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Magnetism and magnetic materials have been playing a lead role in the
day to day life of human beings. The human kind owes its gratitude to the
‘lodestone’ meaning ‘leading stone’ which lead to the discovery of nations and
the onset of modern civilizations. If it was William Gilbert, who first stated that
‘earth was a giant magnet’, then it was the turn of Faraday who correlated
electricity and magnetism. Magnetic materials find innumerable applications in
the form of inductors, read and write heads, motors, storage devices, magnetic
resonance imaging and fusion reactors. Now the industry of magnetic materials
has almost surpassed the semiconductor industry and this speaks volumes about
its importance. Extensive research is being carried out by scientists and engineers
to remove obsolescence and invent new devices. Though magnetism can be
categorized based on the response of an applied magnetic field in to diamagnetic,
paramagnetic, ferromagnetic, ferrimagnetic and antiferromagnetic; it is
ferrimagnetic, ferromagnetic and antiferromagnetic materials which have
potential applications. The present thesis focusses on these materials, their
composite structures and different ways and means to modify their properties for
useful applications.

In the past, metals like Fe, Ni and Co were sought after for various
applications though iron was in the forefront because of its cost effectiveness and
abundance. Later, alloys based on Fe and Ni were increasingly employed. They
were used in magnetic heads and in inductors. Ferrites entered the arena and
subsequently most of the newer applications were based on ferrites, a
ferrimagnetic material, whose composition can be tuned to tailor the magnetic
properties. In the late 1950s a new class of magnetic material emerged on the

magnetic horizon and they were fondly known as metallic glasses. They are well
i



known for their soft magnetic properties. They were synthesized in the form of
melt spun ribbons and are amorphous in nature and they are projected to replace
the crystalline counterparts.

Metallic glasses are alloys of transition elements and metalloids and have
attracted the attention of technologists owing to their superlative soft magnetic
properties compared to other conventional crystalline materials. The transition
elements like Fe, Co, Ni imparts magnetic properties, while metalloids like B and
Si aid in amorphisation and Mo and Nb act as grain growth inhibitors.
Nanocrystallinity can be induced in these alloys by thermal annealing and this
improvises the soft magnetic properties. The nanocrystalline thin films are highly
sought after for read and write heads and sensors. Metallic glass having a
composition of Fe4oNizsMo4B1g exhibits high saturation magnetisation, high Curie
temperature and low anisotropy and crystallizes at 400°C. The bulk properties of
these alloys are well studied; however studies on thin films are rare in literature.
Earlier investigations carried out in this laboratory on thin film forms of these
alloys by employing vacuum evaporation yielded films with excellent magnetic
properties; however the target and the film composition were at variance.
Retaining the composition of the target in the film as well is necessary as this
influences the magnetic properties substantially.

Preparation of thin films based on FeNiMoB incorporating the target
elements and modification of its properties by various techniques is interesting as
this system can act as an ideal template to study the role of target element,
crystallinity and surface morphology on the magnetic properties. Fabrication of
thin films by Radio Frequency (RF) sputtering is an ideal alternative and this

forms part of the objective of this study. Moreover, a study on such thin film



forms will be a prelude for magnetic MEMS (Micro Electro Mechanical
Systems).

Zinc ferrite is a normal spinel and known for its antiferromagnetic
properties with a Neel temperature of 10K. However anomalous results are
reported in the literature for nano zinc ferrite. In spite of the continued efforts by
researchers, a conclusive explanation for such a behaviour is still elusive. The
properties of zinc ferrite are highly dependent on the synthesis method. Zinc
ferrite is purported to be an antiferromagnet and exhibits size effects on its
magnetic properties and can exhibit ferrimagnetism at room temperature. These
anomalies make zinc ferrite standout among other spinels. Most of the studies on
zinc ferrite thin films lack high magnetisation at room temperature. A thin film
form of zinc ferrite with appreciable saturation magnetisation will be a good
candidate for fundamental research as well as for applications.

Exchange bias effect is the phenomenon wherein the spins of ferromagnet
are pinned by the antiferromagnetic spins on field cooling below the Neel
temperature of the antiferromagnet. As a result the hysteresis loop is shifted along
the field axis accompanied by loop widening and shift in magnetisation direction.
These kind of structures are highly desirable in spin valves and magnetic tunnel
junctions. Theoretical and experimental studies have been done widely on the
field of exchange bias, still technologists look for novel materials and techniques
to control the exchange bias. Earlier exchange bias studies were mainly on
ferromagnetic-antiferromagnetic system; but recently it has been reported that
ferromagnetic-spin glass, ferrimagnetic-antiferromagnetic and even soft-hard
magnetic systems can exhibit exchange bias. A bilayer system of FeNiMoB-zinc
ferrite can exhibit exchange bias and is one of the main themes of this thesis. The
modification of exchange bias by various techniques is also important.



Once we have the desired film, the next question is how can we improve
or tailor the properties. Usually thermal annealing is employed which can alter the
grain size and thus can change the magnetic properties. The effect of thermal
annealing on films of FeNiMoB, zinc ferrite and their bilayer structure is being
investigated.

Another technique to modify the material properties is by subjecting them
to ion beam irradiation. lon beams can be employed for synthesis, modifications
and characterization of materials. When ions traverse through a material, they can
impart their energy and momentum to the material. Depending on the energy of
ions two regimes can be defined viz, nuclear energy regime (few KeV) and
electronic energy regime (> few MeV). Swift heavy ion (SHI) irradiation can
alter magnetic properties of bulk materials as well as thin films. The magnetic
properties of thin films depends on a range of factors like composition,
crystallinity, crystal structure, anisotropies-magneto-crystalline, surface and
interface roughness, domain structure. By tailoring any of the above properties the
magnetic properties can be modified.

Of the various factors affecting magnetic properties, inducing crystallinity
seems to be a promising way to alter the magnetic characteristics due to the ease
by which a material can be crystallised. Crystallization can be realised by thermal
annealing whereas amorphisation can be induced in the material by SHI
irradiation. Irradiation in crystalline materials results in creation of amorphous
tracks embedded in the residual crystalline matrix. lon irradiation can also result
in ion beam mixing at the interface of two layers. Such investigations are of
paramount importance in modifying the interfaces which will have a positive

bearing on the exchange bias. Spinel structures are susceptible to track formation.



The track formation and the resulting changes in room temperature and low
temperature magnetic properties as a result of ion irradiation will be studied.

The exchange bias depends on the ferromagnet-antiferromagnet interface.
lon beams can create defects as well as result in interface mixing in a bilayer
structure. The modification of exchange bias and the resultant exchange field can
be probed by ion irradiation. lon beam irradiation induced modification of
exchange bias in FeNiMoB- zinc ferrite bilayer structure is examined in the
present thesis.

The effect of swift heavy ion irradiation and thermal annealing on the
structural, topographical and magnetic properties of FeNiMoB- zinc ferrite thin

films are of major concern in the present thesis.

The main objectives of the present study are the following:

1. To replicate the exact composition of FesoNizgM04B1g in their thin film
forms by RF sputtering.

2. To study the effect of thermal annealing on the structural and magnetic
properties of RF sputtered FeNiMoB thin films.

3. To tailor magnetic characteristics of FeNiMoB thin films by swift heavy
ion irradiation.

4. To prepare zinc ferrite thin films by RF sputtering and detailed
investigation of the mechanism responsible for magnetism in thin films.

5. To create amorphous tracks in zinc ferrite thin films by swift heavy ion
irradiation.

6. To prepare exchange biased FeNiMoB — zinc ferrite bilayer film



7. To study the modification of exchange bias in FeNiMoB — zinc ferrite

bilayer films by Swift heavy ion irradiation.

The proposed thesis is entitled “Swift Heavy lon Irradiation and Thermal
Annealing Induced Modification of Structural, Topographical and Magnetic
Properties in Monolayer and Bilayer Films Based on FeNiMoB and Zinc
Ferrite” and consists of eight chapters.

Chapter 1 gives an introduction to magnetism in general and ferromagnetism and
antiferromagnetism in particular. The physics behind exchange bias effect and
ion interaction in materials is dealt with in this chapter.

The preparation methods and experimental techniques used for the present study
are described in chapter 2.

The thermal annealing effects on structural, topographical and magnetic
properties of FeNiMoB films prepared by RF sputtering are presented in chapter
3.

Chapter 4 deals with swift heavy ion irradiation on RF sputtered FeNiMoB films
with a view to enhancing the soft magnetic properties.

Chapter 5 describes preparation of zinc ferrite thin films by RF sputtering and
the room temperature and low temperature magnetic ordering in these films.
Effect of annealing is also one of the themes of this chapter.

The amorphisation and modification of properties in zinc ferrite films by swift
heavy ion irradiation is covered in chapter 6.

Chapter 7 explains the exchange bias studies in FeNiMoB-zinc ferrite bilayer
and its modification by thermal annealing and swift heavy ion irradiation. It was

inferred that on ion irradiation, exchange bias greatly enhanced.

Vi



Finally conclusions of the research work and future outlook is presented in

chapter 8.
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Introduction

1.1 INTRODUCTION

The history of magnetism can be traced to the serendipitous discovery of
‘magnetite’ a naturally occurring mineral in present day Turkey. This material
later came to be known by the name ‘lodestone’ meaning leading stone. The
journey from lodestone to the present day molecular magnets has been replete
with newer phenomenon and novel materials. Thus the phenomenon of
magnetism and the field of magnetic materials is evergreen and remained
temporal. It is as attractive as a toy to a child as well as to a scientist or engineer.

Magnetic materials find umpteen applications in a horde of devices
namely inductors, transformer cores, memory elements, read and write heads,
refrigerator door seals, motors, spintronics, automobiles. The list is endless and
new devices are being added on a day to day basis. In the post industrial
revolution era most of the applications were based on Fe, Ni, Co. Then came
alloys and in that permalloys were a good choice for various applications.
Permalloys were slowly replaced by ferrites and are still in vogue. However in the
late 60’s and early 70’s, metallic glass became popular and slowly started
replacing conventional ferrites. Metallic glasses are basically amorphous in nature
and find usefulness as memory devices, read and write heads, sensors because of
their superlative soft magnetic properties. The functionality of metallic glasses
further improved with the advent of nanocrystallinity induced in these materials
by thermal annealing. They exhibited excellent magnetic properties which could
be controlled by tuning the grain size. The emergence of Micro Electro
Mechanical Systems (MEMS) and Nano Electro Mechanical Systems (NEMS)
devices demanded that these devices are in the thin film form and a great deal of
studies are on the thin film form of these alloys. Among various metallic glasses

which are in use Fe-Ni and Fe-Co are the most popular candidates. A tiny amount
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of B, Si, or Mo are also added in these alloys either to inhibit grain growth or for
amorphisation as the case maybe. The properties exhibited by thin films are
different from the bulk and assumes great significance from a fundamental
perspective. Recently these alloy thin films form part of devices such as MEMS,
NEMS, Giant magnetoresistance (GMR) and Tunnel magnetoresistance (TMR)
sensors. This thesis takes a look at the interesting properties exhibited by the thin
film form of these alloys especially Fe-Ni and different ways to modify their
properties. Also, investigations on thin film form of zinc ferrite and bilayer films
based on Fe-Ni and zinc ferrite for exchange bias properties are also examined.
1.2 MAGNETISM IN MATERIALS

The magnetic property in a material is due to its spin and orbital angular
momentum. An electron moving round the nucleus causes a magnetic moment
and the moment is defined as the current flowing through unit area of the circular
loop. As magnetic property is a collective phenomenon, the magnetism observed
in atomic scale and microscopic scale are quite different [1]. On application of a
magnetic field H, the magnetism induced in the material is called magnetic
induction B. The magnetization M in material is defined as the magnetic moment

per unit volume V.

B=H +4zV (1.1)
m

M=— 1.2
v (1.2)

The ratio of magnetization to applied magnetic field is defined as susceptibility y

and is telltale of the response of material to an applied field.

=g (1.3)
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According to the response of a material to an applied magnetic field, materials are
classified as diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic and
antiferromagnetic. Each property is detailed in the following sections.
1.2.1 Diamagnetism

This is the weakest magnetic effect and is observed in all materials. On
applying a magnetic field, the change in orbital motion of electrons induces a
moment opposite to that of the applied field. Hence, the susceptibility is negative.
All elements exhibit diamagnetism but the effect is usually surpassed by other
strong magnetic properties. Elements with completely filled shells exhibit
diamagnetic properties. Lack of magnetization limits them for various
applications but the main forte of diamagnetic materials are in superconductors.
1.2.2 Paramagnetism

Paramagnetism refers to the property of atomic spins to align in
accordance with an applied magnetic field (figure 1). As the magnetic moments
are weakly coupled with each other, the magnetisation is very small. It is usually
observed in elements with unpaired electrons. Paramagnetic materials have a

positive value of susceptibility.
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Fig. 1 Alignment of spins in paramagnetic material without and with a magnetic
field [2]

1.2.3 Ferromagnetism

The ferromagnetic property of a material is due to its unpaired electron in
its orbital. Fe, Ni and Co are the room temperature ferromagnetic elements. Due
to the interaction among the spins of a ferromagnet, an effective magnetic
moment is observed without an applied magnetic field. Above a particular
temperature called Curie temperature; wherein the thermal effects become
stronger to perturb the aligned spins, the material behaves as paramagnet.
Ferromagnetic materials have large positive susceptibility and variation of
susceptibility with temperature is given by Curie Weiss law.

e
T-T.

X (1.4)

where, C is the Curie constant, T temperature and T the Curie temperature.
Weiss proposed the domain theory of ferromagnetism in 1907 [3].
According to the domain theory, a ferromagnet consists of regions called

domains, that are spontaneously magnetized; but the magnetisation of individual
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moments are random so that they cancel each other giving rise to a zero moment.
He also suggested the existence of molecular field that act in a ferromagnetic
material which magnetize the material even in the absence of a magnetic field.
The limitation of Weiss theory was that it failed to explain the origin of the
molecular field.

Heisenberg in 1928 put forward a quantum mechanical model for
ferromagnetism [4]. The theory is grounded on quantum mechanical exchange
interactions among spins and depends on the relative orientation of two spins. If
two atoms have spins S; and S;, the exchange energy is expressed as,

i

E, =-23,5,-S, (L5)

where, Jex IS the exchange integral. The condition for stability is that exchange
energy has to be minimum. For ferromagnetic ordering, the spins should align
parallel and the dot product is positive. This set a constraint on Je, that, for energy
to be negative Jox should be positive. Therefore in ferromagnetic materials
exchange integral has to be positive. The Bethe Slater curve (figure 2) shows the
variation of exchange integral with D/d ratio, where D and d are atomic separation
and diameter of 3d orbital respectively. From the Bethe Slater curve, Fe, Co and

Ni have Je positive and are room temperature ferromagnetic elements [5].
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Fig. 2 Bethe Slater curve [5]
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The domain theory and the Heisenberg theory successfully explained the
concept of domains, exchange interaction and temperature dependence of
susceptibility; but failed to account for the exact value of magnetic moment in
metals. Both these theories are also referred as localized moment theory, as they
are based on the assumption that, the electrons responsible for ferromagnetism are
attached to a single atom and cannot move about in crystal. This has been
overcome by the collective electron model or the Band theory of magnetism [6].
Band theory discards the localization of electron to single atom and electrons are
assumed to belong to the whole crystal and can move from atom to atom. When
atoms are brought together, the electron clouds overlap and discrete energy levels
of individual atoms with same energy should split, so that Pauli’s exclusion
principle is not violated. The extent of splitting differs for various energy levels,
and the levels spread out and results in formation of bands as shown in figure 3.
According to the band theory, for ferromagnetism, the electrons must lie in
partially filled bands so that there are vacant levels where electrons can move. The
density of levels in the bands must be high, so that the increase in energy caused
by spin alignment will be small. For the interaction of d electrons via exchange

forces, the atoms must be at the right distance.
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Fig. 3 Schematic of band theory of magnetism [6]

1.2.4 Antiferromagnetism

In antiferromagnetic materials, the interaction between adjacent spins
aligns moment antiparallel to each other (figure 4) and the effective magnetisation
is zero. This alignment happens only below a critical temperature called Neel
temperature, above which the material is paramagnetic. Antiferromagnetic
materials have a small positive value of susceptibility and above Neel temperature
it follows the features of paramagnet, while below Neel temperature susceptibility
decreases with temperature (figure 4). Antiferromagnetism arise in a material,
when there are two interpenetrating sub-lattices with the moments equal and
opposite, and effective moment is the sum of moments of the sub-lattices which is

Zero.
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Fig. 4 Alignment of spins in antiferromagnet and the variation of

susceptibility with temperature [2]

The well known antiferromagnetic material is MnO and its
antiferromagnetism can be explained based on the super exchange interaction, that
is, exchange interaction mediated through non magnetic atoms, usually oxygen.
For covalent sharing of spins from oxygen, the spins of the sublattices of Mn
should align antiparallel to each other which gives rise to the antiferromagnetic

ordering.

Mn~ 0° Mn*
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Mn**
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Fig. 5 Schematic of super exchange interaction [2]

10



Introduction

1.2.5 Ferrimagnetism

In this kind of magnetic interaction, the coupling of moments result in
antiparallel orientation but moment of one sublattice is higher than the other
which introduces an effective magnetization. The ferrimagnetic materials behave
similar to ferromagnets, in that they exhibit hysteresis loops and high

magnetization.
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Fig. 6 Alignment of spins in ferrimagnet [2]

1.2.6 Superparamagnetism

It is a state of zero coercivity and zero remanence. This kind of magnetic
property is observed in the nanoregime. In nanoparticles, the surface to volume
ratio is high. The particle volume reduces and the anisotropy energy, which is the
product of anisotropy constant and volume also come down. In such cases, the
thermal energy overcomes the anisotropy energy and magnetization direction flips
easily [2]. The relaxation time of the spin flipping is given by [7],

T=71,€

11
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where, kg is the Boltzmann constant, V is the particle volume, to is the time scale
characteristic of the material and its typical value is 10°to 10™%. The temperature
at which the measurement time is equal to the relaxation time is called the
Blocking temperature and Tg can be obtained from equation 1.6 as,

Te = 2};:5

(1.7)

1.2.7 Spin Glasses

These are comparatively newer class of magnetic materials and is said to
be the most complex kind of condensed state encountered so far in solid state
physics [8]. Contrary to the magnetism discussed earlier which is long range
ordered, the magnetism in spin glasses are ordered in short range. Spin glass is
defined as a collection of spins whose low temperature state is frozen and
disordered. Spin glasses are usually a result of magnetic frustration; that is, the
spins compete each other in terms of configuration and no unique configuration is
favored and the interactions of spins are random. Spin freezing temperature is the
transition below which the system behaves as spin glass and above this
temperature, system exhibit normal magnetic properties [9].
1.2.8 Hard and Soft magnets

Ferromagnets and ferrimagnets can be further classified according to the
hysteresis loops as hard and soft magnets. Hard magnets are difficult to magnetize
and demagnetize, they have large value of coercivity and remanence. They find
application as permanent magnets. Soft magnets are easier to magnetize and
demagnetize and they have low value of coercivity and remanence. Soft magnets
are used as recording media, memory devices and read and write heads. Typical

hysteresis curve of hard and soft magnets is shown in figure 7.
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Fig. 7 Magnetic hysteresis of hard and soft magnets

1.3 MAGNETISM IN AMORPHOUS AND NANOCRYSTALLINE
ALLOYS

In the earlier times, crystallinity was thought to be a necessity for
magnetic phenomenon. BCC Fe and Co were the conventional materials used for
soft magnetic properties. They were later replaced by permalloys, which are
alloys of Fe and Ni. In the 1950s Duwez et al. introduced a new class of materials
that exhibited better soft magnetic properties than permalloys and were
amorphous [10]. This marked the beginning of a new study in the field of
magnetism in amorphous materials.

Amorphous magnetic materials are excellent soft magnetic materials with
high induction and permeability, low hysteresis losses, high Curie temperature
and better mechanical properties like corrosion resistance. These amorphous
alloys can be prepared by rapid solidification techniques like melt spinning and
splat quenching [5]. A typical amorphous magnetic material can be represented by

T70-00X10-30, Where T stands for transition metals like Fe, Co, Ni and X can be

13
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metalloids like B, Si or metals like Mo, Hf, Nb [11]. The transition elements
impart magnetic properties, while metalloids aids in amorphisation and metals
like Mo act as grain growth inhibitors. The alloy composition, microstructure and
morphology influence the performance of these classes of materials. Regarding
the alloy design, Slater Pauling curve provides information regarding the
magnetic dipole moment and the alloy compositions (figure 8). Fe-Co alloys have
high magnetic induction and they are also found to have high Curie temperature.
Fe rich alloys have smaller induction and low Curie temperature while Co rich

alloys have smaller induction and larger Curie temperature [5].
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Fig. 8 Slater Pauling curve [5]

Soon after the advent of amorphous alloys, crystallinity was found to be a
deteriorating factor for superior soft magnetic properties [12]. But later in 1988,
Yoshizava, Oguma and Yamauchi introduced a new class of alloys having Fe-Si-
B with small additions of Cu and Nb [13]. This resulted in nanocrystalline

magnetic alloys which created renowned interests in scientists and technologists.
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These materials consist of nanocrystallites with grain size in the range 1-50 nm
embedded in an amorphous matrix. They were found to exhibit superior soft
magnetic properties than crystalline and amorphous magnetic materials.
Nanocrystalline alloys can be formed from their amorphous counterparts by
thermal annealing. Numerous nanocrystalline and amorphous alloys of different
elements were developed and they have been patented under trade names like
FINEMET, NANOPERM, HITPERM, METGLAS etc [5].

Several factors like magnetic anisotropy, magnetostriction, domain walls
and grain size can have a profound influence on the magnetization of amorphous
and nanocrystalline soft magnets [5]. Magnetic anisotropy refers to the directional
dependence of magnetization and they are of different origins like
magnetocrystallinity, shape and stress. The phenomenon that causes the material
to magnetize along a specific crystallographic direction is called
magnetocrystalline anisotropy. Anisotropy energy is the energy required to rotate
the spin system of a domain away from the easy axes. For a cubic crystal,
anisotropic energy is given by,

E=K,+K,(&fa; +aiaZ+aial)+K(dtaia?)+.....(1.8)
where, K;, K; are anisotropy constants and oy oy agare the direction cosines. Very
small or negligible anisotropy is preferred for soft magnetic materials. The lack of
crystallinity in amorphous materials leads to low magnetocrystalline anisotropy.
Apart from crystal orientation, the shape of the material can also affect the
magnetisation. The demagnetizing field Hy is the field that sets inside the material
opposite to that of the applied field Hagp.

H, =N,M (1.9)

The effective field of the material is given by,
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H, =H

€]

app — Ha (1.10)

The demagnetizing field is always greater along the shorter axis of the material.
To magnetize the material along shorter axis, larger fields will be required than
that of longer axis. Shape and stress anisotropies are also minima in amorphous
and nanocrystalline materials.

Magnetostriction refers to change in material dimension as a result of an
applied magnetic field. Lower value of magnetostriction is preferred for soft
magnetic applications. Fe based alloys have higher value of magnetostriction
compared to Co based alloys.

In a ferromagnetic material, the domains are randomly oriented in the
absence of a magnetic field and the growth of these domains with the applied field
results in magnetization of the material. Thus, the process of magnetization is the
growth of domains in the applied field direction, that is, a change over from multi-

domains to single-domain (figure 9).
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Fig. 9 Growth of domains in an applied magnetic field [2]
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The formation of domains can minimize the total magnetostatic energy. In
the absence of a field, each domains are spontaneously magnetized in different
directions and these domains are separated by domain walls. Domain walls are the
interfacial region separating two domains through which the magnetization
direction change (figure 10). This change cannot be sudden, usually domains

change through either 180° or 90° domain wall. The domain wall width is given

by
_ A
Oy =7 K, (1.12)

where, A is the exchange stiffness and K; the magnetocrystalline anisotropy.
The width of domain walls and their movement influences the ease with which a

material can be magnetized.

Domain
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Fig. 10 Depiction of domain wall [2]
The 180° domain wall can further be classified on the basis of rotation of spins. If

spins rotate parallel to the plane of domain wall, they are called as Bloch walls.

Neel walls are formed if spin rotates perpendicular to the plane of domain walls.
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Neel walls are observed in thin films. A pictorial representation of Bloch and Neel

walls are shown in figure 11.
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Fig. 11 Bloch and Neel domain walls [2]

1.3.1 Random Anisotropy Model: Herzer model

The random anisotropy in amorphous ferromagnets was first proposed by
Alben et al. [14]. The model was modified by Herzer in 1990 [15]. According to
earlier theories, the coercivity follows an inverse dependence on grain size,
indicating smaller coercivities require larger grain sizes [15]. This was applicable
for grain sizes greater than 100um. This changes when we switch over to nano
regime. If the grain size is less than the exchange correlation length, superlative
soft magnetic properties are expected. Exchange correlation length Le is the
minimum length scale below which, the ferromagnetic exchange interaction can

be sensed.

(1.12)

According to Herzer model, if grain size is less than the exchange length, the

anisotropies are averaged and the average anisotropy is given by, [15]

(K) = le{Lﬂ} (1.13)
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Fig. 12 Depiction of random anisotropy model [12]

The coercivity and permeability are related to anisotropy as;

_ P(K) _ pKx*D"
M, MA

S

H (1.14)

pyl\/ls2 pyl\/ISZA3
IL[: =
:UO<K> HoX*K{D°

(1.15)

where, x denotes crystalline volume fraction, H. is the coercivity, Ms saturation
magnetisation, p. and py - fitting parameters. According to the Herzer model, the
anisotropy of nanocrystalline soft magnetic materials follows a D® law [15]. It was
observed that this D° law was not applicable in the case of thin films. The films
are a two dimensional structure and the confinement effect have to be considered.

Accordingly the average anisotropy is represented as, [16]

KD?
(K)= A (1.16)

Therefore coercivity and permeability becomes
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p.K; D’
= TMA (117)
S
p,MZA
A= KID? (1.18)
0'M

Thus, for thin films coercivity follows a D law.
1.3.2 Metallic Glasses

Libermann et al. in 1976 developed a new amorphous alloy having Fe, Ni
and P, by using a supercooled fast spinning wheel and this was named as metallic
glasses or metglas [17]. These were commercialized in 1980s by allied signal.
Different alloy compositions were developed. Metglas 2826 is a Fe based alloy
having a composition of FesNizsMo4B1g. This alloy has high permeability, high
magnetic saturation, low magnetostriction and higher corrosion resistance. Many
researchers have carried out studies on their crystallization kinetics, magnetic
properties and microstructure [18-21]. Diverse reports exist regarding the
crystallization kinetics of FesoNizsMo4B1g. Antonione et al. was the first to report
the crystallization kinetics in 1978, according to which, Fes,NissMo4B1g follow a
two stage crystallization at temperatures 703K and 777 K with activation energies
296 and 334 kJmol™ respectively [22]. Majumdar and Nigam observed three stage
crystallization at temperatures 728K, 810K and 863K [23]. The findings of
Cumbrera et al. were also in accordance with the three stage crystallization [24].
From XRD studies carried out by Mizglaski the first phase to crystallize is
(FeNi)23Bg [25]. V S Raja et al. observed that y-FeNiMo crystallizes via primary
crystallization and fcc (FeNi),3Bs undergoes polymorphic crystallization [26]. Du
et al. carried out studies on crystallization and microstructural analysis by
Selected Area Electron Diffraction and observed that Fe-Ni crystallizes first and

at higher temperatures (FeNiMo0),3Bs phase is formed [19-20]. Hysen et al.
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reported the crystallization of FeNiMo at 699K and (FeNiMo),3Bgs at 809K [21]. R
Krishnan et al. reported a magnetization value of 87 emu/g for FesNisgMo04B1s
ribbon [27] Du et al. observed that the Fe-Ni phase enhances the magnetisation,
while (FeNiMo0),3Bs being a non magnetic phase degrades the soft magnetic
properties of FeyNisgMo4B1g [20]. The variation of magnetic properties of
FesoNizsMo04B1g with grain size was in accordance with the Herzer model [20].
The metallic glass FesNizsMosB1g have been used widely for various soft
magnetic applications like memory elements, read and write heads,
magnetostrictive sensors [28]. With the advent of miniaturization and Micro
Electro Mechanical Systems (MEMS) and Nano Electro Mechanical Systems
(NEMS) devices, the study of thin film forms of FesNi;sMo04B1g has gained
momentum. From a fundamental perspective, thin films are an ideal template to
study the effect of surface properties on magnetism. Hysen et al. and Senoy et al.
carried out studies on Fe4oNizsMo4B1g thin films prepared by thermal evaporation.
They also studied the role of thermal annealing on the magnetic properties [16,
29-31]. The as prepared films were amorphous in nature, and on annealing
nanocrystallinity could be induced, which can tailor the magnetic properties.
Senoy et al. have developed a magnetostrictive sensor based on FesoNizgMo04B1g
[28]. Liang et al. developed a magnetoelastic sensor using FeNiMoB films
prepared by co-sputtering [32]. Thus the study and development of devices based
on FeNiMoB are still in its full bloom.
1.4 MAGNETISM IN SPINELS

Spinel structures are categorized as having fcc cubic closed array of
oxygen atoms with two interstitial sites-the tetrahedral vacancies, called A site,
which has a tetrahedral coordination of oxygen atoms, and octahedral interstitials,

that has a octahedral coordination of oxygen atoms and known as B sites [33].
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Unit cell of spinel structure has 64A sites and 32B sites. They have the general
formula MFe,O4, where M is a divalent metal [34-35]. Depending upon the
charge state of ions occupying the A and B site, three types of spinels are defined:

e Normal Spinel: The divalent cation occupies the A site and trivalent cation
occupies the B site. This can be represented by the formula [M*]a
[Fe,**]s0.. Zinc ferrite is one of the normal spinel.

e Inverse spinel: The divalent cation occupies the B site and trivalent cation
equally occupies the A and B site. This has the formula
[Fe**]a[M* Fe*]50..

e Mixed Spinel: In these kinds of spinels, the divalent and trivalent cations
can occupy both the A and B sites. These spinels are represented by the
formula [A%,B*J[A*B*,,]0s Here, x denotes the degree of
inversion.

The magnetism in spinel structures depends on the type of spinel structure
and the magnetic ions present in A and B sites. The interactions in spinel
structures are indirect interactions mediated through oxygen atoms called as
superexchange interaction. Three kind of superexchange interaction is observable
in spinels: AOA, BOB and AOB. Among these exchange interactions the
strongest is AOB, then BOB and AOA [2]. If magnetic ions are present only in A
site, the interaction is Jaa and is known to be a weak interaction. If magnetic ions
are present only in B site, Jgg interaction is dominant. The magnetic ions present
in both A and B site, give rise to Jag interaction resulting in good magnetic
property of materials.

1.4.1 Zinc ferrite
Zinc ferrite is a normal spinel with Zn** occupying the A site and Fe**

occupying the B site. The magnetic ion Fe is in B site, therefore the dominant
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magnetic interaction is among Fe*" ions in B site. The Jgg interaction is very weak
and results in antiferromagnetic ordering and thus effectively no net magnetic

moment is observed.

Fig. 13 Structure of spinel

Brockman et al. was the first to study the structure and magnetic property
of zinc ferrite [36]. Neel temperature of zinc ferrite estimated by various methods
was found to be at 10.5K [37-38]. Schiess et al. observed coexistence of long
range and short range ordered antiferromagnetism below Neel temperature and
short range ordered antiferromagnetism at temperatures much higher than the
Neel temperature [39]. Kamazawa et al. carried out studies on single crystal zinc
ferrite and concluded that zinc ferrite is a three dimensional frustrated magnet
[40]. A weak ferromagnetic ordering in zinc ferrite has also been reported [37,
41].

The properties in nanoregime are entirely different from that of the bulk.
Many groups have carried out structural, magnetic (both ac and dc measurements)

and dielectric studies on nano zinc ferrite synthesized via different routes [42-49].
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The remarkable fact is that zinc ferrite nano particles never show a consistent
behavior. Depending upon the synthesis method, the properties can vary from
antiferromagnetic to ferrimagnetic, superparamagnetic or spin glasses [46-47, 50-
51]. Anantharaman et al. have carried out Mossbauer and Low Energy lon
Scattering (LEIS) studies on ultra fine zinc ferrites prepared by low temperature
and high temperature methods [52-53]. They observed that zinc occupies the B
site contrary to the conventional normal spinel structure and the amount of zinc
substitution depends on the particle size. Mossbauer studies also confirmed the
AOB interaction. Many studies carried out on nano zinc ferrite throw light on the
fact that the blocking temperature gets enhanced from 10K [51]. Tung et al.
studied the dependence of thermal annealing and observed that blocking
temperature shifts to 150K with annealing which was attributed to cation
redistribution [43]. Nuclear magnetic resonance (NMR) studies on nano zinc
ferrite revealed the spin canting of Fe ions in B site, which is due to the fact that
on cation redistribution the Fe ions in B site produces an antiferromagnetic
ordering while the Fe ions among A and B site causes ferrimagnetic ordering [54].

Apart from nanosized zinc ferrite, thin films of zinc ferrite have also
drawn attention of researchers and technologists. Studies on thin films of zinc
ferrite by various techniques and different methods to modify the properties of
thin films were reported [55-69]. Yamamoto et al. in 2001 deposited zinc ferrite
thin films by Pulsed laser deposition (PLD) and observed that the films exhibited
cluster glass behavior and studied the rate of deposition on the glass transition
temperature [68]. Tanaka et al. prepared zinc ferrite thin films by sputtering and
obtained room temperature ferrimagnetic behavior [56]. Nakashima et al. also
observed room temperature ferrimagnetic behavior in zinc ferrite films deposited

by sputtering and they carried out theoretical and experimental studies using
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X-ray absorption near edge structure (XANES) and observed cation redistribution
in zinc ferrite thin films [57, 70]. The effects of thermal annealing on the
structural, topographical and magnetic properties were studied [61, 63, 71-72].
The interesting fact is that the results obtained by one kind of deposition cannot be
reproduced by other method. The films deposited by sputtering yields room
temperature ferrimagnetism, while that by PLD gives weak magnetic properties at
room temperature [55, 57, 60, 67, 69]. Glassy behavior could be induced in films
by using sputtering technique [57, 61]. These anomalies make zinc ferrite an
interesting candidate to study.

Zinc ferrites are used in inductors, catalysts, high frequency systems and
as gas sensors [73-74]. Zinc ferrites were found to be excellent sensors for ethanol
[75]. The gas sensing properties depend on various factors like grain size, porosity
and surface area [74]. Thin films form of zinc ferrite is an ideal template to study
the properties and they are easier to integrate in various devices.

1.5 MAGNETISM AT FERROMAGNET (FM)-
ANTIFERROMAGNET(AFM) INTERFACE- EXCHANGE BIAS:
1.5.1 Phenomenon:

When a ferromagnet and antiferromagnet form an interface, an interesting
phenomenon called exchange bias is observed. This phenomenon results either in
a hysteresis loop shift, or loop widening, when the FM-AFM system is field
cooled below the Neel temperature of AFM. Loop shift or loop widening depends
on the AFM anisotropy. The spin orientation and loop shift as a result of exchange
bias is shown in Figure 14. The ferromagnet aligns along the applied field
direction at room temperature while AFM spins are randomly aligned. When the
system is field cooled below Ty, the AFM spins align antiparallel to each other.

During this procedure, at the interface, the AFM spins are coupled by FM spins to
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align parallel to FM. On reversing the magnetic field the AFM spins exerts an
additional torque if the AFM anisotropy is sufficiently large, which the FM spins
have to overcome. Thus a more negative field is required to make magnetization
zero. When AFM anisotropy is small, both FM and AFM spins rotate on magnetic

field reversal and this causes enhancement of hysteresis loop [76-78].
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Fig. 14 Schematic of exchange bias [76]
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1.5.2 Evolution of exchange bias:

In 1956 Meiklejohn and Bean reported “A new type of magnetic
anisotropy has been discovered which is best described as an exchange
anisotropy. This anisotropy is the result of an interaction between an
antiferromagnetic material and a ferromagnetic material”[79]. They observed a
loop shift in Co nanoparticle, and the exchange bias was due to FM-AFM
interaction arising from the oxidation of Co which results in Co-CoO core shell
structure. They assumed an ideal FM-AFM interface, that is, a smooth interface
with uncompensated spins. The predicted exchange field according to his model
was

H. __J (1.19)
M FM tFM
where, Jj is the interfacial exchange, Mgy is the magnetization of ferromagnet and
tem IS the thickness of ferromagnet. But the obtained experimental value of
exchange bias was not in agreement with this model. Neel observed exchange bias
in films of Co-CoO and Ni-NiO [77]. Most widely studied systems for exchange
bias is FeNi as the ferromagnet, and FeMn as AFM [80-82]. Many studies on
exchange bias with NiO, CoO, IrMn, Pt-Mn as AFM layers were reported [77].

However, the experimental results were not in accordance with the
theoretical predictions. The first correlation between experimental and theoretical
model was obtained with the development of domain wall model proposed by D
Mauri in 1987 [83]. The formation of domain wall at the interface can minimize
the interfacial exchange energy and thus stabilizes the system. According to this
model, the exchange field was

JAK
Ho=2Y 2~ (1.20)

M ey ten
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where, Aa and Kpa are the exchange stiffness and anisotropy of antiferromagnet.
This theory was in agreement with the experimental results. Malozemoff
discarded the concept of ideal compensated interface and proposed a random field
model, wherein the interface had moment imbalance due to interfacial roughness
and defects [84]. The exchange field is then influenced by the balance between
applied field pressure 2HMgTg and the effective pressure from the interfacial
energy difference Ac.

Ao

He =0 —
2M gy tey

(1.21)

The exchange field calculation involves finding the interfacial energy difference
between two ferromagnetic orientations and is thus given by,

224/ AK
He = ——

S Mt (1.22)
The Malozemoff model points out that the domain wall can be formed either in
the ferromagnet or antiferromagnet depending on where the energy is lower.
Malozemoff also studied the dependence of AFM layer thickness on the exchange
bias properties [85]. According to him there exists a critical thickness of the order

of domain wall width below which exchange field is observed given by,

_ f‘\/% (1.23)

crit — 4\/;

Koon et al. proposed a mechanism for exchange coupling at compensated

t

interfaces [78, 86]. The magnetic frustration as a result of competing
antiferromagnetic and ferromagnetic interaction results in a canted spin
configuration. This gives rise to a perpendicular orientation of ferromagnetic spins

relative to antiferromagnet easy axis. The exchange field is then given by,
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2
(o) (o)
He = 1- 1.24
= 2, M £4JJ (1.24)

In 2000, Miltenyi studied the dependence of non magnetic dilution of
AFM on the exchange bias properties of Co-CoO bilayers [87]. They observed
that the exchange bias increases by a factor of 2-3. Diluting the antiferromagnet
and then cooling the AFM below Neel temperature results in the formation of a
domain wall. This energy increase due to the formation of domains can be
minimized if the domain wall passes through the non magnetic defects. Therefore
the dilution of AFM or creating defects at AFM results in the formation of domain
walls. As the dilution enhances the exchange field, the formation of domain walls
also enhances the exchange bias. This model is often regarded as a proof for the
domain wall model. Thus the exchange field can be tuned by dilution or creating
defects at the AFM.

In 2007, Mannan Ali observed exchange bias in spin glass (SG) [88]. He
reported exchange bias in Co-CuMn bilayer. Interestingly many of the AFM
systems like CuMn, AgMn in which exchange bias is observed was later shown to
exhibit spin glass properties. All the exchange bias properties like field shift,
dependence of exchange bias on cooling field observed in FM-AFM systems were
found in FM-SG systems also. Usadel modeled the exchange bias due to FM-SG
using Monte Carlo simulations [89]. Apart from the common binary alloys that
shows exchange bias effects, many manganites, cobaltites and ferrites exhibiting
exchange bias has been reported recently [90-94].

Most of the models on exchange bias involve an inverse dependence of
exchange field on ferromagnet thickness, however the thickness dependence of

AFM is not well clear. In FeNi-FeMn system, it was reported that the bias field
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obeys a power law with AFM thickness as 1/t*, where the exponent A ranges from
0 to 0.3 [95]. The inverse relation of exchange bias with AFM thickness was also
observed in various other systems namely IrMn3/Co,
Lay3CarsMnOs/LaysCazsMnOs, Ta/Py/IrMn/Pt [96-98]. In most of the studies
carried out so far, the optimum thickness of the AFM layer is ~20 nm, the bias
field disappears for thickness values greater than this optimum thickness [99]. In
some other systems like CuMn-Co, it was observed that bias field increases with
thickness and attains saturation [88-89]. The effect of thickness on the exchange
bias is not universal and found to vary from system to system.

The phenomenon of exchange bias is of extensive interest as they can be
used in various spin valves, magnetic tunnel junction and other spintronic devices
and also due to the rich Physics involved [76, 100-101].

1.6 ION INTERACTION WITH MATERIALS

Energetic ion beams offers wide possibilities for various studies in Physics
and other branches of Science. How we view different sized objects around the
universe and the solutions for such interrogations have led to the discovery of
various instruments; for instance, microscopes to view micron sized objects like
bacteria, telescopes to view distant stars and galaxies and electrons to view things
at an atomic scale. What happens if we go still deeper inside nucleus? How can
we probe the nucleus? High energy ions provide the retort. Since momentum and
wavelength are inversely related, high energy particles have smaller wavelength
which is comparable to the nuclear size and hence they are an ideal tool to inspect
the nucleus. The high energy particles are produced with the help of particle
accelerators. In the beginning of accelerator technology, high energy ions were
used only in the field of nuclear physics and atomic physics. Later by 1960s

scientists found the advantages of high energy ions in solid state physics also
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[102]. The defects created by ion beams could change the properties of the
materials and thus the journey of ion interaction with matter was on its way.

Energetic ion beams can be used effectively in materials science for
diverse applications. lon beams can be used for synthesis, modification and
characterization of materials [102-103]. Energy of 1eV corresponds to 10000 K of
temperature. Production of such high temperatures with other methods is in
general, a tough challenge. The highly localized heating and sudden cooling upon
energetic ion beam irradiation is extremely a non equilibrium process. This can
cause drastic changes in the material properties [102]. Low energy ions of the
order of few KeVs are used for material synthesis like in sputtering, ion beam
assisted deposition etc. Energies of the order of few MeVs are used for material
characterization. Various characterization techniques employing ions are
Rutherford Backscattering Spectrometry (RBS), Elastic Recoil Detection Analysis
(ERDA), Particle Induced X-ray Emission (PIXE), Nuclear Reaction Analysis
(NRA), etc. High energetic ions of the order of few MeVs to hundreds of MeVs
can be used for material modification, nanostructuring, etc. lon beams are used
widely in semiconductor industry for controlled and precise doping.

When ions pass through the material, they undergo various kinds of
interaction and thus lose energy. The ions lose energy through collisions,
columbic interaction and bremsstrahlung losses. The Coulomb interaction and
associated energy loss is more predominant compared to other modes. Among the
coulombic losses, incoming ion can lose energy either by elastic or inelastic
interaction. Depending on the kind of interaction energy loss is classified as:
Electronic energy loss:

The incoming ions, on traversing through the target material, lose energy

and slow down by inelastic collision with the electrons of the target atom. The
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possible outcomes of these interactions are the ionization and/or excitation of
target atoms. Here the energy transmitted to electrons through inelastic collisions
is transferred to the material via electron phonon interaction. As it is evident from
de Broglie hypothesis, the energy or momentum of incoming ion should be high
enough to have such small wavelength for interaction with orbital electrons. The
heavy energetic ion, on entering the medium, starts losing energy continuously via
Coulomb interaction. Since the time of interaction is less, the energy loss per unit
length will be minimum which maintains the ion trajectory straight. But as it
traverse through the material, the ion counters multiple interactions and starts to
slow down thereby increasing the number of interaction per unit length and this
process continues. Finally the ions get buried in the material, if the range of ions
is less than material thickness, depositing a major portion of energy near the end
of ion trajectory and if range is higher ions pass through the material. Energy loss
as a function of energy will have sharp peak near end known as Bragg peak, a
typical characteristic of charged particle interaction with matter. Also it has been
observed that the ion trajectory deviates from straight line near the end where
energy remaining is less and the interaction is more.

Nuclear energy loss:

For lower energy regime, below a few hundred keV, the ions lose energy
via elastic collision with the target atom. At lower energies, de Broglie
wavelength of the incoming ion will be relatively high, comparable to atomic
dimension and thus the prominent interaction can be visualized as atom-atom
elastic collision mediated by repulsive potential between them. When atoms
receive significant recoil energies, they will be removed from their lattice
positions, and produce a cascade of further collisions in the lattice. In the case of

low energy ions, the ion trajectory deviates largely from a straight line.
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1.6.1 Swift Heavy lons (SHI):

Swift heavy ions are ions having energy greater that 1MeV/u. Their
interaction is mainly via electronic energy loss. Two models namely Coulomb
explosion and thermal spike model have been proposed to explain the interaction
of swift heavy ions [102].

Coulomb Explosion model:

An energetic ion ionizes the atoms in a cylindrical region along the ion
path. Repulsive electrostatic forces, that is, the Coulomb force act during the
period before charge neutrality is restored, giving rise to a violent explosion. The
Coulomb explosion occurs, only if the charge neutralization time exceeds 107 s.
This phenomenon leads to the localized damage or change of the lattice within a
narrow cylindrical zone in insulators and not in metals. In case of metals the
charge neutralization time is less than 10 s and therefore charges are neutralized
before explosion. Coulomb explosion theory failed to explain the ion interaction
in metals.

Thermal Spike model:

In thermal spike model, it is assumed that when the temperature in the ion
track exceeds the melting point of the material, a transient molten state is formed
in a localized zone of few nanometers, existing for a short duration in typically ps
time scale. The rapid thermal quenching of the hot cylindrical region results in an
amorphous track along the ion path in a short span of time. This results in a

modified material within the cylindrical region.
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1.6.2 lon Beam Mixing

At the interface of two layers, passage of ions results in movement of
atoms from one layer to the other forms a new mixed layer. This is referred to as
ion beam mixing. When a film deposited on a substrate is irradiated with ions, at
the interface of the film and substrate, ion beam mixing can take place. If we a
have a bilayer or multilayer film, ion irradiation causes mixing of different layers.
The properties of mixed layer are different from that of individual layers. In the
lower energies ion beam mixing is dominated by the nuclear energy loss and at
higher energies by electronic energy loss. lon beam mixing by swift heavy ions
was first reported in Fe/Si multilayers by Dufour et al. [106]. The advantages of
ion beam mixing are its spatial selectivity and thermodynamically immiscible

systems can be mixed [102-103].
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1.7 MODIFICATION OF MAGNETIC PROPERTIES BY SHI

Swift heavy ions can be used effectively to alter the properties of the
material. Even though the ion interaction in materials has ensued around 1960s, it
is only recently that the role of ion beams on magnetic properties began to be
perceived. The structural and topographical changes induced as a result of
irradiation can influence the magnetic properties of the material. lon irradiation
can cause structural disorder, produce interstitial defects and introduces strain
effects which can cause changes in magnetic anisotropy and magnetic order [107].
The irradiation effects carried out on permalloy thin films by Baglin et al.
modified the anisotropy and magneto resistance [108]. Implanting Cr ions in NiFe
alloys reduces the Curie temperature [109]. In FePt alloys which was non
magnetic, ferromagnetism was induced as a result of ion irradiation [110]. lon
beam also finds application as a tool to create pattern in high density recording
media [107]. In intermetallic alloys the crystalline state is weakly magnetic, while
the amorphous state exhibits enhanced magnetisation as a result of local disorder
which can localize the 3d electrons [111]. Amorphous tracks can be created by ion
irradiation.

In soft magnetic alloys coercivity and anisotropy could be tailored by ion
irradiation. Thin films based on metallic glasses were irradiated with swift heavy
ion and the changes in topographical and magnetic properties have been studied
[112-115]. Senoy et al. carried out irradiation studies on thermally evaporated Fe-
Ni alloy thin films using 108MeV Ag ions. They observed that the surface
roughness increases with ion fluence which in turn causes domain wall pinning
resulting in an increased coercivity [115]. Geetha et al. carried out irradiation
studies on CoFeSi films and an increase in roughness with ion fluence was

observed. The stress relaxation at lower fluences reduced the coercivity and at
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higher fluence the increase in density of pinning centers increase coercivity [114].
Hysen et al. observed an increase of surface roughness at lower fluence and then a
decrease at higher fluence on metallic glass thin films as a result of irradiation.
This is due to the interplay of ion induced sputtering, surface diffusion and
volume diffusion [112].

SHI induced track formation in ferrites have been of great interest to
researchers. Track formation occurs above a particular threshold value of
electronic energy loss [111, 116]. Below this threshold, defects and disorders are
produced as a result of ion irradiation. The formation of latent track as a result of
ion irradiation was first observed in mica [116]. Among the magnetic oxides the
track formation was reported in yttrium garnets [116]. Studer et al. observed a
ferrimagnetic to paramagnetic transition in barium hexa ferrite and yttrium garnet
irradiated with GeV Ar ions [117]. They observed a threshold electronic energy
loss above which damage efficiency increases drastically and a high electronic
energy loss where the damage effects gets saturated in yttrium garnets [118].
Chukalkin et al. reported ferrimagnetic transition of zinc ferrite under neutron
irradiation [119]. Studer et al. reported in 1993 the irradiation induced by GeV
energetic U, Kr and Xe ions in zinc ferrite spinels, which creates amorphous
tracks and induces ferrimagnetic properties on zinc ferrite [120]. Zinkle et al.
studied the effect of electronic energy loss on the track formation of MgAl,O4
spinel [121]. A comparative study on the effect of 85 MeV oxygen ions on micron
and nano sized strontium ferrite was carried out and the micron sized samples
were more profound to irradiation induced damages than nano sized counterpart
[122]. The effect of track induced stresses on the magnetic anisotropy and
permeability of yttrium garnets was studied by Costantini et al. [123]. Irradiation

induced modification on nanostructures of Ni-Zn ferrite, Mn-Zn ferrite, Mg-Mn
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ferrites were reported and changes in magnetic properties is attributed to
amorphisation and track formation [124-126]. The amorphisation in nickel ferrite
thin films as a result of ion irradiation was studied [127]. Srivastava et al.
reported that superparamagnetic state of zinc ferrite retains even after irradiation
with 100 MeV oxygen ions [128]. J P Singh et al. studied the effect of oxygen
irradiation on zinc ferrite nanostructures and formation of latent tracks of diameter
3nm; however the magnetic properties were found to decline with irradiation
[129].

Exchange bias is an interface phenomenon and modification of interface
can have a profound influence on the exchange bias properties. lon irradiation can
be used as an ideal tool to modify the interface. Mewes et al. reported suppression
of exchange bias in FeNi-FeMn system by keV He ion irradiation [130]. Mougin
et. al. in 2001 put forward a theoretical model to explain the modification of
exchange bias by ion irradiation [131]. According to the model, the exchange bias
is directly proportional to the defects created at the AFM as a result of ion
irradiation; as defects act as pinning centres for domain wall formation and thus
can enhance the exchange bias effect. Also, exchange bias exponentially decay
with the interface defects. The model is theoretically expressed as

He _ (1+aptN)xe™ (1.25)
EBini
where, Heg is the exchange bias field, Hegini IS the exchange bias field prior to
irradiation, a is the efficiency of ions to create defects at the AFM and thus
enhance the exchange field, p is the probability of atoms to be displaced by the
incoming ion, t thickness of AFM, N is the ion dose and b is the efficiency of ions
to modify the interface and thereby reduce exchange bias. Thus the ion induced

modification of exchange bias is a competition between defects creation in AFM
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and interface mixing [131-132]. This model agrees with the experimental results
obtained for He ion irradiation on FeNi-FeMn systems [131]. Engel et al. reported
the modification of exchange bias in FeNi-NiO system by He ion bombardment in
an applied magnetic field [133]. The initial studies on exchange bias modification
by low energy ions have been extended to spin valves and magnetic tunnel
junctions [80-81, 134-137]. The time dependence of exchange bias after
irradiation was also studied and modeled [138-140].

lon irradiation offers wide possibilities to alter the magnetic properties by
microstructural, magnetic and interface modification.
1.8 MOTIVATION AND OBJECTIVES

Metallic glasses have attracted the attention of technologists because of
their excellent soft magnetic properties compared to other conventional crystalline
materials. From literature it is evident that the studies on bulk systems have been
extensively pursued by researchers worldwide [5, 12, 141]. FesoNizgMo04B1sg
belongs to the family of metallic glass, where Fe-Ni imparts magnetic properties,
B aids in amorphisation and Mo act as a grain growth inhibitor. Thermal
annealing induces nanocrystallinity in these alloys and their soft magnetic
properties get enhanced [142]. The crystallization kinetics and magnetic
properties of FesNisgMo4B1g ribbon have been studied in detail by various
researchers [19, 21, 143]. Studies on thin films of these materials assume
significance as the magnetic properties of thin films are different from bulk and
they can be integrated in to MEMS and NEMS devices. Earlier studies carried out
in our lab on thin film forms of Fes,NissMo4B1g alloys by employing vacuum
evaporation yielded films with excellent magnetic properties. However, the target
composition could not be retained in the film [16, 30, 31]. As each element has its

own contribution, retaining the composition of the target in the film is necessary
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as the individual components play a very important part in deciding the overall
magnetic properties of these films. FesoNizsMo04B1g system can act as an ideal
template to study the role of target elements, crystallinity and surface morphology
on the magnetic properties of thin films. The target elements can be retained by
adopting Radio Frequency (RF) sputtering methods to fabricate thin films.
Retaining the target elements in thin film form and the modification of their
properties by thermal annealing is one of the objectives of the present study. The
motivation behind such a study is based on the presumption that thermal
annealing modifies the surface roughness and grain size which in turn alters the
magnetic characteristics of the film.

Ferrites are an interesting class of candidates to study the magnetic
properties, as the properties are highly structure sensitive and also because of their
potential applications in areas like catalysts, sensors. Zinc ferrite is an
antiferromagnet with a Neel temperature of 10K and the antiferromagnetism is
attributed to its spinel structure [36]. However several anomalies exist in the
magnetic properties of zinc ferrite. In the nano regime, Zinc ferrite can be
superparamagnetic, ferrimagnetic or a spin glass depending on the synthesis
method [46-48, 51]. Studies on thin films of zinc ferrite indicate that the film
thickness, the synthesis method and annealing conditions greatly influence the
magnetic behavior and the Neel temperature [55-57, 67]. A zinc ferrite thin film
with excellent ferrimagnetic properties at room temperature is desirable for
various applications. Fabrication of zinc ferrite film with room temperature
ferrimagnetic property and its response to thermal annealing is another objective
of the present study. The magnetic ordering of zinc ferrite at lower temperatures is

also of interest from a fundamental perspective.
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Exchange bias is a phenomenon observed at FM-AFM interfaces. The FM
spins are pinned by AFM spins on field cooling below the Neel temperature of the
antiferromagnet. As a result the hysteresis loop is shifted along the field axis.
These kind of exchange coupled structures are highly desirable in spin valves,
magnetic tunnel junctions and other spintronic devices [76]. Exchange bias is also
observed in ferromagnetic-spin glass, ferrimagnetic-antiferromagnetic and even
soft-hard magnetic systems [76, 88-89]. As FeNiMoB is a FM and zinc ferrite can
be an AFM or SG, a bilayer system of FeNiMoB-Zinc ferrite could probably
exhibit exchange bias. Exchange bias depends on FM-AFM thickness and the
FM-AFM interface. Most of the studies of FM-AFM systems carried out so far is
on ultra thin films with thickness typically ranging from ~1-20nm [80, 95]. The
effect of thicker films on the exchange bias properties is never seen investigated
thoroughly. So a systematic investigation is desirable inorder to examine the
possibilities of an exchange biased system consisting of a FM film like FeNiMoB
and an AFM/SG like zinc ferrite. This is yet another motivation of the present
study.

The film properties can be modified by thermal annealing and ion
irradiation. lons on traversing through a material lose energy by nuclear energy
loss and electronic energy loss. Swift heavy ion (SHI) irradiation can alter
magnetic properties of bulk materials as well as thin films [102]. The magnetic
properties of thin films depend on various factors like composition, crystallinity,
crystal structure, anisotropy, surface and interface roughness and any changes in
the above properties can also bring in changes in their magnetic properties [112-
114]. Swift Heavy ion irradiation can amorphise, recrystallize or create defects in

materials. lon irradiation studies on RF sputtered films of FeNiMoB are carried
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out with a view to enhancing the magnetic properties. This is also an objective of
the present study.

lon irradiation in crystalline materials can create amorphous tracks within
the material. Spinel structures are susceptible to track formation [111, 116, 120,
129]. The track formation and the resulting changes in room temperature and low
temperature magnetic properties as a result of ion irradiation in zinc ferrite is of
great interest. The interdependence of crystallinity with the nature of magnetism
exhibited by these films is of fundamental interest. This is also an intended study
in the present thesis.

The modification of interface by ion irradiation can induce substantial
changes in the exchange bias. The ion induced modification of exchange bias is
the interplay between the defect creation in AFM and ion beam mixing at the
interface [131]. Most of the studies on ion induced modification of exchange
biased systems carried out so far is in the low energy regime of the order of a few
keVs where nuclear energy loss is predominant [130-131, 133]. At higher
energies, the ions lose energy by electronic energy loss and swift heavy ion
irradiation induced modification of exchange bias properties offers possibilities to
model the dependence of exchange bias on electronic energy loss. The
modification of exchange bias in FeNiMoB-zinc ferrite system by swift heavy ion

irradiation is also another motivation.

Thus, the major objectives of the present study in a nut shell are the following.

1. To replicate the exact composition of FesNizsMo4Big in their thin film

forms by RF sputtering.
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2. To study the effect of thermal annealing on the structural and magnetic
properties of RF sputtered FeNiMoB thin films.

3. To tailor magnetic characteristics of FeNiMoB thin films by swift heavy
ion irradiation.

4. Preparation of zinc ferrite thin films by RF sputtering and conduct a
detailed investigation of the mechanism responsible for magnetism in
these films.

5. To create amorphous tracks in zinc ferrite thin films by swift heavy ion
irradiation.

6. Fabrication of FeNiMoB — zinc ferrite bilayer film exhibiting exchange
bias effect.

7. To study the modification of exchange bias in FeNiMoB — zinc ferrite

bilayer film by Swift heavy ion irradiation.
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The advent of nanotechnology demands fine and precise analytical tools. It
is extremely important to know the underlying Physics and the experimental
details involved while doing research. This chapter is devoted to the various
experimental and analytical techniques used for the present study. The chapter
begins with synthesis of nanomaterials and thin films, and then the structural
characterizations like XRD, SAED are discussed. RBS, XRR, XPS, TEM, AFM,
VSM and SQUID are also detailed.

2.1 SYNTHESIS OF NANOMATERIALS

Nanomaterials are materials with particle size of the order of few
nanometers. Two different approaches are used for nano synthesis:

Top down approach: The bigger particles are made into smaller and smaller by
various methods like mechanical or ball milling method.

Bottom up approach: The material is synthesized by atom by atom growth. Eg:
chemical methods, thin film deposition etc.

Nano materials can be prepared by chemical reaction starting from the
appropriate precursors. Various chemical methods widely employed for nano
material synthesis are coprecipitation method, sol gel auto combustion,
microemulsion, hydrothermal methods etc. In the present study, we have adopted
sol gel auto combustion method which will be detailed here.

2.1.1 Sol gel auto combustion

Sol gel method is an outstanding method for the synthesis of hybrid
nanoparticles and nanocomposites. The sol gel route involves preparation of sol,
successive gelation and solvent removal. In this method, the desired salts are first
dissolved in an organic solvent like ethylene glycol or citric acid. Once the salts
are dissolved, the solution is heated at 60°C or 70°C to form a thick sol. The

obtained sol is heated at a temperature of around 120°C until combustion took
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place, thereby removing the water content. The obtained powder is then sintered
at very high temperatures to obtain phase pure samples. The organic solvents like
ethylene glycol or citric acid act as combustion agents. Sol gel method has been
reported to be excellent for the synthesis of various ferrites. It can provide
homogeneous ultra fine nanopowders [1].
2.2 THIN FILM DEPOSITION

Thin films are nanostructures having a backing material and with thickness
in the nano regime. The properties of thin films depend on the substrate,
deposition methods, deposition conditions like pressure, temperature, atmosphere
etc. A thin film evolves through the following stages: Nucleation, island growth,
coalescence of islands, formation of polycrystalline islands and channels,
development of continuous structure and thickness growth [2]. Nucleation is the
starting stage of film growth. The individual atoms deposited on the substrate
combines to form adatom. These adatoms diffuse through the substrate and the
film growth takes place [2].
The different mechanisms for the growth of films (figure 1) on a substrate are [2];
Volmer Weber island growth: In this type of film growth, the atoms are more
strongly bound to each other than to the substrate. Thus, small clusters get
nucleated to the substrate and forms islands.
Frank Vander Merwe layer growth: The atoms condense on to the substrate and
form a complete monolayer on the substrate. This happens when the atoms are
more strongly bound to substrate.
Stranski Krastanov layer plus island growth: This growth mode is a combination
of layer and island growth. Initially layer is formed and then island formation

takes place.
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Fig. 1 Mechanisms of film growth [2]

Thermal evaporation, Pulsed Laser Deposition, sputtering, spray pyrolysis are the
common methods of thin film deposition. In the present study sputtering method
was adopted and will be described in detail.
2.2.1 Sputtering

Sputtering refers to the process of ejection of atoms from a solid surface as
a result of ion bombardment. Sputtering is a physical vapor deposition process;
the ions hit the target material which acts as cathode and the ejected atoms are
deposited on a substrate which acts as anode. The whole process takes place in
vacuum and when the required pressure is reached, inert gas is flowed in to the
chamber and the electric field applied produces a plasma region where the
positive ions are generated. These positive ions are attracted to the negative
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cathode where we have the target and collision of ions with target takes place. The
momentum transfer as a result of collision ejects atoms from the material and they
are subsequently deposited on the substrate. Two kinds of sputtering are
commonly used DC and RF. In DC mode a voltage of 2-5kV is applied. DC
sputtering cannot be used to deposit non conducting materials. In that case RF
sputtering is the choice. In RF sputtering, a RF signal is used to generate the
plasma. Schematic of sputtering is shown in figure 2. The sputter deposition takes

place when target is negative [2].

Cooling
Gas \
Inlet (Ar) ~_, -]

A f

Discharge 2 ﬂ '._}:/_/'//;/}7}/;9; 4 Cathode
(Plasma)~_F koA ekad "

Sputerred k
Atoms -2

Source

i

Substrates/ -

1™ Anode

Vacuum
System

Fig. 2 Schematic of sputtering process [2]
Quantitatively, sputtering process is characterized by sputtering yield
which is defined as the ratio of atoms sputtered to the number of particles incident
on the target. Sputtering yield Y is given by,

_3a  4mm, E
4z* (m, +m,)* U

(2.1)
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where, m; and m; are atomic mass of incident ion and target, U is the binding
energy of surface atom of target, E is the energy of incident ion, o is the parameter
that depends on ratio of mass of target atom and incident ion [2].

Sputtering method is best suited to deposit alloys as the thin films
deposited by sputtering retain the target composition. Suppose the target is an
alloy represented by ABABABAB. If sputtering yield of A is greater than that of
B, A atoms are sputtered. The target is now enriched with B, so next B atoms get
sputtered. This cycle goes on and finally we obtain a film that has close
resemblance to the target composition.

In the present study, thin films were deposited using a home made set up
of sputtering unit at Inter University Accelerator Centre (IUAC), New Delhi. The
system uses indigenously developed 500 W, 13.56 MHz with matching network
as RF power supply. The vacuum system includes Turbo pump used to produce
clean vacuum, backed by scroll pump.

2.3 IO0N IRRADIATION FACILITY

The heavy ion irradiation experiment was carried out using 15 UD
Pelletron accelerator at Inter University Accelerator Centre (IUAC), New Delhi.
This is one of the two high energy Pelletron accelerators available, at present, in
the country. A detailed description of the facility is given in the following section.
2.3.1 Pelletron accelerator

The 15 UD Pelletron accelerator at IUAC, New Delhi, is an electrostatic
tandem accelerator capable of accelerating a wide range of ions, from proton to
uranium up to an energy of about 200 MeV depending upon the ion species. The
accelerator is installed in vertical configuration in an insulating tank of length

26.5 m and diameter 5.5 m, filled with SF¢ gas. The high dielectric strength and

61



Chapter 2

high recombination rate of SFg make it an ideal medium for electrical insulation.
The schematic diagram of the Pelletron accelerator is shown in figure 3.

The heavy ions of required species are produced by cesium sputtering. The
source is named as Multi Cathode Source of Negative lons by Cesium Sputtering
(MC-SNICS). Inside the source volume, cesium vapours are ionized and
collimated to target material, elemental or compound form of ion species; with an
electrostatic field to sputter out the ions (it may be positive, negative or neutral).
Later the negative ions are extracted by an extractor field (electrostatic) and
transported to beam line with a pre-acceleration giving ~300keV energy. These
negative ions are mass analyzed using the 90° injector magnet which bends the
ions by 90° in vertical direction down to the accelerating column. Inside the
vertical accelerating tank a high voltage terminal is located at the center. The
terminal can be charged to potential as high as 15 MV using a pair of charging
units consisting of a chain of pellets interconnected by nylon, hence the name
Pelletron. The central potential is subdivided using a series of high resistors and a
gradient is generated from terminal region to ground. Altogether, there are 30
units with 1 MV potential difference located 15 on either sides of the terminal.
The injected negative ions get accelerated due to the increasing field up to
terminal. At the terminal section, stripper foils of carbon are placed on the beam
path which strips out electrons and convert it into positive ions having a
distribution of charge states varying from 1+ to Z. These ions, being positive, are
repelled by the terminal potential and thus gain another stage of acceleration and

energy boosting [3].
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Fig. 3 Schematic of pelletron accelerator [3]

The energy of ions obtained from the pelletron accelerator is given by,
E=E,+Q+qV (2.2)
where, Einj is the energy from the source, q is the charge state of ion after stripping
and V is the terminal voltage. The beam of required species and required energy is
bend to horizontal direction using another bending magnet. The magnetic field
can be tuned such that a particular charge state, and hence energy can be selected.
This high energy beam is further switched into a specific beam line using a
switcher magnet following magnetic Lorentz formula. The entire system follows
Computer Automated Measurement And Control (CAMAC) standard which helps
to monitor and control their performance from a remote location.
In the present study irradiation is carried out using 100 MeV Ag ions with

different fluences. Fluence is defined as the number of ions impinging on the

sample per unit area.
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n
fluence = —
A

n is the number of ions and is related to the ion charge g.

q=ne

lon current | is,

Therefore,

where, t is the time and e is the electronic charge.

Thus fluence can be related to time of irradiation and is given by

_ fluence x A
6.25x10° x |

The current of ion beam from pelletron accelerator is denoted in particle nano

Amperes (pnA).

2.4 RUTHERFORD BACKSCATTERING SPECTROMETRY (RBS)

The history of Rutherford backscattering can be traced back to 1911, when
Rutherford conducted his gold foil experiment which led to the breakthrough
discovery of nucleus. Many years later, the same mechanism is used as an
analytical tool for material characterization in the form of RBS, which was first
described by Rubin et al. in 1957. Nowadays, RBS is a widely used nuclear tool

for analyzing thin films; which can give information about the film thickness,

composition and elemental depth profile [4, 5].

In RBS, monoenergetic particles of the incident beam collide with the

nuclei of the target atoms and the backscattered ions are analyzed. The incoming
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ions undergo elastic collisions with nuclei of target atoms, and during this process
the ions lose energy. The reduction in energy of the backscattered ions depends on
masses of incident and target atoms and thus is signature of the target atoms.

2MeV He ions are best suited as the incident beam for RBS experiment.

NUCLEAR PARTICLE
6 Y DETECTOR
SCATTERING SC’;TETIEJED
ANGLE, 6
JMeV He* BEAMJ
AAAAA I 4
™ /'1
- SAMPLE COLLIMATORS
M
6
E
/_\ - M1 J
,I,,, ,,,@ -~ MeV He ION
O w, %
M,
=5

Fig. 4 Schematic of RBS [5]

The energy E; of backscattered projectile is given by,

E, =KE, (2.8)
where, K is the kinematic factor and E, the energy of incoming ions. Kinematic
factor is the ratio of energy of projectile before collision to energy after collision
and is given by,

1/2) 2

2 2
Ksz cos 6+ M, —sin® 6@ (2.9)
(M, +M,) M,
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where, M; and M, are the mass of incoming ion and target nuclei respectively and
0 the scattering angle. If the target contains more than one element with mass
difference AM, the energy separation AE; of particles is given by,
dK
AE, =E,——AM 2.10
1 0 dM 2 ( )

2
The mass separation and energy resolution is better for lighter elements than
heavier ones. The quantitative analysis of elemental composition can be obtained
from the scattering cross section. Scattering cross section is defined as the
probability that the ion can cause a backscattering collision and is given by,

(2.11)

o(E.0) :(lezezjz ) 4[(|\/|22 ~M/Zsin20)" + M, cos@]2
4E M, sin* 8(M2 —M?sin? 9)*
The yield is the number of backscattered particles detected which is denoted as Y
and is given by,
Y =o(E,0)Q0N, (2.12)

where, Q is the detector solid angle, Q is the total number of incident particles in
the beam and N is the areal density. By knowing the atomic density, thickness
can be calculated [4].
The RBS spectrum is analyzed with the help of computer simulation programs
like XRUMP and SIMNRA.
Advantages of RBS:

It is a nondestructive technique

No need of any reference standards for data analysis

Film thickness, composition and depth profile can be inferred easily
Limitations:

Poor mass resolution for heavier elements
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The mass resolution is poorer for thicker films
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Fig. 5 Typical RBS spectrum [5]

2.5 X-RAY REFLECTIVITY (XRR)

X-ray reflectivity technigue is a surface sensitive analytical technique used
to characterize surfaces, thin films and multilayers. It can provide precise
determination of film thickness and surface or interface roughness. When X-rays
impinge on a flat surface, it gets reflected from the surface when the incident
angle is less than the critical angle. At incident angles greater than the critical
angle, the X-rays penetrate, and get reflected from interface. The rays reflected
from the surface and interface interferes to produce interference fringes. This was

first observed by Kiessig and these fringes are also known as Kiessig fringes [6].
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Fig. 6 Reflection of X-rays from a layered structure

The refractive index of X-rays are slightly less than 1, and is given by,

n=1-5+ip (2.13)
Where, 6 and B are the dispersion and absorption of x rays by the material and is
given by,
r,A* .
O="2"(Z+f 2.14
2+ P (2.14)
LA ..
p= f N om (2.15)
2

Where, rq is the Bohr atomic radius, A is the X ray wavelength, Z is the number of

electrons per atom. The complex form factor is defined as

f=Z+f +if (2.16)
Natom 18 related to the material density p as
N
natom = TAP (217)

where, Na is the Avogadro number and A the atomic weight. The film thickness is
determined by the period of oscillation of interference fringes and the decay rate

of reflectivity curve gives information about roughness.
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The X-ray reflectivity is measured using glancing X-ray diffractometer
with some modifications. The incident angle is varied and the reflectivity is
measured. A monochromator is normally used in the incident beam to remove
unwanted X-ray wavelengths and, in combination with slits, to collimate the
incident beam. Often, the Kal emission line of a Cu anode source (1.5405 A) is
employed. Two concentric goniometers are used, with the sample mounted on one
goniometer and the detector on the other. A slit is placed in front of the detector to
define the angle of the reflected beam (figure 7). Alternatively, a second
monochromator/slit arrangement can be used for this purpose. This can further

reduce unwanted background radiation [6].

optional knife-edge slit to reduce

e ‘ : beam
b_u_am 3 scatter and/or collimate beam SR
conditioning conditioning

source \/ —p detector

sample

Fig. 7 Alignment of diffractometer for XRR [6]

The reflectivity versus incident grazing angle obtained after the reflectivity
measurement is fitted using the Parratt software to determine thickness and
roughness.
2.6 X-RAY DIFFRACTOMETER (XRD)

X-ray diffraction is the classical method for determining the crystalline
structure of solids. The basic principle of XRD is the Bragg’s law which states

that the X-rays reflected from the different planes of the crystal constructively
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interfere when the path difference is an integral multiple of wavelength which is

mathematically expressed as,

nA=2d,,sinég, (2.18)
where, n is an integer, A is the wavelength of the radiation, dyy is the spacing
between atomic planes and 6 is the diffraction angle. The interplanar spacing can

be computed by employing the relation
1

dp = WREENT (2.19)
\/az+b2+cz
where a, b, c are the lattice parameters.
For cubic symmetry, a=b=c
a
dp = (2.20)

vh? +k? +1?

The components of a diffractometer include a monochromatic radiation
source, sample stage (goniometer), radiation detection system, enclosure, and
safety features. One of the most common configurations is the 6—26 upright. This
configuration of diffractometer has a movable detector and an X-ray source,
rotating about the circumference of a circle centered on the surface of a flat
powder specimen. The intensity of a diffracted beam is measured directly by an
electronic solid-state detection system. The diffracted beam of X-rays generates
electron—hole pairs in the detector. The electronic system converts the collected
charge into voltage pulses. The number of pulses per unit of time counted by the
electronic system is directly proportional to the intensity of the X-ray beam

entering the detector [5].
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Fig. 9 Schematic view of 6—20 geometry of XRD [5]

Figure 9 shows the schematic of a 6-260 upright. The source and detector
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also known as Bragg- Brentano reflection geometry. This tool is ideal for powders
and large samples [5]. Once the diffraction pattern is obtained, sample can be
identified by comparing with the standard International Centre for Diffraction
Data (ICDD) file.

The crystallite size can be determined from the XRD pattern using the

Scherrer formula given by,

D— ﬂ0.9/10 (2.21)
COS

where, D is the crystallite size, B is the angular width in radian which is equal to
full width at half maximum.
2.7 GLANCING ANGLE X RAY DIFFRACTOMETER (GXRD)

In the case of thin films, significant information about its structure cannot
be obtained from XRD. This is because the penetration depth of X-rays is higher
than the film thickness and sample information obtained from XRD will be
superimposed by that of the substrate. Thus it is necessary to limit the depth from
which information is gathered. This can be realized by reducing the angle of X-
rays with respect to sample surface.

In glancing angle X-ray diffraction (GAXRD) technique, the Bragg-
Brentano geometry of XRD is modified to an asymmetric parafocusing Seeman
Bohlin geometry (figure 10). This geometry alloys the incident X-rays to impinge
on the sample at a small angle, v (usually 1° to 3°%). The diffracted X-rays are
recorded by a detector that moves along the focusing circle. The X-ray path length
is proportional to 1/sinyg, therefore smaller incident angles provides good
sensitivity for thin films, as the increased path length in films can provide large
diffracting volume of the film. By increasing the path length of the incident X-ray

beam through the film, the substrate contribution drastically reduces and thus the
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intensity of the diffracted planes from the film can be increased. Thus GXRD can

provide proper structural information of thin films [6].

Receiving

Collimating
slit

slits

Focusing and

diffractometer / ’

circle

Detector

Fig. 10 Seeman Bohlin geometry for GXRD [7]

2.8 TRANSMISSION ELECTRON MICROSCOPE (TEM)

TEM is a highly efficient and versatile technique to view nano sized
objects. TEM allows visualization of grains, grain boundaries and lattice planes.
TEM is similar to an optical microscope but uses accelerated electrons instead of
a light source. The wavelength of electrons is comparable with atomic planes and
thus can be used to view the grains and the planes.

From De Broglie equation one can obtain the electron wave length as,

1.5
A= == 2.22
\Y (2.22)

where, V is the accelerating voltage.

The four basic components of TEM are:
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1. Electron gun that emits a beam of monochromatic electrons which act as the
illumination source
2. Set of condenser lenses to focus the illumination onto the specimen
3. Objective lens to form the first image of the specimen
4. Series of magnifying lenses to create the final magnified image

The electron gun produces a beam of monochromatic electrons either by
tungsten filament or using lanthanum hexa boride source. The first and second
condenser lenses focus the electron beam to a thin coherent beam. The first lens
controls the beam-spot size and dictates the general size range of the final spot
that illuminates the sample. The second lens controls the intensity and the size of
the spot on the sample. The condenser aperture removes high-angle electrons i.e.
electrons far from the optic axis, thus provides a collimated beam. The beam
strikes the specimen, and a portion of the beam is transmitted through the sample
and other parts of the beam are diffracted. The transmitted portion of the beam is
focused by the objective lens into an image. The electron image is focused by
adjusting the objective focal length. The image passes through the intermediate
and projector lenses and is magnified onto the viewing screen. The viewing screen
is a fluorescent screen typically coated with a fine-grain ZnS. When the electrons
strike the screen, fluorescence occurs and results in the formation of a visible
image. Through the thicker or denser areas of the sample, only fewer electrons are
transmitted and appear darker in the image. In contrast, the thinner or less dense
areas allows transmission of more electrons and appear lighter in image [5].

TEM can operate in two modes; image mode and diffraction mode. The
image mode produces the image of the sample that is illuminated with electrons.
The diffraction mode known as selected area electron diffraction is discussed in

the next section.
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Fig. 11 Lay out of TEM [5]

2.9 SELECTED AREA ELECTRON DIFFRACTION (SAED)
SAED can give information about the crystallography of the sample. In
SAED, an intermediate aperture is placed at the first intermediate image focal

plane to specify the area from which the diffraction image is acquired. As the
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electron wavelength is comparable to the inter planar distance, the lattice planes

acts as diffraction grating to the electrons and diffraction patterns are obtained [5].
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Fig. 12 View of the incident and diffracted radiation in SAED [5]

For single crystals, the diffraction pattern is obtained as a series of spots.
In the case of polycrystalline material, the planes where the diffraction condition
is satisfied gives a ring pattern. Each ring corresponds to one specific plane. The
inter planar spacing can be calculated from the radius of rings in diffraction
pattern as,

AL=d, 4R (2.23)

where, AL is camera constant and varies with the lens settings in the microscope.
R is the radius of the diffraction ring. For amorphous samples, the diffraction
pattern is obtained as diffused rings.
2.10 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

X-Ray Photoelectron Spectroscopy (XPS) also referred as Electron
Spectroscopy for Chemical Analysis (ESCA) is a common technique used for

76



Experimental methods

elemental quantification of a material. It can also provide information like the
oxidation state, chemical formula and electronic state of elements. XPS can
provide information of the sample surface up to a depth of few nanometers. The
basic principle involved is the photoelectric effect. An incident X-ray gives its
energy to knock out the electron, that is to ionize and the remaining energy
appears as the kinetic energy of the ejected electrons. The Kinetic energy
distributions of photoelectrons are characteristic of the electron shell from which
it is ejected. The kinetic energy Ek of ejected electrons is given by,
Ec=hv-E; -9 (2.24)
where, Eg is the electron binding energy and ¢ is the work function. Sometimes
instead of ejecting the X-ray photoelectron, auger electrons are ejected. When a
vacancy is produced in one of the inner shell of the atom, it may be filled by a non
radiative (Auger effect) process. The electrons emitted by Auger processes are
called Auger electrons [5].

An XPS spectrum gives the photoelectron intensity as a function of
electron binding energy. The basic requirements of XPS are a source of
monochromatic radiation usually an X-ray source, an electron energy analyzer
that can disperse the emitted electrons according to the kinetic energy, electron

detector and a high vacuum environment.
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Fig. 13 X-ray photoelectron effect and Auger effect

X-rays are produced using Al or Mg targets and the energies of the Al K,
and Mg K, radiations are 1486.6eV and 1253.6eV respectively. The electron
energy analyzer used in XPS is a hemispherical analyzer, and the selected kinetic
energies are fed to the detector. An ultra high vacuum of the order of 10 Torr is
usually preferred in XPS.

The XPS wide scan contains the C 1s peak since the presence of impurity
carbon is usually unavoidable. The C 1s peak appears at 284.5 eV; the change in
position of C 1s peak indicate shift in peak positions and then the spectrum needs
to be calibrated in accordance with the C 1s peak. Once the calibration is done,
peaks are identified and assigned to respective elements either manually or with
the help of software. Individual elemental peaks obtained from the slow scan can

be deconvoluted and chemical states of elements can be identified [5].
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2.11 ATOMIC FORCE MICROSCOPE (AFM)

Atomic force microscopy comes under the broad category of scanning
probe microscopes which began to gain momentum by early 1990s. The
fundamental use of scanning probe microscopes is to image and measure surfaces
on a fine scale. The major three elements of these microscopes are: a probe that
interact with the surface, a detection system that monitors the probe—surface
interaction and the raster scanning of probe or sample with nano scale precision.

In AFM, the probe tip is fixed to a cantilevered beam. Usually silicon
nitrides are used as AFM probe. The probe interacts with the surface and the
resulting force deflects the beam in a repulsive manner, given by Hooke’s law.
The attractive and repulsive forces between atoms of the probe and the surface
can be monitored when brought extremely close to each other. At short distances
(0.1 nm to 10 nm) the probe tip experiences inter-atomic forces characterized by
weak Van der Waals forces. On moving away from the surface, Van der Waals

forces decay rapidly and become negligible. At 100-500 nm above the surface,
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long-range electric, magnetic and capillary forces are significant and can be
probed. The net forces acting on the probe tip deflect the cantilever, and the tip
displacement is proportional to the force between the surface and the tip. As the
probe tip is scanned across the surface, a laser beam reflects off the cantilever.
The deflection of cantilever is detected using a position sensitive photodiode. By
monitoring the net (x, y, and z) deflection of the cantilever, a three-dimensional
image of the surface is constructed [5].

PZT-Z scan

Feedback
Unit

Cantilever

sample

XY scanner

Fig. 15 Schematic of AFM [5]

AFM can be operated mainly in three different modes: Contact mode, non
contact mode and tapping mode. Contact mode is the most common method of
operation of the AFM. In this mode, the tip and sample are in contact and the
deflection of the tip is due to repulsive forces. In the noncontact mode, the probe
tip resonates at a distance above the sample surface and the forces generated are

no longer in the repulsive region. In tapping mode, the tip is brought
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intermittently into contact with the surface during scanning. The basic idea is that
the cantilever is brought into oscillation and changes in oscillation amplitude or
phase are detected as the vibrating tip sweeps across and interacts with the
surface. The tapping mode can overcome the limitations of contact and non
contact mode [5, 7, 8].

The AFM images can provide insight about surface roughness, grain size
distribution and uniformity of surface features.
2.12 VIBRATING SAMPLE MAGNETOMETER (VSM)

Vibrating Sample Magnetometer is the most commonly adopted technique

to study the magnetic property of materials. The idea of VSM was first proposed
by S Foner in 1959. The basic principle of VSM is the electromagnetic induction.
Accordingly, when a magnetic sample is vibrated, the change in flux can induce
an emf and the induced emf will be proportional to the magnetic moment of the
sample.
The sample is attached to the end of a nonmagnetic rod and placed in between the
pole pieces of a magnet and the other end of rod is fixed to a loudspeaker cone or
other mechanical vibrator. The oscillating magnetic field of the moving sample
induces an alternating emf which is detected by the pick up coils and its
magnitude is proportional to the magnetic moment of the sample. A lock-in
amplifier amplifies the signal form the pick up coils (figure 16) [9].

The amount of magnetic flux ¢ linked to the coil due to the dipole moment

of sample placed in the magnetic field M is given by
@ = tyNoM (2.25)
where, o IS the permeability of free space, N is the number of turns per unit

length of coil and o represents the geometric moment decided by position of
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Fig. 16 Schematic of VSM [9]

moment with respect to coil as well as shape of coil. An anharmonic oscillator of

the type z = z, + Ae'** induces an emf in the stationary detection coil.

The induced emf is given by

dg . oA\ im
V=-—T~_=— nMA —= |e!“ 2.26
9 jon, A[ azj (2.26)

where, A is the amplitude of vibration and ® is the frequency of vibration.

Amplitude of vibration, frequency and (Z—a) are constants. Therefore, the
Z

induced voltage is proportional to the magnetic moment of the sample.
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Low temperature magnetic studies can be performed by attaching suitable
cryogenic set ups. Usually the sensitivity of VSM to low temperature
measurements is poor. More advanced techniques to study both room temperature
and low temperature magnetic moments with great accuracy and sensitivity have
been developed.

2.13 SUPER CONDUCTING QUANTUM INTERFERENCE DEVICE
(SQUID) MAGNETOMETER

SQUID employs the principle of superconductivity which is based on the
tunneling of superconducting electrons across a Josephson junction. Josephson
junction is formed by two superconductors separated by a thin insulating layer.
Two Josephson junctions are used in SQUID. A superconducting measuring
current flows through the ring and gets equally divided so that equal currents pass
through each of two Josephson junctions. According to Faraday’s law, a changing
magnetic flux through the ring generates a voltage and a current in the ring. This
induced current adds to the measuring current in one junction, and subtracts in the
other. Because of the wave nature of the superconducting current, the resistance
and the voltage between points A and B in the superconducting circuit appears
periodically. Each voltage step corresponds to the passage of a single flux
quantum across the boundary of the ring. The device is linked to a coil to measure
the flux from the sample, and thus the magnetization. A superconducting
Josephson device requires low temperature operation, and it is used in conjunction
with a superconducting solenoid [9]. The sensitivity of SQUID magnetometers is
of the order of 10 T.
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Fig. 17 SQUID flux sensor [9]

2.13.1 Modes of Magnetic Measurements:

According to the requirements of our study, magnetic measurements can
be carried out in different ways.
MH measurements: The most common magnetic measurement is the hysteresis
loop measurement usually denoted as MH measurements at room temperature.
Apart from room temperature MH, we have also carried out MH studies at 10K.
For this the system is cooled to 10K and then the hysteresis is measured.
FC-ZFC measurements: FC-ZFC is the acronym of Field Cooled-Zero field
cooled measurements. These measurements are carried out to study the low
temperature magnetic behavior. The system is initially cooled from room

temperature to low temperature (usually liquid Helium temperature), then a
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constant magnetic field is applied and the moment is measured by warming the
sample to room temperature. This is the ZFC measurement. The system is now
cooled to low temperature in the presence of an applied field and the moment is
measured during warming the sample. This is the FC measurements. The FC state
of a system is considered to be the equilibrium state and ZFC state is the
metastable state. The difference between FC and ZFC moments indicate
irreversibility in the system which is due to the anisotropy present. In
nanoparticles the competing magnetic interactions can give rise to irreversibility.
This kind of irreversibility can disappear above a particular temperature and at a
particular cooling field. When the irreversibility disappears, the system has only
one magnetic state. The ZFC curve usually shows a maximum at some particular
temperature denoted as the blocking temperature Tg. At this temperature, more
moments align with applied field minimizing the Zeeman energy. Above Tg, the
thermal vibrations become stronger and randomize the magnetic moments
reducing the magnetisation. Depending upon the variation of irreversibility
temperature and blocking temperature with the cooling field, significant
information about magnetic ordering can be obtained.

MH measurements with FC: In order to study the exchange bias in
ferromagnetic-antiferromagnetic (FM-AFM) systems, it is necessary to field cool
the system. Initially MH measurements are taken at room temperature. Now the
system is cooled in the presence of a field below the Neel temperature of the
AFM, and then the hysteresis measurement is performed. In the case of exchange
bias system, one can observe a hysteresis loop shift in the field cooled

measurements.
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Chapter 3

Fabrication of RF sputtered FeNiMoB thin films and
modification of its structural, topographical and magnetic
properties by thermal annealing

3.1 Introduction
3.2 Experimental Methods

3.3 Results and Discussions

Thickness measurement: X Ray Reflectivity (XRR)

Structural Characterization: Glancing angle X-ray Diffractometer
(GXRD), Transmission Electron Microscope (TEM) & Selected
Area Electron Diffraction (SAED)

e Compositional analysis: X-ray Photoelectron Spectroscopy (XPS)
e Topographical Studies: Atomic Force Microscope (AFM)
e Magnetic studies: Super conducting Quantum Interferometer
Device -Vibrating Sample Magnetometer (SQUID-VSM)
3.4 Conclusion
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3.1 INTRODUCTION
The research and development of amorphous and nanocrystalline soft

magnetic alloys have gained impetus during the past few decades. These soft
magnetic alloys have supplemented and replaced conventional soft magnetic
ferrites and permalloy cores in industrial electronics [1]. This new class of
materials was invented in 1959 by Paul Duwez, and exhibited superlative soft
magnetic properties. The magnetic properties of these materials are attributed to
their biphasic microstructure consisting of soft magnetic nanocrystals embedded
in a paramagnetic amorphous matrix [2]. The magnetic properties of these
materials are determined by their alloy composition, grain size and exchange
correlation length. The variation of magnetic properties with grain size can be
explained using Herzer’s Random Anisotropy Model (RAM), according to
which, when the grain size D is less than the exchange length, the anisotropies
are averaged [3]. As a result, the coercivity scales as the sixth power of grain
size. For Fe based nanocrystalline alloys, the grain size as well as intergrain
separation are about 5-25 nm, and exchange length is about 35-40 nm.
Fe4oNisgMo4B1g belongs to the family of metallic glass amorphous alloys.
They exhibit excellent soft magnetic properties, with a saturation magnetization
of 87emu/g and are commercially available in the form of ribbons, with a
typical thickness of 20um and a few centimeters in length [4]. The amorphous
structure can be devitrified into a nanocrystalline state by thermal annealing or
ion irradiation [5-7]. Nanocrystalline morphology has been observed to be more
favorable for superior soft magnetic properties compared to their amorphous
counterparts [8]. The combination of various physical properties resulting from

nanocrystallization makes them ideal for various sensor applications.
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There exists ample work on the kinetics of crystallization of
FeqoNissMo4Bs6. [6- 7, 9-11] .The enthalpy of formation and activation energy
can be evaluated by employing various methods like Kissinger [12] Moyniham
[13] and Marseglia [14] techniques. FesNissMo4B1s follows two stage
crystallization processes [6, 7, 10]. The first stage is the Fe-Ni phase, which
crystallizes by primary crystallization and the second phase is (FeENiMO0)23Bs,
which crystallizes via polymorphic crystallization. The enthalpy of formation
and activation energy are 19.39J/g and 3.49eV/atom for Fe-Ni phase and
54.09J/g and 4.5eV/atom, for (FeNiMo).3Be phase [6, 7, 10]. The as prepared
ribbons are amorphous and crystallisation takes place with suitable heat
treatments. The Fe-Ni phase usually precipitates above 673K and (FeNiMo),3Bs
above 773K [6, 7].

Thin film forms of metallic glasses find variety of applications as
magnetic sensors since they can be integrated in to Micro Electro Mechanical
Systems (MEMS) and Nano Electro Mechanical Systems (NEMS) devices, as
pinning layers in magnetic tunnel junctions and magnetic read heads [15-16].
The studies on thin films of metallic glasses are significant both from an applied
angle and fundamental perspective. Attempts to fabricate thin film forms of
FesoNi3sMo4B1g were reported earlier by many researchers [17-18]. Jyothi et al.
deposited thin films by flash evaporation technique and the deposited films were
found to be crystalline in nature [17]. Senoy et al. and Hysen et al. reported the
fabrication of thin films from composite targets using vacuum evaporation [19-
20]. They also studied the effect of annealing and swift heavy ion irradiation on
these films and reported the formation of Fe-Ni nanocrystals on annealing [21-

22]. However, they could not retain the stoichiometry of the original target in
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films, owing to the variations in the vapour pressure of the different alloying
elements in the target during the physical vapour deposition process. Annealing
the films resulted in the precipitation of only the magnetic Fe-Ni phase, while
annealing the ribbon resulted in the precipitation of both ferromagnetic Fe-Ni
phase and paramagnetic (FeNiMo),3B¢ [9-10, 19].

In metallic glasses, each target element has its own role in controlling the
microstructure and thereby the magnetic properties. Retaining the stoichiometry
of target in the thin film is of great interest as the stoichiometry of films can
affect the structure, kinetics of phase transformation and magnetic properties.
The mismatch in composition of target and film could be avoided by using
techniques like RF sputtering or pulsed laser deposition. In this chapter, we
discuss the fabrication of Fe-Ni-Mo-B thin films by RF sputtering and the
evolution of their microstructure and magnetic properties with thermal
annealing.

3.2 EXPERIMENTAL METHODS

The bulk Fe4oNizsMo4B1g ribbons having a thickness of 20 um were
severed into a circle of diameter 2 inch which is subsequently used as the
cathode for RF sputtering. The substrates used were naturally oxidised silicon.
The deposition was carried out with RF power of 100 watts for 30 minutes in an
argon atmosphere. Base pressure of 9x10™ Torr was attained, using a turbo
pump backed by a scroll pump, which elevated to 5x107 Torr during deposition.
The as deposited films were vacuum annealed for 1 hour at temperatures of
673K and 873K. The film thickness was estimated from X Ray Reflectivity
(XRR) measurements carried out using Bruker Discover D-8 with CuKa

(L=1.5406A)) radiation. The experimental data was fitted employing the Parratt
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software [23]. The structural characterization of pristine and annealed films

were carried out using Glancing Angle X Ray Diffractometer (GXRD) Bruker

Discover D-8 with CuKa (A=1.5406A) radiation. The measurement was carried

out at a grazing incidence of 0.5° and in the range 30° to 55° at a scan speed of

0.5° per minute. The crystallite size was calculated using the Scherrer formula
0.91

D= Bcosé 3D

where, D is the crystallite size, A wavelength of X rays, B full width at half
maximum in radians and 20, the diffraction angle. The micro structure were
examined using a Transmission Electron Microscope (TEM) (FEI F20) operated
at 200 kV. The composition of the films was estimated using X ray
Photoelectron Spectroscopy (XPS). Al K,, radiation having an energy of 1486.6
eV was used as the source for XPS. The obtained XPS spectrum was quantified
using Casa XPS program (Casa software Itd. USA). Surface studies were carried
out with Atomic Force Microscope (AFM) Digital Instruments Nanoscope. The
analysis of AFM images was done using the software Nanoscope 7.2 (Veeco
Scientific Ltd.). 7 Tesla MPMS Super conducting Quantum Interferometer
Device (SQUID)-Vibrating Sample Magnetometer (VSM) was employed to
measure the magnetic properties. Room temperature magnetisation
measurements were carried out for magnetic fields ranging from -5 kOe to +5
kOe. Field cooled and zero field cooled (FC-ZFC) measurements were
performed in the range of 10 K to 300 K in an applied field of 200 Oe.
3.3 RESULTS AND DISCUSSIONS

The thickness of the films is obtained by fitting the XRR data using
PARRATT1.6 software. The incident glancing angle is converted to the
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corresponding wave vector and plotted with reflectivity. The thickness is found

to be ~52 nm (figure 1).

Reflectivity (a. u.)

0.025 0.050 0.075 0.100

a (A%.1)

Fig.1 XRR of FeNiMoB film a) pristine b) film annealed at 673K and ¢) 873K

The GXRD results of the films are shown in figure 2. Contrary to the bulk
ribbons, [7, 9] the deposited film is found to be crystalline. Annealing the films
does not change the peak position in GXRD. The crystallite size calculated from
the Scherrer formula is found to be 35.3nm, 33.2 nm and 35.9nm for pristine
and samples annealed at 673K and 873K respectively. It is observed that, there
is no significant change in the crystallite size with annealing. Ramanujan et al.
reported the effect of molybdenum on the crystallization of FeNiMoB ribbons
[10]. They observed that Mo inhibits the crystal growth by getting accumulated
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at the interface of Fe-Ni crystallites [10]. The pristine film itself is crystalline,
and we have observed that on annealing, no new phases are precipitated and the
Mo might have inhibited further grain growth. Since Fe-Ni and (FeNiMo0),3Bs
phases have overlapping planes, it is difficult to identify the phase from GXRD.
To ascertain the crystalline phase, Selected Area Electron Diffraction (SAED)
was carried out on the samples.

[a): (202)

Intensity (a.u.)

1 1
30 35 40 45 50 55
20 (degrees)

Fig.2 GXRD of FeNiMoB film a) pristine b) film annealed at 673K and c) 873K

The SAED images (figure 3a-3b) shows well defined rings signifying the
poly crystalline nature of the film. The rings are indexed and compared with the
standard data. The inter planar spacing for the pristine film is 2.46A, 2.01A and
1.45A which corresponds to the (420) plane of (FeNiMo),3Bs [ICDD No:
380888], (111) plane of Fe-Ni [ICDD No: 471417] and (440) plane of Fe;9,04
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[ICDD No: 861362] respectively. For the film annealed at 873K, the d values
are 1.98A, 1.68A and 1.20A which corresponds to (200) plane of Fe-Ni, [ICDD
No: 471417] (620) plane of (FeENiMo0),3B¢ [ICDD No: 380888] and (444) plane
of Fe,,04 [ICDD No: 861362] respectively. From GXRD and SAED, the
crystalline nature of films is confirmed. By employing RF sputtering, both Fe-
Ni phase and (FeNiMo)23Bs phase are formed in thin film. The activation energy
required for the precipitation of (FeNiMo)23Bs phase is larger than that required
for the Fe-Ni phase [6, 7]. However, the RF power of 100W was sufficient for
the formation of (FeNiMo),3sBs phase. Liang et al. have reported
magnetostrictive metallic glass sensors by RF sputtering [24]. They have
supplied an RF power of 30W and reported Fe-Ni phase in thin films deposited
at 10 mTorr [24, 18]. The RF power of 100W results in the precipitation of both
Fe-Ni and (FeNiMo),3B¢ phase. TEM of the pristine and film annealed at 873K
is shown in figure 3c-3d. The grain size of the films is found to be 10.8+1.9 nm
and 11.6+1.5 nm for pristine and film annealed at 873K respectively. The
difference in grain size obtained from GXRD and TEM is due to the limitation

of the Scherrer formula.
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(420)

(111)

counts

T T
12 15 18
grain size (nm) Grain Size (nm)

Fig.3 SAED of a) Pristine and b) film annealed at 873K. TEM of FeNiMoB film c)
Pristine and d) film annealed at 873K. Crystallite size distribution of e) Pristine and f)
film annealed at 873K.

XPS of pristine and films annealed at 873K is shown in figure 4. Since
film surface contains unavoidable oxygen and carbon, XPS scan was carried out
96



Fabrication of RF sputtered....

after sputtering the film surface for 30 minutes using 500 eV argon ions. From the
XPS spectra it is possible to confirm the presence of Fe, Ni, Mo and B. XPS
investigation was also carried out on the 873K annealed sample to investigate
changes in surface composition with annealing. The composition of the pristine
sample is 29.3% Fe, 12.7% Ni, 1.8% Mo, 0.9% B and 55% O. For the sample
annealed at 873K, the composition is 9.6% Fe, 11.1% Ni, 3.1% Mo, 0.2% B and
75% O. Along with Fe and Ni, B and Mo are also present in thin film prepared by
RF sputtering and these elements play an important role in controlling the grain
size and magnetic properties. Even after sputtering the film for 30 minutes, there
is presence of carbon and oxygen in the film. The presence of carbon and oxygen
emanates from hydrocarbon contamination from XPS unit. In annealed sample,
the oxygen content has increased, while the iron content has reduced. Ciang et al.
reported that the presence of oxygen and carbon in the bulk is due to surface
absorption while the presence of these in thin films was due to both absorption
and deposition [24]. The target elements were present in thin film; however, the

composition could not be retained due to oxygen contamination.
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Fig.4 XPS of FeNiMoB film a) pristine film and b) annealed at 873K

Fig.5 AFM images of FeNiMoB films a) Pristine b) annealed at 673K and c) 873K
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Fig.6 Variation of Surface Roughness with annealing temperature

AFM images of pristine and annealed films are shown in figure 5. The
scan area was 1um x 1 um. It is clear that significant surface evolution takes
place with annealing. The variation of surface roughness with annealing is
plotted in figure 6. The surface roughness is found to increase with annealing
temperature. RMS roughness (Rg) is a statistical parameter which gives the root
mean square height of the film surface. However, it does not give any idea about
the lateral distribution of surface features. This information can be obtained by
power spectral density (PSD) analysis which decomposes the surface profile
into spatial spectral frequencies [25]. The PSD function is obtained by Fourier

transform of the surface and is given by, [26]

2

1lepd?r i,
PSD(f):Fjge (h(r)) (3.2)
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PSD spectra of the pristine and annealed films are shown in figure 7. The low
frequency region represents uncorrelated noise and the high frequency region
obeys a power law [27],

PSD(f) = Af * (3.3)
where, & is the slope. & for pristine film, films annealed at 673K and 873K are
1.6, 1.8 and 2.1, respectively. The slope is related to growth exponent o

according to the relation, [28]
a=2"9 (3.4)

where, d is the scan dimension. The growth exponent was calculated and found
to be 0.3, 0.4 and 0.55 for the pristine and film annealed at 673K and 873K
respectively. Xu et al. reported that decrease in growth exponent indicates
surface smoothing as a result of surface diffusion, while increase of growth
exponent indicates surface roughening due to shadowing or oriented grain
growth [28]. For films annealed at 873K, the increased roughness could be due
to oriented grain growth as a result of annealing.
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Fig.7 PSD spectra of a) pristine and film annealed at b) 673K and ¢) 873K

The hysteresis loops of the pristine as well as annealed samples were
recorded at room temperature (figure 8) and the variation of coercivity with

annealing is shown in figure 9.
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Fig.8 Hysteresis loops of FeNiMoB films a) pristine b) film annealed at 673K

and c) 873K
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Fig. 9 Variation of coercivity with annealing temperature

FeNiMoB films prepared by RF sputtering exhibited a saturation
magnetization (M;) of 8emu/cc and Ms decreases on annealing at 873K.
Compared to bulk ribbons and films deposited by thermal evaporation, the value
of M is relatively low. This is because in films prepared by thermal evaporation
the predominant phase is Fe-Ni [19-20]. The low value of saturation
magnetization of RF sputtered films is due to the presence of predominantly
non-magnetic crystalline phase namely (FeNiMo),3Bg. The XPS results indicate
that the films annealed at 873K have higher oxygen impurity and this further
reduces the saturation magnetization. However, the FeNiMoB films exhibited a
saturation and hysteresis due to the small fraction of Fe-Ni.

Field cooled and zero field cooled (FC-ZFC) studies were conducted with
a view to confirming the ferromagnetic behavior of the films. The results are
shown in figure 10. The zero field susceptibility increases with temperature,

which is characteristic of a ferromagnetic material. Tj,, the temperature above
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where FC and ZFC bifurcate, was not observed until room temperature. This

suggests that the material is ferromagnetic at room temperature and its Curie

temperature

is above 300K. Even though the predominant phase

is

(FeNiIMO0),3Bs, a small fraction of Fe-Ni phase contributes to the ferromagnetic

behavior of the films.
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3.4 CONCLUSION

Thin films of FeNiMoB with thickness 52 nm were prepared by RF
sputtering and were annealed at 673K and 873K. X ray Photoelectron
Spectroscopy studies have confirmed the presence of iron, nickel, boron and
molybdenum in thin film. The pristine film was crystalline and predominant
phase is (FeNiMo0),3Bs. GXRD and TEM results indicate that molybdenum has
inhibited grain growth in the annealed films. The surface roughness increases
with annealing and is due to oriented grain growth. The films were
ferromagnetic at room temperature and exhibited hysteresis, but the value of
saturation magnetization was low due to the presence of significant volume
fraction of the (FeNiMo0),3Bs phase.
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Chapter 4

Tailoring topographical and magnetic properties of FeNiMoB
films by 100 MeV Ag ions Swift Heavy lon irradiation

4.1 Introduction
4.2 Experimental Methods
4.3 Results and Discussions
e Simulation Studies: Stopping Range of lons in Matter (SRIM)
e Thickness and Compositional analysis: Rutherford backscattering
Spectrometry (RBS)
e Structural Characterization: Glancing Angle X Ray Diffractometer
(GXRD)
e Topographical Studies: Atomic Force Microscope (AFM)
e Magnetic studies: Super conducting Quantum Interferometer
Device-Vibrating Sample Magnetometer (SQUID-VSM)
4.4 Conclusion

References



Chapter 4

108



Tailoring topographical .....

4.1 INTRODUCTION

The properties of metallic glasses and preparation of FeNiMoB based thin
films by RF sputtering have been discussed in Chapter 3. Even though we have
succeeded in retaining all the target elements in thin film, the magnetization
obtained was quite low. With a view to improving the magnetic properties, the
films are subjected to swift heavy ion irradiation. The technique of using ion
irradiation to tailor properties of metallic glasses have been reported earlier [1-2].
lon irradiation can generate highly localized damage to the target material. Energy
of 1eV corresponds to 11000 K of temperature; ions having energy of the order of
MeV transmit much higher temperatures to the target material, which can melt
material along the ion track. Subsequent cooling (within ~100ps) as soon as ions
pass through occurs and this can cause amorphisation of target material [3]. This
highly non equilibrium process cannot be achieved by any other technique.

Apart from amorphisation, ion irradiation also causes significant changes
in topography. When ions are bombarded on a target surface, many processes take
place like sputtering, defect formation, ion implantation, track formation and
ionization. When the incoming ions transmit higher energies to the target atom on
the surface, the atoms can overcome the surface binding energy and sputtering of
atoms from the surface takes place. Usually, sputtering results in surface
roughening. When the atoms do not acquire enough energy, they diffuse through
the surface and causes surface smoothing. This was observed in many systems
[10-14].

The structural and topographical changes induced as a result of ion
irradiation can cause significant changes in magnetic properties of materials [4].

Inducing amorphisation in material can enhance the magnetic properties. Metallic
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glass with a composition of FesoNizsMo04B1g is a well known soft magnetic
material. They are amorphous in nature and their nanocrystalline structures
exhibit good soft magnetic properties, as the grain size is less than the exchange
correlation length. In the previous chapter, we discussed preparation of FeNiMoB
films by RF sputtering which exhibited crystalline nature contrary to the
amorphous nature of target used and the crystalline FeNiMoB phase is non
magnetic in nature. The magnetisation obtained was relatively low compared to
the bulk and there are possibilities that magnetisation can enhance on
amorphisation. Keeping this in mind, swift heavy ion irradiation was adopted as a
tool to modify the properties.

In the present chapter we report preparation of FeNiMoB films from
Fe4oNizgsMo4B1g and subsequent irradiation with 100 MeV Ag ions. The structural,
topographical and magnetic evolution with ion irradiation is discussed.

4.2 EXPERIMENTAL METHODS

Films based on FeNiMoB were prepared from FesNizgMo4B1g employing
RF sputtering method on naturally oxidized silicon substrate. An RF power of 100
W for 30 minutes in an argon atmosphere was utilized for deposition. The
thickness and composition of the deposited films were determined using RBS.
The films were irradiated at fluences of 1x10%, 1x10™ and 3x10" ions/cm? using
100 MeV Ag ions. The energy loss and range of ions in the material was
simulated using Stopping Range of lons in Matter- SRIM 2008 [5]. The films
were characterized using Glancing X-Ray Diffractometer (GXRD Bruker
Discover D-8) with Cu Ka (A=1.5406A) at a glancing angle of 0.5°. The
crystallite size was estimated using Scherrer relation. The topographical studies

were carried out using Atomic Force Microscope (AFM Digital Instruments
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Nanoscope). A detailed study on surface roughness and Power Spectral Density
(PSD) analysis were done with the help of offline software. The magnetic
hysteresis loop at room temperature was measured using 7T MPMS Quantum
Design Interferometer Device-Vibrating Sample Magnetometer (SQUID-VSM).
4.3 RESULTS AND DISCUSSIONS

The electronic energy loss and range of ions was determined using SRIM
software and is depicted in figure 1. The electronic energy loss is estimated as
0.016 MeV/nm and range of ions was 11um. The range is much greater than film
thickness and therefore ions get buried deep in the substrate.

The film thickness estimated from RBS (figure 2) is found to be 450 nm.
The composition of the film is 18.4% Fe, 18.4% Ni, 2.3% Mo and 61% O.

GXRD pattern of pristine film (figure 3) indicate formation of FeNiMoB
phase. This phase is reported to be nonmagnetic [6-7]. The crystallite size of
pristine film was found to be 70 nm. On irradiation, this peak disappears owing to
amorphisation of the films. SHI induced amorphisation in materials is quite

common and has been explained using the thermal spike model [8-9].

111



Chapter 4

[~=— (@Erdx),
2.0x10" -1 9 (dE/dX )"
E 1.5x107 -
£ _j
> J
Q
2 2
o 1-0x107
7]
° )
)
o 5.0x10° o
o
w
0.0

I I T I I‘
0.1 1 10 100 1000
Energy (MeV)

Fig. 1 SRIM simulation of 100 MeV Ag ions in FeNiMoB

1000

expt
simulated|

Fe, Ni

500

Yield

Mo
01— v v v

T 1 T 1
500 1000 1500 2000
channel number

Fig. 2 RBS spectrum of pristine film

112



Tailoring topographical .....

pristine]
(202)
g 1e12
£
k7
= -
3
=
1e13]
T T T 1
20 30 20 (Lgree) 50 60

Fig. 3 GXRD pattern of FeNiMoB a) pristine film and films irradiated at fluences
of b) 1x10" and c) 1x10" ions/cm?

AFM images of pristine and irradiated films shown in figure 4 indicate
modification of surface topography with ion fluence. From the 3D AFM images
(figure 5), we can observe that the density of hill like structures decreased at
lower fluences and increased at higher fluence.

The variation of roughness and grain size with ion fluence is plotted in
figure 6. Initially, a grain growth was observed with fluence and at higher fluence
the grain size decreases. The surface roughness decreases with ion fluence, and
then at the highest fluence, the roughness increases.
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Fig. 5 3D AFM images of a) pristine film and film irradiated at fluences of b)
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Fig. 6 Variation of roughness and grain size with ion fluence
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During ion irradiation, sputtering of the film surface occurs and if energy
of the sputtered atoms is greater than surface binding energy, atoms escape from
the surface. This causes evaporation and results in surface roughening. If the
energy of atoms is not enough to escape the binding force, the atoms drift through
the surface which results in surface smoothing [10]. Depending upon fluence,
energy of ion used, energy loss and type of material, one may observe either
surface roughening or surface smoothing. We observe surface smoothing at low
fluence and surface roughening at higher fluence. Same behavior was observed by
Hysen et al. on thermally evaporated metallic glass thin films [11]. P Mallick et
al. has observed surface roughening at low fluence and smoothing at higher
fluence on NiO thin films [12]. Carter et al. have reported that at normal incidence
conditions surface smoothing occurs as sputtering yield is low under these
conditions [13]. Gupta et al. have also observed similar behavior on gold films
[14]. In our case at lower fluences, surface smoothing occurs due to diffusion and
at higher fluence, sputtering of the surface occurs and results in surface
roughening. To elucidate the possible surface mechanism AFM images were
subjected to PSD analysis.

Depending upon the slope & of PSD curve, Herring and Mullins have
defined four different transport mechanisms [17-18]. & values of 1, 2, 3, 4 indicate
plastic flow driven by surface tension, evaporation-condensation, volume
diffusion and surface diffusion respectively as the transport mechanisms. PSD
spectra of pristine and irradiated films are shown in figure 7. The o values
obtained in our case are nearly 2 for initial fluence and between 2 and 2.5 at the

highest fluence. This suggests that the dominant mechanism for smoothing at
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lower fluence is plastic flow driven by surface tension, while evaporation-

condensation at highest fluence causes an increase in surface roughness.
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Fig. 7 Power spectral density of a) pristine film and film irradiated at fluences of
b) 1x10'¢) 1x10" d) 3x10™ jons/cm?
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Fig. 8 Room temperature hysteresis of a) pristine film and film irradiated at
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Room temperature magnetic measurements of the pristine and irradiated
samples are shown in figure 8. The pristine film exhibited a saturation
magnetization of 24emu/cc. On irradiation at lower fluences, M decrease and then
increase to 125emu/cc for the highest fluence of 3x10*2 ions/cm?. The variation of
coercivity cannot be quantified, as the coercivity values are small (~25 Oe) and
variation will be within the error bars. An increase in remanent magnetization is
observed with ion fluence. The amorphisation of films with ion irradiation have
weakened the non magnetic FeNiMoB phase, and the amorphousity could
enhance the magnetisation [4]. If that is the case, magnetization should also
increase at lower fluences of 1x10™ and 1x10" ions/cm® More than

amorphisation, the effect of grain size plays a prominent role in influencing
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magnetization. From AFM images, the grain size was found to increase at lower
fluence and then substantial decrease was observed for the highest fluence of
3x10" ions/cm?. According to Herzer model for amorphous alloys, if grain size is
less than the exchange length, saturation magnetization and coercivity scales as
the sixth power of grain size D, and for larger grains, coercivity and
magnetization is inversely proportional to D [19]. Usually for Fe based alloys
exchange length is less than 40 nm [20]. In the present case, from AFM studies
grain sizes were greater than 50 nm, and hence the magnetization should inversely
vary with D. The smallest grain size obtained is for the highest fluence, and at this
particular fluence magnetization is maximum.

4.4 CONCLUSION
Films of FeNiMoB alloy having thickness 450 nm was prepared from a

composite target of FesoNizsMo4B1g employing RF sputtering and were irradiated
with 100MeV Ag ions at fluences of 1x10" 1x10" and 3x10" jons/cm?. The
pristine film was crystalline in nature and on ion irradiation, amorphisation was
induced. The surface roughness initially decreases and then increases for the
highest fluence indicating surface smoothing at lower fluence and roughening at
higher fluence. The grain size calculated from AFM indicates initial increase and
then decreases for the highest fluence. The as deposited films were exhibiting low
magnetisation due to the presence of crystalline FeNiMoB phase. On irradiation
the phase disappears and along with decrease in grain size for the highest fluence
a very high magnetization was observed for the sample irradiated at 3x10"2
ions/cm?. The enhancement of magnetization on irradiation at a particular fluence

is rather intriguing and needs extensive investigation.
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On the room temperature ferrimagnetism in RF sputtered zinc
ferrite thin films and disorder effects at low temperature

5.1 Introduction
5.2 Experimental Methods
5.3 Results and discussions
e Thickness and compositional analysis: Rutherford Backscattering
Spectrometry (RBS)
e Structural Characterization: Glancing angle X-ray Diffractometer
(GXRD), Transmission Electron Microscope (TEM) & Selected
Area Electron Diffraction (SAED)
e Topographical studies: Atomic Force Microscope (AFM)
e Magnetic studies: Super conducting Quantum Interferometer
Device-Vibrating Sample magnetometer (SQUID-VSM)
5.4 Conclusion
References
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5.1 INTRODUCTION

Zinc ferrite is an antiferromagnet with a Neel temperature of 10 K and
exhibits a normal spinel structure with Zn®* ions having exclusive tetrahedral site
(A site) preference while Fe** ions occupy the octahedral site (B site) in an fcc
close packed oxygen sub lattice [1]. The magnetic ions are present in the B site
and the magnetic property is due to interaction of ions in B site (Jgg) and the
antiferromagnetism is attributed to weak Jgg interaction. Zinc ferrite with a
normal spinel structure can be represented by Zn®*aFe,**50,>. Several anomalies
exist as regards the magnetic properties of zinc ferrite. Kamazawa et al. reported
that normal spinel zinc ferrite is not an antiferromagnet but a three dimensional
spin frustrated magnet [2]. In the nano scale, zinc ferrite exhibits altogether
different properties and has been attributed to cation redistribution where in some
amount of Zn®* ijons migrate to the B site and an equal amount of Fe** ions
migrate to the A site resulting in a Jag interaction. The varied properties of nano
zinc ferrite can also be ascribed to surface effects or surface magnetism [3, 4, 5].
Low Energy lon Scattering (LEIS) studies on spinel structures revealed that it is
the octahedral site that is preferentially exposed on the surface [6]. The cation
distribution in the nano regime was observed to be synthesis specific [7-9]. The
cation redistributed spinels can be represented by [Zn;*'Fet]a
[Zn,**Fe,>*1s04> where x represents the degree of cation disorder/percolation
depth.

Studies on zinc ferrites are still a hot topic of research due to the varied
and inconsistent results obtained by different groups [10-16]. For example,
Nakashima et al. prepared zinc ferrite thin films by RF sputtering and they

observed coexistence of ferrimagnetic ordering and glassy behavior [9]. Bohra et
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al. carried out systematic studies on zinc ferrite thin films prepared by RF
sputtering and pulsed laser deposition and they obtained high magnetization but
the film do not saturate even in the highest applied field [17]. Yamamoto et al.
realized room temperature cluster glass state in zinc ferrite thin films prepared by
Pulsed Laser Deposition. They investigated the role of deposition rate on the
magnetic properties of these thin films. The room temperature spin glass property
has been found useful in making magneto optic memory devices [7]. Recently
Liang et al. reported deposition of zinc ferrite thin films on various substrates.
They obtained a saturation magnetization of 1.5x10° emu/cc for a 120 nm film
[18] which is very small for any useful application.

It is in this context that a thorough investigation on zinc ferrite thin films
assumes importance. Thermal annealing of RF sputtered zinc ferrite thin films can
modify structural, surface and magnetic properties substantially. Moreover the
effect of annealing on the cation redistribution, if any, can also be investigated. In
the present study, zinc ferrite thin films were prepared by RF sputtering. The
structural and magnetic properties of zinc ferrite thin films and the effect of
thermal annealing on the magnetic properties were investigated.

5.2 EXPERIMENTAL METHODS

Zinc ferrite thin films were coated on silicon substrate by RF sputtering
from a phase pure zinc ferrite target. The phase pure target employed for
sputtering was in turn prepared by sol gel auto combustion technique using zinc
nitrate and ferric nitrate as precursors. This was dissolved in ethylene glycol by
adding the solvent under constant stirring at 343K and the obtained sol was heated
at 393K until auto combustion took place. The powder thus obtained was then

annealed at 973K for 24 hours and then pressed into pellets of 2 inch diameter.
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The sputtering was carried out in an Argon atmosphere with an RF power of 150
watts for 90 minutes. Vacuum of 5x10° Torr was attained with the help of a turbo
pump backed by a scroll pump and during deposition the pressure increased to
2x107 Torr. The films thus obtained were annealed at 673K and 873K for 1 hour
in air. Rutherford Backscattering spectrometry (RBS) was employed to determine
the thickness and composition of films. The experimental results are fitted using
XRUMP software to obtain thickness and composition [19]. Structural
characterization of films were carried out using Glancing X-Ray Diffractometer
(GXRD) Bruker Discover D-8 with Cu Ka (A=1.5406A) radiation at a glancing
angle of 1°. The crystallite size was calculated using Scherrer formula. Micro
structural characterization was carried out using Transmission Electron
Microscope (TEM) and Selected Area Electron Diffraction (SAED). Nanoscope
Illa Digital Instruments, Veeco was employed for surface morphology studies.
Room temperature and low temperature magnetic measurements were conducted
employing a 7 Tesla MPMS SQUID - VSM. MH loops at room temperature and
at 10K were traced. Field cooled —Zero field cooled (FC-ZFC) measurements
were carried out at a cooling field of 100 Oe and 1000 Oe.
5.3 RESULTS AND DISCUSSIONS

The thickness of the pristine film estimated using RBS data is around 120
nm. The weight percentage of elements is found to be 12.5% Zn, 25% Fe, 62.5 %
O. A ratio of 1:2 of Zn:Fe is achieved in thin films, which is identical to the target
composition. The thickness and composition of films do not vary on annealing
which suggest that the films are uniform. RBS spectra for pristine and annealed

films are depicted in Figure 1.
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Fig. 1 RBS Spectrum zinc ferrite film a) pristine and b) annealed at 873K

The GXRD pattern is shown in figure 2. GXRD results of pristine film
exhibits a broad peak at 35° and on annealing at 873K, the peak corresponding to
(311) plane becomes prominent and the crystallite size calculated using Scherrer
formula was ~18.2 nm. To support the results from GXRD, SAED measurements
were performed and are shown in figure 3a and 3b. The d values are compared
with the standard d values of zinc ferrite and are in good agreement. The (311)
planes are clearly visible in the SAED pattern of pristine film, which could not be
detected in the case of GXRD [20]. The particle size calculated from TEM is
12+1.3 nm and 16+1.9 nm for pristine and film annealed at 873K respectively (fig
3c-3f). Thus we observe that zinc ferrite films are crystalline in nature and the
grains grew in size with increase in annealing temperature which is on expected
lines.
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AFM images of pristine and film annealed at 873K are shown in figure 4.
The pristine film is smooth with an rms roughness of 0.7£0.01 nm and on
annealing at 873K, the roughness increases to 2.8+0.2 nm. This increase in
surface roughness is indicative of a annealing assisted grain growth which was

also observed from TEM images.

40.0 nm 40.0 nm

r i r i

0.0 2.0 im 0.0 2.0 pm

Fig. 4 AFM images of pristine and film annealed at 873K

Room temperature magnetic measurements (Figure 5) indicate that zinc
ferrite films exhibit saturated hysteresis loops, saturating at low magnetic field
and are therefore ferrimagnetic in nature. The ferrimagnetic behavior could be due
to the random arrangement of Fe** ions in both A and B sites as a result of
sputtering, which leads to a strong A-O-B interaction. The highest value of
saturation magnetization (M) obtained in our case is 18 emu/cc for the pristine
film, which is relatively high. Liang et al. deposited zinc ferrite films on various

substrates and found that zinc ferrite deposited on silicon substrate yielded an M
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of 1.5x10° emu/cc for a thickness of 120 nm and the film were not saturating
even at an applied field of 8000 Oe [18]. It must be noted here that in our case
pristine zinc ferrite thin film exhibited a much higher Mg than that of the samples

(same thickness) cited in ref. 18.
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Fig. 5 Room temperature hysteresis curves of zinc ferrite film a) pristine
b) film annealed at 673K and c) 873K

A monotonous decrease in saturation magnetization was observed with
annealing (fig 6). Other researchers have also observed a similar trend and have
explained this due to the remigration of Fe®*" ions to B site with annealing and
revert to the normal spinel structure [10]. D Guo et al. reported that the saturation
magnetization decreased on annealing at 673K, and at 873K, the films tend to be
paramagnetic at room temperature. These changes on annealing were attributed to

redistribution of ions back to normal spinel structure [21]. In the present study,
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even though Ms decreases on annealing, zinc ferrite thin films retained its
ferrimagnetic characteristics even after annealing at 873K which suggest that Jag
interaction is dominating and the ions have not completely reverted back to the

normal spinel configuration.
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Fig. 6 Variation of saturation magnetization with annealing temperature (Lines are
guide to the eye).

Hysteresis loops at 10K (figure 7) was measured to understand the low
temperature magnetic ordering. The films exhibited well defined hysteresis loops
with large remanence and coercivity characteristic of a ferrimagnetic ordering at
10K. The saturation magnetization, remanence and coercivity decreases on

annealing at 873K.
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To inspect the existence of magnetic ordering in zinc ferrite thin films,

they were subjected to FC-ZFC measurements at cooling fields of 100 Oe and
1000 Oe. FC-ZFC studies (figure 8) indicate that the maximum of the ZFC curve

which is called the blocking temperature Tg, shifts to lower temperatures with

annealing. Tg for the pristine film is 85 K and for the film annealed at 873K is 30

K. Blocking temperature for pristine film is higher than that of bulk zinc ferrite

which is indicative of a cation redistribution. The shift in blocking temperature

with annealing temperature has been attributed to cation disorder in zinc ferrite

samples [5]. Disordered zinc ferrite is represented as [Zn; > Fey **]a [Znx **Fes«

¥1504>. Nakashima et al. had carried out theoretical and experimental studies on

the disordered cation distribution in zinc ferrite thin films [22]. They obtained an

x value for normal spinel as x=0 and x=0.66 for completely disordered spinel.
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They observed that for film deposited using sputtering the x value corresponds to
0.66 and with annealing the value of x decreases. This change in x was correlated
with change in blocking temperature. From the above discussion it is clear that in

our work also value of x changes with annealing which is evident from the shift in

Ts.
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Fig. 8 FC-ZFC curves of zinc ferrite film a) pristine b) film annealed at 673K and
c) 873K

Tirr Which is the temperature, at which FC and ZFC curve bifurcate, also
undergo changes with annealing. For films annealed at 873K, Tj, is greater than
room temperature. The wide difference between FC and ZFC below Tj is typical
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of disordered systems. Tg and Tj, shifts to lower temperatures with increase in
cooling field. R N Bhowmik et al. has attributed this to blocking phenomena in
ferrimagnetic nanoparticles [23]. For the pristine and 673K annealed sample, the
shift in Tg is quite large, while for the sample annealed at 873K the shift is very
less. However the samples annealed at 873K show marked deviation in FC-ZFC
behavior from other samples. The behavior of FC-ZFC curves of this sample is
similar to that of bulk zinc ferrite. S Nakashima et al. also encountered a similar
observation for the zinc ferrite film annealed at 873K [10]. Also around 230K,
FC-ZFC susceptibilities almost become constant which is due to ferrimagnetic
ordering. Ferrimagnetic ordering was also observed from magnetic measurements
at room temperature. The increase in FC with decrease in temperature is

indicative of a ferrimagnetic behavior of the system.
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Fig. 9 (Mgc-Mzec) vis Temperature of zinc ferrite thin films a) pristine b)
film annealed at 673K and c¢) 873K
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The difference between Mgc and Mzec (AM) is plotted against temperature
and is shown in figure 9. The difference is found to be highest for film annealed at
673K. In pristine and film annealed at 673K, the value of AM starts to increase
around 70K. In the film annealed at 873K, AM increases below 30K. The large
magnitude of AM is indicative of disorder effects [23].The onset of disorder
changes with annealing. At 5K the disorder is highest for film annealed at 673K.
At room temperature AM is highest for film annealed at 873K

Thus we observe that zinc ferrite thin film exhibits ferrimagnetic ordering
at room temperature and at 10K. The FC-ZFC data indicate the presence of
blocking behavior and disorder effects. These disorders could be leading to
superparamagnetism or spin glass behaviour. At room temperature and at 10K, the
films are not found to be superparamagnetic because of the non zero values of
coercivity and remanence. The large discrepancy between FC and ZFC and the
shift in Tg with increase in cooling field indicates spin glass behavior in zinc
ferrite thin films. The ferrimagnetic ordering decreases on annealing at 873K, due
to partial reversal to normal spinel structure.

5.4 CONCLUSION

Zinc ferrite thin films of thickness 120 nm were prepared by RF
sputtering. The structural characterization using GXRD and SAED revealed that
the films are crystalline. From TEM it was observed that grain size increases on
annealing at 873K. The magnetization studies show that the films exhibit
hysteresis at room temperature and saturates at low fields. An highest
magnetization of 18emu/cc was obtained for the pristine film. The magnetic
saturation and high magnetization indicates the ferrimagnetic property of films at

room temperature. The observed change in magnetic properties is attributed to

137



Chapter 5

redistribution of cations in A and B site. On annealing the magnetic properties

deteriorated due to the tendency of ions to revert back to a normal spinel

configuration. FC-ZFC measurements indicate spin glass behavior in zinc ferrite

thin films at low temperature.

REFERENCES:

[1] F.G. Brockman, Phys. Rev.77 (1950) 841.

[2] Kamazawa K, Tsunoda Y, Kadowaki H and Kohn K, Phys. Rev. B 68
(2003) 024412-1.

[3] Tanaka K, Nakashima S and Fujita K, J. Phys.: Condens. Matter, 15 (2003)
L469.

[4] Shenoy S D, Joy P A and Anantharaman M R, J. Magn. Magn. Mater. 269
(2004) 217.

[5] Anantharaman M R, Jagatheesan S, Malini K A., Sindhu S, Narayanasamy
A., Chinnasamy C N, Jacobs J P, Reijne S, Seshan K, Smits R H H and
Brongersma H H, J. Magn. Magn. Mater. 189 (1998) 83.

[6] Anantharaman M R, Reijne S, Jacobs J P and Brongersma H H, J. Mater.
Sci. 4 (1999) 4279.

[7] ‘Yamamoto Y, Tanaka H and Tawai K, Jpn. J. Appl. Phys. Part 2 40 (2001)
L545.

[8] Hofmann M, Campbell S J, Ehrhardt H and Feyerherm R, J. Mater. Sci. 39
(2004) 5057.

[9] Nakashima S, Fujita K, Tanaka K and Hirao K, J. Phys. Condens. Matter 17
(2005) 137.

[10] Nakashima S, Fujita K, Tanaka K, Hirao K, Yamamoto T and Tanaka I, J.

Magn. Magn. Mater. 310 (2007) 2543.

138



[11]
[12]
[13]
[14]

[15]

[16]
[17]

[18]
[19]
[20]
[21]

[22]

[23]

On the room temperature.....

Murtaza Bohra , Shiva Prasad , N. Venkataramani , S. C. Sahoo , Naresh
Kumar , R. Krishnan, IEEE Trans. Magn. 49 (2013) 4249.

Li G, Zhu X, Song W, Yang Z, Dai J, Sun Y and Fu Y, J. Am. Ceram. Soc.
94 (2011) 2872.

Raghavender A. T., Mater. Lett. 65 (2011) 3636.

Sultan M and Singh R, J. Phys. D. Appl. Phys. 42 (2009) 115306-1.

A. Pradeep, P. Priyadharsini, G. Chandrasekaran, J. Alloys and Comp. 509
(2011) 3917.

M. Atif, S.K. Hasanain, M. Nadeem, Solid State Commun. 138 (2006) 416.
Bohra M, Prasad S, Kumar N, Misra D S and Sahoo S C, Appl. Phys. Lett.
88 (2006) 262506-1.

Liang Y and Hsia H, Nanoscale Research Letters 1 (2013) 1.

Doolittle R, Nucl. Inst. and Methods in Phys. Res. B9 (1985) 344.

M. Desai, J. Dash, I. Samajdar, N. Venkataramani, Shiva Prasad, P Kishan,
Nitendar Kumar, J. Magn. Magn. Mater. 231 (2001) 108.

Guo D, zZhu J, Yang Y, Fan X, Chai G, Sui W, Zhang Z and Xue D, J. Appl.
Phys. 107 (2010) 043903-1.

Nakashima S, Fujita K, Tanaka K, Hirao K, Yamamoto T and Tanaka I,
Phys. Rev. B 75 (2007) 174443-1.

Bhowmik R, Ranganathan R and Nagarajan R, Phys. Rev. B 73 (2006)
144413-1.

139



Chapter 5

140



Chapter 6

Evolution of structural, topographical and magnetic properties of
zinc ferrite thin films by Swift Heavy lon irradiation

6.1 Introductio

n

6.2 Experimental Methods

6.3 Results and Discussion

6.4 Conclusion

References

Simulation studies: Stopping Range of lons in Matter (SRIM)
Thickness measurement: Cross section Transmission Electron
Microscope (TEM)

Structural characterization: Glancing Angle X ray Diffractometer
(GXRD)

Topographical studies: Atomic Force Microscope (AFM)
Magnetic studies: Super conducting Quantum Interferometer
Device (SQUID)-Vibrating Sample Magnetometry (VSM)



Chapter 6

142



Evolution of structural.....

6.1 INTRODUCTION

lon irradiation is a versatile tool for material modification and
nanostructuring.  Swift heavy ion irradiation induces amorphisation,
recrystallisation and nanostructuring in materials [1-2]. The formation of ion
tracks by swift heavy ions is increasingly sought after by researchers for ion
induced modification and depends on both the material properties and the energy
of the incoming ion [3]. The track formation occurs beyond a particular threshold
of electronic energy loss and size of the tracks can be controlled by a judicious
choice of ion energy and fluence [3-4]. The formation of ion tracks can greatly
influence the magnetic properties as the stress generated by tracks can affect the
anisotropy and permeability [5-7]. Ferrites are an important class of materials
having spinel, inverse spinel or mixed spinel structure. lon induced modifications
of ferrites have been studied extensively by researchers [3, 6, 8-11]. The magnetic
properties are structure sensitive and the degree of structure disorder determines
the magnetic order in the system. The magnetic properties are determined by
magnetic interaction among A and B site. The interaction of ions in A and B site
result in Jag interaction leading to ferrimagnetic ordering, while, Jaa and Jgg lead
to antiferromagnetic ordering. The threshold electronic energy loss for track
formation in ferrites is 20 keV/nm [12]. Many studies have been carried out on
the ion induced modification in inverse and doped ferrites which are already
ferrimagnetic in nature [6, 8, 11]. Swift heavy ion irradiation in Nickel zinc ferrite
and magnesium ferrites, are reported to be modifying structural and magnetic
properties [8, 11].

Zinc ferrite is a normal spinel and exhibits antiferromagnetic properties in
the bulk [13]. However, thin film and nano forms of zinc ferrite exhibits

altogether different properties and this has been attributed to cation redistribution

143



Chapter 6

[14-19]. Shenoy et al. have observed room temperature superparamagnetic
behavior in ball milled zinc ferrite [14]. Hoffmann et al. observed glassy behavior
in nano zinc ferrite and the blocking temperature was found to be influenced by
the particle size [20]. Jeong et al. reported nanocrystalline zinc ferrite to exhibit
ferrimagnetism up to 460K and co existent ferrimagnetic and antiferromagnetic
ordering at 10K. The competition between Fe ions to interact via Jag and Jgg
results in canted spin structure of Fe ions in B site [21]. Nakashima et al. have
reported high magnetization in zinc ferrite thin films prepared by RF sputtering
[15]. Bohra et al. have studied the properties of zinc ferrite thin films prepared by
RF sputtering and Pulsed Laser Deposition [19]. Recently Liang et al. have
observed a magnetization of 1 milli emu/cc in zinc ferrite thin films [22]. In the
previous chapter, we have reported a magnetisation of 18 emu/cc in zinc ferrite
thin films of thickness 120 nm prepared by RF sputtering [23]. The altogether
different properties of zinc ferrite which depends mainly on cation redistribution
make zinc ferrite an interesting candidate for further investigations. The effect of
amorphisation induced as a result of SHI in zinc ferrite thin films have not been
thoroughly studied yet and this is one of the objectives of this investigation. The
structural and morphological changes induced as a result of ion irradiation is also
looked at.

6.2 EXPERIMENTAL METHODS
Zinc ferrite thin films were prepared by RF sputtering from a phase pure

target synthesized by sol gel auto combustion method. The films were deposited
on naturally oxidized silicon substrates at an RF power of 150 watts for 90
minutes. The films were annealed at 873K and then irradiated using 100MeV Ag
ions at fluences of 1x10'?, 1x10*, 3x10" ions/cm?. The range and energy loss of
100 MeV AG ions in zinc ferrite films were simulated using the SRIM code [24].
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The structural characterization was done using Glancing Angle X-Ray
Diffractometer (GXRD) Bruker Discover D-8 with Cu Ko (A=1.5406A) at a
glancing angle of 1°. The crystallite size D is calculated using Scherrer formula.
Atomic Force Microscope (AFM) Nanoscope Illa Digital Instruments, Veeco was
employed to study the morphology of sample on ion irradiation. Roughness and
Power Spectral Density (PSD) were deduced from AFM images. Magnetic
hysteresis at room temperature and at 5K, and FC-ZFC measurements from 300K
to 5K at a cooling field of 500e and 1000e were carried out using SQUID VSM.

6.3 RESULTS AND DISCUSSIONS
The electronic energy loss of 100 MeV Ag ions in zinc ferrite as

calculated using SRIM software was 0.015 MeV/nm. The range of ions was 11
um which is much greater than the film thickness. The film thickness was

calculated from cross sectional TEM (figure 2) and was 320 nm.
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Fig. 1 SRIM simulation of electronic and nuclear energy loss of 100 MeV Ag ions
in zinc ferrite
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Fig. 2 Cross sectional TEM image of pristine zinc ferrite film

The GXRD pattern of pristine and irradiated films is shown in figure 3.
Each sample was subjected to GXRD before and after irradiation to avoid sample
to sample variation. The crystallite size calculated using Scherrer formula was
found to be 21 nm for pristine film. The crystallite size was observed to vary with
ion fluence. At a fluence of 1x10* ions/cm?, crystallite size reduced to 15 nm and
at the highest fluence of 3x10* ions/cm? crystallite size further increased to
17nm. The decrease in crystallite size with ion fluence is due to amorphisation of
the material and has been observed in many other systems [8, 25]. The
amorphisation of the crystalline material can be explained in accordance with the
thermal spike model, where in, the high energy imparted by ions creates localized
high temperature zones (10° K) along the ion path, which can melt the material
which is followed by sudden cooling (~10™*2 ps) resulting in amorphisation along
the ion path [26-27]. This high energy imparted can cause breakage of crystallites.
The observed increase in crystallite size at higher fluence can be attributed to
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agglomeration of the broken crystallites [6, 28]. The crystallite can flow along the

melted track and rejoin to form slightly bigger crystallites.
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Fig. 3 GXRD pattern of pristine and irradiated films

The 2D and 3D AFM images are shown in figure 4 and 5. The grain size
was observed to decrease at lower fluence and increase at the highest fluence
consistent with the GXRD studies. For the samples irradiated at a fluence of
3x10" ions/cm? one can observe agglomeration of grains which are responsible
for the increase in grain size.

From AFM analysis we can obtain information regarding rms roughness
Rq, maximum roughness Rmax, average roughness R,, skewness and kurtosis. R, is
the arithmetic average of the absolute values of the surface height deviations

measured from the mean plane. Rpax IS the maximum vertical distance between
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the highest and lowest data points in the image following the plane fit. Ry is the
root mean square average of height deviations taken from the mean image data
plane. Skewness is indicative of symmetry in distribution of surface features. For
a symmetric distribution of surface features having a Gaussian distribution, the
skewness value is 0. A surface with flat peaks and deep valleys has a negative
skewness while a surface with wide distribution of peaks has a positive skewness.
The sharpness of surface features is given by the kurtosis value. The kurtosis
value tends to 3 for a Gaussian surface; whereas a higher value of kurtosis
indicates the presence of sharper surface features in the films. When the surface

features are more or less flatly distributed, the kurtosis value will be less than 3

[29].

2.0 pm 2.0 pm

50.0 nm

Fig. 4 AFM images of a) pristine and film irradiated at fluences b) 1><1O12 c)
1x10" and d) 3x10" jons/cm?

r 1
0.0 2.0 pm

148



Evolution of structural.....
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Fig. 5. 3D AFM images of a) pristine and film irradiated at fluences b)
1x10"c) 1x10" and d) 3x10" ions/cm?

Sample Rq Ra Rimax Skewness Kurtosis
Pristine | 3.61+0.02 | 2.88+0.01 | 27.6+2.7 | 0.220+0.01 | 3.01+0.06
1x10% |3.37+0.01 | 2.58+0.01 | 28.5+2.6 0.834+0.01 | 4.77+0.02
1x10" [3.31+0.01 | 2.64+0.01 | 25.9+2.7 | 0.286+0.01 | 3.11+0.05
3x10"° | 3.46+0.04 | 2.76+0.03 | 27.4+3.7 | -0.0197+0.01 | 2.97+0.01

Table 1: Roughness values of pristine and irradiated films

The rms roughness Ry, maximum roughness Rmax, average roughness R,
skewness and Kkurtosis are tabulated in table 1. Ry and Rmax decreases at lower

fluences and thereafter increases. At the highest fluence the grains are
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agglomerated and cause an increase in surface roughness. The high energy
imparted to the material initially breaks the grain and at higher fluence they
diffuse through the surface and the grains are agglomerated. The formation of
hills and valleys are also predominant at a fluence of 3x10* ions/cm?. This may
be because of surface diffusion as a result of irradiation. The skewness value
increases at lower fluence and decrease for the higher fluence. The film irradiated
at 3x10™ jons/cm? shows a skewness value slightly less than 0 and kurtosis value
less than 3. The negative skewness indicates presence of hills and valleys on the
film surface. A kurtosis value of 3 is obtained for the pristine and films irradiated
at 1x10™ ijons/cm? and show a skewness value 0.2 which is indicative of
symmetry in surface distribution. 1x10% ions/cm? irradiated sample has a
skewness of 0.8 and kurtosis of 4. This denotes sharpness in the distribution of
surface features.

To understand the mechanism of surface evolution due to ion irradiation,
the AFM images were subjected to power spectral density analysis. PSD spectra
of pristine and irradiated films are shown in figure 6. The low frequency region
represents noise and the high frequency region obeys a power law and the slope &
values indicate various surface evolution mechanisms. & values of 1, 2, 3 and 4
represents surface evolution due to plastic flow driven by surface tension,
evaporation-condensation, volume diffusion and surface diffusion [30-33]. For the
pristine film, the slope value is 2.4 and on increasing the fluence the slope
decrease. The possible surface mechanism is evaporation-condensation and the
decrease in slope with fluence indicates change of surface mechanism to plastic

flow as a result of irradiation.
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Fig. 6 PSD spectra of a) pristine and film irradiated at fluences b) 1x10"
c) 1x10* and d) 3x10"* ions/cm?

Hysteresis loops were traced at room temperature and at 5K for pristine
and irradiated films (figure 7). The pristine films show a near stauration with a
magnetisation of 40 emu/cc indicating ferrimagnetic behaviour of films. The
1x10* ions/cm? irradiated samples show almost similar behaviour that of pristine
sample. On irradiating the sample at a fluence of 1x10" ions/cm? magnetization
was lowered and at fluence of 3x10™ ijons/cm® magnetization increased to 22
emu/cc. The variation of Mg and H. with fluence is shown in figure 8 . MH loops
at 5K is shown in figure 7b . Contrary to room temperature ferrimagnetic
behaviour, the loops of pristine film and films irradited at 1x10' ions/cm? were
not saturating even at the maximum applied field of 60000 Oe. However films
irradited at 1x10" jons/cm? and 3x10* jons/cm? saturated at a field of 15000 Oe.
The variation of magnetization with fluence at 5K was similar to that of room
temperature magnetization and the pristine sample exhibited higher saturation

magnetization.
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Fig. 8 Variation of Msand H. with fluence a) at room temperature and b) at 5K

Nakshima et al. have observed room temperature ferrimagnetism in zinc
ferrite thin films [15] while Bohra et al. have observed that the films were
paramagnetic at room temperature [19]. Our earlier studies on zinc ferrite thin
films prepared by RF sputtering exhibited ferrimagnetism at room temperature
[23]. The magnetism of zinc ferrite thin films is greatly influenced by the cation
distribution in the octahedral and tetrahedral sites. The ferrimagnetic behaviour of
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zinc ferrite thin films is due to redistribution of Fe** ions into A site which leads
to strong A-O-B interaction.The decrease in magnetization with ion fluence can
be attributed to ion induced defects in the system which alters the cation
distribution. GXRD and AFM results indicate that the crystallite size decrease at
initial fluence and increase at highest fluence. The decrease in crystallite size
leads to surface state pinning of domains which results in decrease in
magnetization. At the fluence of 3x10" ions/cm?, crystallite size increases and
surface state pinning of domains is released which can enhance the magnetization
[6, 34]. The lack of saturation at 5K can be attributed to the antiferromagnetic
ordering of the films below the Neel temperature.

FC-ZFC curves of pristine and irradiated samples for cooling fields of
500e and 1000e are shown in figure 9. Tj, the bifurcation point of FC and ZFC
shifts to lower temperatures on increasing the cooling field. For the sample
irradiated at 1x10™ the ZFC maxima also shifts to lower temperature on
increasing cooling field indicative of a glassy behaviour. For pristine and 3x10"
irradiated sample, the ZFC maxima exhibts a very broad peak. Tung et al.
reported that ZFC peaks becomes broader with increase in particle size in zinc
ferrite nanoparticles due to the presence of wide distribution of relaxation times
for metastable magnetic state [35]. In the present case, the pristine sample have
highest grain size and on irradiation at 1x10*?, the grain size reduces and at higher
fluence of 3x10™3, the grain size increases. The broadness of ZFC curve can be

attributed to variation in grain size.

153



Chapter 6

Susceptibility (emu/cc Oe)

0.25

0.20 4

0.15 4

0.10 -

0.05 -

0.25

0.20 -

0.15 -

0.10 -

0.05 -

a) ZFC b) ——2zFC 1
——FC@500e, ——FC@500e
0.20
0.15 4
— 0.10 +
[}
o
g 0.05
E
——ZFC 5 020
< ——FC@1000e
——FC@1000¢ z e
;§ 0.15 4
b=
@
H
3 0.10 4
(2]
0.05 -
T T T T T T T T T T
50 200 250 300 0 50 100 150 200 250 300

T T
1ermpera1f5|?re (K)

Susceptibility (emu/ccOe)

Temperature (K)

O —zFc

——FC@500e

0.02

——FC@1000e
p—2FC

T T T T T

Temperature (K)

Fig. 9 FC-ZFC of zinc ferrite films a) pristine b) irradiated at fluence of 1x10"
and c) 3x10"2 jons/cm? at cooling fields of 500e and 1000e

6.4 CONCLUSION

Zinc ferrite films of thickness 320 nm were prepared by RF sputtering; the
films were annealed at 873K and then irradiated with 100 MeV Ag ions at
fluences of 1x10%?, 1x10™ and 3x10' ions/cm?. Amorphisation of films were
observed with irradiation, and for the highest fluence of 3x10® ions/cm? there
was an increase in crystallite size. AFM images also indicate an initial reduction

and an increase of grain size with ion fluence. Power spectral density analysis
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indicates the possible mechanism of surface evolution as evaporation-

condensation for the pristine film and on irradiation at higher fluences the

mechanism changes to plastic flow. The saturation magnetization was observed to

decrease with ion fluence which is due to surface state pinning of domains as a

result of reduced particle size. FC-ZFC studies indicate spin glass behavior in

pristine and irradiated films, and the ZFC curve was influenced by the grain size.

Thus the structural, topographical and magnetic properties of zinc ferrite thin

films were tailored by swift heavy ions.
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Exchange bias in FeNiMoB-Zinc Ferrite bilayer films
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e Magnetic studies: Super conducting Quantum Interferometer
Device -Vibrating Sample magnetometer (SQUID VSM)
7.4 Conclusions
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7.1 INTRODUCTION

The studies on single layer films of FeNiMoB and zinc ferrite and the
modification of their properties by thermal annealing and ion irradiation was
discussed in the previous chapters. The formation of bilayer system always gives
rise to new properties and is highly influenced by the interface. Studies on bilayer
of FeNiMoB and zinc ferrite are discussed in the present chapter. Exchange bias
effect is an interface phenomenon and was observed earlier at ferromagnet (FM)
and antiferromagnet (AFM) interface. Exchange bias effect is the phenomenon
wherein the spins of ferromagnet (FM) and antiferromagnet (AFM) interact at the
FM-AFM interface, and thereby forces the AFM spins to align parallel with FM
spins at the interface on field cooling. The alignment of AFM spins exerts a
torque which the FM spins has to overcome on reversal of applied magnetic field
resulting in an apparent shift of hysteresis loop along the field axes when field
cooled below the Neel temperature of AFM [1]. Along with hysteresis loop shift
one may also observe vertical shift and enhancement of the hysteresis loop.
Exchange bias effect is observed in FM-AFM layers, FM-AFM core shell systems
and also in systems having ferromagnetic domain, spin glass (SG) or disordered
surface spins [2]. In FM-SG systems the spin glass is modeled as a diluted AFM
with long range interactions [3]. The exchange biased structures find application
as spin valves, magnetic tunnel junctions and spintronic devices [1]. Applications
involving exchange bias necessitate tailoring bias and coercive fields by
appropriate techniques [4].

Many models have been proposed to explain the exchange bias effect [5,
6, 7]. Some models consider exchange bias solely as an interface phenomenon, [8]
while some others assume exchange bias to be dependent on the whole of AFM

[5, 6]. Many researchers have observed that the bias and coercive fields are
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greatly influenced by both the FM and AFM thickness [9-12]. The most well
studied exchange bias system is FeNi-FeMn. In this system it was reported that
the bias field obeys a power law with AFM thickness as 1/t", where the exponent
A ranges from 0 to 0.3 [12]. The inverse relation of exchange bias with AFM
thickness was also observed in various other systems namely IrMns/Co,
LazsCarsMnOs/LaysCaxsMnOs, Ta/Py/IrMn/Pt [10, 11, 13]. In most of the
studies carried out so far, the optimum thickness of the AFM layer is ~20 nm, the
bias field disappears for thickness values greater than this optimum thickness [13-
16]. In some other systems like CuMn-Co, it was observed that bias field
increases with thickness and attains saturation [3, 17]. The effect of thickness on
the exchange bias is not universal and found to vary from system to system. Thus
the dependence of thickness on the exchange bias field is of great significance.
The exchange bias can be tailored by diluting the AFM with suitable non
magnetic impurities or by creating defects by ion irradiation or other techniques
[15, 18]. lon irradiation offers unique possibilities in modifying exchange bias [1].
The changes in exchange bias with ion fluence have been modeled based on a
competition between defect creation and interfacial mixing [19]. Most of the ion
induced modification studies on exchange bias systems are found in the low
energy regime [14, 15, 20, 21]. It must be noted here that low energy ions are
suitable for modification of materials when the film thickness is small (~1-10nm).
For larger film thickness (~ 100-1000 nm) the less energetic ions get embedded in
the film; while, high energy ions can create amorphous tracks in films of much
larger thickness. Contrary to low energy ions, where high fluences (~10%°) are
required, high energy ions can produce the same effects at much lower fluences,
three to four orders smaller than that of low energy ions. Mougin et al. studied the
effect of 10keV He ions on 5nm-10 nm FeNi-FeMn thin films [15].They observed
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an enhancement of exchange bias at lower fluences and a decrease at higher
fluence. Effect of high energy ions on the exchange bias properties would be an
interesting research area since it offers an ideal template to investigate the effect
of electronic energy loss on exchange bias properties. As mentioned earlier, the
dominant mechanism of material modification at low energies is via nuclear
energy loss, while in the case of high energy ions it is through electronic energy
loss and hence effect of high energy ions on exchange bias properties is also
interesting from a fundamental perspective.

The system under investigation is zinc ferrite- metallic glass. Zinc ferrite
is an antiferromagnet with a Neel temperature of 10K, while metallic glass, an
alloy of Fe, Ni, Mo, B is an excellent soft ferromagnetic material with a Curie
temperature of 600K. Zinc ferrite in the nano regime is purported to be exhibiting
anomalous magnetic behavior namely, ferrimagnetic, superparamagnetic,
antiferromagnetic or even glassy behavior depending on cation distribution in the
A and B sites of the spinel structure [22-27]. Hysen et al. and Senoy et al.
reported soft magnetic properties in thin films of Fe-Ni alloys and the properties
could be tailored by thermal annealing and swift heavy ion irradiation [28- 30].
Substantial amount of work has been carried out in the past on these materials
namely, zinc ferrite and Fe-Ni alloys in our laboratory, [26-30] and it was thought
fit to look at the possibilities of inducing exchange bias on a bilayer consisting of
zinc ferrite and FeNiMoB alloys fabricated using RF sputtering. The effect of
swift heavy ion irradiation, layer thicknesses and thermal annealing on the
exchange bias field and coercivity is of interest to the scientific community and
are the motives of the present investigation.

The present chapter is divided into two sections; the first part deals with

the dependence of film thickness and thermal annealing on exchange bias effect;
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the role of swift heavy ions in tailoring the exchange bias properties is probed in
the second part.
7.2 EXPERIMENTAL METHODS

Zn F9204

FeNiMoB

SiO;

Fig.1. Schematic of the bilayer structure

The bilayer film of FeNiMoB-zinc ferrite was prepared by RF sputtering
using targets of FesNisgM04B1g ribbon and zinc ferrite (prepared by sol gel auto
combustion technique). The films were deposited on naturally oxidized Si
substrate. The schematic is shown in figure 1. FeNiMoB was deposited initially
on natively oxidized Si substrate for 30 minutes at an RF power of 100 Watts.
Subsequent to that zinc ferrite was deposited at an RF power of 150 watts for 90
minutes. The thickness was controlled by varying the Ar gas flow. For both
depositions the pre deposition pressure in the chamber was 6x10® Torr which
reduced to 5x10 Torr during deposition. The films of higher thickness were
annealed at 873K for 1 hour. Rutherford Backscattering Spectrometry (RBS) was
carried out to determine the film thickness and composition. The obtained
experimental results were simulated using the XRUMP software. The
magnetisation measurements at room temperature and at 10 K were carried out
employing SQUID VSM. The low temperature magnetic measurements were

performed by field cooling at 5000 Oe.
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The films of higher thicknesses annealed at 873K were subjected to swift
heavy ion irradiation employing 100 MeV Ag®* ions at fluences of 1x10",
1x10™, 1x10%and 3x10" ions /cm? The range and energy loss of ions was
calculated using Stopping Range of lons in Matter (SRIM) code [31]. The
structural characterization was done using Glancing X-Ray Diffractometer

(GXRD). Magnetic measurements were carried out as described earlier.

7.3 RESULTS AND DISCUSSION

7.3.1 Dependence of film thickness and thermal annealing on Exchange Bias

From RBS (figure 2), zinc ferrite layer was found to be 120 nm thick with
a composition of Zn 11.1%, Fe 22.2% and O 66.7% and FeNiMoB was 60 nm
thick with a composition of Fe 19.1%, Ni 19.1%, Mo 1.5% and O 58.8%. This set
of film is coded as FNMB-ZF1.

The film of higher thickness is coded as FNMB-ZF2. The zinc ferrite layer
has a thickness of ~350 nm and a composition corresponding to Zn 12.5 %, Fe 25
%, O 62.5 %. The Fe-Ni-Mo-B layer was ~270 nm thick and has a composition of
Fe 17 %, Ni 17 %, Mo 3% and O 63%.
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Hysteresis curve at room temperature and at 10K with field cooling of
films of different thickness and film annealed at 873K is shown in figure 3. It is
evident that MH at 10K with field cooling exhibits an enhancement of the
hysteresis loop along with field shift. The exchange field He value for FNMB-ZF1
was 75 Oe. FNMB-ZF2 exhibited an exchange field of 50 Oe and on annealing
the exchange field increased to 63 Oe. No major changes in exchange field was

observed with film thickness and annealing.
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Fig. 3 Hysteresis loops recorded at room temperatUre and at 10K of a) FNMB-

ZF1 b) FNMB-ZF2 and ¢) FNMB-ZF2 annealed at 873K

The observed exchange bias effect in FeNiMoB-Zinc ferrite bilayer film is
not due to FM-AFM interaction, because thin film forms of zinc ferrite are not
antiferromagnetic at 10K. They exhibit ferrimagnetic ordering along with glassy
behavior [22, 32]. Studies on zinc ferrite thin films presented in previous chapters
also suggest the existence of glassy behavior. Many groups have reported
exchange bias in spin glass ferromagnetic system [3, 17, 33]. In such cases the
spin glass is considered to be diluted AFM system with long range interaction [3].
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All related effects of exchange bias in FM-AFM systems are observed in FM-SG
systems also. Thus the exchange bias observed in the present system could also be
attributed to FM-SG interaction. The wide discrepancy between FC and ZFC in
the MT curve (figure 4) also indicates glassy state of the system. The blocking
temperature Tg for pristine film is 100K and is found to be independent of

thickness.
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Fig. 4 FC-ZFC of a) FNMB-ZF1 b) FNMB-ZF2

7.3.2 Dependence of swift heavy ion irradiation on Exchange Bias

The electronic energy loss of 100 MeV ions in zinc ferrite is 0.015
MeV/nm as simulated using SRIM code (figure 5) [31]. The range of ions is about
12um, which is much greater than the film thickness. The ions on traversing
through the zinc ferrite layer of thickness 400 nm lose energy of 6 MeV and the
remaining 94 MeV is transferred to the next layer. The energy loss in FeNiMoB
layer is 0.016 MeV/nm. The range of ions in this layer is about 11pum, and the ions

get deposited in the substrate terminally.
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In the GXRD studies, (figure 6) the (311) plane corresponding to spinel

zinc ferrite is observed. It is difficult to obtain the Fe-Ni phase for the second

layer by GXRD due to the nominal concentration of Fe-Ni crystallites. The

crystallite size is calculated using Scherrer formula and is ~ 7 nm. The (311) plane

narrows out on annealing at 873K and consequently the crystallite size increases

to 12 nm. The crystallite size increases for films irradiated at 1x10* ions/cm? and

is ~15 nm and reduces to ~10 nm at 1x10% ions/cm® At higher fluences,

complete amorphisation of films takes place.

169



Chapter 7

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

Fig. 6 GXRD pattern of a) pristine film b) film annealed at 873K, film annealed at
873K and irradiated at fluences of ¢) 1x10™ d) 1x10*?e) 1x10* and f) 3x10"

ordering and the influence of ion fluence on Tg. The Tg for the sample irradited at
fluence of 1x10 ions/cm? is around 100K same as that of pristine film. On
irradiation not much changes in blocking temperature was observed. However Ty,
the temperature at which FC-ZFC curve bifurcate shifts to room temperature at
higher fluences. The large irreversabilty between FC and ZFC indicates glassy

behaviour of the system. The saturation of FC below Tg is also indicative of a
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FC-ZFC measurements (figure 7) were conducted to study the magnetic

glassy behaviour.
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Fig. 7 FC-ZFC curves of FeNiMoB-Zinc ferrite film annealed at 873K and
irradiated at fluences of a) 1x10™b) 1x10™ and c) 3x10*jons/cm?

Hysteresis (MH) loops at room temperature and at 10K of the irradiated
films with field cooling of 5000 Oe are shown in figure 8. An exchange field of
around 50 Oe is observed in the pristine film and on annealing at 873K, the
exchange field increased to ~63 Oe (figure 3b-3c). On irradiation, it is observed
that at low fluences, in particular 1x10™ and 1x10%? ions/cm?, exchange field
shows an enhancement and then decreases on further increase of ion fluence. A
maximum exchange field of 210 Oe is observed for the film irradiated at 1x10%

ions/cm?. The Hg value decreases to ~25 Oe for film irradiated at 1x10% and
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3x10" jons/cm?® The variation of exchange field with ion fluence is shown in
figure 9. Apart from variation in exchange bias field and coercivity, other
phenomena related to exchange bias like loop widening and shift in positive
magnetization is also observed.

Mougin et al. explained the change in exchange field with low energy ion
irradiation with the help of a diluted AFM model [15]. He proposed that ion
irradiation creates defects in the AFM and these defects act as pinning centres and
thereby enhances the exchange field. The ion beam mixing at the interface
presumably destroys magnetic order and suppresses exchange field. The net effect
of ion dose on exchange field is given by the following expression

He _ (1+aptN)xe™" (7.1)

H EB,ini

where Hegg/Hegini is the normalised exchange bias field with respect to
exchange field before irradiation, ‘N’ is the ion dose, ‘t’ thickness of AFM layer,
‘p’ the probability of the atom to be displaced per incoming ion per unit length,
‘a’ the parameter that describes the efficiency of the ion to create a defect in AFM
and ‘by’ is the parameter that indicates the efficiency of the defect at the interface
to decrease exchange field. Most of the experiments carried out on irradiation
induced exchange bias follow this equation; according to which, an increase in
exchange bias is observed at low fluences and at higher fluences exchange bias is
decreased [19, 34].
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Our experimental result is fitted by using equation 7.1 and the fitting is
found good at lower fluences, while at higher fluences, an exact fitting with
experimental data is not possible (figure 9). The value of a and b was observed to
be 0.6 and 18. Thus, the observed increase in exchange bias at low fluences can be
explained as a result of defect creation in the zinc ferrite layer. These defects act
as pinning centres for domain wall formation which can reduce the domain wall

energy leading to stabilisation of the system. The formation of domain walls
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results in enhanced loop shift. Further increase of ion fluence leads to excessive
ion beam mixing at the interface, which affects the magnetic order in AFM layer.

This decreases exchange coupling and thereby the exchange bias.
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Fluence (1013 ions/cmz)

Fig. 9 Variation of exchange field with ion fluence

The variation of coercivity with ion fluence is shown in figure 10, H
initially increases, exhibits a maximum value of 610 Oe at 1x10" jons/cm? and
then decreases. The correlation between coercivity and exchange field can provide
information regarding the microscopic origin of exchange anisotropy and was
studied by different groups [35, 36, 37, 38]. Leighton et al. observed that the
enhancement of coercivity is proportional to the exchange coupling and the
increase in coercivity is attributed to enhanced pinning of domain walls [35].
Morales et al. observed no direct correlation between coercivity and exchange
field in Ni and Py layers [38]. In our study we have observed direct relation
between variation of coercivity and exchange field with ion fluence and is fitted

using equation 7.1. The fitting parameters a and b are 2 and 21. According to the

174



Exchange bias.....

theoretical fit, the variation of coercivity can be explained as follows; at low
fluences, the defect enhances the coercivity, while at higher fluences mixing of
ions lowers the coercivity. The mechanism responsible for variation of exchange

field with ion fluence is also responsible for the variation of coercivity.
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Fig. 10 Variation of coercivity with ion fluence

The sample irradited at 1x10" ions/cm? which exhibits the maximum
exchange field was subjected to field cooled MH measurements at different
temperatures of 40K, 50K, 80K, 100K and 120K (figure 11). No field shift is
observed which establishes the fact that exchange field is observed far below the
transition temperature which is 100K in the present case.
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7.4 CONCLUSION

In summary, FeNiMoB-Zinc ferrite bilayer films exhibiting exchange bias
was fabricated by RF sputtering at different FM and AFM thicknesses. Exchange
bias was observed in FeNiMoB-Zinc ferrite films of both thicknesses and is
attributed to FM-SG coupling. The exchange bias decreased on increasing the
FM-AFM thickness and on annealing, significant changes in exchange bias was
not observed.

The films annealed at 873K were irradiated with 100 MeV Ag ions at
different fluences. lon irradiation enhanced exchange bias at lower fluences and
decreased at higher fluences. Highest exchange field of 2100e was obtained on
irradiation at a fluence of 1x10% jons/cm?®. The variation in exchange bias with
ion fluence is modeled based on the competition between defect creation in AFM
layer and interfacial mixing. The defect created by ions act as pinning centers in
the AFM and this causes an enhancement in exchange bias at lower fluences. At

higher fluences, the defects destroy the order at the FM-AFM interface, and hence
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exchange bias decreases. The behavior of coercivity with ion fluence follows the

variation of exchange field which implies that both the exchange field and

coercivity are correlated. Thus both exchange field and coercivity can be tailored

by swift heavy ion irradiation.
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Magnetic alloys are an integral member belonging to the family of
magnetic materials, which are of recent origin and increasingly being researched
upon. They are amorphous in character and find extensive applications in many
modern day devices. Metallic glasses belonging to the family of magnetic alloys
is a new entrant and is promising and seen as a potential substitute to the existing
conventional materials based on ferrites and permalloys. They are soft and the
electrical conductivity is quite reasonable. Normally they are made in the form of
ribbons. Though ribbons are amorphous in nature, nanocrystallinity can be
induced and can be made crystalline. Newer applications like Magnetic Micro
Electro Mechanical Systems (MEMS), Nano Electro Mechanical Systems
(NEMS) and Tunnel Magneto Resistance (TMR) sensors necessitate that they are
made in the thin film forms. The properties of ribbon and their thin film form need
not be the same since ribbons are amorphous and on deposition they transform to
crystalline.

Thin films of metallic glasses can be deposited on substrates from targets
of appropriate compositions. Retention of the target composition in the film as
well is an essential criterion. If one resorts to thermal evaporation, though good
quality films can be obtained, the composition of the film are at variance with the
parent target. This forces one to employ methods like RF sputtering and pulsed
laser deposition. Though the target themselves are amorphous, the end film could
be crystalline or vice versa. Hence post deposition thermal annealing is required
to modify their magnetic properties. The employment of swift heavy ion (SHI)
irradiation in the modification of magnetic properties is well known and thus SHI
can be employed to modify the morphology and in turn the magnetic properties.
This is part one of the present investigation, that is, fabricating thin films of

metallic glass alloys based on Fe-Ni and the modification of their properties.
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Zinc ferrite in the bulk is a normal spinel and exhibits anomalous
properties in the nanoregime. However, literature on their thin film forms are less
abundant and an interesting area of research. Their modification by employing
thermal annealing and SHI was another motive of the present study.

Exchange bias is a relatively newer phenomenon involving ferromagnetic-
antiferromagnetic (FM-AFM) structures. A bilayer consisting of a zinc ferrite and
metallic glass based on Fe-Ni was thought to be ideal where in zinc ferrite serve
as an AFM/spin glass (SG) and Fe-Ni the FM component. This investigation was
undertaken with a two pronged objective. Firstly, to see the feasibility of
fabricating a bilayer exchange bias system, and secondly, to study the effect of
SHI on the exchange bias and exchange field. This is phase two of the present
investigation.

The salient findings of the present study is listed in this chapter. As it is
natural for any human, we need to strive for perfection and in the search for
perfection we often subject ourselves to criticism. All the demerits of this study is
brought out as seen by the author and the scope for improvements and future
studies is also discussed.

We started by depositing thin films from a target of FesoNizgMo4B1g by
using RF sputtering method. From the compositional studies using X-ray
Photoelectron Spectroscopy (XPS), it was found that we succeeded in
incorporating Fe, Ni, Mo and B in the thin film; however the exact stoichiometry
of the target composition could not be retained in the film due to the
contamination of oxygen. Contrary to the target which was amorphous, thin films
were crystalline and the phase was FeNiMoB which is predominantly non

magnetic. However, the films were ferromagnetic at room temperature with
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diminished saturation magnetization. Post thermal annealing of these films did not
improve their magnetic properties.

The next question that comes to our mind is can we improve the magnetic
properties of FeNiMoB thin films? If the crystalline FeNiMoB phase is modified,
there are chances that magnetic properties can be improved, as the amorphous
counterparts exhibited superlative magnetic properties. To amorphise, SHI
irradiation is a suitable technique. The high energy imparted to the material can
cause localized high temperature zones and the sudden cooling when the ion
transits results in amorphisation. SHI irradiation is a highly versatile technique
used for nanostructuring and material modification. FeNiMoB films were
irradiated using 100MeV Ag ions at different fluences. At an initial fluence of
1x10™ and 1x10" ions/cm? an increase in grain size was observed from atomic
force microscopy images, and at the highest fluence of 3x10* ions/cm?, the grain
size decreased rapidly. On irradiation, the crystalline FeNiMoB phase has been
completely eliminated. The decrease in grain size along with amorphisation at the
highest fluence of 3x10"™ ions/cm? substantially enhanced the magnetic properties
of FeNiMoB thin films.

Zinc ferrite, an antiferromagnet with a Neel temperature of 10K is a
normal spinel in the bulk. Thin films and nanostructures of zinc ferrite exhibit
altogether different magnetic properties due to cation redistribution. Thus
nanosized zinc ferrite is a subject of intense studies. Zinc ferrite thin films were
prepared by RF sputtering and they exhibited room temperature ferrimagnetism
with a saturation magnetization of 120emu/cc. The shift in the blocking
temperature from 10K to higher temperatures is attributed to cation redistribution
resulting in a possible Jag interaction. Zinc ferrite sample also exhibited spin glass

behavior. Thermal annealing deteriorated the magnetic properties by lowering the
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saturation magnetization and lowering the blocking temperature. On annealing,
the cations have a tendency to reverse back to the normal spinel structure.

The formation of latent tracks in ferrites by swift heavy ion irradiation
offers possibilities to study the stress induced magnetic properties. Zinc ferrite
thin films were irradiated with 100 MeV Ag ions. The crystalline percentage of
the spinel structure reduced on ion irradiation. At initial fluences, the grain size
decreased and at the highest fluence of 3x10" ions/cm? the grain size enhanced.
This increase in grain size was visible from atomic force microscopy images and
is due to agglomeration. The magnetic properties were dependent on grain size
and highest saturation magnetization was for the pristine sample. With ion
irradiation, the magnetization shows an initial decrease and at highest fluence a
nominal increase was observed. This has been correlated with grain size. Another
interesting observation was that at 5K of temperature, the pristine samples did not
saturate even at the highest applied field of 60 kOe. But as irradiation progressed,
films attained saturation at very low fields. Irradiation reduced the
antiferromagnetic contribution.

It is well known that an FM-AFM or a FM-SG can exhibit exchange bias
effect and these kinds of exchange coupled systems are highly desirable in various
spintronic devices. The ferromagnetic property of FeNiMoB films can be coupled
with the antiferromagnetic or spin glass property of zinc ferrite. To realize an
exchange bias system we have adopted a bilayer structure of FeNiMoB and zinc
ferrite. The role of thickness, thermal annealing and ion irradiation on the
exchange bias was examined. The bilayer film of FeNiMoB and zinc ferrite
exhibited exchange bias at 10K with an exchange field of 75 Oe. The observed
exchange bias was attributed to FM-SG interaction. On increasing the layer

thickness exchange field reduced to 50 Oe and on annealing a small increase of
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130e in exchange bias was observed. Appreciable changes in exchange bias
properties could not be obtained by altering the thickness and annealing
temperatures.

As the exchange bias is influenced by the interface, modification of
interface can substantially cause changes in exchange field. The bilayer films
were irradiated using 100 MeV Ag ions. The exchange field increased at initial
fluence, reached a peak value of 210 Oe at a fluence of 1x10* ions/cm?, and then
decreased on further increase of ion fluence. The variation of exchange field with
ion fluence is modeled as a competition between ion induced defect formation and
interfacial mixing. At lower fluences, ions create defects in the AFM and these
defects can act as pinning centers for domain wall formation thereby enhancing
the exchange bias. At higher fluences, due to interfacial mixing the exchange field
gets suppressed. Thus the role of ion irradiation as an efficient tool to modify the
exchange bias was examined.

Further systematic studies on preparation of FeNiMoB by RF sputtering
by changing the deposition parameters like RF power may result in the formation
of magnetic Fe-Ni phase. The oxidation of these films is a major cause for worry
and a reason for the decrease in magnetization. The target composition could not
be retained due to oxidation. Passivation is an alternative, and can be passivated
by coating a thin film of gold or a polymer.

Even though zinc ferrite films exhibited room temperature ferrimagnetic
behavior; the actual reason for this change is still elusive. Extensive studies on
deducing the structure and the cation distributions have to be performed by high
end analytical tools such as Extended X-ray Absorption Fine spectroscopy
(EXAFS) and neutron scattering. The track formation in spinels as a result of ion

irradiation also has to be visualized by cross sectional TEM. Once the tracks and
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its diameter are evaluated by appropriate tuning of ion energy and fluence, the
track diameter can be tailored and nanostructures can be obtained.

The main application of exchange coupled systems is in magnetic tunnel
junctions. The pinning of ferromagnetic layer can be achieved by exchange
coupling with an AFM. But most of the AFM materials have Neel temperature
below room temperature which are not of much use from an application point of
view. Fabricating an exchange coupled system, under an applied magnetic field
will ensure proper alignment of the top AFM layer. The modification of exchange
bias properties by SHI is a highly efficient method. But visualization of interface
by cross sectional TEM is rather difficult. The exact cause of the change can be
ascertained only after observing the interface. Also, micromagnetic simulation on
ion induced modifications can be looked after as a theoretical study.

When a thesis is being submitted a barrage of questions crop up in one’s
mind, very often the questions transcend from science to philosophy and society.
A few of the pertinent questions are, whether | could deliver what | intended?
Whether my thesis has the required quality, whether this piece of investigation
going to benefit the society at large or not! Most often the answers to these
questions are found in the very philosophy of research itself. That is, if this work
IS not earth shattering, has it added value to the existing? In this case, the answer
is yes, it has contributed incrementally. This is often referred to as incremental
science! Every thesis contributes incrementally to the knowledge base. This thesis
IS no exception to this! Pondering over the question of reproduction of results or
repeatability, one often, repeats the experiment twice or thrice, the idea is to ‘kill’
the new result, if it remerges like the phoenix it is accepted and a new result. The
observance of exchange bias in a bilayer film of FeNiMoB-zinc ferrite was

repeated and verified as a new result.
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Conclusions and Future Scope

Another obvious criticism is the employment of SHI for material
modification, which is exorbitantly expensive and not suitable for large area
application. However one take solace in the fact that if one can thoroughly
understand the Physics behind the modification of material properties by SHI, a
suitable inexpensive ‘down to earth’ technique can be devised to achieve the same
effects. This is positive thinking and is earmarked for future.

In this investigation we have only looked at the possibility of an exchange
coupled system using a bilayer of FeNiMoB and zinc ferrite. Fe-Ni based alloy
thin films can also be used to fabricate TMR sensors and or even a cantilever
consisting of a Fe-Ni phase for sensing gases or magnetic fields. These are some
devices which can be fabricated by simple fabrication technique. However these
propositions are futuristic. With the emergence of internet of things sensors are
going to play a significant role. So metallic glasses can be a component of a
energy harvester along with a magneto electric component for self driven sensors.

Any researcher who does not think differently and do not intend to
innovate is not delivering his duty. Finally let me conclude with the words of JRD
Tata, “More than ever before we must be ready to think every problem afresh, to

change and innovate”.
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