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Abstract

ABSTRACT

Cobalt-ferrite (CoFe,O4 (CFQO)) has long been identified as a potential and reliable material
for torque and various magnetoelastic stress sensing applications, owing to its superior strain
sensitivity (dA/dH), high magnetostriction (1), high corrosion resistance and lower cost of
production compared to rare-earth based magnetostrictive materials. Since, it is well known
that the crystal field environment produced by the metal cations surrounding Co*? ions in the
octahedral site of CFO lattice plays a crucial role in determining the magnetic and
magnetostrictive properties of cobalt ferrite, in this thesis work chemical substitution and
magnetic compaction have been chosen to study their influence on the magnetic and
magnetoelastic properties of cobalt ferrite. In this study magnetic and magnetoelastic
properties of normally (NC) and magnetically (MC) compacted M-substituted cobalt ferrites,
having nominal compositions CoxMyxFes.204 (M = Zr™ Ti**; 0 < x < 0.4) and
Co1xCexFer2x04 (0 < x < 0.04) have been investigated. Dramatic increase in A has been
observed for Coy3CeposFe19404 - MC sample (~ -425 ppm) compared to the un-doped
CoFe;04 - NC samples (~ -181 ppm). A remarkable sevenfold increase in dA/dH of
~5.8 X 10° A™m was observed for magnetically compacted (MC) Ti doped cobalt ferrite,
Co12TigoFe1 604 compared to that obtained for normal compacted (NC) pure cobalt ferrite
(~0.8 X 10° A™m). This investigation indicates that suitable chemical substitution together
with magnetic field assisted processing could result CFO with tailored and enhanced
magnetic and magnetoelastic properties suitable for various magnetic field sensing

applications.
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Introduction chapter 1

In this chapter background of the present research work has been discussed. The basic
introduction about different kinds of magnetism, classification of ferrites based on crystal
structure, magnetism of spinel ferrites, magnetocrystalline anisotropy, induced anisotropy,
anisotropy measurement techniques and origin of magnetostriction have been described.
Methods to induce uniaxial anisotropy, such as, magnetic annealing and magnetic
compaction have also been discussed.

1.1. Background
Magnetostriction is the property of a material, which causes them to change their
shape/dimensions in the presence of an external applied magnetic field [1].
Magnetostrictive materials have high technological importance in many applications, such
as magnetomechanical stress sensors, magnetostrictive transducers/actuators, vibration
components in high frequency devices and in SONAR etc [2]. Cobalt ferrite is an ideal
material over rare earth based magnetostrictive materials (SmFe,, TbFe,, DyFe,, Terfenol-
D) for the above mentioned applications, due to its high corrosion resistance, electrical
resistivity, low magnetocrystalline anisotropy, large magnetostriction and strain sensitivity
[3].
1.2. Fundamentals and types of magnetism

In a crystalline material the atoms are arranged in periodic array. Similar to crystal
structure periodic arrangement of magnetic moments of atoms form a magnetic structure.
Magnetic moments of an electron in an atom originate from two sources. These two
magnetic moments are related to electron motion about its own axis and around the
nucleus, which are named as spin (Mspin) and orbital (Homit) magnetic moments respectively
[4].

Hspin = Horbit= eh/dmme = 9.27 x 1024 Am?............................ (1)
here ‘e’ and ‘m’ are charge (1.6 x 10" C) and mass (9.1 x 10 kg) of an electron
respectively. ‘c’ velocity of light (3 x 10® m/s) and ‘h’ is Planck’s constant (6.6 x 104 Js).
Spin and magnetic moment of an electron is represented by a special quantity ‘pUg’, here pg
is called as Bohr magneton, where 1pg is equal to 9.27 x10* Am®. The net magnetic
moment of an atom is considered as the vector sum of the orbital and spin magnetic
moments of all the constituent electrons [5].

Magnetic moment is defined as the torque acting on the magnet of pole strength ‘p’,

when it is placed in a magnet field of 1 Oe at right angles to the field direction.
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M=pIHSING ... ..o e (2)
here ‘1’ is the distance between the poles. When H =1 Oe and 6 = 90°

MZPL (AM?) e, (3)
Magnetic moment per unit volume can be defined as magnetization.

M = m/v (A/m or emu/cm®). ..o (4)

For smaller samples volume cannot be measured that accurately and also it varies
with temperature depending on its coefficient of thermal expansion. Therefore it is more
convenient to express the magnetization in terms of per unit mass rather than per unit
volume, since mass is independent of temperature. Magnetic moment per unit mass is
known as specific magnetization.

O =T/W (EIMUW/E) ..ttt ettt et eee e (5)

Based on the variation in magnetization of a material in response to the applied
magnetic field, all substances can be classified into different categories. The ratio of
magnetization to that of magnetic field is defined as susceptibility (y)

y = M/H (emu/Oe.cm>)........oueeieeiiiiiiiee e, (6)
here ‘y’ value is different for different kind of magnetic materials.
(a) Diamagnetism:

Diamagnetism is a weak phenomenon, which occurs due to the change in orbital
motion of an electron in the presence of an external magnetic field. Diamagnetic atoms do
not show net magnetic moment, which occurs from filled shell electronic configuration.
Even though all materials are inherently diamagnetic, the materials which exhibit no other
magnetic behavior are specifically classified as diamagnetic substances. For example noble
gases (He, Ne, etc), diatomic (H,, Ny, etc) gases, ionic solids like NaCl, elements having
covalent bonding (C, Si) and most of the organic compounds are diamagnetic, since they
have no net magnetic moment. Diamagnetic substances show negative susceptibility, since
these materials exhibit negative magnetization with increasing applied magnetic field [6].
(b) Paramagnetism:

Paramagnetism is a weak form of magnetism, which exists only in the presence of
external applied magnetic field. The materials in which the constituent atoms have some
net magnetic moment due to their incomplete cancellation of spin and orbital magnetic
moments are said to be paramagnetic. Paramagnetic material possesses no net
magnetization in the absence of an applied magnetic field, since the magnetic moments of

atoms are randomly oriented. When the external magnetic field is applied atomic moments

3



Introduction chapter 1

tend to orient along the field direction but due to thermal agitation of atoms the net effect of
applied magnetic field decreases, resulting in partial alignment of magnetic moments. The
susceptibility of paramagnetic material is positive. Similar to diamagnetic materials
paramagnetic materials are also considered as non-magnetic materials, since they exhibit
magnetization in the presence of an external applied magnetic field [1].

(c) Ferromagnetism:

The materials, which possess permanent magnetic moment in the absence of
external applied field by virtue of partial cancellation of spin and orbital magnetic moments
of atoms, are classified as ferromagnetic materials. In a ferromagnetic material, alignment
of magnetic moments of adjacent atoms takes place through exchange interaction energy
and this alignment exists over large volume of crystal, called as domains. Ferromagnetic
materials exhibit very large and positive susceptibility and at a particular temperature these
materials transform to paramagnetic state, which is called the Curie temperature (Tc¢).
According to Wiess theory, below T¢, due to the strong influence of molecular field,
ferromagnetic materials can be easily magnetized to saturation even in the absence of an
external applied magnetic field [1].

(d) Antiferromagnetism:

Antiferromagnetic materials also exhibit cooperative ordering behavior similar to
ferromagnetic material, but they show zero net magnetic moment. Antiferromagnetic
crystal lattice consists of two identical sub lattices, in each of which the ferromagnetic
ordering exists but between them magnetic moments of equal magnitude are aligned anti
parallel to each other, hence they exhibit no net magnetization. These materials show small
and positive susceptibility and it increases to a maximum value up to a critical temperature
called Neel temperature (Tn) and above this temperature it exhibits paramagnetic behavior.
Antiferromagnetic materials obey Curie-Weiss law (y = C/T-0) similar to ferromagnetic
materials (0 > 0) with a negative ‘0’ value. Examples of antiferromagnetic materials are
MnO, NiO, Cr,0s3, etc [1].

(e) Ferrimagnetism:

Similar to ferro- and antiferromagnetic materials, ferrimagnetic materials also show
phenomenon of magnetic ordering. Crystal lattice of these materials also consists of two
sublattices and their magnitudes of magnetic moments are different unlike

antiferromagnetic materials, hence they show net magnetization but smaller in magnitude
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compared to ferromagnets. Spontaneous magnetization of ferrimagnetic material vanishes
at a transition temperature called Curie temperature (T¢) and they obey Curie-Weiss law.
Ferrimagnetic materials possess large and positive susceptibility. Examples of these
materials are magnetite (FesO4) and ferrites (cobalt ferrite, nickel ferrite, barium ferrite,
strontium ferrite, etc) [6, 1]

(f) Magnetic anisotropy

Directional dependence of magnetic properties can be simply defined as magnetic
anisotropy. In other way, preferential orientation of a magnetization vector along a
particular direction in which it can be magnetized easily than in any other direction can be
defined as magnetic anisotropy. Due to the effect of magnetic anisotropy it is difficult to
orient the magnetization vector away from the easy direction of magnetization and it
strongly influences the shape of the M-H (or B-H) hysteresis curve from which the
ferro/ferri magnetic materials can be classified as soft (low coercivity and can be
magnetized easily at lower field and possesses high saturation magnetization) or hard (high
coercivity and larger fields are required to magnetize and possesses moderate saturation
magnetization) magnets. Various kinds of magnetic anisotropies are exhibited by magnetic
materials, such as magnetocrystalline anisotropy, shape anisotropy, stress anisotropy and
the anisotropies induced by magnetic annealing, magnetic pressing, plastic deformation,
irradiation and exchange anisotropy.

Magnetocrystalline anisotropy is an intrinsic property of a magnetic material, is also
known as crystal anisotropy and it plays a key role in influencing the different magnetic
properties, such as domain structure, magnetization processes, coercive force and
permeability. Crystal anisotropy is a force, which holds the magnetization vector in a
crystal along certain crystallographic directions. Therefore, due to the effect of crystal
anisotropy the magnetization curves measured as a function of applied field will be
different along different crystal directions. For example single crystal Fe and Ni disks
having planes parallel to {110} consists of <100>, <110> and <111> directions as
diameters. Since Fe and Ni have BCC and FCC crystal structures respectively, <111> and
<110> directions of respective single crystals become magnetically hard due to the high
atomic density along those directions. Magnetic measurements along <100> and <111>
directions of Fe and Ni single crystals respectively requires lower fields to saturate the
sample, hence these are called as easy directions [1].
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In a magnetic crystalline material, interaction between two subsystems (crystal
lattice and the magnetic system) takes place [7] and it can exist between the neighboring
spins (spin-spin coupling), spin and orbit (spin-orbital coupling), spin and lattice (spin-
lattice coupling), and orbit and lattice (orbital-lattice coupling). The spin-spin coupling is a
strong interaction acts between the adjacent spins, it depends only on the angle between the
spins and the exchange energy associated with it is isotropic, hence it will not contribute to
the crystal anisotropy. In the lattice-orbit coupling strong interaction exists between orbit
and lattice due to the crystal field created by the adjoining atoms and it results in partial or
entire quenching of the orbital magnetic moment. There is also a coupling exists between
spin and orbital magnetic moments but it is weak in nature compared to the lattice-orbit
coupling. Since the interaction energy is strong between the orbit and lattice, it resists the
rotation of an orbit when an external field is applied to orient the spin of an electron. The
energy required to orient the spin away from the easy direction by overcoming the spin-
orbit coupling is called the anisotropy energy. Hence, spin-orbit coupling, which couples
the spin moments with lattice through electron orbit, is the main origin of
magnetocrystalline anisotropy. The magnetocrystalline anisotropy energy (E) of a cubic
crystal can be given by the following equation,

E=Ky+K; (a21a22 + 02023 + 0?1023 ) + K; (azlazzazg) +....(7)

where Ky is the isotropy energy contribution and K;, K,... are so-called the anisotropy
constants for a particular material. a3, ap, oz be the cosine of angle between the
magnetization vector and crystallographic directions. Based on the sign of ‘K;’ the
direction of easy magnetization can be determined, provided ‘K5’ is zero. If ‘K3 is positive
anisotropy energy falls in the order E100<E110<E111, hence <100> and <111> directions are
easy and hard direction of magnetizations respectively. Similarly if ‘K;’ is negative
anisotropy energy is E111<E110<Ei0, hence <111> and <100> directions are easy and hard
direction of magnetizations respectively. If ‘K, is not equal zero then the direction of
magnetizations can be determined based on K; and K.

Several magnetic properties can be enhanced by inducing the magnetic anisotropy
along a particular direction. Among the various techniques to induce magnetic anisotropy
in a ferro/ferri magnetic material, magnetic annealing and magnetic compaction are the
simplest methods compared to others. Heat treating and cooling a material in the presence
of magnetic field is defined as magnetic annealing. This process develops a uniaxial
anisotropy along the direction of the applied field and the material becomes magnetically
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softer along that axis. Magnetic annealing should be performed at temperatures below the
Curie temperature of the material and the applied magnetic field must be large enough to
saturate the sample. Magnetic field assisted compaction is a well-known technigue in
producing anisotropic permanent magnets including hard ferrites. Magnetic field applied
during compaction helps in inducing better degree of alignment of domains in powders.
Compaction locks the particles in that state resulting in best magnetic homogeneity in the
material. Magnetic compaction is a better technique to align the domains compared to
magnetic annealing, since there is a possibility of degradation of magnetic properties of the
magnetically annealed samples particularly when they are operated at high temperatures.

Anisotropy constants can be estimated from the torque curves and magnetization
curves (using Law of approach to saturation).
(g) Magnetostriction

Ferro/ferri magnetic materials undergo dimensional changes, when they are
subjected to magnetic field and conversely, magnetization of the material changes with the
variation in mechanical state, this property is called magnetostriction. Similar to magnetic
anisotropy spin-orbit coupling is the main origin of magnetostriction. When a ferro/ferri
magnetic material is subjected to a magnetic field along with spin, orbital moment will try
to orient in the direction of applied field if the spin-orbit coupling is strong. Since the orbit
is strongly coupled to the lattice, rotation of orbit results in dimensional change in the
material. Magnetostriction can be classified into two different kinds, spontaneous
magnetostriction and field induced magnetostriction. The former mechanism arises due to
the ordered magnetic structure, whereas the latter is accompanied by the reorientation of
domains. Magnetostriction was first discovered by Joule, hence it is often called as Joule

magnetostriction. Magnetostriction (A) can be expressed as,

Here ‘I’ is the original length of the material and ‘Al’ is the fractional change in length.
Based on the response of the material to an applied magnetic field ‘A’ can be either positive
(expansion) or negative (contraction). The principal magnetostrictive effects observed are
the Joule effect (change in length of a ferromagnetic rod, when it is placed in a longitudinal
field), the Villari effect also called as magnetostrictive effect (change in magnetization,
when ferromagnetic rod is subjected to longitudinal stress), the Matteucci effect (change in

magnetization when a ferromagnetic material is subjected to torque), the Wiedemann effect
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(change in torque when the material is subjected to a helical magnetic field). For isotropic
materials or for randomly oriented polycrystals, if volume conservation is assumed, the

magnetostriction can be expressed as a function of 6 by,
3 1
A= 2s (cos? @ =) 9)

where ‘0’ is the angle between direction of magnetization and direction in which the
magnetostriction is measured. 6 = 0° and 90° denote the longitudinal (A;) and transverse
magnetostriction () respectively. If these two ‘0’ values are substituted in the above
equation it reduces to A= A /2. Decrease in length in the perpendicular direction will take
place along with the increase in length in the direction of the field in ordered to conserve
the volume.
1.3. Crystal structure of spinel cobalt ferrite

Ferrites are classified into three different groups based on their crystal structure,
namely, spinel, garnet and magneto plumbite. Cobalt ferrite (CFO) has mixed spinel
structure. Cubic spinel structure is formed by closely packed arrays of oxygen ions and it
results in two different kinds of interstitial sites, tetrahedral (A-sites) and octahedral (B-
sites) sites, as shown in Fig. 1. In one unit cell out of 64 A and 32 B-sites only 8 A and 16
B-sites are occupied, which indicates that one unit cell contains eight formula units.
General chemical formula of cobalt ferrite can be represented as
(Coy1-sFes)tetral CosFer-sloctaOa, here ‘3’ is defined as degree of inversion. The extent of
inversion depends on sample synthesis method, chemical substitution and annealing
processes. The factors that influence the cation distribution in tetra and octahedral sub
lattices, when metal cations substituted into CFO lattice are ionic radii, cation valency and
lattice energies. The large magnetocrystalline anisotropy of cobalt ferrite compared to other
spinel ferrites is ascribed to the presence of Co?" ions in the octahedral sites of spinel
lattice. Single ion model explains that unquenched orbital moment of Co*? ion contributes
to the spin-orbit coupling, which is the main origin of magnetocrystalline anisotropy and
magnetostriction. A typical example for normal spinel structure is zinc ferrite (ZnFe,;O,) in
which all the Zn*?ions occupy tetrahedral sites and all the Fe™ ions occupy the octahedral
sites. An example of inverse structure is nickel ferrite (NiFe,O,), where all Ni*? ions
occupy the octahedral sites (B sites) and Fe™ ions are evenly distributed in A and B sites.
Cobalt ferrite (CoFe,04) has partially inversed spinel structure, i.e., both Co*? and Fe*? ions
are distributed in both A and B sites.
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Figurel. The crystal structure of spinel ferrites. The unit cell consists of octants and the
ions in tetrahedral site A (green circles) and octahedral site B (blue circles) as well as
oxygen (red circles)

The inversion extent is dependent on the sample preparation processes and the heat
treatment processes. Since Co*? has a major contribution to the magnetocrystalline
anisotropy of cobalt ferrite, the extent of inversion greatly affects the magnetic properties
of the material, i.e. magnetic anisotropy, coercivity, saturation magnetization and
magnetostriction. Three different kinds of interactions exist between the magnetic ions in
A- (terta) and B- (octa) sublattices, they are A-O-B, A-O-A and B-O-B. Among these three
exchange interactions A-O-B interaction is stronger compared to the other two interactions.
According to the two-sublattice model proposed by Neel, the exchange energy between the
ions in A- and B-site was negative, hence the net magnetization can be expressed as the
difference between the magnetizations of each sublattice. The cubic ferrites containing
cobalt have positive values of K3, while K; is negative for all the cubic ferrites that contain
no cobalt.

According to single-ion model, the cubic anisotropy constant of cobalt ferrite
mainly depends on the concentration of Co*? ions in B-site of spinel structure. Due to the
cubic crystal field produced by the coulomb interaction between the oxygen ion and the
electrons in the 3d orbitals, degenerate energy levels of Co*? ion split into tog (dyy, dyz, Oxz)
and ey (dy’.y%, d°) levels. The orbitals, which are directed along the cubic axes (eq levels),
are raised in energy compared to others which are in between the axes (to4 levels). For

lower concentration of Co** ions in B site, neighboring iron ions produce trigonal field
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around Co™ ion and the axis of three fold symmetry lies along one of the body diagonals
([111], [1-11], [-1-11], [-111]) of cubic crystal. This trigonal crystal field splits the ty,
levels further into singlet and a doublet by distorting the cubic crystal field produced by the
oxygen ions. Occupation of seventh electron of Co*? (3d’) in one of these doubly
degenerate levels produces unquenched orbital momentum. Interaction of this orbital
angular momentum with total spin momentum of Co*?ion gives rise to magneto crystalline

anisotropy through spin-orbit coupling [9, 10].
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This chapter focuses on the literature review on various magnetostrictive materials and
importance of cobalt ferrite material over rare earth based magnetostrictive materials. Also,
the literature on magnetostriction of cobalt ferrite material influenced by synthesis method,
processing conditions, substitution of different metal cations and magnetic anisotropy
inducing methods have also been presented in this chapter. Based on the critical review of the
existing literature on cobalt ferrite material objective of the current research work is framed,

which is described at the end of this chapter.

2.1. Magnetostrictive materials

Rare earth elements (Th and Dy) exhibit high magnetic anisotropy and
magnetostriction (~10000 ppm) because of their unquenched orbital momentum. But, these
elements are restricted to use in applications because of their low transition temperatures. In
1970’s rare earth based intermetallic compounds (DyFe,, ThFe;) were developed for various
sensor/actuator applications and because of the combination of rare earth and transition
elements, transition temperature limitation can be compensated. DyFe, and ThFe; exhibit
large magnetostrictions (650, 2630 ppm respectively) and high transition temperatures
(>400°C) compared to rare earth materials [1, 2].

The major issue of magnetocrystalline anisotropy with DyFe, and TbhFe, was solved
with the development of Terfenol-D (Tho 3Dyo 7Fe,) fabricated by unidirectional solidification,
which is a fairly complex process. Here Tb and Dy have same sign of magnetostriction but
opposite sign of anisotropy constants, hence the alloy made with the combination of Th and
Dy, reduced the magnetocrystalline anisotropy and this material in single crystal form showed
magnetostriction of ~1600ppm at room temperature [3]. The main drawback of this material is
poor mechanical strength and high cost of production. To solve this problem composite of
Terfenol-D was prepared with polymers and NaPOs; gas matrix. Here the problem of
mechanical strength and cost was solved but at the cost of magnitude of magnetostriction
coefficient [4].

Limitations of Terfenol-D were solved with the development of alloy made from Fe
and Ga. Clark et. al reported the magnetostriction of ~400ppm at very low field (1000e) for
Fe;xGax (x = 0.2 to 0.35). Magnetostriction studies on FeAl and FeBe alloys were also
studied [5, 6]. FeAl alloys exhibited lower value of magnetostriction compared to Galfenol.
FeBe alloys showed almost comparable value with FeGa alloy, but are limited due to the toxic

nature of Beryllium. Magnetic annealing and magnetic compaction were performed to further
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improve the magnetostriction property of Terfenol-D [1, 7, 8]. Kellogg et. al. [ 6] reported
high tensile strength for Galfenol alloy [9, 10].

Oxidation of rare earth alloys is the severe concern for several applications and this
problem has partially been solved by replacing Terfenol-D with oxide based materials such as
hexagonal ferrites, garnets, spinels. ThsFesO1,;, DyFesOi1, and HosFesO;, single crystal
garnets showed magnetostrictions of 2400, 875 and 450ppm respectively at -290°C and it is
observed to vanish at room temperature [11]. Spinel materials have exhibited high
magnetostrictions at room temperature compared to rare earth based alloys and garnets. With
the substitution of Ni from x = 0 to 1 in Zn;«NixFe,O4, magnetostriction is observed to
increase from zero to 35ppm [12]. Sm and Ho substituted NiFe,O, have showed the
magnetostriction coefficients of -34 and -24ppm respectively, against the value -25ppm for
nickel ferrite [13].

Cobalt ferrite exhibits distinguishable magnetic and magnetoelastic properties (High
curie temperature, high resistance, high coercivity, positive magnetocrystalline anisotropy,
moderate magnetization) compared to other spinel ferrites (ZnFe,04, NiFe;04, MnFe,0,, etc)
[14,15,16,17]. Cobalt ferrite has mixed spinel structure (Random distribution of Fe** and Co*?
ions in A- and B- sites in spinel lattice) and the degree of inversion depends on the synthesis
method, chemical substitution, processing and annealing conditions [18]. Slonczewski and
Tachiki [19, 20] reported that at lower concentrations Co*™ ions in the octahedral site is
surrounded by Fe** ions, which produces a trigonal crystal field and the axis of symmetry lies
along one of the body diagonals of the spinel cubic crystal. This trigonal crystal field distorts
the symmetry of the cubic octahedral field produced by the oxygen ions resulting in lifting the
degeneracy of the d-orbitals of cobalt ions and produces unquenched orbital moments.
Magnetostriction and anisotropy energy results from the coupling of cobalt ion spin with its
angular momentum.

Bozorth et. al. reported the magnetostriction of ~-600 and 190ppm before field
annealing for the single crystal cobalt ferrite having the composition CoggFez204, When the
measuring field applied parallel and perpendicular to <100> direction respectively. After field
annealing along <100> direction magnetostriction measured in parallel and perpendicular
directions of <100> are observed to be ~-5 and 800ppm respectively. It is also observed from
the same study that magnetostriction not only depends on the measurement direction it also
depends on composition. Magnetostriction of CoiiFe; 904 and CoggFe, 20, compositions
measured along <100> directions was observed to be -250 and -600ppm [21]. Single crystals
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are limited due to the cost of production and difficulty in growing along a particular direction;
hence it is useful to develop polycrystalline materials for practical applications.

Muhammad et.al. have reported the effect of compaction pressure on magnetostrictive
properties of cobalt ferrites [22]. Cobalt ferrite sample compacted at 150MPa and sintered at
1350°C for 24h has showed maximum magnetostriction and strain sensitivity of ~-200ppm
and -0.6 x 10”° A™*m. The redistribution of ions (Co** and Fe*®) among the interstitial sites of
spinel structure has been attributed to the larger magnetostriction values. Cobalt ferrite
annealed at magnetic field of 10T for 3h showed the Anax and dAma/dH of -400ppm and -1.2 x
10™° A™'m and these are almost twice compared to that of unannealed sample. Nlebedium
et. al. have studied the effect of processing parameters and heat treatment conditions on
magnetostriction property of cobalt ferrite. They have reported that samples compacted at 127
MPa and sintered at 1350°C showed the Amax Of ~-210 ppm [23].

Lo et. al. studied the effect of magnetic annealing on magnetic and magnetostrictive
properties of polycrystalline cobalt ferrite and the authors have reported that the
magnetostriction is seen to increase from -200ppm to -250ppm after annealing [24]. From the
parallel and perpendicular magnetization curves they have confirmed that uniaxial anisotropy
is induced along annealing direction. Kaja Mohaideen and P.A. Joy reported [25] that the low
temperature (1100°C) sintered and magnetically annealed (magnetic field of 400 kA/m for
30mins and at 300°C) polycrystalline cobalt ferrite samples showed high magnetostriction and
strain derivative of 380ppm and 2.7 x 10-9 A-1m and it is claimed as the maximum
magnetostriction so far reported in the literature.

In a recent study by Wang et. al. [26] they have applied the magnetic field during
shaping of the pellet and after that sample was sintered at 1623K for 6h. 90% enhancement in
maximum magnetostriction is observed for oriented sample (~270ppm) compared to non-
oriented CFO (~142ppm) and strain sensitivity is increased from 2.2 x 10° A™m ( for non-
oriented sample) to 7.7 x 10" A™m (for oriented sample), which is the highest value compared
to any other unsubstituted and substituted cobalt ferrite.

Magnetostrictive properties of metal bonded cobalt ferrites are reported by McCallum
et.al. and the results were compared with Terfenol-D [27]. Magnetostriction and strain
derivative of -220ppm and -1.3 x 10”° A™m are observed for the cobalt ferrite composite and
are higher than that observed for Terfenol-D at lower fields. And also it is reported that these

materials exhibit better mechanical properties than Terfenol-D.
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Sekhar et. al. reported the magnetostrictive properties of Co1.xCuxFe,O4 [28].
Maximum magnetostriction of ~-170ppm is observed for x = 0.025 composition and
maximum strain sensitivity of ~4.52 x 10° A™m is observed for x = 0.15 composition
compared to pure (~0.25 x 10° A’m). Nlebedim et. al. studied the effect of Zn substitution
(Co1xZnygFe,04) on magnetoelastic properties of cobalt ferrite [29]. Unlike Co;.xCuxFe;O4
system, continuous decrease in Amax and dAmax/dH is observed with progressive Zn substitution
(-150ppm, ~0.5 x 10 A™m) compared to pure cobalt ferrite (-183ppm, ~0.7 x 10° A™m).
From the observation of both Cu and Zn substituted cobalt ferrite systems, even though the Cu
and Zn are substituted for Co™ ion, variations in magnetoelastic properties were observed,
which indicates that ion size and site preference strongly affects the magnetostriction
property. Similar effect was observed for CoMgxFe,.xO4 and CoZn,Fe,«O4 systems [30].

Magnetostrictive properties of Mn, Cr, Al, Ga substituted cobalt ferrite samples have
been studied by Jiles group [31-34]. CoTxFe,xO4 (T = Mn, Cr, Al, Ga) samples are
synthesized by solid state method and sintered at 1350°C for 24h. The authors have reported
the Amax OF -180, -78, -140, -100ppm and dAma/dH 0f 2.5 x 10° A™m, 2 x 10° A'm, 2.9 x 10°
® A'm, 3.2 x 10° A m for the respective substituted cobalt ferrites. From the observation of
results they have reported that positive magnetostriction at lower fields might be due to the
change in sign of anisotropy of the compositions, which affected the magnetostriction. Khaja
et.al. reported the magnetostrictive properties of CoMn,Fe,.xO4 (x = 0 to 0.3) [35]. Maximum
magnetostriction of ~232ppm was observed for x = 0.2 composition and is further increased to
-262ppm with magnetic annealing. P.N. Anantharamaiah et. al. studied the effect of magnetic
annealing and substitution of Al and Ga on magnetic and magnetostrictive properties of cobalt
ferrite [36, 37]. Magnetostriction and strain sensitivity of CoAlsFe,«O4 are observed to
increase from -217ppm and 1.4 x 10° A™m for x = 0 to -230ppm and 2.4 x 10° A™m for x =
0.1 and with magnetic annealing is observed to increase from -225ppm and 3.3 x 10° A'm
for x = 0 to -306ppm and 4.5 x 10°° A m for x = 0.1. Ms, Hc, K, T are observed to decrease
with increasing concentration of Al in spinel lattice. Similarly, with Ga substitution Amax iS
observed to decrease from -250ppm for x = 0 to -100ppm for x = 0.3 and with magnetic
annealing is observed to increase from -22ppm to -306ppm for x = 0.1. The magnetostriction
reported in this study is larger than that of same composition reported by Jiles group.

Nlebedim et. al studied the effect of Ti** substitution on magnetostriction properties of
cobalt ferrite and the results were compared with the magnetostriction of Ge substituted cobalt
ferrite reported by Ranvah et. al. [38, 39]. CoxTixFe2-2x04 and Cop.xGexFer-2x04 samples
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were prepared by conventional ceramic method and sintered at 1350°C for 24h. Continuous
decrease in magnetostriction was observed with increasing Ti** concentration from -220ppm
for x = 0 to -20ppm for x = 0.1, whereas Amax IS Observed to increase to from -241ppm with Ge
substitution (x = 0.1) compared to pure (-220ppm). Strain sensitivity is also observed to
increase with progressive Ge concentration from 2 x 10° A™m for x = 0 to 2 x 10”° A'm for x
= 0.1. Rao et. al. reported the magnetostriction properties of Si substituted cobalt ferrite,
prepared by solid state method and sintered at 1250°C for 4h. Amax OF all Si- substituted cobalt
ferrites is observed to be nearly equal to the parent composition (-90ppm) [40].

In order to achieve better enhancement in magnetostriction and strain sensitivity,
based on the knowledge acquired from the literature review, objective of this thesis work has

been framed.

2.2. Objective:

The objective of the present investigation is to study the influences of magnetic field
assisted compaction and co-substitution of Zr**/Co™? Ti**/Co*?, Ce**/Co™ for 2 Fe** in the
CFO lattice on the structural, magnetic and magnetoelastic properties of cobalt ferrite. Zr**,
Ti*™ and Ce™ ions have been chosen to investigate the effect of site preferences and ionic
sizes on magnetostrictive property of cobalt ferrite. Magnetic compaction technique has been
chosen to study the magnetic domain orientation effect on magnetic and magnetoelastic
properties of cobalt ferrite.
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In this chapter details of synthesis method and various characterization techniques carried
out in this work are reported

3.1. Preparation of samples

In the present study conventional solid state method was used to synthesize the
material. A solid state reaction is also called a dry media reaction and has a high reaction
rate. Synthesis of polycrystalline ceramic materials using wet chemical solution method
increases the better control over particle size, stoichiometry and chemical homogeneity
compared to solid state reaction method. But industrial application point of view solid state
reaction is the most appropriate method to produce large scale quantity of materials and
properties of the material changes when it varies from nano to micron level. By considering
it as a major issue, in the present study solid state reaction method was used to synthesize
the material. In this method carbonates and oxides precursors are mainly used, hence it is
also called as mixed oxide route. The precursors are taken in stoichiometric quantities and
ball milled for several hours to achieve better homogeneous mixture of the oxides and
reduction in particle sizes and subsequently these precursor powders were heat treated at
elevated temperatures for the complete phase formation.

In the present investigation a series of Zr, Ti and Ce-substituted polycrystalline
cobalt ferrite samples with nominal compositions, Co1+x(Zr/Ti)xFe2-2x04 (where x = 0.0 to
0.4) and Co1+xCexFe2-2xO4 (where x = 0.0 to 0.04) were synthesized by conventional solid-
state method using Fe20s, ZrO., TiO2, CeO2 and Co30s powders as precursors. These
precursor powders in appropriate ratios were subjected to ball milling for 3hrs to ensure
proper mixing followed by calcination at 1000°C for 24 hours to impart the phase
formation. The calcined powders were subsequently ball milled for 5 hrs to reduce the
particle sizes. After repeated calcination and grinding the powders were pressed into pellets
using uniaxial compaction in the presence and absence of applied magnetic field. The green
samples, after appropriate drying, were sintered at 1300°C for 12 hours in a resistive
heating muffle furnace. These sintered pellets were used for further structural and magnetic
characterizations.

Calcination: Calcination is a heat treatment method in which the partial or complete phase
formation occurs. In this process interaction between the constituents takes place by the
inter diffusion of ions and atoms and as a result homogeneous material will be obtained.

Calcination parameters are the key factors, which control the shrinkage during sintering.
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Calcination temperature must be below the melting point of the material and the yield after
calcination consists of a very consistent product in which 70-75% phase will be formed.
Granulation: The process of Calcination increases the particle size and it results in the
formation of lumps. . Particle size of calcined powder was reduced via the process of ball
milling and it was sieved 2 to 3 times using a mesh to obtain a homogeneous powder. The
process in which granules (greater units of powder) are formed from the fine and
homogenous size powder is called granulation. This process is very important since the
granulated powder has a better flow compared to fine powder and it also adds strength to
the compacts. Mixing the fine powder with polymer binder in small quantity resulted in
granulated powder. In the present investigation it was achieved by adding 1wt% of
polyvinyl alcohol (PVA). Polyvinyl alcohol binds the powder thoroughly and intense
mixing forms spherical granules.
Pelletization: The process of application of pressure on granulated powder to form
compact pellets is called pelletization. During this process the CoFe;O4 (CFO) granulated
powder was loaded into a die of desired size and shape and then pressed using appropriate
pressure in a uniaxial press. Cylindrical pellets of 10mm thickness and 10mm diameter
were formed during the process of Pelletization. Green density of pellets is observed to
increase with increase in applied pressure, as shown in Fig. 3.1.
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Figure 3.1 Relation between applied pressure and green density of CFO pellets
But as the amount of load is increased beyond a certain point the surface of the
pellet begins to crack. This was observed when the applied pressure was increased to 400
to 500 MPa. Since lower applied pressure produces lower green density as observed in fig
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3.1, the applied pressure was varied and fixed at a value of 275 MPa to get optimized green
density. The required amount of powder was pressed at an optimized pressure of 275MPa
for 2-5 minutes using uniaxial press.

Magnetic compaction:

Compaction is one of the key parameters in the processing of CFO and if it is
performed in the presence of magnetic field is expected to enhance the magnetic properties.
Therefore, one more set of pellets were prepared using the calcined powders of CFO.
Required amount of powders were taken in a non-magnetic die and pressed into pellets in
the presence of magnetic field (~ 1 Tesla). Magnetic field was applied approximately for

2sec along the axial direction. Schematic of magnetic compaction is shown in Fig. 3.2.

Applied load

direction Electromagnet

Non-magnetic
die

Fig. 3.2. Schematic of magnetic compaction
The Green density of the pellets was measured using the dimensional method after
the pellets were dried at 100°C in an oven for 12 hrs. In the dimensional method the
average thickness (h) and diameter (2r) of the sample were measured using vernier calipers
and weight (m) of the sample was measured by weighing balance. The density of the
sample measured by the dimensional method (Dwm) can be expressed as,

Theoretical density of cobalt ferrite was calculated as follows,

The molecular weight of one mole of CoFe204 is ~234.62g, which is used as a base
to calculate the theoretical density. Unit cell of spinel lattice consists of eight formula units.
Molecular weight of one CoFe2O4 molecule = (234.62/Na) ¢
Molecular weight of a unit cell (m) =8 x (234.62/Na) g,
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where ‘Na’ is the Avogadro’s number. The volume of each unit cell of a spinal ferrite is a3,
where ‘@’ is the side of a cubic unit cell. Each edge ‘a’ (A") of a cubit unit cell of CoFe204
is 8.37 A.
Volume (V) = a®
Density (D) = m/V = (8 x 234.62)/([6.023 x 10%°][8.37] 3 x [10%])
=5.3g/cm®
The ratio of measured density divided by the theoretical density calculated from the
structure parameters gives the relative density of the sample.

%Relative density (gm/cm?3) = (Dm/Di) x 100.................. 2)
Binder burn out and sintering
The PVA binder, which was used during the process of granulation, is removed from the
sample through evaporation by heating the sample. A rapid heating rate results in the
development of cracks in the sample and hence the green pellet was initially subjected to
slow heating process at 100°C for 12 hrs in a hot air oven. The Binder burn out is then
carried out at 500°C for 3 hrs to completely evaporate the PVA out of the sample. The
process of sintering should then be carried out as soon as the binder is evaporated. Both
grain growth and densification occur during the process of sintering. The process of
reducing the porosity of the sample is called densification. The grain boundary motion
occurs during the grain growth which resulted in larger grain size. Fig. 3.3 shows the

schematic of sintering schedule.
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Figure 3.3 Sintering schedule

During the process of sintering atoms diffuse, in the sample from a region of high

chemical potential to a region of lower chemical potential. Different sintering mechanisms
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cause the atoms to diffuse from one location to another in different paths. These different

mechanisms are categorized as densifying and non-densifying mechanisms.

Non-densifying mechanism: Atoms diffusing within the same surface or onto another
surface is categorized as non-densifying mechanism. Basically atoms rearrange themselves

on the surface without causing the pores to shrink.
e Surface diffusion — Atoms diffuse along the surface of a particle
e Vapor transport — Atoms evaporate and then condense on a different surface
e Lattice diffusion from surface — atoms diffuse from surface through lattice

Densifying mechanism: Atoms moving from the bulk to the surface of the pores is
categorized as densifying mechanism. This mechanism increases the density as the porosity

of the sample is eliminated.

e Lattice diffusion from grain boundary — atom from grain boundary diffuses through

lattice
e Grain boundary diffusion — atoms diffuse along grain boundary
e Plastic deformation — dislocation motion causes flow of matter

Grain growth: The interface or the transition area between adjacent crystallites of same
lattice and chemical composition is a grain boundary. Due to the diffusion, the atoms shift
positions in the grain boundary thereby having higher energy state compared to atoms in
crystal lattice of the grain. Because of the difference in energies of the grain and grain
boundaries etching (thermal or chemical) helps in revealing the microstructure of the
ceramic samples. Normal grain growth results in microstructure with uniform grain sizes,
whereas abnormal grain growth produces microstructure with random sizes of the grains. In
the present work sintering has been carried out in fast firing furnace at 1300°C for 12 hrs.

Results of sintered sample will be discussed in the following chapter.

Density measurement

Densities of sintered pellets were calculated both by dimensional and Archimedes
methods. The geometric sintered density of each cylindrical pellet was calculated on the
basis of mass and volume measurements, using a precision balance (accuracy 0.0001 g) and
vernier calipers (accuracy 0.01 mm), respectively. Weight of the as sintered sample was

taken as Dry weight (D).
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The density measurement using Archimedes method is carried out as follows using
the ASTM standards (ASTM-C37-C38). The sintered samples were subjected to boiling for
5hours and soaking in distilled water for 24hours. Using density measurement apparatus
weights of the sample in air (saturated weight (W)) and water (suspended weight (S)) were
measured.

Density = DI(W=-S)...ooiiii e, 3)

3.2. Characterization techniques

In the present investigation the sintered pellets were characterized for structural,

microstructural and magnetic properties using the methods described below.
3.2.1. X-RAY DIFFRACTION (XRD)

X-ray diffraction technique can be used to determine the crystal structure of
crystalline materials and also the information on phase purity can be obtained from the X-
ray diffraction pattern. When X-rays interacts with a crystal, the scattering of x-rays occur
in all directions. The diffraction is generated, when a large number of scattered rays
mutually reinforce each other. The specific condition for diffraction to occur can be
described by the well-known Bragg’s law, i.e.

2d SINO =Nt e 4)
Where ‘0’ is the angle between the incident X-ray and the diffraction plane, ‘d’ and ‘A’ are
the inter planar spacing and incident X-ray wavelength respectively, and ‘n’ is an integer
corresponding to the order of diffraction. By indexing several sets of diffraction peaks in
the XRD spectra, the phase identification is possible in terms of the unique sets of ‘d’
spacing for a particular material. The process for measuring the lattice parameters by X-ray
diffraction is indirect as it is derived from the measured parameters, such as Bragg angle of
the diffraction planes. For cubic materials, such as spinel cobalt ferrite, the lattice
parameter (a) is proportional to the spacing (d) of any particular set of (hkl) Bragg plane,

i.e.
a=d~h+1"+k*.

By measuring the Bragg angle 0 and using the Bragg law 2dsin = A the lattice
parameter ‘a’ can be calculated from equations 4 and 5 mentioned above.
In the present investigation X-ray diffraction pattern of the sintered pellets were

recorded on Bruker D8 Advance diffractometer using Cu-k, radiation of wavelength
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1.5406 A. Cu-k, radiation with wavelength 1.5406 A was generated using an acceleration
voltage of 40kV and current of 30mA.

Generally, diffraction line broadening has three contributions; instrumental effect,
crystallite size and micro strain. Therefore, the total experimental line broadening (Bexp) can
be expressed as,

Bexp = Pins T Psize T PStrain «vevveverenenrereriiieiriieeereniiienn, (6)
Where Bexp IS the experimentally measured line broadening, i.e. full width at half maximum
of the diffraction peaks (FWHM); Bins, Psize, Pstrain are FWHM due to the instrumental
broadening, crystallite (grain) size broadening and strain-induced broadening respectively.
The separation of grain-size broadening and strain broadening can be obtained by
Williamson-Hall plot. The plot of BcosO vs sin6 is known as Williamson-Hall plot. If there
is no micro strain present in the grain fcos® will show no dependence on sinf, and thus a
flat and linear plot will appear. If strain shows an important contribution to the broadening
of diffraction peak, Bcos® will have a linear dependence on sinf, and the strain can be
estimated from the slope of the plot. Contribution from instrumental broadening can be

eliminated by the following equation,

BZ = (Bexp)2 — (Bins)2 .................................................. (7)

3.2.2. MICROSTRUCTURE ANALYSIS:

Microstructure analysis of the sintered pellets was carried out using HITACHI S-
3400N Scanning Electron Microscope (SEM).
Working Principle:
SEM is a microscope that works with electrons (particles with a negative charge) instead of
light. Electrons are liberated from a field emission source and accelerated in a high
electrical field gradient. Within the high vacuum column these so-called primary electrons
are focused and deflected by electronic lenses to produce a narrow scan beam that
bombards the object. As a result secondary electrons are emitted from each spot on the
object. The angle and velocity of these secondary electrons relates to the surface structure
of the object. A detector catches the secondary electrons and produces an electronic signal.
This signal is amplified and transformed to a video scan-image that can be seen on a

monitor or to a digital image that can be saved and processed further.

Sample Preparation:
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Sintered pellets were polished using grade-B alumina slurry (particle size ~ 1um)
and diamond paste (particle size ~ ¥4 um) to get scratch free smooth surface. These
polished samples were sonicated using acetone for 20mins. And these samples were
thermally etched at 1250°c for 15mins and then cooling down to room temperature using
normal cooling rates. The samples have to be conductive for SEM viewing. The samples
were dried thoroughly to get rid of any physically adsorbed water on the sample surface
before loading into the SEM chamber. The samples were made conductive by coating them

with an extremely thin layer (1.5 - 3.0 nm) of gold or gold-palladium.
3.2.3. Magnetic Properties Measurement

A Quantum design physical property measurement system (PPMS-6000) was used
to study the magnetic properties of the samples at different temperatures (~5, 150, 300K) at
an applied magnetic field upto ~4000 kA/m. Magnetization was measured on sample size
of 2mm x 2mm x 1mm.

(a) Working principle

The vibrating sample magnetometer (VSM) option in PPMS is used to measure
magnetization. The working principle of VSM is based on the magnetic induction
measurements, involving observation of the voltage induced in a detection coil by a flux
change when the applied magnetic field or sample position is changed. According to
Faraday’s law of electromagnetic induction, the voltage induced is proportional to the rate
of change of magnetic flux, i.e.

V=d/dte (8)
where @ is the magnetic flux enclosed by the pickup coil. Voltage for a sinusoidally
oscillating sample position is given by

V =27fCmA sin(27ft)......ccooviiiiiiiiiii e 9)
Here ‘f” and ‘A’ are the frequency and amplitude of oscillation respectively. ‘C’ is the

coupling constant and ‘m’ is the DC moment of the sample.

3.2.4. Torque magnetometer:

Anisotropy constant of a crystalline material can be estimated from the torque
curves. Torque curve basically represents the torque required to rotate the magnetization
direction away from easy axis of magnetization as a function of angle of rotation. Torque

curves can be measured using torque magnetometer.

Principle:
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In the torque magnetometer a sensitive torsion fiber is used to place the sample in a
saturating magnetic field. Other end of torsion fiber is connected to the sensing circuit,
which senses the torque produced in the fiber. When the sample is rotated in the magnetic
field about the axis passing through its center, the sensing circuit measures the torque
developed in the fiber. If the magnetic field is strong enough to saturate the sample, the
energy required to rotate the saturation magnetization from its easy direction is known as
anisotropy energy. The first derivative of anisotropy energy (E) with respect to angle of
rotation(0) gives the torque (L).

L=dE/dO.. ..ttt e e (10)

In the present investigation during the torque measurements were, amplitude of the applied
magnetic field was kept constant, whereas the direction was changed from 0° to 360°

(clockwise) then back from 360° to 0° (counterclockwise) with a step of 5°.
3.2.5. Magnetoelastic property measurement

The magnetostriction was measured on flat surfaces of samples by using standard
strain gauges at room temperature. Magnetostriction setup contains an electromagnet, Hall
probe, strain indicator and strain gauge. An external magnetic field of ~800kA/m was
applied to the sample and the resultant strain was measured from strain indicator.
Principle
Resistance of metallic material changes when it undergoes dimensional changes. So by
measuring the change in resistance the strain developed in the specimen can be estimated,
which is the basic principle of strain gauge. Strain gauge is tightly bonded on the specimen
to measure the change in length (contraction or elongation). The change in resistance of the
strain gauge (AR) to the original resistance R is related to the dimensional change (AL/L) of

the sample,

Where, k is called gauge factor related to the strain gauge sensitivity, AL is change in
length, and L is the original gauge length. Change in resistance of strain gauge will be
measured using the Bridge circuit. Bridge circuit is built by combination of four resistors
and the bridge get balanced when
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In this case irrespective of input voltage (E) output is zero. When one of these resistors is
replaced with the strain gauge in the circuit, it loses its balance, hence the output voltage

changes.

Cutput, &

__inpuit, E J'

{a)

ih

Fig 3.4 (a) Basic wheat stone bridge Fig 3.4 (b) Ry substituted by strain gauge
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Magnetostriction (1) and its sensitivity to applied magnetic field (dA/dH) depend mainly on
the amount of Co™ ion in the B-site and the super exchange interaction between the A-B sub-
lattices in the spinel structure. The valency of the dopants (di-, tri-, tetra-valant), their
amount (degree of doping) and site preferences (tetra- or octahedral coordination) largely
decide the overall distributions of the cations in the A and B sites of the ferrite crystal
structure. Therefore, to study the effect of site preference on magnetic and magnetoelastic
properties, substitution of Zr** and Ti** ions into CFO lattice, which are known to have
preference for tetra and octahedral sites, respectively, have been studied. Chapter 4
describes the structural, magnetic and magnetoelastic properties of Zr** and Ti** substituted

cobalt ferrite samples and the results have been compared.

4.1. Structural properties
Figures 4.1 and 4.2 show the x-ray diffraction patterns of the sintered Zr and Ti-
substituted cobalt ferrite samples (Co1+xMxFe;-2xO4 (0 < X < 0.4 and M = Zr, Ti)),
confirming the single-phase spinel structure except for x = 0.4 sample. An overall increase
(from ~8.375 A for x = 0 to ~8.392 A for x = 0.4) and decrease (from ~8.375 A for x = 0 to
~8.358 A for x = 0.4) in lattice parameter, as shown in Fig. 4.3, have been observed with
progressive substitution of Zr and Ti in the cobalt ferrite lattice, respectively. The lattice

parameter obtained for pure cobalt ferrite is in good agreement with reported literature [1].
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Figure.4.1. X-ray diffraction pattern of Co1.+xZryFes.2x04 (0 < X < 0.4) sintered at 1300°C
for 12 hrs.
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CoFe,04 is known to have partial inverse spinel structure and the inversion factor

depends on sample synthesis method, annealing temperatures and heat treatment schedule

[2-7]. Based on the cation distribution in tetra- and octahedral sub lattices, lattice parameter

of ferrite material varies [8-11]. Zr** and Ti** ions are known to occupy tetrahedral (A) and

octahedral (B) sites respectively due to their strong preference for respective coordination

[1, 12, 13].
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Figure.4. 2. X-ray diffraction pattern of Cop.xTixFe2.2x04 (0 < X < 0.4) sintered at 1300°C

for 12 hrs
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Figure. 4.3. Variation in lattice parameter of Co1+x(Zr/Ti)xFez-2x04 (0 < X < 0.4) samples

with respect to temperature and composition.
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Lattice parameter of Co1+xZrkFe;.04 (0 < x < 0.4) is observed to increase, based on
the fact that the ionic radii of Zr™ in tetrahedral co-ordination is greater than those of Fe*?
ion with similar coordination. The decrease in lattice parameter for Ti** substitutions could
be due to the smaller ionic radius of Ti** ion than Fe** ion in octahedral site. Similar trend
in lattice parameter was observed in previously reported literature for Zr and Ti substituted
samples [1, 12].

4.2. Microstructural properties
Figure 4.4 and 4.5 shows the SEM images of the polished surface of the sintered
Co1+xMxFey 204 (0 < x < 0.4 and M = Zr, Ti) samples.

Figure.4.5. Scanning electron micrographs of the sintered pellets of Co1.xTixFe2.2x04
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The average grain sizes estimated using line intercept method of all the Zr and Ti
substituted cobalt ferrite samples have been found to be ~ 10 um, except for x = 0.4
composition of both the dopants. Slight reduction in grain size was observed for
C01.4Mg 4Fe1,04 (M = Zr, Ti) samples and this could be due to the presence of extra phases
ZrO, and Ti,O3 in the respective samples, which were act as grain growth inhibitors.

4.3. Magnetic properties

Filed dependent M-H hysteresis loops of CoxMxFe2.2x04 (0 < x < 0.4 and M = Zr,

Ti) measured at 5K, 150K and 300K temperatures are shown in Fig. 4.6 and 4.7. As the

temperature decreases an expansion in hysteresis curves of all the compositions is observed.
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Figure.4.6. Magnetization vs magnetic field plots of Zr substituted Coy+xZrxFe;.2x04 (0 < X
<0.4) samples measured at 5, 150, 300 K.
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Figure.4.7. The M-H curves of Ti substituted Co1.+xTixFe2-2x04 (0 < X < 0.4) cobalt ferrites
measured at 5, 150, 300 K
From the magnetization curves of all the compositions it is observed that,
magnetization measured at room temperature (~300K) is seen to approach saturation but at
lower temperatures (~150K and ~5K ) slight increment in magnetization with increasing
magnetic field is observed, which indicates that maximum applied field of ~4000 kA/m is not
sufficient to saturate the magnetic moments.

a. Magnetization:
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Figure. 4.8 shows the explicit dependence of maximum magnetization (Mmax),
obtained at maximum applied field of ~4000 kA/m, on temperature and composition. From
Fig. 4.8. the maximum magnetization (Mmax) IS seen to increase and decrease as the
temperature decreases from 300 K to 5 K for all the Zr and Ti substituted samples,
respectively. Similar variation in magnetization around ~150 K is observed in the previously
reported literature on cobalt ferrite [14].
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Figure. 4.8. Magnetization of Co, MFe O (0<x<04andM =Ti, Zr) samples as a

function of temperature and composition. (Circle and triangle shapes indicate Ti and Zr
substitution; black, red and blue colors indicate 300, 150, 5K temperatures, respectively)

As the temperature decreases from ~300 to 150 K, because of the presence of lower
thermal energies randomness in the spin alignment decreases, which results in effective
alignment of magnetic moment with increasing applied magnetic field at ~150 K. Further
decrease in temperature from ~150 to 5 K induces large anisotropies in the system. Martin
et.al [15] reported that the second order anisotropy constant K, of CoFe,O, single crystal
increases significantly around 150 K, which consequently changes the easy axis of
magnetization from (100) to (111). In this temperature region magnetization behavior can be
explained based on two factors, thermal energy and anisotropy energy. Due to the reduced
thermal energies at ~5 K temperature, the applied magnetic field is the only key to align
magnetic moments against the increased anisotropy energy, resulting in lowering of

maximum magnetization (Mpax).
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From Fig. 4.8, Mpnax IS observed to increase and decrease as the Zr and Ti
concentration increases, respectively. For pure cobalt ferrite maximum magnetization is
observed to be ~402 kA/m, this is in agreement with the literature [1]. The overall
magnetization in ferrite materials depends on the antiparallel magnetic interaction between
the moments of cations in tetrahedral and octahedral sites. Therefore, the net magnetization
comes from the difference between the magnetization of the A and B sites. Cobalt ferrite is
known to have mixed spinel structure and the magnetic properties of cobalt ferrite material
vary based on the site occupancy of different cations in cobalt ferrite lattice [16, 17]. In case
of CO1+xZrxFe2.2x04 (0 < x < 0.2) samples, due to the occupancy of non-magnetic Zr™ ions in
tetrahedral site, magnetic moment of the respective site is expected to decrease, which in turn
resulted in increase in the total magnetic moment with the progressive Zr** substitution in
cobalt ferrite lattice. In case of CoyxTixFe2204 (0 < x < 0.4) samples, B-site magnetic
moment is expected to decrease because Ti** ions have strong preference for octahedral site,
hence resulted in decrease in net magnetic moment with increasing Ti** concentration in
cobalt ferrite samples. For both the dopants Mpnax iS observed to decrease for x = 0.4
composition, which could be due to the presence of extra ZrO, and Ti,O3 phases in the

system.
b. Magneto crystalline anisotropy coefficient:

The magnetocrystalline anisotropy constant (K;) of the substituted cobalt ferrite
samples was determined according to the “Law of Approach” (LOA) to saturation
magnetization. In the saturation region with increasing applied magnetic field domain
rotation occurs against anisotropy energy. Therefore, the high filed region corresponding to
the saturation magnetization can be considered to estimate the first order anisotropy constant.
Magnetization processes at an applied field greater than coercive field (H > H.) is expressed
by the following equation [18],

M=Ms(1-a/H-b/H?- .. )+kH. ..ottt (1)
where M, Mg and H are the magnetization, saturation magnetization, applied field
respectively and « is the forced magnetization coefficient, which represents the linear
increment in spontaneous magnetization at high applied magnetic fields. This forced
magnetization term ‘xH’ can be neglected for the magnetization measurements performed at
temperatures far below the Curie temperature. The coefficient ‘@’ is related to the inclusions

and microstress in the system and coefficient ‘b’ describes the magnetocrystalline anisotropy
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of the sample. For the magnetization measurement carried out at ambient temperature and
ignoring the contribution of coefficient ‘a’, equation (1) can be expressed as,

M =Ms (1= B/H?) oo, (2)
Anisotropy constant was estimated from the M-H data by fitting the LoA in the form of y =
mXx - ¢, as given below

MIMs = 1-B/H? oo, (3)
Slope of the plot of M/Ms vs 1/H? is equal to the coefficient ‘b’. For cubic structured
randomly oriented polycrystalline samples, the coefficient ‘b’ is given as,

b = (8/105) (K1 /HoPMS2). ..o, (4)
where L is the permeability of free space. In the present study ‘M’ values corresponding to
the applied fields above ~2800 kA/m were used to fit equation (2).

Fitted plots, using equation (3), of Co1+xMxFe2.x04 (x = 0, 0.2 and M = Zr, Ti)

compositions are shown in Fig. 4.9. ‘K;” was estimated from equation 4, by equating the

slope to the coefficient ‘b’.
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The variation in anisotropy coefficient (K1), estimated from equations 2 and 3, with
respect to temperature and composition is shown in Fig 4.10. K; of pure cobalt ferrite (~4.1 x
10° J/m®) estimated from the magnetization curve measured at room temperature (~300 K) is

in good agreement with the previously reported literature [1].
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Figure.4.10. Variation of anisotropy constant (K;) as a function of temperature and
composition. (Circle and triangle shapes indicate Ti and Zr substitution; black, red and blue

colors indicate 300, 150, 5K temperatures, respectively)

K, is observed to increase (~4.45 x 10° J/m®) and decrease (~4.27 x 10° J/m®) with
decrease in temperature from ~300 to ~150 K and subsequent decrease from ~150 to 5 K
respectively. Similar type of peaking behavior was observed in the reported literature [14]. In
general, anisotropy constant has to increase with decrease in temperature due to reduced
thermal energies but in the present study it is not in agreement with the expectation.
Significant contribution of K, around 5 K increases the anisotropy energy; hence the
maximum applied field (~4000 kA/m) was insufficient to saturate the magnetic moments.
Therefore, the estimated K; values from the unsaturated magnetization data around 5 K are
not reliable. Similar type of peaking behavior around ~150 K was observed for all Zr and Ti
substituted samples.

From Fig. 4.10 the anisotropy constant (K;) is observed to increase with increase in

substitution of Zr** and Ti*™. Slonczewski [19] proposed that large positive
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magnetocrystalline anisotropy of Cobalt ferrite compared to magnetite is ascribed to the
presence of Co™ ions at octahedral site of spinel lattice. Tachiki [20] reported that, at lower
substitution levels of Co*? in magnetite, it occupies the center of the threefold symmetry
(trigonal field) of charge distribution produced by the next nearest neighbor B-site metal
ions. In the presence of cubic crystalline field of oxygen neighbor ions ground state energy
levels of Co*™ ion splits into doubly degenerate dy levels (dx2-y2, dz2) and triply degenerate de
levels (dxy, dy;, dx;). Due to the distortion of octahedral field in the presence of trigonal field,
again these triply degenerate levels splits into singlet (higher energy) and doubly degenerate
levels (lower energy). Spin-orbit coupling, which is the main origin of cubic crystalline
anisotropy arise from the unquenched orbital angular momentum of Co*? ion in the doubly
degenerate level. As the concentration of Co*? ions in B-site increases beyond x > 0.7, it
further removes the degeneracy because of the crystalline field produced by the randomly
distributed Fe*® and Co*? ions in B-site [20]. This subsequently results in quenching of the
orbital angular momentum and thereby reduces the cubic crystalline anisotropy. Therefore,
the concentration of Co™® ions in B-site is the main key factor to decide the strength of
magnetocrystalline anisotropy energy of substituted cobalt ferrite material. In the present
investigation anisotropy coefficient is observed to increase with increasing Zr** and Ti**
substitutions in the CFO lattice. In case of Zr* substitution, because of its strong preference
for tetrahedral site, Fe* ions are expected to migrate from A- to B-site, which results in
lowering of the crystal field distortion and as a consequence increase in magneto crystalline
anisotropy is observed. Since Ti** ions have stronger preference for octahedral site it replaces
the Fe** ions from B to A-site. Along with Ti** ion Co* ion prefers to occupy B- site, hence
co- substitution of these two ions in CFO lattice increases the Co*? concentration in the B-
site. Increase in anisotropy in case of Ti** substitutions could be due to the increasing Co*?
concentrations within the limit of x > 0.7 in B-site. This observed variation in K; is not in
agreement with the reported literature on Ti doped CFO [21]. Anisotropy constant mainly
depends on amount of Co*? ions present at B-site, which varies based on the heat treatment
temperature and schedule and such study was already reported for pure cobalt ferrite [22, 23].
The difference in heat treatment conditions compared to existing literature may lead to the

disagreement with the trend reported in literature.
c. Coercivity:

Figure. 4.11 shows the dependence of coercive field (Hc) on temperature and

composition. As the temperature decreases coercivity is observed to increase for all
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compositions. Coercivity of a system mainly depends on the anisotropy energy. The observed
increase in coercivity could be due to the presence of large anisotropy energy at lower
temperatures. From Fig.4.11 it is also seen that the coercive field increases with increasing
Zr'* and Ti** substitutions into CFO lattice. Coercive field for pure cobalt ferrite is observed
to be ~4.5 kA/m, this is similar to the previously reported value [1]. The Hc in pure cobalt-
ferrite is predominantly due to the single ion anisotropy of Co*? ions in octahedral site.
Therefore, increasing concentration of Co*? ion in B-site with the progressive substitution of
Zr* and Ti** ions lead to increase in magnetocrystalline anisotropy energy as well as

coercive field.
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Figure. 4.11. Effect of temperature and composition on coercive field of Cop(Zr/Ti)xFe,-
2x04 (0 < x <0.4) samples. (circle and triangle shapes indicate Ti and Zr substitution; black,

red and blue colors indicate 300, 150, 5K temperatures, respectively)

The difference in reduction in exchange interaction due to the substitution in A and B
site of spinel lattice results from the difference in the co-ordination number (C.N.) of ions in
these sites. Zr™ ion substitution into the A-sub lattice (C.N. 12) reduces the tetrahedral-
octahedral exchange interaction more compared to Ti** ion substitution into the B- sub lattice
(C.N. 6). This results in lower coercive fields for Co+xZrFez-2x04 (0 < X < 0.2) compared to
Co14xTixFe2.2x04 (0 <x < 0.2) samples at room temperature (~300 K).
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As the exchange interaction reduces, spin arrangement will become more non
collinear. Therefore, more non collinear spin arrangement is anticipated in Zr** substituted
samples compered to Ti** substituted CFO. As the temperature decreases (~150 and 5 K) the
collinear spin arrangement in a system increases. The superimposed coercive fields for Zr™
and Ti** substituted systems at ~150 and 5 K, as depicted in Fig. 4.11, could result from
similar spin arrangement of these systems at lower temperatures. But, a difference in
coercive fields for x = 0.2 and 0.4 samples at ~5K was observed. As the temperature
decreases beyond ~10K, the contribution from the second order anisotropy constant, K,
dominates [20] and influences the magneto crystalline anisotropy constant (K;). The
observed variation in coercive fields for x = 0.2 and 0.4 at 5K could be due to the combined
effect of K; and Ko.

d. Field sensitivity of magnetization:

Variation in field sensitivity of magnetization (dM/dH) obtained by differentiating the
low field magnetization data (< 20 kA/m) as a function of temperature and composition is

shown in Fig. 4.12.
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dM/dH indicates the easiness of material response to the applied magnetic field. From
Fig. 4.12, dM/dH is observed to increase with increase in temperature; this could be due to
increased thermal activation energy, which enables magnetic moments to orient easily in the
direction of applied magnetic field. Fig. 4.12 also shows that dM/dH increases with the
increasing substitution of Zr and Ti in the CFO lattice. Low field magnetization behavior is
mainly related to the domain wall motion, which explicitly depends on exchange interaction
energy [18]. Substitution of non-magnetic Zr and Ti** ions in CFO lattice reduces the
strength of the exchange interaction between tetrahedral and octahedral sub lattices. Strength
of exchange interaction energy is known to have inverse relation with domain wall thickness.
As the exchange interaction energy reduces it increases the domain wall thickness, which in
turn decreases the angle between the spins within the wall [18]. Thus, magnetic response of

the material increases towards the application of smaller amount of magnetic field.
e. Transition temperature:

Figure.4.13 shows the M-T curves of C01+xMxFe2.204 (X = 0, 0.2 and M = Zr, Ti)
samples. As the doping concentration up to x = 0.2 reveals single phase structure and showed
similar variation in other magnetic properties, hence x = 0.2 doping concentration has been

chosen to investigate the magnetic transition temperature.
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Transition temperatures (Tc) were estimated from the plot of first derivative of
magnetic moment with respect to temperature and are shown in inset of Fig. 4.13 as a
function of temperature. Transition temperatures of CoFe,04, Co12Zro2Fe;604 and
Co1,Tig2Fe;1 604 were observed to be 517, 445 and 472 °C. Measured Tc value of pure
cobalt ferrite in the present study is in well agreement with the reported value [24]. In the
spinel structure metal ions on A-sites are coupled strongly with 12 neighboring metal ions
on B sites, while ions on the B-sites have strong exchange interaction with 6 neighboring
metal ions in A-site. Therefore, Substitution of non-magnetic Zr* ions in A-site of CFO
lattice is expected to reduce the exchange interaction relatively high compared to the
substitution of non-magnetic Ti** ions in B-site, hence resulted in lower transition
temperature for Zr™ substituted samples compared to pure and Ti** substituted samples.

4.4. Magnetoelastic properties

Magnetostriction (A) of C01+xMxFe2.2x04 (0 <x <0.4 and M = Zr, Ti) samples,
measured at room temperature, as a function of applied field (H) are shown in Fig. 4.14 and
15.
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Figure. 4.14. Magnetostriction curves of Co1+xZrxFez.2x04, (0 < x < 0.2) samples at room
temperature. Inset: Variation of magnitude of maximum magnetostriction as a function of
composition, X.
As the substitution levels of Zr™ and Ti* concentrations in the CFO lattice increases,

magnetostriction amplitude (A) is observed to decrease up to x < 0.1 and increased for x = 0.2
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composition and again is seen to decrease for x = 0.4 composition compared to pure CFO, as
shown in inset of Fig. 4.14 and 4.15 respectively.
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Figure 4.15. Magnetostriction curves of Cop.xTixFe2.2x04, (0 < x < 0.4) samples at room
temperature. Inset: Variation of magnitude of Ayax as a function of composition, x.

Maximum magnetostrictions (Amax) Of ~ -181, -186 and -195ppm were observed for
CoFe;04, Co1.2Zrg2Fe1 604 and Co; 2Tig2Fe1604 compositions. The Amax Of pure cobalt ferrite
observed in the present investigation is in good agreement with the reported literature. With
increasing concentration of tetravalent ions (Zr** and Ti** ions), FWHMSs of the
magnetostriction curves are observed to decrease, which could be due to the increased filed
sensitivity of magnetization (dM/dH) with the substitution of non-magnetic ions into the
CFO lattice, as discussed in the earlier section (Fig. 12). Low and high field regions of
magnetostriction curve are mainly due to the dominant contribution of domain orientation
along [100] and [111] directions, along which it has negative (Ajgo) and positive
magnetostrictions (A111) respectively.

High filed regions of magnetostriction curves of doped cobalt ferrites are more
steeper compared to pure cobalt ferrite, as shown in Fig. 4.13 and 4.14, which indicates that
substitution of Zr** and Ti** ions into the CFO lattice is increasing the 113 contribution to the
overall magnetostriction of the Co1+xMxFe;.2x04 (M = Zr, Ti) samples. Tachiki proposed that

anisotropy constant increase over a particular substitution level of Co*? ions in B-site of CFO
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lattice. Since spin-orbit coupling is the main origin of anisotropy and magnetostriction [25],
the observed increase in Amax for CopxMyxFes04 (X = 0.2 and M = Zr, Ti) samples
compared to undoped cobalt ferrite could be due to the presence of optimum level of Co*?
ions in B-site of substituted CFO lattice. For x = 0.4 compositions of Zr and Ti substituted
cobalt ferrites, due to the presence of extra phases (ZrO, and Ti,O3 respectively),
magnetostriction is observed to decrease

Strain derivative (dA/dH) of C01.+xMxFe2.2x04 (0 < x < 0.4 and M = Zr, Ti) samples,
estimated from the magnetostriction curves, as a function of applied magnetic field are

shown in Fig 4.16 and 4.17.
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Figure 4.16: Magnetic field (H) dependence of strain derivative (dA/dH) for C0y.4xZrFez-2xO4,

(0 < x <£0.2) samples. Inset: Variation of maximum strain derivative (dA/dH) and field (H)
required to achieve that as a function of composition, x.

For both the series of samples (dA/dH)max IS Observed to increase with increasing
concentrations of Zr and Ti from x = 0 to x = 0.2, as shown in inset of Fig. 4.16 and 17, this
could be due to the reduced exchange interaction strength between the cations in tetra and
octahedral sub lattices with the substitution of non-magnetic ions (Zr** and Ti*) into the
CFO lattice. Decrease in strain derivative observed for x = 0.4 composition of both the
substituents could be due to the presence of extra phases (ZrO, and Ti,O3) at grain

boundaries, as shown micrographs, which hindrances the domain wall motion. A remarkable
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300 and 345 % enhancement in dA/dH has been observed for CoisZrgoFe1s04 and
Co1.2Tig2Fe1 604 compositions respectively, compared to pure cobalt ferrite.
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Figure 4.17. Magnetic field (H) dependence of piezomagnetic coefficient (dA/dH) for

Cop4xTixFer.2x04, (0 < x < 0.4) samples; Inset: Variation of maximum strain derivative
(dA/dH) and field (H) required to achieve that as a function of composition, x.

From the inset of Fig. 4.16 and 17, it is also observed that, along with increase in
strain sensitivity, field required to achieve maximum strain sensitivity is found to decrease
with increasing substitution levels of Zr and Ti in the CFO lattice, which is the main
requirement for stress sensor applications. In the low field region magnetization process
takes place mainly through domain wall motion, which depends on exchange interaction
strength. Since exchange interaction energy is inversely related to domain wall thickness,
reduction in strength of exchange interaction with Zr and Ti ions substitution increases the
domain wall thickness, which in turn reduces the angle between the spin moments. Thus, the

amount of filed required to get (dA/dH)max decreases.
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4.5. Conclusion:

» Transition temperatures (Tc) of CoFe;O4, Co012Zrp2Fe1604 and Co12TigoFe1604
samples were observed to be 517, 445 and 472 °C, respectively.

» Maximum magnetostrictions (Amax) and strain sensitivity (dA/dH) of ~ -186 ppm and
~ 3.32 x 10° A m were observed for Co 2ZroFe1 04 composition. ~300% increase
in d\/dH is observed for Cor »Zrg2Fe1 604 compared to CoFe,0,4 (~ 0.8 x 10° A™'m).

> Approximately 8 and 345% increase in maximum magnetostriction (Amax) and strain
sensitivity (dA/dH) is observed for Co;,Tip2Fe1604 (~ -195 ppm and ~3.56 X 10° A
'm) compared to CoFe,O, (~ -195 ppm and ~ 0.8 x 10° A™m).
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Results and discussion chapter 5

Substitution of non-magnetic ion reduces the A-B sub lattice exchange interaction, which
is known to influence the field dependent magnetization and in turn the strain sensitivity of
the system. Presence of induced uniaxial anisotropy in a system enhances the
magnetostriction, which has been observed in case of magnetic annealing. In this chapter
magnetic compaction, which is routinely used to produce permanent magnets, has been
used to induce uniaxial anisotropy in the substituted cobalt ferrites. Chapter 5 describes
the structural, magnetic and magnetoelastic properties of magnetically compacted zZr**

and Ti** substituted cobalt ferrites and the results were compared.

5.1. Structural properties

Figure 5.1(a) and (b) show the x-ray diffraction spectra (0/26 scan) of the
magnetically compacted and sintered Zr and Ti-substituted cobalt ferrite samples
(CorxMyFer 2,04 (0 < x < 0.4 and M = Zr, Ti), confirming the single-phase cubic spinel

structure as revealed by the different crystallographic planes.
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Figure 5.1: (a) and (b) X-ray diffraction spectra of sintered Co1.+xMyFe2.2x04 (M = Zr, Ti;
0 <x<0.4)-MC samples

An overall increase and decrease in lattice parameter, from ~8.375 A for x = 0 to
~8.397 A for x = 0.4 and ~8.375 A for x = 0 to ~8.337 A for x = 0.4 as shown in Fig.
5.2(a) and (b), has been observed with progressive Zr and Ti substitution in the cobalt
ferrite lattice respectively. CoFe,O, has partially inversed spinel structure and the
inversion factor, which depends on the synthesis method and annealing temperature is
expected to affect the lattice parameter. O'Neill and Navrotsky reported [1] the calculated
lattice parameters of (Co*?)[Fe**]0, and (Fe**)[Co™Fe™*]O, as 8.4091 A and 8.3702 A
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respectively. Sawatzky et al. [2] estimated the cation distribution of CoFe,O4 from

mOssbauer spectroscopy and reported it as (Cog3"Feo7")[Cog7 *Fe15*°]Os.
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x and their comparison with normal compacted samples

The lattice parameter obtained in this investigation (~ 8.3826 A) is in excellent

agreement with the value calculated by O'Neill and Navrotsky. Since Zr** and Ti** ions

have strong preference for tetrahedral and octahedral coordination, they prefer to occupy

the respective sites [3]. The observed increase and decrease in lattice parameter with

progressive substitution of Zr* and Ti** ions in CFO lattice could be due to the fact that

the ionic radius of Zr* and Ti* in tetrahedral and octahedral co-ordination, respectively,
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is greater and smaller than those of Fe** ion with similar coordination numbers. Based on
the calculated lattice parameters reported in ref.2, the increasing non-linearity in lattice
parameters after x = 0.1 for normally compacted Zr™* and Ti** substituted CFO samples,

could be due to the occupation of more Co* ions in tetrahedral site of spinel lattice.
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and Ti substituted cobalt ferrites
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The lattice strain in Co+xMyFe22xO4 (Where x = 0.0 to 0.4, M = Zr, Ti) ceramic
sample was estimated using the Williamson—Hall relation [4, 5]. The lattice strain was
observed to increase with Zr and Ti substitution as shown in Fig. 5.3(a) and (b)
respectively, which could be due to the difference in ionic radii of Zr** and Ti** ions
compared to Co*™ and Fe™ ions. Lattice parameter is observed to decrease and micro
strain seems to increase in the magnetically pressed samples compared to normal
compacted samples (reported in our earlier studies) as shown in Fig. 5.2 and 5.3 [6]. This
observation confirms that there is a compressive strain present in the field assisted
compacted samples [7]. From the comparison of XRD patterns of magnetic field and
normal pressed x = 0 and 0.2 compositions of Zr** and Ti** substituted CFO samples, as
shown in Fig. 5.4(a), (b), and (c) respectively, increase in intensity of the Bragg reflections
is observed for (220), (511) and (440) planes in the magnetic field pressed sample, which
indicates the formation of texture along those respective planes. The effect of texture on
magnetostriction will be discussed in the respective section.

5.2. Microstructural properties

The SEM images of the sintered Zr and Ti substituted cobalt ferrite (Co1+xMyFe,-
2x04 (0.0 <x <0.4), M = Zr, Ti) samples are shown in Fig. 5.5 and 5.6. Figures 5(a) and
(b) represent the microstructures of normally and magnetically pressed (NC and MC
respectively) pure cobalt ferrite samples. The average grain sizes, as estimated from the
line intercept method, have been found to be around ~10 and 20 um for CFO-NC and
CFO-MC samples, respectively. In general, in the compacted samples some preferred
orientation should take place at right angles to the direction of compaction [8]. In the case
of samples compacted in presence of magnetic field, along with the effect of compaction,
domains in the particles get aligned in the direction of the magnetic field and because of
the high agglomeration of single domain particles during the pressing operation high green
density was achieved, which resulted in high sintered density and increased grain growth
compared to those obtained from normal compacted samples. With increasing Zr™ and
Ti™ concentrations not much difference in the grain size was observed except for x = 0.4
composition of both the substituted CFO samples, as shown in Fig. 5.5 and 5.6. The
observed decrease in grain size for x = 0.4, could be due to the presence of extra ZrO»,
Ti,O3 phases in the matrix, which impedes the grain growth.
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Figure 5.5: (a) and (b) SEM
images of the NC and MC
sintered cobalt  ferrite
samples respectively; (c),
(d), (e), (f) Scanning electron
micrographs of  sintered
pellets of x = 0.05, 0.1, 0.2,

0.4 samples respectively

Figure 5.6. (a) to (e) Scanning electron micrographs of the MC sintered Ti- substituted
cobalt ferrite samples respectively
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5.3. Magnetic Properties
a. Magnetization:

Figure.5.7 shows the hysteresis loops of normally and magnetically pressed
CoFe;04 samples. Qualitative descriptions of domain alignment during magnetic pressing
are shown schematically in Fig. 5.8. Direction of magnetization in a domain depends on
the crystal structure, when the external stress and magnetic field are absent and these are
the two main controlling factors to change the domain orientation. When the sample is
compacted in the presence of magnetic field, magnetic strain energy (E,) and domain
energy in the presence of applied magnetic field (Ey) come into picture and these energies
are given by the following relations [9],

Ey=—HM;COSP ..o (2)
Where As, 0, H and M; are the saturation magnetostriction, applied stress, field strength
and saturation magnetization, respectively. Angles 0 and ¢ represents orientation of

magnetization in a domain with respect to stress and applied field, respectively.
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Figure.5.7. Parallel and perpendicular M-H curves of x = 0, inset of (a) shows
magnetization curve of CFO-NC

During compaction (compressive stress) all the domains in the powder particles are

oriented nearly to the direction of applied stress (6 = 0 or 180°) due to the two-fold
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symmetry of the uniaxial anisotropy generated by compaction. More precisely, the
preferential direction of the magnetization will be close to the stress axis due to the
negative magnetostriction (As) of cobalt ferrite and compressive stress (‘c’ negative)
applied during compaction. Fig. 5.8(a) represents the ideal demagnetized state. To align
the domains, compressive stress must be large enough compared to the forces due to
crystal anisotropy, therefore from both the energy considerations the condition to orient
the magnetization direction in a domain is
3/2 00 > Kt 3)

2NN V2 AV Y &

(a) Demagnetized 'b) Effect of (c) Effect of 'd) Combined effect
state compaction field

(e) After sintering

Figure 5.8. A schematic of domain alignment during magnetic compaction.

For cobalt ferrite the first order anisotropy constant K is about 4 x 10° J/m®. The
energy of the applied stress (left side quantity in eq. 3) in the present investigation is
greater than the crystal anisotropy; hence it orients the domain in the direction of
compaction as shown in Fig.5.8(b) due to the two-fold symmetry of the stress field energy
(eq. 1). Applied magnetic field during compaction tries to orient the domains in the field
direction as shown in Fig.5.8(c) due to the one-fold symmetry of the Zeeman energy
generated by the magnetic field (eqg. 2). The resultant effect of these two energies orients
the domains in the green compact as shown in Fig. 5.8(d). During sintering at 1300°C,
which is far greater than the Curie temperature (520°C) of cobalt ferrite, spin orientations
may get randomized but due to strong lattice-orbit coupling the resultant magnetization
vectors align along the direction near to the initial stable magnetization direction after
cooling, which is shown in Fig. 5.8(e). Here the perpendicular direction to the direction of

compaction can be considered as induced easy axis or first easy axis. Intrinsic easy axes
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for cobalt ferrite material are <100> axis, hence the <100> axes near 90° to the induced
easy axes can be considered as second easy axes.

From the M-H loop of CFO-NC, which is shown in inset of Fig. 5.7 (left side top
corner), it is observed that, initially with increasing applied magnetic field, alignment of
domains takes place along the intrinsic easy axes through 180 and 90° domain wall motion
if they are initially oriented at small and large angles, respectively, to the applied field
direction. As the applied magnetic field further increases magnetization vector rotates
along the field direction. The measured M-H loops of CFO-MC sample with the
measuring field applied parallel and perpendicular to the compaction direction are shown
in the main panel of Fig. 5.7. From the perpendicular magnetization data of CFO-MC, it is
observed that with increasing magnetic field magnetization increases more quickly, that
could be due to the initial alignment of most of the domains along the induced easy axes
during magnetic compaction. Here, when the magnetic field increases domains get aligned
along the induced easy axes only through 180° domain wall motion. In contrast, when
magnetization of CFO-MC was measured in the parallel direction to that of pressing
direction, magnetization process can be explained in three stages. In the first stage, with
increasing magnetic field domains get oriented initially along the induced easy axes
through 180° domain wall motion. In the second stage, further increment in magnetic field
strength leads to a near 90° domain wall motion, which aligns the domains along the
second easy axes (intrinsic easy axes). In the third stage, with increasing magnetic field
magnetization of domains gradually rotates from the second easy direction to the direction
of applied magnetic field. Increment in magnetization in all these stages is small compared
to perpendicular magnetization measurement because initially the domains are oriented at
large angles to the direction of applied field. Inset of Fig. 7 (right side down corner) will
be discussed in the section of coercivity.

Figure. 5.9 and 5.10 show the field dependent perpendicular magnetization data of
magnetically pressed Co1+xMyFe22x04 (0 < x < 0.4, M = Zr, Ti) samples measured at room
temperature. The maximum magnetization (Mmax) obtained at maximum applied field of
~4000 kA/m is seen to increase and decrease marginally with increasing Zr** and Ti**
substitution into CFO lattice, respectively, up to x = 0.2 composition, as shown in inset of
Fig.5.9. and 5.10, respectively. For x = 0.4 composition of Zr substituted cobalt ferrite
Mnax IS Observed to decrease, this could be primarily due to the presence of extra ZrO,
phase at the grain boundaries. Varying rate of decrease in maximum magnetization before
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and after the Ti-substitution level of x = 0.2, could be due to the observed secondary phase
of Ti,O3 at grain boundaries.
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In spinel structure, super-exchange interaction between the cations in tetrahedral

(A) and octahedral (B) sites is generally anti parallel. Therefore, the overall magnetization
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is the difference in the magnetization of the A and B sub lattices. In general Co-ferrite has
mixed spinel structure and the inversion factor mainly depends on the synthesis method,
chemical substitution and annealing, since these processes redistribute the cations between
the A- and B-sites. In case of Co14xZrFez.2x04 (0 < x < 0.2), substitution of non-magnetic
Zr* ions reduces the magnetic moment of tetrahedral sub lattice, since it has the strongest
preference for the tetrahedral site, which resulted in increased net magnetization of the
system. The observed decrease in magnetization in case of CO1.+xTixF€2-2x04 (0 < x < 0.4),
could be due to the reduced moment of B-site in the presence of non-magnetic Ti** ions.
Inset of Fig. 5.9 and 5.10, show the comparison of maximum magnetization of
magnetically pressed (MC) to that of normally pressed (NC) Zr and Ti- substituted cobalt
ferrites respectively.
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Figure 5.11: Parallel and perpendicular M-H curve of x = 0.2 composition of Zr-
substituted cobalt ferrite

Marginal increment in magnetization is observed in the MC samples, which could
be due to the presence of more aligned domain structure. Since the magnetization is
increased up to x = 0.2, to see the effect of magnetic pressing, parallel magnetization
measurement was also carried out on x = 0.2 composition of both the dopants. Fig. 5.11
and 5.12 show the parallel and perpendicular M-H loops of Co;,Zr,Fe;604 and
Coy2Tig2Fe1 604 samples respectively. From these figures it is clearly observed that

perpendicular magnetization curve is steeper than the parallel magnetization curve.
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Substitution of non-magnetic ion into the CFO-lattice reduces the strength of magnetic
exchange interaction, which helps in aligning the domains easily along the direction of
induced easy axis and thus should influence the magnetization behavior, which is clearly
reflected in Fig. 5.11 and 5.12. Inset of Fig. 5.11 and 5.12 will be discussed in the section
of coercivity
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Figure 5.12: Parallel and perpendicular M-H curve of x = 0.2 composition of Ti-
substituted cobalt ferrite

b. Anisotropy Constant estimated using Law of Approach to saturation:

It has already been reported that the cubic anisotropy constant of cobalt ferrite mainly
depends on the concentration of Co*? ions in B-site of spinel structure. Due to the cubic
crystal field produced by the coulomb interaction between the oxygen ion and the
electrons in the 3d orbitals, degenerate energy levels of Co*? ion are split into tog (Cxy, dyz,
dx,) and ey (dxz-yz, d,%) levels and the orbitals, which are situated along the cubic axes (g
levels), are raised in energy compared to others (to4 levels). For lower concentration of
Co*? ions in B site, neighboring iron ions produce trigonal field around Co*? ion and the
axis of three fold symmetry lies along one of the body diagonals ([111], [1-11], [-1-11],
[-111]) of cubic crystal. This trigonal crystal field splits the tyq levels further into singlet
and a doublet by distorting the cubic crystal field produced by the oxygen ions.
Occupation of seventh electron of Co*? (3d’) in one of these doubly degenerate levels

produces unquenched orbital momentum and interaction of this orbital angular momentum
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with total spin momentum of Co*? ion gives rise to magneto crystalline anisotropy through
spin-orbit coupling. In the previous study it is reported that the orbital degeneracy is
further removed, when the Co*? concentration in B-site increases beyond x > 0.7, due to
the low symmetric crystalline field produced from the difference in charge between two
metal cations (Co*? and Fe*®), which leads to quenching of the orbital angular momentum
and subsequently reduces magnetocrystalline anisotropy. Hence, any variation in
concentration of Co*? ions in B-site results in change in the magnetocrystalline anisotropy
of the system.

Anisotropy constant was estimated using LOA to saturation as explained in the previous
chapter. Fitted plots, using equation (3), of Co1+xMxFez2x04 (X = 0, 0.2 and M = Zr, Ti)
compositions are shown in Fig. 5.13. ‘K;” was estimated by equating the slope to the
coefficient ‘b’ in LOA.
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Figure. 5.13. LoA fitted plos of Co1+xMxFe;.2x04 (X =0, 0.2 and M = Zr, Ti) samples

The variation in anisotropy coefficient (K,), estimated by fitting the magnetization
data in the high field region , with Zr and Ti content are shown in Fig 5.14(a) and (b). The
anisotropy constant (K1) increases with increase in co-substitution of Zr**/ Co*? and Ti**/
Co*?, similar to the variation in coercive field (Hc) with composition of the samples, as
shown in inset of Fig. 5.14(a) and (b).
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Figure 5.14: (a) and (b) Variation of anisotropy constant of Zr- and Ti- substituted cobalt
ferrite as a function of composition and its comparison with NC samples

In the case of Zr™ substituted CFO, Fe** ions are expected to migrate from A- to
B-site with the substitution of Zr* ions in A-site. In the case of Ti** substituted CFO, co-
substitution of Ti**/Co*? ions in octahedral site is expected to displace the Fe*® ions from
B- to A- site up to x = 0.1 composition and after x = 0.1 due to the occupation of more
Co*™? ions in tetrahedral site Fe* ions are expected to migrate from A- to B-site. The
increase in anisotropy constant in both the substituent cases could be due to the enhanced
trigonal field symmetry around Co*? ion in B-site, resulting in increased spin-orbit
coupling, which is the main origin of magneto crystalline anisotropy and magnetostriction.
Figures 5.14(a) and (b) also depict that for all the magnetically pressed Co1+xMxFe2.2404
(M = Zr, Ti; 0 <x <0.4) samples; decrease in anisotropy constant is observed compared to
normally pressed samples that might be due to the induced anisotropy along the first easy
axis. In general, energy associated with the spin-orbit coupling at B-sites, which lie on the
trigonal axis ([111], [1-11], [-1-11], [-111]) is equal, hence there is an equal probability
for Co™ ions to get distributed among these four B-sites. But, when the magnetic field is
applied during compaction, resultant magnetization vector of spin-orbit interaction prefers
to orient along the induced easy axis, therefore there is a probability of migration of Co*?
ions during heat treatment to the B-sites with its trigonal axes, which are nearer to induced
easy axis and hence resulting in induced anisotropy.
C. Torque curves:

The torque measurement is an important technique to estimate the anisotropy

constant. Torque curves of CoixMyFez2x04 (M = Zr, Ti; x = 0 and 0.2) normally and
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magnetically pressed poly crystalline samples are shown in Fig. 5.15 (a), (b) and (c). The
figures clearly depict that the measured torque curves of both the systems are not periodic;
hence Fourier analysis cannot be used to estimate the anisotropy constant. Fourier analysis
requires oriented magnetic anisotropy for which the periodic torque curve can be

decomposed in different harmonics with coefficients, which basically represent the

different orders (first, second...) of magnetic anisotropy.
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Figure 5.15: Torque curves of (a) x = 0 (b) CFO-Zr-0.2 (c) CFO-Ti-0.2 NC and MC Zr-
substituted CFO samples
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Table I: Comparison of anisotropy constants estimated from law of approach to

saturation and torque curves

Composition K, = [(105/8) (bpo*Ms?)]* Ky = HaM/2

(x 10° J/m°) (x 10° J/m°)
CFO-NC 4.16 2.14
CFO-MC 4.07 2.09
CFO-Zr-0.2-NC 6.51 5.52
CFO-Zr-0.2-MC 5.62 5.41
CFO-Ti-0.2-NC 5.32 4.63
CFO-Ti-0.2-MC 5.11 4.08

d. Coercivity:

M-H loops of CFO-MC, shown in Fig. 5.7, clearly indicate that uniaxial anisotropy is
induced along the perpendicular direction (induced easy axis) to that of compaction.
Magnetic field induced uniaxial anisotropy during compaction reduces the magneto
crystalline anisotropy. As a result, 5 times reduction in coercivity (Hc) has been observed
along the perpendicular direction compared to parallel as shown in the inset of Fig. 5.7
(right side down corner of Fig. 5.7), which indicates that material has become
magnetically soft along that direction. Similarly, coercivities of Co;,Zr.Fe; 604 and
Co12TipoFe1 604 samples along the perpendicular direction (induced easy axis) are
observed to reduce by 7 and 8 times respectively, to that of measured along the parallel
direction, as shown in inset of Fig. 5.11 and 5.12, which could be due to the presence of
large induced uniaxial anisotropy in the substituted sample compared to pure one.
Dependence of coercivity (Hc) on composition of Zr- and Ti- substituted NC and MC
samples are shown in Fig 5.16 (a) and (b) respectively. Coercivity is observed to increase
with increasing co-substitution of Co*?/Zr** and Co*™/Ti** for 2 Fe* ions in the CFO
lattice because it is strongly related to the anisotropy of the system, which is mainly
dependent on the amount of Co*? ions present in the octahedral sites. Coercivity of MC

samples is observed to be smaller than the NC samples, which is mainly attributed to the
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presence of larger grains in the MC samples (~20um) compared to that of NC samples

(~10um), since apart from anisotropy microstructure also affects the coercivity.
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Figure 5.16: (a) and (b) Variation of coercivity as a function of composition of Zr and Ti

substituted cobalt ferrite and its comparison with NC samples

5.4. Magnetoelastic properties:
Magnetostriction:

The magnetostriction value of magnetically pressed pure CoFe,O,4 is shown in
Fig.5.17. From Fig. 5.17 it is observed that, for normal pressed pure CFO (CFO-NC),
longitudinal magnetostriction (A;) reaches the maximum of -181 ppm, when the applied
magnetic field increases to ~400 kA/m and decreases marginally at higher applied
magnetic field, which indicates the anisotropic nature of magnetostriction. The maximum
transverse magnetostriction () value (~88 ppm) is approximately one half of that for the

longitudinal, which is in good accordance with the following relation,

A= 225 (C0S20 =2) oo (5)

where ‘0’ is the angle between direction of magnetization and direction in which the
magnetostriction is measured. 6 = 0° and 90° denote the longitudinal (A;) and transverse
magnetostriction (A;) respectively. If these two ‘O’ values are substituted in the above
equation it reduces to A;= A, /2. Direction dependence of magnetostrictions of magnetically
pressed pure CFO (CFO-MC) is shown in Fig. 5.17. Significant improvement in
magnetostriction is observed in comparison with CFO-NC. The corresponding values of A
and A; are ~ -360 ppm and ~ 44 ppm for the longitudinal and transverse measurements,

respectively. It is interesting to note that the 2:1 relation of longitudinal and transverse
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magnetostriction is no longer applicable for CFO-MC sample. In this case the above
equation (5) is no longer valid and the dependency of magnetostriction on initial domain

orientation can be explained based on the following equation,
A= % As (€082 0 >—<c0S%0>0) civiininiinininnnn.. (6)

Here <cos’0>, and <cos?0>; represent the initial domain orientation and domain
orientation at any time °‘t’, respectively. Even though for a polycrystalline material it is
difficult to mention the orientation direction, by relating the observed A; and A; values of
CFO-MC sample with eqg. 6 it can be concluded that initially oriented domains were

present in the sample along the transverse direction to that of compaction.
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Figure 5.17: Longitudinal and Transverse magnetostriction curves of CFO - NC and MC
samples

From Fig. 5.17, it is also observed that A; of CFO-MC is smaller than that of CFO-
NC. If we relate this observation with the magnetization data measured in the same
direction (induced easy axis), it is seen that the magnetization increased more rapidly with
the application of field due to the initial domain orientation along the induced easy axis.
Even though the magnetization increases it may not contribute to dimensional changes,
since the domain orientation with the applied magnetic field takes place through 180°

domain wall motion. The observed small transverse magnetostriction (A;) could be due to
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the lack of complete alignment of domains in the magnetically pressed sintered sample.
Two-fold increment in longitudinal magnetostriction (1) is observed for CFO-MC sample
compared to CFO-NC. This can be explained from the parallel magnetization
measurement of CFO-MC sample. In this case, as explained in the previous section, with
increasing applied magnetic field domains get aligned through 180° and 90° domain wall
motion and domain rotation. Here 90° domain wall motion and domain rotation lead to the
dimensional changes and these processes occur more in the magnetically pressed sample
compared to CFO-NC, because of the presence of oriented domains along the induced
easy axis.

Figures 5.18 and 5.19 show the longitudinal magnetostriction (i) of magnetically
pressed Co;.xMFe, 204 (M = Zr, Ti; 0 < x < 0.4) samples. A iS seen to decrease with
increasing Zr** and Ti** concentrations except for x = 0.2, as shown in inset of Fig. 5.18
and 5.19.
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Figure 5.18: Longitudinal magnetostriction curves of Co14xZrxFez-2x04, (0 < x < 0.4)-MC
samples; Inset: Variation of magnitude of maximum magnetostriction as a function of
composition, x and their comparison with NC samples
Magnetostriction and cubic anisotropy of cobalt ferrite originate from spin-orbit
coupling, which arises from the unquenched orbital momentum of Co*? ions in octahedral

site. Tachiki reported that, quenching of orbital momentum of Co*? ion depends on the
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amount of Co* ions present in the octahedral site of spinel lattice. The observed marginal
increase in magnetostriction for x = 0.2 composition compared to pure is attributable to
the presence of optimal concentration of Co*™ ions in the octahedral site with the co-

substitution of Zr**/Co*? and Ti**/Co*?ions.
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Figure 5.19: Longitudinal magnetostriction curves of Co1+xTixFe2.2x04, (0 < x < 0.4)-MC
samples; Inset: Variation of magnitude of maximum magnetostriction as a function of
composition, x and their comparison with NC samples

Decrease in magnetostriction for x = 0.4 is attributed to the presence of secondary
phases (ZrO, and Ti;O3) in the sample. From a careful review of the XRD data of
magnetically compacted x = 0 and 0.2 samples (Fig. 3(a), (b) and (c)) it is seen that,
texturing was observed along [220], [511] and [440] directions and out of these three,
maximum crystal orientation was observed along [440] direction. By correlating this
observation with the parallel and perpendicular data of magnetization and
magnetostriction, it can be inferred that [440] direction could be the induced easy axis in
the magnetically compacted samples. From the quantitative analysis of domain alignment,
as discussed in magnetization section, it has been concluded that the perpendicular
direction (to that of pressing direction) could be the induced easy axis. Therefore, the

direction, which is perpendicular to the [440] direction could be the pressing direction.
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Magnetically pressed CoixZrxFez.2x04 (0 < x < 0.4) samples have shown large negative
magnetostriction values, therefore [001] direction might be the pressing direction, since it
is perpendicular to [440] direction and is one of the easy axes (<100>) of cobalt ferrite,
along which CoFe,O, has well known negative magnetostriction. The maximum
magnetostriction values observed at lower fields could be due to the low angle alignment
of [100] direction (one of the easy axes of cobalt ferrite) to [511] and [440] directions.
Inset of Fig. 5.18 and 19 depict the variation in magnetostriction of normally and
magnetically pressed Co1+xMxFe2.x04 (M = Zr, Ti; 0 < x < 0.4) samples respectively.
Approximately 111 and 129% increment in longitudinal magnetostriction is observed for
magnetically pressed Co12Zro2Fe;1604 and Coj,TigoFe1604 Samples respectively,
compared to CFO-NC.,
Strain sensitivity:

Strain sensitivity (d\/dH) of magnetically compacted Coi.xMxFez2xO4 (M = Zr
and Ti; 0 < x <0.4) samples as a function of applied magnetic field are shown in Fig. 5.20
and 5.21 respectively. Progressive Zr** and Ti** ions substitution into the CFO lattice
resulted in increasing (dA/dH)max Up to X = 0.2 composition, which is ascribed to the
reduced super exchange interaction between tetra and octahedral sub-lattices in the
presence of non-magnetic Zr** and Ti** ions in the spinel lattice. For x = 0.4, (dA/dH)max
is observed to decrease due to the hindrances produced by the extra phase to the domain
wall motion and also might be due to the magnetic dilution induced by the presence of
more amount of Zr** and Ti** ions in the spinel lattice. Effective magnetostriction at lower
fields results from the domain orientation through non-180° domain wall motion and as
explained earlier these processes occur more and quickly in magnetically compacted
samples due to the initial orientation of domains along first (induced) easy axis. Hence,
large enhancement in strain derivative was observed for magnetically pressed Zr- and Ti-
substituted cobalt ferrites compared to normally pressed samples. Inset of Fig. 5.20 and
5.21 (top right corner) shows the comparison of (dA/dH)max OFf magnetically and normally
pressed samples as a function of composition. From these figures ~55% increment in
(dM/dH) max is observed for CFO-MC sample (1.25 x 10”° A™m) compared to that of CFO-
NC (0.8 x 10° A™m) but with the combined effect of non-magnetic ion substitution (Zr
and Ti) and magnetic field applied during compaction a dramatic 435 and 625%
enhancement in strain sensitivity has been observed for Co; ,Zrg2Fe1 604 (4.3 x 10° A'm)
and Co1,TigoFer 604 (5.8 x 10° A™m) respectively, compared to CFO-NC (0.8 x 10° A°
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'm). Inset of Fig 5.20 and 5.21 (lower left corner) show the filed at maximum strain
sensitivity of normally and magnetically pressed samples. From the plot it is observed that
slight decrease in field at (dA/dH)max iS observed for magnetically compacted sample

compared to normally compacted CFO.
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Figure 5.20: Magnetic field (H) dependence of strain derivative (dA/dH) for Co1+xZr«Fe;-

2x04, (0 <x <0.4)-MC samples. Inset: Variation of maximum strain derivative, (dA/dH)max

(Top right corner) and field (H) required to achieve that (lower left corner) as a function of

composition, X.

The magnetostriction and strain sensitivity values obtained in the present
investigation are almost similar to the values reported in existing literature on magnetic
annealing [10, 11]. The larger stain sensitivity (7.7 x 10° A™m) reported by Wang et.al.
compared to the value achieved in our study (4.3 x 10° A™m) could be due to the larger
magnetic fields (~2T) applied during shaping of the samples compared to the fields
applied (~1T) in our study. From this result we can conclude that effect of substitution of
non-magnetic ion into the spinel lattice is more compared to the effect of compaction in
the presence of magnetic field in enhancing the strain sensitivity. But, in the case of

magnetostriction (Amax) Maximum effect is observed with magnetic compaction rather than
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the non-magnetic ion substitution. It has also been observed that substitution of non-
magnetic ion in octahedral site of spinel lattice has shown larger effect in enhancing the
magnetostriction and strain sensitivity. Therefore, Ti substituted cobalt ferrite
(Co12Tig2Fe1604) processed by magnetic field assisted compaction can be considered as

potential material for stress sensor application.
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Figure 5.21: Magnetic field (H) dependence of strain derivative (d\/dH) for Cop.xTixFe,-
2x04, (0 <x <0.4) MC samples. Inset: Variation of maximum strain derivative, (dA/dH)max
(Top left corner) and field (H) required to achieve that (lower left corner) as a function of
composition, X.

5.5. Conclusion:

» Approximately 99 and 55% increment in (dA/dH)max IS observed for CFO-MC
sample (1.25 x 10° A™m) compared to that of CFO-NC (0.8 X 10° A™m)

» Approximately 111% and 128% increment in longitudinal magnetostriction are
observed for magnetically pressed Co;2ZrgoFe1604 (~ -385 ppm) and
Co12Tig2Fe; 604 (~-412 ppm) sample compared to CFO-NC (~ -181 ppm).

> Due to the combined effect of non-magnetic ion (Zr* and Ti™) substitution and
magnetic field applied during compaction a dramatic 435% and 625%
enhancement in strain sensitivity have been observed for Co;,Zrp2Fe1604 (4.3 X
10"° A™'m) and Co1,TiooFe1 604 (5.8 X 10° A m) compared to CFO-NC (0.8 X 10°
°A'm).
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In CFO lattice, Co*™? ions in the octahedral site are surrounded by Fe** ions, which
produce a trigonal crystal field. This trigonal crystal field distorts the symmetry of the
cubic octahedral field produced by the oxygen ions resulting in lifting the degeneracy of
the d-orbitals of cobalt ions and produces unquenched orbital moments.
Magnetostriction and anisotropy energy results from the coupling of cobalt ion spin with
its angular momentum. Hence, the distortion induced in the lattice is expected to affect
the magnetostriction property. The variation in ionic size induces distortion in the lattice,
which in turn affects the magnetostriction property. Hence, in the present chapter to
observe the effect of ionic size on magnetostrictive properties, substitution of Ce** ion
into CFO lattice has been studied. Chapter 6 describes the structural, magnetic and
magnetoelastic properties of normally and magnetically compacted Ce™ substituted

cobalt ferrite samples and the results were compared.

6.1. Structural properties

X-ray diffraction patterns of the normally and magnetically compacted
Co1+xCexFer 04 (0 < x < 0.04) samples, as shown in Fig. 6.1 and 6.2, confirmed the
single-phase cubic spinel structure up to x = 0.03 composition and an additional
diffraction peaks corresponds to CeO, were observed with the respective substitutions of

x = 0.04 concentration.
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Figure.6.1. X-ray diffraction pattern of normally compacted Co.+xCexFez-2x04 (0 < X <
0.04) sintered at 1300°C for 12 hrs.
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Figure. 6.2. X-ray diffraction pattern of magnetically compacted Co1.+xCexFez.2x04 (0 < X

< 0.04) sintered at 1300°C for 12 hrs

- 843 , . ; . . , . 0.0064
< " ! 0.0062
— —m— Lattice parameter n )

b 842 —m— Lattice strain 1
Q L 0.0060

© 2 i
L 0.0058

& 8414 _
E L 0.0056

m | | L
O 840+ r - 0.0054
8 _/ L 0.0052

s 839 ] . i
= L 0.0050

(4] i
- 8.38 - . A 0.0048
: : : : : 0.0046

0.00 0.01 0.02 0.03 0.04

Composition (x)

Figure.6.3. Variation in lattice parameter and lattice strain of normally compacted

Co1+xCexFes.2404 (0 < x < 0.04) samples with respect to composition.

1S 2913€

uiel

80



Results and discussion chapter 6

8415 T T 1 T T
~ . L 0.0040
°< 8.410 -
~— L 0.0038
o 8.405
% - L 0.0036 'g_,'
3
=
8.400 - N =
g _ . 0.0034 8
= 8.395 " L 0.0032
2 - -
8.390 - - - 0.0030 =
8 1 I/. § 2.
0O | - 0.0028 =3
= 8.385 / [
N s | . - 0.0026
_| s m / L
1 o L 0.0024

8.375

T T

0.00 0.61 ' 0.;)2 ' 0.63 ' 0.04
Composition (x)

Figure.6.4. Variation in lattice parameter and lattice strain of magnetically compacted
Co1+xCexFes.2x04 (0 < x < 0.04) samples with respect to composition.

From Fig. 6.3 and 6.4 lattice parameter and lattice strain are observed to increase with
the progressive co-substitution of Ce**/Co*? for 2 Fe*® ions in the CFO lattice from
~8.378 A for x = 0 to ~8.422 A for x = 0.04 for NC samples and from ~8.374 A for x =0
to ~8.411 A for x = 0.04 for MC samples. CoFe,0, has partial inverse spinel structure and
the cation distribution in both the sub lattices (tetra and octa), which directly affects the
lattice parameter, depends on sample preparation method, chemical substitution, heat
treatment temperature and schedule [1-6]. Ce™ ions have strong tendency to occupy
octahedral (B) sites. The increase in lattice parameter with increasing Ce** concentration
could be due to the larger ionic radii of Ce™ compared to Fe** and Co* ions in
tetrahedral coordination. Decrease in lattice parameter with magnetic field assisted
compaction suggests that compressive strains present in the system.

6.2. Microstructural properties

The SEM images of the normally and magnetically compacted and
sintered Ce substituted cobalt ferrite (Cor.+xCexFez.2xO4 (0.0 < x < 0.04)) samples are
shown in Fig. 6.5 and 6.6. The average grain size is observed to increase with CeO,
substitution in both NC and MC samples. The average grain sizes, as estimated from the
line intercept method, have been found to vary from ~10 to 15 um and ~20 to 22 um for

NC and MC samples, respectively, with increasing Ce substitution. The observed
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decrease in grain size for x = 0.04 composition, could be due to the presence of extra

CeO, phase in the matrix, which impedes the grain growth.
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Figure 6.5. Scanning electron micrographs of Coi+xCexFez24x04 (0 < x < 0.04) — NC

samples respectively

Figure. 6.6. Scanning electron micrographs of magnetically compacted and sintered Ce-

substituted cobalt ferrite samples respectively
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6.3. Magnetic properties

Field dependent M-H hysteresis loops of normally and magnetically compacted
Co1+xCexFe2.2x04 (0 < x < 0.04) measured at 300K temperatures are shown in Fig. 6.7
and 6.8. Therefore, the net magnetization can be considered as the result of A and B site
magnetization difference. Since the cobalt ferrite has mixed spinel structure, its magnetic
properties can vary based on the different metal cations present in the two interstitial sites

(tetrahedral and octahedral) of cobalt ferrite lattice.
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Figure. 6.7: Magnetization (M-H) curves of Co1.+xCexFez-2x04 (0 < x <0.04)-NC samples

at room temperature (~300 K)
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at room temperature (~300 K)
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Since Ce™ ions prefers to occupy octahedral site, magnetic moment of the

respective site is expected to decrease, which in turn results in decreased net magnetic

moment with increasing Ce™ substitution in cobalt ferrite lattice. For x

0.04

composition of Ce** substituted samples, Mmax is Seen to decrease, due to the presence of

extra CeO, phase in the sample.
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Figure. 6.9. Variation of Mmax of NC and MC samples with composition (x)

Magneto crystalline anisotropy coefficient

Anisotropy constant was estimated using LOA to saturation as explained in the

previous chapter. Fitted plots, using equation (3), of Coi.xCexFes.2xO4 (X = 0, 0.03)

compositions are shown in Fig. 6.10. ‘K;” was estimated by equating the slope to the

coefficient ‘b’ in LoA.
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Figure. 6.10. LoA fitted plos of Coy.+xCexFez-2x04 (x = 0, 0.03) samples
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Figure.6.11 shows the variation in anisotropy coefficient (K;) as a function of
composition. The estimated ‘K;” from room temperature (~300 K) magnetization data of
pure cobalt ferrite (~4.1 x 10° J/m°®) is in agreement with the reported literature [7]. From
Fig.6.11 it is observed that substitution of Ce** ions into the CFO lattice increased the

anisotropy constant (K;) of the system.

4.7 -

—a— NC
—e— MC

-
)
1 "

K1 (X102 J/m3)

-
—
1

4.0 - — T
0.00 0.01 0.02 0.03 0.04
Composition (x)
Figure.6.11. Variation of anisotropy constant as a function of composition and its

comparison with NC samples

Slonczewski [8] reported that, cobalt ferrite has large positive magnetocrystalline
anisotropy compared to magnetite (Fe30,4), which arises mainly due to the presence of
Co™ ions at B-site (Octahedral) of spinel crystal lattice. Tachiki [9] studied the
dependence of anisotropy constant on the concentration of Co*? ions in mixed Fe-Co
ferrite and he reported that, Co*? ions in octahedral site of magnetite spinel lattice are
surrounded by oxygen ions (first nearest neighbors) and metal cations (second nearest
neighbors), which produces cubic crystal field and trigonal crystal field respectively. In
the presence of cubic crystal field, d-orbitals of Co*? ion split into doubly (dxo-y2, dz) and
triply degenerate levels (dyy, dy,, dy,). B-site metal cations produce charge distribution of
threefold symmetry around Co* ion, at lower cobaltus ion concentrations. This trigonal
field of three fold symmetry distorts the existing cubic crystal field and as a result, triply
degenerate levels again split into singlet and doubly degenerate levels. Occupation of 3d’
electron into the doubly degenerate level produces unquenched orbital momentum to the

system, which is the main origin of spin-orbit coupling and cubic crystalline anisotropy.

85



Results and discussion chapter 6

It is also reported that as the substitution level of Co*™ ion increases beyond x > 0.7,
randomly distributed Fe*® and Co*? ions in octahedral site produces week crystalline field
around, which further removes the degeneracy and thereby reduces the cubic crystalline
anisotropy. Hence, Co*? ion concentration in octahedral site of substituted cobalt ferrite is
the main deciding factor for strength of the magnetocrystalline anisotropy energy. In case
of Ce** substitutions, migration of Fe** jons from B to A-site is expected due to its strong
preference for octahedral site. Increase in anisotropy for Ce™* substituted cobalt ferrite
samples could be due to the increasing amount of Co*?ions within the limit of x > 0.7 in
octahedral site. K; is observed to decrease in magnetically compacted samples compared
to normally compacted substituted CFO, which might be due to the anisotropy induced in
the system during the compaction in the presence of magnetic field.

Coercivity:

Variation in coercive field (Hc) of Co.xCexFer-2x04 (0 < x < 0.04) samples, as a
function of composition is shown Fig.6.12. Even though the coercivity of a system
depends mainly on anisotropy energy, the decrease in coercivity could be related to the
microstructural changes present in the system. In the present study, coercivity of undoped

cobalt ferrite (~4.5 kA/m) is in good agreement with the reported value in the literature

[7]1.

54
5.2 —
5.0 —
4.8 -
4.6 —

4.4 °

H, (kA/m)

4.0 1

3.8

.

3.6 - T - T ; T " T -
0.00 0.01 0.02 0.03 0.04
Composition (x)

Figure.6.12. Variation of coercivity as a function of composition and its comparison with

NC samples
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6.4. Magnetoelastic properties

Magnetostriction (A) curves of normally and magnetically compacted

Co14xCexFe2x04 (0 < x < 0.04) samples, measured at room temperature, as a function of

applied field (H) are shown in Fig. 6.13 and 6.14.
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Figure 6.13. Longitudinal magnetostriction curves of Co1.xCexFez-2x04, (0 < x < 0.04)-

NC samples
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Figure 6.14. Longitudinal magnetostriction curves of Co1.xCexFez-2xO4, (0 < x < 0.04)-

MC samples
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As the substitution levels of Ce*™ content in the CFO lattice increases,
magnetostriction amplitude (A) is observed to increased up to x = 0.03 composition and is
seen to decrease for x = 0.4 composition compared to pure CFO, as shown in Fig 6.15 for
both the NC and MC samples. Maximum magnetostrictions (Amax) Of ~ -181, -225ppm
were observed for normally compacted CoFe,O4 and Co1.03Ce03F€1.9404 COMpositions.
For magnetically compacted x = 0, 0.2 samples Amax IS Observed to be ~ -360, -425ppm.
With increasing concentration of tetravalent ions (Ce**), FWHMs of the magnetostriction
curves are observed to decrease, which might be related to the field sensitivity of
magnetization (dM/dH). Tachiki proposed that anisotropy constant increase over a
particular substitution level of Co*™ ions in B-site of CFO lattice. Since spin-orbit
coupling is the main origin of anisotropy and magnetostriction [14], the observed
increase in Amax for Cop.xCexFes.0xO4 up to x = 0.03 concentration compared to undoped
cobalt ferrite could be due to the presence of optimum level of Co*? ions in B-site of
substituted CFO lattice. For x = 0.04 compositions of Ce-substituted cobalt ferrites, due

to the presence of extra phases (CeO,), magnetostriction is observed to decrease.
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Figure.6.15. Variation of magnitude of maximum magnetostriction as a function of
composition, x and their comparison with NC samples
Strain derivative (d\/dH) of normally and magnetically compacted Coy.Ce,Fez.04
(0 < x <0.04) samples, estimated from the magnetostriction curves, as a function of
applied magnetic field are shown in Fig 6.16 and 6.17. For both the series of samples

(dV/dH)max Is Observed to increase with increasing concentrations of Ce fromx =0to x =
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0.03, as shown in Fig. 6.18, this could be due to the reduced exchange interaction
strength between the cations in tetra and octahedral sub lattices with the substitution of

non-magnetic ions into the CFO lattice.
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Figure.6.16. Magnetic field (H) dependence of strain derivative (dA/dH) for
Co14xCexFer-2x04, (0 <x < 0.04)-NC samples
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Figure 6.17. Magnetic field (H) dependence of d\/dH for Co1+xCexFes-2x04, (0 <x <
0.04)-MC samples
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Figure.6.18. Variation of maximum strain derivative, (dMdH)msx as a function of

composition and its comparison with normal compaction
Decrease in strain derivative observed for x = 0.04 composition of both the
substituents could be due to the presence of extra phase (CeO,) at grain boundaries,
which hindrances the domain wall motion. A remarkable 325 and 588 % enhancement in
dA/dH has been observed for normally and magnetically pressed C01+xCexFez.x04 ( X =
0.03) composition compared to normally compacted pure cobalt ferrite. In the low field
region magnetization process depends on exchange interaction strength. Reduction in
exchange interaction strength with Ce™* substitution increases the domain wall thickness,
which in turn reduces the angle between the spin moments. Thus, the amount of field
required to get (dA/dH)max decreases.
6.5. Conclusioons:
» Maximum magnetostriction of ~216 ppm and ~423 ppm is achieved at room
temperature for normal and magnetic field assisted compacted Co1.+xCexFe.2x0a,
(x = 0.03) samples, respectively.
» A remarkable ~ 265% increase in dA/dH was observed for field pressed
Co1.03Ceg.03Fe1.9404 composition compared to pure CoFe,04 (~5.42 X 10° A'm
vs. ~1.5 X 10° Am).
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This chapter provides the summary and conclusions of the results of the present work and also the
scopes for future research in this area

7.1. Effect of non-magnetic ion (Zr and Ti) substitution on structural and

magnetic properties of cobalt ferrite

Magnetic and magnetoelastic properties of Co1+xMxFe2.2x04 (M = Zr, Ti; 0 < x <
0.4) samples have been studied. X-ray spectral analysis indicated the presence of cubic-
spinel phase only and the lattice parameter (a), saturation magnetization (Ms) have been
found to increase and decrease with increasing Zr** and Ti** substitution in the CFO lattice
respectively. The effect of temperature and composition dependence of Co1+xMyFe;—5,04
(0<x<0.4 and M = Zr, Ti) samples on the magnetic properties have been studied. As the
temperature decreases high magnetocrystalline anisotropy prevented complete approach to
saturation magnetization and maximum magnetization was observed around 150 K for all
the samples. Direct relationship was observed between coercive field and
magnetocrystalline anisotropy coefficient for all the samples. Transition temperature was
observed to decrease and increase with Zr and Ti substitution, respectively, in CFO lattice.
Maximum magnetostriction of ~185 and 196ppm are achieved for x = 0.2 composition of
Zr and Ti substituted cobalt ferrites respectively. A remarkable 300 and 345% increase in
dA/dH was observed for Co;2Zrp2Fe1604 and Co12Tig2Fe1604 respectively, compared to
pure CoFe,0, (~3.32 x 10° A*m vs. ~0.8 x 10° A m).
7.2. Effect of non-magnetic ion (Zr and Ti) substitution and magnetic
field assisted compaction on structural, magnetic and magnetostrictive

properties of cobalt ferrite

Structural, magnetic and magnetoelastic properties of magnetically compacted
Co1+4xMyFe2.2x04 (M = Zr, Ti; 0 < x < 0.4) samples have been studied and the results were
compared with the normal pressed samples. Parallel and perpendicular magnetization data
of magnetically pressed Zr- and Ti-substituted cobalt ferrite samples indicated an induced
easy direction of magnetization and that was developed at nearly 90° to the direction of
compaction, which introduced some uniaxial anisotropy in the samples along the same
direction. Magnetostriction and strain sensitivity are increased by ~111% and 435%,
respectively, for magnetically pressed Co12Zro2Fe1604 compared to CFO-NC.

Approximately 128% and 625% increment in magnetostriction and strain sensitivity is
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observed for x = 0.2 Ti- substituted CFO sample compared to CFO-NC. Substitution of
non-magnetic ions, having preference for octahedral coordination, is more effective in
increasing the magnetostriction of CFO. Magnetic field assisted compaction strongly
influences the strain sensitivity of substituted CFO samples. The present study indicates
that magnetic compaction could be an alternate and effective method to magnetic annealing

for improving the magnetoelastic properties of CFO.

7.3. Effect of Ce substitution and magnetic field assisted compaction on

structural, magnetic and magnetostrictive properties of cobalt ferrite
XRD of Coy.xCexFe;.2xO4 sintered at 1300°C for 12 hrs confirms single cubic spinel
phase except for x = 0.04 composition. Lattice parameter is observed to increase with Ce
substitution into the CFO lattice. Lattice parameter of magnetically compacted
Co1+xCexFes.2x04 samples is decreased compared to normally pressed samples. Maximum
magnetostriction ~ 225 ppm is achieved for Co13Cepo3Fe19404. Maximum
magnetostriction of ~360 and 425 ppm is observed for magnetically compacted pure CFO
and Ce substituted cobalt ferrite samples, respectively. Approximately 135% increment in
magnetostriction is observed for magnetically pressed Ce substituted CFO sample
compared to normally pressed CFO. A remarkable ~ 325% and 588% increase in dA/dH
was observed for NC and MC Coy ¢3Ceq o3Fe1.9404 Samples, respectively, compared to pure
CoFe;0, (5.5 X 10° A'm vs. ~0.8 x 10° A™m)
7.4. Conclusions
" Co1+xMyFep2404 (M = Zr, Ti and Ce) samples were synthesized by conventional
ceramic method
> XRD of CogxMyFe2.2:04 (M = Zr, Ti and Ce) samples sintered at 1300°C for 12 hrs
confirms single cubic spinel phase except for x = 0.4 composition.
~  Lattice parameter is observed to decrease with Ti substitution and increase with Zr
and Ce substitution into the CFO lattice
~ Lattice parameter of magnetically compacted Co1+xMxFez2x04 (M = Zr, Ti and Ce)
samples is decreased compared to normally pressed samples
”  Saturation magnetization (Ms) and coercivity (Hc) have been found to increase with
increasing Zr* substitution and decrease with increasing Ti** and Ce** substitution in
the CFO lattice
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*  Coercivity of magnetically compacted Coy.+xMyFe;.2x04 (M = Zr, Ti and Ce) samples
is decreased compared to normally pressed samples because of the presence of
induced anisotropy in the system

* Maximum magnetostriction ~186, 195 and 225 ppm is achieved for Co,ZrysFe;60a,
Co1.2Tig2Fe; 604 and Coy g3Cepo3Fer.0404 Samples respectively.

”  Maximum magnetostriction of ~360, 380, 412 and 425 ppm is observed for

magnetically compacted pure CFO, Zr, Ti and Ce substituted cobalt ferrite samples,

respectively. Approximately 135% increment in magnetostriction is observed for
magnetically pressed Ce substituted CFO sample compared to normally pressed CFO.

A remarkable ~ 310, 340, 325% increase in dA/dH was observed for

C012Zrp2Fe1604, Co012Tig2Fe1604, Co0103Ce003Fe10404 Ssamples, respectively,

compared to pure CoFe;04 (~3.3, 3.5, 3.4 X 10° A'm vs. ~0.8 X 10° A'm).

” A Dramatic ~435, 625, 588% increase in dA/dH was observed for Coq2Zry2Fe1604,
Co1,TigoFe1 604, Co0103Ce003Fe19404 samples, respectively, compared to pure
CoFe;04 (~4.3,5.8,5.5 X 10° A'm vs. ~0.8 X 10”° A™'m).

”  From the observed results it can be concluded that magnetically compacted Ti-
substituted CFO can be used as a potential material for stress sensor applications

7.5 Scope of future work

» The magnetostrictive properties of cobalt ferrite based material can further be

enhanced by optimizing the field applied during compaction and inducing texturing in
the particles by various methods including molten salt synthesis and field induced gel

casting technique.
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