a metal nanotube are compared to those of
carbon nanotubes. The cobalt-in-carbon nanotubes exhibit an interesting
transmission behavior, where an effective two-photon and effective three-
photon absorption nonlinearities are present simultaneously. z-scan studies
conducted on Ni NWs, Ni (@ Co nanorods also revealed that they can act as
efficient optical limiters. Ni filled MWCNTs and Co NW filled MWCNTs
also exhibited strong optical limiting properties. The nonlinear parameters
numerically calculated from these measurements show that these materials
are efficient optical limiters. In addition to potential applications in safety
devices for sensitive optical detectors and human eyes, this type of
multifunctional materials can find use in various other fields also, such as

high power super capacitor electrodes, sensors, and catalysis.
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Chapter 6

Synthesis and Characterisation of Magnetic
Iron Oxide Nanostructures

Nano magnetic oxides are promising candidates for high density magnetic
storage and bio-medical applications. This chapter discusses the synthesis
and studies on spherical and non-spherical (acicular) Iron Oxide (yFe,O-)
nanoparticles using complexing media such as starch. Non-spherical
mesoscopic iron oxides are also candidate materials for studying the shape,
size, and strain induced modifications of various physical properties viz.
optical, magnetic, and structural. Magnetic and optical properties of
spherical as well as non-spherical iron oxide nanoparticles are subjected to
detailed investigations. The role of a complexing medium like starch in
aiding the directional growth of yFe,Oj; is studied. Thermo-gravimetric and
Fourier Transform Infrared spectroscopic studies are conducted to identify

the impurity phases present.
e ———

*4 part of the work discussed in this chapter has been published in “Bull. Mater.
Sci.” (2008, 31, 5, 759).
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6.1 Introduction
Mesoscopic magnetic iron oxides have attracted the attention of scientists for
a variety of reasons. Magnetic iron oxides are candidate materials for audio,
video and compact memories.!"! Recently efforts are underway to find new
applications of these materials - as drug delivery agents, as
superparamagnetic iron oxide (SPION) particles for hyperthermia, contrast
enhancing agents in magnetic resonance imaging (MRI)* and also as
biosensors.”! They are biocompatible and inexpensive. From a fundamental
point of view, magnetic tron oxides are ideal templates for studying
ferrimagnetism at the nano level since they possess an ideal two sub lattice
with magnetic ions on either sites.

Magnetic iron oxides belong to the class of inverse spinels having
their cation distributed on the octahedral sites (B) and tetrahedral sites (A).
Maghemite or gamma ferric oxide also crystallizes in the inverse spinel
structure. The structure of maghemite 1s said to possess a vacancy ordered
spinel structure with vacancies situated exclusively on the octahedral sites.!*!
The preparation of gamma iron oxide from precursors is tricky because the
material tums easily in to its nonmagnetic phase during synthesis if adequate
precautions are not taken.

Nonsphericity is an essential criterion for enhancing signal to noise

ratio during recording. ! But ¥ Fe, 0, is a cubic crystal and does not easily

crystallizes in to elongated ellipsoidal particles. Earlier, workers have
attempted to synthesize nonspherical precursors using complexing
medium.!”! Nucleation will be greatly influenced by external conditions, like
pH, temperature and constant stirring. Complexing agents like starch retard
the growth of the precursors in the crystallographic a-directions, so that
growth proceeds in the c-directions, leading to needles.™ However, with the

advent of nanoscience and nanotechnology, shape and size induced
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modifications of various properties like optical, magnetic, structural
properties is a rich area of physics where quantum mechanical phenomenon
like gquantum size effects can be investigated on candidates materials like
gamma iron oxide."” It is also known that size dependent magnetic properties
manifest itself in to superparamagnetism and single domain characteristics.
Reduction of size results in large red shift in Fe;O, nanoparticles.!""’

Most of earlier studies on nonspherical particles are limited to the

synthesis of nonspherical ¥ Fe,O, particles. Most of the particles lie well

M However, size, shape and strain

above the mnanometer dimension.
dependent optical and magnetic properties are a virgin area where the effect
of size and shape can be studied in a single shot if nanosize particles can be
synthesized. Such a study assumes importance because of the resulting
magneto optical properties of the nanocrystals.

In this chapter spherical and elongated mesoscopic gamma iron
oxide particles are synthesized employing a novel technique and using
starch/water/ethylene glycol as Complexing agents. Their structural,
magnetic, optical properties are evaluated. Emphasis is laid in studying the
shape induced optical properties of gamma iron oxide nanoparticles.
Thermo Gravimetric (TG) and FTIR analysis are carried out to probe the
retention of organic residues in the sample. Attempts are made to correlate

the optical, magnetic properties with size and shape.

6.2. Experimental

6.2.1 Preparation of spherical yFe,O, nanoparticles

In order to prepare spherical yFe,O,particles, 20% of starch solution is
prepared by adding 20 g of soluble starch in to 100cc of hot water. The

resultant solution is heated with constant magnetic stirring to50° C till it

became transparent. 25g of anhydrous ferrous sulphate is dissolved in 75 cc
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starch solution. This solution was heated to 70°C. To this solution 0.2 molar
ethylene glycol is added. It is presumed that ethylene glycol inhibits the
growth of the particles along one particular direction. Addition of ethylene
glycol must be drop wise with constant stirring in order to ensure the
formation of spherical particles. These particles are filtered off and dried in a

furnace at 370°C dried in ambient atmosphere to ensure the formation of

y Fe,O0,."""  This leads to a brown magnetic powder confirming the

formation of y Fe,O, nanoparticles.!'” These samples are hereafter named

N-1.

6.2.2 Preparation of ellipsoidal yFe,O,

The above procedure for the synthesis of spherical iron oxide particles is
modified to prepare ellipsoidal gamma iron oxide (here after named N-2) in
the sense, that instead of ethylene glycol and starch, water and starch are the
employed as the complexing for this medium. 25g of anhydrous ferrous
sulphate was dissolved in 75 cc starch solution. This solution was heated to
70°C. To this solution 0.2 molar solution of oxalic acid is added to
precipitate nonspherical ferrous oxalate precursors from the medium. It is

found that as the concentration of starch increases aspect ratio also increases.

6.2.3 Characterization

The structural analysis and the identification of the phase are conducted
using an X-ray diffractometer (Rigaku Dimax-C) using Cu Ka radiation (A =
1.5418 A). A scanning rate of 5” min"' is applied in the 26 range of 10°- 70°.

The grain size is estimated by employing Debye-Scherer’s formula

=0.9%
D Bcos 6.1
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where A is the wavelength of X ray used, B is the FWHM of the XRD

peak with maximum intensity and & is the angle of diffraction. A JOEL
JEM 2200 FS electron microscope using an accelerating voltage of 200 kV is
used to deduce the particle size distribution of nanoparticles. The
Transmission Electron Microscope (TEM) images, High Resolution
Transmission Electron Microscope (HRTEM) images and Energy Dispersed
Spectra (EDS) are recorded for morphological and compositional studies.
Room temperature magnetic properties are obtained from the hysteresis loop
recorded n a Vibrating Sample Magnetometer (VSM) model EG&G Par
4500. A Thermo Nicolete Avatar 370 DTGS model spectrophotometer using
the KBr method was used to record the FTIR spectrum of the samples. A
Jasco V 530 UV - Visible spectrophotometer was used to determine the
diffused reflectance studies. DTG studies are conducted using Perkin Elmer
Thermal Analysis in the Nitrogen atmosphere in the temperature range 30 -

550 °C.

6.3 Results and Discussion

6.3.1 Structural and Morphological Studies using XRD and TEM

The x ray powder diffraction pattern of the spherical (N-1) and the
nonspherical (N-2) Iron Oxide nanoparticles are depicted in Figure 6.1. and
they represent a spectrum typical of an inverse spinel. The planes are

identified and listed. The peaks (111), (220), (311), (400), (511) and (440)
correspond to that of yFe,O,(ICDD: 39-1346).
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Figure 6.1: XRD patterns of YFe,O,, N-1 (left), (b) N-2(right).

There are no indications for the existence of any impurity phase,
corresponding to FeJOS. However, the base line is found to be shifted

due to the presence of amorphous phase probably duc to the organic
inclusion of the samples. The average particle size was determined from line
broadening and the spherical particles have an average size of 10 nm. TEM
images of N-2 indicate that the formations of nonspherical particles (Figure
6.3), while particles coded N-1 are sphcrical in shape (Figure 6.2). The
spherical particles have an average size of 10 nm. Nonspherical particles
have an average length of 19 nm and breadth 9 nm with an average aspect

ratio of 2.
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Figure 6.2: (a) TEM image, (b) HRTEM, (c) EDS, (d) size distribution
histogram of N-1.

It is evident from Figure 6.2.b that the particles are highly crystalline
and well separated by grain boundaries. Diffusion of lattice planes in to the
grain boundary is also noted. The EDS indicates the presence of Tron from
Iron Oxide nanoparticles. The particle size distribution for spherical particles
is determined for spherical particles and a histogram depicting the size
distribution is shown in Figure 6.2.d.
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Figure 6.3: (a) TEM image, (b) HRTEM image, (c) EDS of N-2,

Figure 6.3 depicts the TEM, HRTEM, and EDS images of non-
spherical iron oxide particles. The discrepancy in particle size as determined
by XRD and TEM could be because of the fact that only large crystallites
contribute to the Bragg peak.'”! It can be seen from Figure 6.3.b that
although the crystal lattice of particles are well defined, the Miller indices
are interlocked (buckled) and lattices planes have a small bending in the
grain boundary. These are evidence for the occurrence of high internal strain

with in the lattice.!""!

203



Synthesis and characterisation...

6.3.2 Magnetization studies using VSM

The hysteresis loop for spherical (N-1) and nonspherical iron oxide particles
(N-2) are shown in figure 6.4. Nonspherical particles exhibit a saturation
magnetization of 30 emu/g while spherical particles display a saturation
magnetization of 37 emu/g and a coercivity of 105 Oe. Enhancement of
coercivity for sample N-2 and decrease in its saturation magnetization with
respect to N-1 are other evidences for the deviation from sphericity of
sample N-2. If the particles are spherical, the same applied field would have
magnetized it to the same extent. If it is not, the same applied field will
magnetize it along a long axis. Hence the strength of the applied magnetic
field along the short axis is such that it produces the same true field inside

the specimen. Thus shape alone is the source of magnetic anisotropy."*!
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Figure 6.4: Room temperature M(H) curves for (a)N-1, (b)N-2.

Thus it can be inferred from the magnetization curves of N-1 and N-
2 that increase in coercivity in the case of N-2 is mainly due to the
elongation of grains. These ellipsoidal particles may cause a small amount of
spin freezing in random directions. This is one of the reasons attributabed to

the decrease in saturation magnetization value for N-2. The magnetization
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curve of N-1 shows almost negligible remanence and small coercivity
showing their superparamagnetic nature.

Additional evidence for superparamagnetism exhibited by N-1 can
be obtained by simulating the magnetization curve using the Langevin
function L{x). Here it is assumed that the individual grains are single crystals
with the number of crystals equal to the number of domains. We have

Langevin function represented by
1
L(x)=cothx—— 6.2
x

Size plays a crucial role in deciding the overall magnetization. The
variation of particle size is also then to be taken in to account. Since the
equation 2 is not taking any consideration to the distribution of particle size,
it cannot explain the collective behaviour of an ensemble of nanoparticles
with a size distribution having finite width. The size distribution obtained
from TEM is used for simulation. After giving due provision for b (width of

the size distribution histogram) the Langevin function can be modified as,!'

x(1+h)
Lix)= 12 b fLeetyee 6.3
(1-M

X

I/ 1 {(l—b)sinh[x(Hb)]} 64

~/2bx | (14 b)sinh[x(l - b)
The simulated Langevin function using Eq.(4} is carried out and 1s

shown m Figure 6.
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Figure 6.5: Modified Langevin function fit for N-1.

The fitting (Figure 6.5) is carried out after giving due weightage for
particle size distribution. Thus simulated curve (linear) fits very well

(particularly at average sizes) with experimental curve (dotted).

6.3.3 TG-DTG Studies
Bulk maghemite in the micron regime possess a saturation magnetization of

~74 emu/g V% ]

and coercivity of 250 Oe, and they are generally
multidomain in character. However, as particle size reduces they became
single domain and exhibit superparamagnetic characteristics. Although we
have procured evidence for superparamagnetism by Langevin fitting, the
reduction in magnetization is to be probed by supplementary techniques. For
this TG DTG studies are carried. The TG-DTG curves are shown in Figure

6.6.
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Figure 6.6: TG-DTG curve for N-1.

TG curve shows a continuous weight loss on heating. A substantial
weight loss corresponding to 8% at 450 ° C is observed.. The net weight loss
is around 14% when the temperature reaches 550 "C. There is a possibility of
a small fraction of the polymer (particularly starch which can remain there
till 1000 °C) being retained in the sample which normally does not
decompose at these temperatures. If due weightage is provided to the
retention of polymeric residues, in the final gamma ferric oxide the observed

saturation magnetization can be accounted for.

6.3.4 FT- IR Studies
FT-IR studies are carried out on N-1 and N-2 samples in order to ascertain

the presence of starch. The spectrum is charted in Figure 6.7.
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Figure 6.7: FT-IR spectrum of N-1.

The peak at 3384.82 corresponds to —OH group and the broadening
shows the presence of hydrogen bonding. This strengthens the evidence for
the presence of starch in the samples.!"” This ~OH group with hydrogen
bonding is coming from starch. Peaks between 500 and 700 cm' correspond

to Fe-O bonds.!"*

6.3.5 Energy band gap calculation

Band gap calculation plays an important role in characterising the materials
at nano level. In the case of nanoparticles, various factors like lattice strain,
plasmonic confinements, surface and shape effects and quantum
confinement effects can alter and engineer the band gap and hence. the
determination of band gap plays a seminal role in nanoparticle
characterisation.  Diffused Reflectance Spectroscopic (DRS) studies of
samples N-1 and N-2 are conducted using UV-Visible NIR
Spectrophotometer. Energy band calculations are carried out using the

relation,”‘)I
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A (hv-E )™
a=Ya=)y —— 5 6.5
hv

where the value of E,; and m; correspond to the energy and the nature of the
particular optical transition with absorption coefficient o; For allowed
direct, allowed indirect, forbidden direct and forbidden indirect transitions,
the value of m; corresponds to ', 2, 3/2 and 3, respectively.”” Since the
particles are nanocrysrtalline, the values of E,; and m; are determined without
presuming the nature of electronic transition.”'! Eq.5. can be rewritten in the
following form
d(In(cdiv)) m
dhvy  (hv-E)

6.6

The plot of d(l“(”hv%(hv versus AV will  produce

discontinuity at a particular value of Av = E where a possible clectronic
transition can occur corrcsponding to the bandgap E=E,;. Figurc 6.8 (a) and

(b) show the above plots for samples N-I and N-2 respectively.
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Figure 6.8: Bandgap calculation from differential plot; (a) for N-1, (b) for N-2.
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The red shifted electronic band (~0.24 eV) is due to the presence of
ellipsoidal particles which are under very high stress. This is further
supported by HRTEM (Figure 3.b.).This shows that, aithough the crystal
lattice of particles is well defined, the Miller indices are buckled (Figure
3.b.). The nature of electronic transition is found using In{(ohv-E) vs
In(o,hv) curves (figure 6.9) and it is found that the slopc of the curves is

~0.5. This indicates that the electronic transition involved is ‘allowed direct’.
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Figure 6.9: In(hv-E) vs In{c,, hv) curves for; (a) N-1, (b) N-2.

From the lattice constants for spherical and nonspherical yFe,O,

particles unit cell compression of (AV/V ) -10% was observed in the casc of
nonspherical particles. Stress increascs as the size is reduced. The reduction
in bandgap is governed by the narrowing of the direct bandgap duc to the
cnhanced pressure from the surface tension, where pressure P=2y/r, vy is the
surface tension and r is the size of the grain. So the strain induced
modification of band gap provides a phenomenological cxplanation for the
anomalous red shift obscrved in mesoscopic iron oxide particles. The effect
of matrix or any other impuritics in the red shift has been removed, since the

entire measured band gaps are well above the red shifted value.
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Conclusion
The employment of a complexing medium like starch for the synthesis of
nonspherical iron oxide particles can be modified to tailor the aspect ratio of
nonspherical nanoparticles of gamma ferric oxide, since shape controlled
particles are of intcrest both from a fundamental and application point of
view. The observed reduction in saturation magnetization with respect to the
saturation magnetization of bulk maghemite is duc to the presence of
superparamagnetism and residual organic impurities in the final product.
Strain induced modification of band gap is possible by carefully
controlling the acicularity of these particles. Shape control can also induce
anisotropy and thus modity the coecrcivity of these particles. A simplc
phenomelogical cxplanation was provided to cxplain the red shift found in

the optical band gap of nonspherical maghemite particles.
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Chapter 7

Conclusion

Major highlights of the present investigation are summarized in this chapter,
outlining the potential utility of magnetic nanowires/nanotubes and hybrid
magnetic nanostructures with MWCNTs. Several advantages of template-
assisted approach over other available routes along with some ot their
limitations are also dealt with in this chapter. Moreover, the prospective
applications of such high aspect ratio magnetic nanostructures formed in the
absence of chemical modifications of porous nano structure or surface
passivation agents in various fields are also reviewed. The method of
synthesis of multifunctional magnetic nanostructures has been extended to
the fabrication of a multiferroic material using template assisted deposition.
The initial results of this work are also briefly discussed in this chapter.
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Investigating magnetic properties of matter on the nanoscale is a
very active area in modem solid state physics. Exciting phenomena, like
inter layer exchange coupling or the giant magneto resistance occurs in low
dimensional systems where characteristic length scales such as magnetic
exchange lengths, become relevant. Nanomagnetism is of utmost importance
to current technological developments. The dramatic increase in magnetic
storage density over the last decade, various applications of miniaturized
magnetic sensor devices based on the giant magneto resistance effect, and
the development of spintronics, a new generation of computing technology,
require a thorough understanding of magnetism at the nano meter scale.

Spintronics considers spin of an electron as additional degrees of
freedom, which can be manipulated to obtain particular functionalities.
Recent concepts for Spintronic logical elements discuss domain walls, which
are intermediate region of spin inhomogeneity between two domains with
opposite magnetization directions, in nano wired elements. Other magnetic
nano scale systems that exhibit the large scale activities, both in fundamental
and applied research are multilayers, oxides, nanoparticles, nanostructures,
magnetic semiconductors, magneto caloric materials (MCE materials) and
multiferroic materials. Several key questions in these systems depend on the
dynamics of magnetization and the associated magnetic structures.

The fabrication and characterisation of 1-D magnetic nanostructures
of uniform size and shape have importance in the current scenario of
advanced research to design multifunctional nanostructures and various
nanoelectronic devices. Nanowires and nanotubes of Ni and Co having high
aspect ratio, high crystallinity and texturing were fabricated. They also
exhibited high magnetic response and interesting temperature dependent
magnetic properties. A very high magnetic dipolar interaction was identified

among these magnetic nanowires and nanotubes and it can suitably tuned by
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controlling the separation between them and it is very important in device
fabrication and magnetic data storage. A very high coercivity Co NTs were
fabricated for the first time using cobalt acetate as precursor. The elucidation
of a general growth mechanism during template assisted potentiostatic
electrodeposition was another milestone of the present thesis.

A mobility assisted growth mechanism was proposed for the growth
of 1-D nanostructures during potentiostatic electrodeposition inside porous
templates and its veracity has been tested using various porous templates and
precursors. This growth mechanism has been utilised to design a novel
multisegmented bi-metallic magnetic nanostructure, called Ni @ Co
nanorods and this again opens the possibility designing other hybrid
structures using template assisted electrodeposition. Moreover, tuning of
magnetic properties can be successfully attained using these types of hybrid
magnetic materials and it is an added advantage over other nanofabrication
techniques, where the tunability is not as handy as it here.

Alumina templates are beneficial for shape controlled synthesis
of not only high aspect nanostructures but also other non-spherical
shapes without the assistance of any capping molecules/surfactants or
any other foreign species. In perpendicular geometry of nanowires and
nanotubes, GMR can be significantly larger than when current is in the film
plane. Heterogeneous alloy films, which are of interest for their GMR, which
is a promising property of high density storage media, have also been
successfully prepared by electrodeposition. Extremely high aspect ratio
(ratio of length to diameter), will make the demagnetizing field highly
anisotropic; which is one of the desirable criteria for the achievement of
perpendicular recording. Various magnetic alloys and heterostructures can
be tested for their GMR and MCE performance and is reserved as a future

prospective.
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Hybrid magnetic materials with carbon nanotubes represent a novel
class of smart materials where they can find immense technological and
fundamental interest. Metal filling inside CNTs and the subsequent dragging
of the metals is one of the active and cutting edge research area where we
can fabricate more interesting carbon structures such as graphene, MWCNTSs
filled various magnetic nanostructures were synthesized and they also
exhibited interesting magnetic properties. Ni and Co were electrodeposited
inside MWCNTs using various precursors and interesting structures are
obtained under different precursors. The mobility assisted growth
mechanism has been successfully verified in the case of MWCNTs too.

An interesting co-axial nanostructure of MWCNTs with Co
nanotubes has been fabricated using cobalt acetate as precursor for
electrodeposition. This co-axial structure also found to exhibit very high
longitudinal coercivity indicating the structure perfection and shape
anisotropy of the nanostructure. Interesting applications of these
nanostructures are also attempted to probe. Ni filled MWCNTSs found to
exhibit an enhanced microwave absorption capability when compared to Ni
NWs and MWCNTs. This can be due to the increased metal-MWCNT
interfaces and nanosized particle size of the Ni particles. MWCNTSs were
almost completely impregnated with aqueous ferrofluids of Iron Oxide using
the principle of nanocapillarity.

The successful, complete filling of MWCNTs with magnetic
materials like ferrofluid is being reported for the first time. The resulting
nanostructure also found to exhibit interesting magnetic properties. Confined
existence of superparamagnetic Iron Oxide nanoparticles inside MWCNTSs
leads to an anomalous enhancement in magnetisation with temperature.
Origin of this anomalous magnetic property is supposed to be due to the

increased magnetic interactions due to the confined existence and warrant
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detailed investigations. The MWCNT-Superparamagnetic Iron Oxide system
is identified as an excellent system for various bio-medical applications such
as augmented drug delivery, cell separation, contrast enhancement agents in
MRI, drug targeting and hyperthermia. Studies on the drug attachment and
delivery, and therauptical applications are highly promising and are proposed
as future perspective.

Non-linear optics is another mature field of science and engineering
and the synergy of non-linear optics with magnetism is thought to be a novel
idea for the fabrication of various multifunctional nanostructures. The
fabricated nanowires and nanotubes of Ni, Co and Ni @ Co nanorods and
their hybrid structures with MWCNTSs found to exhibit interesting non-linear
optical properties. All these 1-D nanostructures were found to act as
excellent non-linear optical limiters. Particularly, cobalt-in-carbon nanotube
found to exhibit non-linear transmission behaviour where they exhibited
inbetween behaviour of effective 3PA and effective 2PA. Moreover, optical
limiting properties of MWCNTs were compared with that of metal
nanotubes for the first time and such a comparison is more appropriate as
both kind of system induce similar kind of geometrical distortion when an
electromagnetic radiation falls on them.

The emulsions/dispersions of these one-dimensional structures can
be made using various organic solutions and can be coated over sensitive
optical devices and goggles to protect them from high intense lasers.
Tunable non-linear optical limiter is one of the novel ideas in non-linear
optics and not cherished yet. This kind of magnetic nanostructures in proper
dispersion may fruitful this concept and much studies are needed on this
topic. This also extends as a future prospective.

The importance of magnetic iron oxide is persists as high for a long

time due to their extensive applications in particulate media and
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biocompatibility. The concept of acicular iron oxide was emerged with their
applications in storage media to reduce the signal to noise ratio. Acicular
iron oxide nanoparticles were synthesized using starch as a complexing
medium. Their magnetic and optical properties were compared with those of
synthesized spherical nanoparticles. Interesting optical properties were
identified and a strain induced band gap shift is observed in the case of
acicular particles. The tuning of the aspect ratio can be achieved by
controlling the processing parameters like concentration, pH, temperature,
stirring speed etc and it opens a wide scope for future work. The acicularity
dependent magnetic properties are highly intriguing and can find potential
uses in various fields such as in particulate media. Role of complexing media
such as starch/glycerol in controlling and tuning the aspect ratio is need to be
subjected in to detailed investigation in order to synthesis complex
nanostructures of magnetic as well as non-magnetic materials.

The expertise gained in the fabrication of magnetic nanostructures
can be extended for the designing and the synthesis of other useful
nanosystems. Multiferrocity is onc of the emerging trend in material science
research. where the same system exhibit ferromagnetic ordering as well as
ferroelectric propertics. Hybrid materials represent a novel class of materials
wherec desirable properties of the individual systems are expected to
dominate giving a multifunctional system. An attempt towards the realisation
of hybrid materials based multiferroics is not taken anywhere and such a step
will surely impact the future research and technology to a great extend. An
initia} step has been taken towards the realisation of a multiferroic material
based on ferromagnetic nanotubes and ferroelectric nanotubes. The FESEM

pictures of this hybrid structure are depicted in figure 7.1.
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Figure 7.1: FESEM images of a hybrid nanotube system of ferromagnetic and

ferroelectric materials.

Studies on these hybrid nano structures are in the initial stages and
have a very high scope in the fundamental understanding of physics of
multiferroic materials and increasing applicanon demands due to their
application potential.

Though template assisted synthesis is an ingenious technique
comparing to other fabrication techniques, this technique also faces some
drawbacks which need to be pointed out. Since the template is usually a thin
membrane, it is difficult to scale-up the nanostructure and grow through this
route to macroscopic quantities, although efforts in that direction are
underway. Another lacuna of this technique is that the nanostructures
synthesized through this template are often polycrystalline. Despite
these shortcomings, template assisted electrodeposition is identified as
a versatile technique and it will be worthwhile to employ this
technique to fabricate other nanostructures resembling Ni @ Co and
Co-in-MWCNTSs nanostructures.

Research is an eternal joumey to unravel the mysterics of

nature and every researcher contributes his might to the vast comity of
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research. This contribution, though infinitesimally small, fits the old
adage “Tiny drops of water makes a mighty ocean”. This investigation
must also be viewed from such a backdrop and this study and the
subsequent contribution to the vast knowledge base will only form a
nanocomponent in the mega canvass of Science.

However, this must be seen as yet another attempt to
investigate the truth and the search for absolute truth goes on and on.
It is often said that what remains constant in the universe is ‘change’.
Physicists are always looking for these ‘changes’ which would help
modify their understanding of the nature and mould new concepts.

Finally, as the eastern philosophy goes, even if you have
infinity as denominator the net ‘result’ is nothingness but it is ancient
India which gave a definite value to this ‘nothingness’. So nothingness

is also something and very significant.
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