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Abstract
The results of an investigation into the structure, magnetic and magnetostrictive properties
of cobalt ferrite and its derivatives are presented in this thesis. The properties of these
materials can be exploited for the development of high sensitivity stress sensors and energy

efficient magnetomechanical actuators.

This study shows that the magnetostrictive properties of cobalt ferrite can be further
enhanced by altering the oxygen content during preparation which resulted in the highest
strain derivative reported for cobalt ferrite to date. Increase in annealing temperature
before quenching the samples to ambient temperature resulted in changes in magnetic and
magnetostrictive properties which were not accompanied by observable changes in crystal
structure and microstructure. While the saturation magnetization increased, the anisotropy
coefficient, coercive field, magnetostriction and strain derivative decreased. The changes
show that annealing and quenching heat treatment resulted in cation redistribution
between the tetrahedral and octahedral cation sites. Such redistribution can be exploited

for property enhancement.

Further studies show that altering the processing parameters during sample preparation
results in changes in the magnetostrictive properties of cobalt ferrite. Although the crystal
structure, composition and saturation magnetization did not vary significantly with changes
in processing parameters, coercive field decreased with increasing sintering temperature.
The magnetostriction amplitude was dependent on holding time and powder compaction
pressure. The strain derivative was found to depend on powder compaction pressure at any
sintering temperature or holding time. The results show how the magnetoelastic properties

can be varied by changing the processing parameters.

Cation substitution into cobalt ferrite is useful in optimizing the magnetomechanical
properties for applications. Substituted cations altered the exchange and anisotropy
energies depending on their preferences for either the octahedral or tetrahedral site.
Coi.xGe,Fe, 5,04 is the only composition of all reported compositions with simultaneous

improvement of magnetostriction amplitude and strain derivative. The highest strain
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derivative of all cation substitution studies reported was obtained for CoGa,Fe,-xO4. The
strain derivative of CoAl,Fe,.,0, is higher than that for Co,.xGe,Fe,_,,04but lower than that
for CoGa,Fe,,0s;. On the other hand, its magnetostriction is higher than that for

CoGa,Fe,-,04and lower than that for Co;..Ge Fe,_5,0a.

Samples sintered in vacuum developed a deleterious Co,..Fe,O second phase. The second
phase, which is a solid solution of FeO in CoO is antiferromagnetic, resulted in decreased
magnetostriction amplitude. This effect on magnetostriction was more pronounced with
increase in sintering temperature than increase in holding time. Also, the sample sintered at

higher temperatures and held for longer times showed the lowest anisotropy.

In this research, cobalt ferrite thin films were deposited at 523 K which eliminates the need
for annealing at higher temperatures for homogeneity and crystallinity. This offers hope for

integration of thin films based on cobalt ferrite into micro-electromechanical devices.
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Chapter 1: General Introduction

e

Chapter 1. General Introduction

1.1 Introduction

Cobalt ferrite (CoFe,0,) and its derivatives CoMexFe, xO4 (Where Me stands for a metal ion)
are promising materials for use in devices such as transducers, vibration controllers and
sound generators because of their high magnetostriction and high rate of change of strain
with magnetic field. Their technological potential as alternatives to the rare earth based
magnetostrictive materials has recently attracted much interest. Apart from suitable
mechanical and chemical properties, it has been shown that composites based on CoFe,0,
have a higher sensitivity of strain to applied field compared to Terfenol based composites

[1-1].

The magnetic and magnetostrictive properties of cobalt ferrite depend on how the cations
are distributed in the lattice and as well as the structural properties. Both cation distribution
and structural properties of CoFe,04 can be altered by the processing route, heat treatment
and cation substitution. Such alterations can cause changes in the amplitude of
magnetostriction (A) and sensitivity of magnetostrictive strain to applied magnetic field or
strain sensitivity (dA/dH). The objective of this research is to investigate how changes due to
processing, heat treatment and cation substitution affect the structural, magnetic and
magnetostrictive properties of bulk CoFe,0, and magnetic properties of CoFe,0, thin films.
It also includes an investigation of temperature dependence of magnetic and

magnetostrictive properties of CoFe,0, and CoMexFe,.x0,.

The stoichiometry composition of cobalt ferrite is CoFe,04. In preparing cobalt ferrite,
compared with the stoichiometry composition, the processing route may result in a final
composition ranging from Co,.«Fe,.,0,4 to Co;..Fe,404 in the range 0 < x < 1. This depends on
the proportions of the constituent elements during sample production. While some authors
did not present any result on the confirmation of how close to stoichiometry their samples
were [1-2, 1-3], others produced samples which were off stoichiometry [1-4, 1-5]. It is

important that magnetic and magnetostrictive properties of cobalt ferrite samples be
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Chapter 1: General Introduction

viewed with the actual sample composition in mind. This is because deviation of the final
composition from the targeted composition could result in different cation distributions and
hence different magnetic and magnetostrictive properties. It is also important to compare

compositions to find the most suitable for different properties and applications.

Cation distribution in cobalt ferrite can be altered by heat treatment. Consistent with
thermally activated processes, the formation of structurally uniform cobalt ferrite samples is

diffusion dependent and can be expressed by an Arrhenius equation given by [1-6];
-0
D=D,exp 1-1
0 (RT (1)

where D (m’s?) is the diffusion coefficient, D, (m?s?) is a constant for a given diffusion
system, Q (J.mol™) is the activation energy, R (J.mol?K?)is the gas constant and T (K) is the

temperature. The effect of heat treatment can be seen from equation 1-1; increase in

~0

temperature (thermal energy) increases exp(ﬁ) thus increasing the diffusion coefficient.

Since the diffusion is time dependent, heat treatment time also plays a very crucial role.
More time is necessary for atoms to diffuse to equilibrium positions at lower temperatures
than higher temperatures. Thus the cation distribution in CoFe,0, and its derivatives
(CoMexFe,x0O4), can be controlled which in turn offers the capability to systematically

control magnetic and magnetostrictive properties.

Equilibrium positions of cations due to heat treatment can be explained by the Helmholtz
free energy, F;

F=U-TS (1-2)
U is the internal energy associated with cation site preference, T is temperature while § is
the entropy. If the U term is higher, cations will tend towards occupying their preferred
sites. If the TS term is higher, this favours disorder (entropy). Equilibrium at a particular

temperature represents a balance between the two effects. At higher temperatures, the 7S
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term is higher, thus, cations would be randomly distributed and would even be more
randomly distributed if the temperature is increased further. At lower temperatures, cations
would tend to occupy their preferred sites. If cooling occurs very slowly, the cations have
time to migrate closer to their low temperature equilibrium positions. On the other hand, if
the temperature falls quickly, cations are frozen at the equilibrium positions corresponding
to the higher temperature from which the material was quenched. These two cases
represent different heat treatments by which the cations in a material can be redistributed
among the cation sites. Heat treatment can also result in a change in the microstructure and
so it can be used to alter the magnetic and magnetostrictive properties of cobalt ferrite

materials which are both affected by cation distribution and microstructure.

Substitution of non-magnetic cations for Fe** or Co* in the cobalt ferrite spinel lattice can
also alter the magnetic and magnetoelastic properties. Different cations have different
effects on the anisotropy and magnetostriction depending on the strengths of their
preferences for either A-sites or B-sites. For example, while Ga has preference for the A-
site, Cr prefers the B-sites. Since the high anisotropy and magnetostriction in cobalt ferrite is
thought to be due to the Co®* on the B-sites, substitution of non-magnetic cations with
strong B-sites preference for Fe** may displace some Co® out of B-sites. Similarly,
substitution of cations with strong A-sites preference may displace some Co?* from A-sites
to the B-sites. In either case, non magnetic cation substitution results in weakening the
exchange interaction and anisotropy thus offering the opportunity to alter the magnetic and

magnetostrictive properties.

Thin film CoFe,0,4 and its derivative materials have a wide range of potential applications
including magnetostrictive, magneto-electric, magneto-optical and magneto-transport
applications. Preparation of high quality films and optimization of properties is necessary for
these applications. Cation substitution and heat treatment can also be used to tune the

desired properties of thin film CoFe,04 to match the intended applications.

- PhD Thesis by Cajetan lkenna Niebedim Page 3



Chapter 1: General Introduction
.. ]

1.2 Scope of the Research

In order to study the variation of magnetic and magnetostrictive properties of cobalt ferrite

and its derivative materials, the research covered the following;
a. an investigation of how these properties depend on processing parameters used
during sample preparation
b. a comparison of changes in the properties due to changes in heat treatment

conditions

c. a systematic study of the contribution of cooling rate to the magnetic and

magnetostrictive properties of CoFe;04

d. a comparison of how different cation substitutions into CoFe,04, and how variation

of the cation compositions affects magnetic and magnetostrictive properties.
e. astudy of how these properties vary with temperature
f. an investigation of magnetic properties of thin film CoFe,0, samples.

The outcome of these research themes is presented and compared to previous studies.
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Chapter 2. Magnetism in Magnetic Oxides

2.1 Introduction

A magnetic oxide can be thought to be made up of a lattice of oxygen ions (0%) in which
cations with magnetic properties occupy the interstitial sites in an ordered manner [2-1]. In
a magnetic oxide, those interstitial sites can be referred to as cation sites or positions. Since
0% is non-magnetic, the magnetic signature of a magnetic oxide comes from the cations. A
number of factors such as size of cation relative to the size of the interstice,
electronegativity and thermal history can contribute to determining which cation occupies
which site. Also the type of cation positions available in the lattice determines the type of
magnetic interactions between the cations and thus the magnetic properties of the oxide.
For example, CoO with the rock salt structure has only octahedral cation sites while Co30,4
and CoFe,0,4 with spinel structure have both octahedral and tetrahedral cation sites. CoO
and Co30, are antiferromagnetic [2-2] while CoFe,0, is ferrimagnetic. Therefore magnetism
in magnetic oxides is due to the availability of sites for cations to occupy, the magnetic

properties of the cations occupying those sites and the super-exchange interaction.

2.2 Exchange Interaction in Magnetic Oxides

Since the ionic radius of 0% in magnetic oxides is larger than the ionic radius of most
cations, cations occupying the cation sites in the lattice have no direct contact with each
other, being separated by 0%. Nevertheless, due to the overlap of their electron clouds with
that of 0%, these cations still interact [2-3] through the intervening O. Exchange interaction
therefore refers to the interaction between the electron clouds associated with
neighbouring magnetic atoms which influences the manner in which electrons can be

allocated among the various spin states of partially filled inner sub-shells [2-4].

In spinel ferrites, exchange interaction describes the interaction between the electron
clouds of cations through the intervening oxygen anion. If the orbitals of adjacent atoms are

in direct contact, direct exchange interaction would be possible but this is unlikely in
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magnetic oxides because of the relative ionic radii of oxygen and the cations. As a result, the
interaction between magnetic cations in magnetic oxides is mostly indirect being mediated
by the separating oxygen ion. Because the ionic radii of cations in magnetic oxides are
different, the exchange interaction varies with the distance between the magnetic moments
of the interacting atoms and the bond angle. For oxides containing transition elements ions,
strong exchange interaction would occur where transition elements ions such as Fe**, Co%
and Ni%*, cr®*, Mn®, etc with extended orbitals (i.e their magnetic orbitals (3d orbitals)

participate in bonding alongside the 4s and 4p orbitals), occupy the interstitial position.

2.3 Magnetic Ordering

Magnetic ordering of individual atomic moments arises as a consequence of exchange
interaction in magnetic structures. It represents the competition between the alignment of
moments due to exchange interaction energy and the resistance to the alignment due to
thermal agitation energy. The alignment results in magnetic ordering in which, parallel

alignment is called ferromagnetism and anti-parallel alignment is called antiferromagnetism.

The Curie temperature represents a transition point for ferromagnetic materials above
which thermal agitation energy dominates but below which exchange interaction energy
dominates and magnetic ordering takes place. For antiferromagnetic materials, this
temperature is called the Néel temperature. Below the Curie temperature (or Néel
temperature), the tendency for a magnetic ordering to result in ferromagnetic or

antiferromagnetic ordering is usually described in literature by the exchange energy [2-1];

W.=-23.J,28:S, (-1

where W, is the exchange energy, J;is the exchange integral linking atoms i and j, and S; and
S, represents the spin angular momentum of the atoms. If the exchange integral is positive,
then the magnetic moments are aligned parallel to each order resulting in ferromagnetic

ordering. If the exchange integral is negative, magnetic moments will align in an anti-parallel
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form which results in cancellation of moments leading to antiferromagnetic ordering. The
antiferromagnetic ordering in which the net moment is greater than zero (2m > 0) is called
ferrimagnetic ordering. CoFe24 is a ferrimagnetic ordered spinel structured material with
antiferromagnetic coupling between the octahedral and tetrahedral sites. Fig. 2.1 [2-5]

summarises the levels of magnetic ordering.

Diamagnetism

[Propetty of all matter)

Uncompensated vrtotal and spin
angular momentum in all solid

pan i
Permanent atomic moments

Independent atomic moments

c
Ideal Paramagnetism Ferromagnetism Antiferromagnetism Ferrimagnetism

Fig. 2.1: Summary of levels of magnetic ordering

2.4 Magnetization Processes

Magnetization (M) is defined as the magnetic moments (m) per unit volume (V) of a
material, (M --j*). Ferromagnetic and ferrimagnetic materials are spontaneously

magnetized below their Curie temperatures resulting in the development of regions of
uniform magnetization called magnetic domains. This spontaneous magnetization comes as
a result of an internal magnetic field known as the Weiss molecular field. As a result, when
magnetic field is applied, the effective magnetic field acting on a ferromagnetic material is
the sum of the applied magnetic field and the Weiss molecular field. If the applied magnetic
field is sufficiently large, domains are forced to align in the direction of the applied field.

Magnetization in the material and the magnetic field (H) contribute such that the vector
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sum of both gives the total magnetic induction (8) of a magnetic material. The constant /iOis

the permeability of free space.

B=//0(H+M) (2-2)

The behaviour of the magnetization of a ferrimagnetic material with respect to the applied
magnetic field is such that when the applied magnetic field is cycled, the magnetization does

not normally trace back the initial path. This behaviour is defined by a hysteresis loop shown

in Fig. 2.2

Fig. 2.2: A typical hysteresis loop

Changing the magnetic field of a material from zero to a positive peak value, back to a
negative peak value and back again to the same positive peak, traces the hysteresis loop of
the material. The path from zero to Ms (0-Ms) is the initial magnetization curve. Ms
represents the saturation magnetization which is the state where all the magnetic moments

are aligned parallel to the applied magnetic field. Hc represents the coercivity which is the
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applied magnetic field at zero magnetization. My is the remanence which is the residual
magnetization when the magnetic field has been reduced to zero. The area enclosed by the
hysteresis loop is proportional to the hysteresis loss which represents the magnetic energy
lost in the form of heat in the lattice of the material while tracing the hysteresis loop. The
relationship between hysteresis loss and coercivity is such that reducing coercivity also

reduces hysteresis loss [2-6].

2.4.1 Domain processes during magnetization

In order to explain the large magnetization of a ferromagnetic material in weak applied
magnetic field, Weiss assumed that actual specimens are made up of small regions within
which magnetization is locally saturated [2-7] due the presence of the molecular field. These
regions are referred to as domains. Therefore ferromagnetic domains are regions in a

ferromagnetic material where the magnetic moment vectors are aligned parallel.

The first confirmation of the existence of the ferromagnetic domains was associated with
the discontinuity in magnetization process which gave rise to a characteristic noise as
discovered by Barkhausen [2-8]. Within a domain, the direction of magnetization is the
same but need not be the same from one domain to the other. It is important to understand
the behaviour of magnetic domains during magnetization because under an applied field,
changes in magnetization are related to changes in domain structure. In turn; changes in

magnetostrictive properties are related to domain changes.

Domains are separated from each other by transition regions referred to as domain walls.
The domain wall has associated surface magnetic energy which arises as a result of the
competition between the exchange interaction and magnetocrystalline anisotropy energies
of the material. The exchange interaction energy tends to align the magnetic moments
parallel to one another while conversely, anisotropy energy tends to align them in preferred
crystallographic directions called the magnetic easy directions. This competition between

exchange interaction energy and anisotropy energy determines the thickness of the domain
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wall. The width of the domain wall tends to be thicker when exchange energy is higher and
thinner when magnetocrystalline anisotropy energy is higher. As shown in Fig. 2.3, within a
domain wall (the region between the dotted lines), the direction of magnetic moments
changes from its direction in one domain to its direction in another domain leading to the

creation of atransitional region known as Bloch wall.

Fig. 2.3: Schematic representation of the Bloch wall [2.7]

In ferromagnets and ferrimagnets, the magnetic moments within the domains are ordered
even in a demagnetized state. When a magnetic field is applied in the demagnetized state,
the magnetic moments tend to align themselves along the direction of the applied field as a
response to the need for energy minimization. This results in the growth of the domains
aligning favourably, close to or along the direction of the applied field, at the expense of the
unfavourably oriented domains. Domain rotation and domain wall displacement are terms

used to describe the behaviour of domains to applied magnetic field.
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Pinning sites are sites which obstruct the domain motion and arise due to material
imperfections. If the applied magnetic field is low such that the energy required for moving
the magnetic domains past pinning sites in the way of the magnetic domains is higher than
the magnetic energy moving the domains, reversible domain rotation and reversible domain
wall bowing take place. Under this condition, the magnetic moments return to their original
easy directions as determined by the anisotropy energy when magnetic field is removed. If
the applied field is high enough to move the domains past the pinning sites, the wall
displacement may not be reversible when the magnetic field is removed. This will result in
magnetic moments aligning in the crystallographically easy directions closest to the
direction of the applied field. This usually takes place at intermediate to high field strengths
[2-6]. At sufficiently high fields, as magnetization approaches saturation, the magnetic
energy is high enough to overcome the anisotropy energy and all the magnetic moments
align along the direction of the applied magnetic field. The rotation at this stage is reversible
and the material is said to attain saturation magnetization once all the domains are aligned

in the same direction.

2.4.2 Curie temperature

If a ferromagnetic or ferrimagnetic material is subjected to increase in temperature, the
spontaneous magnetization within the magnetic domains decreases and vanishes at a
temperature T¢ called the Curie temperature. The Curie temperature is therefore the
temperature at which magnetic ordering (i.e spontaneous magnetization) takes place on
cooling resulting in paramagnetic to ferromagnetic (or ferrimagnetic) transition. Curie
temperature can be determined by linear extrapolation of the region of maximum slope
down to the temperature axis in a magnetization versus temperature measurement as
shown in Fig. 2.4 for cobalt ferrite. The plot in Fig. 2.4 was made during the course of this

research project to determine the Curie temperature of cobalt ferrite.
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Fig. 2.4: Determination of Curie temperature of a cobalt ferrite sample from a

magnetization vs. temperature plot

2.5 Anisotropy
Anisotropy is the term used to define the directional dependence of the properties of a
material. Three types of anisotropy are usually considered in relation to magnetic materials;
a. Magnetocrystalline anisotropy
b. Magnetoelastic anisotropy

c. Shape anisotropy

2.56.1 Magnetocrystalline anisotropy

Magnetism in solids arises from the contributions of the electron orbits and the spins of the
electrons to the magnetic moments. The electron orbits can give rise to orbital moments
while the spin gives rise to spin moments. There is no direct interaction between the spins
and the lattice but the spin moments of electrons are coupled to the lattice via coupling to

their orbital motions [2-11. The coupling between the orbital motions and the lattice is
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stronger than that between the spin moments and the lattice; and that between the
electron spin and their orbital motions [2-9]. This coupling of the moments with the lattice
of the solid is the origin of magnetocrystalline anisotropy [2-10]. In magnetic oxides,
because an overlap between the orbits of oxygen (anion) and those of the cations (metal
ions) exists, the exchange interaction between the cations is indirect through the oxygen
ion. This overlap results in the distortion of charge clouds [2-11] leading to a variation of

properties with crystallographic directions in the lattice known as anisotropy.

Since the consequence of magnetocrystalline anisotropy is the variation of magnetic
properties from one crystallographic direction to the other, the measured magnetization for
a given magnetic field (magnetic susceptibility) along the crystallographic directions vary.
This gives rise to the concept of ‘easy directions’ and ‘hard directions’. The magnetic energy
required to attain saturation magnetization in the easy direction is less than the energy
required to attain saturation magnetization in the hard direction. Easy and hard directions
vary from one magnetic material to another and can be easily determined by measuring the

magnetic properties of single crystals of materials magnetised along different directions.

Fig. 2.5 [2-12] shows magnetic properties measured along different crystallographic
directions in single crystals of iron and nickel samples. The easy directions for iron are in the
<100> while the hard directions are in the <111> with the <110> being intermediate. The
easy, hard and intermediate magnetization directions in cobalt ferrite are same as that of
iron. For nickel, the easy directions are in the <111>, hard directions in the <100> and the
intermediate being the <110>. Nickel ferrite has similar easy, hard and intermediate

directions as nickel.

The magnitude of magnetocrystalline anisotropy is usually represented in terms of energy
density (Jm™) which varies with crystal structure due to different lattice symmetries. For the

cubic crystal structure magnetocrystalline anisotropy energy is given by [2-1];
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Emioya = kot *\(«iW +«Za f+adal)+ )+ ... (2-3)
al(@z.«3 are the cosines the angles between Msand the x, y and z axes of the cubic crystal

structure. * and K2are the first and second order cubic anisotropy constants, respectively.
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Fig. 2.5: Magnetic properties of iron and nickel measured in different crystallographic axes

of the crystal structures. In S.I units, 1 Gauss = 10" Tand 10e =79.58 A/m.

As an approximation when K2 is negligible, it can be ignored and in which case, the

anisotropy can be represented by the first order cubic anisotropy constant.

Enay* i= KKa{ct2a2ct") (2-4)
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Considering the one-constant anisotropy, if K; > O (i.e. if K; is positive), the easy axis will be
along <100> and if K; < O (i.e. if K; is negative), the easy axis will be along the <111>. For a
hexagonal crystal structure the magnetocrystalline anisotropy energy is given by;

E =K,sin> 8+ K, sin* 9+ K,sin® 9+... (2-5)

magaystal —

9 is the angle between the direction of magnetization and the unique axes of the
hexagonal structure, K,, K, and K, are the hexagonal anisotropy constants. Similarly,

ignoring the higher order terms, the anisotropy energy of a hexagonal crystal structured

magnetic material can be approximated by the first order term:

E =K, sin’ 9 (2-6)

magcrysta.

2.5.2 Magnetoelastic anisotropy

Magnetoelastic anisotropy can also be traced to the influence of spin-orbit coupling on the
crystal lattice. Application of a magnetic field to a magnetic material normally results in the
material being strained (magnetostriction). The magnetostrictive strain, which depends on
the magnetoelastic energy [2-7], arises because the inter-atomic spacing of the material is
strained by the application of a magnetic field. The amount of magnetostrictive strain
exhibited by a crystal in a specific direction depends on the direction of the magnetization
[2-13]. Similarly, if the lattice is altered by the application of stress, the spin-orbit coupling is
altered also and an additional strain will be imposed on the material resulting in change in
the direction of magnetization. For example, it has been shown that if 69 MPa compressive
stress is applied to nickel (with negative magnetostriction), the magnetization doubles but
under 69 MPa tensile stress, the magnetization reduces by a tenth [2-13]. This indicates that
the direction and magnitude of stress affects the direction and magnitude of magnetization.
The magnitude of magnetoelastic energy for a cubic crystal under uniform stress (o) can be

expressed as shown in equation (2-7).
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E.. e =—— 200X +a +a )
gelasti 2’2100 1 N 272 3 Y3 (2-7)

- 3'11 1 la(alazylyZ +a,a,y,y; + a:;a])’s}'l)

A100 and A;3; are the magnetostriction constants with strain measured in a magnetic field
applied along the <100> and <111> directions respectively. y; y, and y3 are the direction
cosines of the stress components with respect to the crystal axes. If the material has
isotropic elasticity with isotropic magnetostriction (A), then magnetoelastic anisotropy

reduces to;

—%10' cos’ @ (2-8)

magelastic —

@ is the angle between magnetization and stress. Under the simultaneous effects of
magnetic field and stress, the total anisotropy energy reflects the contributions of both
magnetocrystalline anisotropy and magnetoelastic anisotropy (or stress anisotropy). Thus
for a cubic structured crystalline material, considering only the first order term of the
magnetocrystalline anisotropy and the isotropic elasticity and magnetostriction form of the

magnetoelastic anisotropy, the total anisotropy energy is given by;
2 2 2 3
Eani = Emagaystal+ Emagelam'c = Kl (al a2 +a22a32 + a32al ) - 5 2»0' COs g 0 (2'9)

If Ky >> Ao, magnetocrystalline anisotropy dominates and if K; << Ao, magnetoelastic

anisotropy dominates.

2.5.3 Shape anisotropy
Shape anisotropy arises due to the dependence of demagnetizing field on the shape of
magnetic materials. When magnetized, ferromagnetic and ferrimagnetic materials generate

a magnetic field opposite in direction to the magnetization that created it. This magnetic
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field is called the demagnetizing field. The demagnetizing field creates magnetostatic energy
which depends on the shape of the material [2-14] which introduces shape anisotropy with
an easy axis lying along the long axis of the material [2-15]. As a result of this, a spherical
sample under uniform applied magnetic field would be magnetized equally easily in all
directions because the demagnetizing field acting against the applied field is equal in all
directions. An oblate spheroid shaped sample on the other hand would magnetize easier
along the long axis than the short axis due the effect of demagnetizing field which is
stronger along the short axis. Demagnetizing field (Hy) depends on both the shape of the

material and the magnetization (M) in the material [2-6] and are related as shown:
H,=—NM (2-10)

The constant of proportionality N is called the demagnetization factor which depends on
the shape of the material. This dependence of magnetization on the shapes of magnetic
materials requires a correction for the effect of demagnetizing field especially in magnetized
thin film and small particle sized materials due to the contribution of shape anisotropy. In
this correction, the demagnetizing field Hy acting on a magnetized material is subtracted

from the applied field H,,, to obtain the effective field Hes:
qu =Happ—Hd =Happ-NdM (2-11)

In applications where shape anisotropy is much smaller than the magnetocrystalline

anisotropy, it can be ignored. [2-16].

2.6 Law of Approach to Saturation Magnetization

The law of approach to saturation magnetization can be used to determine the first order
cubic magnetocrystalline anisotropy coefficient (K;) of a ferrimagnetic material. This method
was used in determining the anisotropy constant of the samples used in this research work.

The law assumes that as magnetization approaches saturation, all irreversible hysteretic
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processes are completed and the magnetization process in that region would be due to
reversible rotational processes only. These reversible rotational processes represent the
results of rotation of magnetic domains to the direction of the applied field against
magnetic anisotropy. The law of approach to saturation magnetization as was

experimentally obtained is [2-17]
M=Ms(l——————...)+rd-1 (2-12)
H

Ms and H are the saturation magnetization and applied field respectively, kH is the forced
magnetization term representing the additional spontaneous magnetization induced in the
domains under high field conditions and a is a constant representing the effect of inclusions
and/or micro-stresses [2-13]. It is related to domain wall pinning and therefore in the higher
field region of reversible rotation of magnetization, the value of a = 0. b is a constant
representing the effect of magnetocrystalline anisotropy. For randomly oriented
polycrystalline samples with a cubic crystal structure such as cobalt ferrite, the coefficient b

is given as [2-12]

2
b=— f‘ > (2-13)
105 M
This gives the law of approach to saturation magnetization as:
s( Kk Y
M=M1-— 1 +xH (2-14)
105\ pu M H

The law of approach is said to be valid in the range 0.97M; <M < M [2-18].
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2.7 Magnetostriction

2.7.1 Introduction

The discovery of magnetostriction dates back to 1842 and is credited to Joule [2-13).
Magnetostriction is the strain produced when the shape of a ferromagnetic material
changes during magnetization. This type of magnetostriction is called Joule
magnetostriction. Magnetostriction arises when in response to applied magnetic field,
domain rotation and domain wall motion result in a strain. This strain, usually measured in
parts per million (ppm) is small but can be technologically harnessed to convert magnetic
energy to mechanical energy. It is also possible to convert mechanical energy to magnetic
energy in a mechanism called inverse magnetostriction. In this inverse magnetostriction,
applied stress results in change in magnetization. While Joule magnetostriction can be
harnessed in actuator development, inverse magnetostriction can be exploited for
magnetomechanical stress sensors. Magnetostriction can be of volume or linear form but
linear magnetostriction is more observable and probably more important than the volume

magnetostriction and thus is comparatively more frequently studied.

2.7.2 Spontaneous and field-induce magnetostriction

Magnetostriction is also often classified as spontaneous or field-induced. The relation
between spontaneous and field induced magnetostriction is schematically represented in
Fig. 2.6. Spontaneous magnetostriction arises following magnetic ordering from
paramagnetic to ferromagnetic or ferrimagnetic state. It is therefore the strain that is
associated with the occurrence of spontaneous magnetization in materials. The occurrence
of spontaneous bulk magnetostriction shows that strains within domains are anisotropic in
nature and that the strain depends on the direction of saturation magnetization with
respect to the crystal axes [2-1]. The spontaneous magnetostriction (A,) in a material is
given by the integral of the spontaneous magnetostriction from all the domains in the
material which equals one-third of the total amount of magnetostriction () obtainable from
the disordered-demagnetized state to ordered-saturation-magnetized state as given in

equation (2-15).
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Fig. 2.6: Schematic representation of the spontaneous and field-induced magnetostriction

Field-induced magnetostriction is more important for development of devices such as
sensors and actuators. It arises when, apart from ordering of the magnetic moment into
domains below the Curie temperature, the domains align themselves along the direction of
the magnetization in response to applied magnetic field. Fig. 2.7 12-161 shows the
dependence of magnetostriction on applied magnetic field. When a material is magnetized,
magnetostriction increases with increase in the field strength until the material reaches
saturation magnetostriction. If the material is magnetized to saturation, then saturation

magnetostriction is given by;

fie = £ iz e (2-16)
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Fig. 2.7: Magnetostriction as function of applied magnetic field [15]

From equation (2-16) the strain under applied magnetic field is given as,
g =—Ag (2-17)

Also, from equations 2-15 and 2-16, it is easy to see that the magnitude of the saturation
magnetostriction is twice that of the spontaneous magnetostriction. Equations (2-15) to (2-
17) were obtained assuming isotropic conditions. Within the same restriction, the
dependence of magnetostriction on the angle of inclination to the direction of

magnetization is given by [2-6]
3 > 1
ﬂs (9) = 5 ﬂfs cos“ @ — -3— (2-18)

Sometimes the change in strain is measured as the difference between magnetostriction
measurements with field applied parallel (As]) and normal (A1) to a given direction. When

measured parallel to the field, cos?0 = 1 giving As] = A;, and when measured perpendicular,
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cos’® = 0, yielding AsL = - As/2. The difference between the values obtained in both

directions is

Ag —As, = As + —’-7’5- == (2-19)

N|w

Equation (2-19) and (2-17) are similar which indicates that isotropic conditions are still
maintained. The quantity 3/2 As is called isotropic magnetostriction [2-16]. It is the total
change in length caused by the change in magnetic field and is obtained as the difference
between measured value of magnetostriction along the parallel and transverse directions.
The reason for using this difference is to obtain the value of magnetostriction which is

independent of the initial domain distribution in the demagnetized state [2-11].

It is worth noting that isotropic magnetostriction is only ideal and that most solids are
anisotropic. For anisotropic materials, it is necessary to consider magnetostriction with
respect to the crystal axis lying in the direction of magnetization. In such a case,
magnetostriction varies, both in magnitude and sign from one crystallographic direction of

magnetization to another and thus varies from one type of crystal structure to another.

2.7.3 Magnetostriction in cubic materials

The magnetostriction constant is dependent on crystallographic direction and its
combinative effects along different crystallographic directions determine the magnitude of
saturation magnetostriction in a domain. Because of the high symmetry in cubic materials,
only two independent magnetostriction constants are required to represent
magnetostriction. The saturation magnetostriction along an arbitrary axis for single crystal

cubic material is given is given by equation (2-20) [2-9];

3 1
e LA A

+34, (@@, 8.8, +a,a,B,8, +a,a,p.5,)
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ay, ayand a, are the directional cosines of magnetization measurement and B,, B, and B, are
the directional cosines magnetostriction measurement with respect to the cubic axes, x, y
and z respectively. Equation (2-20) represents the total magnetostriction when a material is
magnetized from a completely demagnetized state to saturation, which is obtainable from
measurement on a single domain of a single crystal sample. If, like in many magnetostriction
measurements, the sample is magnetized in the same direction as the magnetostriction is

measured, then B, = ay, By = a,, and B, = a, and equation (2-20) reduces to;

A, = A0 +3(A111 - Aooxafai +a,2;az2 +az2ax2) (2-21)

For polycrystalline cubic structured materials with random grain orientation, saturation
magnetostriction is obtained by taking an average of the contributions from individual
crystals. This is still valid because the deformation in each crystallite averages to produce
the overall strain resulting in an isotropic magnetostriction [2-16]. Assuming that the
material is under uniformly applied stress or under uniform strain, the saturation

magnetostriction obtained by averaging is

2 3
As,,mg, = '5"'1100 + 3"?111 (2-22)

The value of saturation magnetostriction of a polycrystalline magnetic material measured at
an angle to the direction of magnetization can still be determined by substituting Asaverage for

Asin equation (2-18) [2-9];

As () == A4, (cos 9——) (2-23)

It should be noted that all the magnetostriction expressions above are for samples at

saturation (i.e at Ms). Below saturation, it is complex to completely represent
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magnetostriction. An expression similar to the law of approach (equation (2-14)) can be

used to represent magnetostriction as function of magnetization:

2
Y PO X 0 o 220
I 105 u, M H

2.7.4 Strain derivative and stress sensitivity of magnetostrictive materials

The constitutive equations for linear magnetostriction can written as [2-9]
A=s"oc+dH (2-25)
B=do+u°H (2-26)

These equations couple the mechanical strain () and stress (o) to magnetic field (H) and flux
density (B) through the coupling parameter d called the piezomagnetic constant. s” is the
elastic compliance (the reciprocal of Young’s Modulus) of the material measured at constant
applied field while y° is the permeability measured at constant stress. In modelling
magnetostrictive materials, it is important that equations (2-25) and (2-26) be solved
simultaneously to produce a strong coupling which represents the true magnetomechanical
effect in magnetostrictive materials. Partial differentiation of equation (2-25) with respect
to magnetic field at constant stress and equation (2-26) with respect to mechanical stress at

constant field give;

(%l =d  (Strain derivative) (2-27)
(6—3) =d (Stress sensitivity) (2-28)
oo ),
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As aresult,

(&), (5 @)
oH), \oo),

Equation (2-29) indicates that the stress sensitivity of magnetic flux density is directly

proportional to the strain derivative. This is only true assuming a reversible process under

small applied stress and magnetic field [2-19]. The expression (—gg—) is a figure of merit

<3
that can be used as indication of the potential performance of a magnetostrictive material
for actuator application because it gives the changes in magnetostriction due to changes in

applied magnetic field.
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Chapter 3. Ferrites
3.1 Introduction

Ferrites are magnetic oxides which contain iron as the main metallic element. Pure ferrites
such as FeO (wistite or iron (ll) oxide), Fe,03; (haematite or iron (lll) oxide) and Fe3;0,
(magnetite or iron (Il, Ill) oxide) contain only iron and oxygen. Magnetism was first
discovered in Fe30,in the form of lodestone. Fe;0, is sometimes written as FeO.Fe,0; which
indicates that it is made up in parts of 50% FeO and 50% Fe,03 which is why Fe30, is called
iron (I, Ill) oxide. The technological importance of ferrites is mainly in the tunability of
magnetic properties which derives from the possibility of substituting Fe?* with another
divalent cation. In its tunable form, FeO.Fe,0; can be written as MeO.Fe,0; where Me
represents divalent cations such as Mn*, Co?, Zn?, Ni**, etc. Another consequence of the
substitution capability in ferrites is the fact it crystallizes in different crystal structures which
include the spinel and non-spinel ferrites. The non-spinel ferrites include hexaferrites,

garnets and orthoferrites.

3.2 Spinel Ferrites

Spinel ferrites are a large class of magnetic oxides possessing the crystal structure of the
naturally occurring spinel (MgAIl,0,). The chemical formula of spinel ferrites is MeFe,0, (or
MeOFe,03) where Me represents a single or combination of divalent cations with ionic
radius of about 0.06 nm to 0.1 nm ([3-1]. Magnetite (FeO.Fe,0;), the earliest known
magnetic material is a spinel structured ferrite. The spinel structure is a lattice of 32 oxygen
ions forming a face centred cubic closed packed structure with tetrahedral and octahedral
sites available for cation occupancy. Each unit cell comprises eight octants out of which four
have tetrahedral coordination, the other having octahedral coordination. There are 64
tetrahedral sites (A-sites) and 32 octahedral (B-sites) sites in a unit cell of a spinel structure
hence 2/3 of the available sites are tetrahedral and 1/3 of the sites are octahedral. Of the 64
tetrahedral and 32 octahedral sites, only 8 and 16 of the sites respectively are occupied by

cations. Hence 2/3 of the cations occupy the octahedral sites and 1/3 of the cations occupy
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tetrahedral sites. Altogether, there are 32 oxygen anions and 24 cations making atotal of 56
ions in a unit cell. Fig. 3.1 [3-21 is the schematic of the spinel structure showing cations and

oxygen sites.

¢ Metal ion in tetrahedral site

O Metal ion in octahedral site
Oxygen ion occupying the

corners of the tetrahedral
and octahedral sites.

(a) Tetrahedral site (A-sitc) (b) Octahedral site (B-site)

Fig. 3.1: (a)Tetrahedral site surrounded by four oxygen ions (b) Octahedral site surrounded
by six oxygen ions (c) Spinel crystal structure. Shaded and non-shaded parts represent

octants of similar cation occupancy (d) Two octants showing cation and oxygen distribution.

Spinel structured materials with all the trivalent cations occupying the octahedral sites and
all the divalent cations occupying the tetrahedral sites are called normal or direct spinels.
Deviation from the normal spinel arrangement can occur resulting in half of the trivalent
cations occupying the tetrahedral site and the other half with all the divalent cations
occupying the octahedral sites. This gives rise to a completely inverse spinel structure. Apart
from ZnFe24 and CdFe4, every other ferrite is inverse spinel structured [3-3]. Most
inverse spinels, including cobalt ferrite [3-4] are known not to be completely inverse, i.e the
divalent cations occupy both octahedral and tetrahedral sites. Similarly, there are more

trivalent cations on one site than the other. This deviation from the completely inverse
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spinel arrangement gives rise to the concept of the degree of inversion which defines the
percentage of each cation type occupying the tetrahedral and octahedral sites. The general
formula for cation distribution in spinel ferrite is represented as shown in equation (3-1). Me
stands for divalent metal ion and & is the degree of inversion which represents the cation
distribution among the available sites in a spinel structure. If § = 0, the resulting cation

arrangement would be a normal spinel and if & = 1, it would be a completely inverse spinel.

:Mel—aF eaj[MeaF €5 ]041 (3-1)

A-site B-site

For a completely random state Me”* and Fe** would have to be distributed equally in all the
sites available. There are twice as many octahedral sites as tetrahedral sites in a spinel
structure hence, in a formula unit, three sites are available for occupation as shown
schematically in Fig. 3.2. Since there are two Fe** against one Me?*, with reference to

equation (3-1), a completely random state will be obtained when & = 2/3.

Me** 2Fe™ Me* 2Fe™ | Me* 2Fe*
37 3 37 3 37 3
Tetrahedral Site Octahedral Site

Fig. 3.2: Schematic of the random distribution of cations between the octahedral and

tetrahedral sites, in formula unit of a spinel structure

A relation for determining the value of the degree of inversion [3-4], § is

1 )7
5:(_) 7| Zru ]
4 Hsp 3-2)

. PhD Thesis by Cajetan Ikenna Nlebedim Page 31



Chapter 3: Ferrites
L e

The ratio A is the magnetic moment per formula unit in Bohr magnetons divided by 1

Hpg
Bohr magneton. (The Bohr magneton is the strength of magnetic field associated with an
isolated electron and equals 9.27 x 102* Am? [3-5]) The degree of inversion plays an
important role in determining the magnetic and magnetostrictive properties of spinel
structured materials as it shows the cation distribution among the available cation sites. It
can be altered by heat treatment, being dependent on cation diffusion processes and the
cooling rate of the material from high temperature. § tends towards 2/3 with increase in
cooling rate such as quenching from high temperature into a medium (such as in water).
Quenching results in the cooling rate being much higher than the rate of cation diffusion
and as a result, cations are trapped in their relatively random positions. Depending on the
value of 6, some inverse spinel materials are more inverted than others leading to the
concept of low inversion, high inversion and complete inversion. MnFe,0, with § = 0.2 (20%
of the Mn?* on the octahedral sites) has a low inversion. CoFe,0,4 on the other hand with & =
0.68 to 0.8 has a high inversion because 68 to 80% of the Co?* cations are on the octahedral
sites. NiFe 0, is said to be completely inverted with § = 1 which means that all the Ni?*

cations are on octahedral sites [3-6].

The ionic radii of different cations occupying the tetrahedral and octahedral sites influence
the degree of inversion i.e the cation site occupancies. A cation with an ionic radius larger

than the size of the tetrahedral site will most likely occupy the octahedral site which is

larger. The chances of occupying the tetrahedral site increases if 0.225 < Jionic_ <0.414

ionic

while the chances of occupying the octahedral site on the other hand increases if

0414 < Jionic_ < 0.732[3-7]. For spinel ferrites Rionic is the ionic radius of 0% and Tonic is the

ionic radius of Me*. The ionic radii of trivalent cations such Fe** (r, = 0.49A,r, = 0.55A )
and AP** (7, =0.39A,r, =0.53A) are usually smaller than the ionic radii of divalent cations

such as Mn* (r,=0.66A,r, =0.83A)), Co* (r,=058A,r,=065A) and Ni*

. PhD Thesis by Cajetan Ikenna Nlebedim Page 32



Chapter 3: Ferrites
L e R

(r, =0.55A,r, =0.69A), where r, = ionic radius of cation in tetrahedral sites and r, =
ionic radius of cation in octahedral sites. This difference in ionic radii of trivalent and
divalent cations tends to favour inverse structures [3-1] and may explain why most spinel

ferrites are inverted.

Though the differences in ionic radii explain why most spinel ferrites are inverted, it does
not explain why some are not inverted (normal spinels) and why some are more inverted
than others. Zn? (r, =0.6A,r, =0.74A) and Ni** (r, =0.55A,r, =0.69A) are both
divalent cations with ionic radii larger than Fe®" (r, = 0.49A,r, =0.55A ) but while ZnFe,0,
is a normal spinel (with & = 0), NiFe,0, is fully inverted (6 = 1). Considering only their ionic
radii, both should be inverse structured spinel ferrites, which is not the case. The reason for
this has been explained in terms of the crystal field stabilization energy. This is the energy
required to stabilize a cation in either a tetrahedral or an octahedral site. Crystal field
stabilization varies in such a way as to account for the changes in the degree of inversion in
spinels. Cations with excess octahedral stabilization energy tend to form inverse spinels
while those without excess octahedral stabilization energy tend to form normal spinels
[3-8]. This simply means that the degree of inversion increases with increase in octahedral
stabilization energies of cations. For ZnFe,0,, Zn?* has no excess stabilization energy which
implies 8 = 0 and so forms a normal spinel structure. For NiFe,0O4 on the other hand, the
excess stabilization energy of Ni** at an octahedral site favours & = 1, hence NiFe,0, is

largely inverted (3-8, 3-1].

Another factor that can contribute to the determining the degree of inversion in spinel
ferrites is the oxygen parameter which is denoted by u in Fig. 3.1. Occupation of the
tetrahedral sites by cations usually results in the site being expanded due to the relative size
of the cations compared to the size of the tetrahedral site. Using the relation
r, .
0.225 < 22 < 0.414 for tetrahedral site occupancy, it could be seen that the maximum
ionic

ionic radius 7, that could be accommodated in the tetrahedral site is
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R,,..*0.414=1.38A*0.414=0.571A. This is smaller than the ionic radius of Zn%* (0.60 A)

and Cd** (0.78 A) which both result in normal spinels with both cations occupying the
tetrahedral sites. The consequence of this is an expansion of the tetrahedral site and a
contraction of the octahedral site resulting in the displacement of the position of oxygen
ion. This displacement is called the oxygen parameter which is the distance between the
oxygen ion and a face of the cube (see Fig. 3.1d). The theoretical value of the oxygen
parameter for spinels is 0.375 [3-9]. For spinel ferrites consisting of only divalent and
trivalent cations, the oxygen parameter contributes to the degree of inversion according to

the following:

u<0.379 > |nverse spinel structure is favoured (3-3)
u >0.379 > The normal spinel structure is favoured

3.3 Magnetization in Spinel Ferrites
Magnetization in spinel ferrites is strongly dependent on the distribution of cations between
the octahedral sites (B-sites) and tetrahedral sites (A-sites) of the spinel structure. If A-sites

and B-sites cations are magnetic, there exist two levels of interaction;

» interaction between the cations within each type of cation site

> interaction between the two different sites

The interaction between A-sites cations is called the A-A interaction; the interaction
between the B-sites cations is called the B-B interaction and the interaction between the A-
sites cations and B-sites cations is called A-B interaction. The strength of the exchange
interaction between two cations on different sites of a spinel structure depends on the
distance between the cations through the oxygen ion that connects them and the angle
formed by the three ions; A-O-A, B-O-B and A-O-B. The interaction is strongest for the
shortest distance between the cations and when the angle is 180° [3-10] As a result, the

shorter the distance and the closer the angle is to 180° the stronger the interaction. In
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spinel crystal structure, the angles formed by the cations with the interlinking oxygen ion
are A-O-A (79°), B-O-B (90° and 125°) and A-O-B (125° and 154°). The distance between the
cations for the B-O-B angle of 125° is more than that for the A-O-B angle of 125°. This means
that the strength of the interaction decreases in the order, A-O-B > B-OB > A-O-A.
Consequently, the weak A-A, and B-B interactions result in no spin alignment while the

strong A-B interaction results in spin alignment [3-11].

Due to the fact that thermal fluctuations reduce the net magnetic moments per unit
volume, theoretically, the magnitude of magnetic moments are given as their value at 0 K.
This is practically achieved by measuring the saturation magnetic moments at very low
temperatures and extrapolating the data to 0 K. In spinels generally, the A-B interaction is
antiferromagnetic, meaning that the spins from the cations on the A-sites align anti-parallel
to the spins from the cations on the B-sites. At 0 K, when all the spins from A-sites cations
are fully aligned anti-parallel to the spins from B-sites cations, the difference between the
moments from both sites gives the resultant saturation magnetization for the material. As
shown in Fig. 3.3, for normal spinels with non magnetic Me?* cations, such as ZnFe,0,, there
is no A-B interaction. As a result, the weaker B-B antiferromagnetic coupling causes the B-
sites Fe>* moments to align half in one direction, and the other half in antiparallel direction.
Thus the magnetic moments of the 2Fe>* which are on the B-sites cancel out and since Zn2*
has no moments, there is no resultant moment for ZnFe,O,. Thus ZnFe,0, is
antiferromagnetic with Néel temperature of 9 K [3-12]. For completely inverse spinels such
NiFe;04, the magnetic moments of the 2Fe3* on the A- and B-sites cancel and the net
moment becomes the magnetic moment of Ni** on the B-sites. NiFe,0; is thus ferrimagnetic

with a Curie temperature of 858 K [3-12).
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A-sites B-sites
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Net moment = 2 pB— P Ferrimagnetism

Fig. 3.3: Magnetization at 0 Kin normal spinels with ZnFe20 4and NiFe204as examples

3.4 Non-Spinel Ferrites

Hexaferrites crystallize in the hexagonal crystal structure. They can exist as four phases
depending on composition as shown in Table 3.1 [3-13]. The most studied and applied is the
M-type (magnetoplumbite-type) material, barium hexaferrite (BaFei20i9). BaFe*Oig has
three types of lattice sites; the tetrahedral, octahedral and trigonal. It has high uniaxial
anisotropy and saturation magnetization, and is mainly used for permanent magnet and

microwave applications.

Phase Formula
M BaFei20i9
w BaMe2Fei6022
Y Ba2Me2Fei2022
z Ba3Me2Fe2404i

Table 3.1: Chemical compositions of different phases of hexaferrites

Garnets have the general formula A3B2G012 with A, B and C being cations [3-31. The best
known magnetic garnet is the yttrium-iron garnet with the chemical composition
YsFez2(Feo 4)3 (the same as YaFes0i2). It crystallizes in the cubic crystal structure with iron

occupying the tetrahedral and octahedral sites and the yttrium occupying the dodecahedral
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sites. The Fe®* cations on the tetrahedral sites are coupled antiferromagnetically to the Fe3*
cations on the octahedral sites. Since the tetrahedral sites have more Fe*' than the
octahedral sites (ratio of 3:2), the net moment of the coupling is due to the tetrahedral
cations. A weak antiferromagnetic coupling exists for the net moment of the coupling due to
Fe** and the moments of the Y** [3-1]. Cation substitution for Fe** by some trivalent cations
and for Y3* by the rare earth is possible offering the possibility of tuning the magnetic

properties of garnets to match different applications [3-14].

Orthoferrites belong to a large class of materials possessing a distorted perovskite (CaTiO3)
crystal structure. They have a general formula, ABO; which for the orthoferrites is RFeO;
[3-15]. R stands for a rare earth metal. The cubic crystal structure of perovskites is distorted
in orthoferrites to form an orthorhombic crystal structure. In the orthorhombic structure,
the 0% anions occupy the face positions; the Fe** cations (interacting antiferromagnetically)
occupy the centre (octahedral cation site) while the R** occupies the corner positions
(dodecahedral cation site). Orthoferrites have a range of tuneable magnetic properties
which depend on the magnetic properties of R** occupying the dodecahedral site. It also

depends on temperature and the interaction between R** and Fe®".

3.5 Cobalt Ferrite (CoFe,0,)

CoFe;04 is ferrimagnetic, with a partial inverse spinel crystal structure and a Curie
temperature of about 520 °C. Fig. 3.4 shows a typical x-ray diffraction pattern for a spinel
structured cobalt ferrite. The strongest diffraction is from the (311) plane. Degrees of
inversion 6 = 0.68, 0.70, 0.80 and even as high as 0.96 have been reported for CoFe,0, in
various studies [3-16, 3-17, 3-18]. This variation in the literature report may be due to
different heat treatment processes during fabrication. it was found that fast cooling and
slow cooling results in different degrees of inversion in CoFe,0, even for samples prepared
the same way [3-18]. Different partial pressures of oxygen during fabrication can even result

in the development of a secondary phase [3-19].
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Fig. 3.4: X-ray diffraction pattern for a Co-ferrite spinel structured sample
For completely inverse spinel ferrites, the resultant magnetic moment is that of the divalent
cation. Had CoFe,0,4 been a completely inverse spinel, the net magnetic moment would be 3
Hg corresponding to the magnetic moment of Co”. The measured saturation magnetic
moment of CoFe,04 at 0 K is 3.7 pg. The difference between the measured and calculated
value could be attributed to the effect of the unquenched orbital moment of Co?* which,
when added to the spin moment, would result in higher values of measured magnetic
moment [3-1]. It can also be attributed to CoFe,0, being a partially inverse spinel with some

Co” on the A-sites of the spinel structure and the majority on the B-sites.

High anisotropy in CoFe;O, can be explained by the single-ion model of anisotropy
considering the contribution of the anisotropy of Co®* in CoFe,0,. This model assumes that
the anisotropy of a crystal can be approximated by considering the relative contributions of
the constituent ions in the crystal. Though this model ignores the influence of chemical
bonding on anisotropy, it is a reasonable approximation in explaining the influence of Co*
on the anisotropy of cobalt containing ferrites. This is easily seen when a small amount of
Co™* (Co® has a positive anisotropy constant) is added to a ferrite with a negative anisotropy
constant K;. MnFe,0, has a negative anisotropy constant of about -4 x 10° J/m> but
substituting a small amount cobalt for manganese to form Co0sMngssFe 0, results in K;

changing from a negative to a positive anisotropy of 0.6 x 103 J/m? (3-14]. At all
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temperatures shown in Fig. 3.5 [3-20], anisotropy Co,Mn,_Fe,0, increases with increase in

amount of cobalt.

Moreover, the first cubic anisotropy constant of FeO.Fe,0; (Fe;0,) is -1.1 x 10* J/m? but on
replacing Fe?* with Co® to form Co0.Fe;03 (CoFe;04), the anisotropy increases to 2 x 10°
J/m3. This increase in anisotropy causes the easy axes to change from <111> (for Fe;0,) to
<100> (for CoFe,0,). It is therefore apparent that the high anisotropy of cobalt ferrite is due
to high anisotropy of Co** and so, changes in fabrication processes resulting in changes in
concentration would result in changes in anisotropy of CoFe,0,. This influence of Co** on
anisotropy of CoFe,0, can also be traced to the unquenched orbital angular momentum of

Co*.

o o 720 7%
rtx)
Fig. 3.5: Temperature dependence of first cubic magnetocrystalline anisotropy

constant K; of Co,Mn,,Fe,0,4 for x = 0, 0.01, 0.02, 0.04, 0.06, 0.08, 0.1 and 0.25. 1
ergcm™ in S.1 units is 10 Jm>. After R. F Pearson [19]
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Although coercive field is structure dependent and is affected by other factors such as grain
size, shape and the presence of defects which provide pinning sites to domain movement,
the presence of Co®* is known to increase coercive field. It has been shown that when Co*is
substituted for Mn?*, the coercive field is increased due to unquenched orbital momentum
associated with Co?* [3-21]. The coercive field of CoFe;0, can be as high as 320 kA/m,

though this depends on the presence of pinning sites [3-22].

CoFe;04 can be described by two magnetostriction constants, A;;; and Ajgo. Asgo is the
magnetostriction along the easy directions [100] while A;;; is magnetostriction along the
hard directions [111). A;o0 is negative and is larger in magnitude than the positive A11;. The
contribution of Co* to determining the magnetostriction of CoFe,0, can be observed by
comparing to the magnetostriction of Fe30,. Fe;O4 has large positive A;;; and smaller
negative A;o0. On replacement of one Fe* in Fe;s0, with Co* to form CoFe;0,, the

magnetostriction constants change to large negative A;o0 and a smaller positive A;;;.

Fig. 3.6 shows a typical magnetostriction curve of cobalt ferrite. The initial part of the curve
(A-B or A-(-B)) represents the region in which the contribution of the negative A,y to the
resultant magnetostriction is dominant. This initial high negative slope region continues until
all magnetic domains align along the easy axes close to the direction of the applied field.
After this, on further application of a magnetic field, the contribution of A,; to the resultant

magnetostriction becomes dominant and is observed (B-C or B-(-C)). A-B is steeper than B-C.
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Fig. 3.6: Typical magnetostriction curve of cobalt ferrite measured at 300 K. The

hysteresis in this curve has been neglected for clarity of illustration.

Magnetostriction of CoFe;04 is known to depend on temperature. Fig. 3.7 shows that at any
magnetic field, magnetostriction amplitude decreases with increase in temperature.
Moreover, the magnetic field at which the magnetostriction of CoFe,0, reaches saturation
decreases with increase in temperature. This has been shown to be due to decrease in
anisotropy of CoFe,0, with increase with temperature [3-23]. Also, magnetomechanical
hysteresis increases when magnetostriction is measured at low temperature. This effect is
reduced at higher temperatures due to the reduction in magnetocrystalline anisotropy as

temperature increases.
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Fig. 3.7: Temperature dependence of magnetostriction of CoFe;04.1 kOe = 79.58 kA/m.
The figure shows that the amplitude of magnetostriction reduces with increasing

measurement temperature [3-22].

Another way of reducing magnetomechanical hysteresis is by substitution of non-magnetic
cations into the spinel structure of CoFe;0, resulting in mixed ferrites (CoM,Fe;x04) where
M is a non-magnetic cation. Such cation substitution not only reduces the
magnetomechanical hysteresis, it also lowers the Curie temperature of CoFe,0,. Lowering
of the Curie temperature occurs because substitution of non-magnetic cations into the
tetrahedral and/or octahedral sites of the spinel structure of CoFe,O, results in the
weakening of the super-exchange coupling that keeps the atomic moments aligned. This
makes it easier for thermal energy to disorder the magnetic moments and results in the

lowering of Curie temperature.

Also magnetostriction of CoFe,04 can vary due to heat treatment especially when the heat
treatment modifies the lattice parameter of CoFe,04 [3-24]. This can be observed as a shift
in the 20 positions of the peaks in the XRD pattern. Shifts to lower 20 value represent an
increase in the lattice parameter while a shift to the higher 26 values represents a decrease.

Strain derivative dA/dH of CoFe,0, represents the rate of change of the output strain with
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respect to an applied magnetic field when CoFe,0, is used in application as an actuator.
When used as a sensor, stress sensitivity dB/do, represents the rate of change of the output
magnetic flux density with respect to an input mechanical stress. Both dA/dH and dB/do are
proportional as shown in equation (2-29). An ideal application for magnetostrictive devices
based on CoFe,0, is in non-contact magnetomechanical stress sensor in which it is essential
for dB/do to be high. Compared with Terfenol-D based composites with magnitude of
magnetostriction over 1500 ppm, CoFe,O; has lower magnetostriction but higher stress
sensitivity and is more suitable for applications where higher sensitivity, chemical stability
and robustness are essential. Typical values of dA/dH for cobalt ferrite are in the range 1.13
x 10” to 1.5 x 10° Am™ [3-25, 3-26, 3-27]. dA/dH or dB/dc in CoFe;0, can be increased by

non magnetic cation substitution.

3.6 Preparation of Bulk Cobalt Ferrite

The method of preparation of CoFe,0,4 greatly affects the microstructure which in turn

affects the magnetic and magnetostrictive properties.

3.6.1 Traditional ceramic method

Fig.3.8 shows the steps for preparing CoFe,0, via the traditional or conventional ceramic
method. The aim of the powder mixing stage is to ensure that the powder particles are
uniformly distributed to help achieve complete solid state reaction. When the volume of
powder is small (about 100g or less), manual mixing can be sufficient. Otherwise,

commercial shakers/mixers are used to mix the powders. Powders can be mixed wet or dry.
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Mixing of constituent oxide powders at appropriate ratios
e.g 2FeX 4+ coso04+ = 3CoFe20 4

Powder compaction
Calcining
Milling
Sieving
Powder Compaction

Sintering
T

Cooling

Fig. 3.8: Steps for the preparation of CoFe204 via the traditional ceramic route

Powder compaction requires the application of pressure to form the powder into the
shapes of choice. Powder compaction helps to ensure that the particles which were
uniformly distributed make enough contact to encourage bonding during sintering. During
this stage, applied pressure deforms the surface of the particles thereby increasing the

surface area required for bonding of particles.

Calcining involves heating the compacted sample to a temperature necessary for achieving
solid state reaction. It is usually done to allow the powder particles which are already
compacted against each other to react and form the required phase. For pure CoFe 4 the

chemical equation for the reaction expected to take place between the constituent oxides
is;

C0304.12Fe304. 3CoFe20 4 (3-4)

For CoAlxre2x0 4used in this research work (x is the amount of Al3+substituted for Fe3#), the

chemical equation is

4C0304+ (8- 4x)Fe304+ (6x)A120 3—»11CoAlxFe2x04+x02 (3-5)
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Since sometimes a single calcining process may not be sufficient to produce a fully reacted,
single phase sample, calcining may be done twice. In this case, the calcined samples are
milled once more, compacted and calcined again. The process of milling the samples also
helps achieve uniformity and thus helps produce fully reacted single phased samples. Milling
is usually done with a ball mill and depending on the duration of milling, powder particles

may also react during milling.

Powder sieving is necessary after milling to enhance powder compaction and effective
sintering. As illustrated in Fig. 3.9, assuming the particles are spherical, the voids between
larger powder particles being larger than voids between smaller particles would require
more work to be eliminated by compaction. Well compacted samples enhance the sintering

process and the resultant properties of the sample.

Fig. 3.9: Schematic showing voids between large and small powder particles. More work
is required to eliminate voids between larger particles of the same volume.

Sintering is a heat treatment frequently used for processing ceramic powders such as
CoFe4. The main aim of sintering is to turn loose powders into a consolidated
polycrystalline solid. During sintering, powder particles are bonded together and the pore

density is gradually reduced, resulting to shrinkage and densification.
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The stages in a sintering process are shown in Figure 3.10 [3-28]. Stage (a) represents the
state of the powder particles after compaction in which they make stronger contacts than in
loose powder particles. As the particles are heated during sintering, stronger bonds are
formed between the particles resulting in necking (stage b). Further heating leads to further
necking, shrinkage and formation of grain boundaries (stage c). Some grain growth takes
place during this stage and the voids which were initially interconnected start to become
isolated in pores. In the final stage (d), more heating results in further growth of some grains
at the expense of others, stronger bonding, better definition of the grain boundaries and

further isolation of voids.

Fig. 3.10: Stages in sintering [27].

Strong bonding and elimination of the isolated pores occurs through the diffusion of atoms
and ions along the grain boundaries leading to densification. Since grain boundary diffusion
increases rapidly at high temperatures, more grain growth occurs resulting in the
elimination of more voids and further densification. Although it is ideal to eliminate all the
pores during sintering, this is rarely achieved. The level to which pores are eliminated is
determined by the level of the initial porosity in the compacted powder particles, the
sintering temperature and the holding time. The sintering temperature is usually higher

than the calcining temperature but lower than the melting temperature of the material.

The sintering temperature and holding time should be such that the surface energies of the
compacted powder particles are reduced and that bonding is initiated and sustained. This

reduction in surface energy is the driving force for sintering operation. Chemical reactions
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can also take place, though not in all sintering processes. In solid state sintering in which
calcining is insufficient to bring about complete solid state reaction, sintering is usually done
both to complete the chemical reaction and for densification. Such is the case of CoFe,0,
preparation via solid state chemical reaction between Co30, and Fe;0, oxide powders. To
achieve this, the holding time should be long enough to allow such reactions to take place
before cooling sets in. This is because the migration of atoms and ions in solids is
comparatively slower than in liquids. Since such migrations are thermally activated, the
onset of cooling immobilises atoms and ions and may suspend any on-going reactions
resulting in incomplete chemical reactions. Most of the CoFe,O, samples used in this

research were held for at least 24 hours both during the sintering and calcining stages.

Controlling the sintering and the cooling processes is important for optimizing the magnetic
and magnetostrictive properties of CoFe,0,. The SP* paradigm in materials science relates
structure, processing, property and performance of a material. It shows that the
performance of any materials depends on its properties which depend on the structure and
the structure depends on the processing. Thus in processing CoFe,0, via the traditional
ceramic method, the sintering and cooling stages should be controlled to obtain

microstructures with desirable properties.

Microstructure sensitive properties such as coercive field depend on grain size and grain
boundaries available in a material. A sample with small grains has more grain boundaries
which serve as pinning sites to domain motion and thus results in high coercive field. If a
material is fast cooled, grain growth might not have sufficiently taken place before atoms
and ions are immobilized. This would result in the formation of samples with smaller grains
and many grain boundaries. Because of domain motion interruption, high pore volume also
results in high coercive field. Microstructure also affects mechanical properties which can be
controlled during processing. CoFe,0, quenched to room temperature in a medium such
water or nitrogen would be brittle and have high residual stress. Since magnetostrictive

properties show the interplay between magnetic and mechanical properties, materials with
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undesirable mechanical and magnetic properties have undesirable magnetostrictive

properties.

It should be noted that when powder particles are sieved, the sieve size represents the
maximum particle size allowable through the sieve. This means that when the powder
particles of the samples are sieved, the size distribution is inhomogeneous. This affects the
microstructure since some grains grow faster than, and at the expense of others. The
consequence is that ceramic samples are usually made up of large grains surrounded by
smaller ones as shown in Fig. 3.11. It can also be seen from this that just as there large and
small grains, there are also very large, intermediate and small pores. These distributions
arise due to the initial lack of homogeneity in the powder particles prior to sintering. It thus
follows that for materials in which uniformity of grain distribution is crucial for property
optimization with respect to targeted performance, control of processing parameters is
necessary even from the mixing, grinding and sieving stages. In fact, poor mixing of the
sample can result in microstructures with additional phase or phases in the matrix of the
parent phase. Fig. 3.12 shows a CoFe,0, with two phases. The parent phase is labelled 1 and
the secondary additional phase labelled 2. The formation of a secondary additional phase
usually results in large stresses and cracks especially at the interface between the parent
phase and the secondary additional phase. Such stresses and cracks have detrimental effect

on magnetic and magnetostrictive properties of CoFe,0,.
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Fig. 3.11: Typical microstructure of ceramic CoFe2) 4

Fig. 3.12: A microstructure of CoFe 4 material with two phases labelled 1 and 2.
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In conclusion, processing of ceramic powders such as CoFe,O, requires adequate
consideration of the targeted application and careful control at each processing stage to
match the intended performance. Variation in microstructure resulting in variation in
properties results in ‘samples with the same chemical composition but different magnetic
and magnetostrictive properties. Although this variation is in most cases not avoidable, it

should be minimised as much as possible.

3.6.2 Other methods of preparing bulk CoFe,0,

Other methods of preparing bulk cobalt ferrite are not discussed in detail as they were not
employed in this research work. The difference between the methods is usually based on
how the chemical compound CoFe,0, is formed. In the traditional ceramic method, CoFe,0,
can be said to be formed by heating (calcining) in a furnace to initiate chemical reaction

between the constituent oxide powders.

Mechanosynthesis is an advanced method in which the constituent oxides of a ceramic are
made to react by mechanical activation. This usually involves days of milling and shaking of
the oxides. Once formed, the sample is compacted and sintered as in tradition ceramic

method. In the

In the Self-Propagating-Synthesis method, an ignitable powder is mixed with the
constituent oxide and ignited at elevated temperature resulting in sufficient heat to bring

about reaction. This method usually results in poor homogeneity and porosity [3-29].

Co-precipitation method can also be used to produce CoFe,0;, in which case, aqueous
solutions of the Fe** and Co® are subjected to either oxidative or hydrothermal co-
precipitation. In oxidative co-precipitation, CoFe,0, is formed at room temperature [3-30]
and in hydrothermal co-precipitation; it is formed at elevated temperature [3-31]. This is a

simple process during which the solution is stirred and the powder particle size controlled
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by the speed of stirring. The disadvantage is that the process usually results in loss of

stoichiometry [3-32].

CoFe,04 can also-be‘synthesized via complexometric titration of a mixture of solutions
containing Fe** and Co®* with a chelating (complexing) agent. Such an approach has been
used to synthesize CoFe;0, from a mixture of Fe(NOs); and Co(NOs), solutions using EDTA

(ethelyenediaminetetraacetic acid ) as the chelating agent [3-32].

In all the preceeding methods, after the formation of CoFe,0,, the powder particles are

usually subjected to compaction and sintering as in the traditional ceramic method.

3.7 Preparation of Thin Film Cobalt Ferrite

Thin film CoFe,04 materials are important having potential applications for the development
of noncontact force and torque sensors, magneto-optical devices, spin filters for magnetic
tunnel junctions and hybrid data storage devices. Various deposition methods have been
used for the preparation of thin film cobalt ferrite samples. One crucial factor is the ability to
deposit at temperatures low enough to allow integration with MEMS devices, multilayer
hybrid sensors, GMR, TMR, or semiconductor devices. Also, because properties of CoFe,0,
can be optimised by cation doping, it is necessary that a chosen method should be applicable

in depositing cation substituted CoFe,0, samples.

3.7.1 Pulsed laser deposition (PLD)

A high power pulsed laser beam is used to ablate a substrate in pulsed laser deposition.
Although a pulsed laser beam is usually used, it also possible to ablate a material with a
continuous laser beam. As shown in Fig. 3.13 [3-33], in a PLD system, a high energy excimer
laser is incident on a rotating target (or targets), which results in the ablation of the target

and generation of a plasma plume containing the vaporized target.
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The plasma plume is deposited on a substrate at an elevated temperature to form a thin
film of the desired material. The route of the excimer laser from the source to the substrate
is guided by a combination of lenses. Pulsed laser deposition of CoFe204usually starts with a
high purity, high density CoFed) 4substrate in oxygen gas environment ablated by laser onto
a heated substrate. The substrate temperature contributes to the determination of the final
composition, microstructure and magnetic properties of the resultant CoFe204 film. Lower
temperatures may result in the growth of additional phases which tend to vanish with
increase in substrate temperature [3-34]. Thermal expansion mismatch between the grown
thin film and the substrate and the partial pressure of oxygen during growth can all affect

the properties of the film.

Motor Window
Window
Thermo-
Oxygen couple
inlet
Quartz
window
Quartz lens
Excimer Oscillating mirror
Stepper motor
Aperture PP

Fig. 3.13: Schematic of a basic pulsed laser deposition system

3.7.2 Other methods ofpreparing thin films of CoFe20 4

The sol-gel method has been employed in the preparation of CoFe204 samples [3-35, 3-36].

It usually involves dissolving solutions containing Fe3t and Co2+ (such as nitrates of the
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cations) in solvents (such as an organic acid e.g citric acid) in appropriate proportions. The
solution is vigorously heated to bring about a chemical reaction and spin-coated onto
thermally oxidized substrates (such as Si wafers). The coated substrates are further heated
to a high temperaturé to remove the organic solvent and to form amorphous thin films of
CoFe,04. The chosen temperature depends on the chosen organic solvent. The amorphous
films are then crystallized at higher temperatures. The sol-gel method is useful for preparing
cation substituted CoFe;O, thin films. It can also be used for preparing samples at
temperature as low as 350 °C but this usually results in samples with poor homogeneity. To

achieve homogeneity, samples should be annealed at and above 450 °C [3-36].

CoFe;0, thin films can be prepared by electrophoresis, a process in which charged particles
dispersed in a fluid are made to move under the influence of an applied electric field. The
precursor for the electrophoretic preparation of CoFe,0, thin films is charged powder
particles of CoFe,0, suspended in a liquid. It is important that the particles do not react with
the liquid so as not to form a new compound and are stably dispersed without coagulation.
When an electric field is applied to the suspension, the charged CoFe,O, particles are
attracted to one of the electrodes in the suspension and accumulate to deposit a
homogenous film of CoFe,0,. The film is heated to evaporate the liquid and annealed for

proper crystallization.

Sputter deposition, a form of physical vapour deposition (PVD) has also been used to
produce thin films of CoFe,0,. High energy ionised gas molecules (such as Ar* molecules)
are bombarded on a target at a negative potential. The bombardment then results in the
ejection of atoms from the surface of the target to a substrate at elevated temperature. The
obtained film can be annealed at elevated temperatures (depending on application) to
further optimise properties. In order to obtain suitable crystallinity, samples may have to be
annealed at higher temperatures. XRD measurement on sputtered CoFe,0, samples show
that crystallinity becomes observable at about 900 °C and increases with increasing

annealing temperature [3-37]. Magnetic properties were also found to depend on annealing
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temperature. Such a high annealing temperature requirement is detrimental to MEMS and
other semiconductor devices and thus sets back integration of thin films of CoFe,0, into

such devices.

Highly controllable deposition of CoFe0, thin film at an atomic scale can be obtained by
atomic layer deposition. The high controllability of this technique is due to its self-limiting
nature. In an atomic layer deposition of CoFe,Q, thin film, two precursors containing Fe**
and Co? are introduced on a substrate in a reaction chamber sequentially. Before the
introduction of one precursor, the chamber is purged of the excesses of the previous
precursor. One precursor deposited onto the substrate produces a monolayer of the
precursor and reacts with a monolayer of the second precursor to produce a monolayer of
the thin film. The magnetic properties of atomic layer deposited CoFe,0, films and the

effect of magnetic field during the deposition process has been previously studied [3-38].
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Chapter 4. Review of Previous Studies on Cobalt Ferrite for
Magnetostrictive Applications

4.1 Introduction

The requirement to scale up production has contributed to the need for advanced
automated systems in industry. Most automated systems depend heavily on high sensitivity
sensors or energy efficient actuator devices. Sensors for mechanical stress measurement or
monitoring and actuators can be developed by exploiting the magnetomechanical coupling
capability of magnetostrictive materials. This has led to research on magnetostrictive
materials and devices for various applications especially where non-contact operation is
crucial. Non-contact operation capability is useful because accuracy, repeatability and
linearity are degraded over time due to wear and tear in devices operating in contact mode.
Suitable magnetostrictive materials for such devices should possess sufficient amplitude of
magnetostriction for the intended applications and high sensitivity of magnetostriction to
applied magnetic field (strain sensitivity). They should also have good mechanical, thermal
and chemical properties of which ferrites are good candidates. Among the ferrites, cobalt
ferrites (including the parent material CoFe,0, and derivatives CoM,Fe,..O, (Where M stands
for a metal ion)) are promising for such device development because of their suitable

magnetomechanical properties.

4.2 Previous Researches on Magnetostrictive Application of Cobalt Ferrite

It is important to view the magnetostrictive properties of CoFe,04 considering the well
known Terfenol-D. Terfenol-D is a rare earth based material with giant magnetostriction of
1000-2000 ppm (4-1, 4-2]). McCallum et al [4-1] have compared the suitability of materials
based on CoFe;O, with those based on Terfenol-D composites for magnetostrictive
applications. The authors observed that the magnetostriction and strain derivative (1.3 x 10
® m/A) of polycrystalline Terfenol-D based composites were sufficiently high for advanced
automotive magnetomechanical sensors but the high cost, poor mechanical and corrosion

properties are limiting factors. To improve mechanical and corrosion properties, Terfenol-D
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based composites was embedded in soda—lime glass, resin, Fe and NaPO, glass matrices to
form composites. It was reported that though the mechanical and corrosion properties were
improved in the composites, the magnetostriction and strain derivative were degraded. In
comparison, the strain derivative of CoFe,0, and metal bonded CoFe,0, composites are
similar to that of polycrystalline Terfenol-D based composites but the amplitude of
magnetostriction (-225 ppm) is much lower. According to the authors, the corrosion
properties of CoFe 0,4 and metal bonded CoFe,04 composites are excellent. The mechanical
properties of the metal bonded CoFe,0, composites are the best of all the compositions

they studied.

Although the authors preferred metal bonded CoFe,0, composites, it is worth mentioning
that the poor magnetostriction and strain derivative observed for Terfenol-D based
composites were probably due to the choice of matrix material. The magnetostriction
amplitudes obtained for Terfenol-D based composites are less than that reported in a
similar study in which another matrix (polyurethane elastomers) was used for the composite
[4-3] (It should be noted that this also depends on the volume fraction of Terfenol-D in the
composites). In the later study, it was found that applicétion of a magnetic field while the
composites were cured (in order to align the magnetic easy axes of the particles) and
adjustment of the Terfenol-D/matrix compositions resulted in the ability to improve the
strain derivative and mechanical properties. Terfenol-D has higher magnetostriction than,
and similar strain derivative to CoFe;0,4, and both their mechanical and corrosion properties
can be improved by embedding them in matrices. Preference for CoFe,O, and/or its
composites to Terfenol-D and/or its composites results from the ability of tuning the
magnetostriction and/or strain derivative of CoFe,0,4 and its composites to a value much

more than that of Terfenol-D and its composites.

The possibility of tuning the strain derivative of CoFe,0, by substitution of non-magnetic
Cr** and Mn** for Fe** has been demonstrated [4-4]. The author showed that substitution of

both cations for Fe** resulted in an increase of the strain derivative of CoFe,0, from 1.5 x 10
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 m/A to a value of 2.5 x 10”° m/A for CoCrgzFe; 304 and 2.7 x 10”° m/A for CoMngFe, 50s.
The results show an increase in strain sensitivity of over 66% and 80% respectively of that of
Terfenol-D. This increase in strain derivative was accompanied by a decrease in the
amplitude of magnetostriction from 200 ppm for CoFe,;0, to 80 ppm for CoCrosFe; s0, and
180 ppm for CoMngaFe; g0,. Further increase in the amount of non-magnetic cations
substituted for Fe** resulted in lowering magnetostriction amplitude and maximum strain
derivative. The author showed that the dependence of stress sensitivity (which is

proportional to strain derivative, see eq. 2-29 in chapter 2) on magnetostriction amplitude

and magnetocrystalline anisotropy can be written as

dB _ dA _ A,

4-1)
do < am < K, (

dB . oo dA . o A .
— is the stress sensitivity; —/1-|s the strain derivative, — is ratio of the maximum
do dH K,

magnetostriction amplitude to the first order cubic magnetocrystalline anisotropy
coefficient. Thus they argued that the increase in strain derivative found in the study was
attributable to the decrease in anisotropy due to substitution of non-magnetic cations.
Similar literatures [4-5, 4-6] show that these substitutions also decrease the Curie
temperatures. This shows that the temperature dependence of magnetic and
magnetostrictive properties of cobalt ferrite can be tuned by cation substitution offering
capability of controlling magnetomechanical hysteresis. Depending on site preference,
different cations have different effects on the magnetic and magnetostrictive properties of
CoFe;04,. This could be seen from the varying influences of Mn®* and Cr 3* substituted for

Fe* on the magnetic and magnetostrictive properties of CoFe,0,.

Ga** substitution for Fe3* resulted in an increase in the strain derivative of CoFe;0, by more
than 130 % [4-7]. Similar to other substitutions, it was observed that the magnetostriction
amplitude was reduced from 200 ppm for CoFe,O, to 100 ppm for CoGag.Fe; 0,

(CoGag ;Fe; 304 gave the highest amplitude of magnetostriction and strain derivative).
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Compared with Terfenol-D, this is a remarkable increase in strain derivative for substituted
CoFe;04 sample and seems to endorse the preference of materials based on CoFe,0, for
magnetostrictive applications. This is irrespective of the reduction in amplitude of
magnetostriction. because magnetostriction amplitude as low as 30 ppm is sufficient for
many applications [4-8]. As in the previous studies, substitution of Ga3* also resulted in the
lowering of the Curie temperature. Of the substituted cations discussed so far, Ga>* had the
strongest effect in lowering the Curie temperature with increase in the cation composition.
The authors concluded that the large effect of Ga3* substitution on the Curie temperature is
a consequence of strong tetrahedral cation site preference of Ga* From substitution of
Mn**, cr** and Ga* for Fe®, it could be seen that although the strain derivative was
improved, the amplitude of magnetostriction was reduced in all cases. Although the
magnetostriction amplitudes obtained are still sufficient for device applications, it would be
desirable to simultaneously enhance magnetostriction amplitude and strain derivative. If it
is impossible to enhance both, it would be at least desirable to maintain either of the

properties and enhance the other.

The effect of cation distribution on the magnetic and magnetostrictive properties of
CoFe;04 has been studied [4-9]. The authors quenched samples from various temperatures
to ambient temperature. The results were discussed as a comparison between quenching
and slow cooling. Both magnetostriction and coercive field were lowered with increase in
quenching temperature but the saturation magnetization increased. The authors attributed
the decrease in coercive field and magnetostriction to the weakening of the magnetic
anisotropy due to changes in site occupancy of co* following quenching. The results would
have been more convincing had the authors measured the variation of anisotropy with
quenching heat treatment. Also, the authors presented only the values of the maximum
magnetostriction which were very low even for the slowly cooled CoFe;0,4 (100 ppm). The
non availability of the A-H curve and anisotropy data makes it difficult to estimate the
influence of quenching on the strain derivative of CoFe,04. Considering equation (4-1), the

amplitude of magnetostriction is proportional to the product of strain derivative and
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magnetocrystalline anisotropy constant. Thus, the low magnetostriction reported in that
study might have been due to low magnetocrystalline anisotropy, strain derivative or both.
The authors explained their results using the one-ion crystalline-field model in which they
described CoFe;O, as a completely inverse spinel structured material. The one-ion
crystalline-field model with respect to cobalt ferrite, has been previously studied and

reported [4-10).

A previous Mossbauer study showed that CoFe,0, is partially, rather than completely,
inverse [4-11]. The study, which investigated the distribution of cations between the
tetrahedral and octahedral sites, was made using quenched CoFe,0, samples. The
distributions of cations in quenched samples were compared with the distribution in
furnace cooled samples and given as; (Coo.07:002F€093:0.02) [CO0.93:0.02F€1.07£0.02]04 for the
slowly cooled sample and (Coq.24:002F€0.76:0.02) [CO0.76:0.02F€1.24:0.02]04 for the quenched
sample. The circular bracket represents the tetrahedral site and the square bracket
represents the octahedral site. The slowly cooled sample showed a partially inverse
structure contrary to the view of Na et al [4-9), but more Co** migrated from the octahedral

to the tetrahedral sites due to annealing at high temperature..

Vaingakar et al studied the cation distribution of CoFe,0, using X-ray spectroscopy and
concluded that CoFe,0, is partially inverse structured [4-12]. Their conclusions were based
on the comparison between the extended fine structures near the K-edge of Co>* in metal
and Co* in CoFe,0,. Thus, in CoFe,0,, although Co?* prefers the B-sites, there are some Co?*
ions also on the A-sites, making CoFe,0, a partially inverse spinel structure. A more recent
study performed on nanocrystalline CoFe,04 also agrees that CoFe;0, is a partially inverse

crystal structure [4-13].

Magnetic and magnetostrictive properties of CoFe,0, have been shown to depend on
sintering parameters [4-14]). The authors prepared CoFe,04 by the conventional ceramic

method by sintering the samples at 1100, 1200, 1300 and 1400 °C with dwell times of 4, 8,
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16 and 24 hrs. Below 1400 °C, the density of the samples increased with sintering
temperature but decreased at 1400 °C. The authors attributed the unexpected decrease in
density of the sample sintered at 1400 °C to the effect of increased porosity at 1400 °C. It is
not clear whether the authors meant increase in the pore sizes or increase in pore density. If
increase in pore sizes was meant, it is understandable how that could decrease the density.
If the authors meant increase in pore density, it is not clear why high sintering temperature
would increase pore density, it should rather decrease it. The authors also reported changes
in saturation magnetization with sintering temperature which they associated with the
changes in density. It is also not clear why the saturation magnetization would vary with
sintering temperature and holding time because it is known to be both microstructure and
processing insensitive. In fact the authors stated that saturation magnetization depends on

density (which is a microstructural feature).

The variation of coercive field with processing parameters observed in the study agrees well
with the variation in density due to the contribution of grain growth to decreasing the
coercive field with increasing sintering temperature and holding time. The result of the
study also showed that magnetostriction is more dependent on sintering temperature than
holding time. The results presented by the authors on strain derivative seem to be incorrect.
The maximum strain derivative obtained by the authors was 102 ppm/Oe (equivalent to
1.28 x 10° m/A (1 ppm/Oe = 1.25 x 10 m/A)) for the CoFe,0, sample sintered at 1100 °C
for 24 hrs. The A-H curve presented by the authors does not correspond to such a high strain
derivative. Strain derivative for CoFe,0, reported in previous studies were in the range of

1.3x10°to 1.5 x 10° A/m [4-1, 4-4].

Fig. 4.1 shows the A-H plots obtained from the study for samples sintered at 1100 °C.
Additional lines have been drawn to help determine the values of the strain derivative by
taking slopes of the right angled triangles which are formed. The triangles were obtained
around the regions containing data points for the sample sintered at 1100 °C for 24 hrs,

which gave the maximum strain derivative. Smaller triangles DEC, GFC and DIG are labelled
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within ABC extracted from the figure to help determine the maximum value of the strain

derivative.

16 h
N 24 h

-100
-110
120

H (kOe)

Fig. 4.1: X-H plots obtained from Fig. 5 of the study by Bhame et al. [4-14], for samples

sintered at 1100 °C. Additional features were drawn to help determine the strain
derivative.

The slope obtained from the triangles are as follows; ABC = 0.1 ppm/Oe (1.25 x 109 m/A);
DEC = 0.12 ppm/Oe (1.5 x 109 m/A); GFC = 0.09 ppm/Oe (1.17 x 10‘9m/A) and DIG = 0.14
ppm/Oe (1.75 x 10'9m/A). The average strain derivative for the sample sintered at 1100 °C
for 24 hrs should be about 0.113 ppm/Oe (1.4 x 109m/A). Since DIG is the steepest part of
the curve, it is expected that the maximum strain derivative would be between 1.4 x 109
m/A and 1.75 x 10 9m/A. The maximum strain derivative in the study istherefore within the
range of or slightly above those of previous literature reports for un-substituted CoFe2 4

and less than the values obtained by non-magnetic cation substitution for Fe3+in CoFe2 4.
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The authors observed that the strain derivative decreased with increasing sintering

temperature.

Since it has been demonstrated in various studies that CoFe,0, and CoM,Fe,,0, have
potential for high-sensitivity magnetomechanical stress sensors and energy efficient
magnetostrictive actuator applications at room temperature, it is important to understand
how the magnetic and magnetostrictive properties of materials based on them would vary
with temperatures. Melikhov et al. have compared the variation in magnetic properties of
CoFe,04 with those of CoMn,Fe,.0, [4-15] at different temperatures. Using the law of
approach to saturation, the authors fitted the field regions above 1 T (for the samples above
150 K) and 2.5 T (for the samples below 150 K) in order determine the magnetocrystalline
anisotropy constants of the samples. It is not clear why the authors chose field regions
above 1T and 2.5 T for the determination of the anisotropy constants. It has been stated
that the law of approach to saturation magnetization is valid in the field region 0.97Ms< M <

M; [4-16).

In another study [4-17], the authors compared the temperature dependence of magnetic
properties of CoMn,Fe,,04 with CoCr,Fe,.0,. It was observed that Cr**- substitution had a
greater effect in lowering the magnetocrystalline anisotropy than Mn>*-substitution. Also,
Cr**- substitution resulted in a faster decrease of maximum magnetization than Mn3'-
substitution. Similar to the Mn®'- substitution, coercive field varied considerably with
temperature. Variation of coercive field with Cr content was more significant than with Mn
content. The similarities in trend between Mn** and Cr®* substitutions for Fe3* is likely due
to the fact that both cations have octahedral site preferences. The authors explained that
the influence of Cr®* substitution is higher than that of Mn>* because Cr has the stronger
octahedral site preference. Both studies were limited to the dependence of magnetic
properties on temperature. The authors did not consider the dependence of

magnetostrictive properties on temperature variation. Since both Cr** and Mn3* have
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octahedral site preferences, it would be interesting to understand how magnetic properties

of cations with tetrahedral site preference vary with temperature.

A study of the temperature dependence of magnetic properties of CoGaFe,_,04 has been
reported [4-18]. Like the case of CoMn,Fe,,0, and CoCr,Fe,,0,, the magnetocrystalline
anisotropy decreased with increase in temperature for all values of x. Also, it was found to
decrease with increasing x at any given temperature. A similar trend was observed for
variation in coercive field of CoMn,Fe,,04, CoCr,Fe,,0, and CoGa,Fe,,0, except that at any
given temperature, Ga>* had a stronger influence on the coercive field than both Mn®* and
Cr*. The authors also did not report on how magnetostrictive properties of CoGa,Fe,..04
varied with temperature. From the foregoing, it is obvious that magnetic properties of
CoM,Fe;.,04 (for 0 < x 2 0.8) are not only composition dependent but also temperature

dependent.

Having considered various previous studies related to the magnetic and magnetostrictive
properties of CoM,Fe,.,0,, it could be seen that CoM,Fe,.,O, has attracted considerable

research interest.

This present study is aimed at investigating the influences of various sample treatments
with the purpose of optimizing the properties of CoM,Fe,,0, beyond those obtained from
previous studies. This was done focussing on the crystal structure, microstructure, magnetic
and magnetostrictive properties of CoM,Fe;,04 subjected to different treatments. The
experimental methodology and tools are explained in chapter 5. The results are presented
and discussed in subsequent chapters. Chapter 6 includes results of a study of the effect of
vacuum sintering, with different sintering temperatures and times, on the microstructure,
magnetic and magnetostrictive properties of bulk samples of CoFe,0,. The effect of
annealing and quenching heat treatment on the magnetic and magnetostrictive properties

of CoFe,0, is presented in chapter 7. The results include the influence of quenching heat
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treatment on magnetocrystalline anisotropy and strain derivative which were not reported

in a previous study by Na et al [4-9].

The effect of processing parameters including sintering temperatures, holding time at
sintering temperatures and powder compaction pressure on crystal structure,
microstructure, composition, magnetic and magnetostrictive properties of CoFe,0, is
presented and discussed in chapter 8. Bhame and Joy [4-14] investigated the effect of
sintering temperature and holding time on structure, magnetic and magnetostrictive
properties of CoFe;04 but did not consider the effect of compaction pressure which was
studied in this investigation together with the variation of saturation magnetization of
CoFe;04 with processing parameters which Bhame and Joy reported. Most studies of the
magnetostrictive properties of CoFe,0, have been carried out on samples prepared at a
particular temperature in air. It has been said that the oxygen parameter and degree of
inversion in CoFe,04 may change depending on temperature and oxygen partial pressure
[4-19]. These changes will definitely affect the magnetic and magnetostrictive properties of

CoFe,0,4 but it has not been reported how and to what extent.

It has been shown from various studies that the magnetic and magnetostrictive properties
of CoFe,04 can be altered by cation substitution. Mn®, Cr** and Ga*' have all been
substituted for Fe®* in CoFe,0, in previous studies. In all those studies, cation substitution
resulted in an improvement of strain derivative but resulted in lowering of the amplitude of
magnetostriction. Chapter 9 includes the results of studies on the dependence of the crystal
structure, microstructure, magnetic and magnetostrictive properties of CoFe,0, on cation
variation. The results of variation of AI** substituted for Fe** and Ga>* substituted for Fe** at
room temperatures are discussed. Also discussed are the temperature dependence of the
magnetic and magnetostrictive properties of AI>* and Ga>' substituted cobalt ferrite
samples. In addition, the results of room temperature magnetostriction studies on Al** and
Ga®* substituted cobalt ferrite and Ge*'/Co®* co-substitution for 2Fe3* in CoFe,0, are

compared. The reason for the co-substituting Ge** and Co?* is that Ge** is tetravalent and
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cannot substitute for trivalent Fe®*. In order to balance the ionic charges, tetravalent Ge**

was co-substituted with a divalent Co?* ion for 2Fe>".

Due its high coercive field and high anisotropy, thin films of CoFe,0, can be useful for
magneto-optical devices and high density magnetic recording media. Also because it has
high magnetostriction, tuneable strain derivative, good chemical stability and mechanical
properties, thin films of CoFe,04 can be used with piezoelectric materials for magneto-
electric applications. Structural and magnetic properties of thin film CoFe,0, made via

pulsed laser deposition are presented in chapter 10.
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Chapter 5. Experimental Procedure and Measurement Systems

5.1 Introduction

The experimental procedures used in the fabrication and characterization of the bulk and
thin film cobalt ferrites are described in this chapter. Also, the measurements systems used
for the characterization are described. Bulk cobalt ferrite samples used for this study were
fabricated by the traditional ceramic method while the thin film samples were prepared by
pulsed laser deposition. Since both methods are discussed in sections 3.6.1 and 3.7.1
respectively, the discussions on preparation of cobalt ferrite in this chapter is restricted to

describing the steps taken in sample preparation.

Two types of bulk cobalt ferrite were prepared; un-substituted and substituted cobalt
ferrite. While un-substituted cobalt ferrite refers to samples with only Co?* and Fe* as the
cations, substituted cobalt ferrite refers to samples with additional cations such as Al**, Ga**
and Ge. Un-substituted cobalt ferrite is NOT referred to as pure cobalt ferrite (as it is
sometimes called) because the term pure cobalt ferrite will be used in this thesis to refer to
the purity grade of the cobalt ferrite powder used in preparing the samples. Also, the term
cobalt ferrite will NOT refer to CoFe,0, in this chapter because actual compositions will be

written in the form Coj,.Fe2.4040r Co;4Fe2.,0s.

5.2 Preparation of Bulk Cobalt Ferrite Samples

Un-substituted cobalt ferrite samples were prepared according to equation 5-1 while Al-and

Ga-substituted cobalt ferrites were prepared according to equations 5-2 and 5-3.
xCo,0, + (3 —x)Fe,O, =3Co,Fe,_ O, (5-1)

4Co,0, +(8 — 4x)Fe,0, + (6x)A1,0, —12CoAl_Fe, O, +x0,  (5-2)
4Co,0, + (8 -4x)Fe,0, +(6x)Ga,0, - 12CoGa_Fe,_ O, + xO0, (5-3)
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Ge/Co co-substituted cobalt ferrite samples used in this research were prepared in a
previous study [5-1]. In each sample preparation process, care was taken to ensure samples
were dense, as defect-free as possible and uniform in composition to avoid degradation of

magnetostrictive properties of the samples.

5.2.1 Powder preparation for un-substituted cobalt ferrite

The oxide powders used for sample preparation, their Chemical Abstract Service (CAS)

numbers, purity grades and particle sizes are as follows:
Black iron oxide (Fe304)- CAS #: 1317-61-9; Purity: 99.9%; Particle size: -Sum
Cobalt oxide (Co30,)- CAS #: 1308-06-1; Purity: 99.9%; Particle size: -37 um

The initial step involves determining the amount of these constituent oxides powders
required. This requires deciding the amount of cobalt ferrite powder intended to be
produced. During this project, to enable easy handling of powder and ensure uniformity in
composition, the maximum amount of powder prepared in a batch was 50 g. The procedure
for determining the amount of oxide powders required to produce stoichiometric un-

substituted cobalt ferrite (CoFe,0,) is as follows:
Chemical Equation for Reaction: Setting x = 1 in equation 36;
Co,0, +2Fe,0, =3CoFe,0, (5-4)

From equation (5-4), 1 mole of Co30, and 2 moles of Fe;0, are required to produce 3 moles

of CoFe,0;,.

Amount in grams in y moles = number of moles * formula mass (F.M)

For 1 mole Co304 (F.M = 240.80 g/mol) = 240.80 g
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—
For 2 moles of Fe;04 (F.M = 231.53 g/mol) = 463.06 g
For 3 moles of CoFe,0, (F.M = 234.62 g/mol) = 703.86g

703.86 g of CoFe,04 requires 240.80 g of Co30, and 463.06 g of Fe30,

50*240.8

50 g of CoFe,0,4 requires = ————=17.11 g of Co30,. Similarly,
g 2U4sreq 703.86 4 3Us Y
50*463.06
50 g of CoFe,04 requires =—————— = 32.89 g of Fe;0..
g 2V, req 703.86 4 304

A useful check is to ensure that the sum of the mass of Co30, and Fe;0, equals the mass of
CoFez04 (law of conservation of mass); 17.11 g + 32.89 g = 50 g. These masses of Co30, and
Fe;s04 were manually mixed by shaking a containing vessel rigorously for 10 to 15 minutes,

with intermittent stirring with the tail end of a small plastic scoop.

5.2.2 Preparation of substituted cobalt ferrite

The same method was used in preparing Al- and Ga-substituted cobalt ferrite samples. As a

result, only Al-substituted cobait ferrite will be discussed.

Chemical Equation for Reaction: 15 g of CoAl,Fe,,0,4 for each of the compositions with x =
0.0,0.1,0.2,0.3,0.5, 0.7 and 0.9 were prepared according to equation (5-2). For x = 0.0, the
chemical equation for reaction is the same as that of CoFe,0, (equation 5.4). For x = 0.1, the

chemical reaction equation is
4Co,0, +7.6Fe,0, +0.6A41,0, —>12CoAl, ,Fe, ,O, +0.10, (5-5)

The decimals before some of the chemical compounds are a result of non-stoichiometric
nature of the final compound. Because it is conventional to have integers before chemical

compounds, equation (5-5) is multiplied by 10 to obtain equation (5-6).
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40C0304+ 16Fe304+ 6A120 3-+120 CoAIOJFel904+ 0 2 (5-6)

In a similar way, equations (5-6) to (5-10) were used to obtain samples with x=0.2, 0.3, 0.5,

0.7 and 0.9.
20Co030 4+ 36Fe304+6AI203-+60Co0AIO2FelLSO4+ 0 2 (5-7)
40Co0 4+68Fe304+18A120 3-+120C0AIO3Fel704+30 2 (5-8)
SCo304+ \2Fe304+6AI1203-+ 24Co0AIO5FelL504+ 0 2 (5-9)
40C0304+52Fe304+42A120 3-+120C0AI07Fel304+70, (5-10)
40C0304+44Fe304+54A1203-+120C0AI09Fex/O4+90 2 (5-11)

The same oxide powders used in making CoFez204 were used in addition to following the
same procedure as for CoFe204. The masses required to make 15 g of the targeted

compositions of Al-substituted cobalt ferrite were determined and recorded in Table 4.1.

Targeted Mass of Mass of Massof Mass of0. Check for mass
Sample Co. 0. Fe.0. ai.o: given out conservation
Composition (9) () ) (9) | (Total) (g)
CoAl .iFei.gO. 5.197 9.496 0.330 -0.017 15.006
CoAlo.. Fei.: . 5.265 9.113 0.668 -0.035 B
mS O

CoAl - Fei.. O. 5.334 8.720 1.016 -0.053 15.017
CoAl : Fei.; O 5478 7.901 1.738 -0.091 15.026
CoAl - Fei.. O 5.630 7.038 2.503 -0.131 15.040
CoAlo.gFei.i; - 5.791 6.125 3.310 -0.173 15.053

Table 5.1: Masses of compounds required for producing 15 g of CoAlxFe2x04. Mass was
not conserved due to error in determining the masses of CoAlxFez2.x0 4.
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The masses of oxygen were subtracted from the masses of the other compounds because
oxygen was given out (lost) as gas during the reactions. Also in Table 5.1, the masses of
CoAlxFe2.x0 4 produced were not conserved but increased by ~ 0.006 g as x increased. This
was a consequence of an error introduced while calculating the formula masses of CoAlxFe2_
X0 4. The mass of aluminium used for calculating the masses of CoAlxFe2.x04 was 26.1895 g
instead of 26.9815 g. If the correct formula masses of CoAlxFe2.x04 were used, the masses of
the compounds would have been as shown in Table 5.2 in which masses were conserved.
The consequence of this error is the deviation of obtained compositions from targeted
compositions. To correct the error, the actual composition of each of the samples made was

determined and used in the result and analyses.

Targeted Mass of Mass of Mass of Mass of 0. Check for mass
Sample Co.0. Fe. 0. ai.o; given out conservation
Composition (9) (9) (9) (9) (Total) (g)
CoAlo.iFei.g0. 5.196 9.492 0.330 -0.017 15.001
CoAlo.. Fei.g0. 5.262 9.106 0.668 -0.035 15.001
CoAl . Fei.; O. 5.329 8.710 1.015 -0.053 15.001
CoAlosFe1.504 5.468 7.887 1.737  -0.091 15.001
CoAl - Fe.. O. 5.615 7.020 2.495 -0.130 15.000
CoAlosFe1.10a4 5.771 6.104 3.299 -0.174 15.000

Table 5.2: Masses of compounds required for producing 15 g of CoAlxFez x04 with
correction made for mass conservation.

Based on the masses determined, Co304, Fes04, Al203 and Ga203 were weighed using an
Ohaus precision balance shown in Fig. 5.1 and mixed as in the case of un-substituted
samples. The balance has a maximum capacity of 62 g and accuracy of 0.0001 g. Because the
last digit is usually unsettled, masses are reported to the third decimal place. Same balance
was used for measuring the masses of powders used in making both substituted and un-

substituted samples.
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Fig. 5.1: Ohaus precision balance used for measuring masses of the oxide powders

5.2.3 Powder Compaction
After the mixing stage for any sample preparation procedure, the powder was compacted at

a pressure of 127 MPa using the Specac hydraulic press shown in Fig. 5.2.

Die for powder sample Pressure gauge

Fig. 5.2: Specac manual hydraulic press used for powder compaction
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Samples used for the study of effect of processing parameters on magnetic and
magnetostrictive properties of cobalt ferrite were compacted at pressures of 87 and 127
MPa to study the effect of compaction pressure. Because the composition of the samples
prepared for aluminium and gallium substituted cobalt ferrite samples were different, the
die was cleaned after each compaction to avoid cross contamination of one composition
with another. Water was used as a binder to avoid compacted powders disintegrating when
being ejected from the die. Organic binder was not used to avoid retaining any residue as

impurities in the sample.

The diameter of the samples after compaction was 10 mm (corresponding to the diameter
of the die. The height varies depending on the volume of the powder in the die and was
usually 10-15 mm. Compacted samples were left in the die for about 15-20 sec before being

removed and moved to the furnace for the first calcining step.

5.2.4 Calcining

Samples were calcined at 1000 °C for 24 hrs to ensure that the compacted powder particles
react to form a homogenous phase of cobalt ferrite. Most of the samples were calcined in
air except for those used to study the effect of vacuum sintering which were sintered in
vacuum. During calcining, the samples wére heated at 850 °C/hr and cooled by turning off
the furnace. Samples were allowed to cool to < 30 °C before being removed for ball milling.

Calcining was repeated after the ball milling stage to ensure complete reaction.

5.2.5 Sample milling and sieving

Ball milling after the first calcining was necessary to ensure that the powder particles mixed
well before the second calcining stage. This helps to ensure complete reaction and
formation of a single phase structure. Samples were milled using the Spectramill ball pestle
impact grinder shown in Fig. 5.3. The impact grinder uses five 11 mm stainless steel ball
pestles propelled in a figure-8 rotation pattern together with the samples inside a stainless

steel vial. About 15 g of material were milled for a minimum of 20 minutes to ensure
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samples were well ground and mixed. The balls pestles were cleaned with steel wool before
being cleaned with the impact grinder using ethanol in between compositions and at the

end of the milling operation.

Fig. 5.3: Spetramill ball pestle impact grinder used for sample milling

After grinding, samples were sieved through a 400 mesh size sieve to a particle size of < 37
pm. This is the first sieving operation which was usually omitted to save time. The second
sieving operation was done after the samples have been re-calcined and re-milled. This
second sieving operation is more important because it follows the last compaction prior to
sintering. Because some of the particles were larger than 37 pm, ball milling was followed
with hand grinding of the powder samples followed by screening through the 400 mesh size

sieve. About s g of the samples were ground at atime using a mortar and pestle.
Personal protective wear was used while handling fine powder of the samples because

cobalt ferrite is potentially carcinogenic. Lab coat, gloves, safety glasses and dust masks

were used. Hands were first wiped with napkins dampened with ethanol before washing
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with soapy water. Wastes produced during the sample preparation were disposed as
hazardous waste according to the University requirement.

5.2.6 Sample sintering

Sample sintering isa very important stage as it determines the final microstructure of the
samples which in turn affects other properties. To study the effect of vacuum sintering on
microstructure, magnetic and magnetostrictive properties of cobalt ferrite, nine samples
were studied, comprising three samples sintered at each of three temperatures, 800°C,
1000°C and 1200°C, and for times of 6, 12 and 24 hrs. All the samples for the vacuum
sintering study were heated and cooled at 250°C/hr. The samples used for the study of the
effect of processing parameters were sintered in air at 1250, 1350 or 1450 °C and held at

temperature for 24 or 36 hrs.

Samples used for studying the effect of quenching heat treatment on the magnetic and
magnetoelastic properties of cobalt ferrite were initially sintered at 1350 °C for 24 hrs in air
and cooled by turning off the furnace. The air furnace does not have the capability of
controlled cooling. Samples heated to 1350 °C and held for 24 hrs typically took about 12
hours to cool to 27 °C. Some samples were reheated (i.e annealed) to 600, 800, 1000, 1200
and 1400 °C in air, held at those temperatures for 24 hours followed by quenching in water
to room temperature. To ensure comparative quenching rates samples with similar
dimensions were selected, that is, cylindrical samples with a nominal diameter of 9.05 +
0.02 mm and a height of 10.20 + 0.02 mm. The rest of the samples were sintered in air at
1350 °C for 24 hrs before furnace cooling to room temperature. They were heated at 250

°C/hr and cooled by turning the furnace off.

The air sintering furnace used was a Carbolite laboratory high temperature chamber furnace
with a maximum operating temperature of 1700 °C. The heating elements are made from
MosSi; which provides efficient high power density at elevated temperatures (20 W/cm? at
1700 °C). These are located on both sides of the furnace chamber thus providing + 4 °C

temperature uniformity over 113 mm of the chamber. The thermocouples are located on
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the roof of the chamber for temperature monitoring while using the furnace. For smaller
samples such as those used in this research, the thermocouples are too far from the
samples and so cannot give the accurate temperature of the sample during sintering. This
was taken care of by providing a load monitoring thermocouple located closer to the
sample. An 8 segment programmable Eurotherm 2132 controller enabled the heating and
cooling process to be set with minimal monitoring. After cooling, samples were cut with a

diamond saw for characterization.

Eurotherm
Temperature
Controllers

Power Source for Load
Monitoring Thermocouple

Thermocouple

MoSi2Heating Element

Access for Loa
Monitoring Thermocouple

Sample's

Fig. 5.4: Air furnace used for calcining and sintering of the samples
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5.3 Characterization of Bulk Cobalt Ferrite

5.3.1 Crystal structure determination

X-ray powder diffra(;tometry was used to determine the crystal structure of the un-
substituted and substituted cobalt ferrite samples produced during this research. After
making the samples, it was important to determine their crystal structure because this will
both help to understand and analyse the results from subsequent measurements and to
save time if the samples were wrongly made. The use of X-ray diffraction in determining the
crystal structures, thus the chemical composition of materials, depend on the ability of
crystalline solids to elastically scatter incident X-rays. It relies on comparing the diffraction
pattern/data obtained from a crystalline sample with a database of patterns thus identifying
the sample. Other information such as the lattice parameters, presence of impurity phases,
stresses in materials and texture analysis can also be obtained from X-ray diffraction data.
Depending on the nature of sample preparation required, X-ray diffractometry can be a
destructive or non-destructive technique. In this research the destructive approach was
adopted, which requires most of the samples to be ground to powder before diffraction so

as to have uniform texture.

The principle of X-ray diffraction depends on the occurrence of constructive interference
between successive parallel planes of atoms in a crystal. Constructive interference occurs
when the difference in the path travelled by reflected X-rays from adjacent planes is an
integral number (n) of wavelengths (Ax..y) [S-2]. From Fig. 5.5, the difference in the path
length (shown by red arrows) travelled by X-rays reflected from adjacent planes is 2d sin 6.
Thus constructive interference occurs when equation (5-12), which is the Bragg’s law, is

fulfilled.

2d,,,sin@,,, =ni (5-12)

x—ray
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where 0 is the angle between the incident and diffracted X-ray beams, d is inter-planar
spacing given for cubic crystal by equation (5-12). a is the lattice parameter while h, k, I are

Miller indices.

“rM'WT7TF7P|s-13'

Fig. 5.5: Conditions necessary for Bragg's law for X-ray diffraction

The X-ray diffraction patterns for bulk cobalt ferrite samples used in this research were
recorded at a step size of 0.02° on a Philips PW1710 automated powder diffractometer with
copper (CuKa) radiation at 35 kV and 40 mA. Cobalt ferrite samples were ground, mounted
on an aluminium sample holder and placed in the Goniometer of the diffractometer (as

shown in Fig. 5.6) before being exposed to beam of X-rays.
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C obalt ferrite pou dtr sample
sample bolder

Fig. 5.6: Cobalt ferrite powder sample in the Goniometer for X-ray diffraction

For the samples that were quenched from high temperature to room temperature (in which
a small amount of the samples were available for X-ray diffraction), a small amount of
powder sample was wet and left to dry on a glass slide. The slide was then mounted on the
sample holder before being placed in the Goniometer and exposed to X-rays. The
wavelength of the X-rays (Xx-ray) was 1.542 A. The incident X-rays are diffracted from the

samples by Bragg's diffraction and collected by a detector as shown in Fig. 5.7 [5-3].

‘collimating
sUts rotating
specimen

source

diffractometer
circle

deceiving
slits

tdetector

Fig. 5.7: Schematic diagram of an X-ray diffractometer
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Extraction of parameters from X-ray diffraction data

i. 28 and Intensity Values

X-ray diffraction results are usually presented as table of 20 values with corresponding
intensities from which lattice parameter of the material and the diffraction planes can be
obtained. The dafa obtained from the Philips PW1710 automated powder diffractometer
includes the anode type used, the X-ray wavelength , the Goniometer voltage, the tube
current, the scan step size and the data angle range. The software was set to scan 0.16° for
each intensity count at a step size of 0.02° to scans 8 times for each intensity count
produced. Each scan produces a data point and the average of the 8 data points gives the

intensity count.

For a data angle range of 5° to 80°, the first 20 value recorded was 5° and the subsequent
20 values were given by the number of scans per count (0.16) plus the value of the
preceding 26 value. Thus for a data angle range of 5° to 80°, the 26 values is 5°; 5.16°; 5.32°;
5.48° A plot of intensity counts and the 26 values gives the diffractogram (X-ray diffraction
pattern) which can be compared with the database to identify the peaks and the sample.

An example of a diffractogram obtained from a cobalt ferrite sample is shown in Fig. 3.4.

ii. Inter-planar spacing, Miller indices, Planes of diffraction and Lattice parameter
The inter-planar spacing d, was determined from equation 5-13. 8 was obtained from the 20
values of the X-ray diffraction data while Ax.,, is known (1.53A). Using the relation, d can be

obtained for each 26 value;

4sin’ 6 _ 1 (5-14)
ﬂ’i—ray dz

The sum of the squares of the miller indices h*> +k* +1*> was determined for each 20 value
by equation 5-15 and rounded off to the nearest integer value. d; and d; are the inter-planar

spacing of the first and subsequent peaks respectively.
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2
h>+k*+1% = 3*[d—'2] (5-15)
d;

Equation 5-14 is multiplied by a factor of three because the cations in the spinel structure of
cobalt ferrite forrh a face centred cubic structure with the oxygen atoms. For face centred
cubic structures, diffraction can only come from planes 3, 4, 8, 11, 12, 16, etc. For a body
centred cubic structure material, equation 5-14 would have been muiltiplied by a factor of 2
because for body centred cubic materials, diffractions can only come from planes 2, 4, 6, 8,
10, 12, 14, 16, etc. The method for determining the h’+k’+F is described in text [5-4]. The
diffraction plane (hkl) is given by any three integers which when squared and summed
corresponds to the value obtained for A> + k* +12. It is possible that two sets of hk/ values

correspond to the sameh’ + k% +/*value, in which case the diffraction came from two
superimposed planes. As an example, h*+k*+I*= 27 corresponds to superimposed
diffraction coming from planes (333) and (511). Having obtained the inter-planar spacing d
from equation 5-14 and A’ +k? +I*> from equation 5-15, the lattice parameters of the

samples were determined using equation 5-13.

5.3.2 Microstructure and composition determination

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDX) were
respectively used to determine sample microstructure and composition. SEM is a powerful
tool for subsurface microstructure imaging. Understanding the microstructure of the
samples was essential for determining their uniformity if a sample was single or multi-
phased. In a typical scanning electron microscope, a beam of electrons generated from an
electron gun focused onto a sample generates several signals which are detected by

attached detectors.

Fig. 5.8 [5-5] shows the interaction volume of the primary electron beam and the signals

generated in the volume. Generated signals relevant to this study are;
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a. Secondary electrons which are generated by inelastic scattering resulting from
the interaction between the incident and close-to-the-surface electrons. They
are low energy electrons which provide a topographic image of the samples.

Image contrasts can reveal phase variations.

b. Backscattered electrons are high energy electrons generated by interaction of
incident electrons with electrons located deeper into the sample. They are
reflected from inside the sample and contain both topographic and

compositional information about the sample.

C. Characteristic X-rays are generated when inner shell electrons in the sample are
ejected and replaced by outer shell electrons. Because the energy of an outer
electron is higher than that of an inner electron, the excess energy is given out as
X-rays. The X-rays emitted are characteristics of chemical elements and can be
detected by an EDX detector and analysed to determine elemental compositions

ofthe sample.

electron
beam
10A Auger electrons
Sample 50*500 A secondary electrons
backscattered
electrons

characteristic
x-rays
— continuum x-rays
)
L — secondary fluorescence
* by continuum and
characteristic x-rays

Fig. 5.8: Interaction volume of the primary electron beam in a sample during SEM [5-5]
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Two types of scanning electron microscopes were used; the Analytical and Enviromental
scanning electron microscopes. The Analytical scanning electron microscope (A-SEM) is a
Cambridge Instrument (LEO) S360 and can achieve a resolution of up to 5 nm and a
magnification, as high as 100,000. The microscope is a traditional SEM which is best suited
for conducting materials. Electrons will not be conducted away from the surfaces of non-
conducting samples which would result in charge build-up on their surfaces. Charge build-up
on sample surfaces results in distorted electron images. Non-conducting samples have to be
coated with carbon or gold for imaging. Cobalt ferrite samples imaged with this microscope
were coated with carbon to avoid charge build-up. The A-SEM requires a high vacuum of
about 7 x 107 kPa to allow electrons travel without collision with gases. Backscattered
electron images were mostly obtained using the A-SEM. This was to ensure that informative

electron images were obtained from the non-conduction sample surfaces.

The Environmental scanning electron microscope (E-SEM) is a Veeco FEI (Philips) XL30 FEG
microscope. It can resolve 2 nm details and has magnifications of up to 500,000. A broader
range of samples can be imaged using the E-SEM because it can work under variable
pressure modes. Depending on the pressure mode chosen, the sample preparation time can
be considerably reduced. Under a high vacuum mode (low pressure mode), it works in a
similar way to the A-SEM. In low vacuum mode (environmental mode), it works at a
pressure range from 0 to 0.2 kPa under a nitrogen or water vapour environment. Cobalt
ferrite samples imaged with this electron microscope were not coated and were imaged
under a water vapour environment at a low vacuum level of 7 x 10 kPa. In this mode, the

electron microscope is suitable for out-gassing and non-conducting samples.

Both electron microscopes are fitted with Oxford Instrument Inca X-ray analyzer for EDX,
which enables EDX to be carried out alongside electron imaging. Though EDX is a useful
technique for studying elemental compositions, it is insensitive to lighter elements such as
oxygen. As a result, EDX analyses for cobalt ferrite samples were obtained only for the

cations. EDX data were obtained from the atomic percent of the cations at different sites of
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interest on a sample surface. If the composition is uniform, data obtained for the cations are
averaged and normalized to a ratio of 3 (number of cations in a formula unit of cobalt
ferrite) as shown in Table 5.3. If composition varies, data obtained from regions of similar
composition for the cations are averaged and normalized to a ratio which depends on the

number of cations in aformula unit of the composition.

Co=0.2 Formula = Coo. Fe. . O.
Fe Co
Sites of Sum of Ratio(Normalized
Interest  (atomic (atomic Average to Fe + Co=3)
%) %)
: 29.91 1.18 Fe 2.80307433
2 30.44 0.74 Co 0.19692567
3 51.53 9.07
Sum of
4 31.83 2,73 .
ratio
5 83.29 260
6 75.39 4.22
7 19.16 1.77

Average  45.93571 3.22714 49.16285714

e 5.3: Method of determining cobalt ferrite sample composition using data from

result

5.3.3 Measurementofmagnetic properties

Magnetic properties of the samples used in this research were measured using a Vibrating
Sample Magnetometer (VSM) and a Superconducting Quantum Interference Device (SQUID
magnetometer). The VSM is an instrument for measuring the magnetic properties of

materials. It works on the basis that an electric voltage induced due to a change in magnetic
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field (Faraday's law of induction) contains information about the changing magnetic field.

Fig. 5.9 shows the model 7410 VSM used for the purpose of this research.

Sample holder

Fig. 5.9: Lakeshore model 7410 VSM with 740-H Head Drive

Cobalt ferrite samples were attached to the sample holder at the tail of a quartz glass rod
which was attached to the head drive of the magnetometer. A magnetic field is applied and
the VSM is then saddled with a nickel sample to ensure that the sample will be centred
between the pole pieces of the electromagnet. The VSM can measure magnetic moment
with an accuracy of 106 emu. When the head drive is turned on and it vibrates in a
sinusoidal motion inside a uniform magnetic field, the change in magnetic field results in an
electric voltage induced in the pick-up coils located near the sample. The induced electric
field is proportional to the magnetic moment of the sample. Magnetization versus applied

magnetic field (H) was measured at 300 Kwith up to a maximum applied field, 1.6 T.
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An oven was fitted to the VSM to study the temperature dependence of magnetic
properties such as hysteresis loops and the determination of the Curie temperature. The
Curie temperature of cobalt ferrite is higher than the upper temperature limit of the SQUID
magnetometer, therefore the VSM was used for Curie temperature studies. To measure the
Curie temperature, magnetic moments of the samples were measured from 300 K to 873 K
in a field of 7.95 kA/m. The plot of the magnetic moment against the temperature was
extrapolated by drawing a straight line from the region of maximum slope to the

temperature axis.

The SQUID magnetometer used was a Quantum Design Magnetic Properties Measurement
System (MPMS). It is capable of measuring magnetic fields with an accuracy of 10® emu
(higher than that of VSM). It also offers the ability to measure magnetic properties as a
function of temperature in the range 2-400 K. The maximum magnetic field obtainable from
the model 7410 VSM was 1800 kA/m while field up to 3980 kA/m can be obtained with the
SQUID magnetometer. As a result, M vs. H measurements for determining the first cubic
magnetocrystalline anisotropy constants using equation (2-12) were made with the SQUID
magnetometer. M vs. H measurements were made at temperatures of interest under a
maximum applied field of 3980 kA/m. Other magnetic properties such as saturation
magnetization, coercive field and remanence, were obtained from M vs. H results. Also
using the law of approach to saturation magnetization described in chapter 2, first cubic

anisotropy constants were determined.

5.3.4 Magnetostriction and strain derivative measurement

Magnetostriction measurement with the PPMS

Non-inductive resistive strain gauges were attached to the samples to measure the
magnetostriction under applied magnetic field. Vishay Micro-measurements WK-06-031CF-
350 350 Q strain gauges were used with M-bond 610 adhesive for temperatures above and
below 300K and M-bond 200 adhesive for magnetostriction measurements at 300 K. A

Quantum Design Physical Properties Measurement System (PPMS) was used for measuring
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the temperature dependence of magnetostriction. Using the PPMS, magnetostriction was
measured along a direction parallel to the applied field up to a maximum applied field of 1.6

MA/m.

Two half-bridge strain gauge configurations were constructed on a puck for simultaneous
measurement of magnetostriction on two samples. A schematic representation of the
Wheatstone half-bridge configuration is shown in Fig. 5.10. The samples with attached
strain gauges were mounted on the puck with the lead of the strain gauges aligned normal
to the puck. This ensured that magnetostriction was measured in a direction parallel to the
applied field. The puck was then inserted into the PPMS for magnetostriction measurement.
A table of the changes in resistance of the strain gauge due to strain on the sample and
corresponding magnetic fields values were obtained from the PPMS. The resistance change

was converted to magnetostrictive strain of the samples.

‘Copper

Fig. 5.10: Wheatstone half-bridge configuration for cobalt ferrite magnetostriction
measurement using the Quantum Design PPMS. A similar resistive strain that mounted on

cobalt ferrite was also mounted on copper and was used as adummy resistor.
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Determination of magnetostriction from changes in resistance of samples
The ratio of the out-of-balance voltage V, between points A and B, to the constant

excitation current /, under no applied field results in a measured resistance (Rmeasureq);

%(H =0)=R,_ ... (5-16)
From the Wheatstone bridge,

I=1+1, (5-17)

L__ R+R (5-18)

I 2 RCo— Jerrite + Roapper

Therefore,
I =1 R +R,
l ? RCo—fa'rite + prper (5'19)
Also,
R . +R
1, =1, C‘”’;"’; e (5-20)
1 2

Substituting equation (5-19) into (5-17);

I=1 +1 RCo— Jerrite + Rcopper =Il1+ RCo— Serrite +Rcopper =I=] Rl + R2 + RCo— Serrite + Rcopper
'Y R +R, : R +R, : R +R,

(5-21)
Thus, from equation (5-20),
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I=I R+k (5-22)
Rl + RZ + RCo— Sferrite + Rcopper
Similarly,
R o+ R
I, = | o~ e (5-23)
1 + RZ + RCo— Sferrite + Roopper

From the Wheatstone bridge;

Vo=V4=Vs =1 Re, porri — IR, (5-24)

Substituting the expressions for /; and /, in equations 5-21 and 5-22 into 5-24,

Kg_ — (R +R, )RCo—ferrue _ (RCo—fzrriu + Rcoppw)Rl (5-25)
1 'Rl + R2 + RC«»- Serrite + Roopper Rl + R2 + RCo—ferrite + RCOPP”

Equation (5-15) becomes;

_I;o_(H - O) - Rm _ RZRCo—ferrile - prper’Rl (5_26)

=
- Rl + R2 + RCo— ferrite + Rcopper

WhenR, =R,, R, =R and there is no change in temperature and no magnetic

o— ferrite copper

field applied, the bridge is said to be balanced. In such a state the output voltage V, = 0 and
no change in resistance (Rumeqsured) Will be observed. Since R; and R; are resistors of 350 Q,
changes in temperature only, will have similar effect on them, thus the bridge remains
balanced. Since both the copper sample and cobalt ferrite samples have a 350 Q resistor
attached to them and neglecting the differences in their thermal expansion coefficients, at

no applied magnetic field, the bridge will remain balanced. Also, since the strain gauges are
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self- temperature compensating, under the above conditions, observed changes in
resistance should be due to changes in strain. When magnetic field is applied, Rco-erite Will
increase to Reo-ferrite + B Rco-ferritey AN Regpper Will increase to Regpper + A Reopper- Because Ry = R, =

R copper = Rco-ferrite = R=350Q;

%&(H =H)=R, ored = R((R + ARC"—f”"':;a_ (R+ ARcoppa)) _ ARCo—fmu;" Aprper

(5-27)
The magnetostriction of copper can be neglected being non-magnetic; equation (5-27) then

reduces to;

v AR e
7"(H=H)=R = — Coferrite. (5-28)

measured ~ 4

The strain due to this change in resistance of cobalt ferrite can be obtained from the
expression for the gauge factor, Fs. R is the resistance of the strain gauge, AR is the

resistance change on the test specimen (in this case cobalt ferrite) and ¢ is the measured

strain.
AR .
FG = AR; = Co- ferrite = 4Rmeasured (5_29)
Re Re Re
The measured strain which is the magnetostriction of cobalt ferrite is given by;
LpL) 4Rmeas ed
Magnetostriction = ¢ = ——=*= (5-30)
F,R

Fs and R for the WK-06-031CF-350 strain gauge used were 2.05 and 350 Q respectively.
Therefore magnetostriction for cobalt ferrite samples measured with the PPMS was
obtained using;

Magnetostriction = =R _, . (5.58*107%) (5-31)

Magnetostriction measurement with the Universal DC Measurement System
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When only room temperature magnetostriction measurements were required, the
Universal DC Measurement System was used with Vishay Micro-measurement model 3800
wide range strain indicator. The Universal DC Measurement System was modified for room
temperature magnetostriction measurements. Because the measurement system provides a
traceable calibration route, it offers good flexibility. Through a LabView interface, the
following H-coil parameters inputs were made; peak field value (800 kA/m); and H/I ratio
(111832 m'"). A schematic of the universal DC measurement system used for

magnetostriction measurements at room temperatures is shown in Fig. 5.11.

PC

Fluxmeter

DVM Gauge Factor
2.05

Power

Fig. 5.11: Schematic diagram of the universal dC measurement system used for

magnetostriction measurements

The gauge factor (2.05), bridge configuration (three-wire quarter-bridge) and excitation
voltage (15 V) required for the measurement were also put in through the wide range strain
indicator. The strain indicator was a three-wire, quarter-bridge strain gauge circuit. A

schematic diagram of the strain gauge circuit is shown in Fig. 5.12 [5-6].
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Fig. 5.12: Schematic of the three-wire, quarter-bridge strain gauge circuit used for

magnetostriction measurement with the universal dc measurement system

This configuration provides better accuracy than using the two-wire quarter-bridge circuit
by lowering the stray resistance from the wires which otherwise would have been misread
as being produced due to magnetostriction [5-6]. Using the strain gauge bridge and the
voltmeter, the strain calibration factor (voltage/strain) was determined and entered
through the LabView interface. This was done by gradually ramping the voltage up or down
and recording the voltage and corresponding strains. Several of these values were obtained

and an average of the voltage/strain ratio is used as the strain calibration factor for each

sample.

The samples were placed between the pole pieces of the electromagnet whose magnetizing
current was provided by Kepco bipolar DC power supplies. A 16 bit digital to analogue
converter was connected to the programming input of the Kepco power supplies to obtain a
resolution of 0.2 mA. Samples were initially demagnetized by applying an AC field at
frequency, 0.8 Hz. The AC field was set at a peak field of 800 kA/m, which decayed until the

field reached a zero value. After demagnetising, the system prompts for balancing the

PhD Thesis by Cajetan lkenna Nlebedim Page 96



Chapter 5: Experimental Procedure and Measurement Systems

“

quarter-bridge after which measurements were started. Using the parameters entered, the
strain gauge circuit converts the measured resistance into strain. Also using the strain
calibration factor, the magnetostriction of the sample is determined. The outputs of the
measurements were presented as a table containing the magnetic field and strain data

which were plotted to obtain the magnetostriction plots of the samples.

To determine the strain derivative, the change of magnetostriction with applied field, the
differentiation tool in Origin statistical software was used. The Origin software calculates
the strain derivative by averaging the slopes between adjacent points in a magnetostriction
curve. f(4,_,,x._), (4,x;) and (4,,,x,,)represent three adjacent points on the
magnetostriction curve, Origin averages the slopes of points (4,_,,x, ,)and(4,x,); (4,x,)

and (4,,,,x,,,) as shown in equation 5-31.

_l_*['qm -4 + ’11 —Ai—l:l (5-32)
2

Xin =X X T Xy

Data for single loops of the magnetostriction curves were thus plotted and differentiated to

obtain the strain derivatives of the cobalt ferrite samples.

5.4 Preparation of Thin Film Cobalt Ferrite Samples

Thin films of cobalt ferrite were prepared using by a PVD Products Inc. PLD2000 Pulsed Laser
Deposition (PLD) system with a 6-target manipulator. The vacuum level in the deposition
chamber was 1.33 x 10™ Pa before deposition. Thin films were deposited by ablation of a
CoFe,04 target using a KrF (Krypton Fluoride) excimer laser with a wavelength of 248 nm,
pulse energy of 210 mJ and repetition rate of 13 Hz. During film growth, the deposition
chamber was kept at an oxygen pressure of 2.9 Pa. The CoFe,0, target had a diameter of
5.08 cm and a thickness of 0.6 cm. The substrate was a wafer of 300 nm thermal SiO, on

Si(100) which was heated by the substrate heater during deposition. The PLD2000
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deposition system is capable of +3 °C temperature uniformity. Also, the ability to raster the
laser beam over a large diameter of the target, and the ability to rotate the targets while
rastering ensured the growth of uniform films. The thin films of cobalt ferrite were
deposited at substrate temperatures of 523, 623, 723, 823 and 873 K at a constant growth
rate of 0.38 A/s.

5.5 Characterization of Thin Film Cobalt Ferrite Samples

5.5.1 Crystal structure and film orientation

Crystal structures of the thin film samples were determined by XRD. The XRD data of the
cobalt ferrite films were recorded at a step size of 0.02° on a Philips PW1710 automated
powder diffractometer with copper (CuKa) radiation of wavelength 1.53 A at 35 kV and 40
mA. The samples were cut and mounted without further preparation into the goniometer of
the diffractometer because the sample surfaces were flat enough for X-ray diffractometry.

XRD was performed between 26 values of 2 to 80°.

5.5.2 Film Thickness and Composition

Film thickness was determined using scanning electron microscopy. Samples were
measured at magnification of 2 x 10° with acceleration electrons at 20 kV. Sample
compositions were determined using EDX by averaging the compositions measured at 15
locations on the films. A similar method to that used for the bulk samples was used to

determine sample composition from the EDX data.

5.5.3 Magnetic properties measurements

Magnetization as a function of applied field was measured for the thin film samples with
VSM up to a maximum applied field of 1273 kA/m. To understand the nature of anisotropy
in the thin film samples, the in-plane and perpendicular magnetization vs. applied field of all

samples were measured.
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Chapter 6. Experimental Results and Discussion:
Dependence of Properties on Vacuum Sintering
Environment

6.1 Introduction

Air and vacuum sintering environments can affect the structural, magnetic and
magnetostrictive properties of cobalt ferrite due to the differences in the oxygen partial
pressure in both environments. Since most studies on the improvement of magnetostrictive
properties of CoFe,04 have concentrated on samples prepared at a particular temperature
in air [6-1, 6-2], vacuum sintering conditions were chosen in order to compare and contrast
results with those of air sintered samples reported. This can also lead to a better
understanding of magnetostrictive properties. Such understanding is particularly important
due to the varying levels of magnetostriction reported previously for CoFe,0, in different
studies. Values ranging from 100 ppm to 225 ppm have been reported previously [6-1, 6-2,
6-3). The results of a study on the effect of vacuum sintering, with different sintering
temperatures and sintering times, on the structure, magnetic and magnetostrictive

properties of bulk samples of CoFe,0, are presented and discussed in this chapter.

6.2 Variation of Density with Sintering Conditions

The variation of the densities of the samples with sintering temperature and time is shown
in Fig. 6.1. Densities of the samples were obtained from the masses and volumes of the
thick disk shaped samples. Both increase in the sintering temperature or sintering time
resulted in increase in the densities of the samples. This is as expected because high
sintering temperatures would provide more energy for grain growth and densification than
low sintering temperatures. For a similar reason, density also increases with long sintering
time and would increase much more with a combination of high sintering temperature and
long sintering time. The sample sintered at 800°C for 6 hrs had the lowest density of 4,548
kg/m>, while the sample sintered at 1200°C for 24 hrs had the highest density of 5,090
kg/m> The theoretical density of pure cobalt ferrite is 5,259 kg/m3. It was also observed that
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densification is more sensitive to variations in holding time at higher sintering temperatures

than at lower sintering temperatures.

5.2
o 24 hrs
= s 12 hrs ®
E s0] « 6hrs =
S
o ° A
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x
2
N 4.6-
S
c 4
4.4 T v v Y ¥
800 1000 1200

Sintering Temperature (°C)

Fig. 6.1: Variation of sample densities with sintering temperature and time

6.3 Crystal Structure Determination

Fig. 6.2 shows the x-ray diffraction patterns of the samples. Comparing the sintered and un-
sintered samples, it could be seen that vacuum sintering resulted in the development of
additional peaks in the XRD pattern. These peaks, marked with the “#” symbol were found
to match the CoO pattern. Since the additional peaks were consistent in sintered samples
but were not found in the un-sintered sample, vacuum sintering thus resulted in changes in
both composition and crystal structure. Changes in crystal structure could further be seen

by the differences in the 20 positions of the peaks.

These additional peaks have not been reported in previous studies on magnetostrictive
properties of cobalt ferrite samples sintered in air. Spark Plasma Sintering (SPS) of cobalt
ferrite in “primary vacuum” was said to have resulted in the development of an additional

CoO phase in addition to the parent spinel cobalt ferrite phase [6-4], although it is not clear
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what level of vacuum is "primary vacuum". The authors attributed the formation of the CoO
phase either to the nature of the starting material or to incomplete reaction due to short
sintering times (5 mins). This present study shows that neither the nature of the starting
material nor the sintering conditions were responsible for the formation of the secondary
phase. Though the samples used in this study had the same history, the additional phase
was still formed irrespective of the sintering temperature or holding time (6, 12 or 24 hrs).
In fact, based on this study, the additional phase is possibly not completely a CoO phase but

a solid solution. This will be shown from the compositional analyses of the samples.

The formation of the additional phase could be the result of the reducing effect of the
vacuum sintering environment. It has been stated by others [6-5], that heat treatment of
CoFe 4 in a reducing environment helps the development of an additional phase. To
understand the origin of these peaks, SEM and EDX analyses were carried out on selected

samples.

. A A 1200/24hrs

) A TA 1200/12hrs

Atk 1200/6hrs

'9 L a *a 1000/24hrs
e 0]

R A A - 1000/12hrs

' g s A #A 1000/6hrs
o

A A 800/24hrs

e A A 800/12hrs

A )k A A 800/6hrs
L ERSLTLICLLLR WA A A A Unsintered
20 30 40 50 60 70 80
20 (°)

Fig. 6.2: XRD patterns for the samples showing the sintering temperature and holding
time at a particular sintering temperature. For each sample, unmarked peaks correspond
to the spinel cobalt ferrite pattern. Peaks marked with * correspond to the CoO pattern.
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6.4 Microstructure Determination

Samples were selected to reflect the variation in microstructure due to changes in:

» sintering time at constant sintering temperature (micrographs A, Band C)

+ sintering temperature at constant sintering time (micrographs |, Il and lil)

The E-SEM electron images in Fig. 6.3 show that the samples possess two different phases

as can be seen from two different contrasts in the electron images.

Fig. 6.3: SEM micrographs of samples held at constant sintering temperature for
different times (A, B and C) and for constant sintering times at different sintering
temperatures. (1, Il and )

The result agrees with the XRD results. Electron images marked A, B and C are for samples
sintered at 1000°C for 6, 12 and 24 hrs respectively while those marked |, Il and Ill are for
samples sintered for 24 hrs at 800°C, 1000°C and 1200°C respectively. In general, the
samples sintered at a lower sintering temperature, or held for a shorter time (or both),

showed less of the additional (light coloured) phase.
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6.5 Sample Composition
Table 6.1 shows the EDX results for the samples sintered at 1000°C and held for ¢,12 and 24
hrs while Table 6.2 shows those for samples held for 24 hrs at 800, 1000 and 1200°C.

Sintering .
Sample ID ) Spinel Phase Second Phase
Temperature/Time
A 1000 °C/ 6 hrs C00.92Fe2.0804 Coo0.68Fe0.320
B 1000 °C/ 12 hrs Co0.88Fe2.1204 Co00.67Fe0.330
C 1000 °C/ 24 hrs Co0.84Fe2.i604 Coo.66Fe0.340

Table 6.1: EDX results corresponc ing to electron images A, Band C

Sintering

Sample ID Temperature/Time Spinel Phase Second Phase
1 800 °C/ 24 nrs Co0.86Fe2.1404 Co00.67Fe0.330
i 1000 °C/ 24 hrs C00.84Fe2.i604 Co0.66Fe0.340
] 1200 °C / 24 hrs Co0.83Fe2.1704 Co0.64Fe0.360

Table 6.2: EDXresults corresponding to electron images |, Il and IlI

From both tables, it could be seen that vacuum sintering of CoFe204 resulted in two phases;
a spinel phase slightly richer in Fe and a Coi.xFexO second phase. The second phase is a
single phase of solid solution CoO/FeO in which x * 0.33; and might have been formed due
to the reducing effect of the vacuum environment. Both CoO (Cobalt (II) oxide) and FeO
(Iron (II) oxide) have the rocksalt crystal structure. The ionic radii of the cations (Co2+=0.75
A, Fe2+=0.78 A) and their molar volumes (Co2+= 11.708 cms/mol, Fe2+= 11.974 cms/mol)
are also similar. Moreover, for all compositions in the temperature range 300 to 2000 K the
CoO/FeO system has a negative free energy and has neither maxima nor minima in its
chemical potential versus composition plots over the same temperature range [6-6]. Based

on these, it is obvious that CoO and FeO are completely miscible in each other and can form
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a single phase solid solution over the range 300 to 2000 K Analysis of the X-ray diffraction
spectra did not show two separate spectra for CoO and FeO because the solid solution
CoO/FeO is a single phase with composition Coi.xFexO. The X-ray analysis identified the
peaks as from only CoO because the solid solution formed is ~ 67 % Co, thus its lattice

parameter is closer to CoO than to FeO.

6.6 Effect of Vacuum Sintering on Coercive Field

Fig. 6.4 shows that coercive field decreased with increase in sintering temperature and
sintering time. This is in agreement with the increase in density observed in Fig. 6.1. Asthe
grain size increases, it is expected that coercive field would decrease because larger grains
provide less pinning sites to impede the movement of the domain walls due to lower
volume fraction of grain boundaries. Higher sintering temperature and longer sintering time
are expected to result in larger grains and consequently lower coercive field. The maximum
coercive field (25.2 kA/m) was observed for the sample sintered at 800°C for 6 hrs and the

least (3.7 kA/m) was observed for the sample sintered at 1200°C for 24hrs.
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Fig. 6.4: Variation of coercive field with sintering temperature and at different sintering
times
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6.7 Variation of First Cubic Anisotropy Constant with Vacuum Sintering

The variation of first cubic anisotropy constant (K* with sintering temperature is plotted in
Fig. 6.5. It could be seen that Ki initially increased and later decreased with increase in
sintering temperature and sintering time. The lowest value of AG = 3.21 x 105J/m3, was
observed for the sample sintered at 1200 °C for 24 hrs whereas the highest value, 4.57 x 105

J/m3 was observed for the sample sintered at 1000 °Cfor 12 hrs.

The samples sintered at 1200 °C showed the lowest anisotropy as expected but the samples
sintered at 1000 °C showed higher anisotropy than those sintered at 800 °C. The high
anisotropy obtained for the samples sintered at 1000 °C for 12 hrs is not easily explainable
from this study. Further study is needed to identify the necessary combination of vacuum
level, sintering temperature and time that would result in a combination of high
magnetostriction together with a low anisotropy in the absence of the detrimental second

phase.
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Fig. 6.5: Variation of the first cubic anisotropy coefficient with sintering temperature
and at different sintering times
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6.8 Influence of Vacuum Sintering on Magnetostriction

In Fig. 6.6, the influence of vacuum sintering on magnetostriction of cobalt ferrite is shown.
The variation of magnetostriction with magnetic field is shown for different sintering
temperatures at constant sintering time (upper plots) and for different sintering times at
constant sintering temperature (lower plots). The upper plots show that varying sintering
times at constant sintering temperatures resulted in little variation in peak to peak
magnetostriction amplitude. On the other hand, the lower plots show that varying sintering
temperatures at constant sintering times resulted in more significant variations in the
amplitude of peak to peak magnetostriction. It could thus be said from these results, that
the differences in sintering time have less influence on the magnetostriction amplitude of

the samples than differences in sintering temperature.

=*-24hrt . 2anrs -«-24hrs
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Fieid(kA/m) Field (kA/m)

Fig. 6.6: Variation of magnetostriction with sintering times at constant sintering
temperatures (upper) and variation of magnetostriction with sintering temperatures at
constant sintering times (lower)

It is important to recall that these samples are not single phase samples and so the

cumulative magnetostrictive response of both phases may be different from their individual
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responses. The highest amplitudes of peak to peak magnetostriction (-125 ppm) obtained
were for samples sintered at 800°C. This value falls into the mid range of values reported in
the literature for air sintered samples [6-1, 6-3]. Co,.Fe,O second phase might have had a
detrimental effect on the magnetostriction amplitude. The phase contains more of
antiferromagnetic CoO with a Néel temperature at 297 K [6-7). Magnetostriction of CoO has
been reported to be -5.4 ppm at 77 K [6-7, 6-8] and would be expected to be negligible at
room temperature. In such a composite magnetostrictive material, it is expected that the
effective magnetostriction would decrease with increase in the volume fraction of the Co;.
xFe,0 second phase. Moreover, it has been explained using the single-ion crystalline-field
model that magnetostriction in CoFe,0, is due primarily to Co** located on the B-sites of the
spinel crystal structure [6-1]. Any deviation from stoichiometry resulting in a decrease of
Co”* on these sites would therefore result in a lower magnetostriction and it can be seen
that the compositions of the spinel phases in Tables 1 and 2 are all deficient in Co?*. This

provides a second reason why the magnetostriction is lower in the materials.

6.9 Effect of Vacuum Sintering on Strain Derivative

The maximum strain derivative (dA/dH).x of the samples as a function of sintering temperature and
time were determined and shown in Fig. 6.7. Samples sintered at 1000 °C gave the least (dA/dH)max
of all the samples while the highest was obtained for sample sintered at 800 °C for 12 hrs. The
(dM/dH)max of the sample sintered at 800 °C for 12 hrs is higher than values reported for un-
substituted cobalt ferrite samples in the literature [6-3, 6-9, 6-10]. It has been stated under the
assumption of the one-constant approximation to cubic anisotropy that strain derivative is inversely
proportional to the cubic anisotropy constant [6-11]. Comparing Fig. 6.5 and Fig. 6.7, at any holding
time, it could be seen that (dA/dH).. increases with decrease in anisotropy constant and vice versa.
In most cation substitution studies, substituted cations are known to reduce the
magnetostriction amplitude but to increase (dA/dH)..x at low concentrations. This same
trend is seen in the vacuum sintered samples which thus suggest that the influence of cation

substitution and formation of a second phase due to vacuum sintering may be similar.
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In conclusion, it can be seen from the results presented that samples sintered in vacuum at
low temperatures and held for longer time; or those sintered at high temperature and held
for shorter times,
magnetostriction and (dX/dH)mex It has also been shown that samples sintered at low
vacuum sintering temperature or held for a shorter time or both have less of the second
phase. It is then possible to find a combination of vacuum sintering temperature and

sintering time which would have an optimum effect on the magnetostrictive properties of
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Chapter 7. Experimental Results and Discussion:
Dependence of Properties on Annealing and Quenching
Heat Treatment

7.1 Introduction

It is known that the magnetic and magnetostrictive properties of cobalt ferrite depend on
the concentration of Co®* at the B-sites [7-1, 7-2]. Therefore, any change in the site
occupancy of the cations will lead to changes in the magnetic and magnetostrictive
properties of cobalt ferrite. Heat treatment can result in such changes [7-2] because it has
been previously demonstrated that heat treatment can alter the degree of inversion of the
spinel structure of CoFe,0, [7-3). It can result in the migration of Co®* ions from A-sites to
their preferred B-sites within the partially inverse spinel structured cobalt ferrite. Such
changes can lead to an increase in the amplitude of peak to peak magnetostriction. Similarly
if heat treatment results in Co®* moving away from the B-sites, such might result in the
lowering of the magnetostriction amplitude. It is therefore important to find a systematic
approach to controlling magnetostriction via heat treatment in order to optimize

magnetostrictive properties.

A recent heat treatment study shows strong dependence of magnetostrictive properties of
cobalt ferrite on sintering conditions and microstructure [7-4] . In that study, the authors
allowed the cobalt ferrite samples to cool slowly to room temperature. Therefore, the
observed magnetostrictive properties were those of cations at or close to their equilibrium
positions at the temperature at which the thermal energy was no longer sufficient to move
them. However, it will also be helpful to study the changes in the peak to peak
magnetostriction amplitudes and strain derivatives when cations are frozen close to their
equilibrium positions at different temperatures. This can be achieved by rapidly cooling the
samples from elevated temperatures to room temperature and studying the changes in
their magnetostrictive properties. The results presented in this study are for cobalt ferrite

samples quenched from different annealing temperatures to room temperature. In
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discussing the results, the term heat treatment will be used in referring to the combination

of annealing and quenching treatment performed on the samples.

7.2 Influence of Heat Treatment on Crystal Structure and Lattice Parameter

The X-ray diffraction patterns for the samples investigated are shown in Fig. 7.1. It can be
seen from the result that all the patterns from the samples are consistent with the presence
of spinel phases only. No additional phase was formed following the heat treatment. Using
the XRD data and following the procedure explained in section 5.3.1 of chapter 5, the lattice
parameters of the samples were determined to be same within experimental uncertainty as
shown in Table 7.1. The similarity in the lattice parameters obtained for the samples
indicates that the heat treatment performed on the samples did not alter their crystal

structures.

- <3iJ> ? “oou
| g?) @ <o»? f | 1400 °C
LA 1200 °C
- 1000 °C

— 800 °C

504 *

600 °C

1 Furnace
Cooled
20 30 40 50 60 70 0
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Fig. 7.1: XRD pattern of the quenched and furnace cooled cobalt ferrite samples
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Sample Lattice Parameter (A)
Furnace Cooled 8.37 + 0.02
600 °C 8.38 + 0.01
800 °C 8.38 £0.01
1000°C 8.38 £0.01
1200°C 8.38 £0.01
1400°C 8.37 + 0.02

Table 7.1: Influence of heat treatment of lattice parameters of the samples

7.3 Influence of Heat Treatment on Microstructure

The E-SEM micrographs of the samples showing their annealing temperatures before they
were quenched in water are shown in Fig. 7.2. Also shown is the micrograph of the furnace
cooled sample. The uniformity in the appearance of the micrographs are indicative of
uniform microstructures and presence of a single spinel phase. To further confirm this, EDX

analyses were carried out on all the samples to determine the compositions.

7.4 Compositions of the Samples Before and After Heat Treatment

EDX analyses on the samples showed that the heat treatment did not change the sample
compositions. The samples that were annealed and quenched gave the same composition
(Co:Fe ratio of 1.02:1.98) as the furnace cooled sample. Because EDX is not sensitive enough
to detect light elements such as oxygen, the amount of oxygen is assumed to be
stoichiometric. This assumption is valid because the samples were annealed in air and the
oxygen content of the room was at 21 %. Therefore, the composition of the samples as

determined by EDX was Coi.o2Fei. 9804 which remained constant for the samples.
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Furnace Cooled 600 °C
800 °C 1000 °C
1200 °C 1400 °C

Fig. 7.2: E-SEM micrographs of all the samples. The samples were annealed at
temperatures shown before being quenched in water to ambient temperature. Images
of the furnace cooled sample and the sample marked 1200 °C were obtained from

diamond-sawed sample surfaces. The rest were obtained from fractured surfaces.

7.5 Variation of Saturation Magnetization due to Heat Treatment

The value of the magnetization at 4 MA/m was used for saturation magnetization of the

samples. As shown in Fig. 7.3, saturation magnetization increased with increase in heat

treatment temperature.

PhD Thesis by Cajetan lkenna Nlebedim Page 116



Chapter 7: Dependence of Properties on Annealing and Quenching Heat Treatment

480 n

470-

oQ

460 H

450-

440-

430

®3000 zm cO

420 Furnace Cooled Sample, Magnetization = 420 kA/m

600 800 1000 1200 1400 1600
Heat Treatment Temperature (°C)

Fig. 7.3: Variation of magnetization at Field (H) =4 MA/m with heat treatment temperature

The net magnetic moment per formula unit, and hence the magnetization of cobalt ferrite is
a function of the super-exchange interaction between Co2+and Fe3t+on the tetrahedral and
octahedral sites of the spinel structure. Because the coupling between these sites is
antiferromagnetic, the net magnetization (M) is the difference between the net magnetic
moment of the octahedral sites (MB and the net magnetic moment of the tetrahedral sites

(Ma);

M=ZN6-"Zpd,)

Being a partially inverse spinel structured material; cobalt ferrite has a saturation
magnetization mostly contributed by Co2+ on the octahedral sites. This is because the
distribution of Fe3+ between the tetrahedral and octahedral sites results in a negligible
contribution to the net magnetic moment. This holds more strongly as the degree of

inversion tilts towards complete inversion, in which case the moments of Fe3ton both sites
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would cancel. It has been shown in a Mossbauer study that annealing at high temperature
would result in redistribution of cations in which more Co2+were on the tetrahedral sites
and more Fe3ton the octahedral sites compared to the sample slowly cooled in the furnace
[7-31- The resultant effect of this redistribution is an increase in saturation magnetization

with increase in heat treatment temperature as could be seen in Fig. 7.3.

7.6 Dependence of Anisotropy Constant and Coercive field on Heat
Treatment

Fig. 7.4 shows the dependence of anisotropy constant and coercive field on heat treatment

of cobalt ferrite.

Coercive field

4.0 1st Cubic anisotropy constant 30 E
-Furnace Cooled Sample, Coercive Field = 3.88 kA/m
Furnace Cooled Sample, Anisotropy (K* =2.68 x 10sJrn?
> 3.6 220
1.8 ¢

1200 1400
Heat Treatment Temperature (°C)

Fig. 7.4. Variation of anisotropy constant and coercive field with heat treatment

temperature

As shown in the figure, the first cubic magnetocrystalline anisotropy constant decreased

with increase in the heat treatment temperature. It has been reported that the presence
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Co®" ions, most of which are on the octahedral sites of the inverse spinel structure of cobalt
ferrite, is the main cause of high anisotropy [7-5]. Annealing cobalt ferrite at elevated
temperature and rapidly cooling to room temperature leads to cation redistribution in
which the composition of the Co?* ions on the octahedral sites decreases. The consequence
of this redistribution would be a decrease in the magnetocrystalline anisotropy constant

with increase in heat treatment temperature as was observed in this study.

It was also observed that the coercive field decreased with increase in heat treatment
temperature. This result follows a similar trend to that of the first cubic magnetocrystalline
anisotropy constant, suggesting that magnetocrystalline anisotropy is a major contribution
the ceorcivity. Because coercive field is structure sensitive, comparing the samples that
were rapidly cooled from 1400 °C and the furnace cooled sample, one would expect the

following for the sample rapidly cooled from 1400 °C to room temperature:

a. more microstructural defects and residual stresses due to rapid cooling which should

tend to increase coercive field
b. decreased coercive field due to grain growth at higher heat treatment temperature

c. redistribution of cations with more Co?* migrating to the A-sites and more Fe*' to the

B-sites which should tend to lower the coercive field.

The fact that the coercive field was lower for the sample quenched from 1400 °C than the
furnace cooled sample suggests that the effects of points “b” and “c” above contribute
more to changing the coercive field than the effect of point “a”. Considering that the grain
sizes of both samples would be similar due to the small difference in the heat treatment
temperature (50 °C), it seems that the major driving force in lowering coercive field in the

quenched samples is due to cation redistribution.
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7.7 Influence of Heat Treatment on Magnetostriction

Fig. 7.5 shows the variation in the peak to peak magnetostriction amplitude due to the
variation in heat treatment temperature. With increasing heat treatment temperature, the
amplitude of peak to peak magnetostriction decreased. Magnetostriction in cobalt ferrite
also depends on the Co2+on the octahedral sites. It is therefore likely that the migration of
Co2+ away from the octahedral sites to the tetrahedral sites would have resulted in the

lowering of the magnetostriction amplitude in the rapidly cooled samples.

Cooled

Applied Field (kA/m)

Fig. 7.5: Variation of peak to peak magnetostriction amplitude with applied magnetic
field

It can also be seen from the results that the amplitude of magnetostriction for the sample
heat treated at 600 °C is highest. Also the furnace cooled sample and the sample heat
treated at 800 °C have comparable magnetostriction amplitudes. This does not agree with
the proposed explanation of Co2+ migrating away from the octahedral to the tetrahedral
sites. Migration of Co2+ away from the octahedral sites should result in the amplitude of
magnetostriction of the furnace cooled sample being the highest of all the samples. It is not
clear why this happened but in Fe-Ga alloys, magnetostriction has been found to increase in

quenched samples than furnace cooled samples [7-6, 7-7]. A possible explanation might be
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the contribution of residual stresses introduced in the samples by rapid cooling, to the

magnetomechanical processes.

The effect of residual stresses due to rapid cooling is seen when the low and high field
regions of the magnetostriction curves of the rapidly cooled and furnace cooled samples are
compared. As shown in Fig. 3.6, the magnetostriction curve of cobalt ferrite is divided into a
region in which the contribution of A, is more pronounced (low field region) and a region
in which the contribution of A4; increases and is observed (high field region). Both regions
are separated by the peak at the saturation magnetostriction. In Fig. 7.5, the slopes of both
regions are steeper for the furnace cooled sample than the rapidly cooled ones. This is
because rapid cooling introduces substantial amount of residual stresses in the samples
which increases with increase in the temperatures from which the samples were quenched.
When magnetic field is applied, the residual stresses obstruct domain processes and thus
impede the change in magnetization. This results in lowering the slopes of magnetostriction
curves for the rapidly cooled samples. The results suggest that magnetostriction initially
increases with small amount of residual stress and decreases with increase in residual
stress. This might explain why the amplitude of peak to peak magnetostriction of the rapidly
cooled samples initially increased above the furnace cooled sample at 600 °C, became
comparable with it at 800 °C, and later decreased with increase in heat treatment

temperature.

It was observed that the magnetostriction curves from the samples in this study were
remarkably steeper compared with those from previous studies. Fig. 7.6 compares the
furnace cooled sample from this study with a furnace cooled sample from a previous study.

For the purpose of clarity, the furnace cooled sample used in this study will be referred to as

FC1 while that from the previous study will be referred to as FC2 for the rest of this section.
This significant difference in steepness suggests improved magnetomechanical response as

will be shown in section 7.8.
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Fig. 7.6: Comparing the magnetostriction curves of furnace cooled samples from this study
and previous study.

It was necessary to perform additional measurements to validate the result.

a. Sample FC1 was glued to the holder with a double sided tape. The result would be
affected if the glue had significant constriction on the sample during
magnetostriction measurement. As a result, magnetostriction measurement was
repeated on sample FC1 without any form of gluing. The result from this second

measurement will be referred to as FC3 in this section.

b. Sample FC1 was measured with the Universal DC measurement system. To ensure
that the observed increase in steepness was not associated with the system,
magnetostriction measurement was repeated on the sample with the PPMS. The

result from this third measurement will be referred to as FC4 in this section.

Fig. 7.7 shows the obtained result. It could be seen that the magnetostriction plots for FC1,
FC3 and FC4 are similar especially in the low field region which corresponds to the region of
maximum slope. Although the magnetostriction amplitudes obtained for FC1, FC3 and FC4
are less than that for FC2 and some literature values (200 and 194 ppm) [7-8, 7-9], they are
higher than some other values previously reported (100, 90 and 105 ppm) [7-10, 7-11, 7-12].
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Fig. 7.7: Comparing the magnetostriction curves of furnace cooled samples from this study
and previous study.

7.8 Strain Derivative

Fig. 7.8 shows the variation of strain derivative with applied field. The strain derivative was
found to decrease with increase in heat treatment temperature as shown in Fig. 7.9. The
maximum strain derivative, (dX\dH)max for the furnace cooled sample (4.34 x 10 9 A1m) is
the highest ever reported for both substituted and un-substituted cobalt ferrite samples.
Previous reports on the strain derivative of un-substituted cobalt ferrite were between 1.3 x
109 and 1.5 x 109 A xm [7-13, 7-81. This result shows that the limit of the sensitivity of cobalt
ferrite is higher than previously thought and can be further improved if the underlying
mechanism(s) is/are understood. It could also be seen that all the samples in this study
showed high (dX\dH)mex For substituted cobalt ferrite samples, the highest (dX\dH)max
previously reported was for CoGao.zFe1.sOs sample (3.2 x 10-9 A*m) [7-91. Irrespective of the
fact that rapid cooling decreases (dX\dH)max while non magnetic cation substitution
improves it, the value for CoGao.2Fe1804 is less than that obtained for the sample rapidly

cooled from 600 °C and comparable to that of the sample rapidly cooled from 800 °C.
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Fig. 7.8: Variation of strain derivative with applied field
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Fig. 7.9: Variation strain derivative with heat treatment

The observed variations in the amplitude of peak to peak magnetostriction and strain
derivative of cobalt ferrite samples in the literature may be due to variation in the oxygen
content of the samples. Deviation from stoichiometric amounts of oxygen in ferrospinels

such as cobalt ferrite can result in vacancies which may have similar effects in the spinel

PhD Thesis by Cajetan lkenna Nlebedim Page 124



Chapter 7: Dependence of Properties on Annealing and Quenching Heat Treatment

lattice as non magnetic cations [7-14]. From studies on non-magnetic cation substitution in
cobalt ferrite, it has been observed that non-magnetic cation substitution mostly results in
improvement of (dA\dH)m.x and deterioration of amplitude of magnetostriction [7-8, 7-9].
This is because non-magnetic cations substituted for cations in cobalt ferrite weaken the
exchange interaction between the octahedral and tetrahedral sites and thus lower the
magnetostriction amplitude but increase the strain derivative. A similar effect may be

obtainable with deviation of oxygen from stoichiometric value resulting in vacancies in the

spinel lattice.

In a recent study, the variation of magnetostrictive properties due to differences in heat
treatments was associated to the variation in the degree of inversion due to the release of
oxygen from the cobalt ferrite samples during sintering [7-4]. In this particular study, a
similar trend was observed in which the amplitude of magnetostriction was low but the
strain derivative was enhanced. It can thus be said that the samples used for this study may
contain higher volume fraction of vacancies than those used in previous literature studies.
Thus, the magnetostriction amplitude and strain derivative in cobalt ferrite samples depend
both on cation composition/distribution and oxygen content. The variations in
magnetostriction and strain derivative values reported in the literature for cobalt ferrite
may be due to the levels of vacancies and thus the oxygen contents of the samples. EDX
analysis usually employed in studying the composition of cobalt ferrite in different studies is

not very sensitive to oxygen content.
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Chapter 8. Experimental Results and Discussion:
Effect of Variation of Processing Parameters on
Properties of Cobalt ferrite

8.1 Introduction

Preparation of cobalt ferrite for magnetostrictive applications involves different stages.
Because the resultant properties depend on the cumulative contributions from each stage,
it is possible to select the properties of cobalt ferrite for magnetoelastic application by
altering the processing parameters. This is desirable because it offers the potential of
controlling magnetostrictive properties without substitution of non magnetic cations. In this
chapter, the results of a study on the dependence of the structural, magnetic and
magnetostrictive properties of cobalt ferrite prepared by conventional ceramic methods are
presented and discussed. The processing parameters of interest include sintering
temperatures, holding times at sintering temperatures and powder compaction pressures.
The samples used for this study were pressed at 87 MPa or 127 MPa, sintered in air at 1250,
1350 or 1450 °C and held at those temperatures for 24 or 36 hrs.

8.2 Determination of the Crystal Structure of the Samples

The crystal structures of the samples were studied by XRD. In the XRD pattern presented in
Fig. 8.1, samples marked, B, C and D have the same compaction pressure and holding time
but different sintering temperatures. Samples marked C and E have the same compaction
pressure and sintering temperature but different holding times while samples marked A and
C have the same sintering temperature and holding times but different compaction
pressure. The peaks in the XRD pattern obtained for all the samples were consistent with
that of a single phase spinel structure with no additional phases present. Moreover, the
peak positions were not shifted relative to each other. The results indicate that variations in

processing parameters did not change the crystal structures of the samples.
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Fig. 8.1: X-ray diffraction patterns for a selected subset of representative samples showing
the effect of varying sintering temperature (B, Cand D), holding time (C and E) and powder
compaction pressure (A and C).

8.3 Effect of Processing Parameters on Microstructure

The backscattered electron images of the samples are shown in the scanning electron
micrographs in Fig. 8.2. The micrographs are of uniform appearance which indicates the
presence of a single phase. This, together with the XRD results confirms that only a single
spinel phase of cobalt ferrite was formed during sample fabrication. It is also seen from the
micrographs that at any compaction pressure, an increase in sintering temperature and/or
holding time results in an increase in both grain and pore sizes. This is because an increase
in temperature and/or holding time provides the required energy for grain growth.
Although sintering results in the reduction of pore density, in most sintered bodies
especially in ceramics such as cobalt ferrite, pores are not totally eliminated. The
consequence is a coalescence of adjacent pores with grain growth. With higher sintering
temperatures and/or holding time, pores also acquire sufficient energy to migrate and

coalesce.
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24 hrs/
127 MPa

Fig. 8.2: Back scattered electron micrographs of samples after various sintering
temperatures, holding times and powder compaction pressures for all the samples.
Uniform image contrast indicates the presence of a single phase.

8.4 Composition of the samples

The CorFe ratios of the samples were determined by EDX analyses. The oxygen compositions
of the samples were not determined by EDX because the sensitivity of EDX is not high
enough for oxygen composition determination. Assuming the stoichiometric amount of
oxygen (samples were sintered in air environment), the composition of the samples was
Co103Fe19704 with the variation of cations in the range +0.01. Any changes that were
observed in the samples could be attributed to the differences in the microstructure,
magnetic and magnetostrictive properties of the samples due to sample processing. This is

because the samples are similar both in crystal structure and composition.
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8.5 Effect of Variation of Processing Parameters on Saturation
Magnetization

Fig. 8.3 shows the first quadrants of the hysteresis loops of the samples. Samples marked A,
B and C were sintered at 1250 °C, 1350 °C and 1450 °C respectively. From the result, the
saturation magnetization of each sample is within £ 1.8 % of the average saturation
magnetization of all the samples. The similarity in their saturation magnetization shows that
it is independent of the processing parameters including the powder compaction pressure,
sintering temperature and holding time. This result agrees with the normal observation that
saturation magnetization is insensitive to changes in microstructure and is unaffected by the

fabrication route or any heat treatment performed on the sample [8-1].

500

I |444** ft******* *
400

A
300 B
rc
200 1250 °C N 200 1350 °C
= 127 MPa/ 24 hrs = 127 MPa/24hrs
05 100 127 MPa/36hrs 45 100 « 127 MPa/ 36 hrs
o I-A- 87 MPa/ 24 hrs -a - 87 MPa 7124 hrs
v 87 MPa/36 hrs ¥ 87 MPa/36 hrs
0 1000 2000 3000 4000 1000 2000 3000 4000
Applied Magnetic Field (kA/m) Applied Magnetic Field (kA/m)
500
400 .
C A = Samples sintered at 1250 °C
300i
— H o
200 1450°C B = Samples sintered at 1350 °C
127 MPa/ 24 hrs
0j - 127MPal36hrs  © = gamples sintered at 1450 °C

- A- 87MPal 24 hts
oi VvV 87 MPa/ 36 hrs

0 1000 2000 3000 4000
Applied Magnetic Field (kA/m)

Fig. 8.3: First quadrants of the magnetization vs. hysteresis plots of the samples

PhD Thesis by Cajetan lkenna Nlebedim Page 132



Chapter 8: Effects of Variation of Processing Parameters on Properties of Cobalt Ferrite

8.6 Variation of Coercive Field due to Variation in Processing Parameters

Fig. 8.4 shows the dependence of the coercive field on the processing parameters of the
samples. Varying only the sintering temperature and keeping the compaction pressure and
holding time constant, the coercive field decreased in all the cases. This agrees with the
observation from the backscattered electron micrographs because large grain sizes
correspond to smaller coercive fields. For the same reason, samples compacted at 87 MPa
showed a decreased coercive field with increase in holding time at any sintering

temperature.
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Fig. 8.4: Effects of compaction pressure, sintering temperature and holding time on coercive
field

In contrast, for samples sintered at 127 MPa, the coercive field was lower for samples held
for 24 hrs than for samples held for 36 hrs except for those sintered at 1450 °C. This was
unexpected but may be attributed to the contributions of defects in the sample due to high
compaction pressure. Coercive field is known to be increased by defects such as cracks and
other imperfections. The samples compacted at 127 MPa and sintered at 1450 °C showed
the expected trend because with increase in sintering temperature, the effect of grain
growth in lowering coercive field outweighed the effect of defects. From these results, it can
be seen that the coercive field was strongly dependent on processing parameter though the

saturation magnetization was not.
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8.7 Dependence of Magnetostriction on Processing Parameters

In Fig. 8.5, it can be seen that peak to peak magnetostriction amplitudes of the samples
decreased with increase in holding time at any compaction pressure and sintering
temperature. It is likely that the decrease in magnetostriction with holding time is a result
of the increase in pore sizes of the samples with increase in holding time. With the presence
of porosities, the measured strain is a contribution from the solid mass of the cobalt ferrite
sample and air in the pores. Since the air in the pores would reduce the magnetostriction, it
is obvious that with increase in size of the pores, the magnetostriction would decrease and

vice versa.

One might expect a similar effect on magnetostriction due to an increase in sintering
temperature, because it also results in the increase in pore sizes. This was not observed and
is likely because other physical changes could take place due to an increase in temperature
which might not take place due to an increase in holding time. The differences in the effects
of holding time and sintering temperature on amplitude of peak to peak magnetostriction is
unlikely to be due to differences in cation distribution because such would have been
observable from the saturation magnetization measurements. Obtaining similar values of
saturation magnetization for all the samples indicates that there are no substantial cation

distribution differences in the samples.

The considerable variation in peak to peak magnetostriction as opposed to the slight
variation in saturation magnetization shows that, although saturation magnetization is
independent of processing route, magnetostriction strongly depends on it. This illustrates
the facts that saturation magnetization is microstructure insensitive whereas in
polycrystalline materials, magnetostriction will depend on the details of microstructure,
defects, residual stresses and is also connected to mechanical properties. This may also
explain the differences in the amplitudes of peak to peak magnetostriction reported for

cobalt ferrite in various literatures [8-2, 8-3].
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[ Fig. 8.5: Dependence of magnetostriction on processing parameters

s .« Dependence of Strain Derivative on Processing Parameters

A summary of the dependence of strain derivative on processing parameters is shown in

Table 8.1. It can be seen that the strain derivative varied consistently with compaction
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pressure as opposed to magnetostriction which varied consistently with holding time. This
dependence on compaction pressure also suggests that strain derivative is also strongly
dependent on the processing parameters during sample preparation and in particular, it is

dependent on residual stress.

Sample (MPa / °C/ hrs) Strain derivative (x 10. A m)

871 1250/ 24 1.31
127 /1250 /24 2.25
871/ 1250/ 36 1.75
127 1 1250/ 36 1.78
87/ 1350/ 24 1.23
127 /1 1350/ 24 1.45
871/ 1350/ 36 1.84
127/ 1350/ 36 219
871 1450/ 24 1.89
127/ 1450/ 24 220
871 1450/ 36 1.65
127/ 1450/ 36 2.26

Table 8.1: Dependence of strain derivative on processing parameters
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Chapter 9. Experimental Results and Discussion:
Structure, Magnetic and Magnetostrictive Properties of
CoMe,Fe, 0, (Me = Al, Ga and Ge/Co)

9.1 Introduction

Magnetic and magnetostrictive properties of cobalt ferrite can be improved by substitution
of non-magnetic cations. Different non-magnetic cations have varying effects on the
properties of cobalt ferrite due to their differences in preferences for either the octahedral
or tetrahedral site and the strength of such preferences. A non-magnetic cation with strong
octahedral site preference such as Mn>* could alter the exchange coupling between both
sites and also result in the displacement of some Co?* out of the octahedral sites into the
tetrahedral sites. Similarly substitution of a cation with strong tetrahedral site preference
such as Ga>* could lead to displacement of Co* out of the tetrahedral into the octahedral
sites. In either case, the magnetocrystalline anisotropy and magnetostrictive properties of
cobalt ferrite which are strongly dependent on the concentration and site occupancy of Co?*
would be altered. As a result, the desired properties for specific magnetomechanical
applications can be tuned by selectively tailoring cation site occupancy via cation

substitution.

In this chapter, the results of studies on the structure, magnetic and magnetostrictive
properties of CoAl,Fe,..04 and CoGa,Fe,.04 are presented. Unlike most other non-magnetic
cations, Al** has been said to have no defined preference for either the octahedral or
tetrahedral sites of a spinel structure [9-1]). Thus, understanding the influence of

I** compared with other non-magnetic cations such as Mn** and Ga** will shed

substituting A
more light on understanding the magnetic and magnetostrictive properties of cobalt ferrite.
While Mn®* has octahedral cation site preference, Ga** has a tetrahedral site preference. Al**
like other non-magnetic (or to be precise, paramagnetic) cations should weaken the

exchange interaction in cobalt ferrite which should result in lowering the magnetocrystalline
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anisotropy and improving the strain derivative. Results from the studies on CoAlxd¥e2x04 and

CoGaxre2x04are compared with the results from a study on CoixGexre2204.

9.1.1 Influence ofAt3*substitution on the crystal structure ofcobaltferrite

The crystal structures of all the Al-substituted samples were investigated by XRD. The XRD
patterns shown in Fig. 9.1 indicate that the samples were of a single phase spinel structure.
It can be seen from the patterns that no additional peaks are found although the peaks for
the aluminium substituted samples were shifted relative the un-substituted sample
indicating a change in the lattice parameter. The XRD pattern for the sample x =0.3 is at the
same position as that for x = 0.0. For the samples x = 0.1 and 0.2, the XRD patterns were
shifted to the lower 20 while that for the samples x = 0.5, 0.7 and 0.9 were shifted to the
higher 20 relative to the sample x = 0.0. This shift indicates that substitution of Al3+for Fe3+

results in changes in the lattice parameter of the spinel structure.
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Fig. 9.1: XRD patterns showing the influence of Al3+substitution on the crystal structure
of cobalt ferrite, x is the proportion of Al3+in CoAlxFe2>0 4
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In order to confirm any changes in the lattice parameter of the spinel structure, equation 5-
12 was used to determine the lattice parameter. As shown in Fig. 9.2, with reference to the
sample x = 0.0, the lattice parameters of the substituted samples initially increased from
8.38 A to 8.41 A and later decreased to 8.31 A with increase x. Relating Fig. 9.2 to Fig. 9.1, a
shift to the lower 20 corresponds to increase in lattice parameter while a shift to the higher

20 corresponds to a decrease.
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Fig. 9.2: Variation of lattice parameter with aluminium concentration (x) for

CoAlxFe2-x04

By Vegard's law, it would be expected that substitution of a smaller ionic radius cation for a
larger one should result in a linear decrease of the lattice parameter with increase in the
amount of the smaller ionic radius cation. The ionic radii of AI3+ in tetrahedral and
octahedral sites (rA=0.39 A, rB=0.54 A) are smaller than those of Fe3+(rA=0.49 A, rB=0.65
A) and Co2+ (rA=0.58 A, rB=0.74 A) [9-2]. As a result, whether Al3+ displaces Fe3+ or Co2+
from the lattice, by Vegard's law, a linear decrease in the lattice parameter would be

expected with increase in Al3+ which was not the case. The initial increase in lattice
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parameter and subsequent decrease indicates non-linear changes in lattice parameters with
Al substitution which contradicts Vegard's law. Such a non-linear trend was reported for
CoibSixFe2204 [9-3]. Similar to Al3t the ionic radii of Co2+tand Fe3t+in both cation sites are
also larger than that of Si4+. A possible cause of the observed trend might be changes in the
rate at which Al3+substitutes into the tetrahedral and octahedral sites with increase in Al3+
concentration. Al3+has been reported to substitute into both cation sites, with a ratio that
varies with Al3+ concentration. However it is not clear how this ratio changes with Al3+

concentration [9-1, 9-4].

9.1.2 Microstructure and compositions of cations in the CoAlxFe2x0 4system

The microstructure of samples is shown in Fig. 9.3. Uniform microstructures confirm the
XRD results that the samples are of a single phase. Table 9.1 shows the compositions of the
samples as determined by EDX It can be seen that all the samples are slightly Co2+ rich
except x = 0.9, all are slightly Al3+deficient except x =0.7 and all are Fe3+rich except x = 0.3
and 0.9. Any future study making reference to this study should be made with samples of a

similar range of composition.

Target Cation Concentrations Obtained by EDX

Compositions Co Al Fe

CoFe.0. 1.02 - 1.98
CoAl .. Fe. . O. 1.03 0.08 1.89
CoAl . Fe .g0O 1.03 0.18 1.79
CoAl ; Fe. - O. 1.03 0.25 1.72
CoAl ; Fe. - O. 1.03 0.49 1.48
CoAl - Fe. - O, 1.04 0.73 1.23
CoAl  Fe. .. O 0.99 0.87 1.14

Table 9.1: Concentration of cations in the CoAlxFe2x04 system as
determined by EDX
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Fig. 9.3: Scanning electron micrographs for different aluminium compositions (x) for the

CoAlxre2x04 system

9.1.3 Curie temperature of the CoAlxre2-x0 4 system

The Curie temperature of the CoAlxFe2x04 system is shown in Fig. 9.4. As shown, it
decreases with increase in the aluminium concentration. Super-exchange interaction keeps
the magnetic moments aligned while thermal agitation results in disordering of the

moments. Substitution of non-magnetic Al3+ for the magnetic Fe3+ weakens the super-

PhD Thesis by Cajetan lkenna Nlebedim Page 142



Chapter 9: Structure, Magnetic and Magnetostrictive Properties of CoMexre2x04 (Me=Al, Ga, Ge/Co)

exchange interaction, thus lowering the thermal energy required to randomise magnetic
moments. The consequence of this isthe lowering of the Curie temperature with increase in
Al3+ concentration, as observed in this study. In previous studies, substitution of Mn3+, Cr3+
and Ga3talso resulted in decrease in Curie temperature with increase in concentration of

the substituted cation [9-5].
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Fig. 9.4: Curie temperature of the samples for =0.0, 0.2, 0.5 and 0.7

9.1.4 Effect of At3tsubstitution on magnetization

Fig. 9.5 shows plots of magnetization against applied magnetic field and an inset of
magnetization value at 1250 kA/m (maximum magnetization) measured at 300 K as a
function of aluminium concentration. Maximum magnetization decreased approximately
linearly with increasing aluminium concentration. Since Al3+ is thought to substitute into
both cation sites, an equal substitution of Al3+into both sites should result in no significant
changes in the net magnetization. The significant change in maximum magnetization
observed probably indicates that Al3+substitutes into the cation sites at different rates. An

understanding of the site distribution and the rate of substitution into the cation sites can
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be obtained by Mossbauer study, which is beyond the scope of the present study. The
lowering of the Curie temperature with aluminium substitution will also cause the room

temperature magnetization to decrease.
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Fig. 9.5: Plots of magnetization against applied magnetic field. The inset is a plot of
magnetization at 1250 kA/m as a function of Al3+concentration at 300 K

9.1.5 Variation ofmagnetostriction of CoAlxFe2x0 4as a function ofAt3

concentration
Peak to peak magnetostriction amplitude decreased with increase in Al3+ concentration as
shown in Fig. 9.6. The figure also shows that the magnetic field value required for the
magnetostriction amplitude also decreased with increase in aluminium concentration. This
decrease is likely due to lowering of magnetocrystalline anisotropy with increase in Al3+
concentration. Though the magnetostriction amplitude decreased, amplitudes of
magnetostriction between 30 ppm and 100 ppm are still sufficient for applications such as

linear displacement sensors [9-6].
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Fig. 9.6: Variation of magnetostriction with applied magnetic field at 300 Kfor
the CoAlxre2x04 system

Two different shapes of magnetostriction curves can be observed in Fig. 9.6. The shape
observed for aluminium concentrations x = 0.0 to 0.5 is one in which the slope of the
magnetostriction curve was initially positive and finally negative with increase in the applied
field. For aluminium concentration x =0.7 and 0.9, the shape is one in which the slopes were
initially positive and finally negative. This reversal in the sign of the slope indicates either a
change in sign of the both magnetostriction constants of cobalt ferrite (\in and \ 7100 or a
change in sign of the first cubic magnetocrystalline anisotropy constant with increase in
aluminium concentration. From these results, it can be seen that the magnetostrictive
properties of cobalt ferrite depend strongly on the cations in the lattice and can be tuned by

varying the cation concentration.
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9.1.6 Variation of strain derivative of CoAlxFe2x0 4as a function of At3*
concentration

Having sufficient magnetostriction for applications, it is important to understand how Al3+
substitution affects strain derivative of cobalt ferrite in comparison with previous studies on
other cation substitutions. Fig. 9.7 shows that Al3+ substitution results in the increase of
strain derivative. At all concentrations from x = 0.1 to 0.5, the maximum strain derivatives
dA/dH)max for AI3+ substituted cobalt ferrite were greater than that for un-substituted
samples. In comparison, (dA/dH)mexfor the sample with x = 0.1 (-2.90 x 10'9A*m) was 110%
higher than the un-substituted sample (-1.37 x 10'9A'Vn).

1
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x — X=10.2
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-0 ri « X=0.5
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160 s oo 3bo
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Fig. 9.7: Variation of strain derivative with applied magnetic field at 300 K for the
CoAlxFe2x04 system (x =0.0 to 0.9)

This increase in strain derivative is a demonstration of the application potentials of Al3+
substituted cobalt ferrite for magnetomechanical device developments. The increase in
strain derivative is because the substitution of non-magnetic Al3tfor Fe3+in cobalt ferrite
reduces the magnetocrystalline anisotropy by weakening the super-exchange interaction
between the tetrahedral and octahedral sites. Previous studies show that a decrease in
magnetocrystalline anisotropy in cobalt ferrite was responsible for an increase in strain

derivative [9-7].
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Fig. 9.8 shows that less magnetic field was required to obtain the maximum value of dA/dH
for Al3tsubstituted cobalt ferrite samples than for the un-substituted sample. The magnetic
fields required to obtain the high (dA/dH)max for CoAlo.1Fei.esOs and CoAlo.2Fei.s04 were
respectively 81% and 89% less than required for un-substituted cobalt ferrite. The response
of a magnetomechanical stress sensor to applied stress ds/dcr is related to dA/dH [9-8]
which shows that (dA/dH)nax is a figure of merit for stress sensor applications. For
applications in which CoAlxFe2>04 has sufficient magnetostriction amplitude, its high
(dA/dH)mex value at low applied magnetic field demonstrate that it is more promising for the
development of higher sensitivity magnetomechanical stress sensors than un-substituted

cobalt ferrites, especially in the range o <x£0 .2.
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Fig. 9.8: Applied magnetic field at maximum strain derivative (dA/dtf)max as a function of
aluminium concentration. The field at (dA/dH)max are 101 kA/m, 19 kA/m and 11 kA/m
for x=o0.,0.1 and 0.2 respectively.

Table 9.2 is a comparative summary of the magnetostrictive properties of CoAlxFez2.0 4 with
CoMnxFe204, CoCre2x04 [971 and CoGaxFe2x04 [9-5]. The highest amplitudes of
(dA/dH)max and their corresponding magnetostriction amplitudes for CoMnxFe2x04 and

CoGaxFez2.0 4+ were obtained at x =0.2. For CoCrxFez2>0 4, the highest (dA/dH)maxat x = 0.4.
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Sample Magnetostriction Strain-field derivative
Composition \ (ppm) (dA/dH)max (x 10'9 A'1!!I)

CoFed 4 212 -1.37
CoAIlQ.iFe1.904 -140 -2.9
CoAlo.2Fei.804 120 -2.63
CoMn0.2Fei.804 -150 -2.5
CoCr04Fei.804 -70 = 0
CoGa0.2Fei.804 -100 -3.2

Table 9.2: Comparison of the magnitude of A and (dA/dH)max in CoAlxFe2x04/
CoMnxFe2x04[9-7],CoCrxFe2 x04 [9-7] and CoGaxFe2 x04[9-5].

Of all compositions shown in Table 9.2, CoGa0.2Fei.804 has the highest (dA/dH)nax but the
magnetostriction amplitude was less than that for CoAlo.iFei.804 and CoAl02Fei.804.
(dA/dH)mexfor CoAlQ.iFei.804and CoAl02Fei.804were higher than obtained for CoMn02zFei.804
and CoCr02Fei.804. The magnetostriction amplitudes obtained for CoAlQ.iFe1804 was
comparable to that obtained for CoMno.2Fei.& 4 but higher than that obtained for
CoCr0ZFei.804. These results show that under a similar condition, the sensitivity of strain to
applied magnetic field for CoAlQ.iFei.804 and CoAl02Fe1804 are expected to be more than
that for CoCr02Fei.804 and CoMn02Fei.804.

9.1.7 Dependence of magnetostriction of CoAlxFe2x0 4on temperature [(x

=0.0, 0.2, 0.5, 0.7) and (T=50,150, 250 and 350 K)]
Having shown in comparison with other cation substituted cobalt ferrite samples that
CoAlxre2x04 is a potential candidate for high sensitivity magnetoelastic applications, it is
important to study how the magnetoelastic properties of CoAlxre2x04 would vary with
temperature. Fig. 9.9 compares the variation of magnetostriction vs. applied field of the

aluminium substituted samples with those of the un-substituted samples.
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Fig. 9.9 : Magnetostriction vs. field plots for CoAlxrezx 4 system measure at different
temperatures of 50, 150, 250 and 350 K (@) Co1.02Fe19sQs (b) Co103AloasFe17904, (C)
Co103Alo49Fe1480s and (d) Co104Alo73Fe12304

In Fig. 9.9a, peak to peak magnetostriction amplitude decreases as the temperature
approaches the Curie point. This is because during measurement, as the temperature
approaches the Curie point, in addition to producing magnetostrictive strain in the samples,
the magnetic energy is also used to overcome the contributions from anisotropy and
thermal energies. As the measurement temperature deviates from the Curie temperature,
the thermal contribution, and hence the energy required for the applied magnetic field to
produce magnetostrictive strain reduces. The result is an increase in magnetostriction with a

decrease in measurement temperature.

It can also be seen for Co1.02Fe19804 that, as the measurement temperature increased,
magnetostrictive hysteresis decreased. Since hysteresis are mainly due to material
imperfections, these results suggest that higher temperatures reduce the tendency of

imperfections to cause magnetostrictive hysteresis thus resulting in lower magnetostrictive
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hysteresis with increase in measurement temperatures. Increase in temperature also
resulted in the samples attaining their maximum magnetostriction values at lower fields.
Higher temperatures decrease magnetocrystalline anisotropy which holds the magnetic
moments of cobalt ferrite aligned in the <100> directions, and thus makes it possible for

magnetization rotation to start at lower fields.

Magnetostrictive hysteresis also decreased with increase in measurement temperature for
all the samples. In Fig. 9.9b, the contribution of A;;; to the resultant magnetostriction
increased with increase in measurement temperature. For Co;o3AlgsoFe; 4304 and
Co1.04Alo.73Fe; 2304 in Figs. 9.9¢ and 9.9d, the contribution of A3; to the maximum amplitude
of peak to peak magnetostriction increased from 50 to 150 K; and decreased at 250 K. A
similar trend for Co, q.Fe; 9304, in which the amplitude of peak to peak magnetostriction
decreased with increasing temperature, was not observed for the substituted samples.
Rather, for Co;03Alg1sFe; 7504, the amplitude of peak to peak magnetostriction initially
increased in the range 50 to 150 K and finally decreased in the range 250 to 350 K. For
Co; 03Alp.49Fe1 4804 and Co, gsAlg73Fe; 2304, it decreased from 50 to 150 K, increased at 250 K
and finally decreased at 350 K. The reason for this difference between the substituted and
un-substituted samples is not clear but it demonstrates that the magnetostrictive

characteristics of cobalt ferrite can be altered by cation substitution.

Also, for Co;03Alp.e9F€1480s and CoyAlg73Fe; 2304, at or below 250 K, as the applied
magnetic field increases from zero, the slope of the magnetostriction curve was initially
negative but became positive at high fields. The inset in Figs. 9.9c and 9.9d, shows that at
350 K, as the applied magnetic field increases from zero, the slope was positive at lower
field values but negative at higher fields. This trend is opposite below 250 K and shows that
at 350 K, Ay4, is dominant at lower fields. It might be that the anisotropy coefficient changes
sign or that both magnetostriction coefficients of cobalt ferrite, A0 and A;1; changed sign at
350 K. It was observed that this change in sign of the slopes of magnetostriction curve

started at 300 K for Co;oAlg73Fe; 2304 as shown in Fig. 9.6 and at 350 K for
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Co103AloasFe14804. This shows that magnetostriction in cobalt ferrite is both concentration
and temperature dependent. It also shows that the slope of magnetostriction can be tuned

within the temperature range of interest by adjusting the composition.

9.1.8 Dependence ofstrain derivative of CoAIxFe2x0 4on temperature [(x =
0.0, 0.2, 0.5, 0.7) and (T= 50,150, 250 and 350 K)]

The dependence of the maximum strain derivative, (dX/dH)maxof the CoAlxFez>x0 4 system on

temperature variation is shown in Fig. 9.10.
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Fig. 9.10: Variation of strain sensitivity with concentration for the CoAlxFez2.x0 4
system (x=0, 0.2, 0.5 and 0.7)

At 50 K (dX/dH)maxdecreased with increase in aluminium concentration. At 150 Kand 250 K
(dX/dH)max initially increased from x = 0.0 to 0.2 and decreased at higher values of x. A
similar trend was observed in previous studies on cation substituted cobalt ferrite samples
in which the (dX/dH)maxinitially increased at lower concentrations of the substituted cations
(x £0.2) and finally decreased at higher cation concentrations [9-7, 9-5]. Measurement at
350 Kalso showed that (dX/dH)mexdecreased with increase in aluminium concentration. The

results obtained from this study showed that at temperatures of interest, it is possible to
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tailor the magnetostrictive properties of cobalt ferrite for different applications by cation

substitution.

9.2 Structure, Magnetic and Magnetostrictive Properties of CoGa,Fe,.,O,

In section 9.1, the results of a study on the structure, magnetic and magnetostrictive
properties of CoAl,Fe,,0, were presented and compared with other substituted cobalt
ferrite studies including CoGaFe,.0,;. Although the magnetostrictive properties of
CoGasFe .04 have been previously studied [9-5], the temperature dependence of
magnetostrictive properties of CoGa,Fe,0; has not been reported. In this section, the
variations in the structure, magnetic and magnetostrictive properties of CoGa,Fe, 0, are
presented including the dependence of the magnetostrictive properties on both cation
concentrations and temperature variations. Since Ga>* has a tetrahedral site preference, if
Co® ions are displaced from the tetrahedral to octahedral sites, it is expected that the
amplitude of magnetostriction and strain derivative would simultaneously increase.
Otherwise, a similar trend as in the previous Ga>* substituted study would be obtained:
reduction in amplitude of peak to peak magnetostriction but enhancement in strain

derivative.

9.2.1 Crystal structure of the CoGa,Fe, 0, system

X-ray diffraction patterns of the samples are shown in Fig. 9.11. The patterns only have
peaks which are consistent with the cubic spinel phase. The patterns for the Ga>*
substituted samples are not shifted relative to the un-substituted sample as was the case of
CoAl,Fe,,0,4. This indicates that the lattice parameters of the samples were similar. The
lattice parameter was found to be 8.38 A for all the samples. The preservation of the lattice
parameter for CoGa,Fe,..O4 in contrast with the CoAl,Fe,04 system is because the ionic
radii of Ga>" in tetrahedral and octahedral positions (r, = 0.47 A, rs = 0.62 A) are similar to
those of Fe®* (ra = 0.49 A, ry = 0.65 A). Therefore, substituting Ga>* for Fe** is expected to
have a less significant effect on the lattice parameter than the substitution of the AI** with

much smaller ionic radii (ra= 0.39 A, r; = 0.54 A).
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Fig. 9.11: XRD patterns of the CoGaxFez2-x0s samples (x = 0.0, 0.2, 0.4, 0.5 and 0.6)

9.2.2 Composition of cations and microstructure of the CoGaxFe2x0 4system

Table 9.3 shows the concentration of the samples determined by EDX As shown, the
obtained concentrations are cobalt rich but they are close to those targeted. Fig. 9.12 shows
the backscattered electron images of the samples. The uniformity in contrast observed for
all the samples further confirms that all have single phase crystal structure. It also shows
that they are of uniform compositions because the image contrast in a backscattered

electron image is a function of composition.

Target Compositions Cation Concentrations as Determined by EDX

Co Ga Fe
CoFez204 1.02 - 1.98
CoGao.2Fe1.gls 1.04 0.2 1.76
CoGao 4 Fei.sOs 1.03 0.39 1.58
CoGao.sFe1504 1.04 0.47 1.49
CoGao.sFe1404 1.03 0.58 1.39

Table 9.3: Concentrations of the cations in CoGaxFez X04 system as
determined by EDX
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Fig. 9.12: Backscattered electron images of the CoGaxFezxo 4

9.2.3 Variation of magnetization at 300 K as a function of Ga3* substitution

The variation of magnetization with applied magnetic field is shown in Fig. 9.13. The inset
shows the influence of Ga3t+substitution on saturation magnetization. In contrast with Al3+
substitution, the saturation magnetization of the Ga3+ substituted cobalt ferrite initially
increases at x = 0.2 and later decreases at higher values of x. The saturation magnetization
at x = 0.4 is also higher than that at x = 0.0. The increase in saturation magnetization with
Ga3t+ substitution is in agreement with Ga3+ having tetrahedral site preference. Since the
moments of the tetrahedral sites (A-sites) and octahedral sites (B-sites) couple
antiferromagnetically in cobalt ferrite, the net magnetization will be MBMA Substituting

non-magnetic Ga2+into the tetrahedral sites for Fe3+ reduces the moment of the tetrahedral
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sites (Ma), thus the net magnetization of the substituted cobalt ferrite increases. The

consequence will be the increase in saturation magnetization as observed.
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Fig. 9.13: Variation of magnetization at 300 K as a function of applied field for Ga3+
concentrations x = 0.0 to 0.6. The inset shows the variation of saturation magnetization at
300 Kwith gallium concentration.

One would expect the saturation magnetization to increase further at higher Ga3+
substitution, which is not the case. It is important to state that although Ga3+ has
tetrahedral site preference, some The higher the concentration of the substituted Ga3t, the
lower the Curie temperature becomes such that at higher Ga3+ concentrations, the room
temperature significantly compares to the Curie temperature. The resultant effect would be

a reduction in the saturation magnetization.

9.2.4 Room temperature magnetostriction studies on CoGaxFe2x04

Fig. 9.14 shows the dependence of magnetostriction on variation of Ga3+concentration. It
can be seen that for samples with concentration x =0.0 (a typical magnetostriction curve of
un-substituted cobalt ferrite samples), the slope of the magnetostriction curve is initially

negative at low fields, peaked at intermediate fields and then became positive at high
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magnetic field values. With Ga3+ substitution, the slopes of the curves changed indicating a
strong influence of Ga3t+ substitution for Fe3t on magnetoelastic properties of cobalt ferrite.
As Ga3+concentration increased from x = 0.2 to 0.5, the high field regions of the curves with
positive slope continued to be reduced until it vanished at x = 0.5. This indicates that as Ga3+
concentration increased, the contribution of positive Am to the resultant magnetostriction
amplitude became negligible. The curve at x = 0.5 shows that Aioo was dominant at all fields

with either insignificant or no contribution from Xm .

At x = 0.6, the slope is initially positive at low fields and negative at high fields. Similar
reversal in the sign of the slopes of the magnetostriction curves were also observed for the
CoAlxFe2x0 4 system at x = 0.7 and 0.9. The reversal in sign indicates either a change in sign
of both magnetostriction constants of cobalt ferrite (Xm and Aioo) or a change in sign of the
first cubic magnetocrystalline anisotropy constant with increase in cation concentration.
This might have even begun at x =0.5. The amplitude of peak to peak magnetostriction also

decreased with increase in Ga3+substitution.
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Fig. 9.14. Variation of magnetostriction as a function of applied field for
CoGaxFe2x0 4
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9.2.5 Dependence of maximum strain derivative of CoGa,Fe,,0, on Ga*'
concentration

Ga®' substitution for Fe** significantly improved the strain derivative of cobalt ferrite beyond
that observed for the CoAlFe;.,0, system. The (dA/dH)y., for the CoAl,Fe,_O, system (2.9 x
10” mA) was obtained for the concentration x = 0.2 but Fig. 9.15 shows that (dA/dH)max Of
3.4 x 10° m™A was obtained for CoGa,Fe,-, 04 system at x = 0.4. Compared to un-substituted

sample, Ga** substitution at x = 0.4 resulted in more than 150 % increase in strain derivative.

As shown in Table 9.4, the increase in strain derivative with Ga3* substitution was 18 %

greater than Al**

, 37 % greater than Mn>* and 71 % greater than Cr** [9-7] cation
substitution studies, respectively. The maximum (dA/dH)m., in this study was obtained at x =
0.4 in contrast to a previous study on the CoGa,Fe,.,0, system in which the maximum
(dA/dH)max Of 3.2 x 10° m?A was obtained at x = 0.2. Maximum (dA/dH)max for the
CoCr,Fe,_,04 system was also obtained at x = 0.4. The observed increase in strain derivative
might be due to decrease in magnetocrystalline anisotropy following Ga3* substitution.

Lower anisotropy makes it easier to rotate the magnetization when a magnetic field is

applied during magnetostriction measurement.
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Fig. 9.15: Variation of maximum strain derivative as a function of applied field for
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Concentration Strain-field derivative
(dA/dH)mex (x 10'9 A-1m)
CoAlQ.iFei.904 (Present Study) -2.9
CoMn02Fei.804 (Previous Study) -2.5
CoCr04Fei.604 (Previous Study) -2
CoGa0.2Fe1804 (Previous Study) -3.2
CoGa04Fe1604 (Present Study) -3.4

Table 9.4: Comparison of the (dA/dH)nax in CoAlxe2x04 CoMnxFe2x04 [7],
CoCrxFe2x04 [7] and CoGaxFe2x04 [9]. Sample from this study is shown in red font
while those from previous studies are in black font.

9.2.6 Temperature dependence ofmagnetostriction in CoGaxFe2x0 4system

[(x =0.0, 0.2, 0.4) and (T =50, 150, 250 and 350 K)]
As shown in Fig. 9.16a for un-substituted cobalt ferrite samples, peak to peak
magnetostriction amplitude increased with decrease in the measurement temperature. In
all the samples, the slope of the high field region of the magnetostriction curve was initially
low at 50 K increased at 150 K and decreased at higher measurement temperatures. Also,
in Fig. 9.16a, it is seen that the contribution of Am to the resultant magnetostriction
increased with increase in measurement temperature. It can be seen from all the results
that increase in temperature reduces the magnetostrictive hysteresis. Magnetostrictive
hysteresis is mainly caused by the difficulty to rotate magnetization past imperfections in
the samples. This difficulty reduces with increase in thermal energy, making it possible to

have less magnetostrictive hysteresis with increase in temperature.
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Fig. 9.16: Dependence of magnetostriction in CoGaxFez2 x04 on temperature variation

In both CoGao.2Fe1.g0: (Fig. 9.16b) and CoGao.sFe1s0s (Fig. 9.16¢c), magnetostriction
measured at 250 Kis higher than when measured at 150 K A similar result was obtained for
the magnetostriction of CoAlxFe2 x04 at x = 0.5 and 0.7. This result shows that the
substitution of Ga3+for Fe3t alters the magnetostrictive behaviour of cobalt ferrite even at
different temperatures as shown in Fig. 9.16d. It could also be seen in Fig. 4d that under
temperature variations, the magnetostriction of CoGaxFez X04 is more stable than CoFe20 4
which could be essential for sensor applications. In Fig. 4e, it appears that CoGao2Fei.sOs is

more stable with temperature variation than CoGao.s4Fe160a4.

9.2.7 Temperature dependence ofstrain derivative of CoGaxFe2x04 system

[(x =0.0 0.2, 0.4) and (T =50, ISO, 250 and 350 K)]
Fig. 9.17 shows the variation of (dA/dH)max of CoGaxFez 04 with temperature. At all
temperatures studied except 250 K (dA/dH)max decreased with increase in gallium

concentration.
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Fig. 9.17: Dependence of strain derivative in CoGaxFe2x04 on temperature
variation

As in the case of Al3tsubstituted cobalt ferrite, at 250 K (dX/dH)max initially increased from x
=0.0 to 0.2 and decreased after. This is similar to the observation at 300 Kexcept that the
maximum (dX/dH)maxwas at x = 0.4 rather than 0.2. A similar trend was observed in previous
studies on cation substituted cobalt ferrite samples in which the (dA/dH)max initially
increased at lower concentrations of the substituted cations (x £ 0.2) and finally decreased
at higher cation concentrations. The figure also shows that with cation substitution, the
maximum strain derivative is in the temperature range, 250 to 300 K These results
demonstrate the capability to alter the magnetomechanical performance to suit intended

applications by adjusting composition at different temperatures.

9.3 Comparison of 300 K Magnetostrictive Properties of CoAlxre2x) 4
CoGaxFe2)0 4and Coi+xGexFe22d0 4

Fig. 9.18 summarizes the variation of magnetostriction of CoitGexFez2-2x 4, CoAlxFez-x0 4 and
CoGaxre2x0 4with cation variation at ambient temperature. The highest magnetostriction of

all the substituted samples was obtained for CoitGexFe22Q4 at x = 0.1 as shown in Fig.
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9.18A. Fig. 9.18B shows that the maximum magnetostriction in CoAlFe, 0, and
CoGa,Fe,_ 10, decreased with cation substitution but that in Coi,Ge,Fe, 50, initially
increased with cation concentration and decreased later. Of all the cation substitution
studies reported on cobalt ferrite, Co;..Ge,Fe;-504 is the only composition in which the
amplitude of peak to peak magnetostriction measured at ambient temperature was

increased more than that of the un-substituted cobalt ferrite sample.

Substitution of Ge**/Co?* at x = 0.1 might have resulted in the increase of the amplitude of
peak to peak magnetostriction because Ge** was co-substituted with Co?*. Ge** like Ga** has
tetrahedral site preference but during the studies, Ga>* was not co-substituted with Co*
(Co® has an octahedral site preference). Co-substitution of Ge** with Co?* was necessary to
attain charge balance between the cations and might have resulted in an increase in the
concentration of Co®* on the octahedral sites; which is known to be responsible for the high
magnetostriction amplitude in cobalt ferrite. Increase in the concentration of the
substituted Ge** might have significantly weakened the exchange coupling and thus resulted

in decreased amplitude of peak to peak magnetostriction.

For all the compositions, it was observed that as the amount of the substituted cation
increased, the field at which the maximum magnetostriction amplitude was obtained
reduced as can be seen in Fig. 9.18A. Also, in Fig. 9.18B, it can be seen that the rate of
decrease in magnetostriction amplitude with increase in substitution was least for
CoAl,Fe,_,0, and CoGa,Fe,_,0, compared to Co;..Ge,Fe, 5,0, which shows that Ge**/Co*
co-substitution has a stronger effect on the amplitude of peak to peak magnetostriction

than AI** or Ga>* substitution.
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Figg 9.18: Comparison of ambient temperature magnetostriction of
CoitGexFez-2x 4, CoAlxFe2 X0 4 and CoGaxFe2x0 4

The (dX/dH)max of CoAlxFe2x04 CoGaxFe2x04 and CoitGexFe2204 are plotted against
composition in Fig. 9.19. Compared with un-substituted cobalt ferrite, all the samples
showed an initial increase in (dX/dH)meax which afterwards decreased with cation
substitution. A similar result was obtained for CoMnxFe2x04 and CoCrxFe2x04 [9-9]. The
similarity in the trend with which (d\/dH)nax varies with concentration for Ga3+ and Ge4+
(cations with tetrahedral site preference); Mn3+ and Ga3+ (cations with octahedral site

preference); and Al3+ (cation with no defined site preference) indicates that the variation of
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(dVVdH)mexwith increasing cation concentration does not depend on cation site preference.
Comparatively, the (dA/dH)max of CoGaxFe2x04 increased faster with concentration, that of
CoitGexFe2-2jf04 decreased faster while that of CoAlxFe2x0 4was less responsive to variation
in concentration. Figs. 9.18B and Fig. 9.19 show that Co*Ge”e*"C),* is the only reported

composition with simultaneous increase in both amplitude of peak to peak magnetostriction

and strain derivative.

m Ge4/Co2Z
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Fig. 9.19: Dependence of (dX/dH)max of Ged/Co2+ Al3+and Ga3ton concentrations
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Chapter 10. Experimental Results and Discussion:

 Dependence of Crystal Structure and Magnetic
Properties of Thin Film Cobalt Ferrite on

Deposition Temperature (T = 523, 623, 723, 823 and
873 K)

10.1 Introduction

The magnetic, magnetostrictive, magneto-optic and magneto-transport properties of cobalt
ferrite can be exploited for the development of force and torque sensors, high frequency
devices, hybrid data storage systems and magneto-optic devices. In some applications
especially for miniature devices, cobalt ferrite needs to be produced in thin film rather than
bulk form. Exploiting these properties for such applications would require crystalline thin
films of cobalt ferrite. This is challenging because it has been shown in previous studies that
cobalt ferrite thin films were deposited in the range of 723 to 1173 K for crystallinity and
homogeneity [10-1, 10-2, 10-3]. Such high temperatures limit the integration of thin films of

cobalt ferrite into MEMS and other semiconductor devices.

This study reports on the variation of crystal structure and magnetic properties of cobalt
ferrite thin films made by pulsed laser deposition. Although cobalt ferrite has been
previously deposited by pulsed laser deposition, the lowest deposition temperature in that
study was 623 K [10-4]. In this study, thin film cobalt ferrite has been deposited over the
range 523 to 873 K.

10.2 Variation of Crystal Structure with Deposition Temperature

Crystal structures of the thin film cobalt ferrite samples studied by XRD are shown in Fig.
10.1. All the samples were crystalline at all deposition temperature including at 523 K. The
ability to deposit crystalline cobalt ferrite thin films at 523 K demonstrates the potential for
integration of the films into MEMs and semiconductor devices. Also the ability to deposit at

higher temperatures offers an opportunity to exploit the good thermal stability of cobalt
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ferrite. Comparatively, it could be seen that the intensities of the peaks from (111), (222)
and (333) planes increased in moving from sample TDp = 873 Kto 523 K This indicates that
deposition at lower temperatures results in a (111) textured cobalt ferrite films. Similarly,
deposition at higher temperatures produced films with a (100) texture. The variation in
texture with deposition temperature is indicative of the possibility of growing thin films of

cobalt ferrite with suitable textures to match specific applications.
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Fig. 10.1: XRD pattern of the thin film cobalt ferrite deposited from 523 to 873 K The
pattern plotted in orange line is for a bulk sample fabricated by the traditional ceramic
method. The peaks marked Si (substrate) are peaks from Si/Si0Oz substrate.

10.3 Film Composition and Thickness

The thickness and compositions of the films were measured using an SEM as shown in Fig.
10.2. Variation in deposition temperature did not result in significant variation in film
thickness. The thicknesses of all the films were 135 + 5 nm. The compositions of the films
were determined by EDX as Co1.4Fe1904 with + 0.05 variation in cation composition. The

uniformity in the composition between the films at different deposition temperatures is an
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indication of high repeatability in depositing cobalt ferrite thin films by PLD. It also

demonstrates the suitability of PLD for large scale production of cobalt ferrite thin films.

Thickness - 135+ 5 nm
Cross-sectional SEM macrograph
Growth rate ~ 22.5 nm/ min

THERMAL OXIDE LAYER

SUBSTRATE

Acc.V  Spot Magn Dot wo
300HV40 200000X BSt e.a

Fig. 10.2: The cross-sectional micrograph of the thin film measured by SEM

10.4 Thermal Expansion Coefficient and Lattice Parameter Mismatch Strains

The differences in the thermal expansion coefficients and the lattice parameters of the thin
films and the substrates are expected to result in mismatch strains. Strain due to lattice
parameter mismatch is usually higher [10-5] and would be much higher with increasing
differences between the lattice parameters of the films and substrates. Although there is
significant difference in the lattice parameters of cobalt ferrite (8.38 A) and S (5.43 A), the
lattice mismatch strain can be ignored for the cobalt ferrite thin film samples. This is
because, the Si substrate was coated with 300 nm amorphous Si02 buffer and so lattice
mismatch strain was eliminated [10-6]. Consequentially, the only thermal expansion

mismatch strain need be considered.

The S substrate is much thicker that the Si02buffer and the cobalt ferrite thin film, and so
would be expected to expand according to its own thermal expansion coefficient. The thin

film being much thinner is also expected to strain according to the thermal expansion
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coefficient of the S substrate. Thus thermal expansion mismatch strain was calculated as
the difference between the strain when the film is free and when it is attached to the S

substrate as shown in equation 10-1.

A film Asubstrate®Dep AAmbient) 10-1

sbete anc* a film are the linear thermal expansion coefficient of the substrate and film
respectively while T*and T are the deposition and ambient temperatures

respectively. It could be seen from Fig. 10.3 that the thermal expansion mismatch strain
increased linearly with the deposition temperature. The thermal expansion coefficients of
cobalt ferrite and S are about 10 x 106 K"1 and 3.5 x 10'6K 1 respectively. Because the
thermal expansion coefficient of cobalt ferrite is more than that of Si, the cobalt ferrite films

are subjected to planar stress during cooling which results in an in-plane isotropic tension.

O 3.5x10

523 573 623 673 723 773 823 873

Deposition Temperature (K)

Fig. 10.3: Dependence of thermal expansion mismatch strain on deposition temperature
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10.5 Magnetic Properties of the Thin Film Cobalt Ferrite Samples

10.5.1 Variation of magnetization with deposition temperature

Figs. 104 and 10.5 show the variation of magnetization with applied magnetic field
measured at different deposition temperatures. The measurements were performed both in-
plane and perpendicular to the thin film surfaces using a VSM. The samples used were thin
films of dimension, 5 mm x 5 mm. The figures show that maximum magnetization (Mmex) of
the thin film samples increased with increase in deposition temperature. The term maximum
magnetization is used instead of saturation magnetization because, as can be seen, the
samples were not saturating at the maximum applied field value of 1270 kA/m. Since the net
magnetization in cobalt ferrite depends on the net moments from the antiferromagnetic
coupled cation sites, the observed variation in magnetization might have resulted from the
differences in the cation compositions between the sites with changes in deposition

temperature.

300 n
E 200
A 100.
C
o
~ 0
Deposition Temp
D -100- 523 K
C 623 K
723 K
-200 823 K
873 K
-300------
-1500 -1000

Field (kA/m)

Fig. 10.4: In-plane magnetization vs. field plots measured on the thin film samples at different
deposition temperatures.
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Fig. 10.5: Perpendicular magnetization vs. field plots measured on the thin film samples at

300

Deposition Temp
523 K
623 K
723 K
823 K
873 K
JOH — — E E—

1+ r [ —
-1500 1000  -500 0 500 1000 1500
Field (kA/m)

different deposition temperatures.

As shown in Fig. 10.6, the increase in Mnmaxwith deposition temperature was fairly linear for
both in-plane and perpendicular measurements although higher M nax values were obtained
for in-plane measurements than perpendicular measurements. A similar result, in which
Mmax increased with deposition temperature, has been reported for thin film cobalt ferrite
samples grown on MgO [10-7]. It can also be seen that as deposition temperature increased,

the difference in the Mnax values between the in-plane and perpendicular measurements

decreased.

Fig. 10.6: Variation of maximum magnetization with deposition temperature of the thin film

cobalt ferrite samples
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10.5.2 Variation ofcoercive field with deposition temperature

Fig. 10.7 shows the variation of coercive field with deposition temperature. It can be seen
that the coercive field varied less significantly for the in-plane measurement but very
significantly for the perpendicular measurement. This result indicates that the thin film
cobalt ferrite samples exhibited perpendicular anisotropy which might have resulted from
the observed in-plane thermal expansion mismatch tensile strain. The magnetostriction in
cobalt ferrite is predominantly negative, as a result, the in-plane tensile strain on the films
due to thermal expansion mismatch would result in a perpendicular anisotropy, as

observed.

Perpendicular
In-plane

A\

523 573 623 673 723 773 823 873

Deposition Temperature (K)

Fig. 10.7: Variation of coercive field with deposition temperature
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Chapter 11. Conclusions and Recommended Future Research

11.1 Conclusions

The variation in structural, magnetic and magnetostrictive properties of cobalt ferrite due to
changes in processing, heat treatment and composition (cation constitution) have been
investigated and reported in this thesis. Results were also published in leading international
journals and/or presented in major international magnetism and magnetic materials
conferences. The results obtained have provided more insight into the properties of cobalt
ferrite and its derivative materials, and will be useful for optimizing the properties. The

following conclusions can be drawn from this research;

a. Sintering cobalt ferrite for magnetostrictive applications in air is preferable to sintering
in vacuum due to the formation of a deleterious second phase of Co;Fe,O solid solution
system (x = 0.33) when vacuum sintering is used. Variation in the sintering conditions,
including sintering temperature and holding time affects the distribution of the Co,.
«FexO phase. This suggests that a combination of holding time, sintering temperature
and oxygen partial pressure could be found which would result in desirable properties.
The formation of the Co,.Fe,O phase is detrimental to the structural, magnetic and
magnetostrictive properties of cobalt ferrite. If cobalt ferrite samples are prepared in
vacuum, the measured properties will represent that of a composite (CoFe,0,4 + Co;.

«Fex0) which makes it difficult to selectively tune properties for intended applications.

b. This research shows that annealing and quenching heat treatments result in cation
redistribution which in turn results in changes in the magnetic and magnetostrictive
properties. Annealing at 600 °C prior to quenching can lead to higher magnetostriction
amplitudes than furnace cooling. These variations in properties observed with annealing
and quenching can be exploited for tailoring the magnetostrictive properties of cobalt
ferrite for the development of stress sensors and actuators. This research also shows

that the limit of the strain sensitivity of un-substituted cobalt ferrite is higher than
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previously thought. The (dA\dH)m.x for furnace cooled sample is the highest ever
reported for both substituted and un-substituted due to deviations from the
stoichiometric amount of oxygen in the samples. This indicates that higher strain
derivatives can be obtained by both cation substitution and controlling the variation in

the oxygen content.

c. It was also found that variation in processing parameters does not affect the cation
distribution although it affects the magnetostrictive properties. Magnetostriction
amplitude and strain derivative depend more on holding time and compaction pressure
respectively. While coercive field is dependent on processing parameters, saturation

magnetization is insensitive.

d. Coi.GeFe, 04, CoGa,Fe, 04 and CoAl,Fe, 0, are materials with potential for
application in high-sensitivity magnetomechanical stress sensor and energy efficient
magnetostrictive actuator devices. The highest reported strain derivative for substituted
cobalt ferrite samples was obtained for CoGa,Fe,.,0;. Simultaneous improvement in
magnetostriction and strain derivative was obtained for Coj..GesFez-20s, Which also
resulted in the highest magnetostriction amplitude of all reported magnetostrictive
studies on substituted and un-substituted cobalt ferrite materials. CoAl,Fe, 04 showed a
compromise with strain derivative higher than Coi.GesFe,-0; but lower than
CoGa,Fe,_x04 and amplitude of magnetostriction higher than CoGa,Fe,-«O4 but lower

than Co;.,Ge,Fe;_5,04.

e. It has been demonstrated that thin films of cobalt ferrite with (111) orientation can be
grown at temperatures as low as 523 K by PLD. The ability to deposit crystalline cobalt
ferrite at such a low temperature offers the potential for integration of thin films based
on cobalt ferrite into MEMS and other semiconductor devices. Perpendicular anisotropy

can be induced and tuned by controlling the substrate temperature during deposition.

. PhD Thesis by Cajetan lkenna Nlebedim Page 176



Chapter 11: Conclusions and Recommended Future Works

e e ——

11.2 Recommended Future Works

From the findings of this research the following future works on structure magnetic and

magnetostrictive properties of cobalt ferrite are suggested;

11.2.1 Mechanical properties of cobalt ferrite

A drawback of Terfenol-D for magnetomechanical applications is its poor mechanical
properties. It is known from the literature that cobalt ferrite is mechanically robust [11-1].
Despite this claim and various studies on cobalt ferrite for magnetomechanical applications,
there are no reports on studies of mechanical properties of cobalt ferrite. The mechanical
properties of cobalt ferrite such as elastic modulus can be determined by ultrasonic
methods. The procedure for determining the mechanical properties by an ultrasonic
method is shown in Appendix I. Although this was beyond the scope of this research, it was
attempted. For this research, the mechanical properties of cobalt ferrite were evaluated at
the Centre for Non-destructive Evaluation (CNDE) in lowa State University, USA. The results
obtained were not reliable because the samples were transported by courier services and

were severely cracked. Such a study is thus recommended as a future work.

11.2.2 Distribution of cations between the tetrahedral and octahedral sites

Understanding how cations are distributed between the tetrahedral and octahedral sites is
useful for determining how magnetic and magnetoelastic properties would change with
cation substitution. Mossbauer spectroscopy has been used to study the cation distribution
in CoGaFe, 04 [11-2] and CoAlFe; 04 [11-3] but not Co;.,Ge,Fe;-2,04. CoyxGesFes 504 has
been shown in this research to be the only cation substituted cobalt ferrite series capable of
simultaneous magnetostriction amplitude and strain derivative improvement. Therefore
understanding the distribution of Ge**, Co?* and Fe3* among the cation sites can be useful

for further improving the magnetostrictive properties and is thus suggested.
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11.2.3 Oxygen content determination

It has been proposed in this study that variation in the oxygen content can alter the
magnetomechanical performance of cobalt ferrite samples. The highest strain derivative for
cobalt ferrite samples was obtained in this study for un-substituted cobalt ferrite. This high
strain derivative was proposed to be due to deviation of oxygen contents of the sample
from the stoichiometric value. It is not known how close to or far from stoichiometry the
oxygen contents of the samples are due to the insensitivity of EDX to light elements such as
oxygen. A suitable method for determining accurately the elemental composition of the
samples studied is needed. This will not only help in accurate comparison of different

composition but also in systematic tailoring of properties.

11.2.4 Domain studies

Understanding the connection between domain processes and magnetostrictive properties
of cobalt ferrite can result in fundamental capability of optimizing magnetostrictive
properties. Domain study on cobalt ferrite was attempted but was not progressed due to
non availability of suitable samples. Samples prepared via the traditional ceramic method
are unsuitable for domain studies due the large content of external effects such as residual
stresses and pinning sites. Domain images of cobalt ferrite obtained in this research and the
instrumentation for sample preparation for the imaging are shown in Appendix Il
Preparation route for producing samples with minimal pinning sites is required to make
samples more suitable for domain studies. It is important to note that preparation following
another route is likely to result in different properties from samples made via the ceramic

method.

11.2.5 Modelling the magnetostrictive properties of cobalt ferrite

To model magnetostriction accurately, strong magnetomechanical coupling is essential. For

cobalt ferrite, a magnetostriction model capable of capturing the properties of cobalt ferrite
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especially with cation substitution is needed. This was also attempted in this research and

the results are presented in Appendix lll.

11.2.6 Measuring the magnetostriction of thin film cobalt ferrite samples

The ability to measure the magnetostriction amplitude and thus determine the strain
derivative of thin films of cobalt ferrite is necessary for optimizing the magnetostrictive
properties for applications. The magnetostrictive properties of thin films cobalt ferrite used
in this study were not studied because, the substrate being much thicker, it was difficult to
measure the magnetostriction of the thin film cobalt ferrite.. In the absence of a suitable
way for direct magnetostrictive effect, a possibility is to study the inverse magnetostrictive

effect (Villary effect).
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Appendix | Determination of Mechanical Properties of Cobalt

Ferrite by an Ultrasonic Method

Fig. A.l shows the principle of measuring the mechanical properties cobalt ferrite via the

single probe ultrasonic method.

Amplifier
Initial pulse
iBackwall
gLﬁon
Piezoelectric pulser
probe
Sample

Fig. Al.l: Principle of measuring the mechanical properties of cobalt ferrite using

the single probe ultrasonic method.

The velocity of the ultrasonic wave can be determined and used for determining the

mechanical properties as follows;

2d
c - A -l

¢, d and t are velocity of the wave, thickness of the medium and time of wave propagation
respectively. If the longitudinal velocity c/, shear velocity cs and density are known, the

following mechanical properties can be determined;

o2 [3cf -4c,2]
" [cf-c8]

Young's Modulus: E=p
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Bulk Modulus: B-p ci, 3c\1 A-3
Shear Modulus: G = pc] A-4
Poisson ratio: v= [62-2 c21 A-5

[J-c]}

Ultrasonic waves are useful to detect flaws in structures because of their ability to deflect

off the flaws as shown in Fig. A1.2.

Initial pulse

I Ickwall reflection

r

Probe Sound travel path
Flaw

Sample

Fig. A1.2: Using the ultrasonic wave method for flaw detection

This ability of the ultrasonic waves to reflect off the flaws makes the single probe method
unsuitable for materials which are prone to imperfections such as ceramic cobalt ferrite.
Using a single piezoelectric probe to measure the mechanical properties of cobalt ferrite
with defects, will results in the waves reflecting off the defects thus giving an inaccurate
value of d for use in equation A-l. The solution is to use the two probe method; a

transmitting probe on one side of the test specimen and a receiving probe on the other.
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Thus only the waves that successfully pass through the samples are detected by the

receiving probe; giving an accurate value of d This is illustrated in Fig. A1.3.

A mplifier

Sample
flaw
Ffansmitting probe
pulser

Fig. A1.3: Measuring the mechanical properties of cobalt ferrite using the
two probe ultrasonic method.

Using the two probe method, the ultrasonic wave velocity is given by

c—4 A-6
t

ccan then be substituted in equations A-2 to A-5 to determine other mechanical properties.

The experimental setup is shown in Fig. A1.4.

Fig. A1.4: Experimental setup for determining the mechanical properties of
cobalt ferrite via the ultrasonic method.

PhD Thesis by Cajetan Ikenna Nlebedim Page 183



Appendix ll: Domain Studies in Cobalt Ferrite Samples

Appendix I Domain Studies in Cobalt Ferrite Samples

Domain images were obtained from cobalt ferrite samples prepared according to equation
5-4. The samples were cut with a diamond saw and polished with a Struers Polishing System

as shown in Fig. A2.1. Domains were observed using the longitudinal Kerr effect in Kerr

microscope as shown in Fig. A2.2.

Sample After Polishing

Diamond Saw

Polishing System

Fig. All. 1: Sample preparation instrumentation for domain imaging
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Fig. All. 2: Kerr microscope used for domain imaging

Bar domains were obtained for the cobalt ferrite samples (Fig. A2.3). The red arrows show
the direction of magnetization in the domains. Changes in domain were observed with
increase in magnetizing current (I) as shown in (Fig. A2.4). The red and blue boxes have been

inserted as a guide to seeing the changes in the domain with increase in magnetizing

current. li= I6< b <13 < U< is.

Fig. All. 3: Bar domains of cobalt ferrite obtained using Kerr microscopy
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Fig. All. 4: Changes in domain with changes in magnetizing current
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Appendix Il Modelling the Magnetic and Magnetostrictive

Properties of Cobalt Ferrite

The mechanical and magnetic properties were coupled by the non-linear constitutive
equation shown in equation 2-18. The 1/3 term in the equation was omitted in this model
because it was assumed that the sample was sufficiently pre-stressed such that the domains
were aligned 90° to the direction of magnetization and so magnetization takes place entirely

by domain rotation. Therefore setting cos® as (M/M;) [Alll-11-1] equation 2-18 can be re-

written as;

2
A:(O) = ";—"15 (f; ) Alll- 1

s

Equation Alll-1 was incorporated into Comsol Multiphysics to couple the
magnetomechanical behaviour of cobalt ferrite. The M vs. H curve measured for a cobalt
ferrite sample was used to model the non-linear magnetic properties of cobalt ferrite. The
mechanical properties of cobalt ferrite were defined by inputting Young’s modulus = 168
GPa, Poisson’s ratio = 0.28 and density = 5290 kg/m>. Since the mechanical properties of
cobalt ferrite used in this research were not measured, these values were obtained from a
study on Co,Zn;..Fe;04 [Alll-2], for x = 1. It is preferable that both mechanical and magnetic
properties be obtained from the same material as the properties can significantly depend on

processing route. The results obtained from the modelling are shown in this appendix.

Fig. Alll.1 shows the geometry of the model comprising of a steel casing, copper wire, air
and the magnetostrictive rod. The model was meshed as shown in Fig. Alll. 2 with finer
meshes around the magnetostrictive rod and steel casing. As shown in Fig. Alll.3, the
magnetic field did not increase noticeably at current density 1 to 1 x 10* A/m>. Further
increase in the current density resulted to noticeable increase in magnetic field strength
(Fig. AllL.4).
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Steel Casing

Copper wire

Magnetostrictive Rod

COl

0 am 004 0.06 006

Fig. AM 1: Model geometry

PhD Thesis by Cajetan Ikenna Nlebedim

Page 196



Appendix lll: Modelling the Magnetic and Magnetostrictive Properties of Cobalt Ferrite

0.02 0.04 0.06 0.08

Fig. AM. 2: Model mesh

Magnetic field strength increased with increase in current density as shown in Fig. AM3.
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Fig. AMI. 3: Variation with magnetic field strength (A/m) with current density (A/m2)
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As shown in Fig. AIM. 5, the flux density was very low between 1 and 1000 A/m2 As in the
case of magnetic field strength, further increase in current density resulted in the increasing
in flux density. Below 1 x 107A/m2 uniform magnetic flux density distribution was observed
in the magnetostrictive rod.
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Fig. AIM. 4: Variation with magnetic flux density (T) with current density (A/m2)
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In Fig. Alll. 6, the magnetization the magnetostrictive rod was also very low between 1 and
1000 A/m2 but increased afterwards. Also, the magnetization was less uniform in the

magnetostrictive rod at 1x 107A/m2than at lower values of current density.

Magnetization in magnetostrictive rod

55 xlO0
1
10
100
1000
10000
3.5 le5
10e5
225 le7
c1.5
0.5
,03 -0.02 -0.01 0.01 0.02 0.03

z
Fig. Alll. 5: Magnetization in the magnetostrictive rod at current densities JO=1to 1 x 107

A/m2 Z-direction is the long axis of the magnetostrictive rod.

Fig. Alll.7 shows the axial strain the magnetostrictive rod with increase in current density.
The axial strain was also not noticeable at current densities 1to 1000 A/m2 Compressive
(negative) strain was obtained in the magnetostrictive rod because of because
magnetostriction is negative in cobalt ferrite as shown in Fig. Alll.8. Obtaining a negative
magnetostriction in this model is indicative that the model followed an expected trend.

Nevertheless, the model needs to be optimized and validated with experimental results.
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Axial strain magnetostrictive rod
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Fig. Alll. 6: Axial strain in the magnetostrictive rod at current densities JO=1to 1x 107A/m2

Z-direction isthe long axis of the magnetostrictive rod.
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Fig. Alll. 7. Variation of magnetostriction with applied field along the

magnetostrictive rod.
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(for x=0.0, 0.2, 05, aad 0.7) has beea smudicd. Ssbstitution of Al™* for Fe** was found 1 lower the
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magnctostriction, strain seasitivity, magnetomechanical ysicresis, and relative comtributions of A,

and A g to the resultant magnctostriction were found 1o vary with temperature. The results show the

possibility of tailoring the magactoclastic propertics of highly magactostrictive cobalt ferrite at
of imterest by cation substiwtion. © 20/0 American Institnte of Physics.

temperatures
[doi:10.1063/1.3357404)

L INTRODUCTION

The prescst study investigates the iemperature depea-
deace of the magactoctastic propertics of CoAl, Fe, 0, for
applications ia arder to enable aptimization of these materi-
als for particular lemperature ramges of interest. The in-
creased inderest im ColeyO - and CaFerO4-based materials s
maialy duc to their strong magnctoelastic effects and their
potestial usefulness in developing robust magnctoctastn:
stress sensors and energy efficiet actuators. Pure cobak fer-
rite (Co-ferrite) without cation sabstitution has high caough
magnctostriction (A) for advanced magactomechanical stress
seasor and actuator applications but is limitad by the magse-
omechamical hysteresis. Substitutions of moamagnctic cat-
sons for Fe** in Co-fermitc can lead 10 lower magnetome-
chanical hysteresis and an imcrease in the straim sensitivity
(dn/di)!

Cations such as Ma™*, Ge**. and AI** have been substi-
tted into Co-ferrite in different studics.' > Because these
cations have differest site preferences between the tetrahe-
dral sitcs (A-sitcs) and octahcdral sites (B-sikes), their de-
grees of influeace on the magnctostrictive properties of Co-
ferrise vary. Ma*™ for instance which has a B-site preference
tends to displace some of the Co™ from B-sites to A-sites,*
and has beca shown (o improve dA/dH though it lowers the
magsitade of A whea substituted for Fe* in Co-forrite at
room temperature.! Ge** om the other hand has an A-site
preference while Co™ has a B-site preference aad in 2
Ge**1Co™* cosubstitation for 2Fe** has boen reported 1o re-
sult im the increase of both magnitude of A and dA/dH a
room temperature.? Unlike Mo™ and Ge** with defined cat-
ion site preferences, AP+ has been reporied (o have o par-
ticular preferemce for cither the A-site or B-site of the spiaci
strucared Co-ferrike.® Like M, AP substitution at x
<0.2 resulied in an increased dA /dH but lower magsstade of
A at room temperature. Though Ge**/Co™ cosubstitution re-

*Hoctronic mail- aicbodisnci @cardiff ac ok

0021-89797201 0710719 VOBASIE/VEI0 00
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sulted in higher magnitude of A compared to AP* substity-
tion, the cahancement of dA/dH was gresser with AP* R is
importast o study how magactostrictive properties of cation
substitmed Co-ferrite vary with temperature in order 10 un-
derstand how 10 adjust those propertics with suitabic cation

A study of the icraperature dependence of the magneto-
strictive propertics of Coy,,Ge,Fe, 1,0, (for x=0, 0.1, and
0.6) from 250 to 400 K showed that both the magnitmde of A
and dA/dH decreased with increasing temperature.? The
study also showed that the slopes of the A-H plots chanped
both with composition and tcmperatare. The mflacnce of
wcmperature on the magnitnde of A and dA/dH for
CoAl,Fe;_,0; is ot well understood. Simce it bas beem dem-
onstrated in comparison with other swbstitwtions that
CoAl,Fe>..0, has potential for high-seasitivity magmetome-
chamical stress semsor and emergy efficient magmetostrictive
actuator applications a room lemperature,’ it is important o
understand how this material perform at differemt tempera-
tures. This stady exiends the imvestigation of the magneso-
elastic propertics of magactostrictive CoAl Fe>_,O; over a
wider temperature range of S0-350 K.

i EXPERMENTAL DETALS

Cor04. Fe30y. and AlO; were mixed in appropriase
proportions and calcimed twice at 1000 °C for 24 h in air to
obtaim CoAl,Fe:_,0, following the chemical equation:

4C0;0, + (8 — 4x)Fe;0, + (6x)AL,0;

— 12CoALFes 04 +105.
Afcr calciming, the samplcs were finally simtered at 1350 °C
for 24 h also in air. X-ray diffractometry (XRD) was used
to study the crystal structure of the sampies. The micro-
structures and fimal compositions were studied ssing a scan-
ning clectron microscope (SEM) equipped with an x-ray ana-
lyzer for energy dispersive x-ray (EDX) spectroscopy. The

© 2010 American Instiute of Physics
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Curic temperatures of the samples were measured in a
vibrating sample magnetometer Magnetostriction (A) was
measured parallel to the applied tickl with strain gauges at-
tached on the samples, over a temperature range of 50-350 K
using a physical property measurement system. The A-H
curve was diHoa-ntiaicd with respect to held to obtain the
strain sensitivity (dkdHF

Il RESULTS ANO DISCUSSIONS

The XRD results for the CoAl»Fes_tO* in Fig. 1(a)
showed a single phase cubic spinel structure. The sample
with x-0.2 shifted slightly to lower 20 while samples with
x=05 and 0.7 shifted to higher 20 relative to the sample
with x-00.

Figure 1(b) shows that at x-0.2. the lattice parameter
initially increased slightly but later decreased with increase
in x. If Vergard s law was obeyed and because Alu has
smaller ionic radii on A-sites and B-sites compared to Pe3*
and Co3, a linear decrease of x with the lattice parameter
would have been obtained. The samples showed deviation
from Vegard's law at x-0.2 and a compliance at higher con-
centrations of x-0_5 and 0.7 indicating non linear changes in
lattice parameter with Alu substitution. One possible cxpla-

HC. 2. Sejnning election mtciufiaph*
ihntoiuaiM ber ropaaeat™ V) pm

dw CoAl»Hej. <A The
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nation of this trend is the variation in the ratio with which
A lu substitutes into the two different sublatlices as A 14° con-
centration <x) increases. AT has been reported to substitute
into both A- and B-sites. with a ratio that changes with x.
however different groups report different trends of how that
ratio changes with x.  Such nonlinear trend has been re-
ported for Cou,Si1Fe22i04 system.7 The iooic radii of Si4*
for both the A- and B-sites are also smaller than those of
Co3 and Frw

Scanning dectron micrographs in Fig. 2 show that the
samples are single phase. This confirms the XRD result as
the presence of additional phases would have been seen by
additional peaks in the XRD diffractogram and varying con-
trast in the SKM micrographs.

As shown in Fig. 3. Curie temperatures of the samples
decreased linearly with increase in Al concentration x. Since
At4 is nonmagnetic, its substitution weakens the saperrx-
change coupling that keeps the atomic moments aligned thus
making it easier for thermal energy to disorder the moments.
This results in lower Curie temperatures with increase in
Al& content. A similar trend was reported for other cation
substituted Co-fcrrite studies *

FigUR' 4(a) shows the A-H curves for Ci»| oeFcisufii
from 50 to 350 K in a typical room temperature A-H curve
far Co-ferrite.3 A initially decreases steeply to a maximum
negative value at low field, reaches a peak, and then saturates
at a smaller negative value at high held. This is because

HC. 4. (Color online | Mggaefcwuictun ser*«* far (a) ColtsF c,,,0.. (fa)
Coe®AV»Fc, WO* (cl Cola*VfawFcl.O * md 14) ru.
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CoFc2 4 has (I® » easy magnetization directions, a large
negative X|<» and a smaller positive X m * The result tn the
present study shows that peak to peak k increased as tem-
perature decreased away from the Curie temperature of the
samples which resulted in lower magnitudes of X with in-
creasing temperature. Also, magnetostrictive hysteresis de-
creased with increase in temperatun; It can abo be seen that
as the temperature increased, the samples reached their maxi-
mum X at smaller hcids. This is because magnctocrystalimc
anisotropy decreases10and as a result the process of rotation
of magnetization away from the (100) easy directions starts
al smaller fields.

For Co, 0A1Q,Fe, [Fig. 4(b)l. the magnetostrictive
hysteresis decreased while the contribution of X,,, to the
resultant X increased with increase in temperalore Unlike
Coia2Fc, w0 4. the magnitude of peak k> peak X initially in-
creased from .V) to 150 K and decreased altcrwanis from 250
to 350 K.

Figure 4(c) shows the X-H curves for Co,
He,4g04. Similar to previous results, magnetostrictive hyster-
esis decreased, while the contributioa of Xm to the maxi-
mum X increased in going from 50 to 150 K. and decreased
at 250 K. This is also true of the Co104A 10 T?Fe12,0 4 [Fig.
4(d) J Also for Co, aiAlo*>Fei i*0 4 it was observed that the
magnitude of peak to peak X decreased from 50 to 150 K,
increased at 250 K. and afterwards decreased al 350 K. It is
unclear why this happens but a similar trend was obtained
for Co, ofAloT™Fc,” /)4 shown tn Fig. 4(d). These results in-
dicate the possibility of altering the magnetostrictive charac-
teristics of CoFe™ 4 at temperatures of interest by cation
substitution

Also, fur CO|QtAVi«FC|.o4 in Fig. 4(c). at or below
250 K. from H -0. the slope of the X-H curve was negative,
and it was positive at high fields. The inset shows that at 350
K, fmm H -0, the slope was positive at low fields and neg*
live at higher fields, until X saturated at a negative value.
This is opposite to the observation at or below 250 K. and
signifies either Xm being dominant at lower fields due to
change in sign of the anisotropy coefficient, or a change in
sign of both Xioo and Xm- Interestingly’, this characteristic
which is observed for Co, oiAlaj*Fe, n0 4al 350 K was ob-
served for Co,ofAlo7,Fe| at 300 K (Ref. 3) indicating
the dependence of the skipes of the X-H curve in CoFejO,
and Cof<;()4hascd materials on composition and tempera-
ture. Thus it is possible to adjust composition to obtain de-
sired X and slope of X within a temperature range of interest.

Figure 5 shows the variation of (dX/dH) with com-
position of the samples at temperature range of 50-350 K. At
50 K, all the samples showed a continuous decrease in
(dX/dH ),,, as a function of Al content x. (dX/dHI**, at 150
and 250 K increased from x-0.0 to 0.2 and decreased at
higher values of x. This result is in agreement with previous
studies on cation substituted Co-ferrite samples in which
(dX/dHIgut improved at substitution levels of xi0.2 and
deteriorated at higher values of x.

PhD Thesis by Cajetan ikenna Nlebedim
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IV CONCLUSIONS

Magnetic and magnetoclasUc properties of CoAl*
Fei_*04 (x-0.0. 0.2. 05. and 0.7) have been observed to
show substantial temperature dependence aver the range 50-
350 K, which can be adjusted by varying cocnpusirico. Curie
temperature was lowered as Al** substitution for Fc** was
increased. For x-0. a monutomc dependence was found fur
the magnitude of peak to peak X. (dx dH(*,. relative con-
tribution of Xiao and Xm to the resultant x and magnctostric-
live hysreresis. Fur x-0.2.05. and 0.7. a monotone depen-
dence was abo found for the magnetostrictive hysteresis but
not for relative contribution of X100and Xm to the resultant
X nor for the magnitude of peak to peak X and (dXidHI.,,-
Depending on intended application, this study shows that at
temperatures of interest magnetostrictive properties of Civ
ferrite can be tailored by cation substitution.
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Effect of heat treatment on the magnetic and magnetoelastic properties
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The influence of dtflrrm i heal treatments on the magnetic and magnetoelas
magnetostau t)vr CoFejO* hat been investigated 1he first order cubic amarfrnpy corffictenl, coercive
fickl. magnetostnctiun and high strain sensitivity were observed to decrease as the heat treatment
temperatuie increased. The saturation magnet!ration of the samples on the other hand increased w ith

propernet of highly

increase tn heat treatment temperature. These changes were not accompanted by any observable
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1. Introduction
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spel. For nomal spinel materials such as ZnFejOa. all the
divalent canons are on the tetrahedral sites ad all the
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changes in crystal structure or cum posauiand are indicative of migration of Co'~ from the octahedral
sites (B-sites) to the tetrahedral sites (A sates) and Fe1* frun the A stfes to the [T sites of the spinel
structure. Different distributions of the cations at the two distinct lattice sites can stioogfy affect the
magnetic and magnetoelastic properties of these materials.

e 2010 Ebcvier B.V. All rights reserved.
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strain sensitivity of CoFe 04 The cooling rase in that study was
slow enough to allow the cations enough time to migrate dose to
their room temperause equilibrium positions. However, it is
important to understand how the magnetostrictive properties of
CoFes0, vary if the cations were frozen dose to their equilibrinm
positions at different temperatuses by rapidly cooling the samples
from elevated temperatures.

This present study reports on the effect of heat treatrment on
the magnetic and magnetastrictive properties of CoFe;Oq samples
quenched from different annealing temperatuses. The aystal
structure, micostructwre and commpositions of the annealed and

Beld (M) first order cubic anisotropy constant (K,). magnetos-
trtion (4), and strain sensitivity (diAdH) wese measured for the
samples quenched from different annealing tempesatures and
compared to a furnace cooled samgle. Herealter, the combination
of awmealing and quenching treatmeent will be referved © as heat
treatment.

2 Experimental detas

Cabak fernite (Co-ferrite) was prepared by mixing Fe,0, and
Cor0. in the appropriate ratios and caldining twice at 1000 -C for
24 h and then sintering at 1350 'C for 24 h and finally furnace
codling to room temperature. The aystal structuses of the
samples were determined wsing X-ray difftactometry. The
pattems were recorded at 2 step siae of 0.02° on a Phiips
PW1710 automated powder difiractometer with copper (Cu Kz)
radiation a8 ISkV and 40 mA. Scanning electron micsoscopy
(SEM) analysis and energy dispersive X-ray spectroscopy ( EDX)
were caried out to ascertain the micostructuse and chemical
compoasition of the samples respectively. The EDX analysis could
determine the compositions of cobalt and iron in the samples but
nat that of oxygen.

Some of the samples were reheated (i.e. annealed ) to 600, 800
1000, 1200 and 1400 *C in air, held a those temperatures for 24 h
followed by quenching in water at room tanpetature. To ensure
comparative quenching ates samples were selected with similar
size and shape: that is, cylindrical samples with a nominal
diameter of 905 + 002mm and a height of 1020 + 002 mm.
Magnetic properties were measured using a2 SQUID magnetometer
up to 3 maximum applied field of H=4 MA/m. Magnetostriction
was measured & room temperature in the direction parallel to the
applied field using resistive strain gauges bonded onto the
samples. From the magnetostriction results, the sensitivity of
magnetostriction to applied field was determi ned.

The first cubic anisotropy coefficents (K, ) of the samples were
determined using the Law of Approach to saturation magnetiza-
tion experimentally cbtained {11} as
M-M,(l-%v'—:,f---)i»m M
M, and H are the saturation magnetization and applied field
respectively, and xH is the forced magnetization term {12} In
using this law, it was assumed that in the region where the
magnetization approaches satwration, all the magnetization
processes were due to reversible rotation against the magnetic
anisotsopy. The coefficdent g = 0 in the higher field region as it is
related to domain wali pinning. For cubic structured randomly
oriented polycrystaliine samples, the coeffident b is given by
EQ. (2) [13] in which i is the permeability of free space.

8
o-m’% @

The Law of Approach is said to be valid in the
gh Geld regi

magnetization cwtve carrespoading 0 this ange was ased
determine K.

3 Results and discasion

Fig. 1 shows the X-ray diffraction patserns for all the samples
mvestigated in this work. All the paterrs were consistent with
the presence of only spimel phases with no addivonal peaks
present. The lLattice parameters for the samples obtained fram
the X-ray difffaction results were found to be the same within
experimental wncertainty (8.37 1+ 002A) Smce the starting
materials were abo spimels, X-ray difracometry was not
suflicient 0 completely identify the samgples a3 single phase
Co-fervite, hence, SEM aexd EDX analyses weve also cavied out.

The scaming electron micrographs of al the samples are
shown in Ag 2. The dimension bars on the miarographs represernt
SO pm. This showed uniform image contrast which s mndicative of
the presence of 2 single phase and confirms the resuks from the
XRD patterns above.

Compasitional analysis of the samples, 25 determined by DX,
showed that heat reatment did not change the compasition of
the samples. All the quenched and fumace cocled sanples lave 2
Co:Fe ratio of 1.02:1.98. These XRD. and EDX sesults signify that
abserved differences in magnetic and magnetostrictive propesties
in the quenched samples did a0t arive from changes in aystal
structore or campositions following the heat treatment.

Fig. 3 shows the variation of magnetization value at an applied
feld of 4 MA/m for differant heat reatment temperatures. Ows
results show an increase in magnetization with an maease in
heat treatment temperatwe. The overall magnetization in spinel
materials such as Co-fervite depends on the super-exchange
interaction between the cations on the A-sites and those on the
B-sites. The coupling between the A-site and B-site moments is
penerally anti-paraliel, with each type of site forming 2 parallel
digned sub-lattice. The resulting moment (M) is thus the

§ e
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Ft. X VertMtaa al m *nrflulm at Md MA'i with brat t*

difference of the sumof the B wte moments ; i, j and the sumof
the Assite moments m4)

M - < >
8 Cofemte was a conplete inverse spel. there would be
equa anounts of Fe™ on the Asites ad Bsites and their
moments would cancel. The overall ization would then be
the sum of the Co2* moments an Bsites. Annedling at
elevated temperatures results in the redistribution of Ca2* and
Fet’ between the A-utes and B-sites. Higher temperatures favour
amrangements which tend more towards random distribution, that
is. more Ca2* on the Asites and more Fef* on the Bs'es
compared with the fumace cooled state. This elect has been
observed In a MBsshaver study [9]. The effect on magnetization
would be to case an increase with releasing heat treatment
which is indeed our dbservation

vananon of anisotropy with heat treatment temperature is
anisotropy decreased with release in heat

anisotropy m Co-ferrite
due to the onthe Blggs~| d&\espnelmdnm:e 11'51).'2@{
according to the proposed explanation, sree high temperature

PhD Thesis by Cajetan Ikenna Nlebedim

ACoercive fietd"
« st Cubic anlactropy constant

Furnace Cootad Sampto Ansotropy (Kt)m2.M 1 IP'jrr

600 800 1000 1200 1400
Hesat Treatment Temperature fC)

Ft*. 4. Variation of ennrtwr Arid md AntnMc an*<*mpy ramanr with hrat

annedling followed by quenchig resuifs in cation dtstnbuoon
wxh more Ca2 on the A sites and more Fet* on the B-sites than
fumace cooing, this redistribution resulted in lower anisotropy as
the heat treatment temperature rereased.

As shomn m g 4 M decreased with rerease m heat
treatment temperature. This can be explained n tems of the
da’gplnﬁemswqay recuired to rotate the magneti-

anayfruneas_/dredlorsmboﬁedrechmofﬂe
ﬁeIdTI‘edaueeselnooeruvehddd:sa'\edmar

largely a oa’seqamofadauemeaasdmpydﬂesmﬁes
due to the ration retistrfnition with releasing hedt treatment

termperature.
Magretostriction itude wes found to decrease with
|meas|rglmmgt“tamamezssmmmﬁgﬁ1hs

the magnetostriction in
Oo-femtmsdsomamycletolhe&ﬂ’ mﬁ\eBstesdﬂesp'rel

structure. Henos, migration of Co2* away fromthe BeXes would

lower the magnetostriction anplitude. The ane
of Coferyite contains two regions, the low held region mwhich the
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contnbutton front /w it dominant and the high hdd
whichthe contrhution front a,,, is alto The contnl
from the law ftetd region nnsunaln’agmcdormm

lel tomedred:ogf%\:emmhg‘mdoo ;%_E
regons
cxmasaest‘eeperford(alme5 sample conpared to the

ameded ad qxaml‘edsanrlesﬂlsB because the annedled and
quenched sanples have a substantial amount of stress due tn the

mmmw |npe(bﬂ'\ednr_;pofn'agmzalmat

regions Casi Ionusquaofmommon
Ieaingtolamerﬁlom;?hﬂm are required to

drtmmane any correlations between stress, quenching temperature
ad properties and howthese be cartooned
to time the desired properties.
6 shons the variation of slran
ndreldhﬁmoodedsa’rﬂe vdteat

LdHW. -434 10 *A mwhich is hgher gana.dy
r?cned for in doped Co-lerrle 13x1 ad
k10*A1m)11161 On the other had apfeluce ot

this study is lower than the val previously
e T
fa‘ﬂ'lsvtglalm Immearpbc(ub L and stran
sensitivity may be due to the ddfferences in the axygen content n
Coferte sarples. It has been stated that femospmefe cancut n a
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state with non-stndeoraetnc amounts of axygen which can resk
|nmmﬂelanoe(19|13fesdemwmutetoﬂe
AsslﬂaﬁﬁQ)ﬂnlmwmdmaﬂrmmmc
canics et magnetic he sinitar. It hes hren found m
saadmdesHGZD{ﬁ'd of non cdions
into Coferme wedens the stag AB interaction
realhrglnlol\a'nag'dnshmma'mmm higher strain
ain a
to

and sensitivity of magnetostnctm to gopfred

conpos’ton

stucles. | (n?t sx_pﬁedlhaﬂnvam
n vm on m
cbsavedfatheCafed

shﬂedmgttbeahhledmd'aﬂgaswﬂncbgee

inversion due to the release o+ axygen from the sanmlles during

antedrg

From Fg 7. it can be seen that as the heat treatment
temperature increased from 600 to 1400 C. the meximum

strain semhvrly{<l.lld-NV degeased In previous  studies

11@ ad magnetosinction were decreased
mvaierecatlr;sdfa'sa'redmeFe lh%
i in same
pgfr?e(bfrunﬂnBsisrth‘e
thea'lsdropjcbaewedatarelaWelyfzstrae tothe
on, thus In 1hs no
nagmetosh'lch gvmg hghar sopes. s|1é|c]‘|§;/r
dsh'buuon rmbeendhered Thsooudbe to gve
afferent relative deaesses thus different cdhange in
slgpe or strain sensXivity. Moreover, quenching dsoincreases the
shress in the sarples which mttmooudlnpededona'n
processes, thus iowenng the sensitivity.
A Condusions

The results of a study of the iffeel of heat treatment on
megnetosiashc and magnetic properties of highly magnetostrictive
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Co-ferrite have been prasented. XRD, SEM and EDX resuits showed
that no aystd sructure or compositional changes oocurved i the
samples as a result of the beat reatreent. Magnetization mcseased
with increasing heat tretment temperature which implies that
there s 2 Co** migration from the B-sites to the A-sites ad 2
comresponding Fe?* migration from the A-sites to the B-sites of the
spind stnxctwre. This cation redistribution resulted in 2 decrease of
the first order cubic anisotropy coefficient and the coertive feid of
the samgpies. The magnisude of magnatostriction of the amples also
decreased which is abo due to cation redistribution. The samples
heaxt treatment temperatures increased.
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Dependence of the magnetic and magnetoelastic properties of

cobalt ferrite on processing parameters
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ARTICLE INFO ABSTRACT
ATNhurry:
RAmMid ~ Mach.DW
Raenadia wisedfom
Dly10
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MagnetDmscrion
srandmwxhe
1. Introduction
The need far adrned autometed systerrs n nolstres is
increasing due to the to scde up production Vbst
systerrs depend heavily on high itivity sensar or
mmmm Sress sarsas and acluetars can be
by eqloapg the coupling rapebry
m matenals It is i to mze the
of these nrutends for such I Hs spaie:l
merest in i

ﬁg: chmsla’dﬁeruqqﬁd’e;s@e;:dlywm
g rm-
operation is crucial Non contact operation capality k
degnded u::deto a'diea' tb::opaml vgey

molde(rommmhwsa 3 forihe

Imsdmoddt
ferrRaaecamcHnsfa'sdlcmoechdopm becase of tier
@lzuen'ag\eranepmeﬂlesh[

?« CoFez(h) ad its dervauves CaMiFe> *(1*
(\AhareMsla'xk amald ion) have high saam derivative,
chemrical stabhty and are suitable for developing robust
danoes.l\lhewersmeRmesmm
nagletoslmlimarpmmofaslwaswppmlssﬁuert

*Comrtpandng M lha
t met! address «Mwdiin(MK.4Kiafar uk(IC Mrtonfeml.

m&mmwm g Bmned

The dependence ofthe magnetic and imgnetoelastic pcopertics ofhighly m zgnetostiictivr tubak ferrite
on processing parameters has been investigated. The tohait fem ir samples used in this study were
prepared via conventional crramk. processing methods. The processing parameters of interest were
sintering temperahire. heading tim e at the sintering temperature and powder compaction pressure. R
was obserwd gut the crystal structure, compasifioa and saturation magnetization of the samples
stuihcd did notvary with changes m processing parameters but coercive field decreased with increasing
sintering temperature. The amplitude ofpeak to peak magnetostrichan was dependent on the holding
tune and powder compaction pressure. The strain derivative on die uther hand was found to depend on
powder compaction pressore atlzfmy given antering lemperatureor holding time. The results show how
the raaptetoelastic properties W cobalt ferrite can be varied by chan ing the processm arameters.

farsemd%fbmnszL itudes of
! amlfenteln\ma.s

stuis|3-5| ae hg'letum&rnayqﬂm;ﬁsamlt
and actuator

hesed on cobalt ferrite are exqected
tobecudzie. stable and exhibit good response to
slinﬂtsinamlnalm
Cobdt femte hes a inverse spinel shu:ue 1
[6] the PathY SIJ asdd
oddwdslesda aysldstnmchrawaermeRls
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Sre magnetostntive properties asodepend on hedt treatment and
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aﬂdevelopmtdadoiuord ﬂme,bj . Sinceit is possible
dter magneosimcrive properties jrooessire para
mausths arrsa'lnnshgmngmdetalﬂemmmd
the megnetic and megnetostrcTive properties of Cofemte prepared
wvu conventiondl ogranric methods on sintering
termperature and hatdiing time during the of Coferte.
2. Experti iLai detaih
CojCa and Fey 4 were mixed in their iate proportions
ad cacined twice for 24 hrs at 1000 C in air following the

chemical equation:
Co104 + 2Fej04 m IC o ftjO A

Calcining the twice was to ensure
solid S'aengmw%esm oaochsmyAﬂMqung, ﬂmemetepwvda
were pressed at 87 or 127 MPa. sintered in air at 1250.
1350 or 1450x. and held at those temperatures for24or36h
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dﬂraumaq 1as study
the sanples. n'eneamrisofaoz
on a Philips PW|710 artomared pomler diffractometer with
ré&l(s)radahmat%kVad%nAﬂemcmshwrftﬁ
compositions of the samples were studied using an
XL:i) FBG environmental scanning electron nncroscope (ESEV)
ecuipped with mxolc\ford Instrument Inca X—ray analyzer for
r” spectroscopy
dmpopatesmemdedeﬂ\aWDmmmm
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selected to show different effects of the
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asi ile

s ad E have Om%eﬁue m
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no shifts in the pesk

re Futhemmore,
ftkam (a) Was measured otserved |ncicmng that no cbservable da-ﬁ in lainoe
dtached to the sarples. The sensitivity of C savﬁ!a:e due to the variation of processing
g?gdnigmcﬁeld(dc/ow vsasdelermmdbj nglhe Ejaamters and HXX andlyses were aso caried out to
megnetostriction curve with respect to the magnetic field rther content the ofasngrh[msebjlmnshgm?
determining the the
X Resufts and discussion Fg 3 shons backscattered electron micrographs of the
The X+ay diffracti shown in Ag 2 are represent* nlike the secondary electron magrtlt?elswedoutast
ray on in ae unli imaging, image is
rive of all samples investigated. Five of the twelve pattems were aftmhmofmeelerrertdoorr'rpt;-gh of the sanple studied
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aogﬁdeuM| mage contrast indiicatin Ihat
1hesan:hs single phase, which is in agreement
XRD 'lleSEIVImJIsdsosmnedﬂmatMﬂepae
sizes and grain sizes of the samples increased with both increase
"y

andysis & Co)jojFeiiOs with +oD+1 variation in cation
between the samples.

composition samples. The uniformity in conposition
ad aystad structure of the indicates that
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from sanple to the next beatlnbmedtoda'gps
in nig‘;hwtum, magnetic and rmg\etoslncuve
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The first quadrants of the loop of the sanples
sintered at 1250. 1350 and 1 are shown in Hg 4A C

respectively. The saturation jon (MJ is wwittin 1 18*
dﬂlea\ﬂageM forallmemﬁesﬂnrwjlsslmmat

powder compaction ing temperature
WmmummmmM Thsnsmageemartwrthme
nommal cbservation that far samples of the same chemica
composition, v, is microstructure insensitive: being unaffected
by fabrication or hear treatment 110 (.

The coercive held on the other hand varied with processing
parameters as shoanin Fig. 5 For the same compaction pressure,
the coercive held of all the decreased w*h increase in
sintering temperature. This restit is consistent with the SM
result because ncrease in sinteri resulted in an

increase in gramsize and hence a in coercive held
For the sanples at 57 MPa ad sintered x any
sintering temperature, a ngnrreof36hrealted|nkmer

coercive held than a holding time of 24 h This is because longer
holding time at the sintering temperatures resulted in
gains and thus lower coercive held However, for

pressed at 127 NPa aholdnghmeof%hmltedlnlov\er
coercive held than a holding time of 36h at all simenng
temperatures except at 1450 C. It is not clear why a shorter
holding time would lower coercive hrid than a longer
holding time at 127 k may represent the contribution cf
defects to increasing the coercive held due to such a high
compaction pressure. At 1450 C a holding time of 36 h resulted
in lower coercive held instead, which may be brcause at such a

Please cite this amtie as: I.C Nlebedim. et al, J. Magn Magn. Mater. (2010X dm:10.1016/].gnmm.2010j0a.Q26

high temperature, the tendency of grain to decrease
H\Sehooercive held outweighed that (_gfa to increase it
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4. Conclusions

Backscattered electron imaging of cobalt ferrite sanples
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Growth of crystalline cobalt ferrite thin fliims at lower temperatures using

pulsod-laser deposition technique

* 1. C. Nisbedim, D. C. J&es, and J. E.

WCM”WCMMCGMCFZ‘M

Kingdom

mwwxmmlomnmmwswm

published ontine 4 May 2010)

Cohlfauclhlﬂnmgmw-mso-lsmwmmgpbd—baw
technique at swuhstrate temperatures raaging from 250 10 600 °C. Thermal expansion mismatch
mﬂwﬁmmmemaMeﬁmmummtsdh
cobalt fermite films, duc lo the lange magnetoclastic coupling of cobalt fervite. It was shown in this
study, that polycrystallinc films with (111)-prefarmed orientation could be preparcd at swhstrate
temperatres as low as 250 °C. The growth of crystallme cobsk ferrite films & such low
wnﬁmﬁemﬂmmw&l“famdmm
and scasor applications including intcgration with a wider range of mubtilayer device structeres.
© 2010 Americam Instituse of Physics. [doi:10.1063/1 3357315)

L INTRODUCTION
Due (0 exceptional magaetoclastic, magnctotransport,
magactooptical, clecromic, and magetic

photomagaetic,

propertics, cobak ferrite (CFO) has bees proposed for apph-
mmmmfmwlmpcmlnsp-ﬂ-
usfotmpeucmdmou. for hybrid data stonage,
r«wm and as apode materials for ad-
vanced Li-ion batieries.* Depending on the reguirements of
mwmmmdm
cahcﬁe—ﬂnedb;mcxmmm and
magnctic asncaling.

The optimem sebstrate icmperatwre for thia film growth
lnsbeenmmdbhcﬂl)“C"nuthbpmhmays—
tallime CRO. However, such high substrate icmperatures linit
the potential use of CFO in mictoclectromechanical systems
(MEMS) devices, multilayer hybnd seasors, or infcgration
with gianl magnetoresistance, tunncling magactorcsistance,
of semiconductor devices. Heace, it is mecessary 1o investi-
gate the optimum growth coaditioas for CFOs. which would
cmable pulsod-laser deposition (P1D) of crystalline CRO
films at lower substrate temperatures.

8. THIN FILM GROWTH

The Gilms for ths study were deposited from a Cole,0,
target using a 248 am KrF excimer laser at 210 mJ and 13
Hz repetition rate. The laser spot size was 9% 1.5 mm”. The
tarpct-to-substrate distance was maistained &t 5 cm. Sub-
strates were Si(100) wafers with 300 pm thermal SiO, os
top. The chamber was pumped down to 1 X 10~ Torr before
deposition. A series of five different substraie femperatares
(Trep) were investigated: 250, 350, 450. 550, and 600 ~C.
All films were deposited in 22 mTorr of oxygen. and cooled
10 room temperature sader the same oxygea pressure. This
process gave film growth rates of 2.25 mwmin, which did
ot vary with deposition temperatare m this study.

“Hloctromic mail: arunkumerr @cardiflac uh.

0021-39792010/107(9V0DAS 16/3/$30.00

107. 0BAS16-1

. EXPERIMENTAL

Film thickmesses were measured from cross-sections in
the scamning clectron microscope (SEM), aad weme
135+ 5 nm for all samples. Crystal structere amd orientation
were investigated by 6-20 x-ray diffraction (XRD) scams.
Composition was determined by cmergy-dispersive x-fay
spectroscopy (EDX) in the SEM, averaging over 15 loca-
toms. Magnetic hysteresis loops were measured at room kem-
perature using a vibvating sample magnetometer (VSM) with
maximum applied fiekd of 16 kQOe.

Swface morphology and roughaess of the deposited
films were detcrmined by atomic foroe microscopy (AFM).
The imagimg of magnetic domains in the films was camied
oul using magactic foroe microscopy (MFM) with the phase
IV. RESULTS AND DISCUSSION
A. Crystallography

The XRD patierns of the deposited CFO films are shown
in Fg 1. AR of ibe films were crystallinc and simgle-phase
with the cubic spmel structsre. From EDX, composstions
were found 0 be Coy (Fey o0y (with the oxypen comtent as-
sumed, since EDX cannot determine #t accurasely). The films
grown at low Tpep showed prefared (111)-textwre with some
(311) whereas, at higher temperaturcs, films prefer to grow in
(100) and (311) oricatation. This represcats a comsiderably
different trend from that observed by Zhou o al™ The
growth of crystailine CFO films with (111)-4cxmre a1 ower
temperatures (Tpep=250 °C) show pokential for hybrid
makiayer sensor applicatoms and imtegration with
mukilayer structures thal require lower processing tempera-
res.

B. Magnstic propertiss
Hystamknpsofbecmﬁln-.mudbyvsua

room femperatwre are shown i Figs. 2(2)-2(e). The films
deposived at 600 "C and 550 °C show a larpe parpesdicular

© 2010 Amorican instisto of Physics
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amsotropy contribution [see Figs. 2(a) and 2(b)]. For de-
creasing TDJJK the hysteresis kwps show ihe perpendicular
anisotropy contribution decreasing, and the in-pUne aniso-
tropy contribution increasing [Hgs. 2(c)-2(e)]. However. al-
though the effect of perpendicular anisotropy contribution is
less significant at lower temperatures, it is still high enough
to produce substantial out-of-plane magnetization [Figs.
3(a)-3(e)J. and contribute to the high coercivity of Ihe films

h is evident from Fig. 2(0 that in-plane coercivity is
almost constant with temperature whereas the coercivity
measured from perpendicular loops increases with tempera
lure indicating also that the perpendicular magnetic aniso-
tropy increases with Ti**.

The thermal expansion coefficients of stbcoo substrate
and CFO are reported to he 3.5xicT* K1 and |
x 10"5 K~'. respectively10 Due to the mismatch, when lhe
substrale-film combination is cooled down to room tempera
tiuc. an m-plane isotropic tension will be induced in the film.
Ilhe amount of strain induced due to thermal expansion mis-
match can be predicted fromH

J. Appl Ptrys. 107.09*516 (2010«

em(a,- av(AT. ()]

where a, and a / arc thermal expansion coefficients of sub
strate and film, respectively, and AT is the difference be-
tween the deposition temperature and measuring temperature
(usually room temperature). Figure 2(g) shows the predicted
induced strain due to thermal expansion mismatch versus
substrate temperature As the T Wp increases, strain induced
on the film becomes larger showing a linear rebtxmship
Since CFO has predominantly negative magnetostriction.4
m-plane tension is expected to give rise to perpendicular
magnetic anisotrupy. which increases with increasing

Cry staDographic texture together with magnetocrystal
line anisotropy can also contribute to perpendicular aniso-
tropy. To the extent that die high Too films show some
preferred ( IU()>-texture, that would be expected to contnbute
some m-plane anisotropy (since K, is reported to be positive
far CFL) | and to the extent that the lower TWP films show
some preferred (111l-iextwe. Ihai would be expected to con-
tribute some perpendicular anisotropy.13 However for the
films of this study, it is apparent that the magnctodastic cow-
tnhutKWi predominates. since the perpendicular anisotropy
shows the reverse trend (highest for highest Tnp and lowest
far lower T«.?).

The variation in magnetization (measured at 16 kOe ap-
plied field) with Twr is shown in Fig. 2(h). As the T»T
increases, magnetization increases probably due In varying
amounts of oxygen vacancies and varying cation site occu-
pancies of Co and Fe. At 600 °C. (he magnetization de-
creases by 10** from its peak value. As can tv seen from Fig.
2(h). the room temperature magnetization values (measured
at 16 kOe) lie in the range of 130-270 emu cm' whereas
the saturation magnetization value of bulk CFO is
—400 emu/an3.4

C. Surface morphology and domain imaging

Figures 3(a>-3<e) show surface morphology seen in
AFM (on the left) and magnetic domain patterns seen in
MFM (on the right) of CR) thin films deposited at different
temperatures. The mMs surface roughness was found to be

LS

FIG 2. (Cflurorfivel UM cIM H kvwoc— W u#CR> it— 61n» dtpotrtnd at 600 *C, 550 eC.450 C. 350 "C.ami 250 ®C. truprvtixcly (0 Coc*d**y

m a functnai of nUmuWe lonpcrtfurc (*) CalculMcJ TO —oo m thctnul exp—vnv im —

m cHiioi magnetisatinn (at 16 kfk ) with licp. lcm periirc
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around 3 nm for all samples The gram st/e increases with
Tmp as shown in Fig. 3(f) from about 25 nm for Tr*-r
-250 *C, Hi about 100 nm for Tn,p=600 °C

Irregular domain patterns with global noneginlibnum
character observed in these films arc commonly observed in
materials with strong perpendicular anisotropy and high do-
main wall coercivity. Though these domains are at global
nonequiitbrium. they nonetheless reflect a typical feature size
similar to the equilibrium period of maze-type domains.15As
shown in Fig. 3(f). the magnetic feature sile increases with
increasing TWT According to a simple stripe domain model,
for materials with easy axis perpendicular to the crystal sur-
face, the domain width (or magnetic feature size) increases
with increasing perpendicular anisotropy constant K, (as
Kj 4.1 Hence the observed increase in magnetic domain
size is consistent with the magnetic property measurements
discussed in See. IV B. where perpendicular anistnropy was
also observed Hi increase with increasing TM?.

Grain size and magnetic fcatuie size increase with TIW,
at different rates. In films deposited at 250 °C each magnetic
domain is made up of approximately 100 grains, whereas far
films deposited at 600 r C, each magnetic domain is made up
of about 25 grains.

V. CONCLUSIONS

CFO thin films were grown on SiOj/SiGOO) substrates
using the PLD technique, at a scries of deposition tempera-
tures. ranging from 250 to 600 °C. It was shown in this
study that crystalline CH) thin films with (111)-prefened
orientation can be grown at temperatures as low as 250 °C,
as opposed to lhe optimum value of 600 ~C reported in the
literature.10 The films were observed to have a substantial
perpendicular magnetic anisotropy, which decreased with de-
creasing substrate temperature. The variation in perpendicu-
lar anisotropy and coercivity with substrate temperature are
believed to he predominantly due to the thermal expansion
mismatch between the film and the substrate The growth of

PhD Thesis by Cajetan lkenna Nlebedim

C H) thin films at lower temperatures indicates their potential
to be integrated with a wider range of muhilayer device
structures and MFiMS devices.

The saturation magnetization in such CH) thin films
could be further improved by optimizing deposition oxygen
pressure or by postdcposition annealing in an oxygen-
containing atmosphere, in order to decrease oxygen vacan-
cies.
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Temperature Dependence of Magnetic Properties of CoAl, Fe,_, O,
N. Ramvah, L C. Nichedim, Y. Melikhov, J. E. Snyder, P. I. Williams, A. J. Moses, and D. C. Jiles
Wolfson Ceatre for Magnctics, School of Engincering, Cardiff University, Canciff CF24 3AA, UK.

The dependence of magnetic

ies of 2 serics of abeming betitutod cebult ferrite, with the " .

temperaiure propertics
of CaAl, Fe, _, O, (x = 1,0,1,02.05), has been studied. It was slwerved that the magnetization. st 2 applicd el of 41, H = 5 T and
» temperature of 10 K, does net change signiicantly for small asmounts of AL then reduces sharply for larger ameunts of Al Magmetic
hrysteresis loops were measured over a field range of -5 T < 41, H < 5 T at temperstures between 10 and 488 K. The high feid regians
saturation, magnetecrystalline

of these loaps were medelied using the .aw of Appreach to

which can be used to calculnte the

amivetrepy
using its description of the pracesses of retation of demain magnetizations apainst anisotrepy and ferced megnetization. It was found
umnm*mdmmmmmc—nmnubmuum
of these materinks decressed with incressing Al-cuntest at a given tempersture.

Index Terms—-Alumininm substitution, cobult fervite. magnetic snisotropy, magnctization. site eccapancy, spined stractare.

L. INTRODUCTION

IGHLY magnetostrictive cobalt ferrite materials have
generaied recent interest as candidate materials for
torque/stress sensor and actustor applications {1 |-{4]. The ma-
terials have atiractive propertics of high magnciostriction ()).
low hystcresis, high chemical stability, mechanical strength
and sbove all high magactostrictive strain sensitivity (d\/dH ).
The high magnetostrictive strain scasitivity implies that these
materials can produce high magnetostriction at low fields,
which points lowards a lower mapnetizing corrent requirement
in actwator applications [5]. The magnetoclastic properties of
these maierials are related o their magnetic properties. # has
beea found that a lower asisotropy leads to higher magae-
tostrictive stain seasitivity. in the past, scveral suhstitutions of
Ma’t 3], Crt (4], Ge** [6] and Ge't KCo?t [7] for some
of the Fe** have been fouad to improve their magnetic and
conscquently magnetoclastic properties.
In the present work, we have investigated a new AP substi-
tution ia the place of some of the Fe?* in cobalt ferrite.

I, SAMPLE, PREPARATION AND EXPERIMENTAL DETAILS

A seriecs of randomly oriented polycrystalline Al-sub-
stituted cobalt femmile samples with the pencral formula of
CoAliFe; Oy were prepared using standand powder ceramic
techniques with a final sintering of 1300°C for 24 hours,
followed by fumace cooliag to room semperature | 1], [2]. The
target compasitions were x = (L0,0.1, 0.2 and 0.5. The actual
compasitions were determined using encrgy dispersive X-ray
spectrascopy (EDS) in a scanning electron microscope (SEM),
and were found to be close 10 the target compositions (sec
Tabile 1).

The temperature depeadence of magnctization was measured
at an applied ficld of jpl] = 5 T withia a iemperature range of
10K 10 400 K. The magnetic hysteresis loops were measured

Manmscnpt seccived March 06, 2009; revised May 24, 2009. Cursest ver-
sioa peblished Seplemher 18, XX09. Correspondiag suthor: N. Rasvah (o smil:
nruwash@gmeil.com).

Color verssons of oae or more of the geres m this paper are svaitabie online
o bitp/Accexplare joce orp.

Digital Object identifier 10.1109TMAG 20092024767

TABLE ]
Costrusmon of CoAL, Py, O, DeTeRwnsn »y EDS
T -
Tg o
i Co_ Ak
CoFeO: 1.02 . 1.98
CoAln Fey 04 103 008 1.89
CoAb :Fe1 404 103 018 179
CoAlsFe O, 103 049 148

over a ficld range of —5 T to +5 T at several temperatwres be-
tween 10 K and 400 K. The high ficld regions of these loops
were madelled using the Law of Approack (LA) to saturatioa o
extract anisotropy information. The LA mcthod accousts for the
two domisant processes at high fickds—rotatioa of domain mag-
magnctization. These two processes have beea described in the
LA as [8)

(1)

8 K 1 )

M=M, [l—mmm] +nH
where M is the magaetization, /] is the magnetic ficld, A, is the
saturation magnetization, K is the first-order cubic anisotropy
constant and the term 4 is the forced magnetizatioa coefficient
that describes the lincar increase in spostancous magaetization
at high ficlds. The constant 8/105 is relevant 1o the calculations
for randomly oriented polycrystaltine cubic materials. At tem-
peratures above 150 K, the M-I data above 1o/l = 1 T was
fitted to the LA method as described in (1) to cakoulate K . Clase
to 150 K, the anisotropy ficlds rise rapidly and heace a higher
field is noeded to cause rotatioa against anisotropy. Therefore.
at these lemperaturcs. oaly M-H data shove (0] = 2 T was
fitted to (1) to calculate K.

M. RESULTS AND DISCUSSIONS

The study of the temperatuse dependence of magnetic propes-
tics of aluminium-substituled cobalt fermite can be broken down
into two temperature ranpes:—above and below 150 K.

Fig. 1 shows the vanation of magnetization (measured at
poH = 5 T with iemperature. Above 150 K. the magnctization
increases monotonically with decreasing lemperature for all
compasitions. Below 150 K, the applicd fickd of yoH = 5

0D 8-9464/526.00 © 2009 IFFE
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T was not enough u> saturate the domain magnetization and
its rotation against high anisotropy fields at low temperatures.
Thus, the slight decrease observed in magnetization below 150
K was not indicative of saturation magnetization. However, the
magnetization at these low temperatures is still a good indicator
of the trends in near zero Kelvin saturation magnetization.

The magnetic properties of cobalt ferrite based materials are
heavily dependent on the site occupancy of different ions in its
lattice. The spinel structure of cobalt ferrite based materials has
half the numher of tetrahedral sites (A) in comparison to oc-
tahedral sites <B). In a pure inverse spinel, all the divalent M -1
cations and half of the Fe3* go into the B-siles. In reality, cobalt
ferrite he Co2™ residing in both A and B sites and the structure
is a mixed spinel.

The strongest exchange coupling is the antiparallel coopting
between the A and B sites keeping the moments in them aligned
antiparallel to each other. The net magnetization comes from
subtracting the net moment on A-sites from the net moment on
B-silev The study of near zero Kelvin saiuratkwi magnetization
is useful in this case because the magnetic moments are predom-
inantly aligned either parallel or antiparallel to each other due
to the lack of thermal disorder. Since the change in near zero
Kelvin magnetization due to change in composition depends on
the site occupancy and the magnetic moment contribution of the
dopant ion. its analysis can be used to deduce trends in site oc-
cupancy with substitution.

It has been reported that aluminium docs not have a strong
preference for either of the sites in the cobalt femtc lattice |9].
The observation that with low amounts of aluminium (x = 0.1
and 0.2). the saturation magnetization does not change signif-
icantly in comparistwi to cobalt ferrite, leads us to believe that
initially aluminium ions substitute into both the sites in approxi-
mately equal numbers reducing their moments in approximately
equal amounts and hence keeping lhe net moment at the same
level as pure cobalt ferrite (x —0). With higher amounts of Al.
the net magnetization decreases. This could be due to the addi-
tional Al substituting increasingly into B-sitcs or it could be due
to non-collinear sptn arrangement caused by greatly decreased
tetrahedral-octahedral exchange coupling.

PhD Thesis by Cajetan lkenna Nlebedim
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The model outlined above can be supported by analysing lhe
near zero Kelvin saturation magnetization in Ga-suhstxu»ed and
Gc/Co-cosuhstitutcd cobalt ferrite materials (sec Rg. 2). Ga31
ions have a preference for A-siies 1101- Therefore, initially, for
low amounts of gallium. Ga3” ions wbstitute into the A-sitcs
in place of Fc3* . Since the Ga3< ions do rax contribute to the
magnetic moment, the net moment in A-sites decreases, leading
to an increase in the net magnetization of the material. However,
for higher amounts of gallium, the net magnetization decreases.
This could tv due to the additional Ga substituting increasingly
into B-siles. or it could be due to non-coltinear spin arrange-
ments brought on by the decreased A-B exchange coupling.

In the case of germanium substitution. Ge4t ions have a very
strong A-site (tetrahedral) preference because of their valence
slate and tendency to form four bonds with tetrahedral coordi-
nation. Therefore, for almost all compositions. theGeH ions go
into the A-siies reducing their moment and hence increasing the
net magnetization J7j. The near zero Kelvin saturation magne-
tization observations for all the three substitutions are in agree-
ment with the hypothesised site occupancy predictions

An example of the M-H loops measured for calculation
of the anisotropy coefficient and coercive field is shown in
Fig. 3. The temperature dependence of anisotropy coefficient
A'i is shown in Fig. 4. Like the analysis of magnetization of
aluminium-substituted cobalt ferrite, the analy sis of anisotropy
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of these materials can also be broken down into two regions:-
below and above 150 K.

Above 150 K. the applied fields were high enough to over-
come anisotropy, and cause the rotation of the domain magneti-
zations against anisotropy, hence causing a complete approach
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to saturation. The first-order cubic anisotropy coefficient h \ in-
creased with decreasing temperature for all compositions ofahi-
miniunvsubstituted cobalt ferrite. This can he explained by ex-
change interactions, unchanged with temperature, dominating
over thermal agitations that reduce when temperature decreases.
It was also observed that, as we cooled down, heyond a certain
point. A i increased rapidly with decreasing temperature. The
region of sleep increase shifted to lower temperatures with in-
creasing Al-conlenl.

Below 150 K. the anisotropy coefficient A’i showed an ap-
parent decrease with reducing temperature for CoFcaO* below
150 K. and for all aluminium-substituted samples below 100 K
Thiscan be explained by the presence of anisotropy fields higher
than the maximum applied held of po// = 5 T that prevent a
complete approach to saturation. The value of anisotropy field
given by = 2h'i/M 1111 was calculated to tw 4.8 T at
150 K for CoFeaGf and is expected to rise above 5 T at lower
temperatures Forthese cases, the forced magnetization constant
was set to zero. i.e.. the cakulalions were made with n = 0
and with .!(, and A j being the only fitting parameters. These
points are shown in Fig. 4 with hollow markers and are joined
with dotted lines Since, the assumption o f complete approach
to saturation of the LA method is not fulfilled in these cases, the
calculation of A’|. although indicative, is not considered accu-
rate. The anisotropy results are consistent with the experimental
work of Shenker 112|, who measured the cubic anisotropy of
single crystals of CoRvjO, using torque measurements near an
easy axis The calculated values of A'i forCoFc20 4 are also in
agreement with the theoretical predictions of Tachiki |[13].

Magnetocry slailine anisotropy /s an important metric of per-
formance in evaluating magnetoeiastic materials for use in stress
sensor and actuator applications. The magnetoeiastic properties
of magnetic materials are coupled to their magnetic properties,
An understanding of how chemical substitution changes mag-
netic properties helps in understanding us effect on the mag
netoelastic properties which are crucial to the potential stress
sensor and actuator applications. It has been observed in the
case of Mn. Cr. Ga and G¢/Co substitution that with lower cubic
anisotropy, the magnetostrictive strain sensitivity increases. A |-
though the magnetostriction amplitude was seen to reduce by
a small amount, the magnetostrictive strain sensitivity was ob-
served to increase by | 123f fur Al-suhstiluled cohalt ferrite 114).

Another important metric of performance for a sensoror ac-
tuator material is hysteresis. While the magnetostrictive strain
sensitivity improved with addition of aluminium, the coercivity
was seen to nt< change significantly with aluminium addition
at temperatures in the potential operational range around 300 K
for the proposed devices. Tww> important factors determining the
coercivity are the anisotropy field and domain wall pinning Al-
though anisotropy reduced with increasing Al content, a Seemr
ingly insignificant change in coercivity points towards the fact
that the anisotropy is not the dominating factor deciding cocr-
civity in these materials. The temperature dependence of the co-
ercive field is show in Fig. 5.

IV. CoNcLUSION

The magnetic properties of aluminium-substituted cobalt
ferrite with the general composition of CoAlxFe:z_xQi
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(x = 0.0,0.1. 0.2 and 0.5) were measured within the temper-
ature range of 10 to 400 K_ The magnetization al //<>/| — 5
T was ohserved to increase with decreasing temperature. The
addition of small amounts of aluminium (x = 0.1 and 0.2)
did not change the magnetization significantly. Large amounts
of aluminium (x = 0..") resulted in a rapid decrease in mag-
netization. These observations have been explained in terms
of the site preference of AI** ions that substitute Fe”* ions.
Further support lo this site occupancy model has been gained
by a similar analysis of magnetization for Ga-substiluted
and Ge/Co-cosuhstitutcd cobalt ferrite The first-order cubic
anisotropy coefficient for Al-substituted cobalt ferrite was
calculated using the LA method. The cubic anisotropy of cobalt
ferrite was seen to decrease with substitution of aluminium in
place of some of the iron. This caused an increase in the mag-
netostrictive strain sensitivity, a crucial metric of performance
for a magnetostnctive stress sensor and actuator material.
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Magnetic and Magnetomechanical Properties of CoAl,Fe;_, O,
for Stress Sensor and Actuator Applications
L C. Nicbedim, N. Ranvah, Y. Meclikbov, P. I. Williams, J. E. Snyder, A. ). Moscs, and D. C. Jikes
Wolfsoa Centre for Magnetics, School of Engincering. Cardiff University, Cardiff CF24 3AA, UK.

The patential of CaAl, Fe,_, O, (x = 1,1 o 0.9) for magnetomechanical stress semser applications has heen stadied. It was found
that the plat of magnetastriction against applied magnetic field changed shape as Al content incressed. Furthermare, substituting with
AF'* resulted in the incrense of the sensitivity of strain to applied magnetic ficld (d)\/d H )., - The maxiosum for
the Aldaped (x = 0,1) was 34% lower than un-doped Co-ferrite bt the (A \/dH )rnne was 112% higher. The magnitude of magne-
testriction ebtained for Al-deped samples i still sullicient for stress senver and actuater applications. Results were compared with these
ebtained for Ge-. Ga-, Cr- amd Mn-doped Co-ferrites. It was found thet in terms of improving strain respasse to spplicd Sicld whilst

maintaining significant amplitude of magnetastriction CeAl Fe ;. O, has prosising patential for magnetemechanical stress semver ap-

Index Terms—shalt fervite, magnetomechanical preperties, magnetastriction, strain sensitivity, stress senser.

I. INTRODUCTION

AGNETOELASTIC matcrials suitable for high scasi-
of much interest receatly, cspecially dee (0 their non-costact
scnsing capabilitics aad possibility for use at high tempera-
tures. The limitations of highly magnetostrictive alloys such as
Terfenol-D include poor mechanical propertics and high cost
of production. This suggests the need for alternatives of which
cobalt fesmrite (Co-ferrile) is a very good candidate. Though
Co-ferrite has a lower saturation magaetostriction ()\) thaa
Terfenol based composites, it has a higher sensitivity of strain
to applied magaetic field (dA/dH) which makes it sttractive
for seasor applications [1].

The tunability of the Curie temperature, magnetostriction ()
and the respoase of straia to applicd magnetic fickd (d)\/dH) of
Co-ferrite by magnctic anacaling and cation substitution indi-
caie capability for coatrol and systematic improvement of its
magnetomechsnical propertics. It has been demonstrated that
substituting Ma?+ for Fe3+ eaables coatrol of the Curic temper-
ature, which could be used to minimize the ical
hysteresis [2]. Other trivalent catioas such as Ga*t and Cr3*
have been found 10 improve strain sensitivity, d A /d H of Co-fes-
rite (3], [4). Tetravalent Geit has beea co-sebstituted with ad-
ditional Co?* in a previous study in which both A and d)\/dH
were found to increasc [5]. Also, magnctic anacaling of Co-fer-
rite has beea shown (o improve its scal proper-
tics leading (0 an increase of both A and L\ /dH [6}).

Co-ferrite has a partially inverse spinel structure in which a
larger fraction of Co?t is localed on octahedral-sites (B-sites),
and the remainder on the tetrahodeal-sites (A-sites) | 7]. This in-
dicates that Co?t ions in Co-ferrite have a B-site prefereace.
The magnctic anisotropy and magnaetostriction of Co-ferrite are
thought to depend mainly oa the proportion of Co?t on the
B-sites and the stroag A-B exchange interaction. Doping with

Masuscript  recetved March 06, 2009, Cwrvent  versioa  peblished
Septernber 18, 2009. Corsespoading asthor: . C. Nichedim (e-mail: nlcbed-
mci @cardif! ac k).

Dagital Object identifier 10,1 10VTMAG . 2009.2021846

catioas with a stroag A-sitc preference such Get [5], in ad-
dition to changing the exchange coupling, could displace some
of the Co?t from the A-sites to the B-sites. Likewise, doping
with cations with a strong B-site prefereace such as Ma3t [2]
could also in addstion 10 changing the cxchange coupling, dix-
place some of the Co?t from the B-sites to the A-sitcs. This
study reports aa the cffect of sosmagnetic AP+ ssbstitstion
on Co-ferrite (CoAl Fez_x0,). AP is eapected to weaken the
cxchange coupling which would result in a decrease in Curic
icmperatare. Moreover, d)\/d H could also, in addition increase
as in the case Gett, Ga*t, Cr*t and Madt. This is becamse
weakening of the cxchange coupling results in a docrease of the
magnetocrystalline anisotropy which also results ia a steeper re-
spoase of strain (o applicd magactic ficld. Unlike other trivalest
and tetravalent cations with defined A-site or B-site preferences,
AP* has been said 10 have no preference for cither type of site
{8].

I EXPERIMENTAL DETALS

Pare CoFe,0,; and CoAl Fey_, 0y (x = 0 10 0.9) were pre-
pared by mixing the coastitaeat metailic oxides at appropriate
ratios, calcining twice at 1000°C and sintering at 1350°C, all
in air. The crystal structures of the samples were determined
using X-ray Diffractometry (XRD). The patierns were recorded
at a step size of 0.02° on a Philips PW 1710 astomated powder
diffractometer with copper (CuKn) radiation at 35 kV and 40
mA. The microstructures and final compositions of the samples
were studied using the FEl X130 FEG Eaviroameatal Scan-
ning Electroa Micrascope (ESEM) with an Oxford Instrument
Inca X-ray analyzer attached for Eacrgy Dispersive X-ray Spec-
troscopy (EDX).

Magnetization (M) versus applicd magnetic fickd (H) was
mcasured at 300 K with a Vibrating Sampic Magnctometer
(VSM) up 10 a maximum applied field, pod = 1.6 T. The
samples were nominally 2.5 x 2.5 x 1.5+0.1 mm in dimension.
Room temperature magactostriction (\) was measured parallel
to the applied fickd using piczo-resistive strain gauges attached
to the samples. Samples for magnetostriction measurement
were cylindrical with diamcter 9.2 + 0.2 mm and heipht
6.0 £ 0.2 mm

0018-9464/526.00 © 2009 KEEE
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CoAlaiFei X-4 1.03 000 1*9
CoAlJo P« JO* 103 0.1* 1.79
CoAl» »Fei 704 1.03 025 1.72
CoAbsFcioO* 1.03 0.4V 14*
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1M RESULTS AND DISCUSSIONS

The XRD patterns of the samples as shown in Fig. |. showed
single phase spinel structure Tor all the samples with a shift to
higher 29 as x increases from 0 lo 0.9 in CoAlxFe>2 x()t. The
shift indicates a decrease in the lathee parameter as At3+ is in-
troduced into the spinel structure. The ionic radius of Ah”* in
A-sites and B-sites CA = 0.JU A To = 0541 A)is smaller
than those of hr* <rA = 0.49 A ru = 0.00 A) and Co?+
(TA = &35 A ru = 0.71 A) 19]. It is expected that as the
smaller ionic radii Ah* are introduced into the cation sites, the
lattice parameter should decrease and be seen as a shift in the
XRD pattern.

The SEM micrographs showed uniform micruslructurc which
indicates that the samples are single phase as also seen from the
X-ray diffractometry results. The final compositions o f the sam-
ples as determined by the ED X analysis are shown in Table I.

Fig. 2 shows the variation of magnetization (.1/) against alu-
minum composition (x) measured at 300 K and = 16T
for the CaAlxh?:_xO0.| system. The plot shows an approxi-
mately linear decrease in M with increase in x. The change in
magnetization with applied field, temperature and composition
in spinel structured materials is governed by several factors
(exchange interaction, site occupancy of the cations fin this
case AP *. He3*, CoP+), and thermai agitation) and has been
detailed in another study 110).

The variation of A with // is shown in Fig. 3. This shows
that from x = 0 to 0.9. the amplitude of A decreased with x.
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and the magnetic held required to attain this amplitude also de-
creased with x. Forcertain applications, such as linear displace-
ment sensors, amplitude of A between 30 ppm and 100 ppm is
quite adequate (11). Changes in the sign ofthe A (//> curves as x
increased are also observed in the Fig. 3. This indicates achange
of the sign of the first cubic anisotropy cvmstant or a change of
the signs of both Am and Amo- From x = 0 to 0.5. the slope
of the curve was initially negative and later positive The initial
part of the curve represents a region in which the contribution
of Aj«q to the amplitude of A is dominant This continues until
all magnetic domains align parallel to the easy axes (100) After
this, on further application of magnetic field, the contribution of
Am to the amplitude of A is observed. The reverse is the case
for x = 0.7 and 0.9. the slope was initially positive and finally
negative signifying Am and Aiw being dominant al lower and
higher fields respectively or that they haw both changed signs.
Similar behavior was observed in a previous study on Ge-dopcd
Co-ferrite |5).

With sufficient magnetostriction amplitude for application,
the derivativedA/d // becomes a crucial factor for device devel-
opment. Fig. 4 shows the variation o fd A /d i/ with applied mag-
netic field. It shows that doping o fC o-ferrite with Al resulted in
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an increase in tIA/d/Z compared with un doped cobalt ferrite.
Maximum strain derivative (d A /d //)aiajt for Al doped Co-fer-
rite was found to be higher than (d A/d H ) max for the un-doped
samples for Al compositions,x = 0.1 to 0.5. Due to the form of
their magnetostriction curve. Al compositions x = 0.7 and 0.9
both have positive (clA/cl//)lIHIl values. The result shows that
the (d A /tl//)rBYX value for Al doped Co-ferrite was over 1109f
more than the (dA/d/Z \ nax of the un-doped sample (Al-doped
(x = 01) = —2.00 x 10-9 A_1m; un-dojvd (x = 0/)) =

—1.37 x 10“® A_ Im) This increase can he explained in terms
of magnetocrystalhne anisotropy Substitutioa of nonmagnetic
cations for Fe3* in Co-ferrite reduces the super-exchange in-
teraction between the A-sites and B-sites which also lowers the
magnetixf>stalline anisotropy (5J. It has been suggested that a
decrease in magnetncrvstalline anisotropy could be responsible
for the increase in (dA/d/ZW  112).

From Fig. 5. it can he seen that apart from being higher
in magnitude, the (dA/d//[4Am™ of CbAlo.1Fej9aQ4 and
CoAlo.2 Fe1.gO0lj were respectively obtained at applied magnetic
fields 81ft and 89ft less than that required for (dA/d//)nax
of the un-doped Co-ferrite. Since it can he shown by a ther-
modynamic relation that the response of a magnetomechanical
stress sensor to applied stress d/Z/drr is equal to dA/d// |6 |.
it follows that (dA/d//)nuix's of the important figures of
merit for determining the sensitivity of the sensor. With the
high values of (dA/d/ZW * and the lower magnetic (ields at
which the maximum magnetostriction and (d A/d//)n»* wcre
obtained, it is obvious that CoAl*Fea-gOj with x in the range
0 < x < 0.2 is apromising candidate for the development of
a more sensitive magnetomechanical stress sensor device than
the un-doped Co-ferrite.

Table Il summarizes the magnetostriction and strain deriva-
tive of applied field for the Al-doped samples (x = 0.1,0.2).
the undoped sample and samples dieted with other cations.
The amplitude of A obtained for Co*GcyjFc1i?(>j (—241
ppmi was higher than that obtained for CoAly.1 Fci*O* (—140
ppm) but the latter is still sufficient for magnetomechanical

PhD Thesis by Cajetan lkenna Nlebedim

B-E1HAMSATTNMS IM MMHRUX VUL 45.NO 10.om iM -a 3KW

40

«

0.0 ® 06 o6 1.0

Aluminum composition (x)

H* 5. Applied mafaeac nek) at nuximui main denvabve IX/AH as
afiwakw of ilum iiui compdMtkw. TV helda 1.\/!// smiBl we 101 kKA/m.
19 kA/m and 1 KA/m Inr* _ 1 ’ and 0 2 Kspeclrveh Mewwrwnem*
woe made at room tempenture.

TABLEH
CoMPMHsnH nr THTUVM TIW or X As® ITX/T//".*, IN
CoAlrIfc -jll;. Co_| £ AGlrH." +0,. 0jG vFki.,O .
v® C<All4;._,Q1.

Magnetostriction X Stram-fidd derivative
Competition (ppm) (d1d/ZU,!* tO*A 'm)

CoFc.0, 212 137

CoAViFei A -140 -290

Coi ,Ge»,Fcua 241 -2.60

CoAtajFejOu <120 -2.63
CotiaojFci nth -too -3J
CoMn«jFei A -150 25
CoCHUF*1.«Qx« S0 15

sensor applications On the other hand. CoAlo.1Fc1.904 has
a higher (dA/dZZXnax valuc <-2.90 x 10_y A-1m) than
Cox.iGco.iFej(-2.60 x 10“y A_Im) Also, to attain
maximum magnetostriction. Coj 1GcoiiK ,1.5().| would require
95ft less magnetizing power consumption than un-ikped
Co-fcnile |5) while CoA*jFei*Oi would requite 97ft less.
This suggests that in terms of response of magneto&trictiixi to
applied magnetic field and power efficiency. CoAly iFei yGq
would be better than Coi iGc” iFcujQj while maintaining a
sizeaNc magnetostriction sufficient for device application.

Re CoGau.R-i.sO:. (dA/dZZW x -3.2 X 10«
A-1m at // — 10 kA/m compared to —2.63 X 10“°
A-imat Z = 11 kA/m obtained for CoAkx:Fei’o s -

The amplitude A was about 20 ppm more in CoAlo.: Fei.sGh
than for CoGj*Fej.sGli. CoAlu”*Fej.sGi also gave higher
(dA/dZ/),A thanCoMou*Fei* (-2.0 x 10"y A-'mtand
CoCro.z2Fcicos (1.0 x 10- ¢ A~‘m) |12 | with amplitude of
A still higher than that of CoCto,> Fei« 0 « but lowerthan thatof
CoMr\j oFvi s<Tl [2]. Comparatively, the (dA/dH )nf.* value
for CoAlu.iFei.yOs was higher than that of Co Cru.Ret.sO4
and CoMrv..Fe1.s0.. This, as in case of Co1.:Getu.i Fe1.fiO4 .
infers that CoAl*iFcjj/O j is expected to he more a strain sensi-
tive sensor material than CoCiiu. RJ1.sOs+ and CoMnu.: Fe1.sOL
at similar operation conditions.
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IV. ConCLUSION

Results oa magnctic and magnetomechanical propertics of
CoAl Fe;_,0; have been presented. The variation of mag-
nctostricion with applicd magnctic ficld was compared with
those of Ge-, Ga-, M- and Cr-doped Co-ferrites. Maximum
magnetostriction in CoAl, Fe,_, O, samples was higher in am-
plitude than those of CoGa,Fes_,0; aad CoCr, Fey.. O, but
lower than those of Coy ., Ge, Fen—2, 0y and CoMa, Fey_, 0.
In terms of the scasitivity of strain to applied magnetic ficld,
CaAl,Fey O had the second highest strain derivative behind
CoGa,Fo,_,0;. Thus, it was found that CoAl, Fey_, O has
potential as a material (or high-scnsitivity magnctomechanical
strain seasor device development, and considering cncrgy cffi-
ciency, has potential for magnetostrictive actuator application
also.
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Differences in the microsl!fixture and magnetic properties of highly magnctostndive cobalt fcmte
resulting from the eBests of d tflrrrnt vacuum anterwig tenmperatures and tm n have been investigated.
A vacuum environment was dhosen to allow direct comparison of results with aw-smtcrd sanples
whteh ate more often reported at the literature. | wes found that vacuum sintering resulted in the
development of a sohd mtuhon second phase with mmpasttinn Coi dFex® [r-O U~ There was a
decTesie mmagnetostnctson as aresult of the fonrmation of the second phase. Furthemore, inferencesm
sintering temperatures were found to have a greater effect on the med tetostr*ction than diflrrentes in
santertng times. It was found that the first order cubic ancsutropy coefficient mitally utcteased with both
sintering temperature and time; before peaking and deceasing to its lowest measured value. The lowest

anisotropy was therefore achieved with sanples sintered at tugher temperatures and longer tunes.

L Introduction

The use of magnetostrictive materials lor development of non
contact stress sensors and actuators n a wide range of engineer
mg applications has attracted considerable research merest. This
includes the need to develop low-cost materials with unproved
mechanical, thermal and chemical properties of which ferrites are
good cantfcdates. Among the ferrffes, cobalt ferrites (including the
parent material CoFej04 and derivatives CnW,Fej *04) have been
investigated as practical alternatives tn the rare earth based
magnetostrictive matenak such as Terfenol (TbJJy, *Fe,) and
other magnetoitnctive metals such as Galfenol (Fe*Ga*c) for
sensor and actuator development (U ).

Cofed 4 has a spinel crystal structure. For normal spinels, all
the divalent metalic ions are on A sites (tetrahedral sees) and all
the tnvalent ions are on B-sffrs (octahedral sites| On the other
hand, nverse spinels have half of the trivalent ions an the A sitr
and the other half plus all the divalent metall r ions on the B-sffe.
It is widely accepted [3] that Caf«j04 is neither completely
normal spinel nor completely inverse spinel. This b because the
cation distribution between the tetrahedral and octahedral sites is
intermediate between that of normal and inverse spnel materials.
Since the magnetostrictive properties of CoFe>04 depend largely
on the position and concentration of the Co7* ions. R fallows that
changes in the see occupancy of these ions wi> affect the
magnetic and magnetostnctiue properties of CofejO* Slides
have shown that magnetic and magnetostrictive properties can be

* Corresponding at*hoi
t mat addn-m |«euterlar uk (DC jffesl

Q4 ttS J/i-t« team miner ¢ 2000 Elwvfo BV, Al rights reserved
dni H»1 hi*pman 2A0B01021
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altered by both chemural substitutions of the cations (4-6) and by
heat treatment (7.8), the latter leading to a different tfcsinbuoon
of cations as they mgrate towards ther most stable (that b the
lowest energy) state. The trie constants associated with this
process are profvbRively long at room temperature, but are
reduced at elevated temperature because of the higher thermal
energy per ion which enables them to m pae mare easily.

Most of the studtes on the ingmAfement of magnetostrictive
properties of CoFejGU have concentrated on samples prepared at a
particular temperature mair. Since site occupancy of ions b crucial
to the magnetostndive properties, and this can be altered
depending on suitenng conrftions, there is a need for a systematic
approach to vary the heat treatment and sincerity conditions to
produce desired properties. This can also lead to a better under
standing of mapnetostnciive properties. Such understanding is
particularly important due to the varymg levels of magnetostnc
Don reported for CofejCU m deferent studtes. Values rangirgc from
100 to 225ppm have been reported prev iously (8-10).

In this work, we present the results of a study on the effect of
vacuum sintering. with different suffering temperatures and
smtermg runes, on the micmsmicTure. magnetic and magnetos
tndive properties of bulk samples of CafejO«. Saxe oxygen
parti4 pressure influences the compositional variation of C ote/)*
(7J. vacuum condffion was chosen in order lo compare and
contrast resuks with those ofair-sintered samples reported (8J0).

2. Experimental details

CaFejOr powder was ball milled, pressed into buttons and
SRitered in vacuum at a pressure of 10 %brr. Nine samples were
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studied. comprising thsee samples sitered at ecach of tuwee
temperatures 800, 1000 and 1200 C, and for different times of 6,
12 and 24 h. Al samples were heated and cooled at the same e
of 250 Chh.

The carystal structures of the sintered samples were chasacter-
iaed by X-ray diffractometry (XED) and the microstructures by
scanning dectron microscopy (SEM). To desermine the final
sample compositions, energy dispersive X-ay (EDX) analysis

using a SQUID magnetometer up to 2 maxianum applied field of
H = 4 x 10° A/m. Magnetostriction was measured at 00m tem-
pesature in the direction parallel to the applied field using foil
strain gauges bonded on o the samples.

To ewaluate the variation of anisotropy with sintering temn-
pesature, the law of approach to satwration was used to determine
the first cubic anisotropy coeffident (K,). R was assumed that as

that region was due to reversible rotational processes which ase
the result of rotation against magnetic anisotropy. The law of
approxch s givenin [11] s

a b
ll-ll,(l——ﬁ—"
where a and b are the fitting coefficemts, M, and H are the
saturation magnetization and applied field, respectively, xH i the
foraed magnetization tam [12] The wefficent a is refated 10
domain wall pinning and therefore in the higher field region of
reversible rotation of magnetization, the vaue of ax0. For
randomly ariented polyarystalline samples with a cubic crysal
structure, the coefficent b is given [13] as

----)+m (1)

where uo 5 the permeability of free space. This gives the lav of
approach up to and induding the second aorder term as

] X, \?
b1 555 (i) | + o
The high-feld region of the corve was used to fit Eq. (3) in order o

desermine K, The chosen region is in the range C97M, <M <A, in
which the law of approach 5 nommally assumed to be valid | 14}

(2)

(3)

3. Resubs and discussion

The variation of sample density with sintering temperature s
shown in Fig 1. Densities of the samples were obtained from the
masses and volumes of the thick disk (or shont cylinder) shaped
samples. An increase in the sintering temperatise or sintering
time resulted in an increase in the demsities of the samples. The
sample sintesed 2t BOO'C for 6h had the lowest density of
4548 ky/m’, while the sample sinteved 3t 1200 °C for 245 had the
highest density of 50890kg/m’. The thearetical density of pure
cobak ferrite is 5259 kg/m’.

X-ray diffraction spectra of the unsintered powder and solid
samples sinteved at 800, 1000 and 1200 C for 24 h are shown in
Fig. 2 Aiso shown are diffraction spectra of samples sintered x
1000 “C for 6 12 and 24 h. The patterns were recorded & interval
of 002° on a Philips PW1710 automated powder diffractometer
with copper (CuK-a) radiation at 35kV and 4OmA. Vacuum
sintering resulted in the development of additional peaks which
match the CoO pattern. These peaks are marked with the "¢~
symbal. Similar results were observed for all the sintered samples.
Those additional peaks were not observed for samples sintesed in

2
— ] d
%"' o
2
n° o a
- 48 a
»
2
48 - e 20w
3 . o t2we
o Swe
a4 T T T
200 1000 1200
Sintering Temperature (*C)

Ng L. Varistion of densisy with siaerieg campesstwe.

- 211200 °C24 hrs
g JL_4) 1000 °C/24 hes
£ 4_2)800 °C/24 hrs
§ 1+ 1000 °C/24 hrs

A_5 1000 ‘G2 hes

1000 °C/8 hrs
6@ 70 80

80
209

g 2. X-vay difmction patterss for the Cole 0, sampies sintered for 24 hand the
uasistesed awple Usnmaded pasis cormespond to the spiarl cubalt feveiee
pattrm. Fraks marhed with 4 cosrespond to the CoO pattern.

o

air [9] or for the wnsintered sample. They could be the resuh of the
reducing effect of the vacuum sintering envisorunent. k has been
stased by others [ 15 that heat treatment of (oFe,0, in a reducing
environment heips the development of an additional phase. To
understand the arigin of these peaks, SEM and EDX analysis of the
samples were made.

The SEM micrographs in Fig. 3 show that the samples possess
an additonal phxse as shown by XRD resukks. Micographs
marhed A B and C are for samples sintered at 1000°C for 6, 12
and 24h, respectively, while those marked | B and NI are for
samples sintered for 24 b at 800, 1000 and 1200 *C, respectively. In
genenal, the samgles sintered at 2 lower sintering semperatuse, or
held for a shorter time (or both), showed less of the additional
light colored phase.

Table 1 shows the EDX results for the samples sinteved at
1000 °C and heid for 6, 12 and 24 h while Table 2 shows the results
for sampies heid for 24 h at 800, 1000 and 1200 C. in both cases,
the resudts show that vacusm sintering of CoFe;0, resuked in two
phases: a spinel phase shightly richer in Fe and 3 Co, _ Fe,0 second
phase. The second phase may be due to the reducing effect of
the vacuum environment. It is 2 single phase of solid solmtion
CoO{Fe0 in which x~033 Both (o0 and FeO have the rodsalt
structure with simiar ionic radii (Co** = Q7SA, Fe** = 078A)
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and molar volumes (Co** —11.708cm ‘/mol Fr** — 11i)74cm,/molX
For ail compositions in the temperature range from 300 to 2000K.
the GoOfeO system has a negative free energy and has neither
maxima nor mnma in its chemical potential versus composition
plots over the same temperatixe range 116}. k is then obvious that
CbOfFeO forms a solid solution which is completely misable and in
all compositions kK fooms a angle phase ewer the ranee 300-2000K
Analysis of the X-ray diffraction spectra gave the Co, ,Fr*0 peaks as
a GoO peak because the solid solution is -67% Co. thus its lathee
parameter is closer to CoO than k>FeO.

The variation of magnetostnction with magnetic field is shewn
in Fig. 4 for dfffermt smtenng trmperatures at constant sintenng
time (upper plots) and with different smtenng tunes at constant
saltering temperature (lower plots) Comparing these, it is seen
that differences in smteraig time have less influence an the
magnetostriction of the samples than deferences in sintering
temperature. The highest magnitude of magnetostnction.
125 ppm. was achieved far samples sintered at 800 C. This
value falls into the midrange of values reported in the literature

PhD Thesis by Cajetan lkenna Nlebedim

U iftm iw i<nui U atw K Uoa-rafc 321 (2009) 2528 2532

20pm

20pm

timn (A = and C) and for coaaai* untrdng inns at dffirirat siaming

lor ar smtered samples (8J0|. The magnetostnction arapfrtude
may have been reduced by the detnmentai effect of the Cb, ,Fe.O
second phase as shown by XRD. SEM and EDX results The
Co, JFe*O phase contains more of antifo-romagnetic CoO with a
Neel temperature at 297 K1171. Magnetostriction of CoO has been
reported to be -5.4ppm at 77 K |17.18] and vvoiid be expected to
be negligible at room tempnaure. In such a system containing a
magnetostnrtrve composXe. it is expected (hat the effective
magnetostrrtion would decrease wfrh an increase in the volume
fraction of the Co, jFe,0 second phase. Moreover, according to the
smgle-ion crystalline-held model magnetostriction m CoFeX), is
due primanly to Car" located on the B sites of the spinel crystal
structure. Any deviation from stoichiometry resulting tn a decrease
of Ct/* on these sites would therefore result in a lower
magnetostnction and it can be seen that the compositions of the
spinel phases in Tables | and 2 are all deficient in Co*. This
provides a second reason why the magnetostriction is lower in the
matenah m which the second phase is present.

The variation of coercive field with smtenng temperature is
shown in Fig. 5. The coercive field was found to decrease with
mcreasing sintering temperature and entering time This was
expected as coercivity is related to grain size, with largrr grains
providmg less piruing of domam wals because of the lower
volume fraction at grain boundaries. Higher smtenng temperature
and longer sintering time are expected to result in larger grains
and consequently lower coercive field. The maximum coercive
field (252 kA/m) was observed for the sample sintered at 800 C
for 6h and the least (3.7IcA/m) was observed for the sample
sintered at 1200 C for 24 h.

The variation of Kt with sintering temperature is plotted in
Rg. & The lowest value of Kh 32 1x K?J/m3. was observed for the
sample smtered at 1200 C for 24h whereas the highest value.
4.57 * 10'j/m 1 was observed for the sample sfritrred at 1000 C
for 12h. The anisotropy coefficient showed a trend, irutiaty
mcreasing and later decreasmg. with an increase in sintering
temperature and time. The high ausotropy coefficient achieved
when the samples were held at 1000 C for I12h is not easffy
explainable from this study but requires further investigation. In
general it was observed that the anisotropy coefficient was lowest
for samples smtered at 1200 C
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4. Condusions
The resuks af a study an the influence of vacuum smtenng an

m*restructure and magnetic properties of magnrtostncuve
cabak fernte and «s cation substituted denvattves have been

11

presented. Samples sintered in vacuum showed comparable
values of magnetostrierion wnrti some of those sintered in air
but the samples sintered n vacuum developed a second phase of
Co, ,Fe,0 sohd sotunan system with x~0.33. which reduced the
averal magnetostriction. Magnetostnction was largest for lower
smtenng temperatures and longer smtermg times. The anisotropy
coefficient initially ncreased and later decreased with mcreasmg
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sintering temperature and sintering time. The sinsering conditions
affect the amount and distribution of the secand phase. Further
study is needed to identify the necessary combination of oxygen
partial pressure, sintering temperause and tine that would result
in a combination of high magnetostriction together with a3 low
anisotropy in the absence of the detrimental second phase.
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magnetestriction
decreese in magnitede with

temperature dependence of the magnetaciastic preperties of a series of

hus been messured. Magactestriction loeps of the compesitions C o, , ,Ge Fe o0, iz = 0.1, 03, and 0.6) were mcnvared over
Cermaniwm/coball co-substitution was feund te change the Curie temperature,

coeflicients in the crystal divections of [100] and [111]. Beth magnetestriction and strain seasitivity were seem to

increasing temperature. Co |, Gy, Fey O, wasfound to have 2 maxiveums semsitivity ( o)\ /d I]) , o€ 2.6 x

co-substituted cobalt ferrite camples
anivetrepy, and

107 A7 .in, which is twice the value ebtained for pure cobull ferrite. without any decrense in maxissum magnctostriction in the limear

region.

Index Terms—Coball ferrite. germanium substitution, magnctestriction, stress semser.

I. INTRODUCTION

OBALT ferrite based materials have generated consider-
able intcrest for applications in magactostrictive torque
and stress sensor and actaator appications [1)-{4]. Magnetoe-
lastic stress sensors work on the principie that basic magnetic
properties such as permeability and magnetization are altered
in the presenace of stress due to the magnetoelastic coupling
which results in a stress dependent contribution to the anisotropy
that alters the permeability of the material. This contribution is
sometimes represenied as an cyuivaleat field 17, although the
analogy with magnetic ficld is not exact. Thus, stress can be de-
tected by using a non-contact magnetic field sensor to measure
the altered magnetic properties of a magnetociastic material {1].
An idcal non-contact magnetoclastic seasor material will
have a high sensitivity of magactic flux density to applicd stress
{dB/do) g (where B is the magnetic flux density and  is the
stress, ) is the magnctostrictive strain, and 1/ is the magnetic
ficld) and ncgligibic hysteresis. The relationship between strain
derivative and the sensitivity of magnctization to applied stress
can be expressed as 5]

DAY (8
dB), =" \d ),

where ;4 is the permeability of free space. Thus, a high strain
derivative is indicative of promising characteristics for both a
magnctoclastic sensor and an actuator matcrial.

Giant magnetostrictive materials such as Terfenol have high
magaetostriction coefficients, but not a very high seasitivity of
magnetic flux density to stress for a stress seasoc material [1].
Cobalt ferrite-based materials have a high sensitivity of mag-
netization to applied stress and an exccllent chemical stability,

1}
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which indicate their powential for noa-contact magaetostrictive
sensor and actuator applications [ 1], [6]. [7]. The aiche area of
application of these materials is in situations with low strain
requiring high seasitivity [1]. Chemical sshstitutions have
been used to sclectively tailor the properties of these made-
fials. Substitution for e’ ! -cations with trivalent AP ! <cations
M = Ma. Cr. and Ga). to obtain CoM Fez_,0;. produces
lower Curic lemperature and improved magnctic and mag-
nctoclastic propertics [3], [4], [8]. Cobak fermite has a cubic
qxncl—lypcsmm:cmvhdlnno-‘mfammfcc-hkc
tattice. The Co? and Fc! ions occepy cither of the two
interstitial sites—tetrahedral (A sites) or octahedral (B sites).
Magactic and magactoelastic properties of cobalt fesmite-based
matcrials depend on the exchange interactions, which ia tem
depends on the cation distribution ia the lattice. The cobalt ions
in cohalt ferritc have a prefereace for the octahedral (B} sites
and the actual distribetion depends oa how close (o equilibriem
these distributions get, and that in tura depends on the thermal
treatment daring processing [9]. In the preseat work, the effect
of germanium‘cobali-substitution oa the lemperature depes-
dence of the magnctoelastic properties of (o) | ;GeeFez_2,.0,
has been studied over a temperature range of 250-400 K for
#=0.1.0.3,and 0.6. The substitution of a tetravalent Gict! -ioa
and divalest (o2 * -ion for two trivalent Fo >~ jons was expecied
10 produce a catioa distribution that is different from that of
was expected (o exhibit different properties from those of the

IL SAMPLE PREPARATION

A series of polycrystalline GefCo-substituted cobalt ferrite
samples, Co, , G Foo-3,0y. was prepared by standard
powder ceramic techniques using a final sintering at a temper-
ature of 1623 K for 24 hours. followed by farnace cooling to
room (emperature | 1), [2]. Encrgy dispersive x-fay spectroscopy
(EDS/EDX) was used 1o determine the actual chemical compo-
sitions, which were found to be close (o the tarpet compositions
(sce Table 1) [10].
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Appendix IV: Journal Publications and Conference Presentations Based on this Research

TABLE |
CdMrosmmn tw V <i_»i = *F Dirmtuisakn mr KDS[IO{
Tjnrrt LompoMtians ~ CiHTMNxsiiKin by EDS
Fc Co Gc
CullGeO.IV1804 177 |11 0.12
Col 30c03hcl *04 12V 133 038
Cul.6Gc0.6FV0 804 070 163 067
*m0.3

-2000-1600-1000 -500 0 600 1000 1500 2000
HK M {ItA-m")

R*. | Field inductd nagnctnstrictioa oft x_.fi ,F j_a,t* > _ >*
fmm |2]) * 100 K.

Ill. Experimental Details

The Curie temperatures were determined by vibrating sample
magnetometry and they were found to decrease with increasing
Ge-conlent. Curie temperatures o f samples with Ge-content of
x —0.1,03, and 0.6 were measured to be 715 K. 558 K and
407 K respectively. The Curie temperature of pure cobalt fer-
rite prepared by the same process was 784 K |3] The field-in-
duced magnetostriction was measured with a strain gauge setup.
350 ft strain gauges and M-Bond 610 strain gauge adhesive
from Vishay Mien measurement* were used: both function over
the entire temperature range of the experiment. Magnetostnc-
lion loops i \ - ff) were measured overa fiekJ rangeof -2 T <
fi.\H < 2T within a temperature range of 250-400 K.

IV. Results and Discussion

The magnetostriction curves at room temperature of all the
measured compositions are shown in Fig. 1. Fig. 2 show's the
variation of the sensitivity parameter dVt/IFT with field and
composition.

A. Shapes of the Curves

Over the temperature range of 250-400 K. three different
shapes of magnetostriction curves were observed and classified
as shown in Fig. 3(a) and (b). Cobalt ferrite has two indepen-
dent magnetostriction coefficients. Aiou a°d Am -along the two
crystal directions of 11001 and 11111 respectively. At 300 K. it
is known that AK>o < 0. An. > o.and |Aioo > <*3/2)|[Aml ‘n
pure cobalt ferrite. Rirthermore. the first order cubic anisotropy
constant A'j for pure cobalt ferrite is positive at all tempera-
tures. making 1100] the easy-direction Al low field values, the
field-induced strain A(/f) has a large negative slope due to a
dominant contribution from A|<». After the alignment of do-
main magnetizations with the local easy axes, a further increase
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