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Preface

Magnetism and magnetic materials have been playing a lead role in improving
the quality of life. They are increasingly being used in a wide variety of applications
ranging from compasses to modern technological devices. Metallic glasses occupy an
important position among magnetic materials. They assume importance both from a
scientific and an application point of view since they represent an amorphous form
of condensed matter with significant deviation from thermodynamic equilibrium.
Metallic glasses having good soft magnetic properties are widely used in tape
recorder heads, cores of high-power transformers and metallic shields.
Superconducting metallic glasses are being used to produce high magnetic fields and
magnetic levitation effect. Upon heat treatment, they undergo structural relaxation
leading to subtle rearrangements of constituent atoms. This leads to densification of
amorphous phase and subsequent nanocrystallisation. The short-range structural
relaxation phenomenon gives rise to significant variations in physical, mechanical and
magnetic properties. Magnetic amorphous alloys of Co-Fe exhibit excellent soft
magnetic properties which make them promising candidates for applications as

transformer cores, sensots, and actuators.

With the advent of microminiaturization and nanotechnology, thin film
forms of these alloys are sought after for soft under layers for perpendicular
recording media. The thin film forms of these alloys can also be used for fabrication
of magnetic micro electro mechanical systems (magnetic MEMS). In bulk, they are
drawn in the form of ribbons, often by melt spinning. The main constituents of these
alloys are Co, Fe, N1, S1, Mo and B. Mo acts as the grain growth inhibitor and S1 and

B facilitate the amorphous nature in the alloy structure. The ferromagnetic phases



such as Co-Fe and Fe-Ni in the alloy composition determine the soft magnetic
properties. The grain correlation length, a measure of the grain size, often determines

the soft magnetic properties of these alloys.

Amorphous alloys could be restructured in to their nanocrystalline
counterparts by different techniques. The structure of nanocrystalline material
consists of nanosized ferromagnetic crystallites embedded in an amorphous matrix.
When the amorphous phase is ferromagnetic, they facilitate exchange coupling
between nanocrystallites. This exchange coupling results in the vanishing of
magnetocrystalline anisotropy which mmproves the soft magnetic properties. From a
fundamental perspective, exchange correlation length and grain size are the deciding
factors that determine the magnetic properties of these nanocrystalline materials. In
thin films, surfaces and interfaces predominantly decides the bulk property and hence
tailoring the surface roughness and morphology of the film could result in modified

magnetic properties.

Surface modifications can be achieved by thermal annealing at various
temperatures. Ton irradiation is an alternative tool to modify the surface/structural
properties. The surface evolution of a thin film under swift heavy ion (SHI)
irradiation 1s an outcome of different competing mechanism. It could be sputtering
induced by SHI followed by surface roughening process and the material transport
induced smoothening process. The impingement of ions with different fluence on
the alloy is bound to produce systematic microstructural changes and this could
effectively be used for tailoring magnetic parameters namely coercivity, saturation
magnetization, magnetic permeability and remanence of these materials. Swift heavy
ion irradiation is a novel and an ingenious tool for surface modification which
eventually will lead to changes in the bulk as well as surface magnetic property. SHI

has been widely used as a method for the creation of latent tracks in thin films. The
ii



bombardment of SHI modifies the surfaces or interfaces or creates defects, which
induces strain in the film. These changes will have profound influence on the
magnetic anisotropy and the magnetisation of the specimen. Thus inducing structural
and morphological changes by thermal annealing and swift heavy ion irradiation,
which in turn induce changes i the magnetic properties of these alloys, 1s one of the

motivation of this study.

Multiferroic and magneto-electrics is a class of functional materials with wide
application potential and are of great interest to material scientists and engineers.
Magnetoelectric materials combine both magnetic as well as ferroelectric properties
in a single specimen. The dielectric properties of such materials can be controlled by
the application of an external magnetic field and the magnetic properties by an
electric field. Composites with magnetic and piezo/ferroelectric individual phases are
found to have strong magnetoelectric (ME) response at room temperature and hence
are preferred to single phasic multiferroic materials. Currently research in this class of
materials 1s towards optimization of the ME coupling by tailoring the piezoelectric
and magnetostrictive properties of the two individual components of ME
composites. The magnetoelectric coupling constant (MECC) (o) is the parameter
that decides the extent of interdependence of magnetic and electric response of the
composite structure. Extensive investigates have been carried out in bulk composites
possessing on giant ME coupling. These materials are fabricated by either gluing the
individual components to each other or mixing the magnetic material to a
piezoelectric matrix. The most extensively investigated material combinations are
Lead Zirconate Titanate (PZT) or Lead Magnesium Niobate-Lead Titanate (PMN-

PT) as the piezoelectric, and Terfenol-D as the magnetostrictive phase and the

iii



coupling is measured in different configurations like transverse, longitudinal and in-

plane longitudinal.

Fabrication of a lead free multiferroic composite with a strong ME response
is the need of the hour from a device application point of view. The multilayer
structure 1s expected to be far superior to bulk composites in terms of ME coupling
since the piezoelectric (PE) layer can easily be poled electrically to enhance the
piezoelectricity and hence the ME effect. The giant magnetostriction reported in the
Co-Fe thin films makes it an ideal candidate for the ferromagnetic component and
BaTiO; which is a well known ferroelectric material with mmproved piezoelectric
propetties as the ferroelectric component. The multilayer structure of BaTiO;- CoFe-
BaTiO, is an ideal system to understand the underlying fundamental physics behind
the ME coupling mechanism. Giant magnetoelectric coupling coefficient is
anticipated for these multilayer structures of BaTiO;-CoFe-BaTiO;. This makes it an

ideal candidate for cantilever applications in magnetic MEMS/NEMS devices.

SrTi0; 1s an incipient ferroelectric material which is paraelectric up to 0K 1n
its pure unstressed form. Recently few studies showed that ferroelectricity can be
induced by application of stress ot by chemical / isotopic substitution. The seatch
for room temperature magnetoelectric coupling in StTi1O;-CoFe-SrTiO; multilayer
structures is of fundamental interest. Yet another motivation of the present work is
to fabricate multilayer structutres consisting of CoFe/ BaTiO; and CoFe/ StTiO; for
possible giant ME coupling coefficient (MECC) values. These are lead free and hence
promising candidates for MEMS applications. The elucidation of mechanism for the

giant MECC also will be the part of the objective of this investigation.
Thus the main objectives of present investigation can be listed as follows:

1. Fabrication of Co-Fe amorphous thin films.
v



. Evaluation of structural and morphological modification of Co-Fe thin
films by thermal annealing and its effect on interrelationship with the
magnetic properties.

ii. Study the effect of swift heavy ion irradiation on the magnetic and
topographical properties of amorphous alloy Co-Fe thin films and its
influence on its magnetic properties.

v. Fabrication of BaTiO;-CoFe-BaTiO; multilayer structure and study the
magnetoelectric coupling of the prepared multilayer structure.

v. Fabrication of SrTiO;-CoFe-SrTiO, multilayer structure and to probe
room temperature magnetoelectric coupling in these multilayer structures.

vi. Propose a mechanism for giant magnetoelectric coupling in multilayer
films

vil. Correlation of results.

The proposed thesis is entitled “Tailoring Magnetic Properties of Co-Fe Thin

Films by Topographical Modifications Using Thermal Annealing and Swift Heavy
Ion Irradiation and Fabrication of Magnetoelectric Multilayers for Device

Applications” and consists of seven chapters.

Chapter 1 gives an introduction to basic properties of ferromagnetic and
ferroelectric materials, amorphous and nanocrystalline thin films. An introduction to

magnetoelectric coupling mechanism 1 magnetoelectric multilayers 1s also discussed.

Chapter 2 sheds light on the theory of magnetism of metallic alloys and thin
films. A detailed account on the influence of swift heavy ion irradiation in altering
the morphological properties and in turn the impact of these changes on the

magnetic properties is also dealt with in this chapter. A review on the mechanism of



coupling of ferromagnetic and ferroelectric multilayers is also provided in this

chapter.

Chapter 3 briefly discusses the experimental details of fabrication techniques
employed for the growth of thin films and multilayer structures. The vatious
characterization tools utilized for evaluating the structure, morphology, composition,
magnetic, electric and magnetoelectric properties are also discussed. A concise
description of swift heavy ion irradiation technique used for the current study has is

also given in this chapter.

In chapter 4, thermal annealing and irradiation effects on the microstructural,
topographical and magnetic properties of Co-Fe amorphous thin films are presented.
The inference from this set of studies is that upon thermal annealing, crystallization
together with surface smoothening influences the magnetic properties of thin films.
The variation in coercivity with SHI fluence is successfully explained based on the

microstructural changes occurred in the film morphology during irradiation.

Multilayers of BaTiO;-CoFe- BaTiO; have been fabricated employing a
simple technique of sol gel spin coating and thermal evaporation. The
magnetoelectric coupling studies carried out on these multilayer structures are
presented in Chapter 5. The MECC obtained in this multilayer structure is the

highest ever reported value to the best of our knowledge.

Chapter 6 is on the investigations of room temperature magnetoelectric
coupling observed in SrTiO,;-CoFe- SrTiO; multilayer structure. The stress resulted
from the giant magnetostriction of CoFe layer explains the ferroelectricity and room

temperature magnetoelectric coupling observed in this multilayer structure.

vi



In Chapter 7, the salient observations and the inferences drawn out of these

mnvestigations are presented. Possible fabrication of micro cantilevers using BaTiO;-
CoFe- BaTiO, multilayers in MEMS/NEMS applications is included as scope for

future work 1 this concluding chapter.
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Introduction

Magnetism has its roots in the history of natural science as one of the
oldest phenomena. It is said that a shepherd in Asia Minor, in the Magnesia
district of Macedonia or in the city of Magnesia in Ionia picked up a stone which
was stuck to the iron tip of his stick. The word ‘Magnetism’ is supposed to be
originated from these names of cities. If these stones are properly suspended, they
will always align themselves in the north- south direction. These natural magnets
are known as ‘lodestones’ or ‘loadstones’, having a word meaning ‘direction’ and
are a natural oxide of iron magnetized by a bolt of lightning, found to attract
pieces of iron and other lodestones. The first systematic study of magnetism was
carried out by William Gilbert (1540-1603) in the sixteenth century. He
discovered that earth is a magnetic entity. German scientist Carl Friedrich Gauss
(1777-1855) carried out theoretical investigations about the nature of earth’s
magnetism. Later, in the eighteenth century Frenchman Charles Coulomb (1736-
1806) established the inverse square law of force, which states that the attractive
force between two magnetized objects is directly proportional to the product of
their individual fields and inversely proportional to the square of the distance
between them. Danish physicist Hans Christian Oersted (1777-1851) proposed a
link between electricity and magnetism. Andre Marie Ampere (1775-1836) and
Michael Faraday (1791-1869) conducted experiments involving the effects of
magnetic and electric fields on one another. Later, James Clerk Maxwell (1831-
1879) laid the theoretical foundation to the physics of electromagnetism in the
nineteenth century by stating that electricity and magnetism represent different

aspects of the same fundamental force field.
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During the nineteenth and twentieth centuries, the area of magnetism
cherished the contributions originated from the works of Pierre Curie (1859-
1906), Madame Marie Curie (1867-1934) and Pierre Weiss (1865-1940). Weiss
proposed molecular field theory which explained magnetism on the basis of an
internal molecular field proportional to the average magnetization that
spontaneously align the electronic micromagnets in magnetic matter. The latest
explanations of magnetism are based on quantum electrodynamics which deals
with the theory of the motion and interactions of electrons in atoms. This
theoretical model was proposed by Ernest Ising and Werner Heisenberg (1901-
1976). In 1988, German and French physicists discovered the giant
magnetoresistance (GMR) effect which marked the beginning of spintronics or
spin-based electronics.

Another class of materials that has made big differences in our daily life is
ferroelectric materials, which are the electrical counterparts of ferro/ferrimagnetic
materials. The generation of spontaneous polarization even after the removal of an
applied electric field is termed as ferroelectricity. The physical laws governing
ferroelectricity and ferro/ferrimagnetism are almost similar. All ferroelectric
materials are necessarily both pyroelectric and piezoelectric. Ferroelectric
materials with switching property are employed in matrix addressed memories;
shift registers and switches known as transchargers or transpolarizers. Memories,
oscillators and filters are combined devices based on switched ferroelectric and
piezoelectric properties, while the analogous use of electro-optic properties results
in light switches, displays and memories. A variety of display devices, in which

light can be stored and emitted in a controlled manner make use of circuits
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containing both ferroelectric and electroluminescent components. This is also
possible using photoconductor and ferroelectric components, which also permit
direct x-ray to light conversion displays.

Magnetic and ferroelectric materials pervade every aspect of modern
science and technology. For example, ferromagnetic materials with switchable
spontaneous magnetization M controlled by an external magnetic field H have
been widely used in data-storage technologies. The discovery of giant
magnetoresistance effect appreciably promoted magnetic memory technology and
incorporated it into the eras of magnetoelectronics or spintronics. Materials which
exhibit both magnetic and electrical ordering are scarce, but research interest in
magnetoelectric phenomena has led to the development of novel materials with an
enhanced ME coupling. Multiferroic materials are special types of materials in
which two or three ferroic-order parameters (ferroelectric, ferromagnetic,
ferroelastic) occur. The coexistence of several order parameters will bring out
novel physical phenomena and offers possibilities for new device applications.
The coupling between these ordered phases is often weak, and the mechanisms for
the ME coupling in multiferroics are highly dependent on the electronic structure
and lattice properties.

1.1 Magnetism- Fundamentals

The fundamental quantity that decides the magnetic property of a material
is magnetic dipole moment and the atomic origin of magnetism lies in the orbital
and spin motions of electrons. Different types of magnetism are defined on the
basis of materials response to magnetic fields. Although all matter is magnetic,

non magnetic material arises because of the absence of collective interaction of
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atomic magnetic moments in such materials. In magnetic materials, there is a very
strong interaction between magnetic moments. Based on this interaction the
materials can be classified in to different groups. They are
1. Diamagnetism

Diamagnetic substances have completely filled orbital shells with no
unpaired electrons and hence no net magnetisation. When exposed to a magnetic
field, a negative magnetisation is produced and hence possess small and negative
magnetic susceptibility (x = -107). In diamagnetic materials, susceptibility is
temperature independent. Quartz (Si0O,), calcite (CaCOs), water etc. are well
known examples of diamagnetic substances.
2. Paramagnetism

Some of the atoms or ions in this class of material have a net magnetic
moment due to the unpaired electrons in partially filled orbitals. But these
individual magnetic moments do not interact magnetically and hence the net
magnetisation is zero when the applied field is removed. In an applied magnetic
field such materials show a net magnetisation due to the partial alignment of the
atomic magnetic moments in the direction of applied filed. This results in a net
positive magnetisation and positive susceptibility (x ~ 107). An increase in
temperature will randomize the alignment of magnetic moments thereby resulting
in a temperature dependent susceptibility known as Curie law. Aluminum,
platinum and manganese are well known paramagnets.
3. Ferromagnetism

Ferromagnetic materials possess a large net magnetisation due to the

parallel alignment of moments even in the absence of an external magnetic field.
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These materials have high magnetic susceptibility coming in the range 50 to
10,000. A strong interaction exists between the magnetic moments of nearby
atoms to align them parallel resulting in a net magnetisation. These interactions
are produced by exchange forces which result in parallel or antiparallel
arrangement of atomic moments.  Ferromagnetic materials exhibit two
characteristic phenomena namely (1) spontaneous magnetisation and (2) the
existence of magnetic ordering temperature.

The net magnetisation that exists inside a uniformly magnetized volume
even in the absence of an applied field is known as spontaneous magnetisation and
the maximum magnetisation that can be induced by the application of a magnetic
field is termed as saturation magnetisation. At 0K, the value of spontaneous
magnetisation depends on the spin magnetic moments of electrons. Saturation
magnetisation is an intrinsic property. It is a temperature dependent parameter.
Above a temperature called Curie temperature T, thermal energy overcomes the
exchange forces and randomizes the moments of a ferromagnetic material to make
it paramagnet.

4. Antiferromagnetism

Nearest neighbour moments is aligned antiparallel in antiferromagnetic
materials with negative nearest neighbour interactions. We can divide the material
into two sublattices A and B with the moments on one sublattice interacting with
the moments on the other sublattice with a negative coupling coefficient but a
positive coupling coefficient on their own sublattice. Hence the magnetic
moments on the two sublattices point in different directions. If A and B sublattice

moments are exactly equal and opposite, the net moment is zero. This type of
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magnetic ordering is called antiferromagnetism. Antiferromagnets have weak but
positive susceptibility. When an external field is applied, the energy decrease by
moments that aligns in the field direction in one sub lattice is counter balanced by
the energy increase in the other. The net moment is nonzero below a transition
temperature, known as Neel temperature, Ty above which the moments turn

paramagnetic behavior. The magnetic susceptibility is given by the Curie Weiss
law with a negative value of 0.

5. Ferrimagnetism

Ferrimagnetic order was first suggested by Neel in 1948 [1]. In
ferrimagnets, the magnetic moments of the A and B sublattices are not equal and
result in a net magnetic moment. They possess a spontaneous magnetization
below the Curie temperature and are organized into domains. Since the
magnetization of each sublattice is different and has different temperature
dependence, the Curie Weiss law is not obeyed. Magnetite is a well known
ferrimagnetic material.

The ordering of magnetic dipole moments in different class of magnetic

materials are shown in figure 1.
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Fig. 1.1 Ordering of magnetic dipoles in magnetic materials

In general, magnetic materials can be classified as soft and hard magnetic
materials [2]. In soft magnetic materials the domain wall motion is easy, resulting
in very low coercivity and such materials are easy to magnetize and demagnetize.
Large magnetic susceptibility and permeability are two specific characteristics of
these soft magnetic materials. Hard magnetic materials possess large remanence
and coercivity and hence are difficult to demagnetize and are conventionally used
for making permanent magnets.

Magnetic materials can be again classified based on the crystallinity of the
samples viz., crystalline and amorphous magnetic materials. In earlier days, the
study of amorphous magnetic materials was not given serious consideration due to
the belief that magnetic ordering and structural disorder are incompatible with
each other. Later on amorphous materials also assumed importance as they
exhibited magnetic properties. Owing to the soft magnetic properties, the
magnetic amorphous alloys have excelled in applications ranging from low to

high frequencies. Another class of materials that offer much more outstanding soft
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magnetic properties than their amorphous counterparts are nanocrystalline
materials. Generally such materials possess a biphasic structure with soft magnetic
nanocrystalline grains embedded in a magnetic/non-magnetic phase [3-6].
Nanocrystalline alloys can be synthesized from amorphous alloy precursors by
various methods viz., melt quenching, splat cooling, laser glazing, electro-
deposition, ion implantation, sand blasting, swift heavy ion irradiation, thermal
annealing and vapour quenching [7].
1.2 Amorphous magnetic alloys

Amorphous magnetic alloys are alloys of magnetic metals like cobalt and
iron which have been melted and cooled rapidly. This rapid cooling process
results in the random arrangement of atoms with no preferred crystalline
directions. It is an interesting fact that both single crystals and completely
amorphous materials have equal importance in technological/ engineering
applications as the magnetic properties of materials are structure sensitive. The
presence of grain boundaries affect the domain wall motion and thus affect the
magnetic properties of these class of materials. Certain amorphous materials are
mechanically strong and isotropic and may be produced by relatively simple
manufacturing methods. This makes them ideal candidates for soft magnetic
applications compared to their crystalline counterparts. For example,
ferromagnetic amorphous alloys containing Fe or Co generally show excellent
soft magnetic properties when compared to conventional crystalline soft magnetic
materials. In amorphous magnetic materials, magnetism is determined by
exchange interactions and randomly oriented local magnetic anisotropies. The

atomic magnetic moments in amorphous magnets usually get arranged either in
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ferromagnetic order, ferrimagnetic order or in canted ferrimagnetic order. The
existence of ferromagnetism in amorphous alloys was theoretically predicted by
Gubanov in 1960 [8]. According to Gubanov, amorphous solids would be
ferromagnetic as the electronic band structure of crystalline solids does not change
in any fundamental way upon transition to amorphous state. This implies that the
band structure is basically controlled by short range order.
1.3 Nanocrystalline magnetic alloys

Nanocrystalline materials are obtained by crystallizing amorphous
precursors using various techniques. Techniques like vapour deposition,
mechanical alloying, plasma processing or rapid solidification from the liquid
state can be employed for synthesizing such nanocrystalline alloys [9]. These
class of nanocrystalline magnetic alloys consists of small (few nanometer sizes)
ferromagnetic grains embedded in an amorphous matrix. Such nanocrystalline
materials exhibit excellent soft magnetic properties like low coercivity, high
permeability, low energy losses etc. In 1988, Yoshizawa, Oguma, and Yamauchi
at Hitachi Metals, Ltd., developed the first nanocrystalline soft ferromagnetic
alloy, called Finemet™ with compositions corresponding to Fe;3 58113 sNbsBoCuy
[10]. Later, Suzuki et al. developed the Nanoperm'™ (FegsZr/B4Cu;) with a
higher concentration of ferromagnetic transition metal [11]. Both these alloys
have two phase microstructures in which the amorphous phase provides a high
resistance path to eddy current formation and hence increase the possible
operation frequency range over the existing large grain metallic alloys. Shortly
after the discovery of excellent soft magnetic properties of these alloys, Herzer put

forward a theory for their behaviour. This random anisotropy model [12] was a
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modified version of the Alben, Becker, Chi model for the evolution of magnetic
properties of nanocrystalline materials [13]. Random anisotropy model explains
the soft magnetic property of the nanocrystalline material on account of the
random orientation of nanocrystallites and grain sizes smaller than the exchange
correlation length. This model suggests that the nanocrystallites should remain
exchange coupled to maintain the reduced coercivity. Above Curie temperature
this exchange coupling of ferromagnet becomes negligible. Typically the Curie
temperature of the amorphous phase is smaller than that of the crystalline phase.
Hence above Curie temperature, Herzer model is no longer valid and the
coercivity of the nanocrystalline alloy increases. The composition of
nanocrystalline alloys for high temperature applications are constrained to Co-
based or Co-Fe based alloys due to high Curie temperature of these materials. By
varying the Co/Fe ratio the magnetization and magnetocrystalline anisotropy can
be controlled.
14 Swift heavy ion irradiation

Swift heavy ion bombardment induced effect and structural modification
of solids have been studied for decades. First nuclear particle accelerator was
assembled in 1930’s to probe into the nucleus. Since then, particle accelerators
have been playing an important role in material science. Nowadays, accelerators
which can deliver particles with an energy ranging from few keV to several
hundreds of GeV are available. Particles or ion beams accelerated using these
accelerators are classified into two according to the energy imparted in the
materials through which it passes. They are the low-energy and high energy heavy

ion beams. Low energy ion beams have an energy ranging from few keV to few
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hundreds of keV, which losses energy to the material (up to 10 keV/ amu) through
elastic collisions with the nucleus or atoms of the material. This type of energy
loss is called ‘nuclear energy loss’ (dE/dx),. High energy heavy ions known as
“swift heavy ions (SHI)” have energy ranging from few tens of MeV to few GeV
and losses energy to the target (= 1 MeV/amu) predominantly via inelastic
collisions with the target material. These projectile ions impart energy to the
electron cloud and these electrons transfer energy to the lattice via electron-
phonon interactions. This type of energy loss is called ‘electronic energy loss’
(dE/dx). [14]. Different models were proposed to explain the effect of SHI in
materials, coulomb explosion [15-16] and thermal spike model [17-19]. This kind
of intense electronic energy deposition can be effectively used to modify material
properties.
1.5  Piezoelectricity and Ferroelectricity

Piezoelectric and ferroelectric materials are extensively used in many
technological and scientific applications. Ferroelectric materials are a special class
of piezoelectrics, which exhibit, a large piezoelectric response. From an
application point of view, sensors based on the piezoelectric effect transform
mechanical energy into electrical energy and are used as accelerometers, and also
for measurement of pressure and vibration. Other than these piezoelectric
applications, optical, thermal and electrical properties of ferroelectrics are
exploited in a large number of devices and components [20-22], including
capacitors and nonvolatile memories where electrical voltage is used to displace

electrical charge.
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Ferroelectric effect was first discovered by Valasek in 1920, who obtained
hysteresis curves for Rochelle salt. Later in 1935, Busch and Scherrer discovered
ferroelectricity in KH,PO,4. The anomalous dielectric properties of BaTiO; were
discovered independently by Wainer and Solomon in 1942 in USA, by Ogawa in
1944 in Japan, and by Wul and Goldman in 1946 in Russia. Since then, research
activity on ferroelectric materials has been rapidly increasing and resulted in the
discovery of many new ferroelectric materials. The progress in integrated Si
devices and thin film processing techniques in the late 1960’s and early 1970°s
triggered the application potential of ferroelectric thin films for non-volatile
memories [23-25]. In 1987, ferroelectric memory integrated with silicon
complementary metal-oxide semiconductor (CMOS) was invented [26]. At the
same time initial work on the integration of microsensors with microelectronics
and the area of micro electro mechanical systems (MEMS) materialized.
Nowadays, ferroelectric films found applications in a number of commercial,
wide spread products that include memories, microwave electronic components,
and micro devices with pyroelectric and piezoelectric microsensors/actuators.

Perovskite-structure oxides ABOj3 are the most widely studied and widely
used ferroelectrics today, which have the prototypical cubic structure shown in
figure 1.2. The cubic perovskite structure consists of a small cation, B, at the
center of an octahedron of oxygen anions, with large cations, A, at the unit cell
corners. There is a structural distortion to a lower-symmetry phase accompanied
by the shift off-center of the small cation below the Curie temperature. The
spontaneous polarization develops largely from the electric dipole moment created

by this shift. The comparatively simple perovskite structure and the small number
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of atoms per unit cell have made detailed theoretical studies of perovskite
ferroelectrics possible and resulted in a good understanding of the fundamentals of

ferroelectricity.

s
N\J(4»
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Fig. 1.2 Cubic perovskite structure. The small B cation (in black) is
at the center of an octahedron of oxygen anions (in gray). The large A
cations (white) occupy the unit cell corners [27]

1.6  Multiferroic and Magnetoelectric materials — A Review

Wilhelm Conrad Roéntgen, in 1888 discovered that a moving dielectric
turns to be magnetically active when placed in an electric field and in the reverse
mechanism; a moving dielectric in a magnetic field gets polarized [28]. 17 years
later in 1894, Pierre Curie pointed out the possibility for a material to be both
ferromagnetic and ferroelectric [29]. Curie pointed out that the magnetoelectric
effect is based on symmetry considerations. The materials in which both the
ferromagnetism and ferroelectricity coexist are known as multiferroic materials.
They are potential candidates for new spintronic materials which may enable the
magnetic control of electrical properties. Magnetoelectric (ME) effect is the
induction of magnetisation (or polarization) by an external electric (or magnetic)
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field. The term magnetoelectric was first used by Debye in 1926. The first report
on ME effect was by Schmid on nickel —iodine boracite NizB;0;31, in 1966 [30].
In 1972, van Suchetelene originally proposed the concept of product ME property
and this led to the development of first magnetic field sensor based on ME effect
[31]. Here the composite material employed was a combination of CoFeOjy-
BaTiOjs. Soon after, scientists from Philips Laboratory experimentally found that a
large ME effect could be produced in eutectic compositions in the quinary Fe-Co-
Ti-Ba-O system [32-35]. After long 20 years Newnham’s group [36] and Russian
scientists [37-39] prepared particulate ceramic composites of ferrites and BaTiO;
or Pb(ZrTiO3) (PZT) by conventional sintering process. Even though the
fabrication of these ceramic composites was easier and cost effective, they had
lower ME coefficients than prior eutectic composites in Philips. This work
inspired research on theoretical models like Green’s function approach [40-41]
and various micromechanical approaches [42-60] for understanding the coupling
mechanism between the ferroic phases. In the early 2000s an upsurge is seen in
the ME composite research. Among them the milestone work, both theoretical
[61] and experimental [62-63] was on the bulk ME composites containing the
giant magnetostrictive rare earth alloy Terfenol-D (Tb;4DyxFe;). The giant ME
response, with a ME voltage coefficient of larger than 1Vem™'Oe™, exhibited by
such composites makes them ideal for many technological applications [60]. Later
Dong and coworkers [64-80] have reported several combinations of laminate
composites of Terfenol-D/piezoelectric ceramics and prototype ME devices based
on these composites. In order to overcome the brittleness and high eddy current

loss of the Terfenol-D disks used in two- phase composites, three- phase ME
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composites with various connectivity schemes (including 0-3 type particulate
composites, 2-2 type laminate composites, and 1-3 type fiber/rod composites)
have been developed [81-90]. Later, nanostructured composite thin films of
magnetic and ferroelectric oxides with 1-3 or 2-2 connectivity schemes have been
developed [91-106]. In the last few years a number of experimental and
theoretical [107-113] works have been conducted on such multiferroic ME
nanostructures for exploring their potential in microelectronic devices.
1.7  Challenge of coupling magnetism and ferroelectricity

For a material to be a magnetoelectric multiferroic, it must be
simultaneously ferromagnetic and ferroelectric. Hence it’s allowed physical,
structural and electronic properties are restricted to those that occur both in
ferromagnetic and in ferroelectric materials. The limiting factors that restrict the
simultaneous existence of ferromagnetism and ferroelectricity are:
1. Symmetry

From the fundamental point of view, the primary requirement for the
existence of ferroelectricity is structural distortion from the symmetry structure
that removes the center of symmetry and allows electric polarization. Among the
different point groups, 31 point groups allow a spontaneous electric polarization,
P, and 31 allow spontaneous magnetic polarization, M [114]. Out of these 13
point groups (1, 2, 2', m, m', 3, 3m', 4, 4m'm'’, m'm2', m'm'2', 6 and 6m'm') are
common in both sets, allowing both properties to exist in the same phase. As this
is not a small number; it is probably unlikely that symmetry plays an important

role for the scarcity of magnetoelectric multiferroic materials.
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2. Electrical properties

By definition, a ferroelectric material must be an insulator where as it is
not a constraint for a ferromagnetic material. Electronically speaking, for most
ferromagnets, the conductivity is due to high density of states at the Fermi level;
but this is not true for ferroelectrics and insulators. There are only a few magnetic
oxides such as half metallic magnets and ferrimagnetic oxides which exhibit
reasonable spontaneous magnetism while being semiconducting or insulating.
3. Chemistry: d"-ness

Common perovskite oxide ferroelectric materials require ions whose shells
are filled and d° type electron configuration. Whereas, ferromagnetic systems
require d- orbitals to be partially occupied for magnetic ordering to occur. Ions
with fully filled shells are nonmagnetic as the spins of the electrons add to zero
and hence do not participate in magnetic ordering. Long- range magnetic ordering
within the material take place as a result of exchange interactions (virtual hopping
of electrons) between the partially filled d shells of different ions. Most of the
ferroelectric materials are transition metal oxides containing transition metal ions
with empty d electron shells. Usually such materials become ferroelectric when
the positively charged metal ions form covalent bonds with neighbouring
negatively charged oxygen ions through the virtual hopping of electrons from the
filled oxygen shells to the empty d shells. Hence an electric polarisation is
induced within these materials as a result of a relative displacement of cations and
anions within the periodic crystal. Even though magnetism and ferroelectricity

share the same mechanism of electron exchange, it is the contrast of empty and
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partially filled d or f electron shells that make the properties mutually exclusive
[115].
1.8 Motivation of the present work

Co-Fe based alloy thin films represent an ideal template for studying
magnetism at the alloy level and are widely sought after worldwide by scientists
and engineers. Magnetic amorphous alloys of Co and Fe exhibit excellent soft
magnetic properties and they are in great demand for various applications namely
transformer cores, sensors, and actuators. With the advent of microminiaturization
and nanotechnology, thin film forms of these alloys will be appropriate to be used
as sensors, actuators and soft under layers for perpendicular recording media. The
thin film forms of these alloys can also serve as magnetic micro electro
mechanical systems (mag MEMS) or nano electro mechanical systems (NEMS)
and hence thin film forms of these materials are also assume significance. Alloys
of Co and Fe are excellent soft magnetic materials and grain size plays a very
crucial role in deciding the magnetic properties of these materials. The grain
correlation length often determines the soft magnetic properties of these alloys.
The nanocrystalline counterparts of these materials have good soft magnetic
properties compared to their crystalline or amorphous counterparts. The
microstructure of nanocrystalline material consists of nanosized ferromagnetic
crystallites embedded in an amorphous phase matrix. The ferromagnetic
amorphous phase facilitate exchange coupling between nanocrystallites and this
exchange coupling results in the vanishing of magnetocrystalline anisotropy
which further improves the soft magnetic properties of nanocrystalline magnetic

alloys. From a fundamental prospective, exchange correlation length and grain
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size are the deciding factors which determine the magnetic properties of these
alloys. In the thin film form, these alloys are coated on suitable substrates like
silicon, glass or NaCl crystals. Surface property almost decides the bulk property
of these films and hence modification of surface roughness and morphology of the
film are very crucial. This can be achieved by thermal annealing at various
temperatures and hence such an investigation is worthwhile.

Ion irradiation has been considered as an alternative tool to modify surface
properties. The surface evolution of a thin film under swift heavy ion (SHI)
irradiation will be an outcome of a competition between sputtering induced
surface roughening process and the material transport induced smoothening
process. It was thought that SHI would modify the surface structure of Co-Fe thin
films and will eventually lead to modification of magnetic properties. The
impingement of ions with different fluences on the alloy is bound to produce
systematic microstructural changes and if these changes produce a pattern, this
could effectively be used for tailoring the coercivity of these materials. The in situ
method of tailoring coercivity using swift heavy ion is novel and is an ingenious
tool in creating surface modification which will eventually lead to changes in the
bulk property. SHI has been used as a means for the creation of latent tracks,
phase transitions, amorphisation, damage creation, annealing effects, dimensional
changes, and formation of nanostructures. From a fundamental point of view,
most of the phenomenon taking place in the film due to the bombardment of SHI
is in the boundary or in the interface or by the creation of defects, which induces
strain. These changes will have profound influence in the magnetic anisotropy that

will change the magnetisation substantially.
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Multiferroics and magnetoelectrics are a class of functional materials in
which magnetic order and electric fields can be coupled, are of fundamental
interests to material scientists and engineers. The dielectric/magnetic properties of
such materials can be controlled by the application of a magnetic/electric field.
Currently research in this class of materials is towards optimization of the ME
coupling by tailoring the piezoelectric and magnetostrictive properties of the two
individual components of ME composites. The interdependence of magnetic and
electric response of composite structure is determined by a parameter namely the
magnetoelectric coupling constant (MECC) (omp). The most extensively
investigated material combinations are terfenol-D as the magnetostrictive and lead
zirconate titanate (PZT) or lead magnesium niobate-lead titanate (PMN-PT) as the
piezoelectric phase. Magnetoelectric coupling of such heterostructures are
measured in different configurations like transverse, longitudinal and in-plane
longitudinal. The toxicity of the lead element makes such composites less
attractive. Hence lead free components like BaTiOs or SrTiO; as ferroelectric
phase is preferred in such ME composite structures. The giant magnetostriction
reported in the Co-Fe thin films makes it an ideal candidate for the ferromagnetic
component. Giant magnetoelectric coupling coefficient is anticipated for these
multilayer structures of BaTiO;-CoFe-BaTiOs. Such a multilayer structure is an
ideal system to understand the fundamental physics underlying the ME coupling
mechanism. Also it is an ideal candidate for cantilever applications in
MEMS/NEMS devices.

SrTiOs3 is an incipient ferroelectric material which is paraelectric up to 0K

in its pure unstressed form. Recently few studies showed that ferroelectricity can
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be induced by application of stress or by chemical / isotopic substitution. The

search for room temperature ME coupling in SrTiO;-CoFe-SrTiO; multilayer

structures is of fundamental interest. These are lead free and hence promising

candidates for MEMS applications. The elucidation of mechanism for the giant

MECC is also another objective of this investigation.

1.9

Objectives

The main objectives of the present investigation are as follows.

©)

©)

Fabrication of Co-Fe amorphous thin films

Evaluation of structural and morphological modification of Co-Fe thin films
by thermal annealing and establishing the interrelationship with its magnetic
properties

Study the effect of swift heavy ion irradiation on the magnetic and
topographical properties of Co-Fe thin films and its influence on magnetic
properties

Fabrication of BaTiO;-CoFe-BaTiO3; multilayer structures and estimate the
magnetoelectric coupling in these multilayer structures

Fabrication of SrTiO3;-CoFe-SrTiO3; multilayer structure and to evaluate the
room temperature magnetoelectric coupling in these multilayer structures
Propose a mechanism for the magnetoelectric coupling in these multilayers

and correlation of results
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Theoretical Concepts

Experiment without theory is meaningless. A proper understanding of the
underlying physics of various phenomena dealt in this thesis is necessary for a
first reader of the thesis and also for ensuring continuity. This chapter briefly
discusses various theoretical concepts associated with magnetism, modification of
material properties with swift heavy ion, magnetoelectric coupling and other

related phenomena.

2.1 Magnetism of metallic alloys

Amorphous metals and alloys are characterized by structural disorders or
short range ordering which breaks the Bravais lattice. Even though their structure
is thermodynamically metastable, they have well defined magnetic properties.
Slater-Pauling curve which describes the ground state magnetisation vs. atomic
number of the 3d transition metal alloys is shown in figure 2.1. Slater-Pauling
curve can be used as a reference in deciding the alloy composition for a particular
application. Here the curves consist of the line with a slope of -45° from Cu to Fe
and include Ni-Cu, Ni-Co, Co-Fe and Fe-Ni alloys. The 45° line from Fe to Cr
includes Fe-V and Fe-Cr and other alloys showing a rapid decrease of
magnetisation.

From the Slater- Pauling curve it is evident that Co-Fe alloys exhibit the
largest magnetisation values compared to other transition metal alloys. These Co-
Fe alloys possess higher Curie temperature also, which makes them ideal for use
in high temperature applications. The ferromagnetic transition elements Fe
(Z=26), Co (Z=27) and Ni (Z=28) have partially filled 3d°, 3d’ and 3d®

respectively as the electrons will occupy singly before filling up in pairs.
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Fig.2.1 Slater—Pauling curves in transition metal alloys as a function of atomic number [1]

Even though we expect spin magnetic moments of 4, 3 and 2 Bohr
magnetons (pg) for Fe, Co and Ni, these elements actually exhibit saturation
magnetic moments of only 2.2, 1.7 and 0.6pup per atom respectively at OK. From
the Slater- Pauling curve it is clear that there is a decrease in saturation
magnetisation by the addition of impurity atoms like Mn, Cr, V or Ti. These
impurity atoms are coupled anti-ferromagnetically with the ferromagnetic material
which in turn reduces the average magnetic moment [2].

2.2 Magnetic anisotropies

The term magnetic anisotropy refers to the influence of the crystal
structure and shape of grains on the direction of magnetisation. The dependence of
magnetic properties on a preferred direction is called the magnetic anisotropy.
Magnetic anisotropy strongly affects the magnetic properties of a material such as

hysteresis loops, coercivity and remanence. A ferromagnetic single crystal
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exhibits ‘easy’ and ‘hard’ directions of magnetisation; i.e., the energy required to
magnetize a crystal depends on the direction of applied magnetic field relative to
the crystal axes. The mechanism by which these are preferentially oriented in a
thin film structure is different with respect to a bulk.

Basically there are two main sources of magnetic anisotropy. They are
dipolar interaction and spin-orbit interaction. The long range character of dipolar
interaction results in its contribution to the anisotropy, which strongly depends on
the shape of the sample. If spin-orbit and dipolar interaction are absent, the
direction of magnetisation does not affect the total energy of electron-spin system.
An applied field will try to rearrange the direction of the electron spin which is
coupled with the orbit via spin-orbit interaction. However the orbit is strongly
coupled with crystal lattice. Hence any attempt to rotate the spin axis is resisted
and this is known as magnetocrystalline contribution to the anisotropy. Spin—orbit
interaction is also responsible for the magneto-elastic or magnetostrictive
anisotropy induced in a strained system and is due to the lattice mismatch between
the adjacent layers in a multilayer system.

2.2.1 Magnetic dipolar anisotropy (Shape anisotropy)

The magnetic dipolar anisotropy or shape anisotropy is mediated by
dipolar interaction. The contribution of this long range interaction is dependent
upon the shape of the sample. Hence shape anisotropy becomes important in thin
films and often produces in plane alignment of moments. Suppose a magnetic
field is applied on a non-spherical specimen from right to left, and this result in a
north pole at the left end and a south pole at the right end. In such a case the field

induced inside the sample points from left to right i.e., in the opposite direction to
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the applied external field. This internal field tends to demagnetize the specimen
and hence is called the demagnetizing field Hy. This demagnetizing field can be
expressed as
Hy = —N4M 2.1
where Ny is the shape dependent demagnetizing factor and M is the magnetization
vector.
In a thin film considered as a magnetic continuum, the dipolar anisotropy energy
per unit volume is given by
E = l,uOM“.2 cos’ @
2 (2.2)

where M; is the saturation magnetisation and is assumed to be uniform throughout
the film. O is the angle subtended by magnetisation with the film normal. Hence
the dipolar anisotropy energy is minimized for an angle 90° i.e., moments lying in
the plane of the film [3].
2.2.2 Magnetocrystalline anisotropy

The microscopic origin of magnetocrystalline anisotropy is the spin- orbit
interaction [4]. The exchange interaction and the dipolar interaction could also
contribute to the magnetocrystalline anisotropy. Magnetocrystalline anisotropy is
the energy needed to deflect the magnetic moment in a single crystal from the
‘easy’ to the ‘hard’ direction. The easy and hard directions arise from the
interaction of the spin magnetic moment with the crystal lattice (spin-orbit
coupling).

Even though the magneto crystalline energy is small compared to the
exchange energy, direction of the magnetization is determined by the anisotropy
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only as the exchange interaction just tries to align the magnetic moments parallel,

no matter in which direction.

.llz

Fig. 2.2 Representation of the direction cosine [5]
The magnetization direction (m = M / |M |) relative to the coordinate axes

are given by the direction cosine ¢, as m = (¢, a,, ;) (figure 2.2) with

o, =sinfcos¢ (2.3)
a, =sinfsin g (2.4)
o, =cosd 2.5)

These relations fulfill the condition
al +a; +a; =1 2.6)
For a cubic system, the magnetocrystalline anisotropy energy is given as
E= Kl(afazz +a,a; +0(32a12)+ Kz(afa§a§)+... 2.7
Where K, K; etc. are known as anisotropy constants.
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For a hexagonal system this anisotropy energy can be expressed as
EZKISin29+K28i1’l49+... (2.8)

In all materials anisotropy energy decreases with increase in temperature and there
is no preferred orientation for domain magnetisation near Curie temperature.
2.2.3 Magneto-elastic anisotropy

The magneto-elastic effect again arises from the spin-orbit interaction. The
spin moments are coupled to the lattice via the orbital electrons. If the lattice is
altered by strain, the distance between the magnetic atoms are changed and hence
the interaction energy also changes. This produces magneto-elastic anisotropy. By
the application of a magnetic field, a previously demagnetized crystal experiences
a strain that can be measured as a function of applied field along the principal
crystallographic axes. There will be a change in the dimension of the material

when it is magnetized.
If A, represent magnetostriction constants for various crystal directions,

the magneto elastic energy per unit volume for an elastically isotropic medium

with isotropic magnetostriction is defined as [6]

E= —3/10' 0052 0
2 (2.9)

where o is the stress and @ is the angle between the magnetisation and stress
directions.
2.3 Magnetic domains and domain wall structures

Any ferromagnetic or ferrimagnetic material is composed of small regions

of atomic magnetic moments that are oriented in different directions. These
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regions of the material that are magnetized in different directions are termed as
magnetic domains and each one is magnetized to its saturation magnetisation. The
boundaries between different domains are termed as domain walls. In 1919,
Barkhausen found the first evidence for domain structure while monitoring the
magnetisation of samples by converting changes in the magnetisation to audio
signals. The first direct images of domain structures were shown by Francis Bitter
in 1931. In the Bitter method, a colloidal solution of fine magnetic particles of
magnetite, (Fe304) was used to cover the surface of the sample. The particles got
deposited as a band along the regions of high field gradient that is along the
domain boundaries. The patterns thus formed spurred further research in to
domain theory. Advanced theories on domains were proposed by Landau and
Lifshitz (1935), which shed light on the mechanism behind domain formation.

Weiss has shown that the alignment of magnetic moments within a
ferromagnet occurs due to the interaction field between the atomic moments.
Later Landau and Lifschitz showed that the existence of domains is a consequence
of energy minimization. The domain formation minimizes the total magnetic
energy of a ferromagnetic material. The main contributors to the magnetic energy
are  magnetostatic, magnetocrystalline and magnetostrictive  energies.
Magnetostatic energy is the principal driving force for domain formation and the
magnetocrystalline and magnetostrictive energies influence the shape and size of
domains.

Large magnetostatic energy is associated with a single domain structure,
whereas the breakup of the magnetisation into smaller domains/ regions reduces

this magnetostatic energy by providing flux closure at the ends of the specimen. A
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ferromagnetic material with single domain has a macroscopic magnetisation
which makes it to behave as a magnet with a magnetic field around it.
The energy per unit volume of a dipole of magnetisation M in a magnetic
field H is given by
E= —p, [H.dM (2.10)
The magnetic field H may be substituted with the demagnetizing force, Hy
generated by M which is given as
Hy = —N4M @2.11)

where Ny is the demagnetizing factor. Hence the energy expression becomes
E= —u,N, f M.dM

E = L2 NyM? (2.12)
This expression represents the self energy of a single domain particle which
depends on the demagnetizing field as well as magnetisation. This magnetostatic
energy of the domains allows the ferromagnet to do work even against gravity
such as lifting another ferromagnet. By dividing the single domain to several
smaller regions/domains the magnetostatic energy can be minimized as the
demagnetizing field depends mainly on the shape of the sample. Figure 2.3 shows
the formation of domain walls to reduce the magnetostatic energy stored in
domains. Here the magnetic moments at the boundary between the two domains
are not able to align parallel thereby increasing the exchange energy of the
ferromagnet. By the formation of closure domains during the magnetisation

process, magnetostatic energy reduces to minimum.
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Fig. 2.3 Reduction of magnetostatic energy by domain formation

During the magnetisation process in a ferromagnetic crystal, magnetic moments
tends to orient along certain preferred crystallographic directions namely ‘easy
axes’ to achieve saturation magnetisation. These crystals can also achieve
saturation magnetisation in other crystallographic directions known as ‘hard axes’
in a higher applied field and they will be in a higher energy state compared to
those magnetized along easy directions. This phenomenon that causes the
moments to align along the easy axes is known as magnetocrystalline anisotropy
and the energy difference between samples magnetized along easy and hard
directions is called the magnetocrystalline anisotropy energy. Reduction in
magnetocrystalline energy can be achieved by domain formation. Figure 2.3 (c)
shows the formation of closure domains which tends to align magnetic moments

along easy directions thereby reducing magnetocrystalline energy.
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When a magnetic field is applied on a ferromagnetic material, it undergoes
elongation or contraction in the direction of magnetic field and this phenomenon
is known as magnetostriction. Even though these length changes comes in the

order of few tens of parts per million, they do influence the domain structure.

AN Z .
- 7 d
Sk N s “
N g
2
N\ 9
SN
N P/
Z N
/7 N\
-
- 4 SN~
L~ J
N
~
P rd N IS
4 N
v N

Fig. 2.4 Magnetostriction in closure domains

Figure 2.4 shows the magnetostrictive changes that occur in closure
domains on the application of magnetic field. As the horizontal and vertical
domains can’t elongate at the same time, an elastic strain energy term is added to
the total energy. This elastic energy is proportional to the volume of the domains
of closure and the size reduction of closure domains by the formation of smaller
domains reduces this energy contribution. Additional domain walls are introduced
with formation of smaller domains and thereby increases the exchange and
magnetostatic energy contribution. Thus the closure domain configuration shown

in figure 2.3 (c) helps to reduce the total energy to a minimum value.
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Magnetic changes in a ferromagnetic material occur at the boundary
between the domains ie., the direction change of magnetic moments at the
domain walls decides the magnetic properties. If the domain wall is of
infinitesimal in width, then the nearest neighbour moments belongs either to one
domain or the other. Another possibility is a transition region between two
domains where magnetic moment realignment takes place. This was first
suggested by Bloch and these domain walls are commonly referred to as Bloch
walls. Domain walls can be classified on the basis of the angle of magnetisation
between two neighbored domains. They are,

o 180° wall- The boundary between two domains having opposite magnetisation
which is shown in figure 2.5 (a)
o 90° wall- The boundary between two domains with perpendicular

magnetisation and is shown in figure 2.5 (b)

€)) (b)
Fig. 2.5 (a) 180° and (b) 90° domain wall [5]

Depending on the crystallographic arrangement of the ferromagnet,
different kinds of domain walls arises. A uniaxial ferromagnet like Co exhibit

only 180° domain wall. Bee-Fe, which is a triaxial ferromagnet possesses 180° as
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well as 90° domain walls. 180° domain wall can be divided in to two classes. (a)
Bloch wall and (b) Neel wall.
o Bloch wall
The rotation of the magnetization occurs in a plane being parallel to the
plane of the domain wall.
o Neel wall

The rotation of the magnetization vector takes place in a plane which is

perpendicular to the plane of the domain wall
Figure 2.6 (a) and (b) depicts the rotation of the magnetization in a Bloch wall and
Neel wall respectively.

A vanishing stray field is assured by the Bloch wall. Typically, Neel wall
is often observed in ferromagnetic thin film systems with an in-plane
magnetization. In such a case, the magnetization remains within the film plane
which is energetically favorable compared to the situation that the magnetization
vector has to be perpendicular to the film plane which in turn reduce the magnetic

stray fields and hence the magnetostatic energy.

@ _ = () _=
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Fig. 2.6 Rotation of the magnetization in a (a) Bloch wall and (b) Neel wall [5]
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According to domain theory, in a ferromagnet, atomic magnetic moments
are in an ordered manner even in a demagnetized state. The difference between

the demagnetized and magnetized state in such a material has its origin in
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configuration of the domains. When a magnetic field is applied, the domains

change shape and size by the movement of domain boundaries. Schematic of the

domain rearrangement in magnetisation curve is shown in figure 2.7.

Magnetization, M

5

(0]
~ % Magnetic Field Strength, H

S

H=0

Fig. 2.7 Domain configurations for a ferro/ferrimagnetic material

during different stages of magnetisation [4]

In the initial demagnetized state, the domain arrangement is in such a way

that the magnetisation averages to zero (labeled O). When an external field is

applied, domains that are aligned in the directions of the applied field grow at the

expense of those that are unfavorably oriented (insets A through C). With

increasing field strength, gradually it becomes a single domain (inset D), which is

nearly aligned with the field. At the saturation point this domain gets aligned with

the field (inset E). Grain growth occurs by domain wall motion. Actually on the

application of a field, the moments within the domain walls are getting rotated.

This is due to the fact that the resulting directions of the moments within the walls

are a fine balance between the exchange and anisotropy energies. Hence a change
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in field energy alters this balance resulting in the moments to rotate. Within the
domain, the moments are locked in to a particular direction by the exchange
interaction so that an external field cannot immediately alter the balance of the
energy in another direction. If a weak field is applied in the ‘down’ direction the
moments within the “‘up’ domain will not change as they are in a low energy state
caused by their mutual interactions through the exchange field. Hence the net
effect is that the moments within the wall rotate slightly in the field direction as
the field is increased. It therefore appears as the domain wall motion. There is no
translational motion at all [7].
2.4 Magnetostriction

In 1842, Joule discovered that the length of an iron rod increases when it is
magnetized lengthwise by a weak field. This phenomenon of dimension change
under the influence of a magnetic field is called magnetostriction. The
deformation 8/// caused by the magnetically induced strain is represented by A.

1 =68l/1 (2.13)

The value of magnetostriction at magnetic saturation is known as
saturation magnetisation As. The value of A can be positive, negative or zero in
some alloys at room temperature. Usually, the magnitude of magnetostriction for a
ferromagnetic material comes in the range 10° to 10°. Even though this
deformation is small, magnetostriction is an important parameter in deciding the
domain structure and technical magnetization. Figure 2.8 shows the dependence
of A on the extent of magnetization and hence on the applied field for a substance

with positive magnetostriction.
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Fig. 2.8 Magnetostrictive elongation as a function of magnetic field [8]

The strain due to magnetostriction changes accordingly with increasing
magnetic field and reaches a saturation. For understanding the dependence of
strain on the direction of magnetization, consider a ferromagnetic sphere, which is
having a radius of 1 when it is nonmagnetic, and gets elongated when it is
magnetized to saturation. Let this elongation be &/I=¢ in the direction of

magnetization or along the x-axis.

Fig. 2.9 Elongation of the radius of a sphere with unit radius in the direction of
magnetization making an angle ¢ with the axis of spontaneous strain [9]
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The strain along AB is given as

(ﬂ) = e.cos?¢p (2.14)
L aB
For random domain, (in demagnetized state)
(ﬂ) =e.cos?¢p = [2ecos’Psingpdp == (2.15)
L/ demag 0 3
In the saturated state, (i.e magnetized state)
8l
— =e 2.16
( l )sat ( )
Hence the saturation magnetostriction is given by,
8l 8l 2
As = (T)sat B (T)demag B (&40

Thus the spontaneous strain in the domain can be expressed in terms of

magnetostriction as
e ==-As (2.18)

Here the spontaneous strain is constant irrespective of the crystallographic
direction of the spontaneous magnetization. This quantity is termed as isotropic
magnetostriction.
2.5 Swift Heavy Ion Irradiation: Theory

Swift heavy ions are particle radiations accelerated to very high energies,
typically in the MeV or GeV range having sufficient mass and energy to penetrate
solids. These energetic ion beams play a crucial role in the field of material
science research. The ion beam interacts with both electrons and nuclei of the
target material. lon energy, ion species and fluence decides the ion beam effect on

the materials.
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2.5.1 Energy loss

Ion penetration to the target material causes energy loss in the solid mainly
due to collision with target electrons or target nuclei. Different mechanisms by
which ion can lose energy in the target are (i) inelastic collisions leading to
ionization or excitation of the electrons in the target (electronic energy loss), (ii)
elastic collisions with the nuclei of target atoms (nuclear energy loss) and (iii)
radiation loss such as Bremsstrahlung and Cerenkov radiation which is very small
and can be neglected.
2.5.2 Nuclear and electronic stopping power

Stopping power of a medium for a particle is defined as the average ion
energy loss per unit path length (a dragging force slowing down the ion) due to

interactions with the atoms in the medium.

_aE
§== (2.19)

where E is the kinetic energy of the particle and x distance along the particle
trajectory in the medium.
Stopping power of a target for an ion depends on different factors like ion energy
and atomic number, and target element atomic number and density etc. Depending
on ion energy/velocity, total stopping power can be categorized in to three
independent parts.
STotal = SElectronic T SNuctear + SRadiative (2.20)

At low primary ion velocities, incoming ions interacts with screened nuclei of the

target (nuclear stopping), and at high velocities, interaction will be with the target
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electrons (electronic stopping). At ion beam energies well below the speed of
light, Sadiative can be neglected.
2.5.3 SHI induced modification

The basic difference of materials modification by ion implantation (low
energy ions) and swift heavy ion (high energy) irradiation is that in ion
implantation the incident low energy ions get embedded in the material whereas in
swift heavy ion irradiation the impinging ions do not get embedded in the
materials due to their larger range. For a swift heavy ion moving at a velocity
comparable to Bohr velocity of electron, the dominant mechanism for energy
transfer to the material is inelastic collisions between the projectile and atoms of
the matter. By this collision, excitation and ionization of surrounding electrons
takes place. The electronic energy loss value in each collision varies from a few
eV/A to a few keV/A. While traversing through the material, SHI having an
energy of 1 MeV/nucleon or more transfers its energy to the atoms in a solid,
predominantly through inelastic scattering producing a trail of excited/ionized
atoms. Cylinders containing highly charged ions and electrons are formed during
the passage of SHI through the materials. After the passage of the SHI, the solid
returns to its equilibrium state leaving behind bulk and surface modifications.
Effect of SHI irradiation is different for different materials. The nature of material
modification depends mainly on the thermal, electrical and structural properties of
the target material. It also depends on the mass of the projectile ion and irradiation
parameters. Thermal spike model and Coulomb explosion model were proposed to

explain the effect of SHI irradiation in materials.
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2.5.4 Thermal spike model

According to thermal spike model [10- 12], the energy transfer between
the electrons of target material and SHI takes place in the form of kinetic energy
via inelastic collision. Electron-phonon interactions transmit this kinetic energy to
the lattice resulting in the increase of lattice temperature above the melting point
of the material, followed by rapid quenching. This leads to the formation of
‘amorphous track’ along the trajectory of the projectile ion.
2.5.5 Coulomb explosion model

According to Coulomb explosion model [13-15], a cylinder of ionized
atoms is formed and excited electrons are ejected by coulomb repulsion, just after
the passage of the ion through matter. Schematic of the Coulomb explosion

process is shown in figure 2.10.
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Fig. 2.10 Schematic of Coulomb explosion process [16]

This model seems to be well suited for insulating materials and in such a
case the electron excitation energy is rapidly shared with other electrons via

electron—electron interaction leading to the formation of latent tracks [17-19]. For
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materials having large electronic mean free paths (for example metals), the free
electrons carry away the excitation energy so efficiently that the sample warms up
as a whole without considerable atomic motion.

2.6 Ferroelectrics- An introduction

Ferroelectrics are a special class of polar materials that display an electric
polarization in the absence of an external electric field. Any macroscopic
collection of matter is electrically neutral with nearly equal number of positive
and negative charges. But it is not necessary that these charges are distributed
within the volume of matter in a homogenous manner. If there is a disproportion
between the number of positive and negative charges, then the material is said to
have an electric dipole moment. The net dipole moment per unit volume is known
as the spontaneous polarization [20].

In such a material, the direction of the spontaneous polarization vector
may be switched between those orientations by an electric field. Different types of
polarizations present in ferroelectric materials are

o Electronic polarization- A displacement of the electronic cloud with
respect to the nucleus

o lonic polarization- Separation of positive and negative ions in the crystal

o Orientational polarization- Alignment of permanent dipoles

o Space- charge polarization- Free electrons present in the system are
prevented from moving by barriers such as grain boundaries

On the basis of crystal symmetry considerations, all ferroelectric materials
must be pyroelectric and all pyroelectric materials must be piezoelectric.

Eventhough spontaneous polarization is a fundamental property of pyroelectric
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materials; it is reversible in ferroelectric materials only. A ferroelectric crystal
consists of regions of homogenous polarization namely ferromagnetic domains.
The direction of polarization is different in different domains. The region between
two adjacent domains is called domain wall and the spontaneous polarization
changes its direction in this region.

Ferroelectric properties of a ferroelectric material vanishes above a critical
temperature namely Curie temperature (T;). Most ferroelectric materials undergo
a structural phase transition from a high-temperature non-ferroelectric (or
paraelectric) phase into a low temperature ferroelectric phase. Some materials like
barium titanate, BaTiOs;, undergo several phase transitions into successive
ferroelectric phases. The transition into a ferroelectric phase usually leads to
strong anomalies in the thermal, elastic, dielectric and other properties of the
material [21-23]. This is accompanied by changes in the dimensions of the crystal
unit cell and the associated strain is known as spontaneous strain. Polycrystalline
ferroelectric materials may be polarized by the application of a strong electric
field (10-100 kV/cm), usually at high temperatures. This process of creating net
polarization in a material by applying sufficiently high electric field is called
poling. The microscopic ferroelectric domains align themselves on the application
of high electric field in a ferro/piezoelectric material. As the electric field is
increased, more domains get oriented and, at a high electric field, almost all the
domains are in the same direction resulting in a single large domain. In this stage
the material achieves maximum polarization. If the material is kept at a high
temperature (close to T; but less than T, ) while the electric field is applied, the

orientation of the domains is more smoother.
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Polarization reversal mechanism of ferroelectric materials makes them
ideal for switching applications. High values of dielectric constant and other
properties near T, may be exploited in non-switching applications. Switched
ferroelectrics are employed in matrix addressed memories, shift registers and
switches known as transchargers or transpolarizers. A variety of display devices
make use of circuits containing both ferroelectric and electroluminescent
components in which light can be stored and emitted in a controlled manner. Non-
switching uses of ferroelectric materials includes capacitors, thermistors etc.

2.7 Magnetoelectric effect

The induction of magnetization by an electric field or of polarisation by a
magnetic field is made possible by the coupling between magnetic and electric
degrees of freedom in a composite material. ME effect in composite materials is a
product tensor property [24, 25]. Thus the ME effect can be expressed as a result
of the product of the magnetostrictive effect (magnetic/mechanical effect) in the
magnetic phase and the piezoelectric effect (mechanical/electrical effect) in the
piezoelectric phase [26]. The main mechanism behind the electrical and magnetic
coupling is elastic interaction between the layers. For example, when a magnetic
field is applied to a ME composite, the magnetic phase changes its shape
magnetostrictively. The strain generated induces electric polarization in the
piezoelectric phase. Hence the ME effect in such composite structures is an
extrinsic property depending on the microstructure of composite and coupling
interaction across magnetic-piezoelectric interfaces. For single phasic ME

materials i.e., for multiferroic materials it is an intrinsic property.
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The magnetoelectric effect in a single phasic material can be described in
Landau theory by writing the free energy F of the system in terms of applied
magnetic field (H) and electric field (E). By Einstein summation convention F can

be represented as

s N 1
F(E9H) = E) _B El _MI HI _5808(/E1E/ _EIUOIL[(/HIH/
P 3

- o B H, = EH H, =2 HEE ..

2.21)

Here ¢ and pare the dielectric permittivity and magnetic permeability
respectively. P’ and M are the time dependent electrical polarization and

magnetization. Fourth and fifth terms represent the effect of electric and magnetic

field on the electrical and magnetic behaviour respectively. The terms with the

«, coefficients describe the linear magnetoelectric effect and the higher order

magnetoelectric terms are given by f,, andy,, . Differentiation of above equation

with respect to electric and magnetic fields respectively leads to polarization and
magnetization.
OoF s 1
P(E.H)= “3E =P +e&¢,E +a,H, +Eﬂ{,kH‘,Hk + Y Ep A+
(2.22)
OF s 1
M(E,H)= “ =M, +ppu,H, +o,E + B, EH, +5;/(/kEA,Ek +...

1

(2.23)
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As the magnetoelectric effect is dominated to first order, only the linear term is
considered.

M, =a,E, (2.24)

From the definitions of the electric and magnetic susceptibilities,

L= sk (2.25)
M, = 2t (2.26)
where y, and y, are the electric and magnetic susceptibilities.
By substituting the susceptibility terms in equation (2.24), we get
) < Lol 2.27)

Hence, the magnetoelectric effect is expected to be large in composites of
ferroelectric and ferromagnetic materials [27]. Large magnetoelectric effects were
observed in composites derived from a system consisting of a ferroelectric
piezoelectric and ferromagnetic magnetostrictive metal. These magnetoelectric
materials play an important role in wide range of device applications like field
sensing [28], current sensing [29-31], transformers [32, 33], amplifiers and
gyrators [34, 35], tunable microwave devices [36, 37], spin wave signal
processing [38] and antennas [39].

2.8 Heterostructure Geometry Considerations

By employing the concept of phase connectivity introduced by Newnham
et al.,[25] the structures of a two-phase composite can be described using the
notations 0-3, 2-2, 1-3, etc. Each number represents the connectivity of the

respective phase. Here 0-3 type particulate composite means one-phase particles
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(denoted by 0) embedded in the matrix of another phase (denoted by 3). So far, 0-
3, 3-3, 2-2, and 1-3 type structured multiferroic ME composites of ferroelectric

and magnetic phases have been developed by various groups.
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Fig.2.11 Schematic illustration of three kinds of ME composite nanostructures
with common connectivity schemes: (a) 0-3 particulate nanocomposite films with
magnetic particles (0) embedded in a ferroelectric film matrix (3); (b) 2-2 horizontal
heterostructure with alternating ferroelectric (2) and magnetic (2) layers, or simply a
ferroelectric (or magnetic) thin film grown on a magnetic (or ferroelectric) substrate;
and (c) 1-3 vertical heterostructure with one-phase nanopillars (1) embedded in a
matrix of another phase (3) [40]

2.8.1 Particulate nanocomposites

Particulate nanocomposites (quasi 0-3 type) consist of a magnetic phase
which is generally distributed in a ferroelectric matrix (shown in figure 2.11(a))
[40]. These 3-phase composites can be easily fabricated by a conventional low
temperature processing and can be molded to different forms such as thin sheets
and shapes. One of the advantages of such structures is that they exhibit greatly
improved mechanical properties [39]. For example, Wan et al. [41] obtained 0-3
polycrystalline composite films with CFO nanoparticles dispersed in PZT by
employing sol-gel method.
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2.8.2 Horizontal multilayer heterostructures

Horizontal multilayer heterostructures consist of alternative ferroelectric
perovskite and magnetic spinel structures as shown in figure 2.11(b). These quasi
2-2 type laminate composites exhibit higher the ME effect in comparison with the
quasi 0-3 type particulate composites. Also these nanostructures are easy to
fabricate and the resistive ferroelectric layers in the structure block the current
flow and hence prevents the possibility for leakage current [40]. One of the major
drawbacks of such horizontal structures is the large in- plane constraint from the
substrate clamping. This can be overcome by employing a buffer layer as the
bottom electrode. The ease of processing and integration in to devices makes these
2-2 heterostructures as the most widely investigated nanocomposites [42-50].
2.8.3 Vertical nanostructures

In addition to 0-3 and 2-2 heterostructures another important configuration
is 1-3 wvertical nanostructure. In such a nanostructure, one of the ferroic
(ferroelectric/ferromagnetic) phases is developed as nanopillars in the other
ferroic matrix (ferromagnetic/ ferroelectric). Such 1-3 vertical heterostructures can
be prepared by a dice and fill process. For example, a PZT bulk is diced according
to the designed volume fraction of PZT rods to get PZT rod array, and then the
gap of the PZT rod array is filled with a mixture of Terfenol-D particles and
epoxy. As the epoxy hardens, the pseudo-1-3-type multiferroic composite is
obtained [39].
2.9 Electric field control of magnetism in magnetoelectric thin films

Other than the magnetic field control of electric polarization, the converse

ME effect (the electric field control of magnetization) is of equal importance. A
58



Theoretical Concepts

main challenge faced in the fields of spintronics and multiferroics is controlling
magnetic anisotropy or the magnetization direction in a ferromagnetic material
directly by applying an electric field rather than current. Converse ME effect can
be realized in multiferroic ME composite systems by ME coupling either through
a strain-induced ME effect across the interface [51-56], exchange bias [57-59], or
a charge-driven ME effect [60-63].
2.9.1 Strain mediated ME effect

In the converse piezoelectric effect an external electric field results in a
change in the shape of the ferroelectric phase in multiferroic ME composite

nanostructures as shown in figure 2.12.

Inverse piezoelectric 2 Piezomagnetic
1 E L )
(3 =
— X 1O v
Electric fiald — Strain T Strain — Magnietization

Converse magnetoelectric effect

zi"; AM

W

(Strain/magnetic field) x (Polarization/strain)

Fig. 2.12 Schematic illustration of strain-mediated ME effect in a composite system
consisting of a magnetic layer (purple) and ferroelectric layer (pink). An out-of-plane electric
field (E) induces strain in the ferroelectric component due to the inverse piezoelectric effect,
which is mechanically transferred to the magnetic component, inducing a magnetization
change (AM) or domain reorientation through the piezomagnetic effect [40]

The strain induced in the ferroelectric phase passes on to the magnetic

phase which in turn alters the magnetic anisotropy of the magnetic phase via
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magnetostriction. Thus strain-mediated ME coupling can be employed to achieve
electric-field control of the magnetic behavior of magnetic nanostructures [52-56,
64].
2.9.2 Exchange bias mediated ME effect

Electric field control of the magnetic properties in the ferromagnetic films
can be achieved by employing the exchange bias resulting from the exchange
coupling between the uncompensated interfacial spins of the antiferromagnet and
the spins of the ferromagnetic layer [65, 66]. Wu et al. in 2010 observed a
reversible electric-voltage control of exchange bias in a multiferroic BFO/LSMO
epitaxial heterostructure by switching the ferroelectric polarization of BFO [67].
The induced interface magnetism in a few nanometers of the BFO layer as a
consequence of an electronic orbital reconstruction occurring at the BFO/LSMO
interface induces the exchange bias effect in such a structure [68].
2.9.3 Charge mediated ME effect

The spin dependent screening of the electric field may result in the
accumulation of charge (e.g. spin-polarized electrons or holes) at the interface,
which in turn produces a change in the interface magnetization in horizontal
heterostructures containing ultrathin ferromagnetic films [40]. The electric field
induced modification of magnetocrystalline anisotropy can be attributed to a
change in the number of unpaired d electrons under the applied electric field. The
charge-mediated magnetoelectric coupling in multiferroic nanostructures takes
advantage of the sensitivity of a strongly correlated ultrathin magnetic film to

competing electronic ground states.
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2.10 Applications

ME composites are promising materials for technological applications
such as magnetic field sensors, memory devices, spintronic devices, and
electrically tunable microwave devices. As the input magnetic field has two
components, a dc bias and an ac probe, either of the two can be detected by
applying the other component. Hence the ME composite can be used as a tool for
detecting ac or dc fields. At the resonance frequency bulk/nanostructured ME
composite can be used as a transducer that converts the microwave magnetic field
into a microwave electric field. The shift in the resonance frequency in a static
magnetic or electric bias field makes the composite materials an ideal component
for electrically tunable microwave applications such as filters, oscillators, and
phase shifters. The hysteretic nature of the ME effect of such composites can be
utilized in applications like memory devices.
2.10.1 Magnetic memories

Commercial magnetic medium storage devices like floppy disk and hard
disk uses a magnetic field to write the data with the two magnetization states + M
of magnetic recording media, and a MR read head to sense the spatial variations
of these magnetization states [69]. Hard magnetic materials with high coercivity
were used for data storage in magnetic memories to maintain the magnetization
states. But the high coercivity results in a high writing magnetic field for the
magnetization reversal process. Thus the high writing magnetic field driven by
currents require high power consumption associated with low writing speed
restricted by the writing head movement. Hence the improvements of the read-

write speeds [70] and information security [71] are highly desirable in data
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storage technology. Converse ME effect can be used to achieve this goal in an
easier way as electrically assisted magnetization reversal is possible in such ME
nanostructures.
2.10.2 Magnetic sensors

The working principle of magnetic sensing in the ME composites is
magnetoelectric coupling. In the presence of a magnetic field, the magnetic phase
in the composite strains which in turn produce a proportional change in the
piezoelectric phase. Thus ME composites with high ME coefficients can be
employed using highly sensitive magnetic field sensors. Also they can be used as
a magnetic probe for detection of both ac and dc fields.
2.10.3 Electrically tunable microwave devices

ME composites represents a promising class of materials in microwave
devices. Magnetic bias fields have been used for the tuning of magnetization for
microwave magnetic devices. The possibility of electric field control of
magnetization (converse magnetoelectric effect) has resulted in novel,
electrostatically tunable microwave magnetic devices such as filters, resonators

and phase shifters based on the ME composite films.
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This chapter discusses the experimental techniques employed for sample
preparation and it also deals with the different characterization tools employed at
various stages. A brief description about the methods utilized to fabricate thin film
structures is also provided. Since swift heavy ions are used to modify the material
properties, this chapter also looks at the experiment conducted using swift heavy
ions. Experiments involving electron microscopy and atomic force microscopy are
also discussed briefly in this chapter. Different characterization tools used for
characterizing ferromagnetic and ferroelectric properties are also dealt with. Since
magnetoelectric coupling form a part of the major theme of this thesis, a brief
description about the evaluation of magnetoelectric coupling is provided in this

chapter.

3.1 Deposition Techniques
a. Physical Vapour Deposition

Physical Vapor Deposition (PVD) is a collective set of processes used to
deposit thin films typically in the range of few nanometers to several micrometers.
Here films are formed by atoms which are directly transported from source to the
substrate through gas phase [1]. PVD techniques can be divided into two
categories namely evaporation (thermal evaporation & E-beam evaporation) and
sputtering (DC, DC magnetron &RF sputtering). These PVD processes are
environment friendly vacuum deposition techniques and consist of three steps.
o Vaporization of the material from a solid source assisted by high temperature

vacuum or gaseous plasma.

o Transportation of the vapor in vacuum or partial vacuum to the substrate

surface.
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o Condensation onto the substrate to generate thin films.

Among different PVD techniques thermal evaporation is a simple and
inexpensive method for obtaining good quality thin films of materials with low
and moderate melting point. This technique relies on vaporizing a source material
using appropriate methods in vacuum. The starting compound is vaporized and
the material is deposited onto a desired substrate through a condensation
mechanism [2]. A typical vacuum coating system consists of two parts-vacuum
pumping and the deposition set-up as shown in figure 3.1. Resistive evaporation is
a commonly used vacuum deposition technique in which electrical energy is used
to heat a filament which in turn heats a deposition material to the point of
evaporation. The evaporation is done in high vacuum to eliminate contamination
in the deposited film. An oil diffusion pump along with a rotary pump can
produce a typical vapor pressure of 10” mbar inside the chamber. A boat or
helical coil containing the starting material acts as a resistive element between two
electrodes for the passage of a large d.c current. High melting point metals, like
molybdenum or tungsten are used as boat/filament materials. The process of
deposition starts, by creating vacuum in the deposition chamber, usually of the
order of 10™ mbar or less.

The thermal evaporation deposition technique consists in heating the
resistive element until evaporation of the material to be deposited starts. The
material vapor finally condenses in the form of thin film on the cold substrate
surface and on the vacuum chamber walls. Because of the low pressure inside the
vacuum chamber, the mean free path of vapor atoms is the same order of vacuum

chamber dimensions, and hence these particles travel in straight lines from the
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evaporation source towards the substrate. This originates 'shadowing' phenomena,

especially in those regions not directly accessible from the evaporation source.

DF

A- VACUUM CHAMBER  P1- PIRANI GAUGE HEAD
B- BASE PLATE P2- PENNING GAUGE HEAD
E- BAFFLE VALVE RP- ROTARY PUMP

R- ROUGHING VALVE DP- DIFFUSION PUMP

F- BACKING VALVE

Fig. 3.1 Schematic of a typical vacuum coating unit

b. Spin Coating

Spin coating is a simple technique used to deposit uniform thin films on
flat substrates. The substrates to be coated is held by a rotatable fixture (often
vacuum is used) and a small amount of coating material is dispensed on the center
of the substrate, which is either spinning at low speed or not spinning at all. The
substrate is then rotated at high speed in order to spread the coating material by

centrifugal force.
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Spin coating (“
Application of the Spreading of the film Solvent evaporation
coating solution

Fig. 3.2 Different steps involved in spin coating technique

Here the rotational accelerations are exactly balanced by the viscous drag
felt within the solution. Factors such as rotational speed and acceleration
contribute to the properties of coated films. A machine used for spin coating is
called a spin coater [3]. Different processes involved in spin coating technique are
shown in figure 3.2.

o Deposition of the coating fluid onto the substrate by pouring the coating
solution or by spraying it onto the surface

o Acceleration of the substrate to its final required rotation speed

o Spinning of the substrate at a constant rate - fluid viscous forces dominate
the fluid thinning behavior

o Spinning of the substrate at a constant rate - solvent evaporation dominates
the coating thinning behavior

Spin coating technique is widely used in semiconductor industry and
photolithography.

3.2 Swift Heavy Ion Irradiation by a Pelletron Accelerator

Swift heavy ion (SHI) irradiation is a versatile technique for the
modification of the properties of films, foils and bulk solids. Swift heavy ions
penetrate deep in to the materials and produces disordered zones along its

trajectory. The changes produced in the material while irradiation processes can
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be understood by analyzing the resultant damage such as size, shape and structure
of defects. We have made use of the SHI from 15 UD Pelletron accelerator facility
at the Inter University Accelerator Centre (IUAC), New Delhi, India for the ion

irradiation studies carried out in the present study.

-_ Injetor Deck
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A schematic figure showing the principle of acceleration of Ions in pelletron

Fig. 3.3 Schematic representation of Pelletron unit (Adapted from IUAC website
www.iuac.res.in)

A schematic representation of the 15UD Pelletron accelerator is shown in
figure 3.3. This Pelletron is a heavy ion tandem type of electrostatic accelerator.
Negative ions are produced and pre-accelerated to ~300KeV in an ion source -
SNICS (Source of Negative Ions by Cesium Sputtering)- and are injected in to
strong electric field inside an accelerator tank filled with SFg insulating gas. At the
centre of the tank there is a terminal shell, which is maintained at a high voltage
(~15 MV).The negative ions on traversing through the accelerating tubes from
the column top of the tank to the positive terminal gets accelerated. On reaching

the terminal, they pass through a stripper, which removes some electrons from the
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negative ions, thus transforming the negative ions into positive ions. These
positive ions are then repelled away from the positively charged terminal and are
accelerated to ground potential to the bottom of the tank. Here, same terminal
potential is used twice to accelerate the ions. The analyzing magnet bends the ions
into horizontal plane which also select a particular beam of ion. The switching
magnet diverts the high energy ion beams into various beam lines for the different
experimental areas of the beam hall. The entire machine is computer controlled
and is operated from the control room. These accelerated ions are fed into the
materials science beam hall, where the samples are loaded in the sample holder,
made of thick block of copper. The pressure in the chamber is maintained at
1x10° Torr during irradiation.

3.3 Thickness Profiler

»| Signal conditioning

y

A/D Conversion

\4

Computer Memory

Fig. 3.4 Schematic representation of thickness profiler set up

The film thickness is measured using Dektak 6M Stylus Profiler. The
block diagram of the instrument is shown in figure 3.4. Stylus profilers are
versatile measurement tools for analyzing the surface topography. Primarily they
can be used to measure film thickness by scanning step heights and trench depths.

Surface roughness as well as surface planarity also can be measured using this set
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up. This is a surface contact measurement technique where a very low force stylus
is dragged across a surface.

A diamond stylus is moved vertically into in contact with the sample and
then moved laterally across the sample for a specified distance and specified
contact force. This stylus is mounted on an arm coupled to a linear variable
differential transformer (LVDT). The output voltage changes from plus to minus
as a function of core displacement corresponding to the mechanical changes that
occur while the stylus moves up or down over the surface. The varying signal is
then digitized and recorded to represent the surface profile of the sample.

3.4 Structural characterization techniques
3.4.1 Powder X-Ray Diffraction

X-ray diffraction (XRD) technique is a fundamental tool for material
characterization. In general, a crystal diffracts an X-ray beam passing through it
depending on the X-ray wavelength, the crystal orientation and structure of the
crystal. Powder X-ray diffraction generally employs the conventional 626 (or
Bragg- Brentano) reflection geometry in which the incidence angle equals the
angle of the diffracted beam with respect to the sample surface (shown in figure

3.5) [4].
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Fig. 3.5 Schematic of symmetric 626 geometry
Here, a certain wavelength of radiation will constructively interfere when partially
reflected between atomic planes. This will produce a path difference equal to an
integral number of wavelengths. According to Bragg law,
2dsin@ = ni (3.1)
where n is an integer, A is the wavelength of the radiation, d is the spacing
between atomic planes and 0 is the diffraction angle. Lattice parameter can be

computed by employing the relation,

1
dyy = EREI (3.2)
J STrte
Where a,b,c are the lattice parameters.
For cubic symmetry, a=b=c
a
dyy = (3.3)

VA + K+ 1
Sample identification can be easily done by comparing the experimental
pattern to that in the International Centre for Diffraction Data (ICDD) file. The

random orientation of crystals in the polycrystalline samples and thin films cause
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broadening of the diffraction patterns. This effect becomes more pronounced
when the crystallite size is of the order of nanometers.

In the case of nanoscale structures crystallite size can be calculated using
the Scherrer formula given by

094
pcosd

3.4

where D is the crystallite size, A is the wavelength of the X-ray beam, 3 is the
angular width (in radians) which is equal to the FWHM (Full Width at Half
Maximum).
3.4.2 Glancing Angle X-Ray Diffraction

X-rays with large incident angle will go through a few to several hundred
micrometers inside the sample under investigation depending on its radiation
density. When it comes to thin film analysis, the beam penetration depth may be
much greater than the sample thickness. Hence conventional XRD is not suitable
for a detailed study of thin film specimens. Glancing/grazing angle configurations
have been developed to overcome such limitations. In glancing angle X-ray
diffraction (GAXRD) technique, the Bragg-Brentano geometry is modified to an
asymmetric configuration which allows access to small depths in the sample by
varying the incident angle. Here a parallel monochromatic X-ray beam incident on
the sample surface at a fixed, low glancing angle, y (typically 1° to 3°) and the
diffraction profile is recorded by detector-scan only. Due to the para-focusing and
large diffracting volume, this method provides good sensitivity for thin films. As
X-ray path length in the film is proportional to [1/ sin (y)], smaller the glancing
angle, greater the path length in the film. Hence increase in the path length of the
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incident X-ray beam through the film increases the intensity from the film and

decreases the diffracted intensity from the substrate.

1
1
1
\
\
\
\
1
\
\

Fig. 3.6 Schematic diagram of asymmtric glancing angle XRD geometry

GAXRD technique can be used to obtain valuable information regarding
the thickness and phase crystallography of the sample [5-7], the change of its
composition with depth [8], and its microstructure (stress, preferred orientation,
etc.)[9].

3.4.3 Scanning Electron Microscopy

The scanning electron microscopy (SEM) is one of the most versatile
techniques available for the examination and analysis of the chemical composition
characterizations and microstructure morphology. The naked eye can distinguish
objects subtending about 1/60° visual angle, corresponding to a resolution of ~0.1
mm (at the optimal viewing distance of 25 ¢m) whereas optical microscopy has
the limit of resolution of ~2,000 A by enlarging the visual angle through optical
lens. Since the discovery that electrons can be deflected by the magnetic field
[10], electron microscopy has been developed by replacing the light source with
high energy electron beam. The minimum distances by which two structures can

be separated and still appear as two distinct objects and is defined as the limit of
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resolution. Ernst Abbe [/0] demonstrated that the limit of resolution depends on
the wavelength of the illumination source. At a particular wavelength, when

resolution goes above this limit, the magnified image blurs.

Electron Incident Beam

X-rays

Backscatered Electmons

Auger Elecons

Incoherent Elastic
Scanered Electrons

Coherent Elastic Scattered

Incoherent Inelastic P Electrons

Scattered Electro Direct Beam

Fig. 3.7 Interactions between electrons and matter

When electrons are accelerated to high energy levels and focused on to a
material, they scatter or backscatter elastically or inelastically in different
directions. These inelastic interactions between matter and electron produce
different types of signals namely secondary electrons, Auger electrons, X-rays,
light and lattice vibrations (figure 3.7).

In a typical SEM (schematic shown in figure 3.8), an electron beam is
thermionically emitted from an electron gun which acts as the source. The
electron energy beam has an energy ranging from 0.2keV to 40keV. This electron

beam is focused by one or two condenser lenses and is passed through pair of
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scanning coils or deflection plates in the electron column. Scanning coils are used

to deflect the electron beam so that it can raster scan on the sample surface along

X- Or y-axis.

Electron Gun

Ap erture
Anode

P77777 PZZZZA A p erture

Secondary Backscattered
Electron Electron
Detector Detector

N

Fig. 3.8 Schematic of scanning electron microscope

When the primary electron beam interacts with the sample, it loses energy by

repeated random scattering and absorption. The energy exchange between the
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incident electron and sample takes place which in turn results in the reflection of
high energy electrons by elastic scattering and emission of secondary electrons by
inelastic scattering. Specialized detectors may be used for the detection of such
signals. As the secondary electrons have low energy (typically around 3-5e¢V),
they can only escape from a region within a few nanometers of the sample
surface. Hence the secondary electrons precisely mark the position of the beam
and give surface texture and roughness with a better resolution. A secondary
electron beam can resolve the surface features down to the order of around 10nm.
The detection of backscattered electrons shed light onto the sample composition.
One or more apertures are employed in the SEM designs to exclude scattered
electrons and are used to control the spherical aberrations in the final lens [11].
3.4.4 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a unique technique which can
provide a real space image on the atomic distribution in the nanomaterial and on
its surface. Nowadays TEM is a versatile tool that gives not only atomic
resolution lattice images but also chemical information at a spatial resolution of
Inm or better thereby allowing direct identification of the structure and chemistry
of nanomaterials.

One of the greatest advantages of TEM is its excellent horizontal
resolution and it depends on the wavelength of the radiation employed, i.e., the
smaller the wavelength, the greater the resolution. In TEM, the incident radiation

is a beam of electrons that has a wavelength of the form

A(nm) = \/g (3.5)
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where V is the acceleration voltage (in volts) applied to incident

simplified scheme of TEM is shown in figure 3.9.
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Fig.3.9 Schematic of transmission electron microscope

The basic TEM instrument consists of an electron gun which may be a

tungsten filament or a lanthanum hexaboride (LaBg¢) source [12] and is connected
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to a high voltage source (typically~ 100-300kV). The focused electron beam is
incident on a thin sample. A series of magnetic lenses are used for focusing the
electron beam at and below the sample position. The condenser lenses of the TEM
allow for the formation of the electron beam to the desired size and location for
later interaction with the sample [13]. Here the use of magnetic fields allows the
formation of a magnetic lens of variable focusing power. The projector lenses are
used to expand the electron beam onto the fluorescent screen or other imaging
devices. The objective lens decides the limit of image resolution. The intermediate
lenses and projection lenses constitute the magnification system and it gives a
magnification up to 1.5 million. A charge coupled device (CCD) can be used as
the digital data recording system.

One of the major advantages of TEM is that it offers high magnification
ranging from 50 to 10° and another is its ability to provide both image (in real
space) and diffraction (reciprocal space) information from a single sample.

The magnification or resolution of TEM is given by the equation

L= (3.6)

\2mqV

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

High Resolution Transmission Electron Microscopy (HRTEM) is an
important tool for high-magnification studies of nanomaterials. High resolution
makes it suitable for imaging nanomaterials on the atomic scale. Structural
information at better than 0.2 nm spatial resolution can be obtained using HRTEM
[14]. In HRTEM measurements, specimens need to be relatively beam insensitive

as high magnification imaging requires a high electron energy. HRTEM uses a
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large diameter objective lens that admits not only the transmitted beam, but at
least one diffraction beam as well. These beams passed by the objective aperture
are then made to recombine in the image forming process in such a way that their
amplitudes and phases are preserved. Here at high magnification, it is possible to
see contrast in the image in the form of periodic fringes and these fringes
represent direct resolution of Bragg diffracting planes.
3.5 Composition Analysis
3.5.1 X-Ray Photoelectron Spectroscopy

X-Ray photoelectron spectroscopy (XPS) also known as Electron
Spectroscopy for Chemical Analysis (ESCA) is a chemical surface analysis
method. XPS is a quantitative spectroscopic technique that measures the elemental
composition, empirical formula, chemical state and electronic state of the
elements that exist on the surface of the specimen (up to 10nm). The basic
principle behind X-Ray photoelectron spectroscopy is the photoelectric effect. In
XPS, X-rays bombard a sample creating ionized atoms and ejecting free electrons.
These ejected free electrons have a kinetic energy (Ex) given by

E.=hv-E,—¢ (3.7)

where Ep is the binding energy of core level and ¢ is the work function.

By analyzing the kinetic energy of these photoelectrons one can determine
the corresponding binding energies of the photoelectrons and the energies of the

electronic orbitals.
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Fig. 3.10 Schematic of a XPS instrument [15]

A basic structure of XPS instrument is shown in figure 3.10. X-rays
having a specific energy are used to excite the electronic states of atoms on the
surface of the sample. The emitted electrons are energy filtered via a
hemispherical analyzer (HSA) before the intensity for a defined energy is
recorded by a detector. As the core level electrons are quantized, the resulting
energy spectra show resonance peak characteristics of the electronic structure for
atoms at the sample surface. An electron energy analyzer determines the binding
energy of the photoelectrons and from the bonding energy and intensity of the
photoelectric peak, the elemental identity, chemical state and quantity of element
can be determined. Although the X-rays may penetrate deep into the sample, the
escape depth of the ejected electrons is limited. Such electrons undergo an energy
loss event and hence contribute to the background signal rather than well defined

primary photoelectric peaks. Changes in the chemical environment or oxidation
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state of an atom can cause corresponding changes in the energies of the electrons
that are ejected and analyzed. By measuring these shifts, it is possible to
accurately assign the chemical environment of a given element.
3.5.2 Energy Dispersive X-Ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDAX) is an analytical technique
used for the elemental analysis or chemical characterization of a material under
TEM/SEM. The X-rays produced as a result of the electron beam interactions with
the sample is detected in this method. As the energy of the X-rays is characteristic
of the difference in energy between the two shells, and of the atomic structure of
the element from which they were emitted, this allows the elemental composition
of the specimen to be identified [16]. By comparing the intensities of the peaks
with that of a standard sample we can obtain the relative amount of the atomic
species present in the sample and hence the accurate composition of the sample
can be determined [17, 18].
3.5.3 Secondary Ion Mass Spectroscopy

Secondary ion mass spectroscopy (SIMS) is one of the most sensitive
surface analytical techniques capable of detecting impurity elements present in a
surface layer at < lppm concentration. This is because of the inherent high
sensitivity associated with mass spectrometric based techniques. There are a
number of different variants of the technique.
Static SIMS: Used for sub-monolayer elemental analysis
Dynamic SIMS: Used for obtaining compositional information as depth profiling

Imaging SIMS: Used for spatially resolved elemental analysis
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SIMS is based on the principle that charged particles (secondary ions) are ejected
from a material surface when bombarded by a primary beam of heavy particles

(shown in figure 3.11).

To Mass Spectrometer

»

Beam of Secondary [ons
to be Analyzed

Extraction Lens

Primary Ion Beam

\/ Secondary Ions Beam

Fig. 3.11 Schematic representation of secondary ion sputtering

A basic SIMS instrument consist of (1) a primary ion beam source
(generally O,", O", Cs’, Ar or neutrals) to supply the bombarding species, (2) a
target or specimen which should be solid and must be stable in vacuum, (3) an
extraction electrode, (4) a mass analyzer to isolate the ion of interest and (5) an
ion detection system to record the magnitude of the secondary ion signal (usually
a Faraday cup or an electron multiplier or a CCD camera).

In SIMS, a solid specimen is bombarded with a narrow beam of primary
ions. A mass spectrometer separates the ejected secondary electrons according to

their mass to charge (m/e) ratio and counts them. This recorded value of m/e is
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used to determine the element or compound based on the atomic or molecular
weight, and the counts give information about the concentration. As the sputtering
process inherently erodes the sample, dynamic SIMS (DSIMS) provides useful
depth profiling data during the analysis.

‘ e iVl ” HI’ llll I
Extration electrode JON DAAG
Xy Mass analyser —
EPTH PROFILE
9D DIAGK

&—

Sample Secondary ions
Detector

Fig. 3.12 Components of SIMS

SIMS Analysis can detect every element in the periodic table with
detection limits well below the ppm range. The main drawback of this

experimental technique is that it’s a destructive technique.
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3.6 Topographical Characterization
3.6.1 Atomic Force Microscopy

The atomic force microscope (AFM) is another member of general
scanning probe microscopes (SPM) and was designed by G. Binnig in 1986 [19].
AFM is a technique to obtain images and other information or local properties

such as height, friction, magnetism etc. at extremely high (nanometer) resolutions.

Position Sensitive Laser
Detector (PSD)
A 7
\ /
\ /
\ /
\ /
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N
@ Cantilever
l | Sample
X,Y,Z

Piezo Element

Fig. 3.13 AFM apparatus principle

AFM can operate on conducting and non-conducting solid surfaces. Here
the force of interaction between a sharp tip and the surface is measured. As this
force of interaction does not depend on electrically conducting samples or tips,
AFM can be applied to insulators as well. For measuring these forces, a tip is
mounted on a cantilever type spring. This force of interaction between tip and
sample causes the cantilever to deflect according to Hooke’s law;

F=cAz (3.8)

where c is the spring constant of the tip and Az is the deflection.
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Deflection of the cantilever can be sensed by different means. Most
common one is laser deflection technique which is an optical detection method
and is shown in figure 3.13. Here the cantilever displacement is measured by
detecting the deflection of the laser beam which is reflected from the rear side of
the cantilever. A position sensitive photodiode array is used as the detector. Such
a configuration measures the deflection of cantilever due to bending and torsion
forces separately. The detection of bending forces allows the imaging of surface
topography whereas the torsion force reports on friction forces. As the sample is
scanned under the tip, the x, y and z position of the sample surface with respect to
the tip is determined by a piezoelectric tube scanner. The movement of the sample
in the z-direction, that is needed to keep the deflection at its constant set point
level, is registered during x-y scanning, and a three dimensional map is
constructed which is closely related to the topography of the surface.

According to Hooke’s law, the raster scanned cantilever exhibits a locally
varying deflection which directly represents the corrugation of the sample surface.
Here the distance regimes are shown in figure 3.14. The cantilever is kept less
than a few angstroms from the sample surface in the contact regime and an

attractive force exists between the cantilever and the sample.
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Fig. 3.14 Force experienced by the tip in the approach to the sample

Contact mode AFM

In contact mode, an AFM tip is brought in soft physical contact with the
surface at a certain value of the force. This force is kept constant with a feedback
system that retracts the tip when the measured force is above the set value and
approaches it when the force falls below the set value. When the feedback system
is responding fast to small changes in the applied force, then the z position of the
tip is adjusted to keep the force constant. In such a case, the voltage applied to the
piezoelectric carries accurate topographic information and this imaging mode is
known as ‘topographic mode/constant force/constant deflection mode’. If the

response of the feedback system is slow, only the average force will be a constant
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and the features of the surface will cause variations on the force about its set
value. Here force is displayed directly and this mode of operation is known as
‘variable force mode or force mode’.
Non-contact Mode AFM

In non-contact mode of operation, the probe is kept at least one nanometer
from the sample surface so that only long range interactions remain. In general,
the relevant forces result from the van der Waals interactions or
electrostatic/magnetostatic interactions. As van der Waals forces are relatively
small and capillary forces can be avoided by either choosing a sufficiently large
working distance or by working on clean surfaces, one can yield relatively strong
forces from electrostatic/magnetostatic interactions. Thus the electrical or
magnetic charge distribution in the near surface regime of the sample can be
recorded.
Intermittent contact (Tapping mode) AFM

In this mode, the cantilever tip is oscillated at or near its resonant
frequency. The oscillating probe is then scanned at a height where it barely
touches or “taps” the specimen surface. The system records the probe position and
vibrational amplitude to obtain topographical and other property information.
Accurate topographical information can be obtained even for very delicate
surfaces. Optimum resolution is about 50 A lateral and <1 A height. Images for
phase detection mode, magnetic domains, and local electric fields are also
obtained in this mode.
3.6.2 Magnetic Force Microscopy

Magnetic force microscopy (MFM) images the spatial variations in the

magnetic forces at the sample’s surface. The probe tip is coated with a thin film of
94



Experimental ......

ferromagnetic material. This will react with the magnetic stray fields on the
sample surface. The magnetic forces between the tip and the sample are measured
by monitoring cantilever deflection when the probe is scanned at a constant height

above the surface. The resonant frequency changes of the cantilever are noted.

spring constant

resonant frequency = L\/ (3.9
2

mass

The strength of the local magnetostatic interaction determines the vertical
motion of the tip as it scans across the sample. An image taken with a magnetic tip
contains information about both, the topography and the magnetic properties of
the sample surface. The distance between the tip and surface determines the
dominant effect. If the tip is more close to the surface, the image will be
predominantly topographic. If the separation between the tip and the sample is
more, magnetic effects become apparent. Collecting a series of images at different
tip heights is one way to separate magnetic and topographic effects.
3.7 Magnetic Measurements
3.7.1 Vibrating Sample Magnetometry

Vibrating sample magnetometer (VSM) is the most common instrument
for the measurement of magnetization. After the invention of this instrument by S.
Foner [20] there have been many modification and improvement of this
instrument [21]. But the basic principle remains the same. A VSM operates on
Faraday's Law of Induction, i.e., a changing magnetic field will produce an
electric field. This electric field can be measured and provides us information
about the changing magnetic field. The schematic of a vibrating sample

magnetometer is given in figure 3.15.
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Fig. 3.15 Schematic of a Vibrating sample magnetometer

In a VSM, the magnetic specimen is placed in a constant magnetic field.
This constant magnetic field will magnetize the magnetic specimen by aligning
the magnetic domains or the individual magnetic spins with the field. Hence the
magnetic dipole moment of the sample will create a magnetic field around the
sample, called a magnetic stray field . This magnetic sample is vibrated with a
certain frequency and amplitude employing a vibrator. The change of magnetic
stray field as a function of time caused by the vibration of magnetized sample can
be sensed by a set of pick-up coils. The changing magnetic flux will induce an

electric field in the pick-up coil according to Faraday’s law of induction and this
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current will be proportional to the magnetization of the sample. This induced
current is amplified by a trans-impedance amplifier and a lock-in-amplifier. These
components are interfaced via a computer. Using controlling and monitoring
software, the system provides us information on how much the sample is
magnetized and how its magnetization depends on the strength of the constant
magnetic field. When the constant field is varied over a range of values, a plot of
magnetization versus magnetic field strength is generated.

Let a dipole moment be induced in the sample when it is placed in a
uniform magnetic field M. Then the amount of magnetic flux linked with the coil
placed in the vicinity of this magnetic field is given by

¢ = unaM (3.10)
where 4, is the permeability of free space, n is the number of turns per unit length

of the coil and a represents the geometric moment decided by the position of
moment with respect to coil as well as shape of coil.
jot

Here an anharmonic oscillator of the type, z =z, + 4e’” induces an emf

in the stationary detection coil. The induced emf is given by

dp oa)
yo_99 __ M| CF oo 3.11
g - e (az je (3.11)

If the amplitude of vibration A, frequency @ and (Z_aj are constant over the
zZ

sample zone then induced voltage is proportional to the magnetic moment of the
sample. This is the basic principle behind VSM [22, 23]. A cryogenic set up

associated to the sample allows low temperature measurements.
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3.7.2 Superconducting Quantum Interference Device

A superconducting quantum interference device (SQUID) is one of the
most effective and sensitive ways of measuring magnetic properties. Using a
device called a Josephson junction, a SQUID can detect a change of energy as
much as 100 billion times weaker than the electromagnetic energy that moves a
compass needle. The SQUID magnetometer consists of two superconductors
separated by thin insulating layers to form two parallel Josephson junctions so that
electrons can pass through in both directions. The sensitivity of the SQUID
devices is associated with measuring changes in magnetic field associated with
one flux quantum (h/2e). The basic principle of a SQUID magnetometer is that, if
a constant biasing current is maintained in the SQUID device, the measured
voltage oscillates with the changes in phase at the two junctions, which depends
upon the change in the magnetic flux. By counting these oscillations we can
evaluate the flux change that has occurred in the sample. Hence, when the sample
is moved through the superconducting magnetic coils, a flux change is induced in
the pick-up coils. Highly magnetic sample should be moved slowly through the
coils in order not to exceed the maximum slewing rate of the electronic system
[24]. SQUIDs have been used for a variety of applications that demand extreme
sensitivity, including biomagnetism, susceptometers, geophysics scanning SQUID
microscope, and nuclear magnetic resonance [25].
3.8 Ferroelectric Loop Tracer

Ferroelectricity is a property of certain materials in which they possess a
spontaneous electric polarization that can be reversed by the application of an

external electric field. A ferroelectric loop tracer or P-E loop tracer is used to
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measure the ferroelectric behaviour of materials. From a P-E loop, parameters
namely saturation polarization (Ps), remanence polarisation (P;) and coercive

electric field (E.) can be derived.
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Fig. 3.16 Block diagram of a ferroelectric loop tracer

An experimental set up that can be used as a P-E loop tracer is shown in
figure 3.16. Here an initial wave shape is formed by a function generator, which is
then amplified by the high voltage amplifier. The amplified wave form is sent to
the sample. The current passing through the sample is converted to a voltage via a
current to voltage convertor. This signal is captured on a digital storage
oscilloscope along with the monitor output from the high voltage amplifier and
waveforms from a displacement measuring device connected. The captured
waveforms are then sent to a computer for further analysis.

3.9 Magnetoelectric Coupling Measurement set up

Magnetoelectric materials possess two or more switchable states such as

electric polarization, magnetization or strain. Hence they can change

magnetization by electric field or electric polarization by a magnetic field. The
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interplay between the magnetic and electric states is realized via the
magnetoelectric (ME) effect which is defined as the coupling of electric field and
magnetic field. The ME effect is usually described mathematically by the linear
ME coupling coefficient (MECC). The exact knowledge of this MECC is essential
for the design of devices and sensors based on ME materials. The measurement

set up for magnetoelectric (ME) coupling studies is shown in figure 3.17.
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Fig. 3.17 Measurement set up for ME coupling studies

The setup consists of an electromagnet and a pair of Helmholtz coils that
generate the dc bias field and the ac driving field, respectively. The angle between
the two applied magnetic field vectors is critical. Various studies on the ME
coefficient as a function of angle have proved that the maximum effect is obtained
when the fields are parallel to each other, whereas the effect is zero when the
fields are in transverse position [26]. Here, the off-resonant ME coupling

coefficient was determined at room temperature as a function of the biasing dc
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magnetic field by measuring the ME voltage developed when a low frequency
magnetic field with a known amplitude was applied to the sample in the form of
thin film cantilevers. A lock-in amplifier is employed to record the voltage
developed across the sample. The signal from the linear amplifier is given to the
lock-in amplifier as reference signal. DC magnetic field dependence can be
studied both in longitudinal and transverse mode. Transverse measurement mode
is defined as when the polarization and magnetic field vectors are perpendicular to
each other (Magnetic field in plane to the sample, voltage measured perpendicular
to the sample, so that polarization and magnetic field vectors are perpendicular).
Longitudinal mode is defined as when the polarization and magnetic field vectors
are parallel to each other (Magnetic field perpendicular, voltage measured
perpendicular to the sample again, so that polarization and magnetic field vectors

are parallel).
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4.1 Introduction

Amorphous and nanocrystalline magnetic alloys are widely investigated
owing to their excellent magnetic properties. Amorphous metallic alloys of
transition metals and metalloids or glass former alloys are strongly magnetic at
room temperature and offer several opportunities for engineering applications.
They contain about 80% transition metals like Fe, Co and Ni, and about 20%
metalloid or glass former elements like Si, B, C or P and are also known as
metallic glasses. By subjecting the materials to mechanical or thermal processing
methods or by the addition of alloying elements, their chemical, physical and
mechanical properties can be altered. These alloys lack long range atomic
ordering and hence exhibit no microstructural discontinuities like grain boundaries
on which magnetic domain walls can be pinned. Hence such ferromagnetic
metallic glasses based on 3d transition metals are excellent soft magnetic
materials with low hysteresis loss and low eddy current dissipation. The excellent
soft magnetic properties exhibited by amorphous and nanocrystalline magnetic
alloys make them ideal for applications in diverse fields, ranging from magneto-
optic storage, magnetic shielding, magnetic sensors etc [1-3]. Micro/Nano Electro
Mechanical Systems (MEMS/NEMS) devices such as microactuators, sensors and
micromotors can be realized with the use of both hard and soft magnetic
materials. These electromagnetically actuated MEMS are more stable for large
actuation gap and high force applications. The high magnetic moment of Co rich
binary alloys makes it suitable for these applications [4,5]. Miniaturization of
these materials are required for microelectronic applications, hence thin films of
these alloys are of great importance [6]. Increase in the stress developed during
the film growth accounts for the relatively high value of magnetostriction

observed in Co-Fe thin films.
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Generally, crystalline structures will be weakly magnetic with low
magnetization and low Curie temperatures. They also exhibit high
magnetocrystalline anisotropy and hence possess large coercive field. But, their
amorphous counterparts display enhanced magnetization as a result of local
disorder and lower density which tend to localize the 3d electrons. The random
distribution of magnetic easy axes results in negligible macroscopic anisotropy in
amorphous magnetic alloys [7]. With high magnetic moment, Co-Fe alloy thin
films are known for their technological applications such as soft under layer for
perpendicular recording and in modern recording heads [8-10]. Microstructure of
these magnetic thin films plays an important role in deciding the magnetic
properties which in turn depends on parameters like film thickness, crystallinity,
surface/interface roughness, and composition. In particular, the variation in
surface/interface roughness modifies the magnetic properties like magnetic
anisotropy, coercivity and magnetic domain structure. Thermal annealing [11-12]
and swift heavy ion irradiation [13-15] are two effective methods employed to
alter the surface microstructure and morphology.

Research interest in metallic glasses is growing over the last few decades
ever since the first discovery of amorphous alloys of Au-Si by Duwez et al. in
1959 [16]. The investigations on the improvement in soft magnetic properties of
the nanocrystalline alloys of Fe-Si-B-M (M=Cr,V,Mo,Nb,Ta,W) by Yoshizawa et
al. in 1988 [17] accelerated the growth of research in this area. Later, studies on
the nanocrystalline family of NANOPERM™ (Fe-Zr -B- Cu) [18] and
HITPERM™ (Fe-Co-Zr-B-Cu) [19], shed further light on the origin of soft
magnetic properties [20] and the amorphous nanocrystalline transformation [21,
22]. Among them Co and Fe rich alloys are widely used in technological

applications like sensors, actuators and magnetic recording heads [23,24] as they
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exhibit excellent magnetic properties like high Curie temperature, high
permeability, low magnetic loss, low coercivity and high saturation magnetization
[25-30].

Annealing of amorphous alloy thin films enables the relaxation of
amorphous structure and initiates formation of a composite amorphous
microstructure with crystal of size of ~10 nm. Such a microstructure is expected
to improve the soft magnetic properties. Several reports are there on thermally
induced nanocrystallization in Co-based alloys [31-33]. Bordin et al. [34] reported
the occurrence of superior soft magnetic properties with the evolution of
nanocrystallites with heat treatment of CogsFesMo0,B1;5S1165 amorphous ribbons
well below their conventional crystallization temperature. Quintana et al. [31]
reported nanocrystallite formation below the conventional crystallization
temperature in CogsFesMo0,Sij6B1>. Buttino et al. [35] also reported improvements
in soft magnetic properties of an amorphous alloy of composition
CoesFesN11B14Si;s. These improvements were obtained by isothermal treatments
below conventional crystallization temperature.

Structural relaxation and crystallization during thermal annealing result in
considerable changes in magnetic properties. For example, nanocrystalline cobalt
based alloys display superior magnetic softness compared to their amorphous
counterparts [36, 37]. The magnetic properties display a strong dependence on the
nanocrystalline size and distribution [38]. If the amorphous matrix is
nonmagnetic, the behavior of the magnetic nanocrystals is governed by a single
domain particle model; whereas in the case of a magnetic matrix it is more
complicated. Detailed investigations of such nanocrystalline magnetic systems
have resulted in useful applications like soft under layers for ultrahigh density

computer disk drives and magnetic sensors [39-41].
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Gupta et al. reported that energy deposition by 120 MeV Au ions leads to
changes in structural and magnetic behaviour of Co thin films [42]. Klaumuenzer
et al. in 1986 reported on the plastic deformation of the surface of metallic glasses
due to swift heavy ion irradiation [43]. Generally the incident energy of 1eV in the
sample initiates a temperature rise of 10" K along the ion trajectory [44]. In ion
beam irradiation, the surface topography of the sample is decided by the interplay
between the dynamics of surface roughening due to sputtering and smoothing due
to material transport during surface diffusion. The competition between these two
processes results in the formation of different surface features. Gupta et al.
demonstrated that the magnetic field assisted ion implantation is an effective
method for the modification of extrinsic magnetic properties of Co-Fe thin films
[45]. In short, SHI irradiation can be employed for the topographical modification
of surfaces and interfaces in the nanometer scale.

Irradiation will result in loss of energy of the ions in the target material via
elastic or inelastic collisions. The process through which the swift heavy ions lose
their energy can be classified as follows. (i) electronic energy loss [(dE/dx).] in
which the interaction with target electrons occurs via inelastic collisions leading to
excitation and ionization of target atoms (at energy above ~ 1MeV/nucleon), (ii)
nuclear energy loss, [(dE/dx),] in which direct screened Coulomb interaction with
target atom nuclei is responsible for the energy loss and (iii) radiation loss such as
Bremsstrahlung and Cerenkov radiation which is very small and can be neglected.
The nuclear energy loss is dominant at ion energies below 10keV/nucleon [46-
50]. While irradiating with swift heavy ions, large amount of energy will be
deposited on the lattice via electron— phonon interactions. The mechanisms behind

energy transfer are well explained using the Coulomb explosion [46, 51] and
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thermal spike model [52-54]. Normally the term ‘stopping power’ or (dE/dx) is
used to describe the energy deposition via the slowing down of ions in the
material. However, (dE/dx) gives the energy loss per unit length along the particle
trajectory, whereas the stopping power stand for the ability of the material to stop
down the heavy ion and is represented by (-1/8)(dE/dx), where 9 is the density of
the material. In the swift heavy ion- solid interactions, nuclear stopping power S,
is negligible compared to electronic stopping power S.. The nuclear interactions
result in lattice disorder by the displacement of atoms from their positions
whereas, electronic collision leads to negligible deflection of ion trajectory and
small energy loss per interaction. Theoretical calculation of the stopping power
can be done using computer simulation methods employing the well developed
simulation programme TRIM/SRIM (Transport of ions in matter, in more recent
versions called Stopping and Range of Ions in Matter). SRIM is a group of
programs which calculates the stopping and range of ions in matter using a binary
approximation of ion—atom collisions [55]. In such programs the simulation of
the ion collisions with nuclei in the medium is carried out to find the stopping
power [44].

The material under study here is Co-Fe based thin films where
Co7sFe14NisSisB, is used as the target material. For fabrication of amorphous
alloy thin films one can employ processes like physical vapor deposition (PVD),
chemical vapor deposition (CVD) or atomic layer deposition [56]. Here we have
employed thermal evaporation which is a physical vapor deposition technique for
the growth of thin film and is cost effective and can be carried out in any common
laboratory.

From a fundamental point of view investigation on the effects of thermal
annealing assumes significance since the onset of nanocrystallisation is very
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important and this determines its magnetic properties. Moreover, thermal
annealing induces microstructural changes which in turn will have a bearing on
the magnetic properties of the film. This is one of the objectives of the present
investigation. The structural, magnetic and topographical properties can also be
tailored by impinging swift heavy ions. The microstructural modifications induced
by swift heavy ion irradiation lead to the modification of magnetic properties. A
detailed investigation on this aspect is another objective of this study.

4.2  Experimental Techniques

4.2.1 Preparation of Co-Fe thin films

Thin films based on Co-Fe were deposited on naturally oxidized silicon
(100) substrates by thermal evaporation, using a composite target having the
composition CorsFe4NisSisB,. Film deposition was carried out at room
temperature at a pressure of 1x10 Torr with the source to substrate distance of 11
cm. A set of samples were also deposited simultaneously onto NaCl substrates for
transmission electron microscopy (TEM) investigations.

The differential thermal analysis (DTA) of the target material was carried
out to find out the crystallisation temperature of the material. On the basis of that
study, as deposited thin films were annealed at different temperatures of 373 K,
473 K, 573 K and 673 K for 1 hour under high vacuum conditions (1x10° Torr) to
initiate nanocrystallisation in these films [57-61].

Also the changes on topographical and magnetic properties in Ag’" ion
irradiated Co77Fey3 alloy films are investigated. We have chosen amorphous Co-
Fe thin films for irradiation studies in the light of the fact that the magnetic
moment for this alloy is maximum among 3d ferromagnetic alloys according to

the Slater-Pauling curve [62].
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4.2.2 SHI irradiation

Thin film samples were mounted on an electrically insulated sample ladder
and the ladder current was integrated to collect and count the charge pulses via a
scalar counter along with the digital current integrator. 100MeV Ag’" ions were
used to irradiate the Co-Fe films at room temperature with fluences of
1><10”i0ns/cm2, 1><1012i0ns/cm2, 1x10"ions/cm? and 3x10"ions/cm? using a
15UD Pelletron accelerator at the Inter University Accelerator Centre, New Delhi,
India. The beam current was maintained at 1.5 pnA (particle nanoampere). This is
kept low in order to avoid the heating up of the sample during irradiation. The
beam is raster scanned over an area of 1xlcm” using a magnetic scanner. The
damage caused by the interaction between the ion beam and target material was
calculated using the SRIM software. The electronic stopping power S, nuclear
stopping power S, and the residual range Rp of the 100MeV Ag’" ions in Co-Fe
was calculated using SRIM-2006. The typical values of S., S, and R, are
estimated to be 18.16 eV/A, 2.95x10°¢V/A and 6.33pum respectively for Ag’" ions
having energy 100MeV in Coz7Fey; thin films. The film thickness is much less
than the projected range, hence the chances of any ion implantation in the Co-Fe
film is very remote. In this experiment the entire contribution of radiation effects

due to the passage of ions is by electronic energy loss.

4.2.3 Characterization techniques

The thickness of the deposited film was measured using Dektak 6M
thickness profiler. Glancing angle X-ray diffraction (GAXRD) study of the as
prepared, annealed and irradiated films were performed using a Bruker Discover
D-8 diffractometer with CuK, (A=1.54 A) radiation. X-ray photoelectron
spectroscopy (XPS) study of the as prepared thin films was carried out using an
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Omicron Nanotechnology XPS system with a monochromatic Al K, radiation
(hv=1486.6 eV), of source voltage 15 kV and emission current of 20 mA. All
scans were carried out at a base pressure of 2 x 10™"! Torr. The wide scan was
recorded with constant analyzer transmission energy of 50 eV, while the
individual elemental peaks were recorded at analyzer pass energy of 20 eV. The
obtained XPS spectra were deconvoluted using Casa XPS program (Casa
Software Ltd, UK) [63] in which the background was simulated using Shirley
function and the peaks were fitted using a Gaussian- Lorentzian function. The
recorded spectra were corrected using the binding energy of aliphatic carbon at
285 eV and the accuracy of the measured binding energy values is estimated to be
equal to + 0.2 eV. The depth profile of the representative film was recorded via
secondary ion mass spectroscopy (SIMS) to confirm the absence of silicon in the
film composition. The SIMS analysis of the as prepared film was performed using
Hiden Analytical SIMS Workstation using oxygen ion beam at 2keV, 100nA at a
pressure of 8x10™® Torr. The microstructural evolution of the annealed films was
investigated by transmission electron microscopy (TEM) (Jeol JEM-2200 FS)
operated at 200 kV. The surface morphology of the as deposited, annealed and
irradiated Co-Fe films was imaged using atomic force microscopy (AFM)
multimode instrument, having higher resolution magnetic force microscopy tips
(MESP-HR) (Bruker) with resonant frequency of 475 kHz. The magnetic force
microscopy (MFM) analysis was used to detect the surface magnetization present
on the film via the interaction of the magnetic tip with the stray magnetic field on
the sample surface. MFM imaging was carried out at a lift height of 10 nm, scan
rate of 0.5 kHz and resolution of 512 pixels. The quantitative analysis of the AFM
images were done with the help of surface analysis software Nanoscope 7.2

(Vecco Scientific Ltd) to obtain PSD, roughness and depth analysis [64]. The
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MFM images of irradiated films were analyzed also using SPIP software (version
6.0.6, Image Metrology A/S, Horsholm, Denmark) to obtain the angular
correlation and texture direction index. Room temperature magnetization
measurements were carried out using a VSM (DMS 1660 VSM) with a magnetic
field varying from —13 to +13 kOe.
4.3 Results and Discussion
4.3.1 Evolution of structural and magnetic properties of Co-Fe based

thin films with thermal annealing

4.3.1.1 Composition analysis
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Fig. 4.1 XPS survey scans of (a) as-deposited film and (b) after sputter etching
for 30 minutes using Ar"

The nominal thickness of the deposited thin films, as determined using a
stylus profiler was found to be 40 nm. The wide scan XPS spectrum of the as-
deposited film (figure 4.1(a)) shows the presence of cobalt and iron along with
unavoidable surface contaminants like carbon and oxygen. XPS spectrum was
also recorded after removing the surface oxide layer by Ar+ sputtering (3 keV) for

30 minutes. The resultant spectrum shows that the film is rich in cobalt and iron
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along with traces of oxygen, carbon and argon (figure 4.1(b)). Argon is expected
to be implanted in the films during the sputter etching process

High resolution XPS spectra of elemental components, Co and Fe acquired
after removing the surface contaminants is shown in figure 4.2. Curve fitting of
the experimental data presented in figure 4.2(a) revealed different components at
binding energies of 707.2 eV, 710.7 eV and 714.2 eV for Fe 2ps;. These peaks
represent Fe in different oxidation states, namely Fe’, Fe’" and Fe'* [65]. The
multiplet splitting of Fe 2p as well as a satellite peak of Fe 2ps/, at around 717 eV
[65] was also observed. Corresponding Co 2p high resolution spectra is shown in
figure 4.2(b). Curve fitting to Co 2p;3; line resulted in three components centered
at 777, 778 and 780 eV, which corresponds to the presence of Co in the oxidation
states Co’, Co*" and Co’" respectively [66-68]. It is to be noted that the intensity
of Fe 2p,» and Co 2p;, peak was small for resolving all the three components that

was observed for their corresponding 2ps/, peaks.
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Fig.4.2 High resolution XPS spectrum of (a) Fe 2p and (b) Co2p
High resolution XPS spectrum was also acquired in the energy range of

795

800

94-110 eV. However it was difficult to deconvolute the Si 2p and Co 3s lines
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because of their similar binding energies [69]. Quantification of the spectra in
figure 4.1(b) yielded the composition of the film as 76.81 wt% of Co and 22.72

wt% of Fe, along with traces of oxygen.

The energy dispersive X-ray spectrometry (EDAX) pattern of the
representative Co-Fe film is shown in figure 4.3. The peaks corresponding to
carbon and oxygen indicates the unavoidable hydro carbon contamination on the
top surface of the film (figure 4.3) which further confirmed the XPS results of the

as deposited film shown in figure 4.1(a).
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Fig. 4.3 EDAX Spectrum of representative film

The depth profiling of the composite elements in the film was obtained
through the SIMS pattern of the representative Co-Fe film and is depicted in

figure 4.4. The presence of silicon in the SIMS pattern was assigned to substrate

contribution.
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Fig. 4.4 SIMS pattern of the representative Co-Fe alloy thin film

4.3.1.2 Structural and microstructural analysis

The XRD pattern of as-deposited and annealed films recorded in grazing
incidence geometry is shown in figure 4.5. It is evident that the as-deposited film
is amorphous and crystallization of the films is initiated at 573 K and 673 K which
resulted in a diffraction peak centered around 44°, which can be assigned to the
bee Co-Fe (110) phase (JCPDS 49-1567) [70-72]. The amorphous nature was
further confirmed using selective area diffraction pattern of the films (figure 4.8).
From the XPS analysis it is found that traces of oxygen are also present in the film
along with Co and Fe. The presence of impurities like oxygen will increase the
glass forming ability of metallic glasses which in turn can stabilize the amorphous

phase in the as prepared film [56].
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Fig. 4.5 GAXRD patterns of (a) as-deposited, (b) 573 K, and
(¢) 673 K annealed Co-Fe based films

The TEM images for samples annealed at 373 K, 473 K, 573 K and 673 K
are shown in figure 4.6. Nanocrystallites with average grain size of ~ 6nm are
clearly visible in the 473K annealed film (figure 4.6b). Upon further heat
treatment the average crystallite size increases in the 673K annealed film (Figure
4.6d). It is noteworthy that a few crystallites of size ~ 19 nm were also observed
in the bright field image of 673 K annealed samples along with crystallites of

size~ 15 nm.
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Fig. 4.6 TEM images of thin films deposited on NaCl substrates and post-annealed
at (a) 373 K, (b) 473 K, (¢) 573 K, and (d) 673 K. HRTEM of 673 K annealed
film is shown in the inset of (d)

High resolution TEM (HRTEM) of the film annealed at 673 K is shown in
the inset of figure 4.6(d). Well defined crystalline planes are visible in the
micrograph. Planes observed in the HRTEM image have an average inter planar
distance of 2.01 A and the corresponding planes are identified as (110) planes of
the crystalline Co-Fe phase [70-72], further supports the results of GAXRD
measurements. The crystallite size distribution histograms of annealed samples are
presented in figure 4.7. It is clear that as the annealing temperature increases, the

grain size gradually increases. At higher annealing temperatures of 673K, the
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crystallite size increases and is clearly visible in the TEM shown in figure 4.6(b).
Nanocrystallites with an average grain size of (6+ 0.01) nm are clearly visible in
the 473K annealed film (figure 4.7(a)). Upon heat treatment the average crystallite
size slowly increases and crystallites of average size (15+£0.17) nm and
(19£0.12) nm became clearly visible in the 673K annealed film (Figure 4.7(b)).
The grain size distributions were obtained by counting the Co-Fe grains in the
TEM images and are shown in figure 4.7. The histogram of size distribution
shows that the number density of the nanocrystallites decreases as the annealing
temperature increases which further indicates the grain growth upon thermal

annealing.
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Fig.4.7 Crystallite size distribution histograms of Co- Fe thin films annealed
at (a) 473K and (b) 673K

The diffused rings in the selected area diffraction pattern (figure 4.8) of the
representative Co-Fe film indicate the amorphous nature of the as prepared film.
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Fig. 4.8 Selected Area Electron Diffraction pattern of representative Co-Fe film

4.3.1.3 Topographical studies

AFM was used to investigate surface evolution with thermal annealing.
Figure 4.9(a) shows 2x2 um? AFM images acquired from the as deposited sample.
Islands of lateral size around 500 nm with a height of about 40 nm are visible.
Continuous and smooth morphology is observed in 573 K annealed samples with
an rms roughness of about 1.2 nm (figure 4.9(d)). Statistical analysis of AFM
images showed that the average roughness of the films decreased gradually from
6.6 nm for as-deposited films to 1.1 nm for films annealed at 673 K. Volume
and/or surface diffusion leads to the smoothening on thermal annealing [73]. AFM
line scan depicted in figure 4.9(¢c) and (d) clearly demonstrates the changes in film
morphology on thermal annealing.

The magnetic force microscopy image of the as-deposited Co-Fe based
film acquired from 2x2 um? area is shown in figure 4.9(b). It can be seen that
image is dominated by topographical contrast. The MFM imaging was conducted

for different tip heights and in all the images no meaningful magnetic images
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could be obtained. This is because of the absence of any stray magnetic fields
along the out-of-plane direction. On the other hand, MFM images acquired from
573 K sample shows distinctive features of ‘dark’ and ‘bright’ contrast suggesting
magnetic stray fields emanating out from the film surface (figure 4.9(e)). For
magnetic thin films with an easy magnetic direction along the film plane, the stray

fields are expected to be from domain boundaries.
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Fig. 4.9 (a) AFM & (b) MFM image and (c) line scan of as-deposited Co-Fe based thin films,
(d) AFM & (e) MFM image and (f) line scan of 573 K annealed Co-Fe based thin films

Variation in the surface microstructure is clearly visible from the height
profiling of the as deposited and annealed films. The thermal annealing process
enhances the surface diffusion and hence makes the film surface structure more or
less uniform. The surface structures present in the as deposited films get

suppressed with thermal annealing.

Figure 4.10 depicts the rms roughness (R,) variation with different
annealing temperatures. The rms roughness varies in between 0.35nm to 0.57nm

indicating that the thermal treatment alters the vertical features of the film. The
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surface smoothening caused by the ad atom surface diffusion resulted in the
decrease in surface roughness upon thermal annealing. Accordingly, the grain size
estimated from TEM analysis was 15 nm after thermal annealing at 673K as

compared to 6 nm in the sample heat treated at 473K.
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Fig. 4.10 The variation of rms roughness with annealing temperature

The information regarding the surface modifications cannot be completely
extracted from the surface roughness data. Power spectral density (PSD) analysis
can be used for evaluating the surface roughness both in the vertical and
horizontal directions and also for determining the dominant process in surface
evolution. Figure 4.11 represents the log-log plots of PSD calculated for as
prepared thin film and those annealed at different temperatures. In power spectral
density analysis of the Co-Fe thin films, the spatial frequency in the reciprocal
space having the range 0.97 to 254 pm™ was considered. The roughness of the as
prepared film was higher compared to that of annealed films. In the case of as

prepared films and the 373K annealed film, the PSD has two regions. The low
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frequency part resembles the uncorrelated white noise, whereas the high

frequency part to the correlated surface features.
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Fig. 4.11 2D PSD profiles of the as deposited and annealed Co-Fe thin
films calculated from AFM measurements

The PSD curve of the as deposited film has a bump at spatial frequencies
around lpm™ and this was getting shifted to the lower frequency side upon
annealing at 373K. At higher annealing temperatures the curves became almost
straight indicating the role of surface diffusion with annealing [73]. The linear
decrease in roughness in the higher frequency region can be explained using the

power law dependence (Equation 4.1).

PSD(k) oc k7 4.1)

125



Chapter 4

where k represents the spatial frequency, the exponent v is the slope of the
linear part of the PSD curve which related to the growth exponent by the equation
a=(y-d)/2 [74]. Here the line scan dimension d=2 as the PSD curve is two

dimensional.

The growth exponent has a value of 1.5, 1.3, 0.8, 0.95 and 0.7 respectively
for the as prepared and films annealed at 373K, 473K, 573K and 673K. The
lower growth exponent values points to the smoothening of surface due to surface

diffusion upon thermal annealing.

4.3.1.4 Magnetization studies
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Fig.4.12 (a) Room temperature hysteresis loops of as-deposited and annealed thin film
samples and (b) coercivity and remanence dependence on annealing temperature.
[Solid line is a guide to the eye]

Figure 4.12(a) depicts the magnetic hysteresis loop of the as-deposited
film and the films annealed at various temperatures. Saturation magnetization for
the as deposited film was found to be 958emu/cc. There is a remarkable difference
in the coercivity in the as-deposited and annealed thin films. The variation of
coercivity and remanence (M,/M;) with annealing temperature is depicted in

figure 4.12(b), it is evident that magnetic softening occurs at 573 K.
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The gradual change in coercivity and remanence can be explained on the
basis of microstructural and morphological changes in Co-Fe based thin films
with thermal annealing. From TEM and AFM investigations it is seen that as-
deposited films is island-like, where the magnetization reversal occurs by rotation.
Coercivity of ~ 110 Oe is associated with the magneto-elastic anisotropies
resulting from the rapid quenching of the films during film deposition [75]. Low
remanence observed in the as deposited film indicates that the demagnetization
along the in-plane direction is due to the shape of the islands. On annealing at
higher temperatures, stress relaxation occurs in films, at the same time,
crystallization and surface smoothening takes place. At 573 K, from the observed
film morphology, it is expected that magnetization reversal is driven by a
nucleation event followed by domain wall motion. This is a low energy process
which is associated with low coercivity. At 673 K, the volume fraction of
crystallites is expected to increase [76], which further impede domain wall

motion, resulting in an increase in coercivity as well as remanence.

4.3.2 Magnetic and topographical modifications of amorphous Co- Fe thin
films induced by swift heavy ion irradiation
4.3.2.1 SHI irradiation- SRIM 2006 simulation studies
The nuclear stopping power, electronic stopping power and projected

range were calculated as a function of ion energy using SRIM -2006 and are

shown in figure 4.13.
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Fig. 4.13 SRIM simulation for calculating electronic and nuclear energy loss for
100 MeV Ag’*ions in Co-Fe target

The simulation was done for the whole range of energies starting from
0.01MeV to 10GeV. Both S, and S, increase with increasing energy, reach a
maximum value and then start to decrease. The peak in electronic energy loss is
known as Bragg peak and the stopping power at energies below the Bragg peak is
proportional to the square root of the velocity of ion (~E1/2). This is given by the
LSS theory (Lindhard, Scharff and Schiett) [77]. At higher energies above the
Bragg peak, the stopping power is proportional to (1/E) and Bethe Bloch relation
[78] can be used to corroborate these results. It may be noted that the electronic
energy transfer reaches its maximum values at energies higher by many orders

than the nuclear stopping power maximum.

4.3.2.2 Structural and microstructural analysis
The XPS analysis of the as prepared sample confirmed that the films have

a nominal composition of Co77Fey;. Figure 4.14 shows the GAXRD patterns
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corresponding to pristine and irradiated films. The GAXRD analysis of the as
prepared Co-Fe films shows amorphous nature. The absence of peaks in irradiated
Co-Fe films points to the absence of short range order in the film after irradiation.
The energy transfer to the film, with SHI irradiation locally rearranges the atomic
structure of the film maintaining the amorphousity of the film. This is clearly

visible from the GAXRD analysis of the irradiated film.
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Fig. 4.14 GAXRD of Co-Fe thin film (a) pristine and
(b) SHI irradiated at fluence 3x10" ions/cm*

4.3.2.3 Surface morphological studies

The surface evolution of pristine as well as irradiated Co-Fe thin film
samples were visible in AFM images shown in Figure 4.15(a-e). From AFM
images (figure 4.15(a)) it can be inferred that the pristine film surface contains
mound-like structures which are considered to be the resultant of the island like
growth involved in the vapour deposition process. Figure 4.15(b-e) shows the film
surface after irradiation at ion fluences 1x10'ions/cm?, 1><1012i0ns/cm2,

1x10"ions/cm” and 3x10"*jons/cm? respectively.
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On close analysis of the AFM images it is clear that ion irradiation alters
the surface structures found in the pristine sample. The irradiated films show
damaged mounds and valleys. No track formation in the ion trajectory is visible in
the surface analysis using AFM. As the irradiation dose reaches 3x10"*ions/cm?,
the surface shows a uniform distribution all over the scanned area. The root mean
square (rms) roughness (Ryyns) of the films can be calculated using the formula
given in equation (4.2) using the standard deviation of the data obtained from

AFM images.

R = \/ 2.2, -2) (4.2)

N -1

Here Z, represents the height of the n" data, Z is equal to the mean height
of Z, in AFM topography, and N is the number of the data points [79].
Dependence of ion fluence on surface roughness of pristine and SHI irradiated
Co-Fe films obtained from AFM images is shown in figure 4.16(a). The rms
roughness of irradiated film follows a rapid decrease followed by further decrease
at still higher irradiation fluence of 3x10"ions/cm?. Surface roughness decreases
with ion irradiation indicating the smoothening of the surface upon irradiation.
There are many reports on surface smoothening with ion bombardment over a
large range of ion energies ~keV to hundreds of MeV [80-85]. Hou et al. in 1990
reported that the electronic excitation and ionization due to irradiation induces
rearrangement of atomic ordering and in turn plastic deformation in metallic
glasses [86]. Hysen ef al. also observed surface smoothing in ion irradiated Fe-Ni
thin films [15]. They explained the surface smoothening process at lower fluences
using volume diffusion mechanism. At higher fluences they observed surface

roughening because of surface evaporation at elevated temperatures. Mayr and
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Averback also reported similar nature of roughness with irradiation on glassy Zr-
Al-Cu films [87] where radiation induced viscous flow was used to explain the

dominant surface relaxation mechanism.

Fig. 4.15 AFM images of (a) Pristine and Irradiated Co-Fe thin films at fluence
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Fig. 4.16 (a) RMS roughness vs. ion fluence graph and (b) 2D PSD plot of pristine and
irradiated films [Lines are guide to eye]
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The interplay between the dynamics of surface roughening due to
sputtering and smoothing due to material transport during surface diffusion plays
an important role on the evolution of surface, during ion irradiation [81, 88-89].

Information regarding the surface modification mechanisms cannot be
completely extracted from the rms surface roughness data, since it measures the
roughness only in one direction. PSD analysis is an ideal tool for evaluating the
surface roughness both in vertical and horizontal direction and also for
determining the dominant process in surface evolution. Figure 4.16(b) represents
the log-log plots of PSD calculated for pristine and irradiated thin films at various
fluences.

The roughness of the pristine film was higher compared to that of
irradiated films. In all cases the PSD has two regions, the low frequency part
which resembles the uncorrelated white noise and the high frequency part
corresponding to the surface evolution. The linear decrease in roughness in the
higher frequency region can be modeled using a power law as shown in equation
(4.1).

According to Herring [90], the y values of 1, 2, 3, and 4 represents four
modes of surface transport viz. viscous flow, evaporation—condensation, volume
diffusion, and surface diffusion, respectively. The 7y values obtained for the
irradiated samples are between 0 and 2, hence the dominant surface transport
mechanism seems to be a combination of viscous flow and evaporation re-
condensation. The dominant surface transport mechanism for the film irradiated at
fluence 1x10'" ions/cm? is irradiation induced viscous flow and that explains the
rapid surface smoothening observed at that fluence. As the fluence increases to
1x10"%ons/cm” and at still higher fluences like 1x10" ions/cm?® and 3x10"

ions/cm® the dominant mechanism becomes evaporation-condensation due to the
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sputtering occurring in the film during high energy ion irradiation. The roughness
exponent has a value of 1.24, 1.45, 1.29, 1.92 and 1.88 respectively for the as
prepared and films irradiated at fluences 1x10''jons/cm® 1x10"%jons/cm?,
1x10"ions/cm” and 3x10"jons/cm®. The values of roughness exponent point
towards the mechanism of surface evolution [84]. The calculated values of
roughness exponent of the pristine and irradiated films clearly explain the surface
evolution upon irradiation. Primary smoothening mechanism in the case of
crystalline surfaces is found to be surface diffusion whereas that for amorphous
surfaces viscous flow dominates [80]. The results obtained from surface
roughness analysis are in agreement with the amorphous nature of Co-Fe films
concluded from GAXRD analysis.
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Fig. 4.17 MFM images of (a) Pristine and SHI irradiated CoFe thin films at fluence
(b) 1x10"" ions/cm” (¢) 1x10" ions/cm* (d) 1x10" ions/cm? (¢) 3x10" ions/cm* and
(f) representative angular spectrum using SPIP software
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Figure 4.17(a-e) shows the MFM images and corresponding angular
spectrum of the pristine and irradiated (at various fluences 1x10', 1x10"%, 1x10"
and 3x10" jons/cm?) Co-Fe films with a scanning size of 1um x 1pm. The colour
contrast in the images suggests that the magnetization direction lies out of the
plane of the film. Distinctive features of ‘dark’ and ‘bright’ stripe magnetic
domain structure is observed in the pristine as well as irradiated samples but the
contrast and domain pattern is clearly visible in the lowest irradiation dose
(1x10"jons/cm?) compared to others.

By using scanning probe image processor (SPIP) (version 6.0.6) software
the angular spectrum of the MFM images and the texture direction index (S;)
were calculated. Texture direction index is defined as the average amplitude sum
divided by the amplitude sum of the dominating direction. It is a measure of how
well the domains are aligned and the Sy value is always between 0 and 1. The
arrangement of domains can be determined from the value of S;. For well aligned
domains Sy values are close to zero, while for a more or less isotropic
arrangement, S is close to 1. For the pristine film the measured value of Sy; was
0.202 and for the Ag’" irradiated film, he value is 0.224. This difference reveals
that the alignment of the magnetic domains was increased by the Ag-ion
irradiation. This again confirms the results obtained from magnetization analysis.
4.3.2.4 Magnetization Studies

The in-plane hysteresis loops prior to and after irradiation are reported in
figure 4.18. Saturation magnetization for the as deposited film was found to be
940emu/cc. Coercivity decreases at lower fluence and is maximum at a fluence of
3x10"jons/cm®. It is found that the coercive force of Co-Fe thin films are

sensitive to Ag7+ ion irradiation and show variation with ion fluence (figure 4.19).
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Fig. 4.18 In plane VSM hysteresis loops for the pristine and SHI irradiated Co-Fe films
[Inset shows the magnified portion of the centre of hysteresis loop]
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Fig. 4.19 Variation of coercivity with fluence [Lines are guide to eye]

The extrinsic magnetic properties like coercivity and remanence are

sensitive to local structural properties of the films like strain, grain size, defects
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etc. The modification of magnetic properties of the film after irradiation could be
explained on the basis of stress and damage induced while irradiation. The
coercivity obtained for different fluences decreases at lower fluences up to 1x10'
ions/cm® and afterwards increases drastically. Ion irradiation results in stress
relaxation in the films, which in turn reduces the coercivity at low fluences. The
energy transferred to the film during ion irradiation may alter the local atomic
arrangement in the amorphous system. Along with this rearrangement there is a
chance for increasing the density of the pinning centers for domains at higher
fluences which might also be contributing to the observed increase in coercivity.
4.4 Conclusion

Thin films based on Co-Fe were prepared from a composite target
employing thermal evaporation and subjected to thermal annealing and SHI
irradiation. Post-annealing of these films resulted in nanocrystallites of Co-Fe in a
residual amorphous matrix. The GAXRD and TEM investigations revealed that
the onset of crystallization of Co-Fe is at around 373 K. HRTEM further
confirmed this finding. Even after irradiation, the amorphous nature of the pristine
film is preserved. Annealing induced modification of surface morphology of the
alloy thin films were investigated by AFM. The magnetic softness of the films
improved with thermal annealing but at higher annealing temperatures it was
found to be deteriorating. Thermal annealing induced surface smoothening and the
observed magnetic properties correlates well with surface modifications induced
by thermal annealing. On annealing, crystallization together with surface
smoothening influences the magnetization reversal. Magnetic measurements
indicated that in as-deposited films, magnetization reversal is via coherent rotation

and the demagnetizing field significantly influences the reversal processes,
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whereas in films annealed at 573 K, the magnetization reversal is guided by a
nucleation event followed by domain wall motion, resulting in low coercivity.

On SHI irradiation the surface roughness decreases with increase in
irradiation fluence. The roughness exponent of the pristine and irradiated samples
calculated from the PSD suggests that the mechanism behind the surface
smoothening is viscous flow and evaporation-condensation. The VSM analysis of
the pristine and irradiated samples indicated that SHI irradiation of Co-Fe samples
resulted in modifications of magnetic properties. lon irradiation results in stress
relaxation in films, which in turn reduces the coercivity at low fluences. At a
fluence of 3x10" jons/cm?, the density of pinning centers increases which results
in enhanced coercivity. The texture direction index was used to explain the

realignment of the magnetic domains upon irradiation.
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5.1 Introduction

Multiferroic  materials  which  display both ferroelectric  and
ferro/ferrimagnetic characteristics are currently a hot topic of research owing to
their tremendous application potential in functional devices [1, 2]. However,
single-phase compounds that exhibit ferroelectric as well as ferro/ferrimagnetic
properties, known as multiferroic materials, are very rare, and their magneto-
electric response is very weak at room temperature, which renders them useless
from a device point of view [3]. New composite structures were proposed for the
engineering of materials with improved magnetoelectric coupling properties.
Magneto electric coupling in such composite structures is an independent
phenomenon. Research on this product property [4-10] of magneto-electric
materials mainly focuses in optimizing the piezoelectric and magnetostrictive
components for enhancement in the ME coupling values. Nan et al. reported the
magneto-electric effect occurring in different configurations like T-T (transverse
magnetization and polarization), L-L  (longitudinal magnetization and
polarization), L-T and other combinations {like L-L (push-pull) longitudinal
vibrations; L-T unimorph and bimorph bending and C-C (circumferential
magnetization and circumferential polarization)vibration modes} of lead zirconate
titanate (PZT) and lead magnesium niobate-lead titanate (PMN-PT) as the
piezoelectric phase and terfenol-D as the magnetostrictive phase [5]. These
laminates show giant magneto-electric voltage coefficients in the range of 5.9 to
30.8V/em.Oe [6-10]. It was shown that this ME output can be increased by
usually one or two orders of magnitude if the laminates are driven in mechanical
resonance with frequency in several tens of kilohertz range [10, 11]. A general

drawback of such laminates is that terfenol-D requires quite large magnetic bias

147



Chapter 5

fields of around 400—5000e for operation in the maximum of the magnetostrictive
susceptibility for very high ME coefficients. To overcome this drawback a
material with saturation magnetostriction in low applied dc magnetic fields is
ideal for applications. A magneto electric composite with a magnetic material
having low saturation magnetic field can deliver high magnetoelectric outputs at
low dc applied magnetic fields which makes them cost effective and efficient.
Also investigations on lead free ME composites with a strong ME response is

important from an application point of view.

Recently much more interest was drawn towards the ME composites
involving Metglas as the magnetic component. There are reports on an extremely
high ME voltage coefficient of 22 V/cm.Oe at 1Hz and about 500 V/cm Oe at
resonance at 22 kHz for a 2—1 Metglas/PZT-fiber composite [12]. A giant ME
coupling of 7.2 V/em.Oe at 1 kHz and of 310 V/cm.Oe at resonance of around 50
kHz was reported in a composite with highly permeable Metglas ribbon that was
glued on a polyvinylidene fluoride foil with a high piezoelectric voltage
coefficient [13]. Intermetallic magnetic alloys having soft magnetic properties are
another important class of materials that can be used in ME composites. They
possess square loop characteristics (M/Mg~1) with high permeability and also
their saturation magnetization and coercivity can be tuned by alloy composition,

annealing process etc in such materials [14-16].

Giant values of ME coupling was reported in bulk composites fabricated
either by mixing the magnetic material to a piezoelectric matrix or by gluing the
individual components. In spite of the fascinating properties exhibited by these
bulk composites, they could not be wused in applications like

magnetoencephalography and magnetocardiography which require spatial
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resolution by sensor arrays and detection of low frequency signals below 1 KHz.
For fabricating such ME sensor arrays with higher resolution, small, identical and
low frequency resonant ME sensors are required which can only be achieved
through microelectromechanical (MEMS) systems techniques [17]. Thin films on
substrates are often thought inferior due to their large in-plane clamping with the
substrate. However, Greve et.al reported a remarkably giant magneto-electric
coupling in thin film magnetoelectric 2-2 structures consisting of AIN (aluminum
nitride) and amorphous (Feq9Co1¢)78S112B19 layers with thickness more than
several micrometers. In that particular thin film heterostructures, ME coupling
obtained was as high as 3.1V/cm.Oe out of resonance (100 Hz) and 700 V/ecm.Oe
at resonance (753 Hz). However, there was a substantial drop in the ME coupling
coefficient at biasing magnetic fields above 20 Oe [17]. Such multilayer structures
are easier to fabricate compared to 3-1 bulk composites and is expected to be far
superior to bulk composites in terms of magneto-electric coupling since the P-E
layer can easily be poled electrically to enhance the piezoelectricity and the ME
effect. The 2-2 type configuration overcomes the leakage problem as the
ferroelectric layers shut off the circuit and this could lead to a visible ME effect

[18].

In this investigation we have fabricated magneto-electric 2-2 layers based
on Barium Titanate (BTO) — CoFe (Alloy) - Barium Titanate [BTO-CoFe-BTO]
multilayer structures on silicon substrates. Barium titanate being a room
temperature ferroelectric material exhibits good ferroelectric and piezoelectric
properties along with excellent mechanical and chemical stabilities [19].
Intermetallic magnetic alloys of cobalt and iron are an important class of materials
from a technological stand point as they have high initial permeability, and the

magnetic field needed for saturation of magnetostriction is much lower than that
149



Chapter 5

in ferrites and other ferromagnetic metals. High magnetostriction is a preferred
parameter of a magnetic material to be chosen in magneto electric systems as it
will bring an appreciable hike in MECC values. Hence we have adopted a soft
magnetic alloy of Co-Fe in this particular multilayer structure. The multilayer
structure opted here reduce the substrate clamping effect for the CoFe-BTO layer
due to another BTO layer deposited close to the substrate. For device applications,
miniaturization of thin films and integration with silicon technology is essential
and are often preferred to their thick films/layered counterparts. Here we have
employed a Si/SiO,/Ti/Pt substrate, such a material is a common selection, as far
as integration with ferroelectrics is concerned [20].
5.2 Experimental Techniques
5.2.1 Fabrication of BTO-CoFe-BTO Multilayers

Sol-gel spin coating technique was adopted for the preparation of BTO
layers by employing barium acetate (Ba(C,H30,);), and titanium isopropoxide
(Ti{OCH(CHj);}4) dissolved in 2-methoxy ethanol (C3;HgO,) as precursor
material. The sol derived from the reaction was homogenized by thorough stirring
for 6 hours and subjected to subsequent ultrasonication and ageing for 72 hours. A
programmable spin coater was used to deposit the sol on chemically and
ultrasonically cleaned substrates at a speed of 6000 rpm. The prepared films were
pyrolyzed at 250°C for 30 minutes and finally annealed at 700°C for 1 hour under
an oxygen atmosphere. Physical vapour deposition technique was employed for
deposition of Co-Fe layer on the prepared BTO layer. Commercially available Co-
Fe alloy ribbon (Cobalt rich) was used for film deposition at room temperature at
a pressure of 10 Torr. Another BTO layer was deposited on the top of the Co-Fe
film to passivate the Co-Fe alloy layer from oxidation. 2-2 heterostructures of

BTO-CoFe-BTO were coated on a Si/SiO,/Ti/Pt substrate. These thin films were
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etched at the corner with 5%HCI+HF solution so as to open the Pt electrode for
taking electrical contacts. For ME coupling studies, gold was sputtered on top of
the surface BTO layer and lead contacts were soldered. Figure 5.1 shows the

concept of a sandwich structure prepared for ME coupling measurement.

l Au top electrode

B CoFe
Pt bottom electrode

T
Si0,
. Si

Fig. 5.1 Schematic of the prepared multilayer structure
for ME coupling studies

5.2.2 Characterization Techniques

The structural, microstructural, surface and elemental characterizations of
the fabricated samples were carried out by employing X-Ray diffraction (XRD)
along with transmission electron microscopy (TEM), atomic force microscopy
(AFM), scanning electron microscopy (SEM) and energy dispersive X-ray
spectrometry (EDAX). The microstructural evolution of the films was
investigated by means of TEM and experiments were carried out in a Jeol JEM-
2200 FS electron microscope operated at 200 kV. Morphology and cross section
of the films were profiled by using scanning electron microscope (HR-SEM marca
Hitachi, model SU-70). The elemental analysis was done using an EDAX (marca
Bruker, model QUANTAX 400). For elemental analysis of the alloy composition,
thin films were simultaneously coated over glass and silicon substrates (bare
substrates without a layer of BTO). The surface morphology of the as prepared

and annealed CoFe films was imaged using AFM. All imaging were carried out at
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the following conditions: AFM multimode instrument, using higher resolution
magnetic force microscopy tips (MESP-HR) purchased from Bruker at resonant
frequency of 475 Khz, MFM at a lift height of 10 nm and scan rate of 0.5 kHz and
resolution of 512 pixel. The AFM images were further investigated using
NanoScope v7.0 software. Magnetic measurements were carried out in a Quantum
Design MPMS 5XL SQUID Magnetometer. Magnetic hysteresis loops were
recorded and the loop parameters like coercivity, remanence and saturation
magnetisation were evaluated. Ferroelectric hysteresis loops were used for
analyzing ferroelectric properties. The ferroelectric properties of the prepared
multilayers were studied using ferroelectric test system (TF analyzer 1000).
Magneto electric coupling measurements were used to determine the ME coupling
coefficient.

5.3 Results and Discussion

5.3.1 Structural and Microstructural Analysis
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Fig. 5.2 X-ray diffraction pattern of the BTO thin film on platinum substrate
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The XRD pattern of the as prepared BTO sol deposited Pt substrate is
shown in figure 5.2. The XRD pattern indicates that BTO corresponds to a

perovskite structure.

The broad diffraction peaks point towards the formation of small
crystallites in the film upon annealing at 700°C. An average crystallite size of ~39
nm was obtained using Scherrer formula by taking account of the peak broadening

at (110) diffraction line [21].

The microstructure of the middle Co-Fe layer was examined by TEM and
is depicted in figure 5.3. TEM of the magnetic alloy layer shows the formation of
a homogeneous layer consisting of nanosized magnetic grains with very low
surface roughness. Annealing of multilayer initiates the formation of
nanocrystallites in the middle CoFe layer and the grain size of the nanocrystallites
are very small, of the order of 4-5 nm. Inset of figure 5.3 shows the HRTEM of
the post annealed CoFe alloy (recorded before the deposition of the surface BTO
layer). (110) plane of CoFe is clearly visible in the HRTEM. Here the grain size
evaluation of CoFe alloy becomes more relevant as it is important in
understanding the magnetic and magnetostrictive properties of this alloy. Also
magnetostriction is often observed to be higher for nanoparticles than their micron

sized counterparts [22].

Figure 5.4 depicts the SEM of the BTO-CoFe-BTO multilayer structure.
Figure 5.4(a) depicts the top view of the annealed BTO film. Uniform grain
growth with low surface roughness is clearly visible. Even though we have used
an inexpensive technique of sol gel spin coating, it has not deteriorated the surface

quality of these thin films.

153



Chapter 5

1111,

Fig. 5.3 TEM of CoFe thin films (HRTEM image of annea

SU-70 4.0kV 7.4mm x120k SE(U) 400nm 2ZIH 2 25.0kV XE88.0KkK  T37Snm
Fig. 5.4 SEM images of BTO-CoFe-BTO multilayer films on Pt/Ti/SiO,/Si substrate
(a) top-view and (b) cross-section view

The grain size calculated from SEM images is around 35-40 nm, which is
in agreement with the grain size obtained from XRD. Also we have probed these
multilayer structures through SEM to observe the cross- sectional view in order to
determine the thickness of the sandwiched structure as well as the individual
layers. Cross sectional SEM images of the BTO-CoFe-BTO layers are provided in
Fig.5.4 (b). Individual layer thickness calculated from the micrograph are ~ 150,
260, 150 nm, respectively for the BTO, CoFe, BTO layers. Here we have kept the
thickness of the BTO layer high in order to avoid any possible electrical short
circuit on the evaporation of middle (CoFe layer) and top (Au top electrode) metal
layer.
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Fig. 5.5 TEM image from the top BTO-CoFe-BTO layer
Figure 5.5 shows the top view TEM of the BTO-CoFe-BTO multilayer.

This image again confirms that the average grain size of barium titanate formed is

around 40 nm.
5.3.2 Topographical Analysis

Middle CoFe layer was analyzed through atomic force microscopy (AFM)
and the topography and line profile is provided in figure 5.6. The statistical
analysis of the AFM image shows that the roughness of the film is ~ 1.2nm. The

smoothness of the film is evident from the line scan too.
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Fig. 5.6 Topography of the CoFe layer (AFM micrograph) and the line profile
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5.3.3 Elemental Analysis
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Fig. 5.7 EDAX Spectrum of the CoFe (magnetic alloy) thin film

In order to obtain the elemental composition of the magnetic alloy, the
alloy films were simultaneously deposited over chemically and ultrasonically
cleaned silicon substrates. Figure 5.7 depicts the elemental analysis and semi
quantification of the CoFe alloy layer coated over NaCl substrates using EDS. It
shows that the middle CoFe layer has a composition of Co 77% and Fe 23%. It
may be noted here that the elemental composition determines the magnetic and
magnetostrictive properties that influences the magneto electric coupling.

5.3.4 Magnetization Studies

The magnetic measurements were carried out by employing a SQUID
magnetometer. The results show that the films exhibit saturation magnetisation of
1175emu/ce (Fig. 5.8) which is quite substantial. A very high squareness ratio
(M¢/M; = 0.9) and low coercivity (~ 880e) is retained in the CoFe alloy deposited

by thermal evaporation technique.
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The magnetic structure of the CoFe alloy layer is also examined by
magnetic force microscopy (MFM). The magnetic force microscopic image of the

annealed CoFe films having scan size 2um x 2um is shown in figure 5.9.
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Fig. 5.8 Magnetic hysteresis loop for a BTO-CoFe-BTO multilayer

15.0 Hz
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Fig. 5.9 MFM image of post annealed CoFe middle layer
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It shows that the individual alloy nanograins deposited are magnetic in

nature. Distinctive features of ‘dark’ and ‘bright’ contrast suggesting magnetic

stray fields emanating out of the film surface can be noticed.

5.3.5 Ferroelectric Characterization

Figure 5.10 shows a well defined ferroelectric hysteresis loop, with a
saturation polarization, PS~6.7uC/cm’, and a remnant polarization Pr=~3.3uC/cm?.
Here the electric coercive field was 6.1kV/em. The reported Ps value for a single
crystal is around 25uC/em? and for ceramics it is 19uC/em? [23, 24]. Size of the

grains or crystallites in the films could be playing a vital role in determining the

polarizations of these structures. [25].

; ;/_
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Fig. 5.10 Room temperature P-E Hysteresis loop of BTO-CoFe-BTO multilayer

5.3.6 Magnetoelectric Coupling Studies
We have adopted magnetoelectric coupling measurements in the passive

mode in order to avoid the erroneous contributions from magneto resistance and
interfacial polarizations (magneto capacitance measurements is the direct
method). However, in this indirect method, there can be contributions from the

generated induced EMF. The real magneto electric coupling signal is a sinusoidal
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function of frequency, and hence is almost linear in low frequency regime, but
goes to static at high frequencies, while the induced EMF signal grows more
rapidly. Similarly other stray signals can arise which could overestimate the
measured ME coupling constant [20].

ME coupling studies were first performed over plane Si/SiO,/Ti/Pt
substrates followed by the BTO coated Si/SiO,/Ti/Pt substrates to avoid the
contributions from other static and stray signals. The obtained signal was set as
the reference signal for subtraction. Dc magnetic field dependence was studied
both in the longitudinal and transverse mode. Transverse measurement mode is
the one where the polarization and magnetic field vectors are perpendicular to
each other (Magnetic field in plane to the sample, voltage measured perpendicular
to the sample, so that polarization and magnetic field vectors are perpendicular).
Similarly, in the longitudinal mode, polarization and magnetic field vectors are
parallel to each other (Magnetic field perpendicular, voltage measured
perpendicular to the sample again, so that polarization and magnetic field vectors
are parallel).

Figure 5.11 shows that a maximum ME coupling of 5.503 V/(cm.Oe)
(transverse) and 3.115 V/(cm.Oe) longitudinal) was recorded for the BTO-CoFe-
BTO (single layer each) at a dc biasing field of 18 Oe at 500 Hz. A sharp
resonance is observed at a frequency of 975 Hz with a giant ME coupling
coefficient of 944 V/(cm.Oe) (transverse) (figure 5.12) and 478 V/(cm.Oe)
(longitudinal) in the frequency dependence study of the ME coupling at a dc
magnetic field of 18 Oe.
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Fig. 5.11 DC biasing field dependence of the MECC measured @ 500 Hz
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The obtained value is a bit higher than 746 V/(cm.Oe) reported for
Metglas-AIN multilayers [17]. The resonance frequency of a cantilever with

different resonance modes n can be determined using equation 5.1 [26].

(5.1)
Here n is the mode order, L and h are the length and thickness of the cantilever, A,

is a dimensionless parameter, p is the density of the material. n=1 for the substrate

material and for the films on the cantilever n=2, 3..... E is the effective Young’s
modulus. The calculated value for the first order resonance using above equation
was 1045Hz which is closer to the obtained experimental value of resonant
frequency 975Hz. Frequency dependent studies show that the transverse MECC is
5.503, 5.681, 7.664, 9.932 and 53.354 V/(cm.Oe) for 500 Hz, 2.5kHz, SkHz,
10kHz and 100kHz respectively. These measurements were done at a relatively
low dc applied field of 180e with an ac modulating field of ~100e. The off
resonance values obtained were nearly close to the highest reported values of
MECC in 2-2, 2-1 and 3-0 ME heterostructures. In this multilayer structure, the
generated voltages are in millivolts range while it is less than 1 microvolt in all

other samples employed for comparison.

According to magnetoelectric equivalent circuit [27] the ME voltage coefficient

can be written as (equation 5.2)

. nd33,md3l,p

a =
ME S K H(_.S 2 E
né3s + (1 - n)S33 (833 + d3l,p/sll)

(5.2)
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where n is the magnetic phase thickness ratio, s/, and si.are the elastic

compliances of the piezoelectric and magnetostrictive layers, respectively, &3;is

the dielectric constant of the piezoelectric material at constant strain, and

dy;,,and d;  are the longitudinal piezomagnetic and transverse piezoelectric

coefficients respectively. From this equation, it is clear that, a middle magnetic
layer with a higher magnetostriction can result in a high strain in the nearby
piezoelectric layers which will result in an enhanced magneto electric coupling.
Hence, a very high magnetostriction becomes the primary requirement for the
selection of the magnetic material for magneto electric applications. Recently,
Hunter et.al reported that a cobalt rich alloy with Fe having a particular
composition (or rather within a range of varying cobalt composition) attains giant
magnetostriction upon annealing [28]. In this particular report, the giant
magnetostriction was recorded when the percentage of cobalt in CoFe alloy was
maintained in between 60 to 75%. The alloy composition employed in the present
study closely matches with the above mentioned one. The high initial permeability
and the high magnetostriction developed in the CoFe layer upon annealing is
believed to contribute to the giant MECC observed in the system consisting of
BTO- CoFe —-BTO multilayers. Further investigations like measurement of
magnetostriction and permeability before and after annealing, frequency
dependence of permeability, frequency dependence of the dielectric constant etc.
are necessary to understand in detail the underlying physics and model the ME

effects for such alloy based ME systems.

The grain sizes of magnetic alloys are another parameter that plays an

important role in the giant magneto electric coupling exhibited by these multilayer
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structures. Here the particle size ratio of ferroelectric to magnetic component is

about 10 (comparing TEM, HRTEM and SEM).

Let us explain the physical scenario as follows. Each ferroelectric grain
corresponds to almost 10 magnetic grains. Owing to the large surface to volume
ratio of the magnetic grains, magnetic dipole dominance occurs at the layer
boundaries. This surface effect contributes to the giant magneto electric coupling
in such multilayer structures [29]. The charge redistribution induced by the
interfacial boundaries of the ferroelectric layer may induce changes in
ferromagnetic ordering as per the polarization direction and thereby contributing

to giant magnetoelectric coefficient [30].

5.4 Conclusion

The magnetoelectric properties of the BTO-CoFe-BTO multilayer
structures were investigated. The giant MECC values obtained were explained on
the basis of high magnetostriction of the middle CoFe layer which in turn
increases the strain developed over upper and lower BTO layers. Also the large
surface to volume ratio of ferromagnetic and ferroelectric layers contributes to the
giant ME coupling. The charge redistribution induced in the interfacial boundaries

of the ferroelectric layer also would be enhancing the MECC values.
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6.1 Introduction

Research interest on magnetoelectric materials increased dramatically in
recent years on account of the additional degree of freedom in device designing.
The ability to control magnetic properties by an electric field and vice versa raises
exciting possibilities for potential technological applications in various fields such
as in microelectromechanical systems (MEMS) industry, magnetic field assisted
energy harvesters, switching devices and storage applications etc [1,2].
Magnetoelectrics gives rise to an easy method for transduction from magnetic to
electrical signals. Various configurations of ferro or piezoelectric and
ferromagnetic materials are thoroughly investigated for possible magnetoelectric
coupling properties [3-8]. The strong mechanical coupling between the
ferromagnetic/ ferroelectric layer causes change in piezoelectric/ferromagnetic
properties of the ferro/piezoelectric layer [9]. In the present investigation we have
adopted CoFe as the ferromagnetic component and the SrTiO; (STO) as the
ferroelectric component.

SrTiOs; is well known for its incipient ferroelectric nature when
synthesized in its pure unstressed form [10]. It retains its paraelectric properties
down to OK and also exhibit large permittivity values at very low temperatures.
This ferroelectric stability gets destroyed in STO generally due to
antiferrodistortion and quantum fluctuations [11-12]. Investigations on STO
indicates that this delicate balance between paraelectricity and ferroelectricity can
be easily destroyed by external parameters like doping with specific cations [13],
substituting oxygen isotopes [14], applying electric fields [15] or using strain
engineering techniques [10,16-18]. There are certain reports on room temperature
ferroelectricity in epitaxial STO films subjected to a compressive or tensile strain

[9-10, 19]. Recently, room temperature ferroelectricity was observed in STO films
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grown on STO (001) substrates [11]. Zhong et.al reported that vacancy-type
defects could induce room temperature ferroelectricity in tetragonal STO thin
films [12]. Haeni et.al showed that the epitaxial strain originating from the
substrate material can cause an enhancement in T, and can produce room
temperature ferroelectricity in SrTiO; [10]. Kim et al. in 2010 reported room
temperature ferroelectricity in tensile strained STO thin films grown on
GdScO3(110) substrates. Their findings point towards the fact that both defects
and strain could lead to room temperature ferroelectricity in STO thin films [20].
There are many reports with Terfenol-D as the magnetostrictive phase and
ferroelectric materials like lead zirconate titanate (PZT) or lead magnesium
niobate- lead titanate (PMN-PT) as the piezoelectric phase [3]. However, the lead
component in such structures is undesirable and hence alternative nontoxic
ferroelectric materials such as BaTiO; and SrTiO; have been receiving
considerable importance [21, 22]. But SrTiOs thin films have smaller remnant
polarizations than those of PZT materials [23]. Patil ef al. reported a large ME
voltage coefficient of about 560uV/cm.Oe for NiFe;04-Bag 7Sr3TiO3 composite
[24]. There are many other reports of magneto electric coupling in BSTO based
ceramics and composites [25-26].

In this work, we fabricate a STO-CoFe-STO multilayer thin film structure
consisting of sol-gel derived SrTiO; and thermal evaporated Co-Fe layers on
Si/Si0,/Ti/Pt substrate. Here the incipient ferroelectric nature of STO was
explored by mechanically coupling it with ferromagnetic CoFe thin films. The
high initial permeability and giant magnetostriction makes CoFe as an ideal
candidate for the ferromagnetic phase in such heterogeneous magnetoelectric

systems. Also for Intermetallic magnetic alloys like Co-Fe, the magnetic field
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needed for the saturation of magnetostriction is much lower than that in ferrites
and other ferromagnetic metals.
6.2 Experimental Techniques
6.2.1 Preparation of STO-CoFe-STO multilayers

STO sol was prepared via sol gel synthesis using precursors consisting of
strontium nitrate (Sr(NOs),), titanium isopropoxide (Ti{OCH(CHs),},) and 2-
methoxy ethanol (C3HgO;). The prepared sol was homogenized after thorough
stirring for 6 hours and ultrasonicated and kept for ageing for 72 hours. A
programmable spin coater was used to deposit the homogenized sol on
ultrasonically and chemically cleaned Pt coated Si substrates at a speed of 6000
rpm. As-prepared STO film was pyrolyzed under oxygen atmosphere at 250°C for
30 minutes and later annealed at 700°C for 1 hour. Thermal evaporation technique
(at room temperature) was used to deposit commercially available CoFe alloy
ribbon (Cobalt rich) onto a STO layer at a pressure of 10° Torr. Spin coating
technique was again employed to deposit a STO layer on top of the CoFe films.
Different layers of multilayer films were etched out at the corner with 5%HCI+HF
solution so as to open the Pt electrode. Gold was sputtered on top of the surface
STO layer as the second electrode, and lead contacts were soldered for the ME
coupling studies. The schematic of the multilayer thin film structure along with
top Au electrode coated for ferroelectric/ magnetoelectric measurements is shown
in figure 6.1. Bottom STO layer reduces the possibility of substrate clamping of
ferromagnetic CoFe layer substantially thereby results in maximum

magnetostriction in ferromagnetic layer and strain in top STO layer.
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Fig. 6.1 Schematic of multilayer structure with top electrode

6.2.2 Characterization techniques

The multilayer structures were characterized using X-ray diffraction,
scanning electron microscopy (HR-SEM marca Hitachi, model SU-70),
transmission electron microscopy (Joel JEM-2200 FS), quantum design MPMS
5XL SQUID magnetometery and ferroelectric loop tracer technique (TF analyzer
1000). The magneto electric coupling were evaluated by a homemade setup that
consists of an electromagnet and a pair of Helmholtz coils that generate the dc
bias field and the ac driving field, respectively, extended with a lock-in amplifier
(Model: DSP 7270). The frequency dependence was studied at 28 Oe dc magnetic
field, ~100e ac modulating field (from 500Hz to 1.5kHz). LabVIEW automated
system was used for data acquisition. The off-resonant ME coupling coefficient
was determined at room temperature as a function of the biasing dc magnetic field
by measuring the ME voltage developed when a low frequency (500 Hz) magnetic
field with an amplitude of ~10 Oe was applied to the thin film cantilevers. The
low modulation frequency of 500 Hz was chosen as the starting frequency to
avoid contributions from resonance effects. Frequencies less than 500 Hz were not
applied in order to avoid the interfacial polarization effects and high losses usually
present at very low frequencies. Frequency dependence was studied from 500 Hz

to 1.5kHz range.
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6.3 Results and Discussion

6.3.1 Structural and microstructural analysis
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Fig. 6.2 XRD pattern of the STO-CoFe-STO multilayer structure
on platinum substrate

Figure 6.2 represents the XRD pattern of STO-CoFe-STO multilayers
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structure. Peaks corresponding to cubic SrTiO; were indexed in the figure 6.2
(JCPDS 35-0734). Along with the SrTiO; phase substrate peaks corresponding to
Pt were also present in the pattern. Broad diffraction peaks are indicative of the
nanophasic structure of SrTiOs. Lattice constant determined using XRD data was
found to be 3.906A which is in agreement with the reported value in ICDD
(International Centre for Diffraction Data). Average crystallite size was calculated
to be ~22nm using Scherrer formula by taking the broad peak at (110) diffraction

line.
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Fig. 6.3 Cross-section SEM image of STO-CoFe-STO multilayer films
on Pt/Ti/SiO2/Si substrate

Figure 6.3 depicts the cross sectional SEM of the multilayer structure.
Thickness of the individual layers in the heterogeneous multilayer structure can be
found out by analyzing this image. The thickness of each layers in the multilayer
structure were found to be 180nm, 240nm, 180nm for the top STO, CoFe and
bottom STO layers respectively.

Determination of the elemental composition assumes importance as they
determine the magnetic and magnetostrictive. They also influence the
magnetoelectric coupling. We have adopted X-ray photoelectron spectroscopic
(XPS) analysis to confirm the composition obtained from EDS analysis and it was

found to be 77%Co and 23%Fe.
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Fig. 6.4 HRTEM image of CoFe middle layer in the
STO-CoFe-STO multilayer structure

The high resolution transmission electron microscopic (HRTEM) images
(recorded before the deposition of the top surface STO layer) were used to
determine the phase formation occurred during annealing of multilayer structure.
(110) planes of CoFe were identified from the HRTEM which acts as the
magnetic phase in the multilayer structure. The HRTEM image of the middle Co-
Fe layer is shown in figure 6.4.

6.3.2 Magnetization studies

Magnetic hysteresis loop for the STO-CoFe-STO multilayer is shown in
figure 6.5 from which the coercivity is found to be 690e and saturation
magnetization as 832 emu/cc. High saturation magnetization and low coercivity of
Co-Fe soft magnetic alloy is maintained in the multilayer with a high squareness

ratio (0.82).
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Fig. 6.5 Magnetic hysteresis loop for a STO-CoFe-STO multilayer

6.3.3 Ferroelectric measurements

Figure 6.6 shows the ferroelectric (P-E) hysteresis loop recorded for STO-
CoFe-STO multilayer at room temperature. The P-E loop shows that the films are
mildly ferroelectric exhibiting closed loops at room temperature [27]. For an
electric field of 12kV/cm, a polarization of around 1.5pC/cm? is observed. The
banana-like shape of the polarization hysteresis loop indicates a strongly resistive
contribution [28]. This may be attributed to the overall incipient ferroelectric like
contribution from the larger grains. The remanent polarization (2P;) and the
coercive electric field (2E.) obtained from the ferroelectric hysteresis loops are
about 1.14pC/cm?* and 7kV/cm respectively. The lower values of P; and E, can be
explained on the basis of intrinsic size effect in low dimensional ferroelectric

materials [29].
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Fig. 6.6 Room temperature P-E loop of STO-CoFe-STO multilayer structure

6.3.4 Magneto electric characterization

Dc magnetic field dependence of MECC was studied in the multilayer
structure. A maximum MECC of 806mV/cm.Oe was recorded at a dc biasing field
of 280e as shown in figure 6.7(a). MECC values were recorded for different
frequencies in the ME coupling set up and are shown in figure 6.7(b). The
frequency dependence of the ME coupling at a dc magnetic field of 280e shows a
sharp resonance peak at 753Hz with a MECC of 20V/cm.Oe.

According to the magnetoelectric equivalent model proposed by Zhai et
al.,[30]

_ nd33,md31,p (61)

O = 7
s E H S 3])[7
n&3S +(1_n)S33(533 + KE]
1
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where n is the magnetic phase thickness ratio, s/, and sii are the elastic
compliances of the piezoelectric and magnetostrictive layers, respectively, &5 is
the dielectric constant of the piezoelectric material at constant strain, and d;;,,
and d; , are the longitudinal piezomagnetic and transverse piezoelectric

coefficients respectively.

This equation clearly points out that the high magnetostriction of the
middle magnetic layer result in a large strain in the upper and lower piezoelectric
layers which in turn enhances the magnetoelectric coupling in the multilayer
structure. The ferromagnetic layer composition used in this multilayer structure is
with composition Co77Fe,3; which is close to the composition reported recently by

Hunter et al. as the one with giant magnetostriction [31].
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6.4 Conclusion
In summary, the employment of Co7;Fe;; composition with giant
magnetostriction in combination with incipient ferroelectric material strontium
titanate (STO) resulted in the achievement of a ME coupling of 20V/(cm.Oe) at
753Hz. The STO-CoFe-STO multilayers with a total layer thickness of ~ 600nm
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were deposited on silicon-based substrates, which is ideal from the miniaturization
and silicon integrated device point of view. The high initial permeability of CoFe
made the ME coupling so high despite of substrate clamping. The easy and cost
effective synthesis techniques (sol-gel/spin coating and physical vapour

deposition by thermal evaporation) make these multilayers industrially favourable.
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Conclusion and scope.......

There was a time when magnetism and magnetic materials were synonymous
with transition metal elements like Iron, Cobalt and Nickel. All useful applications
emanating out of magnetism were based on this class of ferromagnetic materials. It
was believed that crystallinity was an essential criterion for exhibition of useful
magnetism meant for applications. Though ferrites existed in nature in the form of
magnetite and maghemite, the successful synthesis of these materials in the
laboratory with different cations slowly shifted the focus on to these classes of
ferrimagnetic materials and their derivatives. Ferrites were an attractive proposition
for inexpensiveness and found innumerable applications in the form of transformer
cores, magnetic recording media, storage devices, microwave devices and microwave
isolators. However the myth that crystallinity is an essential criterion for
ferromagnetism exploded with the discovery of magnetic amorphous alloys in the
early 1960’s. This genre of materials became available in the form of ribbons under
various trade names like FINEMET™, NANOPERM™ and METGLAS™. Thus
amorphous magnetic alloys slowly found their way in to the multibillion market of
transformer cores, recording heads, shielding elements and sensors. However the
underlying physics was not well developed and it took a while to establish and
correlate various magnetic properties of these alloys with grain size, microstructure
and morphology. The exchange correlation length is related to the grain size and
hence tailoring magnetic properties necessarily aims at tailoring grain size. Various
theories was also invoked/ proposed to correlate their properties. In this context,
Herzer model, modified Herzer model and Stoner- Wohlfarth model deserve special

mention.
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With the advent of nanoscience and nanotechnology, controlling grain size
and tailoring grain sizes to tailor exchange correlation length assumed importance.
Inducing nanocrystallisation, in an otherwise amorphous material, became a hot topic
of research. Thin film forms of these alloys also became important from an
application perceptive for magnetic MEMS. Fabrication of films on to conventional

substrates like silicon and glass also gained momentum.

There are various ways to induce nanocrystallisation. One such method is to
go for thermal annealing and yet another alternative is to use techniques like swift
heavy ion (SHI) irradiation. In SHI irradiation, depending on the energy and fluence,
they can induce crystallisation and can tailor grains. In short, films are to be prepared
using inexpensive techniques like vacuum evaporation on to silicon substrates using
available targets. Metallic glasses based on CoFeNiSiB and FeNiMoB were
immediately available as targets in the form of melt-spun ribbons. One of the major
drawbacks of employing techniques like vacuum evaporation is the difficulty in
retaining the parent composition of the target in the film as well. This is a challenge
as well an opportunity. It is well known that magnetism in these types of alloys is
predominantly decided by the presence of a Co-Fe rich phase along with a non-
magnetic matrix formed by the glass former elements like Si, B and Mo. It is an
opportunity because formation of Co-Fe structures devoid of B or Mo offers a new
platform for tailoring the magnetic properties by thermal annealing and other

techniques like SHI.

The first phase of this investigation was thus on the fabrication of thin film

structures of Co-Fe by inexpensive techniques like vacuum evaporation using
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Co7sFe4NiySisB; (METGLAS 2714A) ribbons. Thermal annealing induced surface
modification to tailor magnetic properties was one of the motives of this study. SHI
irradiation is a versatile technique which can also induce morphological/
microstructural changes which in turn induce magnetic transformations. This was

another motivation of the present study.

Magnetoelectric materials are nowadays hotly pursued and composites
consisting of different combinations of ferroelectric and ferromagnetic materials are
tried. It was thought that low coercivity films like Co-Fe could be a good
ferromagnetic component in a multilayer structure of BaTiO3;-CoFe- BaTiO; (BTO-
CoFe-BTO). The ME coupling usually dictates the usefulness of such structures and
measurement of ME coupling was another task of this investigation. This is phase II
of the present investigation. Two different structures based on BTO-CoFe-BTO and
another on SrTiO3-CoFe- SrTiO; (STO-CoFe-STO) was fabricated. ME coupling and
related properties were measured along with a detailed study to elucidate the

mechanism of giant ME coupling coefficient.

In a nutshell, these were the broad objectives of the present study. As in any
investigation there are positives as well as negatives. This chapter looks at the
brighter side of this study and also will shed light on the darker side. Few suggestions
as well as some initial experiments conducted will also be presented as a proof of the

concept for extending this investigation.

From the Slater-Pauling curve it is evident that alloys of Co-Fe exhibit high

magnetic moments and hence suitable for applications like soft under layers in
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perpendicular recording media and also for magneto electro mechanical sensor
applications. Amorphous alloy thin films of Co-Fe were prepared from a composite
target having a composition of CozsFe4NisSisB, by employing thermal evaporation
under a high vacuum of ~10°Torr. As prepared thin film samples were annealed at
various temperatures ranging from 373- 673K based on the crystallisation studies on
the target material to check for microstructure modification. Annealing temperatures
were pre-determined based on the thermal analysis of ribbon samples by using
differential thermal analysis (DTA). Post-annealing of these films resulted in
nanocrystallites of CoFe in a residual amorphous matrix. The glancing angle X-ray
diffraction (GAXRD) and transmission electron microscopy (TEM) investigations on
the annealed films indicated that the onset of nanocrystallization of CoFe is at around
373 K. GAXRD of the films annealed at 573K and 673K showed signatures of
crystalline bee Co-Fe (110) phases. High resolution transmission electron microscopy
(HRTEM) studies substantiated this finding. Atomic force microscopic (AFM)
images reveal surface smoothening with thermal annealing. On annealing,
crystallization together with surface smoothening influences the magnetization
reversal. The magnetic softness of the films greatly enhanced with thermal annealing.
It was found that thermal annealing at 573K produced superlative films with
appropriate magnetic characteristics. The magnetization reversal observed in these
films was attributed to the coherent rotation with contribution from the
demagnetizing field. Further increase in annealing temperature resulted in the
magnetization reversal guided by a nucleation event followed by domain wall motion

which in turn resulted in low coercivity.
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A systematic experiment involving higher annealing temperatures would have
been an ideal proposition for establishing the effects of grain size vis-a-vis the soft
magnetic properties of these films. This could not be carried out because thermal
annealing experiments were carried under vacuum in a glass dome. Though earlier
investigations carried out on Fe-Ni could establish the validity of modified Herzer
model on ultra thin films, such an inference could not be drawn out of this
investigation on Co-Fe ultra thin films. This is one of the grey areas of this study. An
appropriate model was not forthcoming based on this investigation. This is an area
where more systematic experiments are to be conducted and the results are to be

correlated.

It was known that impingement of swift heavy ions on targets modifies the
material properties by depositing energy at high energies and high fluences. The
deposition of energy is in the electronic energy loss regime leaving tracks, breaking
bonds and formation of clusters on the target material. It was thought that irradiation
of these samples with Ag ions could lead to nanocrystallisation or modification of the
existing amorphous structures with latent tracks. This would modify magnetic

properties.

Co-Fe thin films of thickness 44nm were subjected to SHI irradiation at
various fluences of 1x10"ions/em?,  1x10"%ons/em?,  1x10"%ions/cm®  and
3x10"jons/cm®. Tt was found that the amorphous nature of the pristine film was
preserved even after irradiation. The surface roughness decreased with increase in
irradiation fluence. Power spectral density (PSD) analysis was employed to calculate

the roughness exponent of pristine and irradiated samples. From PSD analysis it was
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concluded that the mechanism behind the surface smoothening is viscous flow
followed by evaporation-condensation. lon irradiation results in stress relaxation in
the films, which in turn reduces the coercivity at low fluences. At a higher fluence of
3x10" jons/cm?, the density of pinning centers increased which manifested in the
form of increased coercivity. The high point of this experiment is that magnetic
domains could be created in these films at a fluence of 1x10''ions/cm?. However the
disappearance of these domains at higher fluences is intriguing and warrants further

investigation.

Multiferroic orders are easily achievable in composite structures and it is with
this motive a multi-component structure consisting of BTO-CoFe-BTO was
fabricated. The stress was on utilizing simple and inexpensive techniques like sol-gel
process, spin coating and vacuum evaporation. A multilayer structure of BTO-CoFe-
BTO was fabricated for evaluating the magnetoelectric coupling and also for
determining the resonance frequencies both under dc and ac fields. Giant
magnetoelectric coupling coefficients (MECC) values were obtained for the
multilayer structure along with appropriate ferroelectric and soft ferromagnetic
properties. The giant ME coupling obtained was explained on the basis of high
magnetostriction of the middle Co-Fe layer. The large surface to volume ratio of
ferromagnetic to and ferroelectric layers contributes to the giant MECC value. These
experiments can be further extended for the fabrication of magneto-electric
cantilevers for applications in the microelectronics/ MEMS industry. They can be
mass produced and tested as magMEMS for energy harvesting applications or for

sensing.
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SrTiO; (STO) is a cousin of BaTiO; and an incipient ferroelectric material.
They are widely used in FERAMSs and hence occupy an important portfolio under the
class of ferroelectric materials. In the unstressed form STO is paraelectric at room
temperature. However, it can be transformed to ferroelectric by adding impurities or
by strain engineering. A STO-CoFe-STO multilayer was fabricated using a similar
experimental technique that was employed to fabricate BTO-CoFe-BTO structures.
This configuration was chosen to investigate the effect of strain on the induced
ferroelectric properties on STO and its effect on the MECC. The employment of
Co77Fey; composition with high magnetostriction values resulted in the achievement
of a ME coupling of 20V/ (cm.Oe) at 753Hz. The high initial permeability of CoFe
again resulted in a large ME coupling despite substrate clamping. The easy and cost
effective synthesis techniques like sol-gel/spin coating and physical vapour

deposition by thermal evaporation make these multilayers industrially favourable.

The evaluation of magnetostriction of these structures is of importance as far
as applications are concerned. A systematic study on the effect of thickness of CoFe
layers on the magnetostriction of these films is an attractive proposition. The
magnetostriction of such structures can be estimated by Laser Doppler Vibrometry
(LDV). With the expertise gained out of these investigations it was thought fit to
extend these studies. Initial experiments were conducted as a proof of concept and the
initial results are presented here. For this a bottom up approach was adopted for

fabrication of multilayer structures. A schematic of the same is shown in figure 7.1.
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Fig. 7.1(b) Schematics of the Sol-gel capillary rise technique (bottom up process)
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Fig. 7.1(c) Schematic of a magneto-electric cantilever that can be drawn out of this nanotube
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It is to be noted here that a core shell structure was envisaged having a core of
BaTiO; and a shell of magnetic material. Such a structure could be fabricated on
templates of alumina or appropriate membranes or vice versa by appropriately
depositing the required layer. Yet another geometry for such hybrid structures can be
a vertical BaTiOs tube with CoFe on both ends. However, fabricating such hybrid
nanostructures requires thorough optimization of process parameters and appropriate

precursors.

OkV 10.3mm x60.0k SE(M)

SU-70 15.0kV 60.0k
Fig. 7.2 SEM im

The scanning electron microscopic (SEM) images of the alumina template is
shownin figure 7.2(a). BTO nanowires grown on the pores are shown in figure 7.2(b).
A ferromagnetic layer of Ni or Co could be grown along with BTO wheremin BTO
can be a nanotube and such hybrid structures are expected to produce enhanced ME
coupling. Such an array of magneto-electric core shell nanotubes could also be used
as the major active element in high density mass storage devices. As each single

active element is of the order of a few nanometers, the possibility of fabrication of
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several components like field sensors, transducers and switches in less than a
micrometer square is promising and futuristic.
A series of magnetoelectric cantilevers can be fabricated by employing a

multilayer structure of BTO-CoFe-BTO. The schematic is shown below (figure 7.3).

(a) l
Au Top Electrode
‘ll I.. II.I--“D
| .

————————— S . core
Pt Bottom Electrode
Bl
$i0;

-

(b)

AuTop Electrode

I CoFe

Pt Bottom Electrode

Fig. 7.3 Fabrication of magnetoelectric cantilevers and microwire sensors through
micromachining (a) Dissolving the thin film and substrates to obtain desired size and
shapes.(assisted by pre designed masks) (b) Complete dissolution of the substrate to release the
micro/nano magneto electric arrays (heterogeneous)

The fabrication of such cantilevers on a silicon substrate is limited by the
masks employed and is restricted to a few micrometers (~Imicrometer). Here, a 5
step deposition is needed (lower contact electrode, BTO, CoFe, BTO, upper contact
electrode) which is to be deposited over a pre fabricated mask with ordered channels
or pores. As the voltage is developed across the sample, the top surface area can be
limited to the point contact electrode size. For any high frequency applications, the

voltage developed will be appreciably high so that no external amplifier is required.
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An initial experiment was conducted based on the above geometry and the
preliminary results are presented here. The initial voltage generated on a 500
micrometer wide microcantilever at an ac modulating field of 10 Oe, with a
modulation frequency of 1kHz and a dc biasing magnetic field of 18 Oe for a total
thickness of 225 nm was around 2.6mV. It is to be noted that the magnetic to
piezoelectric volume was kept at around 1:2. A systematic study on various other
configurations can be conducted later and is futuristic. Such devices can also be
fabricated by adopting bottom up approaches on a silicon wafer with properly
designed masks. An immediate application of such structure can be a switch which
can be controlled by electric or magnetic fields. Such configurations can also serve as
devices without the necessity of an external amplifier.

The motto of the European commission and many other international agencies
"NO LEAD in microelectronics/ MEMS" can be achieved soon by suitably employing
other materials for applications. Employment of other piezoelectric systems (in place
of BTO) with a higher longitudinal and transverse piezoelectric d;; and ds;
coefficients (like BZT, BZT-BCT, KNN) will hopefully enhance this effect to
another order thereby opening up a possibility of obtaining appreciable ME signal
without any external amplifier which can in turn reduce the volume of the integrated
devices like sensors and transducers, involving ME materials form the major active

element.

Magnetism is always associated with a north pole and a south pole. The lines

of forces are flux and they are supposed to be flowing from north to south. As long as
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there is a magnetic material, there will be lines of forces and these lines of forces can

be intercepted. A parallel can be drawn out of this phenomenon.

Knowledge is also like lines of forces and research is a provider of free
knowledge. This knowledge resulting out of research are lines of forces and when
they are intercepted, knowledge is assimilated. Assimilation alone does not mean
anything. To put this in to practical use is the next logical step and this is innovation.
Innovation is a major link in the knowledge economy and creation of wealth.

Creation of wealth leads to enhancement of quality of life.

So this thesis is also an attempt in realizing these objectives. The phase I of
this investigation is the generation of knowledge in the form of constructing simple
models to arrive at the exact mechanism of soft magnetic materials based on Co-Fe.
Phase II is the adaption of these knowledge base to demonstrate devices. This is
innovation. Any research which does not look at the economy is folly. Hence this
stduy also emphasized in developing cost effective techniques to fabricate model
magMEMS. The demonstration of a working cantilever based magMEMS is a
prelude in developing energy harvesters. This is futuristic and is bound to touch the
lives of human beings. A day is not far away when magMEMS based devices could
be used for antiterrorist activities. Thus the philosophy of this piece of work is also

the philosophy of magnetism. Be attractive and useful !!!
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