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Abstract i1

Abstract

There has been a recent interest in high magnetostriction materials for
magnetostriction based stress/torque sensor and actuator applications. Several
materials have been investigated with this aim, including Tefenol (Tbo3Dyo.7Fez),
SmFe;, and Galfanol (FesoGazo). However, these materials have several
drawbacks for stress sesnor and actuator applications. Among these are low
sensitivity to magnetic field or stress, low chemical stability, high costs and lack

of mechanical strength.

In recent years, cobalt ferrite has emerged as a candidate material for
magnetostrictive stress/torque sensor and actuator applications. Cobalt ferrite
has a relatively high magnetostriction (A=200ppm), high sensitivity
(dA/dH = 200 ppm), is chemically stable and mechanically robust. However, the
magnetoelastic properties of pure cobalt ferrite (CoFe;04), relevant for
magnetostrictive sensor and actuator applications, can be improved by chemical
substitution. The properties of cobalt ferrite and cobalt ferrite based materials
depend heavily on the site occupancy of the different ions in its cubic spinel
lattice. Previously, the substitution of M3+ (M = Mn, Cr) in place of some of Fe3*
has shown to improve magnetostrictive sensitivity. This can be attributed to
reduced anisotropy caused by magnetic dilution resulting from substitution Fe3+
with less magnetic ions. However, the maximum magnetostriction, which is an
indicator of the range of a magnetostrictive sensor/actuator device, reduced in

these cases.
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Abstract v

In the present study, it was aimed to use the site preference of dopant ions to
tailor the magnetoelastic properties of cobalt ferrite. It was hypothesised that a
dopant ion with strong tetrahedral-site preference will result in more favourable
properties for magnetostrictive sensor and actuator applications. Three different

substitutions were tried.

Gallium substituted cobalt ferrite (CoGaxFe2.xO4 with x = 0.0, 0.2, 0.4, 0.6, & 0.8)
was investigated. The maximum magnetization at near zero Kelvin temperatures
increased for low amounts of gallium substitution. This agrees with the
Mossbauer investigation of the material which points towards Ga3* ions
substituting into A-sites initially. The strain sensitivity increased for low values

of gallium content, however, the maximum magnetostriction decreased.

Germanium cobalt co-substituted cobalt ferrite (Coi.xGexFez-2x0s4 with x = 0.0,
0.1,0.2,0.3, 0.4, & 0.6) was expected to give better properties because of a strong
tetrahedral-site preference. The maximum magnetostriction and strain
sensitivity were observed to be higher than for cobalt ferrite, for low amounts of

Germanium substitution.

Aluminium substitution was observed to indicate towards a weak tetrahedral
site preference for aluminium. This resulted in lesser maximum magnetisation at

near zero Kelvin temperatures, in comparison to cobalt ferrite.

AC measurements of B-H properties were made and it was observed that the

coercivity of cobalt ferrite did not change significantly in the 10 - 100 Hz range.
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Abstract v

This could be because of the non-conducting nature of cobalt ferrite, which
prevents formation of any eddy currents, a dominant source of frequency

dependent loss in conducting materials.

Chemical substitution has been observed to be effective in tailoring properties of
cobalt ferrite. In the present work, methods and understanding have been

proposed to improve properties of cobalt ferrite using chemical substitution.

PhD Thesis:
Naresh Ranvah




Table of Contents vi

Table of Contents

ADSETACE ... e e iii
List of Symbols and Abbreviations ... X
Chapter 1. Introduction ... wrssensasanaanns 1
1.01 Bibliography 6
Chapter 2. Background ... S 8
2.01 Introduction 8
2.02 Properties of magnetic materials .8
2.02.1 Magnetocrystalline Anisotropy .........co.... . ..8
2.02.2  MagnetOStIiCtION. ... sesnssstis et ss et ssssa et bttt sesnas 12

2.03 Cubic Spinels 22
2.03.1  Properties of SPINEeLS ... nstissessisssessesssessssssesssmsssesssesssectsassssssssssesseses 26

2.04 Materials for magnetostrictive stress/torque sensor and actuator

APPHICALIONS . ...cceeiirerrirircnssesismssnsisssansssnessnerssmonsasssstassssssssnessssssssssssssssssesssnsnsnsarssssssssnsans 31
2.05 CobaltFerrite - 36
2.05.1 Properties of cobalt fErTite ...t sresrses s ssssasssessssnes 38
2.05.2 Improving properties of CODalt fEITIte .omrmmrersersrnnressseesaecssssssasessennes 40
2.06 Bibliography 44
Chapter 3. Experimental Methodology ... 48
3.01 Introduction .........niinnnne 48
3.02 Samples Preparation 48
3.03 Maximum magnetisation vs. Temperature w49

PhD Thesis: jcwonr |

Naresh Ranvah CARDYD




Table of Contents vii

3.03.1 Measurement and related iSSUES ...t ssssssesssssasess 50
3.04 Magnetic hysteresis loops at different temperatures w52
3.04.1 Measurement and related issues................ N 52
3.05 Calculation of Magnetocrystalline Anisotropy 53
3.05.1 Law of Approach to Saturation {LAS).....msisnsssssssessssaes 57
3.05.2 Calculation of Anisotropy using Law of Approach to Saturation................ 60
3.06 Magnetostriction Measurement 65
3.06.1  Strain GAUEE SELUP ...ttt seass s sass st s asens 66
3.06.2 Wheatstone-Bridge configuration........mmms 66
3.06.3 PPMS CONfIGUIAtION ...cvveuresrreencesesscesnesscsssmsssenssassssssisssssssssssssssssssmssssssessssssissasses 71
3.07 Summary 75
3.08 Bibliography 77

Chapter 4. Effect of Chemical Substitution on Properties of Cobalt Ferrite

79
4.01 Introduction Ee RIS RS SRR R SRR SRR RS bra e RS RS R R AR R R A St SaRR S AT AR SRR 79
4.02 Gallium SubStitUtioN ... 80
4.02.1 Site Preference of Gallium ... sesessssssessssssssssssssssssasees 81
4.02.2 Curie temperature of gallium substituted cobalt ferrite...........ccoorrcrrerrcrsrerrnne 83

4.02.3 Maximum Magnetisation vs Temperature for gallium substituted cobalt
ferrite 85
4.02.4 Magnetisation loops at different temperatures for gallium substituted

(0] o1 L () ¢ 1 (< reeeeereres st aeaeareaen 92

4.02.5 Anisotropy vs Temperature for gallium substituted cobalt ferrite............... 95

4.02.6 Magnetostriction vs applied field for gallium substituted cobalt ferrite .108

PhD Thesis:
Naresh Ranvah




Table of Contents viii

4.03 Germanium/Cobalt co-substitution 120

4.03.1 Site preference of ions in germanium cobalt co-substituted cobalt ferrite
121

4.03.2 Curie Temperature of germanium/cobalt co-substituted cobalt ferrite..122

4,03.3 Maximum magnetisation vs Temperature for germanium cobalt co-

SUDSHTULEd CODAIL fRITILE. ..ot rsenssssrassssravesssnsnssnasess ..123

4.03.4 Magnetisation loops at different temperatures for germanium/cobalt co-

SUDSHLULEA CODALIEL FOITILE......u e ssssssssessssssssssssassessessassesanes ..125

4.03.5 Anisotropy vs Temperature for germanium/cobalt co-substituted cobalt
ferrite 128

4.03.6 Magnetostriction vs applied field for germanium/cobalt co-substituted

CODANL FETTILE cuuvveeveeserueeeceerssenssees et sensessesssssesse s ssesssesssssasasss st asss s s sss e aas s ssssnssesase 140
4.04 Aluminium substitution. 147
4.04.1 Site preference of aluminium substituted cobalt ferrite........cccoeommrrrerrrersrennae 147
4.04.2 Curie temperature of aluminium substituted cobalt ferrite..........cccourecruueenn. 148

4.04.3 Maximum Magnetisation vs Temperature for aluminium substituted

(o0] Y= 1 Lo () o o 1 <O rerteresaseaete ettt st e s aens 149

4.04.4 Magnetisation loops at different temperatures for aluminium substituted
CODAIL FEITILE w..uvveverreeresirssernsrssessese et sssesessts s ssessssssessssstsassssssassassasssessestssessasss s ssmssssssessesestssssreons 151
4.04.5 Anisotropy vs Temperature for aluminium substituted cobalt ferrite....154

4.04.6 Magnetostriction vs applied field for aluminium substituted cobalt ferrite

162
4.05 SUMMArY...cocovisensmsscsersmsasesanes 163
4.06 Bibliography...... 166

PhD Thesis: m

Naresh Ranvah o
C\RDYY




Table of Contents X

Chapter 5. AC Magnetic Hysteresis of Cobalt Ferrite ........ecoevenenn. w171
5.01 INrOAUCHION ccccercinercnsismsnssssmsesesnssasssmssssssssssesssmsssasasssssmessasasasrassesasasassennas 171
5.02 Specifications of the AC magnetic property measurement system......... 172

5.02.1  SCREMALIC comuiceirrirsecnrsesse e ssssessstsssenss s stssessess s b ssassssassass s st basass 172
5.02.2 Choice of computer interface........... . .173
5.02.3 Data Acquisition eeerrer eSS RS E RS s s E 173
5.02.4 Current to Voltage Amplifier............... ..173
5.02.5 Experimental SEtUP ... 174
5.02.6 Measurement SENSOTS ..., ..176
5.03 Measurement of AC B-H characteristics of cobalt ferrite...........cceceuuuue. 178
5.03.1  SAMIPIO et s 178
5.03.2 Experimental CONAItIONS ... ecoveemereneconnsmmesesssssessssessasssnessssssssssssesssssssssssssssessans 178
5.04 Results of AC magnetic hysteresis measurements....... 179
5.05 Summary .183
5.06 Bibliography 185

Chapter 6. Conclusions and Future Work.........ccuina. 186
6.01 Introduction ..186
6.02  CoNCIUSIONS ..ot senssssas s snsense 187
6.03 Future work 190

Appendix 1. Magnetic Properties of C01.6Ge1.6F€0.804 ..........ccocceevveernrennnen, 193

Appendix 2. Drawings for AC Measurement System ................................... 195

Appendix 3. Publications ... e 197

PhD Thesis:
Naresh Ranvah




List of Symbols and Abbreviations X

List of symbols and abbreviations

Eexchange Exchange Energy

] Exchange coupling coefficient

Si ith Spin

E, Anisotropy Energy

Kun nth order uniaxial anisotropy constants

ai Direction cosines of magnetisation vector with respect to crystal
axis

Ki ith order anisotropy constants in a cubic lattice

A Magnetostriction

H Magnetic field

o Stress

B Magnetic induction

Ho Permeability of free space

| Length

\% Volume

Cij Elastic modulus for cubic lattice

€jj Strain Tensor for cubic lattice

Bi Magnetoelastic coupling constant

Emagel Magnetoelastic energy of a crystal

A100 Magnetostriction constant in the [100] direction in a cubic lattice

A1 Magnetostriction constant in the [111] direction in a cubic lattice

PhD Thesis: M

Naresh Ranvah

Gl



List of Symbols and Abbreviations

X1

As Saturation magnetostriction

) Inversion factor in a spinel lattice

Imag Current required to magnetise

MPMS Magnetic Property Measurement System
RSO Reciprocating Sample Option

w Work

Nqg Demagnetising factor

LAS Law of Approach to Saturation

M Magnetisation

M Saturation magnetisation

Ta Rotational torque caused by anisotropy
Tx Rotational torque caused by applied field
K Forced anisotropy constant

Han Anisotropy field

R Resistance

€ Strain

Fg Gauge factor for a strain gauge

EDS Energy Dispersive X-ray Spectroscopy

T. Curie Temperature

G Voltage to Current Gain for a power amplifier
AC Alternating Current

H. Coercive field

PhD Thesis:

Naresh Ranvah




Chapter 1. Introduction

There has been a continual interest in the properties of magnetic materials for
sensor and actuator applications. The diverse choice of magnetic materials with
interesting properties has enabled their application in a range of applications
(Lenz, 1990, Lenz & Edelstein, 2006, TatuoKinmatu & Tatuo, 1929). Over the last
30 years, there has been a growing interest in magnetostrictive magnetic
materials with the aim of non-contact detection of torque/stress (Jiles & Lo,
2003, Pasquale, 2003, Paulsen et al.,, 2003, Garshelis, 1992). These sensors have
applications in automotive steering systems, power trains, etc (Garshelis, 1992).
The non-contact nature of these sensors provides design solutions in cases

where direct electrical contact is difficult.

Early studies on materials for these applications focussed on rare earth
containing compounds and alloys with giant magnetostriction (Pinkerton et al,
1997, Clark, 1980). These materials however were brittle, expensive, and
chemically reactive. Moreover, although these materials had high
magnetostriction, a high field is required to produce these strains because of
their low magnetostrictive strain sensitivity to field (dA/dH, where A is the
magnetostriction and H is the magnetic field). These materials were also
conductors, which produced eddy currents, and were hence less suitable for
applications with AC magnetic field environments (Chen et al,, 1999, Liang et al.,

2007).
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Chapter 1: Introduction 2

Ceramic cobalt ferrite based materials have emerged as candidates for non-
contact torque/stress sensor/actuator applications. These materials overcome
some of the drawbacks of the rare-earth based compounds (Chen et al,, 1999).
There has been an active investigation in the area of improving magnetoelastic
properties of these cobalt ferrite based materials, which are critical to their
potential as materials for torque/stress sensor/actuator applications. Cobalt
ferrite composites with other compounds have been investigated in the past.
Altering properties by varying processing techniques is also an important area of

investigation.

In recent years, chemical substitution has emerged as a useful mechanism of
tailoring specific properties of cobalt ferrite. Early investigations into the
substitution of silicon in place of iron in cobalt ferrite had shown chemical
substitution to be effective in reducing the Curie temperature of cobalt ferrite.
This in turn was an indicator of reduction in room temperature hysteresis
(Shinde et al, 1998). However, when this substitution was further investigated
in Iowa State University, the silicon substituted cobalt ferrite usually ended up
being two phase because of the chemical stability of silicon dioxide and the
resulting material was brittle (Paulsen et al, 2003). It was then decided to
substitute other elements into cobalt ferrite in place of iron. Manganese and
chromium substitution showed to cause a reduction in Curie temperature and
anisotropy, and an increase in the strain derivative. However, both these
substitutions led to a reduction in magnitude of the maximum magnetostriction.
Both these substituted ions had a B-site preference (Melikhov et al, 20063,

Melikhov et al,, 2006b).
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Chapter 1: Introduction 3

This study focuses on investigating the effects of chemical substitution on
tailoring the properties of cobalt ferrite that are critical to the performance of the
resulting material in torque/stress sensor/actuator applications. It was decided
to investigate substitutions that have an A-site preference and try to increase

both maximum magnetostriction and the strain derivative.

Chapter 2 provides a background to the issues and theories that are central to
this study. It details the evolution of related science through research in the past.
A theoretical background of the important magnetic and magnetoelastic
properties of materials of interest is given. Cobalt ferrite’s spinel structure is
described briefly with a focus on the effect of site occupancy on the
magnetoelastic properties. The manner in which the ions from the tetrahedral
and octahedral sites interact is described. A more dedicated explanation of the
spinel structure in cobalt ferrite is then provided. A brief summary of previous
studies focussing on improving the properties of cobalt ferrite is also given. The
merits of the various methods employed to alter properties of cobalt ferrite

based materials are discussed.

Chapter 3 describes the experimental methodology used in this study. A brief
description is given for the ceramic processing technique used to prepare the
samples for this study. This is followed by a description of the techniques used to
measure the temperature dependence of the maximum magnetisation and
magnetic hysteresis loops. A comparison is given between the different methods
that can be used to determine the magnetic anisotropy in magnetic materials. An
argument is provided for why the technique chosen in this study, fitting high

field regions of magnetic hysteresis loops to the Law of Approach to Saturation,
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Chapter 1: Introduction 4

is suitable for cobalt ferrite based materials. A discussion is presented which
elucidates the issues associated with using this method at low temperatures
where the internal anisotropy field in the materials of interest is of a comparable
magnitude to the highest applied field available in the experiment. The chapter
ends with a description of the strain gauge assisted technique used to measure
the magnetostriction of the samples and the methods used to standardise these

curves.

Chapter 4 presents a discussion of the effect of chemical substitution on
properties of cobalt ferrite by performing an analysis based on experimental
results obtained in this study. The chapter is divided into three sections which
describe the effect of individual substitutions (gallium, germanium/cobalt, and
aluminium) in cobalt ferrite. First the site preference of substituted cations is
discussed. This is followed by a description of the effect of chemical substitution
on Curie temperature of the material. The temperature dependence of maximum
magnetic moment is then described. An analysis is presented for how site
occupancy of different ions alters the maximum magnetisation at near zero
Kelvin temperatures. The effect of chemical substitution on the magnetic
hysteresis loops at different temperatures between 10 and 400 K is described.
The temperature dependence of coercivity for substituted materials is discussed.
This is followed by a detailed description of the anisotropy calculations and
results for temperature dependence of first order magnetocrystalline anisotropy
constant of substituted cobalt ferrite. The magnetostriction curves for
substituted samples are shown at four different temperatures between 250 and

400 K. A comparison of the maximum magnetostriction and the maximum strain
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Chapter 1: Introduction 5

derivative in the linear region for samples with different amounts of substitution
is presented. A summary of findings is provided at the end of the chapter to

highlight the important results obtained from the study.

Chapter 5 describes the AC magnetic hysteresis loop measurements on pure
cobalt ferrite. A description of the design considerations for the measurement
system is followed by the schematics and an exact description of the hardware
and software used. A description of the challenges faced in making the
measurement instrumentation is presented. This is followed by a description of
the procedure for standardising the results and ensuring their repeatability. The
results are presented and are compared against earlier work. The results are
also discussed in light of their importance to the use of cobalt ferrite based

materials in applications with AC magnetic field conditions.

Chapter 6 describes the important conclusions of this thesis. Research areas

proposed for possible future work are also discussed.

Appendix1 discusses the magnetic properties of a germanium/cobalt
substituted sample which has majority germanium/cobalt in comparison to iron.
The properties of this material are a departure from the trends observed for

other materials.

Appendix II contains the exact drawings of the parts used in design of AC
magnetic property system. The design was preformed with careful consideration
for measurement challenges and criterion. These drawings have been provided
so that future researchers can replicate the process and use it as a starting point

in their research.
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Appendix III contains the publications that were an outcome of this study.
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Chapter 2. Background

2.01 Introduction

Interest in magnetic materials for sensor purposes extends as far back as late
1920s (Tatuo et al. 1929). A large variety of magnetic sensors have been
developed over the years delivering engineering solutions for complex problems
(Lenz and Edelstein 2006; Lenz 1990). Among these sensors and actuators is a
class of magnetostriction based torque/stress sensors and actuators. In recent
years, there has been an active interest in application of magnetostrictive
materials for use in non-contact detection of torque & torsional stress in
automotive steering systems and power trains (Garshelis 1992; Jiles and Lo
2003; Pasquale 2003; Pasquale et al. 2002; Paulsen et al. 2003). This study
investigates the development and application of cobalt ferrite based materials

for torque/stress sensor and actuator purposes.
2.02 Properties of magnetic materials
In this section, some basic properties of magnetic materials that are central to

this study will be discussed.

2.02.1 Magnetocrystalline Anisotropy

The dependence of internal energy on direction of spontaneous magnetisation
with respect to a certain reference direction is called magnetic anisotropy. The

energy associated with this phenomenon is called magnetic anisotropy energy.

PhD Thesis:
Naresh Ranvah




Chapter 2: Background 9

This is usually expressed in J/m3. If this dependence is caused by crystal

structure, then it is called magnetocrystalline anisotropy.

The origins of magnetocrystalline anisotropy energy are complicated. There was
a prevalent thought that the magnetic anisotropy energy is either a macroscale
manifestation of the exchange coupling or it is a result of dipole moment
interactions within the lattice (Kittel 1949). The following discussion examines

each of these claims and provides rebuttal to these arguments.

The exchange energy of a spin system can be written as (Heisenberg 1928)

Equation2-1 E

exchange

=-2JY5,-S,

i£j

where Eexchange is the exchange energy, ] is the exchange coupling coefficient, and
Si and §; are spins of electrons that are coupled by exchange. However, exchange
coupling cannot explain magnetic anisotropy because its analytical expression
does not contain any term that accounts for the angle of spins with respect to the
crystal axis. In other wordes, if the entire spin system within a crystal lattice were
rotated with respect to the crystal axis, the exchange contributions would not

change, whereas the anisotropy energy would change with such a rotation.

The magnetic moment interaction between electrons leads to values of
anisotropy energy, which are much smaller than those observed (Kittel 1949).
The magnetic dipole interaction contribution to anisotropy is zero for an
unstrained crystal. Even in a deformed crystal these values are about 103 times
less than what is observed in practice, for example in the case of iron and nickel

crystals. Another reason why magnetic dipole interaction alone cannot explain
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Chapter 2: Background 10

the anisotropy energy is the change in the sign of the anisotropy with change in
the temperature. Anisotropy energy is very sensitive to temperature and this

cannot be explained by dipole moment interaction inside crystals.

A widely accepted explanation of the origin of the anisotropy energy was given
by Van Vleck (Vleck 1947). A version of this explanation provided by Kittle is

presented below:

“The spin interacts with the orbit by means of the spin-orbit coupling and the
orbital motion in turn interacts with the crystal structure by means of the
electrostatic field and overlapping wave functions associated with neighbouring

atoms in the lattice.” - (Kittel 1949)

The simplest case of anisotropy is uniaxial anisotropy. For example, in an
hexagonal cobalt crystal, the stable direction of spontaneous magnetisation is
along the c-axis of the crystal, with symmetry along both directions on the c-axis.
Therefore, the anisotropy energy of a magnetisation vector can be written

as (Chikazumi 1997):
Equation2-2 E, =K, sin’0+K,,sin‘ 0+K,,sin®0+K,, sin® Bcos 69

where E, is the anisotropy energy, 6 is the angle between the magnetisation
vector and the c-axis, Kun are the n' order anisotropy constants for a uniaxial
anisotropy system, and ¢ is the azimuthal angle of the magnetisation vector in
the plane perpendicular to the easy axis. If K., are positive then the minimum
anisotropy energy state occurs at 6=0° or 180° i.e. when the moments are
aligned to the easy axis. In this case, the c-axis is the easy axis. If Kun are negative

then the minimum energy state corresponds to 8=90°,i.e. when the moments are
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Chapter 2: Background 11

aligned in the plane perpendicular to c-axis. In this case, the plane perpendicular

to the c-axis is the easy plane.

In cubic crystals, the anisotropy energy can be expressed in terms of the
direction cosines of the magnetisation vector with respect to the three edges of
the cube. Due to cubic symmetry, several directions in the cube will yield the

same anisotropy energy; an example of which is shown in Figure 2-1.

Figure 2-1: The directions Ai, A2, Bi, B2, Ci, & (2, all have the same anisotropy energy due to
cubic symmetry.
Taking cubic symmetry into consideration, the anisotropy energy of cubic

crystals can be written as (Kittel 1949]:

Equation 2-3 Ea= K{(afcq + <%~3 +Xa\)+«2(alala

where a\ (i=1,2,3] are the directions cosines of the magnetisation vector with
respect to the three crystal directions along the cube edges, i.e. [100], [o10], and
[001], and Kl are the ithorder anisotropy constants. Ifthe magnetisation is along
the [100] direction, then <*i=l, a2=w=0, ie Ea=0. For [111],
ai =a2=as=1/"3, such that
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Chapter 2: Background 12

Equation 2-4 EQ=-3K,1\--§-7-K,24-...

Therefore, if & =0 (i.e. neglecting higher order terms) and K\ >0, then the
minimum energy occurs at magnetisation being aligned to the [100] axis. In such
cases, the easy axis is along the [100] direction. Because of cubic symmetry,
[010] and [001] are also the easy axes in this case. If Ki =0 and K\ <0, then the
[111] directions are the easy axes. The energy distribution associated with the

description above is show in Figure 2-2.

Figure 2-2: Polar diagram of the cubic lattice's anisotropy energy for (a) k1 >0 and k2=0, (b)
Ki <0 and k2 =0. (Chikazumi 1997)

There can be further complicated cases where K> *0, or where K\ =0. The case
that is of interest to us is that of the magnetociystalline anisotropy in cobalt

ferrite lattice. This will be discussed in 2.05.1.

2.02.2 Magnetostriction

Magnetostriction is defined as the change in the dimensions of a magnetic

material as a result of change in its magnetisation. The change in magnetisation
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can be caused by any of the following stimuli: change in applied magnetic field,

change in temperature, or change in applied stress.

Magnetostriction is usually described in ppm (parts per million) dimensionless
units for most materials. Although it is of such a small order of magnitude (in the
range of 106 - 10-2 ppm), it is one of the most important secondary magnetic
effects. The motivation for studying magnetostriction comes from three areas of

investigation (Lee 1955):

1. Study of magnetostriction can help us understand the mechanisms by

which internal forces act inside the crystal lattices of magnetic materials.

2. Magnetostrictive processes are closely related to the magnetisation
processes and these two processes are indeed coupled. These coupled
processes are defined as magnetoelastic processes. Due to the
dependence of the magnetic interaction on the distance between the
interacting magnetic particles in the lattice, elastic and magnetic
materials exhibit magnetoelastic phenomena (Lacheisserie 1993). The
dependence of the dimensions and the elastic properties (strain) of
materials on its magnetic state is described by direct magnetoelastic
processes. The opposite effect, the dependence of the magnetic state on
the elastic properties and strain, are classified as inverse magnetoelastic

phenomenon.

3. There is a huge scope for magnetoelastic applications that can exploit,
direct magnetoelastic processes for actuation purposes and inverse

magnetoelastic processes for sensor purposes.
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Joule first observed magnetostriction as an increase in the length of an iron bar
along the direction of the applied field (Joule 1842). Other direct and inverse
magnetoelastic effects were later observed in several different forms (Lee 1955).

Among these were:

e Guillemin effect: A bar of ferromagnetic material that is bent tends to

straighten when an external magnetic field is applied (Guillemin 1846).

e Wiedemann effect: When a ferromagnetic rod, clamped at one end, is
subjected to a circular magnetic field by passing current through its
longitudinal axis and a longitudinal magnetic field is applied to it at the
same time, it experiences a torsional force that results in it twisting at the

free end (Wiedemann 1883).

e Associated inverse effects like the Villari effect: The magnetisation of

a ferromagnetic material changes on application of a tensile/compressive

stress (Villari 1865).

The direct and inverse magnetoelastic phenomena are related by the following

equation based on the le Chatelier’s principle (Bozorth 1951):

Equation 2-5 (ﬂj = (d—B)
a av ), F\ae),’

where A = §l/I is the magnetostriction, H is the magnetic field, o is the stress, and

B is the magnetic induction.

Magnetostriction can be classified into two main types:
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s _ 81
* Longitudinal Magnetostriction: measured as —.

* Volume Magnetostriction: measured as — .

It has been understood that longitudinal magnetostriction, also known as Joule
magnetostriction, comes from the alignment of the domains along the easy axis
and the rotation ofthese domains, under the action of a magnetic field, from the
easy axis towards the applied field direction. At very high fields though, the
domain magnetisation itself increases, generating a volume magnetostriction
primarily, and the increase in longitudinal magnetostriction during this process
is less dominant (Lee 1955). An example of a typical magnetostriction curve is

given in Figure 2-3.

saturation

reference

Magnetic field, H

Figure 2-3 An example of a typical magnetostriction curve for a ferromagnetic material.

All ferromagnetic materials develop a magnetostrictive strain below their Curie

temperature. The strain developed in a ferromagnetic material, in its
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demagnetised state, is called spontaneous magnetisation, Aspontaneous. This strain
is attributed to domain formation. However, as seen in Figure 2-3, the strain at
H =0 is called Areference because H = 0 does not imply a demagnetised state for a

ferromagnetic material.

It must be noted that Figure 2-3 illustrates the magnetic field - magnetostrictive
strain dependence for a material with a positive magnetostriction, i.e. a material
in which the change in length of the specimen along the direction of applied
magnetic field is positive. Most ferrites, among many other materials exhibit
negative magnetostriction, i.e. the material experiences compression along the
direction of the applied magnetic field. The magnetostrictive strain of a
ferromagnetic material changes as the applied field is increased, saturating at

higher fields to a value As (saturation magnetostriction).

The crystalline axis of a ferromagnetic material, inside a domain, is
spontaneously strained in the direction of the domain magnetisation. When
these domains rotate, upon application of the field, the strain tensors line up to

produce a higher overall strain in the direction of the field.

It should be mentioned that a 180° rotation of the domains does not produce any
net magnetostriction, whereas a 90° rotation produces the maximum increase in
magnetostriction. All other angles of rotation produce values of magnetostriction

in between zero and maximum.
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Figure 2-4 An illustration of how magnetostrictive strain changes with applied field due to

rotation of domains. Strain tensors from individual domains line up to create a larger overall

strain.

Figure 2-4 shows the change in magnetostrictive strain caused by domain

processes. This diagram does not take account of the fact that different energies
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are associated with the 180° rotation of the domains and 90° rotation of
domains. These processes might be differentially favourable at different stages of

the magnetisation process (Lacheisserie 1993).

2.02.2.1 Description of magnetostriction in terms of energy

The strain dependence of the anisotropy is such that the stable state of a crystal
is deformed with respect to the cubic lattice. This leads to magnetostriction. The
energy dependence of magnetostriction is treated in terms of the changes in
magnetoelastic energy of the crystal with the change in the magnetisation and its
dimensions. The magnetoelastic energy of a crystal is the part of the internal
energy of a crystal that arises from the interaction between magnetisation and
the mechanical strain of the lattice. A reference level of zero magnetocrystalline
energy is defined for an unconstrained lattice. All further discussion of
magnetostriction in terms of the energy is done for a cubic lattice. The elastic

energy of a cubic crystal is (Kittel 1949):

E

_ 1 2 2 2
el — Ecll (e,u + ey)’ + e:.z)

. 1 2 2 2
Equation 2-6 +-5cM (en, +e, + eu)
e, (ege. +ee, +ee,)

¥ xxyy

where E. is the elastic energy, the c; terms are the elastic moduli and the e;

terms are the strain tensors for the cubic lattice.

As described in Equation 2-, the anisotropy energy of an unstrained cubic lattice,

to the first order is:
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Equationz-a  E, = K (o0} + 050} + ool

where a; are the direction cosines of the magnetisation vector with respect to the

cubic axis and K is the first order cubic anisotropy constant.

The Taylor series expansion of the anisotropy energy in terms of the strain

a
J e,.j+...
i Jo

Equation2-7 E = (Ea )0 + Z( JF
, =7\ Oe

tensors is:

where (Ea ) , s the anisotropy of the unconstrained lattice as defined in equation

Equation 2-a. From symmetry considerations we arrive at(Kittel 1949),:

3E,
de =B
JE
ode - =B
oE, s
de. B
Equation 2-b abf:
= B,a,0,;
de,,
3E,
Y B,a,0;
e,
3E,
ae - B2a3al’

where B; and B; are the magnetoelastic coupling constants, values of which
depend on the strength of interactions in the solid. Therefore, the part of the

total internal energy that depends on the direction of magnetisation and the

crystal strain is:
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E

magel =

K(afa§ +oja + a§af)
2 2 2
+B, (oc1 e . +ale, + a3e:)
+B, (ocloczexy +0o,0ue, + a3a1e:x)

Equation 2-8 1 5 s
+§C11 (e_zr +e, + ex)

1 2 2 2
+§c44( o te. +e3)

+c,, (e e, te.e + eaexx)

XYY
where Emagel is the magnetoelastic energy of the crystal.

Minimising the energy with respect to the strain tensors we get:

oE
™8 = Bl +c, e, + ¢, (ey_v + ezz) =0,
de,,
oE
magel __ 2 _
—— =B, +¢e, +cy, (e:Z + ex,) =0,
de,,
)
———a:"ge' =Ba; +ce, +c,(e, +e,)=0,
Equation 2-9 =
aE'magel _ _
———=Boa, +c, e =0,
de,, '
oE
—%% = Ba,at, +c e, =0,
oe,, :
oE
—"8% = Ba, +cye., =0,
Oe,

x

The solutions to which are (Chikazumi 1997):

Cir — ai2 (cn + 2C12)
(cn - clz)(cu + 2012)

Equation 2-10 e, =B,
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a.q,
Equation 2-11 ¢; =—B, —; (i#)).
Ca

A more widely known description of the equilibrium strain in cubic crystals,
expressed in terms of directional magnetostriction constants is (Chikazumi

1997):

=2
l

3 i 2 2 b) 1
sationz:12 =2 g a2 + 367 + 03 - 1)+

31’“1 (ala2ﬁlﬁ2 + a2a3ﬁ2ﬁ3 + a3alﬂ3ﬁl)

where magnetostriction constants Ao and A;11 are the saturation
magnetostriction strain along the crystal direction [100] & [111] respectively.
A100 and A111 can be measured using single crystal samples, hence making this
formulation very useful. The magnetostriction constants A100 and A111 can also be
described in terms of the elastic constants and the magnetoelastic coupling

constants as (Chikazumi 1997):

2 B
by =22
° 3¢,—¢p
Equation 2-13 &
1B,
Ay, = 3c,

A similar calculation for randomly oriented polycrystalline cubic materials is
complicated by the presence of individual grains. The mean magnetisation in
each grain is influenced by the presence of other grains and the crystal directions

in each grain are different from those of its neighbours (Vladimirsky 1943).
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The saturation magnetostriction of randomly oriented cubic polycrystalline
materials can however be described in terms of the magnetostriction constants

as (Akulov 1930):
2 3
Equation 2-14 A = g'llOO + g).,“ .

The above equation has been derived with the assumption that the stress is

distributed uniformly across the material.

2.03 Cubic Spinels

As discussed before, the properties of magnetic materials are highly influenced
by their crystal structure. Among the many crystal structures in which magnetic

materials appear, cubic spinel ferrites are of most interest to this study.

Spinel ferrites have the general formula MO-Fez203 (also written as MFe;04),

where M is one or more of the following divalent ions - Mn, Fe, Co, Ni, Cu, Zn, Mg,

etc.
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Q 8a or A sites

# 16d or B sites

Figure 2-5 An illustration of the spinel lattice (Chikazumi 1997)

The crystal structure of spinels is shown in Figure 2-5. A unit cell of spinel ferrite
contains 32 O2 ions, 24 metal ions, therefore, a total of 56 ions. In the neutral
valence state, there is not much difference between the radius of an oxygen atom
and that of the metal ions. However, negatively charged oxygen ions are much
bigger than the positively charges metal ions. Therefore O2 ions occupy the
majority of the lattice making up a face centred cubic (FCC) lattice. The metal
ions occupy the interstitial spaces in this FCC lattice. Such an arrangement of
ions is called a spinel lattice. There are two kinds of interstitial sites in a spinel
lattice - tetrahedral (A-sites, surrounded by 4 oxygen atoms forming a
tetrahedron) and octahedral (B-sites, surrounded by 6 oxygen atoms forming a

octahedron), shown in Figure 2-6.
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Figure 2-6 An illustration of showing the 4 neighbours of a tetrahedral A-site and the six

neighbours of the octahedral B-site (Chikazumi 1997).

The unit cell of a spinel lattice can be better described by dividing the unit cell
into eight equal octants, each with an edge size a/2, where a is the lattice
parameter. The oxygen ions are distributed in the same way in all the cells. The
face centred cubic lattice of oxygen atoms has an edge size of a/2, as shown in

Figure 2-7.
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D el (s R,

Figure 2-7 The octants inside a spinel structure, where a is the unit cell size. The term u * a
describes the lattice distortion as defined with the help of the u-parameter. Oxygen atoms are
the big hollow spheres. The small filled spheres are the A-sites (tetrahedral) and the small
hollow spheres are the B-sites (octahedral). The oxygen atoms form an f.c.c. like lattice with

an edge size of a/2 (Smit and Wijn 1959).

Each unit cell contains 8 A-sites and 16 B-sites. Since the ratio of 02- ions,
bonded to A and B-sites, is 2:3, the occupation of A-sites by M2+ ions and B-sites
by Fe3* ions would lead to charge neutrality. Such a lattice configuration with all
B-sites being occupied by Fe3* ions and A-sites being occupied by M2* ions is
called a normal spinel. Among the initial studies, like those done on MgAl;04, it
was thought that, because of this charge neutrality, all spinels are normal
spinels (Smit and Wijn 1959). However, it was later shown that a several ferrites,
cobalt ferrite included, occur in the inverse spinel structure despite the charge
neutrality condition being violated (Barth and Posnjak 1932). An inverse spinel is
a lattice configuration in which A-sites are occupied by half of the Fe3+, and the B-
sites are occupied by the remaining half of Fe3+ and the M2+ ions. Most ferrites

though are somewhere between a normal spinel and an inverse spinel and are
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called mixed spinels. Table 2-1 shows the magnetic properties of some common

ferrites:

Table 2-1 Magnetic and physical properties of some ferrites MFe;04 (Chikazumi 1997). My
is the moment of a molecule; saturation magnetic induction is represented as Bs, and r.t.

denotes room temperature.

Lattice Mol

Density const. Resistivity 2t0K r¢ T,

M (kgm3) a(A) (Q.m) (uB) (M (K) u-parameter
Zn 5330 8.44 1 - - - 0.385
Mn 5000 8.51 102 4.55 0.50 300 0.385
Fe 5240 8.39 4x10-5 41 0.60 585 0.379
Co 5290 8.38 105 394 053 520 0.381
Ni 5380 8.34 107 23 034 585 -

Cu 5420 8.37 103 23 - 455 0.380
(quenched)

Cu 5350 c:8.70 - 1.3 017 - -
(slow cool) a:8.22

Mg 4520 8.36 105 11 0.15 440 0.381
Li 4750 8.33 1 2.6 0.39 670 0.382
y-Fe 03 - 8.34 - 23 - 575 -

2.03.1  Properties of spinels

Superexchange interactions: In an M1-0-M: configuration, as is seen in ferrite
spinels, the exchange interactions between M1-M; are weak due to the presence
of 0% ion in between any two metal ions. A stronger coupling in these lattices
happens through the superexchange interactions which propagates through the
02 ion (Anderson 1950, 1959; Kramers 1934). The electronic configuration of
0% ion is 1s2 2s2 2p6. The 2p orbital of 02- ions stretches towards the 3d orbitals

of the M1 and M; ions as shown in Figure 2-8.
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P
T

Figure 2-8 Orbital overlap between oxygen and metal ions in a spinel lattice. Shown here is

the orbital overlap in an M;-0-M; bond in a spinel ferrite (Chikazumi 1997).

If an electron from the 2p orbital gets transferred to the 3d orbital of, lets say, M2,
then it happens with the criterion of the spin preservation being maintained.
This extra electron in the 3d orbital is added such that it has a spin opposite to
the net spin of the 3d orbital, as dictated by Hund'’s rule. The net spin of the 2p
orbit must now be anti-parallel to the spin of the transferred electron because of
the Pauli’s exclusion principle. The exchange interaction with the other metal ion
M: is therefore negative. This superexchange interaction makes the spins of M
and M; anti-parallel to each other. This superexchange interaction is strongest
when the angle M;-0-M; is 180°. The interaction becomes weaker as this angle
reduces and becomes positive if the angle reduces to a value less than

90° (Anderson 1950).
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Figure 2-9 Various possible superexchange interactions in a spinel lattice (Chikazumi 1997).

Figure 2-9 shows the angles between the various M;-0-M; pairs that exist in the
crystal structure of ferrites, namely A-O-A, B-O-B, and A-O-B. In general, it is
observed that the A-O-B angle is closest to 180° and is the strongest coupling,
anti-parallel in nature (Chikazumi 1997). The B-0-B and A-O-A angles are
smaller and the coupling is weaker. A dominant A-O-B coupling leads to the Néel
collinear arrangement (Néel 1948). If we assume such a collinear arrangement of
spins, it is easier to calculate the net magnetic moment of each formula unit of

spinel ferrites.

The magnetic arrangement of different ions in a normal spinel is written as:

Equation 2-17 (Mz*) O.(I?eI i??) 0,

A B

The moment contribution of Fe3* (3d5) is 5us. The contribution of M2* is n us,
where n is the number of free spins in the electronic structure of M2+ ions.

Therefore, the net magnetic moment, per formula unit for a normal spinel is:
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mnorma] = {(5 + 5)— n}tu’B

Equation 2-18
= (10-n)p,

The magnetic arrangement of the different ions in the inverse spinel lattice can

be written as:

Equation 2-19 (Fe“) O.(M2+F?:) O,

A B

Thus the net moment of an inverse spinel lattice is Mg-Ma, where Ma and M are

the moments on site A and B respectively.

In an inverse spinel, the net moment per formula unit would thus be:

m...=15+n)—-5
Equation2-20 " { )= 5}ty

=nlg
The spins of Fe3* ions in the A and B-sites cancel each other in an inverse spinel
lattice. The same calculation can be done for mixed spinel. The ionic distribution
in lattice sites of a mixed spinel can be described as:

Equation 2-21 (M?Fe“x_s) O.(MffﬁFe3+;+6) 0,
A B

where 6 is known as the inversion factor. In a mixed spinel with an inversion
factor of 6, the ratio M?* ions are in the A-sites to those in B-sites is § /(1- &). The

net magnetic moment per formula unit is:
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+(1-0)m

mnverse

m_. .=0m

'mixed normal

Equation 2-22 =85(10-n)u, +(1-8)(n)u,

= ((10 —2n)8+n) i,
However, the real measured values of net magnetic moment may differ from the
calculation shown above. This is because of the presence of orbital magnetic
moments, which are still unquenched by the crystalline field. For example, the
net magnetic moment of the inverse spinel lattice of cobalt ferrite is 3.94us. The

prediction from the equation would be 3pg, as the moment contribution of a Co?*

ion is 3pg (Chikazumi 1997).

The inversion ratio § can vary for the same chemical composition. It depends on
the processing route, wherein the parameters affecting it include processing

temperatures, cooling rates, etc (Smit and Wijn 1959).

It was demonstrated that many other spin structures existed in spinel ferrites in
cases where the assumption of a dominant A-O-B anti-parallel coupling was
invalid (Brabers 1995). If, the negative B-O-B interaction is comparable to the
negative A-O-B interaction, i.e. if exchange integral |Jas| < 3/2 |Jgs| mp/ma, the B-
lattice splits into two sub-lattices with their magnetisations at an angle to each
other and the resultant moment being anti-parallel with ma. Such a triangular
configuration of moments in A & B sites is called the Yafet-Kittel triangular

configuration (Yafet and Kittel 1952).
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2.04 Materials for magnetostrictive stress/torque sensor

and actuator applications

The properties of a magnetic material that are of particular importance in

stress/torque sensor and actuator applications are:

o Hysteresis - the lesser is the hysteresis, the higher is the reversible
magnetostriction in the material, which is a desirable property. Reducing
Curie temperature has shown to reduce the hysteresis at temperatures
below Curie temperature. Therefore, reducing Curie temperature can be

used a metric of reducing hysteresis at temperatures below it.

e Magnetostriction (A1) - the higher the magnetostriction in the linear
region of the magnetostriction curve, as shown in Figure 2-10, the higher

would be the range of operation of devices based on it

e Sensitivity of magnetostriction to applied field or strain derivative
(dA/dH) - The higher the strain derivative, the more responsive will be

the material to any applied stimulus.

The strain derivative of the material which is an important factor that decides
the sensitivity of the material in its application as an actuator, also determines
how sensitive the material would be in a stress/torque sensor operation. The
relationship between strain derivative and sensitivity of its magnetic induction

to applied stress is described as (Bozorth 1951)
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UaJx \dH)a

The above equation, based on the Le Chatelier principle (only applicable under
reversible conditions) illustrates that a material that would be sensitive in
sensor capability (dB/da) would also be sensitive in actuation capability

(dA/dH).

Linear
Region
-50-
Slope =
100 e
Sensitivity
-150-
200
max
Ste 1000

H

Figure 2-10 The linear region of magnetostriction curve for a material with a negative

magnetostriction.

Previous investigations into materials for magnetostrictive stress/torque
sensors and actuators focussed on rare earth materials with high
magnetostriction. Among these were Terfenol (Tbo.3Dyo.7Fe2) (Clark 1980) and
SmFe2 (Pinkerton et al. 1997), which have a high magnetostriction in the range

(1000-3000) ppm. However, these materials has several drawbacks:
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Terfenol was brittle and did not have good mechanical properties (Chen

et al. 1999; Corcolle et al. 2008; Liang et al. 2007; Lo et al. 2005)

e Large eddy current losses occur at high frequencies in these materials

(Liang et al. 2007)

e Rare earth containing materials are expensive and thus not cost-effective
for many applications (Chen et al. 1999; Corcolle et al. 2008; Liang et al.

2007; Lo et al. 2005)

e Although Terfenol has a high magnetostriction, it does not have a high

strain derivative (Chen et al. 1999).

The solution to finding a candidate material for these applications then lies in

finding a material which:
e is mechanically robust
¢ isan insulator
e isrelatively inexpensive
¢ has high strain derivative

The importance of a high strain derivative can be judged from its impact on the
power required to magnetise the material. Figure 2-11 shows the comparison of
two hypothetical materials with different magnetostriction characteristics. If the
two materials were used in torque/stress sensor/actuator applications, their
maximum magnetostriction would determine the range of operation of the

device. For example, Material-1, as shown in Figure 2-12, would have a higher
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range of operation in the device. Material-1 would also achieve its maximum
magnetostriction at a lower magnetic field value, ie. it has a higher strain
derivative. For comparison’s sake, if Material-1 were to be benchmarked against
Material-2, then, to achieve the same magnetostriction A2, a magnetic field H;
would need to be applied to Material-1. Material-2 develops the same
magnetostriction at a field value Hzmax. The currents needed to magnetise these

two samples would be in the ratio:

Imagl Hl
Equation 2-24 | —— oc ——— ,
' H
A=14,

mag?2 2.max

where Imag1 and Imagz are the currents needed to produce fields Hi and Hzmax
respectively. Since, because of larger strain derivative in Material-1, H1 < H2,max,

and thus Imagl < Imagz.

In this comparison, Material-1 has a higher range of operation and also requires
less current to magnetise it to achieve the same magnetostriction as the

maximum magnetostriction of Material-2.
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Magnetic field

Figure 2-11 A comparison of the magnetostriction of two hypothetical materials: Material-1 (red
curve) and Material-2 (black curve). The maximum magnetostriction for materials 1 & 2 are
marked as Ai and A2 respectively. Himax is the field at which Material-1 reaches its maximum
magnetostriction and H2max is the corresponding field for Material-2. Hi is the field at which

Material-1 reaches the maximum magnetostriction of Material-2.
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Figure 2-12 Illustrates that Material-1, show in Figure 2-11, attains higher magnetostriction

than Material-1.

2.05 Cobalt Ferrite

By the 1990s, cobalt ferrite based materials had emerged as candidate materials
for torque/stress sensor and actuator applications (Chen et al. 1999].
Polycrystalline cobalt ferrite composites have reasonably high magnetostriction
(~200 ppm], high strain derivative (~109A kin), is chemically robust, electrical
insulator, and relatively inexpensive. The strain derivative for cobalt ferrite is an
order of magnitude higher than Terfenol based composites, as shown in
Figure 2-13. The sensitivity of surface field to torque in metal bonded cobalt
ferrite was measured to be 64A/mperN-m (Chen and Jiles 2000; Chen et al.

1999), in comparison to the 19 A/m per N-m for iron, nickel and cobalt alloy

(Chen et al. 2001).

However, properties of pure cobalt ferrite could be further enhanced to make it

more suitable for to the needs of a torque/stress sensor and actuator
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applications. Enhancing magnetoelastic properties of cobalt ferrite has been

pursued by several routes as mentioned below:

* Magnetic Annealing (Bozorth et al. 1955; Lo et al. 2005)

* Cobalt Ferrite based composites (Chen and Jiles 2000; Chen et al. 2001;

Chen et al. 2000; Chen et al. 1999)
* Chemical Substitution (Lee et al. 2007; Lo et al. 2006; Matlage et al. 2005;

Melikhov et al. 2006a; Melikhov et al. 2006b)

*Terfenol based composite
*2/98% vol Agp, N, .. + CoFe O,

250-

gL 200

:§ 150
0
<>

% 100.
0

03) 50-

0.

- 2 - 1 0 1 2
Applied field (MA/m)

Figure 2-13 Comparison between strain derivative of metal bonded cobalt ferrite and

Terfenol composites (Chen et al. 1999).
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2.05.1 Properties of cobalt ferrite

The magnetoelastic properties of cobalt ferrite are dominated by its spin
structure, which in turn is affected by site occupancy of the various ions in the
lattice. Determination of precise spin structure of cobalt ferrite has been
hampered by its very high anisotropy at low temperatures, which makes it
difficult to saturate the magnetisation, even at fields as high as 5T (Brabers
1995). Pure cobalt ferrite has been known to have a Néel type collinear
arrangement of spins (Brabers 1995; Guillot et al. 1988). For polycrystalline
cobalt ferrite, it was also found that, in samples with a large amount of Co in the
A-sites (i.e. a lower degree of inversion), the long range spin structure can be
interrupted by local canted spins, where the moments are neither parallel non-
antiparallel to each other, but are at an angle between 90° and 180° (Teillet et al.

1993).8

The magnetostriction coefficients for crystalline cobalt ferrite were measured to
be 2100 =-590 ppm & A111 =-120 ppm (Bozorth 1951). However, the saturation
magnetostriction of polycrystalline cobalt ferrite was determined to be
-225 ppm. The first order cubic anisotropy constant was measured to be
between 1.1 x105-3.8 x 105]-m3, with variations caused by differences in

chemical substitution and processing techniques. It was also concluded that:

* A small amount of chemical substitution can lead to change in the sign of
the anisotropy and magnetostriction in ferrites. An illustration of how
changing of signs of the anisotropy and magnetostriction coefficients can

lead to change in the A-H curves is shown in Figure 2-14. Table 2-2 lists
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the various combinations of K\, Aico, and Am that lead to the different

shapes of magnetostriction curve.

* Ahigh anisotropy leads to a lower strain derivative principally because it

requires a higher magnetic field to change the magnetisation.

0

o H, arbitrary units
CO

Figure 2-14 Various types of magnetostriction curves expected through different
combinations of Ki, Aioo, and Am, as shown in Table 3-2 (Bozorth et al. 1955). The numbers

of each curve corresponds to the shapes described in Table 3-2.
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Table 2-2 Combinations of Ki, Ao, and Ai;n that lead to different shapes of

magnetostriction curves as shown in Figure 2-14 (Bozorth et al. 1955).

K1 A0 A111 Curve Type

+  + + 1
+ + - 2,4
+ - + 3,5
+ - - 6
- + + 1
-+ - 3,5
- - + 2,4
- - - 6

2.05.2 Improving properties of cobalt ferrite

Bozorth first studied the effects of magnetic annealing on properties of cobalt
ferrite. It was concluded that magnetic annealing could be used to induce a
uniaxial anisotropy in cobalt ferrite (Bozorth et al. 1955). The maximum
magnetostriction of cobalt ferrite was found to increase from 200 ppm to
250 ppm after annealing at 300 K for 36 hours under a DC magnetic field of
318 kA/m. The strain derivative was also observed to increase from
1.5x10°Alm to 3.9 x10° A't.m (Lo et al. 2005). However, improvement of
properties achieved by magnetic annealing degrades with time and heat (Lo et al.

2005).

Chemical substitution has been tried in various forms to enhance the properties
of cobalt ferrite. Early investigations focussed on the effect of substitution of
various M?* ions in place of some of Co2* in cobalt ferrite (Smit and Wijn 1959).

However, to improve the magnetoelastic properties of cobalt ferrite for
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stress/torque sensor and actuator applications, another substitution route was
preferred to substituting M2+ jons in place of Co?*. Substitution of non-magnetic
ions for some of Fe3* was preferred to reduce the anisotropy and hence increase
the sensitivity. However, it was also observed that such a substitution led to the
reduction of the maximum magnetostriction amplitude which was

disadvantageous.

Metal bonded cobalt ferrite also shows magnetomechanical hysteresis. This
hysteresis can be reduced by chemical substitution (Paulsen et al. 2003). It was
observed that the magnetomechanical hysteresis of metal bonded cobalt ferrite
became negligibly small at temperatures above 60 °C (Chen et al. 2000). The co-
substitution of Co?*/Si** for some of Fe2* in cobalt ferrite was seen to reduce the
magnetomechanical hysteresis. This reduction of magnetomechanical hysteresis
was correlated with the reduction of the Curie temperature of Co1..SixFez-2:04
with increasing x. However, in the case of Co%*/Si** co-substitution, it was also
observed that it was difficult to obtain single-phase material because of the high

chemical stability of SiO».

The substitution of Mn3+* in place of some of Fe3* was also seen to reduce the
Curie temperature of the cobalt ferrite, as shown in Figure 2-15. It can be seen
that, although the Curie temperature T. keeps decreasing with the addition of
Mn3+, the maximum magnetostriction also decreases with the addition of Mn3*.
The change in Curie temperature with substitution of Mn3* was seen to be
linearly dependent on manganese content (x). The maximum magnetostriction
of material with the lowest Mn3+ composition (x=0.2) is lower than the pure

cobalt ferrite. Any further addition of Mn3* (x = 0.2) resulted in further reduction
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of the maximum magnetostriction. The saturation magnetostriction was also
seen to reduce with Mn3+ substitution and this might be correlated to the
reduction in maximum magnetostriction. The first order cubic anisotropy
constant K; was also seen to reduce with increasing manganese content at all
temperatures in the 10-400K range (Melikhov et al. 2006a). The strain
derivative was seen to increase for small amounts of Mn3+* substitution at room

temperature (Lo 2007).

The substitution of Cr3* in place of some of the Fe3* in cobalt ferrite was seen to
reduce the Curie temperature at a faster rate (Lee et al. 2007). However, the
maximum magnetostriction was also seen to reduce at a faster rate for
chromium substitution in comparison with that of manganese substitution. The
strain derivative was also seen to increase for small amounts of chromium

substitution.
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0 1 ) L] -m

0 0.2 0.4 0.6 0.8
Mn Content (x)

Figure 2-15 The variation of the Curie temperature T. and maximum magnetostriction

Amax with manganese content in CoMn,Fe;.,04 (Paulsen et al. 2005).

Both manganese and chromium substitutions have B-site preference. This study
investigates the effect of chemical substitution into A-sites on the properties of
cobalt ferrite with the aim of improving both strain derivative and maximum
magnetostriction. Further chapters include the description of research done in

this study.
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Chapter 3. Experimental Methodology

3.01 Introduction

As discussed in Chapter 1, a few magnetic properties of cobalt ferrite were
identified to be important for investigating its efficacy as a material for
stress/torque sensor and actuator application. Careful consideration was given
to the manner in which these properties could be measured. Experiments were
planned, executed and analysed to ensure that most reliable scientific data and
analysis can be contributed to the subject knowledge through this work. This
chapter describes the experimental methods and calculation techniques used to
collect data and produce the results presented in this thesis. All measurement
methods were chosen and planned in consultation with academic supervisors.
All measurements and analysis performed by other researchers have been duly

credited where appropriate.

3.02 Samples Preparation

All samples were prepared by standard powder ceramic techniques designed by
Song (Song, 2007). Gallium and germanium/cobalt substituted samples were
prepared by Song at lowa State University and aluminium substituted samples
were prepared by Nlebedim at Cardiff University. High purity oxide powders
were mixed in stoichiometric ratios and then calcined at 1000 °C for 24 hours.
The resulting sample was then ball milled, the powder pressed into cylindrical
samples and further sintered for 24 hours at 1350 °C. The samples were cooled

in air for 12 hours. The samples thus prepared were found to be randomly
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oriented polycrystalline samples. SEM micrographs were analysed by Song and
Nlebedim for samples prepared by them that all samples used in the study are

single phase materials.

3.03 Maximum magnetisation vs. Temperature

The maximum magnetisation vs temperature was measured using a Quantum
Design Magnetic Property Measurement System (MPMS) (Quantum Design
2010). The MPMS, shown in Figure 3-1 is a Superconducting Quantum
Interference Device (SQUID) magnetometer. Quantum Design’s MPMS uses liquid
helium to bring the primary coils to the superconducting state such that a high
current can be sent through them in order to produce high magnetic fields. The
maximum magnetisation was defined as the magnetisation at a constant
magnetic field of uoH=5T. Measurements were taken for all the samples

between a temperature range of 10 - 400 K, in steps of 4 K.
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Figure 3-1 The Magnetic Property Measurement System used for measurement of
saturation magnetisation and magnetisation loops at different temperatures. Courtesy Dr.

Hadimani (Cardiff University).

3.03.1 Measurement and related issues

Since, the MPMS measures the magnetic moment of the sample, the
magnetisation was determined by calculating the volume of the sample. The
samples weighed between 2 -5 mg. The mass of the sample was determined
with a precision of+0.1 mg. The density of cobalt ferrite used for the calculations
was 5314 kg/m 3. Although the samples used were small in size (all dimensions <
2 mm), the demagnetising effect was not expected to be dominant at high fields
and thus was not compensated for. The samples were secured at the centre ofa
non-magnetic plastic straw supplied by Quantum Design, as shown in Figure 3-2,

and it was ensured that the sample does not move during the measurement.
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Samphs Straw
L=180 mm

1 1
Sample secured

inside Teflon tape

Figure 3-2 An illustration of how the sample was mounted inside the sample straw

provided by Quantum Design.

The MPMS was used in Reciprocating Sample Option (RSO] mode to perform
quicker measurements. The measurement parameters used are shown in
Table 3-1. Since the RSO option involves vibrating the sample using a servo
meter, a software sample-centring algorithm was used to centre the sample
between the squid coils after every few measurements. It was thus ensured that
the sample remained in the same position throughout the measurement, as
shown in Figure 3-3. The rate of change of temperature was fixed at 2 K/min.
The sample was stabilised within 0.05 K of target temperature for at least 1
minute before taking the measurement. This procedure was undertaken to

ensure thermal stability during the measurements.
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Table 3-1 Alist of options used in RSO measurements in MPMS

Option Value
Mode RSO
Amplitude l1to5cm
Position Centre
Number of Cycles 15 to 30
Scans per measurement 2to 4
Frequency 0.5to 2 Hz
Auto Tracking On

3.04 Magnetic hysteresis loops at different temperatures

Magnetic hysteresis loops were measured inside a Quantum Design MPMS
equipment at each of the following temperatures - 10 K 50 K 100 K, 150 K,

400 K Major loops were measured between a magnetic field range ofivon =+£5 T.

3.04.1 Measurement and related issues

The samples were mounted in a manner similar to that described in
Section 3.03.1. The calculation of the magnetisation from the magnetic moment
data was also similar. The temperature was changed at a rate of 10 K/min
between any two M-H loop measurements at different selected temperatures.
Before the measurement, the sample was allowed to stabilise to within £0.05 K
of the target temperature for 5 minutes. After which, the temperature was
maintained in the £0.05 Krange of the target temperature. The options used in
RSO measurements were the same as those listed in Table 3-1. The
superconducting magnet in MPMS was used in the “Hysteresis" mode to enable

faster changing of the magnetic field. Coercive field data was extracted from
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these measured loops.
is
>x.i 6JM j A uf  410PM
Figure 3-3 The sample was centred at 2 cm using an amplitude of 4 cm. The last scan of

the voltage across the coil concludes that the sample has remained at the centre throughout

the measurement.

3.05 Calculation of Magnetocrystalline Anisotropy

Several ways of determining magnetocrystalline anisotropy were considered for
randomly oriented, chemically substituted, polycrystalline cobalt ferrite. Below

is a discussion ofthese methods:

. Torque Magnetometry: To measure anisotropy by method of torque
magnetometry, a fine elastic string between the poles of a rotatable

electromagnet suspends the sample. When a magnetic field is applied, the
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sample supported by a frictionless bearing, rotates to align its internal
magnetisation with the applied magnetic field between the poles of the
electromagnet. Subsequently, as the magnet is rotated, the torque exerted
by the sample, which can be measured by the angle of twist of the elastic
string, can be profiled against the crystallographic direction of
magnetisation. The measurement of torque versus magnetisation
direction can then be used to calculated magnetic anisotropy energy.
Although very accurate, torque magnetometry was ruled out because it is

not suitable for polycrystalline samples (Chikazumi, 1997).

. Ferromagnetic resonance: The ferromagnetic resonance frequency
depends on the external applied magnetic field, which exerts a torque on
a precessing spin system. Since the internal anisotropy field also exerts a
torque on the internal spin system, the resonance frequency depends on
the direction of spin system with respect to the easy axis directions. This
underlying principle is used to calculate magnetic anisotropy from
ferromagnetic resonance method. However, since the measurements
needed to be performed on bulk samples, using ferromagnetic resonance
to determine magnetocrystalline anisotropy was ruled out because it

measures local anisotropies and not bulk (Chikazumi, 1997).

o Calculating Anisotropy energy using M-H curve: Anisotropy energy
per unit volume can be calculated as shown in Figure 3-4. The associated
formulation for work done, which is equal to the anisotropy energy per

unit volume is (Cullity & Graham, 2009):
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Equation3-1 W = JOM u,HdM ,

where W is the work done in Jm-3. However, the demagnetisation
correction can significantly alter the regions of the curve that give a
dominant contribution to the area calculation in this method. A

demagnetisation correction can be done in the following manner:

Equation 3-2 H H

internal

Ndeeasumd

measured

where Ny is the demagnetisation factor.

However, since the samples used in the experiment were of small
dimensions, an estimation of the demagnetisation correction factors
could not be done very accurately. An illustration of how significantly
demagnetisation correction can change the region of the M-H curve used

in anisotropy calculations, using this method, is given in Figure 3-5.
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Figure 3-4 The area under the M-H curve, integrated with respect to the magnetisation

axis gives the anisotropy energy per unit volume. The work done can be calculated as

described in Equation 3-.
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Figure 3-5 Calculation of the corrected magnetic field done as according to Equation 3-.
Different demagnetisation factors Nd lead to different shapes of the curve and would thus lead
to different values of the anisotropy energy calculated by integrating the curve with respect to
the Magnetisation axis. Inaccurate estimation of Nd can lead to large errors in the anisotropy

calculations in this method.

Another method that circumvents the issues encountered by the methods

described above is described in the next section.

3.05.1 Law of Approach to Saturation (LAS)

In the high field regions of the magnetisation curve, nearly all the moments are
saturated and aligned to a direction close to the applied magnetic field. A change
of the field in this region does not result in any domain displacement processes.
The dominant process in this region is the rotation ofthe domain magnetisations
against local anisotropy towards the direction of the applied field. If the angle
between magnetisation and direction of the field is 6, then the component of

magnetisation in direction ofthe field can be written as:
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Equation 3-3 M = MsCOS(0)

58

where Ms is the saturation magnetisation. Expanding the cosine term, we can

express the magnetisation as:

Equation 3-4 M = Ms

Ea(6)

Figure 3-6

Rotation of the magnetisation against the magnetic anisotropy. The

rotational torques caused by anisotropy and applied field are shown as rOand 74 respectively
(Chikazumi, 1997).

Figure 3-6 shows the two counterbalancing rotational torques exerted on the

magnetisation vector by the

applied field and the

anisotropy. For
counterbalancing torques we know that (Chikazumi, 1997):
dE
Equation 3-5 A ///sin(0= ——
do
For small values of 6, sin 6 =6. Therefore,
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dE_ /do Cc 1
Equation 3-6 9 = _—(——‘GIW—SEIM = Xd—s-—f—l_l

where

3E,
89 -0 '

Equation3-7 C=-

Substituting Equation 3- in Equation 3-, we have:

b
Equation3-8 M = Ms(l—-l?——----)

where

1C?
Equation3-9b=——.
2 M;

For a polycrystalline cubic material, it can be calculated that (Chikazumi, 1997):

Equation 3-10 = i6—Kl ,
105

where C? is the average value of (2 for a polycrystalline cubic material and K is

the first order cubic anisotropy coefficient. Therefore, we obtain:

_8 K
105 M?

=K = ‘fl—(é—sts

A description of magnetisation processes in the approach to saturation at high

Equation 3-11

fields is:
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Equation 3-12 M=MS(1——a—— b,+---J+K‘H,
H H-

where the term a/H describes the pinning term which is not very dominant at
high field values, b/H? term describes the effect of anisotropy, and k is the forced
magnetisation constant which described the linear increase of magnetisation at

very high fields. Equation 3- describes the Law of Approach to Saturation (LAS).

3.05.2 Calculation of Anisotropy using Law of Approach to

Saturation

The Law of Approach to Saturation (LAS) can be used in conjunction with the
measured M-H loops to calculate the anisotropy constants in polycrystalline
cubic materials. M-H curve data was obtained using the procedure described in
Section 3.04. The measurements were made at 10K, 50K, 100K, 150K, ...,

400 K.

It was assumed that, after the closing of the loop at high fields, all irreversible
magnetisation processes were complete. The high field regions then represent
the processes of rotation against anisotropy, and at higher temperatures, also
forced magnetisation. According to the LAS, the effect of these processes on

magnetisation, for H >> H,, can be modelled as:

Equation3-13 M = Ms(l—— ;2 )+KH .

The above equation ignores the pinning term because the irreversible processes
are assumed to be absent at these field values, as described earlier. Data from the

high field regions of the M-H curve can be fitted to the LA equation (Equation 3-)
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to calculate Ms, b, & k. These parameters can then be used to determine the first
order cubic anisotropy coefficient K: for randomly oriented polycrystalline

materials using Equation 3-.

High field regions were defined as shown in Table 3-3. Two different high field
regions were defined in different temperature ranges because of different values
of anisotropy at different temperatures. At lower temperatures, the anisotropy of
cobalt ferrite based materials was high, thereby preventing the rotational
processes at the applied magnetic fields levels below 2.5 T and thus preventing
the complete approach to saturation. Similar fitting criteria has also been used in
the past for estimation of the anisotropy constants in cobalt ferrite based

materials (Melikhov et al, 2006b, Melikhov et al., 2006a).

Table 3-3 Definition of high field region used for anisotropy calculations using the Law

of Approach to Saturation. The maximum field in all cases was ugH <5 T.

Temperature Range High field Region
Above 150 K woH=21T
150 K and below WoH=225T

The magnetisation vs magnetic field data for these high field regions was
obtained by averaging the four high field regions in the major loop. The fitting
was done using Levenberg-Marquardt Algorithm for non-linear curve fitting

(Origin Labs, 2010). An example of fitting is shown in Figure 3-7.
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CoGa&lAFel'é(D4 at 300 K

454-.
Averaged high field region data
452- Fit using Law of Approach
450-
448-
E 446-
444 - Equation: Ms - Ms*b/(xA2) + k*x
2
442- ChiA2/DoF = 6432.73715
RA =0.99966
440- Ms = 440457.50491 + 107.62201
b=6210075983.99734 + 189816324.06566
438- k=0.00307 +0.00003
AT W W W T
500 1000 1500 2000 2500 3000 3500 4000 4500
H (kA/m)
Figure 3-7 An example of fitting high field regions of M-H data to the Law of Approach

using the Levenberg-Marquardt Algorithm.

For certain samples, at low temperatures, it was found that the calculated value
of the forced magnetisation constant k, increased with decreasing temperature,
which was an artefact (Melikhov et al., 2006a, Melikhov et al.,, 2006b). In such
cases, the estimated anisotropy field calculated using Equation 3- was higher
than the maximum applied magnetic field of noH =5 T. This indicated that the
anisotropy field dominated over forced magnetisation in these cases. The forced
magnetisation constant ¥ was assumed to be negligible in these cases and
experimental data was refitted to the Law of Approach with x - 0. Msand b were
the only fitting parameters in these cases. The values of the saturation
magnetisation calculated after forcing ¥ to zero in places where the artefact was

observed were in better agreement with the measured values of the maximum
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magnetisation (at poH = 5 T), in comparison to values obtained without forcing x
to zero. An example of this is shown in Figure 3-8. As can be seen in the figure,
the values of the predicted saturation magnetisation were in better agreement
with the measured values of maximum magnetisation when x was forced to zero

in cases where the artefacts were observed.

2K
Equation 3-14 H, = _1\7 (Cullity & Graham, 2009),

s

where Ha, is the estimated anisotropy field, K is the anisotropy coefficient, and

M; is the saturation magnetisation.
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Figure 3-8

Comparison of values of saturation magnetisation obtained after fitting high
field region data of M-H curves to the Law of Approach to Saturation with the purpose of
obtaining values of the anisotropy coefficients at different temperatures with two methods:
(a) ic=0 in cases where its values increased with decreasing temperatures, (b) ic* 0 even in

cases where its value increased with decreasing temperature.
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3.06 Magnetostriction Measurement

The magnetostriction was measured in the direction of applied field for all the
samples using a Quantum Design Physical Property Measurement System
(PPMS), shown in Figure 3-9. The measurements were performed within the

temperature range of 250 Kto 400 K with steps of 50 K

Figure 3-9 The Physical Property Measurement System (PPMS) used to make

magnetostriction measurements.

The samples were cut from cylindrical bulk material with 1 cm diameter and

height in the range of 0.5 - 1.5 cm. The samples were cut using a diamond saw,
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rotating at 80 RPM. As the samples were ceramic, a low RPM needed to be
maintained in order to prevent the occurrence and propagation of cracks. It was
observed that cracks can introduce significant errors in the magnetostriction
measurements and hence only samples without cracks were used for the

measurements.

3.06.1  Strain gauge setup

The magnetostriction was measured by mounting strain gauges on the sample
and measuring the change in resistance of the strain gauge on application of the
magnetic field. Since the measurement was done in the presence of a magnetic
field, a non-inductive strain gauge was acquired from Vishay Micro-
measurements. The WK-06-031 CF-350 strain gauge was chosen from the Vishay
Catalogue because of its temperature range of 4 - 565 K, which covered the
temperature range of the measurement. The strain gauge was bonded to the
sample using M-Bond 610 adhesive, also acquired from Vishay Micro-
measurements. The adhesive was also chosen to ensure reliable experimentation
throughout the range of temperatures within which the experiments were
conducted. Operating over a range of temperatures, there was a need to
eliminate the possibility of thermal expansion dominating the strain gauge
output. The chosen strain gauge was made of K-alloy, which has self-

temperature-compensation (Vishay Mircomeasurements, 2007).

3.06.2 Wheatstone-Bridge configuration

A half Wheatstone bridge configuration was used to ensure the accuracy of the

measurements. A schematic diagram of the bridge is given in Figure 3-10. A
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350 n strain gauge, described in Section 3.06.1, was bonded to the sample. A
similar strain gauge was mounted on a dummy sample made of copper that does
not experience any magnetostriction. The bridge resistors Ri and Rz were also of
the same value as the strain gauge resistance - 350 H. Using the setup provided

in PPMS, the bridge was powered using a constant current source.

Figure 3-10 A schematic diagram of the Wheatstone bridge used to measure
magnetostriction. rs is the resistance of the strain gauge on the sample, z . is the resistance of
the strain gauge on the dummy sample made of copper Ri and R are the bridge resistors
which complete the bridge. Is is the current source, /| and & are the currents in the branches
Rs-ri and Rcu-R > respectively, and e is the voltage measured between the two legs of the strain

gauge bridge.

Because there was no current flow in the branch A-B, as shown in Figure 3-10,
branches Rs-Ri and R@-R> can be considered to be in parallel. Since the voltage
across Rs-Ri and Ra+R> has to be same, the relation between branch currents 4

and 4 can be described as:
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Equation3-15 [ (R +R)=1,(R, +R,)
The sum of branch currents is equal to the source current. Therefore,
Equation3-16 I, +1,=1_.

From the above two equations, we have:

R +R
I,+II(R’+R' )=ls

Rs -i-Rl +R(.u +R,
Equation 3-17 = [ R+ R = =1,

R, +
=1 =1 Al
R +R +R, +R,

and similarly

R +R
Equation 3-18 [, = IJ( 2 : )

R +R+R, +R,

Voltages at nodes A and B can be written as:

V,=1R,
Equation 3-19 _ R‘_u +R, R
““\R+R+R_+R, )"
and
Vs =L,R,
Equation 3-20 R +R .
q n _ IS g \ RZ
R +R +R, +R,

Therefore, the bridge voltage e, which is the voltage between the nodes A and B,

can be written as:
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e=Vy,-V,

+R
— I R.v +Rl R, _Is Rcu 2 R]
‘\R+R+R,+R, )~ R.+R +R, +R,

R,(R +R)-R(R,+R,)
R +R +R, +R,

=7 Rst —RR,+R,R —RR,
’ R.+R +R, +R,

R,R.—RR,

"R +R +R,+R,

Equation3-21 =1,

The resistance of the precision resistors R; and Rz, which complete the bridge
from outside the PPMS, were not affected by the temperature and magnetic field
conditions at which the measurements were made. Therefore, the resistance of

these two resistors can be described as:

R =R+ AR
Equation 3-22 and ,
R, =R+ AR,

where R=3500 and 4R; and AR:; are constants dependent on the ambient

temperature.

The resistance of the strain gauge on the sample will change with temperature
inside the sample chamber of PPMS and with the applied magnetic field.

Therefore,

Equation3-23 R =R+ AR, + AR,

s

where ARy and 4Rr;s are change in resistance of the strain gauge caused by the
magnetostriction of the sample and the thermal expansion of the sample because

of the temperature inside the PPMS’s sample chamber.
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The resistance of the strain gauge on the copper dummy sample can similarly be

described as:
Equation3-24 R, =R+AR, .

The bridge voltage can then be written as:

(R+AR,)(R+ AR, + AR, )~ (R+ARXR+AR; )
4R+ AR + AR, +AR, + AR, +AR, ,

Equation 3-25 e=1,

Expanding the numerator we have

Numerator = R* + R(AR; + AR, , + AR,)+ (AR,AR, + AR,AR, ,)-
R’ — R(AR ., + AR)~(ARAR; )
=R(AR;, + AR, .+ AR,— AR, , —AR)+
(ARzARA + AR?.ART,S - ARlART,cu)

Equation 3-26

Since all the 4Ry << 1, the ARx ARy terms (4Rx and ARy are representative of a
generalised 4R in the above equation) are smaller than the rest of the numerator
by several orders of magnitude. Similarly, the ARx terms in the denominator of

Equation 3- are much smaller than the R term. Ignoring these terms we get

I R(ARA + ART.: + ARz - ART.ru - ARI )

e =

Equation 3-27 4R
=I (ARZ. +ART.s +AR2_ART,¢'M _ARL)
* 4

Since, during the measurement of any magnetostriction curve, the temperature
was constant, only 4Ry changes with applied magnetic field and all the other
terms in Equation 3- introduce a temperature dependent offset. Since, offsets
were removed from all the magnetostriction curves, as described in the next

section, the magnetic field dependence of e can be described as:
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AR,
Equation 3-28 e=1 ——4— .

s

3.06.3 PPMS configuration

The samples and the dummy copper samples with the strain gauge were
mounted onto PPMS pucks supplied by Quantum Design. The connections of the
sample onto the puck were made as shown in Figure 3-11. A photographic
representation of the entire assembly is shown in Figure 3-12. The current
shown in Figure 3-10 was sourced from the PPMS. The measurement parameters

used to configure the PPMS are given in Table 3-4.

Table 3-4 Bridge setup for measurement of magnetostriction using a channel on
the puck.

Bridge Parameters Value

Source Current (Is) 1000 pA

Maximum Voltage 90 mV

Maximum Power 1000 yW

Since the PPMS was designed to measure magnetoresistance, its output is a

resistance which is related to the Wheatstone bridge parameters as

. e
Equation 3-29 Ry = T

s

where Rppus is the resistance output of the PPMS. Given Equation 3- and

Equation 3-, it can be said that:
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Equation 3-30 A = 4Rpvm .

Figure 3-11 The layout of electrical connections of the measurement sample and the
dummy sample strain gauges to the PPMS puck. The setup was designed to perform
experiments on two samples at the same time. One sample and its accompanying copper
dummy sample were connected to the precision resistors outside through connections on

Channel-2. Channel-3 was used to measure the magnetostriction on the other sample.
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Figure 3-12 A photograph of the sample mounting assembly on the PPMS puck.

Photograph courtesy of Dr. Ravi Hadimani.

For a strain gauge with a gauge factor Fg, the strain was described as

Equation 3-31 £ = -—— —,

where e is the strain developed in the strain gauge. Therefore, in terms of the

PPMS output,

Equation 3-32 A=£=
G

where Ais the magnetostrictive strain caused by the applied field.
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As mentioned in Section 3.06.2, the magnetostrictive strain measured had offsets

because of temperature dependent effects. An example of such a strain is shown

in Figure 3-13.

Data with offset

Standardised field

dependepent
-100. magnetostriction

-150-
200
-250-
-300-
-350-
— -t +i— 1
-2000 -1500 -1000 -500 500 1000 1500 2000
Aapplied <kA"")
Figure 3-13  An example of the offset in measured magnetostriction data which was

removed to standardise the magnetostriction curves.

Since the temperature was constant during any one measurement, all these
temperature dependent effects were eliminated by defining the zero

magnetostriction as follows:

. If the slope of the magnetostriction is negative, then the curve is shifted
such that the whole X-H curve lies in the region Ae [0, -00), thus fixing the

top most point ofthe curve as A=0.
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o If the slope of the magnetostriction is positive, then the curve is shifted
such that the whole A-H curve lies in the region A € [0, 00), thus fixing the

lowest point of the curve as A = 0.
Defining zero magnetostriction in this way served two purposes:
. All curves were standardised using a single technique

) Maximum magnetostriction of the curve became the maximum
~ magnetostriction in the linear region, which would be indicative of the

potential of the material as a stress sensor or actuator.

3.07 Summary

. Maximum magnetisation vs temperature was measured for all samples in
the range of 10-400 K. The measurements were done in MPMS. It was
observed that the measurements were repeatable even after a year of
cycling the sample once through a temperature range of 10-400 K and a
field range of uoH = [-5 T, 5 T]. This indicated that the magnetic properties
of the samples do not change significantly over time if subjected to
temperatures below 400 K and magnetic fields below 5 T.

. Magnetisation loops were measured at 9 temperatures between 10-400 K
within the field range of uoH = [-5 T, 5 T]. The measured hysteresis loops
were then analysed to determine the temperature variation of coercivity
and anisotropy.

. Magnetostriction was measured using a strain gauge setup inside a

Quantum Design PPMS equipment. Additional hardware was designed
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and built by this researcher to enable PPMS in making magnetostriction
measurements.

. The results of the experiments described in this chapter are discussed in
the following chapter. A careful choice of experimental methodology has
been instrumental to obtaining reliable scientific data used to analyse the
effect of chemical substitution on properties of cobalt ferrite over a range

of temperatures.
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Chapter 4. Effect of Chemical Substitution on

Properties of Cobalt Ferrite

4.01 Introduction

As discussed in Chapter 2, cobalt ferrite has emerged as a candidate material for
magnetostrictive stress/torque sensor and actuator applications (Paulsen et al,
2003, Paulsen et al., 2005, Lo et al., 2006, Melikhov et al.,, 2006a, Melikhov et al,
2006b, Song et al., 2007, Lee et al, 2007, Chen et al, 1999, Chen & Jiles, 2000,
Chen et al, 2000, Chen et al, 2001). It has also been observed that the
magnetoelastic properties of cobalt ferrite can be improved by chemical
substitution. As discussed earlier, the previously studied substitutions of
manganese and chromium had a B-site preference and although they led to an
increase in strain derivative, the maximum magnetostriction decreased in all

cases.

This chapter deals with the investigation of chemical substitution to improve the

properties of cobalt ferrite.

In the current study, three different substitutions in cobalt ferrite (CoFe204)

were studied:

o Gallium Substitution: Substitution of some of Fe3+ by Ga3* ions. The

resulting stoichiometry is CoGaxFe2x0a.
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. Germanium Substitution: Co-substitution of some pairs of Fe3+-Fe3* ions

by Co?*/Ge** pairs. The resulting stoichiometry is Co1+xGexFez-2x0a.

. Aluminium Substitution: Substitution of some of Fe3* by Al3* jons. The

resulting stoichiometry is CoAlxFez.x04.

The substitutions were undertaken with these aims:

. Replacing A-site Fe3+ ions with non-magnetic or less magnetic ions, such

that the net moment per formula unit increases.

o Displacing Co?* ions to B-sites to achieve higher magnetostriction.

o Increasing the strain derivative by reducing the anisotropy

4.02 Gallium Substitution

A series of gallium-substituted samples of cobalt ferrite was made using
standard powder ceramic techniques, described in Chapter 2, by Song of lowa
State University. Samples with composition CoGaxFez.x04 were made with x=0,
0.2, 0.4, 0.6, & 0.8. The actual compositions of the samples were determined by
Song using Energy Dispersive X-ray Spectroscopy (EDS), and are show in
Table 4-1. The actual compositions were found to be close to the target

compositions.

Data for pure cobalt ferrite (CoGaxFez.x04) were obtained from Song (Song,

2007).
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Table 4-1 Comparison of actual and target composition for CoGaxFe2.x0O4 (Song, 2007).

Composition determined by EDS
Target Composition

Co Fe Ga
CoFe204 0.95 2.05 —
CoGao.2Fe1.804 1.00 1.81 0.19
CoGao.4Fe1604 1.04 1.55 0.41
CoGaosFe1404 0.98 1.33 0.69
CoGaogFe1.204 1.04 1.15 0.81

4.02.1 Site Preference of Gallium

Several studies have investigated the site preference of Ga3* ions in the cubic
spinel lattice. GaxFe1.xNiCrO4 prepared by ceramic methods was tested for site
preference of the various ions (Kulkarni & et al., 1985) and it was concluded that
Ga3* ions have an A-site (tetrahedral) preference. Investigation of the crystal
structure of MgAl; xGax04 also mentions an A-site preference for Ga3+ ions (Ito et
al, 2000). The site preference of gallium cations in MnGasFe2.x04 was
determined by Mossbauer measurements in the presence of a magnetic field at
low temperatures (Mahmoud et al, 2001). It was found that Ga3* has an A-site
preference and distributes randomly in A-sites. MnFe;04 was found to be in a
state of partial inversion, where 20% of Fe3+* occupies A-sites. It was found that
Ga3* substitutes for Fe3* in A-sites leading to a lowering of the A-site absorption

peaks.

However, these studies did not establish the strength of the Ga3* ion’s A-site
preference in cobalt ferrite. Investigation of site preference of ions in

CoGaxFe2x04 (x=0, 0.2, 0.4, 0.6, & 0.8) was performed with the help of
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Mossbauer measurements (Krieble et al., 2008). Two different hyperfine sextets
indicated the presence of two different kinds of Fe3* ions in two different lattice
locations, in A-sites and B-sites. This confirmed a mixed spinel structure for
gallium substituted cobalt ferrite. Line spacing, which is indicative of magnetic
hyperfine field at Fe3* nuclei and is related to the exchange coupling, was
observed to reduce with increased gallium substitution. The strength of the
hyperfine field was seen to reduce faster for B-sites than for A-sites with
increased gallium substitution, as is visible in Figure 4-1. The distribution width
of the hyperfine field increased faster for B-sites in comparison to A-sites with
increasing gallium substitution (shown in Figure 4-2). Both these phenomena
were more prominent for Ga3* substitution in comparison to those of Mn3+ and
Cr3+ substitution. It was concluded that for lower amounts of substitution
(x=0.2 & 0.4), Ga3* substitutes into A-sites, which results in a reduction of the B-
site hyperfine field and an increase in distribution width of B-sites. This happens
because B-site Fe3* ions are superexchange coupled to A-site ions and the

introduction of Ga3+ in A-sites leads to the magnetic dilution of the A-sites.
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Figure 4-1 Variation of the strength of the hyperfine field as a function of the Ga content
(x) in CoGaxFezx04 (Krieble et al.,, 2008).
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Figure 4-2 Variation of the distribution width with gallium content (x) in CoGasFezx04

(Krieble et al., 2008).

4.02.2 Curie temperature of gallium substituted cobalt ferrite

The Curie temperature (T¢) for gallium substituted cobalt ferrite, measured by
Song, was observed to decrease with increased gallium content as had been
noticed with other cations also (Song et al, 2007). The Curie temperature was

measured by taking the samples from paramagnetic state (above their Curie
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temperature), to a ferromagnetic state (below the Curie temperature) in
presence of a low field (8000 A/m). Gallium substitution caused magnetic
dilution and reduces the super exchange interaction, which in turn reduces the
Curie temperature. It was observed that Curie temperature reduced linearly with

increasing gallium content.

CoGaFe, O
550 X 2x "4
500+ A < - -
~~ 4 .
co) 4504 | o fo
- . Q
o 350 - o
= 4
© 3004— (- - o © LR SR
o ]
2004 | : e} e B |
.9 00 . E N
=
I 150 4 - e - R N * o}
O .
100 r T . T
0.0 0.2 04 0.6 038
Gallium content, x
Figure 4-3 Variation of the Curie temperature of gallium-substituted cobalt ferrite

(Song et al., 2007). The symbols (data points) show the actual experimental data.

A reduction in Curie temperature is desirable for sensor/actuator application as

it indicates lesser hysteresis at any given temperature.
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4.02.3 Maximum Magnetisation vs Temperature for gallium
substituted cobalt ferrite

The maximum magnetisation (at constant poH=5T] vs temperature was
measured for all the samples in the temperature range of 10 K and 400 K The

observed trends are shown in Figure 4-4.

CoGa Fe, O,
H=S5T

600 P

500
C
3
O 400
b
&
9 300~ x=0.0 >

------- x=0.2
E
3 2000 ———Xx=0.4
E -
X x=0.6
Y x=0.8
2 100
100 200 300 400
Temperature (K)
Figure 4-4 Variation of the maximum magnetisation of CoGaxFe2x04 with temperature.

The maximum magnetisation increased monotonically with decreasing
temperature for all samples between 400 - 160 K Below 160 K it increased
slowly with decreasing temperatures for most of the samples. However, it
decreased slowly with decreasing temperature for CoFezCU below 160 K and for
CoGao.2Fe1304 below 100 K This apparent decrease can be explained by the

presence ofa high anisotropy field at low temperature in these two cases, which
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prevented a complete approach to saturation at the maximum applied field of
fioH=5T. Evidence supporting high anisotropy fields for these cases can be seen
in Figure 4-19. Saturation magnetisation at low temperatures (eg. 10 K), shown
in Figure 4-5, is correlated with the net moment of a formula unit of the

compound, defined in Equation 2-22.

Maximum Magnetisation at 10 K
measured @ NnOH=5T

620-
600-
A 580-
E
< 560-
A 540-
520-
500-
57 480-
460-
CoGa Fe, O
440-
0.0 0.2 0.4 0.6 0.8
Ga content, x
Figure 4-5 Near Zero Kelvin moment of gallium substituted cobalt ferrite.

The net moment per molecule for a ferrite is the subtraction of the A-site
moment from the B-site moment because of the anti-parallel coupling of A & B-

sites. Table 4-2 shows the calculated net moment of several ferrites at

PhD Thesis: CARDIFF

UNIVERSITY

Naresh Ranvah PRIFYSGOI
CAERDY[$>



Chapter 4: Effect of Chemical Substitution on Properties of Cobalt Ferrite 87

zero degrees K. The theoretical values given in the table are calculated with an

assumption of a certain degree of inversion of the spinel lattice in these ferrites.

Table 4-2 Experimental and theoretical values of saturation magnetisation of simple

ferrites with spinel structure in Bohr Magnetons at 0 °K (Smit & Wijn, 1959).

Postulated ion Magnetic Magnetic =~ Magnetic moment per molecule
Ferrite distribution moment of A- moment of B- of MeFe204
site ions site ions - -
A-siteions B-site ions Theoretical  Experimental

Fe3tp2+ Mn2+2 +
MnFe204 5 5+5 5 4.6
Mn2+pg Fe3+og

Fe304 Fe3+ Fe2++ Fe3+ 5 4+5 4 41
CoFe204 Fe3+ CoZ++ Fe3+ 5 3+5 3 3.7
NiFe204 Fe3+ Ni2++ Fe3+ 5 2+5 2 23
CuFez04 Fe3+ Cu2*+ Fe3+ 5 1+5 1 1.3
MgFez04 Fe3+ Mg2++ Fe3+ 5 0+5 0 11
LiosFe2504 Fe3+ Lil*os5+ Fe3+1s 5 0+7.5 2.5 2.6

The fact that the maximum magnetisation increases for x = 0.2 & 0.4 indicates
that Ga3* substitutes into A-sites, at least for the low amounts of gallium
substitution. Figure 4-6 shows an example of how the substitution of Ga3+ in
place of some of Fe3* present in the A-sites can increase the net moment. Since
the net moment per formula unit is a result of net B-site moment minus the net
A-site moment. The B-site moment is the bigger moment owing to twice the
number of B-sites in comparison to A-sites. Therefore, the substitution of Ga3+
(with less magnetic moment contribution) into A-sites in place of Fe3* (with
higher magnetic moment contribution), increased the net magnetic moment per

formula unit.
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) 0 0
Co2+ Fe3+ Ga3t+
B-site A-site B-site Net Moment
Before
Substitution +
Substitution IN our
B-site A-site B-site Net Moment
After + +
Substitution
Figure 4-6 An illustration of how the chemical substitution can affect the net moment

inside the cobalt ferrite lattice. A-site moments are coupled anti-parallel to the B-site
moments. A random allocation of ions in the cobalt ferrite lattice is shown before
substitution. As can be seen, Fe3t+has the highest moment contribution, followed by Co2+ Ga3+
ion has no magnetic moment. The illustration is a simplistic representation of how the
substitution of a non-magnetic ion can increase the net moment in an inverse spinel structure

where B-sites are twice in number as A-sites.

For samples with higher gallium content though, the maximum magnetisation at
near zero Kelvin decreases again with increasing gallium content. This could be

because of either ofthe two following reasons:

. Ga3t+ ions start substituting into B-sites, reducing the B-site moments,

leading to a reduction in the net moment.

PhD Thesis:
Naresh Ranvah



Chapter 4: Effect of Chemical Substitution on Properties of Cobalt Ferrite 89

. Introduction of Ga3* ions results in the magnetic dilution of the lattice.
This magnetic dilution decreases the strength of the superexchange
coupling which keeps the B-site moments aligned. B-site moments may

then split into two sub-lattices.

An increase in the net magnetic moment on substituting magnetic ions from a
ferromagnetic lattice with non-magnetic ions has been observed in the past. The
substitution of Zn2* in place of the magnetic ions Me?* in ferrites with a formula
MeFézO4 has shown similar trends (Smit & Wijn, 1959). The ion distribution for

such a material would be:
- 24,3+ 2+ 3+
Equation 4-1 (Zn‘s Fel—S)A (Me,_sFe,+5)O4

An addition of the non-magnetic Zn?* ions in place of the magnetic Me?* ions in
A-sites reduced the A-site moment. Therefore addition of Zn2* ions was expected
to increase the net moment per molecule. However, the observed behaviour of
substituted ferrites was different, as shown in Figure 4-8. Theoretically, the
saturation moment for all the materials shown in Figure 4-8 should increase
linearly and reach muota = 10 pg at § = 1. This theoretical prediction is shown as
dashed lines. For small concentration of Zn?*, the linear increase in molecular
magnetic moment has been seen to agree with the theoretical prediction. The
deviation of the experimental data from the measured data can be explained in
terms of a split B-lattice. The substitution of non-magnetic ions in place of
magnetic ions in A-sites leads to a weakened B-B coupling. At high levels of
substitution, the A-site moments are not able to keep all the B-site moments

aligned to each other. This may lead to a splitting of B-lattice as shown in Figure
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4-7. The net B-site moment decreases because of this process, which leads to a

reduction in the net moment.

It was observed that even at temperatures around 300 K, which would be close
to the operating temperatures of any device designed with the material, the
maximum magnetisation for compositions x = 0.2 & x = 0.4 was higher than that

of pure cobalt ferrite.

It can also be observed that for compositions with higher amount of gallium,
which had a lower Curie Temperature (Tc), the maximum magnetisation at room
temperature (300 K) changed faster with any change in temperature. This can be
attributed to the maximum magnetisation following a Brillouin function close to
its Curie Temperature (Cullity & Graham, 2009). The closer the thermodynamic
temperature is to the Curie Temperature, the faster the maximum magnetisation

falls with small increases in temperature.
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(a) 00

Figure 4-7 Splitting of the B-site lattice on reduction in the A-site moment, (a) B-lattice
splits into 4 different sub-lattices, (b) B-lattice splits into pairs of two parallel sub lattices. The
net B-site moment is the vector addition of all the B-site moments and is hence smaller than

when all the B-site moments are aligned parallel.

0.6

Figure 4-8 The saturation moment in Bohr Magnetons at 0 °K for various mixed crystal
series with increasing Zn content. For manganese-zinc ferrites, a region is indicated for the
magnetisation which is related to the ion distribution in the lattice, i.e. the degree of inversion

of its spinel lattice. (Smit & Wijn, 1959)
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4.02.4 Magnetisation loops at different temperatures for gallium
substituted cobalt ferrite

Magnetisation curves were measured at temperatures between 10 & 400 K
Figure 4-9 to Figure 4-12 show the magnetisation curves at temperatures [10,

50,100,150,..., 400 K) for gallium content x =0.2 to x = 0.8.

-m-10 K
—0—350 K
100 K
—v-150 K
200 K
250 K
300 K
- —350K
-*-400 K
©
C
(Tesla)
<T esla >
Figure 4-9 The first quadrant of magnetisation vs temperature curves for

CoGao.2Fe1804. Inset shows the low field regions of magnetisation curves which were used for

calculation of the coercive field.
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oe

HH (Tesla)

HoH .pPI* (T esla>

Figure 4-10 The first quadrant of the magnetisation vs temperature curves for
CoGao.4Fe1604. Inset shows the low field regions of magnetisation curves which were used for

the calculation of the coercive field.

10 K

50 K

100 K
150 K
200 K
250 K
300 K
350 K
400 K

p,H (Tesla)

2.50 3.75
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Figure 4-11 The first quadrant of the magnetisation vs temperature curves for
CoGao.6Fe1404. Inset shows the low field regions of magnetisation curves which were used for

the calculation of the coercive field.
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600
fTVW
0.00 1.25 2.50 3.75 5.00 6.25
0 applied (T651a)
Figure 4-12 The first quadrant of the magnetisation vs temperature curves for

CoGao.8Fe1204. Inset shows the low field regions of magnetisation curves which were used for

calculation of the coercive field.

The coercive field was calculated from the magnetisation and is shown in Figure
4-13. The coercive field was observed to decrease monotonically with increasing
temperature for all compositions. At room temperature, the coercivity of all

samples was below SkA/m.

100
0 100 200 300 400
Temperature (K)
Figure 4-13 The variation of the coercive field of CoGaxFe2-x04 with temperature.
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4.02.5 Anisotropy vs Temperature for gallium substituted cobalt

ferrite

The anisotropy of CoGaxFe2-x04 was measured by fitting high field regions of the
major loop to the Law of Approach to Saturation (LAS]. The fitting for
compositions with gallium content x=0.2 to x=0.8 is shown in Figure 4-14 -
Figure 4-17. The fits at low temperatures (between 10 and 150 K], are not as
good as the rest in cases where it was needed to use LAS with x =0 due to the

presence ofhigh anisotropy fields stronger than the applied field.
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Figure 4-15 Fitting high field region M-H data for CoGao.4Fe1604 at temperatures in the range

10 -400 K
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Figure 4-16 Fitting high field region M-H data for CoGao.cFe1404 at temperatures in the range
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Figure 4-17 Fitting high field region M-H data for CoGao.s8Fe1204 at temperatures in the range

10-400 K

Uncertainty in values of the anisotropy constant K| was calculated using fitting

uncertainty in values of Msand b using the following equation:

Equation 4-2

where AKi, Ab, and AMS are the uncertainties in K|, b, and Ms respectively.
Figure 4-18 shows the temperature dependence of the anisotropy of
CoGaxFe2-x04 along with the uncertainty arising in the value of K| due to fitting.
At low temperatures (near 10 K), the uncertainty was high because of the
anisotropy becoming comparable to the maximum applied field requiring the use
of modified Law of Approach to Saturation with no forced magnetisation term. It

was observed that as the anisotropy reduced uncertainty in the fitting increased.

Figure 4-19 shows the variation in temperature dependency of first order

magnetocrystalline cubic anisotropy constant K| with the substitution of gallium
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into cobalt ferrite. In data points calculated for cases where the forced
magnetisation constant (K] was assumed to be zero, are connected by dotted

lines.
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Figure 4-18 Variation of the first order magnetocrystalline anisotropy constant K| of

gallium-substituted cobalt ferrite with temperature for compositions: (a) CoGao.2Fe1804,
(b) CoGao.4Fe1604, (¢) CoGao.cFe1404, and (d) CoGao.sFe1204. The error bars are shown for each
point and the labels in red above each point indicate the estimated uncertainty (in
percentage) for each point resulting from fitting high field regions of M-H loops to Law of

Approach.
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CoGaXFeZ_X0,4

Temperature (K)

Figure 4-19 The first order magnetocrystalline cubic anisotropy constant Ki, calculated
by fitting experimental data to the Law of Approach to saturation. The cases in which forced
magnetisation constant (k) was assumed to be zero are shown as joined by dotted lines.
Experimentally measured data labelled as CoFe204-S (Shenker, 1957) and theoretically

predicted data marked as CoFe204-T (Tachiki, 1960) are shown for comparison.

Figure 4-19 shows the variation of temperature dependence of anisotropy for
CoGaxFe2-x04 when increasing x from 0.0 to 0.8. Anisotropy increased with
decreasing temperature for all compositions, in the temperature range of 10 K -
400 K Starting from 400 K and reducing temperature, the anisotropy increased
slowly initially and increased with a steep slope below a particular temperature,
as can be observed from Figure 4-19. The beginning of'the steep rise occurred at
progressively lower temperatures with increasing x. However, for samples with
x=0.0, 0.2, and 0.4, as the temperature was decreased, anisotropy was seen to
peak at a temperature and then either decrease or level off. High anisotropy at
low temperatures can prevent the maximum applied field (pioH= 5 T) from being
able to cause the rotation of moments away from the anisotropy field direction

towards the applied field direction. This invalidates the assumption under which
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the calculations were done that the applied magnetic field is enough to cause

rotation of magnetic moments against anisotropy.

An estimation of the anisotropy fields for these cases supports the idea. For a

cubic crystal with (100) being the easy direction, the anisotropy field can be

written as Hx = 2K;/M; (Cullity & Graham, 2009). The anisotropy field of pure
cobalt ferrite at 150 K was estimated to be 4.8 T. Thus, the anisotropy field at
lower temperatures is expected to be higher than the maximum applied
magnetic field (uoH =5T). Similarly, the estimated anisotropy field for the
sample with gallium content x = 0.2 was uoHk = 5.16 T. In cases where anisotropy
field prevents a complete approach to saturation, the results obtained by fitting

M-H data to LAS are less accurate.

The LAS gives the absolute value of the cubic anisotropy coefficient Ki. The
analytical expression for cubic anisotropy to the second order is the same for

(100) or (111) easy directions. Pure cobalt ferrite has been reported to have the
(100) easy-directions, with K; values that are positive and range from 2.1 x 105

to 3.9 x 105 ]/m3. Different values of the anisotropy field can be obtained in this
range through a variation in the processing techniques, heat treatment and in the
stoichiometry of the material (Smit & Wijn, 1959). The value of K; for pure cobalt
ferrite at 300 K, in the present study, is 2.66 x 105 J/m3. This is consistent with
the results of Shenker and Tachiki (Tachiki, 1960, Shenker, 1957). Shenker had
measured the magnetic anisotropy constant Ki of crystalline pure cobalt ferrite

by measuring the torque for varying directions of the applied field near the
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direction of easy magnetisation. The Ki measured by this method could be

approximated by the empirical relationship

Equation4-3 K, =19.6x10°¢™#1°7 jm

where T is the temperature. The above equation was found to be applicable in
the temperature range of 20 - 325 K. The value of K; at 300 K predicted by
Equation 4- is 3.5 x 105 J/m3. See Figure 4-19. Tachiki based his calculations on
the assumption that cobalt ferrite is an inverse spinel. The anisotropy energy of
Mn and Ni ferrite comes from the Fe3+ ions in the A & B sites. The anisotropy
energy of magnetite comes from the Fe?* ions in B-sites and Fe3* ions in A-sites.
However, the anisotropy energy of cobalt ferrite cannot be explained by the
contribution of the Fe3+ ions, which is negligible in comparison to the value of the
anisotropy energy observed at near zero Kelvin temperatures. Although the
anisotropy energy due to the second order effect of the magnetic dipole

interactions predicts the correct easy direction (100), the prediction of the

magnitude of anisotropy energy is far from the observedvalues. It was thus
concluded that the anisotropy energy of cobalt ferrite comes from Co?* ions in B-

sites.

The substitution of Ga3* ions in place of Fe3* ions causes magnetic dilution and
reduces the superexchange interaction between Co?* ions in the B-sites. This
causes the anisotropy to decrease, as seen in Figure 4-19. This effect is largely
responsible for the reduction in the anisotropy with the addition of low amounts
of Ga3*. For higher amounts of Ga3* substitution, there can be two reasons for the

reduction in anisotropy:
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. Ga3+* ions start substituting into B-sites thus displacing Co?* ions from B-
sites. Since the presence of Co?* ions in B-sites is responsible for the
anisotropy, their displacement from the B-sites by non-magnetic Ga3* ions

causes a decrease in anisotropy.

o Introduction of Ga3* ions causes a disruption in the super exchange
interactions between B-sites. This causes the B lattice to split into two sub
lattices as shown in Figure 4-7 with an average direction opposite to

those of the moments in the A-site lattice.

4.02.6  Magnetostriction vs applied field for gallium substituted

cobalt ferrite

The magnetostriction vs applied field characteristics were measured for all the
samples and were standardised according to the procedures described in
Chapter 3. Room temperature data for polycrystalline pure cobalt ferrite (x = 0.0
in CoGaxFe2x04) have been obtained from Paulsen (Paulsen et al, 2005).
Figure 4-20 - Figure 4-23 show the measured field induced magnetostriction
and strain derivative measured at 250K, 300K, 350K, and 400 K. It was
observed that the magnetostriction curves for cobalt ferrite followed three
different shapes, out of the four shown in Figure 4-24. Cobalt ferrite has two
independent magnetostriction coefficients, A100 and 2111, along the two crystal

directions (100) and (111) respectively. At room temperature (300K), it is
known that (100) is the easy direction and that A1¢0 is negative. Furthermore, the

first order cubic anisotropy constant Ki is positive for cobalt ferrite at all

temperature, thus making (100) as the easy direction at all temperatures. (111)
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is the hard direction for cobalt ferrite and the magnetostriction contribution of
this direction A11:1 is positive. The polycrystalline saturation magnetostriction is

given by
2 3
Equation4-4 A = gﬂqm +-5—lm .

Bozorth measured the magnetostriction of crystalline cobalt ferrite along the
easy and hard directions and results are shown in Figure 4-26. A100 and A111 are

the saturation values of the field induced magnetostriction in the (100) and (111)

directions respectively (Bozorth et al., 1955). Since at room temperature, A100 < 0

and |A100] > 3/2 |A111], the saturation magnetostriction is negative.

The room temperature field induced magnetostriction of polycrystalline pure
cobalt ferrite, shown in Figure 4-21, can be explained using the field induced
magnetostriction in two crystal different directions. The net field induced
magnetostriction is a sum of the magnetostriction contributions from Ai90 and
A111at the applied field values. At low field values, the field induced
magnetostriction A(H), has a large negative slope because of a dominant negative
magnetostriction contribution from Ajeo. After the alignment of domain
magnetisations along the easy axis, any further increase in the field causes the

moments to rotate away from the easy axis towards the hard axis (111), which

has a smaller positive magnetostriction contribution. This makes A(H) change
with a positive slope with increase in the field after the alignment of domains
along the easy axis. The variations and the contributions of the two

magnetostriction coefficients towards the net field induced magnetostriction
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have been discussed by Bozorth and co-workers, among others (Bozorth et al.,

1955).
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Figure 4-20 Magnetostrictive properties of gallium substituted cobalt ferrite at 250 K (a)
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Figure 4-21 Magnetostrictive properties of gallium substituted cobalt ferrite at 300 K (a)

Field induced magnetostrictive strain (b) Strain derivative (dA/d//)
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Figure 4-22 Magnetostrictive properties of gallium substituted cobalt ferrite at 350 K. (a)

Field induced magnetostrictive strain (b) Strain derivative (dA/dH)
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Figure 4-24 Classifications of different shapes of X-H curves. The filled dots marked on
each curve correspond to the value of the maximum field induced magnetostriction in linear

region of the curve.
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Figure 4-25 Classifications of the different shapes of dA/dH curves corresponding to the
shapes of X-H curves shown in Figure 4-24. The filled dots marked on each curve correspond
to the value of the maximum field induced magnetostriction in the linear region of the curve.
For Shape-B and Shape-C, the value of maximum field induced magnetostriction in the linear

region was chosen as the point where dA/dH is 10% of (dA/d/f)mx for that sample.
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Three out of the four different shapes of magnetostriction curves, shown in
Figure 4-24 and Figure 4-25, were observed for the different compositions of
CoGaxFe2-<04 at different temperatures. These occurred because of changes in Kj,
A100 and A111 with temperature and composition. Shape-A was observed when

(100) was the easy direction and thus a negative Aip0o made the dominant

contribution to the field induced magnetostriction at low field values. The initial

high negative slope continued until the alignment of the domains with the (100)

direction. Any further increase in the field beyond this point resulted in A111
making a positive slope contribution to the field induced magnetostriction.
Figure 4-26 shows the effect of the contributions of the two magnetostriction

coefficients in the case of crystalline pure cobalt ferrite (Bozorth et al., 1955).

Shape-B was observed for the cases where Ai00’s negative magnetostriction
contribution to the strain was dominant over the A111’s contribution at all field
values. At high field values, the contribution of A111 was either negligible or small

and negative.

Shape-C and Shape-D are inverted forms of Shape-B and Shape-A respectively.
They are observed in cases where either the sign of the contributions of
magnetostriction from the two directions (100) and (111) change or their
relative magnitudes change. Similar variation in the shape of magnetostriction

curves was observed in Ge/Co co-substituted cobalt ferrite (Ranvah et al.,

2008c).
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Figure 4-26 Magnetostriction of single crystal pure cobalt ferrite measured by Bozorth

(BozorthTilden & Williams, 1955). Aioo - RMB denotes the field induced magnetostriction in
the (100) direction, measured by Bozorth. Am - RMB denotes the field induced
magnetostriction in the (111) direction, measured by Bozorth. The saturation
magnetostriction for polycrystalline materials has been calculated using Equation 4-, using
the saturation values of field induced magnetostriction in the (100) and (111) directions,

which are the values of Aioo and Am respectively.

Figure 4-27 shows the temperature dependence of the maximum field induced
magnetostriction in the linear region of the magnetostriction curves of gallium
substituted cobalt ferrite. It can be observed that, depending on the shape of the

curve, the maximum magnetostriction is either positive or negative.
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Figure 4-27 The temperature dependence of the maximum field induced

magnetostriction in the linear region of magnetostriction curves for different compositions of

gallium substituted cobalt ferrite.

Figure 4-28 shows the temperature dependence of the maximum value of the
strain derivative in the linear region of the magnetostriction curve for different
compositions of gallium substituted cobalt ferrite. It was observed that the
maximum field induced magnetostriction in the linear regions decreased with
increasing temperature. The same was also true for the maximum strain

derivative in the linear region.
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Figure 4-28 The temperature dependence of the maximum value of strain derivative in
the linear region of the magnetostriction curves for different compositions of gallium

substituted cobalt ferrite.

At room temperature, the maximum field induced magnetostriction in the linear
region of the magnetostriction curve of pure cobalt ferrite
(Amax,linear region = -225 ppm) was more than that of any gallium substituted
sample (Chen et al., 1999). The highest value was observed for CoGao.2Fe1s0s4, for
which Anmexlinearregion=~192 ppm (83% of the value observed for pure cobalt
ferrite) at 300 K However, the maximum strain derivative of CoGao.2Fe1304 was
210% of the maximum strain derivative of pure cobalt ferrite. The strain
derivative of CoGao.4Fei1604 was also 130% that of cobalt ferrite. This increase in
the strain derivative for small amounts of gallium substitution can be attributed

to the lower anisotropy caused by the non-magnetic ions. Similar trends have
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been observed in the case of the manganese (Paulsen et al., 2005) and the

chromium substitution (Lee et al., 2007).

4.03 Germanium/Cobalt co-substitution

A series of germanium cobalt co-substituted cobalt ferrite (Coi+xGexFez-2x04)
samples were prepared by standard ceramic powder techniques by Song of lowa
State University. Samples were made with target compositions corresponding to
x=0.0, 0.1, 0.2, 0.3, 0.4, and 0.6. The actual composition, measured by Song,

compared against the target compositions are shown in Table 4-3.

Table 4-3 Comparison of the actual and the target composition for Coi.xGesFez.2,04

(Song, 2007).

Composition determined by EDS

Target Composition
Co Fe Ge
CoFe204 0.95 -~ 2.05
Co1.1Geo.1Fe1804 1.11 0.12 1.77
Co1.2Geo2Fe1604 1.21 0.22 1.57
Co1.3Gao3Fe1.404 1.33 0.38 1.29
Co1.4Gao.sFe1204 1.43 0.47 1.10
Co1.6Gao.cFeo.804 1.63 0.67 0.70

It was observed that the magnetic properties of Co1.6Geo.sFeos0s were of a nature
very different to those of other samples and could not be explained. Therefore, a
brief description of the experimental observations for magnetic properties of
Co16GeocFeos0s is presented in the Appendix-1. However, there is an analysis
presented for the magnetostrictive properties of the same sample.

Magnetostrictive properties of Co12Geoz2Feos04 could not be measured as the
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samples available were cracked and thus the measurements could not be carried

out with confidence in the results.

4.03.1 Site preference of ions in germanium cobalt co-substituted

cobalt ferrite

The co-substitution of germanium/copper in place of some of the Fe3* in copper
ferrite has been tested for the site preference of the germanium in the spinel
lattices (Al-Rawas et al., 2004). The site preference of the ions was determined
by performing Mosbauer studies at 77 and 300 K. Germanium showed a very
strong tetrahedral (A) site preference in the spinel lattice of copper ferrite as can

be observed in distribution of the ions shown in Table 4-4.

Table 4-4 Derived cation distributions for Cui.xGesFez.2x04 as determined from data

obtained from Mgssbauer studies (Al-Rawas et al., 2004).

Distribution
Target
Composition A-site in round brackets and B-site in
square brackets
CuFe,0,4 {(Cuo.08Fe0.92)[Cuo.gzFe1.08]
Cu1.1Gep.1Fe1804 (Geo.10Feo.90)[Cu1.10Feo.90]
Cu12Gao.2Fe1604 (Geo.20Feo.80)[Cu1.20Feo.0]
Cu13GaosFe1.404 (Geo.30Feo.70)[Cu1.30Feo.70]
Cu14Gao4Feo204 (Geo.4oFeo.60)[Cur.40Feo.e0]

A study of the germanium/cobalt co-substituted cobalt ferrite which assumed
100% A-site occupancy for the Ge** ions hinted towards a weakening of A-B
super exchange and splitting of the B-site site lattice in its spinel structure

(Upadhyay, 1990).
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4.03.2 Curie Temperature of germanium/cobalt co-substituted
cobalt ferrite

Curie temperature of germanium/cobalt co-substituted cobalt ferrite was
observed to reduce with increase in germanium concentration (Song, 2007), as

can be seen in Figure 4-29.
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Figure 4-29 Variation of the Curie temperature (Tc) of germanium/cobalt co-substituted

cobalt ferrite with germanium content.

The Curie temperature fell faster as a function of x for germanium substitution
than for gallium substitution. In the case of Ge/Co co-substitution, the Curie
temperature varied linearly with x, a repeat of trend observed in the case of Mn,
Cr, and Ga substitution.
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4.03.3 Maximum magnetisation vs Temperature for germanium
cobalt co-substituted cobalt ferrite

The maximum magnetisation (at constant jUiH=5T) was measured for all the
samples in the range of 10 - 400 K The trends observed for the maximum

magnetisation in this temperature range are shown in Figure 4-30.

300
200
0 100 200 300 400
Temperature, K
Figure 4-30 Variation of the maximum magnetisation of CoitxGexFe22x04 with

The maximum magnetisation increased with decreasing temperature in the
range 400 -160 K Below 160 K it increased slowly for some compositions and
decreased in the case of x = 0.0, 0.1, & 0.2. The maximum magnetisation peaked
at 160 K for CoFezCU, at 128 K for Co1.Geo.1Feis0s, and at 78 K for
Co12Geo.2Fe1604. This apparent decrease could be explained by the presence of

anisotropy fields higher than noH=5T in these cases. Since pure cobalt ferrite
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has the highest anisotropy field and its anisotropy field crosses the iioH=5T
barrier at a higher temperature, with the peak occuring at 160 K Subsequently,
increasing the germanium content, the temperature at which the anisotropy field
crosses the fioH=5T barrier occurs at lower and lower values of the
temperature. Similar trends were observed in the case of Mn (Melikhov et al.,

2006a], Cr (Melikhov et al., 2006b], and Ga (Ranvah et al, 2008b] substitution.

Maximum Magnetisation at 10 K
measured H=5T

520

510
E 500-

490
£ 480

470

M 460
450 Co,, GeFe,

440
0.0 0.1 0.2 0.3 0.4

Ge content, x

Figure 4-31 Near zero Kelvin moment of germanium/cobalt co-substituted cobalt ferrite.

Figure 4-31 shows the near zero Kelvin maximum magnetisation for
germanium/cobalt co-substituted cobalt ferrite. As can be seen, the near zero
Kelvin maximum magnetisation increases initially with increasing germanium

content and decreases beyond a point. Although x =0.3 seems like the peak in
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the graph, the true peak might be to its left with a lower germanium content.
This is because the high anisotropy for compositions with low germanium

contents prevents a complete approach to saturation for these samples.

The maximum magnetisation of Co1.1Geo1Fe1804 was observed to be higher than
that of pure cobalt ferrite, even at room temperature as can be seen in Figure
4-30. It can also be seen that, at room temperature, the maximum magnetisation
of compositions with higher germanium content falls faster with any increase in
temperature. This is because the Curie temperature of compositions with higher
germanium content was lower and thus room temperature is closer to their

Curie temperature (Cullity & Graham, 2009).

4.03.4 Magnetisation loops at different temperatures for

germanium/cobalt co-substituted cobalt ferrite

Magnetisation loops were measured for all the samples in the temperature
range of 10 - 400 K. Figure 4-32 - Figure 4-35 show the magnetisation loops at
temperatures: 10, 50, 100, 150, 200, 250, 300, 350, & 400 K, for samples with Ge-

contentx = 0.1, 0.2, 0.3, & 0.4 respectively.
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Figure 4-32 First quadrant of the magnetisation vs temperature curves for
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Figure 4-33 First quadrant of magnetisation vs temperature curves for (12Geo.2Fe1.604.
Inset shows the low field regions of the magnetisation curves which were used for calculation

of the coercive field.
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Figure 4-34 First quadrant of magnetisation vs temperature curves for C01.3Geo.3Fel.404.

Inset shows the low field regions of the magnetisation curves which were used for calculation

of the coercive field.
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Figure 4-35 First quadrant of magnetisation vs temperature curves for C01.4Geo.4Fel.204.

Inset shows the low field regions of the magnetisation curves which were used for calculation

of the coercive field.
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The coercive field of the germanium/cobalt co-substituted cobalt ferrite was
calculated using the magnetisation loops. Figure 4-36 shows the coercivity of
germanium substituted cobalt ferrite. The coercivity was observed to decrease
monotonically with increasing temperature in the range 10 - 400 K At room

temperature, the coercivity of all the samples was observed to be less than

7 kA/m.
E CoFed 4
CO1.1G ¢0.1F ei.80 4

. Co Ge,,o,zFe,1 604
X Co, ,Ge,,Fe, O
s 1.4 4
o Co, ,Ge,;Fe, .0,
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o
]

200 300 400

Temperature (K)

Figure 4-36 The variation of the coercive field of Coi+xGexFe2-2x04 with temperature.

4.03.5 Anisotropy vs Temperature for germanium/cobalt co-
substituted cobalt ferrite
The anisotropy of CoitxGexFe2-2x04 was measured by fitting the high field regions
of the M-H loops to the Law of Approach to Saturation. The fitting for
compositions from x = 0.1 to x =0.4 is shown in Figure 4-37 - Figure 4-40.
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Figure 4-40 Fitting high field region M-H data for (bh14Geo.4Fe1204 at temperatures in the range

10-400 K

The uncertainty in the value of K| was calculated using the uncertainties in the
values of Ms and & that arose due to the fitting process. The calculations were
done based on Equation 4-. Figure 4-41 shows the calculated anisotropy for
different compositions of germanium/cobalt co-substituted cobalt ferrite along
with the uncertainty arising in the value of Ki due to the fitting. It was observed
that in certain cases where anisotropy was high at low temperatures, the data
did not represent a complete rotation of the magnetisation vectors from the

anisotropic directions towards the field direction. This called for the
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employment of a modified Law of Approach calculation in which the forced
magnetisation coefficient k was fixed to zero and the resulting fits were not as
good, causing higher uncertainties in the calculated value of K; in these cases. At
temperatures close to 400 K, it was observed that the uncertainty in the
calculated value of K; increased again because of the higher uncertainty in value

of M.
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Figure 4-41 The variation of the first order magnetocrystalline anisotropy constant K| of

germanium/cobalt co-substituted cobalt ferrite with temperature for compositions:
(a) (01.1Geo.1Fe1804, (b) (h12Geo.2Fe1604, (¢) C013Geo3Fe1404, and (d) (h14GeodFe1204. The
error bars are shown for each point and the labels in red above each point indicate the
estimated uncertainty (in percentage) for each point resulting from fitting the high field

regions of the M-H loops to the Law of Approach.

Figure 4-42 shows the temperature dependence of the first order
magnetocrystalline anisotropy constant K| (for randomly oriented
polycrystalline cubic materials) with germanium/cobalt substitution. In cases
where the calculation was done a forced magnetisation constant (K) was fixed to

zero, the data is shown on the graph connected by dotted lines.
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Figure 4-42 The first order magnetocrystalline cubic anisotropy constant K| for the

germanium/cobalt co-substituted cobalt ferrite, calculated by fitting the experimental data to
Law of Approach to saturation. The cases in which the forced magnetisation constant (x) was
assumed to be zero are shown as joined by dotted lines. The experimentally measured data
labelled as Shenker-Experiment (Shenker, 1957) and theoretically predicted data marked as

Tachiki-Theory (Tachiki, 1960) are shown for comparison.
The anisotropy increased with decreasing temperatures for all the compositions
in the range 10 - 400 K Starting from 400 K the anisotropy increased slowly
with decreasing temperatures until a temperature after which it increased
steeply with any further reduction in temperature. The beginning of the steep
slope occurred at progressively lower temperatures with increasing germanium
content For samples with germanium contents x =0.0, 0.1, 0.2, and 0.3, the
graph shows the anisotropy peaking at a certain temperature. This feature is an
apparent artefact arising from the fact that the assumptions of the Law of

Approach do not hold entirely for these calculations. As in the case of the
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gallium-substituted cobalt ferrite (described in Section 4.02.5), the anisotropy
field of the materials was high and the applied maximum field (uoH =5 T) was
enough to cause the complete rotation of the domains against the local
anisotropy directions, in the various crystallites, towards the applied field

direction.

The anisotropy decreased with increasing germanium content. This happened
because of the magnetic dilution caused by the introduction of germanium in the
cobalt ferrite lattice similar to the gallium substitution (explained in more detail
in Section 4.02.5). Replacing Fe3* ions with Co?* ions also reduces the anisotropy,

although not as radically as in the case of substituting Ge** ions for Fe3+ ions.

4.03.6 Magnetostriction vs applied field for germanium/cobalt

co-substituted cobalt ferrite

The magnetostriction vs the applied field characteristics were measured for all
samples and were standardised according to the procedures described in
Chapter 3. The room temperature data for polycrystalline pure cobalt ferrite has

been obtained from Paulsen (Paulsen et al.,, 2005).
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Figure 4-44 Magnetostrictive properties of germanium/cobalt co-substituted cobalt

ferrite at 300 K (a) Field induced magnetostrictive strain (b) Strain derivative
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Figure 4-46 Magnetostrictive properties of germanium/cobalt co-substituted cobalt

ferrite at 400 K (a) Field induced magnetostrictive strain (b) Strain derivative

The magnetostriction curves were observed in all four different shapes shown in

Figure 4-24 and Figure 4-25. The reason for the occurrence ofthese shapes is the
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relative change in magnitude and direction of the contributions of the field
induced magnetostrictive strain contributions of Aioo and Am, as explained
previously. The variation of the maximum values of the field induced
magnetostriction (Amax linearregion) and strain derivative in the linear region
((dA/d//lmax) with the change in temperature and composition are shown in

Figure 4-47 and Figure 4-48 respectively.

(jo'l+x(;e xF eZ-X(%l
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-100-
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250 300 350 400
Temperature (K)

Figure 4-47 The temperature dependence of the maximum field induced
magnetostriction in linear region of magnetostriction curves for different compositions of

germanium/cobalt co- substituted cobalt ferrite.
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Figure 4-48 The temperature dependence of the maximum value of the strain derivative
in the linear region of magnetostriction curves for different compositions of

germanium/cobalt co-substituted cobalt ferrite.

At room temperature, the maximum field induced magnetostrictive strain
(Anmex; linearregion = 241 ppm] for Co1.1Geo.1Fe180Os4 was higher than those of any
chemically substituted cobalt ferrite investigated in this study and that of pure
cobalt ferrite. It was equal to 107% of the maximum field induced
magnetostrictive strain of pure cobalt ferrite at room temperature, which is the
second highest. The maximum strain derivative of Co1.1Geo.1Fe1804 was also
higher than that of pure cobalt ferrite (202%]. The strain derivative of
Co1.1Geo.1Fe1804 was 96% of the value for CoGao.2Fe1804, but the

Amay, linear region for CO1.1Geo.1Fe1804 Was 126% ofthe Value for CoGao.2Fe1804.
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4.04 Aluminium substitution

A series of aluminium substituted cobalt ferrite (CoAliFez.x04) samples were
prepared by standard powdered ceramic techniques by Nlebedim of Cardiff
University. The samples were made with target compositions corresponding to
x=0.1, 0.2, and 0.5. Data for x=0.0 was obtained from previous studies, as
mentioned in previous sections. A comparison of the actual compositions,

measured by Nlebedim, against target compositions is given in Table 4-5.

Table 4-5 Comparison of actual and target composition for CoAlFezxOs (Ranvah et al,

2009).

. Composition determined by EDS
Target Composition

Co Fe Al
CoFe204 0.95 2.05 —
CoAlo.1Fe1904 1.03 1.89 0.08
CoAlpzFe1.804 1.03 1.78 0.18
CoAlosFe1504 1.03 1.48 0.49

4.04.1  Site preference of aluminium substituted cobalt ferrite

The site preference of Al3* ions in the spinel lattice has been studied for
aluminium substituted Mn-Ni-Zn ferrite (MnosNio1Zno4AlFe2.x04) prepared by
ceramic methods (Sattar et al,, 2005). It was reported that aluminium does not
have a strong preference for either of the A or B sites and distributes more or
less randomly. This confirms the results on the site preference of aluminium in

aluminium substituted copper ferrite, which is also an inverse spinel (Kulkarni et

al, 1996).

PhD Thesis: m_

Naresh Ranvah




Chapter 4: Effect of Chemical Substitution on Properties of Cobalt Ferrite 148

4.04.2 Curie temperature of aluminium substituted cobalt ferrite

The Curie temperature (T.) for aluminium substituted cobalt ferrite, shown in
Figure 4-49, has been observed to decrease linearly with increasing aluminium
content (Nlebedim et al, 2010). Similar trends have been observed for other
substitutions in cobalt ferrite (Ranvah et al., 2008b, Ranvah et al,, 2008a, Paulsen

etal, 2005, Lee et al., 2007).

CoAl Fe, O,

550 (L
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450 b - 3 \‘ -

400 e T — R

350 4

250

2004

Curie Temperature, T_( ° C)

150

0.0 0.2 0.4 0.6 0.8
Aluminium content, x

Figure 4-49 Variation of the Curie temperature of aluminium-substituted cobalt ferrite

(Nlebedim et al., 2010). The markers show the actual experimental data.
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4.04.3 Maximum Magnetisation vs Temperature for aluminium

substituted cobalt ferrite

The variation of the maximum magnetisation with temperature at constant field

(pioH=5T) was measured in the temperature range of 10-400 K for all the

samples.
500
450-
C 400-
0 350-
c
U)
300-
x=0.0
£ 250- x=0.1
x=0.2
x=0.5
200
0 100 200 300 400
Temperature (K)
Figure 4-50 Variation of the maximum magnetisation of CoAlxFe2-x04 with temperature.

The trends recorded for maximum magnetisation are shown in Figure 4-50. The
maximum magnetisation increased monotonically for all compositions as the
temperature decreased from 400 to 160 K Below 160 K the maximum
magnetisation either increased slowly or decreased slowly with decreasing
temperature. The maximum magnetisation peaked at 160 K for CoFezCU, at 140 K

for CoAlo.1Fe1904, at 110 K for CoAlo.2Fe1804, and at 100 K for CoAlo.1Fe1904. This
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apparent decrease in the maximum magnetisation with decreasing temperature
can be explained by the presence of a high anisotropy field, which prevents
complete rotation of the domain magnetisations from their local anisotropy
directions towards the applied field direction. Similar trends have been observed
in the case of the substitution of some of iron in cobalt ferrite with manganese
(Melikhov et al., 2006a), chromium (Melikhov et al., 2006b), gallium (Ranvah et

al.,, 2008a), and germanium/cobalt (Ranvah et al., 2008b).

Figure 4-51 shows the near zero Kelvin maximum magnetisation for aluminium
substituted cobalt ferrite. Aluminium does not have a strong site preference for
either of A-sites (tetrahedral) or B-sites (octahedral). This results in aluminium
substituting in both the A and B sites for low amounts of aluminium and the net
near zero Kelvin moment does not change significantly as can be observed in the
figure. For higher amounts of aluminium substitution (x = 0.5), the net near zero
Kelvin moment decreases in comparison to that of pure cobalt ferrite due to the

magnetic dilution due to the processes described in Section 4.02.5.
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Figure 4-51 Near Zero Kelvin moment of aluminium-substituted cobalt ferrite.
4.04 .4 Magnetisation loops at different temperatures for

aluminium substituted cobalt ferrite

Magnetisation loops were measured for all the samples in the temperature range
of 10-400 K Figure 4-52 - Figure 4-54 show the magnetisation loops at
temperatures: 10, 50,100,150, 200, 250, 300, 350, &400 K, for samples with Al-

contentx = 0.1, 0.2, and 0.5 respectively.
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Figure 4-52 First quadrant of the magnetisation vs temperature curves for CoAlo.1Fel.904.

Inset shows the low field regions of the magnetisation curves which were used for calculation

of the coercive field.
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Figure 4-53 First quadrant of the magnetisation vs temperature curves for CoAlo.2Fe150s.

Inset shows the low field regions of the magnetisation curves which were used for calculation

ofthe coercive field.
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Figure 4-54 First quadrant of the magnetisation vs temperature curves for CoAlo.SFel.504.

Inset shows the low field regions of the magnetisation curves which were used for calculation

of the coercive field.

The coercive field of aluminium substituted cobalt ferrite was calculated from
the magnetisation loops. The coercive fields increased monotonically with
decreasing temperature in the temperature range of 10 - 400 K for all the
samples. The coercive field was less than 3 kA/m for all the samples at room

temperature.
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Figure 4-55 The variation of the coercive field of CoAlxFe2-x04 with temperature.

4.04.5 Anisotropy vs Temperature for aluminium substituted

cobalt ferrite

The anisotropy of CoAlxFe2-x04 was calculated by fitting the high field regions of
the M-H loops to the Law of Approach to Saturation. The fitting for compositions
from x =0.1 to x =0.5 is shown in Figure 4-56 - Figure 4-58. Uncertainty in the
values of K| that arose due to the fitting was calculated based on the values of Ms
and & using Equation 4-. Figure 4-59 shows the calculated anisotropy for
different compositions of aluminium substituted cobalt ferrite. The diagram also

shows the uncertainty arising in the value of Kl due to the fitting.
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Figure 4-56 Fitting the high field region M-H data for CoAlo.1Fe1904 at temperatures in the range 10 - 400 K
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Figure 4-57 Fitting the high field region M-H data for CoAlo.2Fe1804 at temperatures in the range 10 - 400 K
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Figure 4-58 Fitting the high field region M-H data for CoAlo.sFe1504 at temperatures in the range 10 - 400 K
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Temperature (K) Temperature (K)

-CoAl Fe O
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©
Figure 4-59 Variation of the First order magnetocrystalline anisotropy constant K| of the

aluminium-substituted cobalt ferrite with temperature for compositions: (a) CoAlo.1Fel.904,
(b) CoAlo.2Fel.804, and (c) CoAlo.5Fel.504. The error bars are shown for each point and the
labels in red above each point indicate the estimated uncertainty (in percentage) for each

point resulting from fitting high field regions of the M-H loops to the Law of Approach.

Reducing the temperature from 400 K, the anisotropy constant increased slowly
at first and then increased rapidly after a critical temperature. This critical
temperature occurred at lower and lower values for higher amounts of
aluminium. It was observed that at low temperatures, the field was not able to
cause complete rotation of the domain magnetisations from their local

anisotropy directions towards the field direction. In such cases, the Law of
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Approach was modified to fix the value of k =0 to represent the fact that the
forced magnetisation processes were very negligible due to the field applied
being comparable to the anisotropy fields. These points have been shown with
hollow markers and are connected by dotted lines in Figure 4-60. The trends
were similar to those observed in Mn (Melikhov et al., 2006a], Cr (Melikhov et al.,
2006b], Ga (Ranvah et al.,, 2008a], and Ge/Co (Ranvah et al., 2008b] substituted

cobalt ferrite.

— CoFe24- Tachiki
CoFe2) 4- shenker
CoFe204

—  C°AI0,Feis°4
A-CoAIN2Fel804

v-C oA Me?

Temperature (K)

Figure 4-60 The first order magnetocrystalline cubic anisotropy constant K| for
aluminium-substituted cobalt ferrite, calculated by fitting the experimental data to the Law of
Approach to Saturation. The cases in which the forced magnetisation constant (k) was
assumed to be zero are shown as joined by dotted lines and with hollow markers.
Experimentally measured data labelled as Shenker (Shenker, 1957) and theoretically

predicted data marked as Tachiki (Tachiki, 1960) are shown for comparison.
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4.04.6 Magnetostriction vs applied field for aluminium

substituted cobalt ferrite

A study of the temperature dependence of the field induced magnetostriction of
aluminium substituted cobalt ferrite prepared by ceramic methods has been
performed by Ikenna (Nlebedim et al, 2010). The results are show for x = 0.0,
0.2, 0.5, and 0.7 in Figure 4-61. The maximum field induced magnetostriction
was found to reduce with increasing temperature. CoAlo.2Fe1.sO4 has a higher
maximum field induced magnetostriction in comparison with that of pure cobalt

ferrite in the range of 250-350 K

a -100

—a—50K 2200
150

* 250 300-
-0-350K
-500-
-1500 -1000 -500 0 500 1000 1500 -1500 -1000 -500 0 500 1000 1500
Magnetic Field (kA/m) Magnetic Field (kA/m)
- 50K
150
* 250
—0—350
-1500 -1000 -500 0 500 1000 1500
Magnetic Field (kA/m) Aanrfagneti®FiejdJKA/mAMAAA
Figure 4-61 The field induced magnetostriction curves measured at 50, 150, 250, and

350 Kfor aluminium substituted cobalt ferrite (Nlebedim et al., 2010).
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Figure 4-62 shows the variation of the strain derivative (dA/deith aluminium
content and temperature in the aluminium substituted cobalt ferrite. At 250 K
the strain derivative dA/dHis higher for CoAlo.2Fe1804 than that for pure cobalt
ferrite. Similar trends were observed for low amounts of Ga (Ranvah etal, 2007}

and Ge/Co substitution (Ranvah et al., 2008c}.

35-
— 50 K
3.0- -+-150 K
- A- 250K
—0—350 K
0
5 05
13 0.0
-0.5
0.0 0.2 0.4 0.6 0.8
Aluminum Composition (x)
Figure 4-62 The field induced magnetostriction curves measured at 50, 150, 250, and

350 Kfor aluminium substituted cobalt ferrite (Nlebedim et al., 2010).

4.05 Summary

J The effect of the chemical substitution (Ga3 Ge4/Co2+ Al3+ in place of
some of the Fe3t} on properties of cobalt ferrite was studied. All the
measurements were done over a wide temperature range to ascertain the
performance of these materials across these temperatures. These three
substitutions were chosen to investigate the effect of substituting less
magnetic ions into the A-sites, as opposed to the previously tried
substitutions of manganese and chromium, which substitute into the B-

sites.
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. Gallium ions showed a preference for the A-sites resulting in an increase
in the net moment per formula unit for low amounts of gallium
substitution. The anisotropy decreased with gallium substitution leading
to an increase in the strain derivative. The strain derivative of
CoGao2Fe1804 was twice in comparison to that of pure cobalt ferrite and
its maximum magnetostriction was about the same as that of pure cobalt

ferrite at room temperature.

. Germanium ions showed a strong preference for A-sites resulting in an
increase in the net moment per formula unit for low amounts of
germanium/cobalt substitution. Cobalt substituted in place of iron into
the B-sites. The anisotropy decreased with germanium substitution
leading to an increase in the strain derivative. The strain derivative of
Co1.1Geo.1Fe1804 was twice in comparison to that of pure cobalt ferrite and
its maximum magnetostriction was 25% more than that of pure cobalt

ferrite at room temperature.

. Aluminium ions exhibited no strong preference for any particular site in
the cobalt ferrite lattice. The anisotropy decreased with aluminium
substitution. The strain derivative of CoAlp;Fe180s was more than that of
pure cobalt ferrite at 250 K, however it was lower than that of pure cobalt

ferrite at 350 K.

o Chemical substitution of less magnetic ions into A-sites has been shown to
be a useful method of adjusting the properties of cobalt ferrite. An

understanding of the mechanisms that change the properties of cobalt
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ferrite creates a scope for tailoring the materials to suit specific
applications. An analysis of how different properties are interrelated was
presented based on several compositions of three different substitutions

into cobalt ferrite.

o The net moment per formula unit was observed to be sensitive to the site
preference of the substituted ion. The anisotropy decreased with
increasing amounts of substitution. A decrease in the anisotropy resulted
in higher values of the strain derivative for low amounts of substitution.

This behaviour was observed for all three substitutions.

o Substituting ions with a strong A-site preference can result in the dual
property improvement of an increased maximum magnetostriction and
an increased strain derivative. These improved properties of A-site
substituted cobalt ferrite materials make them candidates for

stress/torque sensor/actuator applications.
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Chapter 5. AC Magnetic Hysteresis of Cobalt

Ferrite

5.01 Introduction

AC magnetic hysteresis loops were measured for pure cobalt ferrite to determine
its suitability in AC applications. One of the important applications of
magnetostrictive materials is in making magnetostrictive actuators working at a
particular frequency. Some of the early research in magnetostrictive materials
was focussed on their usage as sonar actuators at different frequencies
(Claeyssen et al, 1997). It is therefore important to ascertain the change in

properties of magnetostrictive materials at different frequencies.

In the current study an AC B-H loop measurement system was built and the
magnetic hysteresis of pure cobalt ferrite were studied at different frequencies
between 10-100 Hz using a measurement system designed and assembled for
this study. The description of the system and the experiments is given in the
following sections. Due to limited availability of suitable samples, AC magnetic

properties could only be measured for pure cobalt ferrite.

Three parameters were chosen to check the variation of B-H loops of cobalt
ferrite in the linear region of its hysteresis curve: coercivity, differential
permeability, and energy loss inside the hysteresis loop. Little variation in the
magnetic hysteresis parameters would indicate that the usage of these materials

in 10-100 Hz range applications would offer the possibility of choosing any
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operational frequency in this range without much difference in magnetic

performance.

5.02 Specifications of the AC magnetic property

measurement system

The system was designed to provide reproducible standardised results within
the frequency range of 10-100 Hz. Thus it was built with certain features and

specifications in mind. These features and specifications are described below:

5.02.1 Schematic

Amplifier
Sinusoidal
Voltage
Data output
Acquisition
111 and
Transmission Magnetising Solenoid coil
<> Card
LabVIEW software dH Empty pickup coil
interface Va at solenoid axis to
pick up H
vee B-coil wound on a box
with sample inside
Figure 5-1 A schematic of the measurement system used to measure the AC magnetic

hysteresis of pure cobalt ferrite.

Figure 5-1 shows a schematic of the system used to measure the AC magnetic

hysteresis of pure cobalt ferrite.
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5.02.2 Choice of computer interface

It was desired that the system should have an easy to use interface. Therefore, it
was built such that control and measurement instrumentation can be linked to a
computer using the National Instruments LabView interface. LabView provides a
customisable, upgradable, easy to use intuitive graphical user interface front-end
with the ability to perform fast and complex computations with the acquired
data (National Instruments, 2010). LabView also provides the ability to acquire

and send data using the LabView NI data acquisition devices (DAQ devices).

5.02.3  Data Acquisition

The data acquisition and transmission device used for this study was a National
Instruments PCI-6255 DAQ card (Data Acquisition). The card has two 16-bit

differential analog voltage outputs that can relay data at 2.8 MS/s.

It also has 40 differential analog voltage inputs that can acquire data at 1.25

MS/s with 16-bit resolution in the range of £10 V.

The data rate chosen was 5000 samples per cycle to ensure the same number of

samples across all frequencies.

5.02.4  Current to Voltage Amplifier

The data generated by the computer was transferred to the NI LabView DAQ
card described in section below. The DAQ card provided a low power 10V
signal. This signal was fed into a Voltage to Current Amplifier to produce a
current waveform proportional to the input signal. The Voltage to Current

Amplifier used was a Kepco BOP 50-20MG Power Supply (Kepco Inc., 2008). The
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current required to drive fields of 40kA/m using the solenoid was in the range of
12-13 A. This power supply was chosen as it has the ability to supply high
current (Imax = 20 A). It has a voltage to current gain G;=2 A/V. Thus it can be
driven with a voltage signal between 10V, which was ideal as the DAQ card
used also has the same voltage output range. The amplifier had the capability of
being used in both current and voltage supply mode. It was used in the current
supply mode. The input signal was fed between Pin-3 (IOUT_DMM) and PIN-4
(SGND) of the Analog I/0 Port at the rear of the amplifier. The output was fed to

the solenoid.

5.02.5 Experimentalsétup

The magnetic measurement systems can suffer from vibrations due to Lorentz
forces. Thus the system was made such that it avoids vibrations. Exact drawings

are given in Appendix II.

5.02.5.1 Base

A 30cmx30cmx1cm aluminium base was designed to mount the
experimental setup. The depth of the base was chosen to be 1 cm for providing
enough space to affix the experimental setup. The weight of the base reduces the
vibrations in the experimental setup. A schematic of the base is shown in

Figure 5-2.
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Slots for mounting
the solenoid

Slots to affix the
sample holder.

Figure 5-2 The aluminium base on which the experimental setup was mounted.

5.02.5.2 Experimental Setup

The experimental setup is shown in Figure 5-3.

Solenoid: An 80 turn solenoid was wound over a cylinder with a diameter of
60 mm and a length of 120 mm. The solenoid was mounted on the base using the

square ends as are visible in Figure 5-3.

Sample Holder: A sample holder was designed such that it could be affixed to
the base with rigidity and ensured that the sample could be mounted in exactly

the same location every time.

Sample Cage: The sample was placed inside the sample cage, which was at the
centre of the solenoid. The sample was secured inside the sample cage by

securing it tightly using non-magnetic Teflon (PTFE) tape.
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Coil Sample
Cylinder Case
Sample
Holder
Sample
Figure 5-3 The experimental setup for AC magnetic hysteresis measurements. The

magnetic field is generated by the coil wound over the coil cylinder in the X-direction.

5.02.6 Measurement Sensors

5.02.6.1 Magnetic induction (B) measurement
The magnetic induction was measured by measuring the voltage across a 30 turn

secondary coil wound around the sample cage which measures a voltage

dB
proportional to --—. The coil was wound in the Y-Z plane such that it can

measure the induction in the X-direction (same as the applied magnetic field].
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The voltage measured was fed to the DAQ card in differential mode and the data

was then relayed to the LabView software on the computer.

5.02.6.2 Magneticfield (H) measurement

The measurement system was designed to make measurements for the AC
magnetic field excitations of 10-100 Hz frequencies. It was required that the
magnetic field measurements should be synchronised with the magnetic
induction measurements. Since the magnetic induction measurements were
carried out by measuring the voltage across the secondary coil with negligible
delay, it was important to measure H without delay as well. A phase difference
between the H and B measurements can induce significant errors, as is
illustrated in Figure 5-4. A coil wound around an empty cylinder was found to be
ideal for the purpose. Therefore, an 80 turn coil was placed at the axis of the
cylinder at a distance of 3 mm from the sample. H was calculated by integrating

the voltage across this empty coil.

0.3-~™
-60000.0 60000.0
H (A/m)
Figure 5-4 An example of the error introduced in B-H measurement due to phase lag.
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5.03 Measurement of AC B-H characteristics of cobalt ferrite

5.03.1 Sample

A pure cobalt ferrite sample was cut into a cuboid with dimensions of 5.80 mm,

8.90 mm, and 6.85 mm along the X, Y, and Z directions respectively

5.03.2 Experimental conditions

Since high current was pumped through the solenoid in order to produce AC
magnetic fields of amplitude 40 kA/m, the system was prone to heating caused
due to increase in coil temperature. Three constant flow AC powered cooling
fans were used to maintain the temperature within the range of 23-25°C. A
temperature sensor was placed inside the coil mounted on the sample holder at
a distance of 7 mm from the sample to monitor the temperature during the

experiment.

For the purpose of comparison across frequencies, a sinusoidal magnetic field
with a peak magnitude of 40 kA/m was generated for experiments at all

frequencies.

50 loops were measured in a batch and the voltage data were averaged over
these 50 loops. The H calculated from the averaged data was used to calculate
the feedback to achieve a desired H waveform that resulted in a subsequent

batch of 50 B-H loops that met the following conditions:

. Hpeak error < 2%. This condition was imposed to ensure a constant peak of

the H-field stimulus.
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. Total Harmonic Distortion in H < 2%. This condition was imposed to

ensure the sinusoidal nature of the magnetic field.

. 23 °C < Temperature < 28 °C. This condition was imposed to ensure stable

environmental conditions throughout the duration of the experiment.

c
. A <2%, where o, is the standard deviation in coercive field H.

(H.)
measured over 50 cycles and (H._) is the mean coercive field measured

over 50 cycles. This condition was imposed to ensure repeatability of

measurements.

5.04 Results of AC magnetic hysteresis measurements

A pure cobalt ferrite sample was tested at frequencies between 10 Hz and
100 Hz in steps of 10 Hz. The measurements were carried out in the linear
regions of the B-H loop far away from saturation. An example of the B-H loops

measured is given in Figure 5-5.
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-0.10
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-0.20 .

H (kA/m)

Figure 5-5 An example of the B-H curves measured in the linear regions of the cobalt
ferrite's hysteresis loop. Hwas fixed to an amplitude of 40 kA/m. It was observed that B was

also constant at around 0.18 T.

Since cobalt ferrite is a non-conducting ceramic, it does not show any effect of
eddy currents. The differential susceptibility at zero crossings on the B-H loops
(i.e. at B=10) was seen to vary by less than 2% in the 10 - 100 Hz range as can be
observed from Figure 5-6. Jiles had measured the frequency dependence of
hysteresis curves in non-conducting magnetic materials for a zinc ferrite (Philip
Series 3C81 ferrite material) material and the results are in agreement (Jiles,
1993, Phlips Co., 1989). The initial permeability measured did not vary between
10 and 100 Hz, although it reduced significantly as the frequency was increased

beyond 500 Hz.
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Figure 5-6 The frequency dependence of the relative differential permeability at B=0,

averaged over 50 B-H loops.

The coercive field was calculated from the B-H loops measured in the frequency
range of 10 - 100 Hz and it was less than 1600 A/m (20 Oe) for all frequencies in
the range. This means that the material is a candidate for AC magnetic field
applications. Figure 5-7 shows the variation of coercive field with the frequency

of the applied magnetic field.

The energy loss in the B-H loop (area of the loop] was also calculated and its
variation was measured with the frequency. Since the loops were in the linear
region, and the shape of the loop and permeability did not change very much
over the frequency range (see Figure 5-5], the energy loss results correlated with

the coercive field values, as can be seen in Figure 5-8. The trends in energy loss
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and the coercive field are new and need to be studied in detail in future work

along with AC magnetostriction measurements.

20 40 60 80 100
Frequency (Hz)

Figure 5-7 The frequency dependence of the coercive field of cobalt ferrite, averaged

over 50 B-H loons.

600
500
A 400
0 300
200
100

0 20 40 60 80 100
Frequency (Hz)

Figure 5-8 The frequency dependence of the energy loss (area inside B-H loop) for

cobalt ferrite, averaged over 50 B-H loops.
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5.05 Summary

. An AC B-H loop measurement system was built to measure the magnetic
properties of pure cobalt ferrite in the linear region of its B-H

characteristic for frequencies in range of 10 - 100 Hz.

o Both magnetic field and induction were measured using coils to eliminate
the possibility of any phase delay. This ensured that the measurements of

H and B were synchronised.

J It was observed that in order to achieve high magnetic fields with
amplitudes of 40 kA/m, a high current needed to be circulated in the
primary coil. A cooling and temperature monitoring system was added to
the measurement system to keep in check any temperature change

caused by heating of the primary coil.

. The shape of the B-H curve did not change in the 10-100 Hz range.

Keeping H as constant, it was observed that B also remained constant at a

value of 0.17 T.
. The relative differential permeability varied less than 2% in this range.
o The coercivity was less than 1600 A/m in this range. A new trend was

observed for the change in coercivity. Similar trend was observed in the
variation of Energy loss with frequency. It is suggested that this trend be

studied further in future work.

. The non-conducting nature, low coercivity, and small variation in the

sensitivity (dB/dH) make the material useful for AC magnetic field
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environment applications. The lack of variation of magnetic hysteresis
parameters in 10-100 Hz range indicated that cobalt ferrite could be a
material of interest in AC magnetic field applications where the design

demands a flexibility of operational frequency.

. It is suggested that the variation of AC magnetic properties of cobalt
ferrite with chemical substitution be studied as a continuation of the
present work. This work has looked at AC magnetic properties in the
narrow frequency range of 10-100 Hz. It is suggested that future work be

carried out in a larger range of frequencies.
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Chapter 6. Conclusions and Future Work

6.01 Introduction

The effect of the chemical substitution on the magnetic and magnetostrictive
properties of cobalt ferrite was investigated in the present study. Dopants with
A-site preference were chosen and it was aimed to increase both the maximum
magnetostriction and strain derivative. Three different cation substitutions
(Ga3+, Ge**/Co?*, Al3*) were used to replace some of the Fe3* ions in the cobalt
ferrite lattice. The samples tevsted for magnetic and magnetostrictive properties

were:

) CoGaxFe2.x04 with x = 0.0, 0.2, 0.4, 0.6, and 0.8

o Co1+xGexFe2.2x04 with x = 0.0, 0.1, 0.2, 0.4, and 0.6
. CoAlyFez.x04 with x = 0.0, 0.1, 0.2, and 0.5

The following measurements were made:

. Maximum magnetisation (at poH =5T) vs Temperature between 10 -
400K
o Magnetisation loops measured at temperatures between 10 and 400 K in

the magnetic field range uoH=+5T

o Magnetostriction loops measured between 250 and 400K in the field

range puoH = +2 T
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) B-H loops for pure cobalt ferrite in the frequency range of 10 - 100 Hz for

sinusoidal AC magnetic field excitation with a peak magnetic field of

H = +40kA/m

The first order cubic magnetocrystalline anisotropy constant for a randomly
oriented polycrystalline material was calculated by fitting the high field regions
of M-H loops to the Law of Approach to Saturation. The strain derivative and
maximum magnetostriction in the linear region of magnetostriction curves were

calculated from the magnetostriction loops.

6.02 Conclusions

The main conclusions of this study are:

. It was observed that the addition of small amounts (less than 20%
stoichiometric) of ions with lower atomic magnetic moment (Ga3*, Ge**,
AB3*) in place of an ion with a large net atomic magnetic moment (Fe3*)
resulted in higher net magnetic moment per formula unit. This is because
of the cations with lower magnetic moment are replacing iron with higher
magnetic moment in the A-sites which are anti parallel to the moments in

the B-sites.

. Chemical substitution can be used to adjust the properties of cobalt
ferrite. The properties of the resulting substituted cobalt ferrite depend
on site preference of the substituted ion, the size of the ion, the net

magnetic moment contribution of the ion and the exchange interaction.
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Substitution of cations with lower net atomic magnetic moment in place
of iron ions with higher moment caused a reduction in the
magnetocrystalline anisotropy by a reduction in the A-B superexchange
coupling. This was the primary mechanism of reduction in anisotropy for
low amounts of substitution. At higher amounts of substitution (more
than 50% stoichiometry), the splitting of the B-lattice into two sub-
lattices, with moments at acute angles to each other, causes the

anisotropy to reduce even further.

The field induced magnetostriction of cobalt ferrite is dominated by the
contribution from two magnetostriction constants, Aip0 and Ai;11. The
maximum magnetostriction in the linear region of the magnetostriction
curve (Amax linear region) Was observed to be highest for the composition

Co1.1Geo.1Fe180a4.

In general, the strain derivative was observed to increase when a small
amounts of chemical substitution was employed. The decrease in the
anisotropy caused an increase in the strain derivative. The decrease in
strain derivative has huge implications on the power required to
magnetise the magnetostrictive material, as this power reduces as the

square of the strain derivative.

The new substitutions investigated in this study demonstrated better
properties for magnetostrictive sensor and actuator applications than
previous studies on manganese and chromium substitution. The study

highlighted how individual properties can be tailored by substituting ions
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with different site preferences. The strain derivative increase more than
two times for several substitutions along with a 25% increase in
maximum magnetostriction. The strain derivative was higher than that of
manganese and  chromium  substitution for gallium and

germanium/cobalt co-substituted cobalt ferrite.

° AC magnetic hysteresis loops were measured for pure cobalt ferrite in the
linear region of its B-H characteristics. The coercivity of the material
remained below 1600 A/m (20 Oe). The lack of eddy currents meant that
there was little variation in the 10 - 100 Hz range. The coercivity was not
a monotonically increasing function of frequency of the magnetic field,
which is a new trend. The variation of energy loss (area inside the B-H
loop) with frequency was correlated to the coercivity within this range.
The relative differential permeability at B = 0 varied by less than 2% in
the frequency range of 10-100 Hz range. This little variation of the AC
magnetic properties in the 10-100 Hz range makes cobalt ferrite a useful
magnetic material in applications where there is a need for flexibility in

operational frequency without change in magnetic performance.

o The newly substituted cobalt ferrite materials investigated in this study
are chemically stable, mechanically strong, sensitive to field and have a
range of response (Amax,linear region) Which makes them good candidate
materials for magnetostrictive sensor and actuator applications. The
absence of eddy currents and negligible change in magnetic hysteresis
over 10-100 Hz range makes these materials fit for use in applications

with AC magnetic fields.

PhD Thesis:
Naresh Ranvah




Chapter 6: Conclusions and Future Work 190

. This study contributes scientific data and analysis on the properties of A-
site substituted cobalt ferrite, which enables future application designers
to reference this work to choose a material with desirable properties. The
study has also proposed the mechanisms by which different properties of
cobalt ferrite can be changed in order to suit an application. An analysis is
also presented to enhance the understanding of correlation of different

magnetic properties of cobalt ferrite based materials.

6.03 Future work

The following proposed future work leads on naturally from this study and
would contribute signiﬁcanﬂy towards furthering the progress of research in

this area:

. A new study to determine the exact site occupancy data for cations in
substituted cobalt ferrite would be highly desirable. This would validate
the findings of this study and form the basis for a mathematical model
which can calculate the contribution of the site occupancy of cations to
the macroscopic properties of these materials. Neutron diffraction and X-
ray diffraction are suggested as possible routes for determination of exact

site occupancy of the different ions in cobalt ferrite’s lattice.

. There should be a study on the temperature dependence of A100 and A111
and their contribution to the field induced magnetostriction. Single
crystal cobalt ferrite could be used for this study, as it is easier to study

the directional contributions in single crystal materials. This study can
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then be used to predict the temperature dependent magnetostrictive

properties of polycrystalline cobalt ferrite.

. AC magnetic and magnetostrictive properties of substituted cobalt ferrite
should be studied with an eye on the applications of these materials with
AC magnetic field excitation. Further work needs to be done on the
measurement system to include AC magnetostriction measurement
capability. This would enable researchers to validate the usability of this

material in AC stress/torque sensor/actuator applications.

. More chemical substitutions need to be studied to examine the effects of
the presence of different cations in the cobalt ferrite lattice on its
macroscopic properties. Substitution of Sn in place of Fe is suggested as a
promising candidate since the Ge subsitution provided encouraging
results in the present study and both elements occupy adjacent positions
in the same group in the periodic table. The analysis of site occupancy of
Sn would be easier as its Mossbauer signature is distinguishable from that
of iron. It was also observed that the Curie temperature was a linear
function of the dopant concentration. This result could be used to
empirically estimate the Curie temperature of different substitutions at

material design stages.

. It is recommended that prototype stress/torque sensor and actuators be
built using cobalt ferrite based materials and further research in the area

be done with a focus on challenges of developing a reliable device.
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Appendix 1: Magnetic properties of Co; (Ge; ¢Fey504

The properties of cobalt/germanium co-substituted cobalt ferrite were discussed
in Chapter 4. The analysis of the magnetic properties of Co16Ge1sFeosOs is
discussed here. The magnetic properties of this substitution are out of the trend

with the rest of the series of germanium/cobalt co-substituted samples.

Figure A1- 1 shows the variation of the maximum magnetisation of Ge/Co co-
substituted cobalt ferrite with temperature in the range 10 - 400 K. As can be
observed from the figure the sample with x = 0.6 has a characteristic which is
different from the rest of the series of samples. This could be because the sample
has more Ge/Co than Fe and the structure and properties of the sample could be
of a very different nature than the rest of the substituted cobalt ferrite samples

with Fe3* as the majority cation.

Figure A1-2 shows the variation of the first order cubic magnetocrystalline
anisotropy constant with temperature. As can be observed from the figure, the
sample with x=0.6 is out of the trend for rest of the samples. The sample’s
anisotropy at low temperatures (below 150 K) is between samples with x=0.3
and x=0.4. At higher temperatures (above 200 K), the anisotropy constant for the
sample with x=0.6 increases slightly to values above even pure cobalt ferrite. The
reasons for this behaviour were not studied as a part of this study as the
magnetostriction of this material is low and is outside the range which makes
these materials useful for magnetostrictive stress/torque sensor/actuator

applications.
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The variation of the maximum magnetisation of germanium/cobalt co-

substituted cobalt ferrite with temperature. The maximum magnetisation was measured at

an applied field of HoH =5 T. The sample with x=0.6 is out of trend.
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The variation of the first order magnetocrystalline cubic anisotropy constant

Ki of germanium/cobalt co-substituted cobalt ferrite with temperature. The sample with

x=0.6 is out of the trend.
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Drawings for AC Measurement System
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Base2

Figure A2-1 Aluminium base on which the rest of the setup was mounted.
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SolldWorks Educational License
Instructional Use Only

Coil_cylinder2

Figure A2-2 Coil cylinder on which the solenoid was wound.
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Figure A2-3 Sample holder.
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Figure A2-4 Sample cage which was placed at the centre of the sample holder.
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Temperature dependence of magnetic anisotropy of Ga-substituted

cobalt ferrite

N. Ranvah,'? Y. Melikhov," D. C. Jiles," J. E. Snyder,' A. J. Moses,' P. I. Williams," and
S. H. Song?

lWolfson Centre for Magnetics, Cardiff University, Cardiff CF24 3AA, United Kingdom

Materials Science and Engineering Department, Iowa State University, Ames, lowa 50011, USA

(Presented on 6 November 2007; received 5 October 2007; accepted 23 October 2007;
published online 14 February 2008)

The temperature dependence of magnetization, magnetic anisotropy, and coercive field of
gallium-substituted cobalt ferrite was investigated for a series of compositions of CoGa,Fe,_ 0,
(0=<x=0.8). Hysteresis loops were measured for each sample over the range of —5 T<uH
<5 T for selected temperatures between 10 and 400 K. The magnetization at 5 T and low
temperatures was found to increase for the lower Ga contents (x=0.2 and 0.4) compared to pure
CoFe,0,, indicating that at least initially, Ga** substitutes predominantly into the tetrahedral sites of
the spinel structure. The high field regions of these loops were modeled using the law of approach
to saturation, which represents the rotational process, together with an additional linear forced
magnetization term. The first order cubic magnetocrystalline anisotropy coefficient K; was
calculated from curve fitting to these data. It was found that K; decreased with increasing Ga content
at all temperatures. Both anisotropy and coercivity increased substantially as temperature decreased.
Below 150 K, for certain compositions (x=0, 0.2, 0.4), the maximum applied field of uoH=5 T was
less than the anisotropy field and, therefore, insufficient to saturate the magnetization. In these cases,
the use of the law of approach method can lead to calculated values of K| which are lower than the

correct value. © 2008 American Institute of Physics. [DOI: 10.1063/1.2832503]

INTRODUCTION

There has been much interest recently in the properties
of magnetoelastic cobalt ferrite and cobalt ferrite
composites.‘_4 These materials exhibit high levels of magne-
tostriction A and high sensitivity to field d\/dH, which make
them candidate materials for stress and torque sensor, and
actuator applications. Substitution of a cation M for Fe in
CoM,Fe,_,O,4 reduces the Curie temperature and improves
magnetic and magnetoelastic properties in the cases of M
=Mn or Cr.>* To fully control the magnetomechanical re-
sponse of these materials, more needs to be known about
their magnetic properties and their temperature dependences,
especially the magnetic anisotropy. In the present work, the
effect of gallium substitution on the temperature dependence
of magnetization, magnetocrystalline anisotropy, and coer-
civity of CoGa,Fe,_,0, (0=<x=<0.8) was investigated over
the temperature range of 10-400 K.

EXPERIMENT AND RESULTS

A series of gallium-substituted cobalt ferrite samples
was prepared by standard ceramic techniquesl’2 with a final
sintering at a temperature of 1350 °C for 24 h, followed by
furnace cooling to room temperature. Energy dispersive
x-ray spectroscopy (EDS) was used to determine the actual
final compositions of the samples, which were found to be
close to the target compositions. Table I shows the compari-
son of target and actual compositions.

Dependence of technical saturation magnetization on

YElectronic mail: ranvahn @cardiff.ac.uk.

0021-8979/2008/103(7)/07E506/3/$23.00

temperature was measured using a superconducting quantum
interference device (SQUID) magnetometer under an applied
field of 5 T, as shown in Fig. 1. It was observed that mag-
netization monotonically increased as temperature decreased
from 400 to 160 K for all samples. Below 160 K, magneti-
zation increased slowly with decreasing temperature for most
samples but decreased for pure CoFe,0, (from 160 K) and
CoGay ,Fe, 30, (from 100 K). This apparent decrease can be
explained by the presence of high anisotropy fields at low
temperatures for these samples, which prevented complete
saturation of magnetization under the field strengths used.

Symmetric magnetic hysteresis loops were measured
over temperatures ranging from 10 to 400 K using a SQUID
magnetometer, with a maximum applied field of 5 T. An
example of the temperature dependence of the first quadrant
of the hysteresis curves is given in Fig. 2 for CoGag 4Fe; ¢O,.
The coercive fields for each sample at different temperatures
are shown in Fig. 3.

For the calculation of anisotropy, it was assumed that

TABLE 1. Comparison of target and actual compositions in CoGa,Fe,_,O,.

Composition by EDS

Target
composition Co Fe Ga
CoFe,0, 0.95 2.05 -
CoGay,Fe; 304 1.00 1.81 0.19
CoGay 4Fe, 404 1.04 1.55 0.41
CoGaygFe, 40, 0.98 1.33 0.69
CoGaygFe, ,0, 1.04 1.15 0.81

103, 07E506-1

© 2008 American Institute of Physics

Downloaded 31 Mar 2010 to 131.251.142.133. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


mailto:ranvahn@cardifif.ac.uk
http://jap.aip.org/jap/copyright.jsp

07E506-2 Ranvah et al
CoGaxFe2x0 4
g} - uH =5T
%
500
i g
c> E 400 ——————— D e -
1 S . x=0.0
300
x=0.2
.22 S 200 * x=0.4
3 x=0.6 %
é()) 100 ¢ x=0.8
0 100 200 300 400

Temperature (K)

FIG. 1. Temperature dependence of magnetization of Ga-substituted cobalt
ferrite at an applied field of 5 T.

after the closing of the hysteresis loops, all the irreversible
processes were finished. The high field regions represent the
processes of rotation against anisotropy and at the higher
temperatures, forced magnetization. According to the law of
approach (LA) to saturation,5 the effect of these processes on
magnetization, for H * H C, can be modeled by the equation
8 Ki 1
M=MS 1- + KH, 1)
105 fJ%M2 H 2

where M is magnetization, M s is saturation magnetization,
K x is first order cubic anisotropy coefficient, H is magnetic
field, and « is the forced magnetization coefficient represent-
ing the linear increase in spontaneous magnetization at high
applied field values. The constant 8/105 applies to first order
cubic anisotropy of random polycrystalline samples.

The data from high field regimes were fitted to Eq. (1).
To extract the most appropriate values of Ms, and «, only
data at applied fields above 1 T were used to fit to the LA for
temperatures above 150 K. For temperatures below 150 K,
only data at applied fields higher than 2.5 T were fitted to the
LA. The values of anisotropy coefficient K x computed using
this procedure are shown in Fig. 4. For low Ga content (jc
=0,0.2,0.4) and low temperatures (7= 100, 50, and 10 K), it
was observed that the value of kappa, calculated directly
from the fits, increased with decreasing temperature, which is

150 K
200 K
250 K
300 K
350K
400 K

01 02 03 04 0!
noH (Tesla)

FIG. 2. First quadrant of hysteresis loops for CoGao4Fel60 4. The inset
shows the low field regions of hysteresis loops used to calculate coercivity.

J. Appl. Phys. 103, 07E506 (2008)

— CoFe2 4
CoGa. .Fe O
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FIG. 3. Temperature dependence of coercive fields for CoGaldFez_sb 4 .

an artefact. In these cases, the estimated anisotropy fields
were greater than the maximum applied field, thus indicating
that anisotropy dominated over forced magnetization (see
Conclusion and Refs. 3 and 4). Forced magnetization was
assumed to be negligible at these temperatures and the ex-
perimental data were refitted to the LA with /c=0 for these
points so that M s and K x were the only fitting parameters for
these calculations. These points are connected with a dotted
line in Fig. 4. The values of M s obtained by fitting the ex-
perimental data to Eq. (1) were in agreement with the mag-
netization measured at an applied field of 5 T, except for the
samples with x”* 0.2 for temperatures below 150 K. In these
cases, the values obtained from the calculations were slightly
above the measured values, which is consistent with the idea
that the anisotropy field is greater than the maximum applied
field.

DISCUSSION

Starting from 400 K, the anisotropy coefficient K x is ob-
served to increase with decreasing temperature for all com-
positions, with the region of steepest increase coming at pro-
gressively lower temperatures for increasing Ga content until
x=0.6, then the x=0.8 sample was essentially the same as the
x=0.6 sample. However, for the low Ga contents (x=0, 0.2,
or 0.4) and lower temperatures, K x calculated from the LA
fits was observed to peak and decrease or level off. This

400
Temperature (K)

FIG. 4. Temperature dependence of cubic anisotropy constant Kx calculated
by fitting experimental data to LA, for CoGaxFe2 x0 4. Experimental data
(Ref. 8) marked as CoFejCXj—S and theoretically calculated data (Ref. 9)
marked as CoFe20 4—T are presented for comparison.
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apparent decrease was because the anisotropy fields of these
samples reach such high levels at low temperatures that the
applied fields of up to ugH=5 T (maximum available) were
unable to saturate the magnetization.

Estimation of the anisotropy fields for these samples
supports this idea. For a cubic crystal with the (100) easy
directions such as cobalt ferrite, Hx=2K,/ uoM,.° The aniso-
tropy field for pure cobalt ferrite at 150 K was estimated to
be 4.8 T, and it should increase further at lower tempera-
tures. Similarly, the estimated anisotropy field for the speci-
men with x=0.2 at 100 K was 5.16 T. These ideas are also
supported by the magnetization data for low Ga contents and
low temperatures. For example, for pure cobalt ferrite
(x=0), magnetization has a maximum at 160 K for pure co-
balt ferrite and for the gallium-substituted sample with x
=0.2, magnetization has a maximum at 100 K (see Fig. 1).
Therefore, the anisotropy prevents a complete approach to
saturation in these cases and, hence, the values of K, calcu-
lated from fitting the experimental data to the LA equation
are unreliable.

The LA gives the absolute value of the cubic anisotropy
coefficient K;. To second order, the numerical expression is
the same for cubic anisotropy with the (100) and (111) easy
axes. Pure cobalt ferrite has been reported to have the (100)
easy axis directions, with K; values that are positive and
range from 2.1 X 10° to 3.9 10° J/m? at 300 K, with varia-
tion caused by heat treatment and stoichiometry of the
material.” The value of K , for pure cobalt ferrite at 300 K, in
the present study, is 2.66 X 10° J/m?3. This is consistent with
the results of Shenker,® who measured anisotropy for single-
crystal pure cobalt ferrite and also with the theoretical work
of Tachiki for pure cobalt ferrite’ (see Fig. 4).

Despite the fact that the S T applied field cannot entirely
saturate the lower Ga-content samples at the lower tempera-
tures, magnetization at 10 K is clearly observed to increase
for the x=0.2 and x=0.4 samples compared to pure CoFe,0,
(see Fig. 1). This indicates that initially, at least, the Ga>*
ions substitute into the tetrahedral sites in the inverse spinel
structure. Ga>* has ten 3d electrons and, thus, no magnetic
moment. The net moment of ferrimagnetic spinels is deter-
mined by the difference of the octahedral moments Mg mi-
nus the tetrahedral moments M4. Thus, the only way that
substituting nonmagnetic ions can make the magnetization
increase, is if they substitute onto the tetrahedral sites. It is
not clear why the low temperature magnetization decreases
for the higher Ga contents (x=0.6 and 0.8). It could be due to
the additional Ga substituting into the octahedral sites for
these compositions, or to noncollinear spin arrangements
brought on by the decreased tetrahedral-octahedral exchange
coupling. This will require further investigation.

The assertion that for low concentrations, Ga®* ions oc-
cupy tetrahedral sites, is further supported by recent Moss-
bauer spectroscopy data, which indicate that Ga** ions ap-
pear to favor the tetrahedral sites in CoGaxFez_XQ;.10 Mn3*
and Cr?*, on the other hand, substitute into the octahedral
sites and displace some of the Co?* onto the tetrahedral
sites.!™1? According to the one-ion anisotropy model, the
high anisotropy of cobalt ferrite is primarily due to the pres-
ence of Co?* ions on the octahedral sites of the spinel struc-

J. Appl. Phys. 103, 07E506 (2008)

ture (see, for example, Ref. 5). For low concentrations of
Ga®* (x=0.2 and 0.4), although Ga*" ions go into tetrahedral
sites, they still reduce the anisotropy. This is thought to be
due to the reduction of the tetrahedral-octahedral exchange
coupling. For the samples x=0.6 and 0.8, however, the K,
reduction could be caused by either of two mechanisms. An-
isotropy could either decrease due to the additional Ga sub-
stituting into the octahedral sites for these compositions {(and
displacing Co?* ions to tetrahedral sites), or due to further
decrease of the tetrahedral-octahedral exchange coupling,
which brings on noncollinear spin arrangements.

CONCLUSION

The effect of Ga substitution on the temperature depen-
dence of the magnetic anisotropy, magnetization, and coer-
civity of polycrystalline cobalt ferrite CoGa,Fe, 0, (0<x
=0.8) was investigated over the temperature range of
10—-400 K. The first order cubic anisotropy coefficient K,
was estimated by fitting the high field region of the hyster-
esis loops to the law of approach to saturation. It was found
that anisotropy of all Ga-substituted cobalt ferrite samples
increased with decreasing temperature. It was also found that
the anisotropy of gallium-substituted cobalt ferrite decreased
with increasing gallium content at all temperatures. It was
observed that the magnetization at 10 K increased for lower
Ga contents (x=0.2 and 0.4) compared to pure cobalt ferrite.
The results indicate that Ga ions preferentially substitute into
the tetrahedral sites. It was concluded that the anisotropy of
CoGa,Fe,_,0, for low Ga content (x=0, 0.2, and 0.4) was so
high at low temperatures that it prevented complete approach
to saturation, similar to what had been observed with Mn or
Cr substitution.** Thus, it is not possible to reliably calculate
the values of K, at these low temperatures using the law of
approach method.
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Temperature Dependence of Magnetostriction of Co;.,GezFea 2,04 for
Magnetostrictive Sensor and Actuator Applications
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The temperature dependence of the magnetoelastic properties of a series of germanium/cobalt co-substituted cobalt ferrite samples
has been measured. Magnetostriction loops of the compositions Co;.Ge,Fez_2,04 (z = 0.1, 0.3, and 0.6) were measured over
a temperature range of 250-400 K. Germanium/cobalt co-substitution was found to change the Curie temperature, anisotropy, and
the magnetostriction coefficients in the crystal directions of [100] and [111]. Both magnetostriction and strain sensitivity were seen to
decrease in magnitude with increasing temperature. Co, ; Geg ; Fe; s O4 was found to have a maximum sensitivity (d\/dH ), of 2.6 x
10~° A—!.m, which is twice the value obtained for pure cobalt ferrite, without any decrease in maximum magnetostriction in the linear

region.

Index Terms—Cobalt ferrite, germanium substitution, magnetostriction, stress sensor.

I. INTRODUCTION

OBALT ferrite based materials have generated consider-
Cable interest for applications in magnetostrictive torque
and stress sensor and actuator applications [1]-[4]. Magnetoe-
lastic stress sensors work on the principle that basic magnetic
properties such as permeability and magnetization are altered
in the presence 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 represented as an equivalent field H, although the
analogy with magnetic field 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 magnetoelastic material [1].

An ideal non-contact magnetoelastic sensor material will
have a high sensitivity of magnetic flux density to applied stress
(dB/do) g (where B is the magnetic flux density and o is the
stress, A is the magnetostrictive strain, and H is the magnetic
field) and negligible hysteresis. The relationship between strain
derivative and the sensitivity of magnetization to applied stress
can be expressed as [5]

( dA ) (dB)
) =p|—
dH J do / 4
where g is the permeability of free space. Thus, a high strain
derivative is indicative of promising characteristics for both a
magnetoelastic sensor and an actuator material.

Giant magnetostrictive materials such as Terfenol have high
magnetostriction coefficients, but not a very high sensitivity of
magnetic flux density to stress for a stress sensor material [1].

Cobalt ferrite-based materials have a high sensitivity of mag-
netization to applied stress and an excellent chemical stability,

(1)
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which indicate their potential for non-contact magnetostrictive
sensor and actuator applications [1], [6], [7]. The niche area of
application of these materials is in situations with low strain
requiring high sensitivity [1]. Chemical substitutions have
been used to selectively tailor the properties of these mate-
rials. Substitution for Fe*¥-cations with trivalent M3+ -cations
(M = Mn, Cr, and Ga), to obtain CoM,Fe;_, O, produces
lower Curie temperature and improved magnetic and mag-
netoelastic properties [3], [4], [8]. Cobalt ferrite has a cubic
spinel-type structure in which the O2~ ions form an fcc-like
lattice. The Co?* and Fe3' ions occupy either of the two
interstitial sites—tetrahedral (A sites) or octahedral (B sites).
Magnetic and magnetoelastic properties of cobalt ferrite-based
materials depend on the exchange interactions, which in turn
depends on the cation distribution in the lattice. The cobalt ions
in cobalt ferrite have a preference for the octahedral (B) sites
and the actual distribution depends on how close to equilibrium
these distributions get, and that in turn depends on the thermal
treatment during processing [9]. In the present work, the effect
of germanium/cobalt-substitution on the temperature depen-
dence of the magnetoelastic properties of Coy4.Ge,Fea_2,04
has been studied over a temperature range of 250400 K for
z = 0.1,0.3, and 0.6. The substitution of a tetravalent Ge** -ion
and divalent Co2™ -ion for two trivalent Fe3* ions was expected
to produce a cation distribution that is different from that of
previously tested trivalent substitutions and hence the material
was expected to exhibit different properties from those of the
previous materials.

II. SAMPLE PREPARATION

A series of polycrystalline Ge/Co-substituted cobalt ferrite
samples, Coy4,GeyFez_2,04, was prepared by standard
powder ceramic techniques using a final sintering at a temper-
ature of 1623 K for 24 hours, followed by furnace cooling to
room temperature [1], {2]. Energy dispersive x-ray spectroscopy
(EDS/EDX) was used to determine the actual chemical compo-
sitions, which were found to be close to the target compositions
(see Table I) [10].

0018-9464/$25.00 © 2008 IEEE
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TABLE I
COMPOSITION OF Co, 4 .Ge;Fe;_ .04 DETERMINED BY EDS [10]

Target compositions | Composition by EDS

Fe Co Ge
Col.1Ge0.1Fel.804 | 1.77 | 1.11 0.12
Col1.3Ge0.3Fel.404 | 1.29 | 1.33 | 0.38
Co01.6Ge0.6Fe0.804 | 0.70 | 1.63 | 0.67
co1 éxGex Fe2-2x04
T~ x=0.6
g" 0
:“'é - -50
& © _100-
§ * x=0.3
fé :-150-
g 200 x=0.0 x=0.1
< ]
-250-. [——-300 K
-2000-1500-1000 -500 O 500 1000 1500 2000
-1
Ham“ed (kA.m™)

Fig. 1. Field induced magnetostriction of Co;4.Ge,Fe,_,,0, (¢ = 0.0
from [2]) at 300 K.

III. EXPERIMENTAL DETAILS

The Curie temperatures were determined by vibrating sample
magnetometry and they were found to decrease with increasing
Ge-content. Curie temperatures of samples with Ge-content of
z = 0.1, 0.3, 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 €2 strain gauges and M-Bond 610 strain gauge adhesive
from Vishay Micromeasurements were used; both function over
the entire temperature range of the experiment. Magnetostric-
tion loops (A — H) were measured over a field range of —2 T <
toH < 2 T 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 shows the
variation of the sensitivity parameter dA/dH 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, A1gp and A111, along the two
crystal directions of [100] and [111] respectively. At 300 K, it
is known that A00 < 0, A111 > 0, and |)\100| > (3/2)|/\111| in
pure cobalt ferrite. Furthermore, the first order cubic anisotropy
constant K; for pure cobalt ferrite is positive at all tempera-
tures, making [100] the easy-direction. At low field values, the
field-induced strain A(H) has a large negative slope due to a
dominant contribution from Aigg. After the alignment of do-
main magnetizations with the local easy axes, a further increase

IEEE TRANSACTIONS ON MAGNETICS, VOL. 44, NO. 11, NOVEMBER 2008

Co,

1+x

Ge, Fe, 0,

x=0.0
x=0.1

d/dH (x10° A™.m)

300 K

500

-250 0
H pplied (kAm™)

-3 ¥
-500 250

Fig. 2. Strain derivative (dA\/dH) of Co14+.Ge.Fe; 5,04 (r = 0.0 from
[2]) at 300 K.

in field causes A(H) to increase slowly with a positive slope be-
cause of the contribution from A;1; as some magnetization vec-
tors are forced away from the easy axes towards the hard axes
in order to align with the magnetic field. These variations and
the contributions of the two magnetostriction coefficients to the
shape of the field-induced magnetostriction curve of pure cobalt
ferrite under different conditions have been discussed by others
[L1].

The three shapes found in the magnetostriction curves of
germanium/cobalt substituted cobalt ferrite are due to the
changes in K7, Ajg0 and A;1; with temperature and compo-
sition. Shape-A was obtained when the contribution of Ajgo
to strain increased faster with increasing field than the A;q;
contribution, at low fields. This initial high negative slope
continued until complete alignment of domains with the easy
[100] axes. An increase in field beyond this point results in Ay11
making a contribution to the positive slope of A(H) at these
fields. The positive slope at high fields is much less than the
negative slope at low fields. Shape-A was observed for samples
with Ge-content of x = 0.1 at all observed temperatures, and
for z = 0.3 at 250 and 300 K.

Shape-B was observed when the contribution of A1gp to A(H)
was dominant at all fields. At high field values, the contribution
of A111 was either negligible or small and negative. Shape-B
was observed for samples with Ge-content of z = 0.3 at 350
and 400 K.

Shape-C is an inverted form of Shape-B. Such characteristic
shape of A(H) curve can be obtained when either the contri-
bution of Ajgg to the field induced magnetostriction becomes
negligible, or when Ajgp or K; switches sign. Shape C was ob-
served for Co; ¢Geg.6Feg 304 over the entire temperature range
of the experiment.

B. Strain Amplitude and Strain Derivative

The field-induced magnetostrictive strain amplitude
Amax, linears fOr the initial high-sensitivity “linear” region
of the A(H) characteristic, was determined. For Shape-A, the
maximum of A(H) at the end of the linear region was chosen as
the value of Apax linear. For Shape-B and C, the end of “linear”
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Fig. 3. (a) Classification of different shapes of magnetostriction A — H curves. (b) Corresponding d\/dH — H curves. Field induced magnetostrictive strain
amplitude is marked with filled dots onto both the curves. For Shape-B and Shape-C, the value of magnetostrictive strain amplitude was chosen as the point where
the value of dA/dH is 10% of the (dA/dH ).nax for that sample. Such points have been marked with filled dots on curves corresponding for Shape-B and Shape-C.
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Fig. 4. Solid lines and solid symbols show the field induced magnetostrictive
stain amplitude Ay ax jinear- Dotted lines and hollow symbols show ampli-
tude of field-induced strain derivative (dA/dH)...x. Note that the sample
with Ge-content of + = 0.6 had a positive magnetostriction, whereas all
other samples had negative magnetostriction. For pure cobalt ferrite. the
value of Amax . tinear 18 —225 X 10~% and the value of (dA/dH)max. is
-13 x107° A~'.m [1].

region was chosen as the point where (dA/dH) has decreased
to 10% of (dA/dH ).« [see Fig. 3(a) and (b)]. Fig. 4 shows the
temperature dependence Of Amax linear and (dA/dH)max for
the various measured compositions. Please note that the sign of
magnetostriction is also shown in the figure.

| Amax,linear| decreased for all samples with temperature in-
creasing towards the Curie temperature T¢. |d\/dH|max, also
followed the same trend with temperature. At room tempera-
ture, for the Co; 1 Geg ;1 Fe; 04 sample, the value of Apax tinear
is —241 x 1078, which is 7% higher than for pure cobalt fer-
rite (—225 x 107%). Also the value of (dA/dH)max for the
sample with Ge-content of z = 0.1 was 102% higher (—2.6 X
1079 A~lm vs. —1.3 x 10~° A~1.m) than the value for pure
cobalt ferrite [1]. Thus the sample with Ge-content of z = 0.1
achieved a value of A4 linear COmMparable to that of pure cobalt

ferrite at less than half (27%) of the field needed by pure cobalt
ferrite to achieve its maximum magnetostriction. In design of a
sensor, this would translate to 93% less power consumption in
comparison to pure cobalt ferrite.

In comparison to results of previous studies, the amplitude
of strain derivative (d\/dH)max of Co1.1Geg 1Fe; 504 is
comparable to that of CoMng oFe; gO4 and CoCrg oFeq 504
and less than that of CoGagasFe; 304 ((dA/dH)pax =
—3.2 x 107° A~1.m) (8], [12]. However, its amplitude
of field induced magnetostriction Amax linear 1S more than
that of CoGag2Fe1 504 (Amaxlinear = —192 x 1078),
CoCrpoFe; 80y (/\max,linear = —78 x 10—6), and
COMnO.QFel.SO4 (Ama.x,liuear = —184 x 10—6) [8]’ [13]

C. Effect of Anisotropy

The field induced strain derivative is an important charac-
teristic of a magnetoelastic sensor/actuator material and it has
been suggested that the strain derivative of a material depends
on both magnetostriction and magnetic anisotropy. Anisotropy
can be considered as the spring constant against which the field
is producing a strain in the material [14]. The high sensitivity
region of magnetostriction characteristics is obtained as a re-
sult of the domain magnetization processes caused by applied
field or stress. These processes occur more readily in a mate-
rial with a lower anisotropy. A lower polycrystalline magnetic
anisotropy therefore should result in a higher sensitivity of strain
to applied field. Previously, it was found that the randomly ori-
ented magnetocrystalline anisotropy for polycrystalline mate-
rials reduces with increasing substitution of M = Cr, Mn, and
Ga for Fe [3], [4], [15]. The anisotropy in cubic spinel mate-
rials, which is dependent on the exchange interaction, can be
reduced due to the weakening of A — B exchange interaction
on substitution of other cations for Fe [13]. It is probable that
such a process is responsible for the high strain derivatives ob-
served in chemically substituted cobalt ferrite-based materials.
Ge tends to have tetrahedral coordination in solid structures due
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to its four unpaired electrons, and tendency towards sp® hy-
bridization. Indeed, Ge**-ion has shown a preference for the
tetrahedral A-sites in copper ferrite [16]. Thus, it is possible that
the Ge*T ions introduced into the cobalt ferrite crystal displace
Co®" ions into the B-sites along with the additionally substi-
tuted cobalt ions. Magnetostriction of cobalt ferrite is enhanced
by the presence of cobalt in B-sites. Thus, the Ge/Co-substitu-
tion into cobalt ferrite works towards increasing both magne-
tostriction and sensitivity of strain to the field.

V. CONCLUSION

Temperature dependences of magnetoelastic proper-
ties of polycrystalline Ge/Co-substituted cobalt ferrite,
Co14:Ge Fea_2,04 with (zx = 0.1, 0.3, and 0.6), were
measured over a temperature range of 250400 K. It was
found that the contributions of the two magnetostriction
coefficients, Ajgo and Ajpp, to field-induced strain A(H)
changed with chemical composition and temperature. The
field-induced strain amplitude Amax linear and strain derivative
(dA/dH)max were observed to decrease in magnitude with
increasing temperature. These two parameters were also seen
to decrease at all temperatures as Ge-content increased from
z = 0.1 to z = 0.6. However, Apax linear for = 0.1 was
7% greater than for pure cobalt ferrite, and (d\/dH) ., for
x = 0.1 was —2.6 x 1072 A~1.m, which is double that of
pure cobalt ferrite under the same conditions. This represents
a significant improvement given that the Curie temperature of
Co01.1Gep 1Fe; 804 is also about 65°C less than that of pure
cobalt ferrite indicating the likelihood of less magnetomechan-
ical hysteresis for sensor applications at room temperature. The
higher strain derivative of Co;.1Geg 1Fe; 3O4 also ensures
lower power consumption in a sensor or actuator device. The
understanding of effect of chemical substitution on tempera-
ture dependence of magnetoelastic properties of novel Ge/Co
co-substituted cobalt ferrite has therefore provided an increased
understanding of the potential of cobalt ferrite based materials
for sensor and actuator applications over a range of temperature.
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Temperature dependence of magnetic anisotropy of germanium/cobalt

cosubstituted cobalt ferrite
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The variations in magnetization and magnetic anisotropy of Ge**/Co?* cosubstituted cobalt ferrite
with temperature were investigated for a series of compositions Co,,,Ge Fe, ,,0, (0=x=0.4). The
magnetization at 5 T and low temperature were observed to increase for all Ge/Co cosubstituted
samples compared to pure CoFe,0,. Hysteresis loops were measured for each sample over the
magnetic field range of —5 T to +5 T for temperatures in the range of 10-400 K. The high field
regions of these loops were modeled using Law of Approach to saturation, which represents the
rotational and forced magnetization processes. The first order cubic magnetocrystalline anisotropy
coefficient K| was calculated from these fits. K; decreased with increasing Ge content at all
temperatures. Anisotropy increased substantially as temperature decreased. Below 150 K, for certain
compositions (x=0, 0.1, 0.2, and 0.3), the maximum applied field of uoH=5 T was less than the
anisotropy field and therefore insufficient to saturate the magnetization. In these cases, the use of the
Law of Approach model can give values of K| that are lower than the correct values and this method
cannot be used to estimate anisotropy accurately under these conditions. © 2009 American Institute

of Physics. [DOI: 10.1063/1.3077201]

I. INTRODUCTION

There has been a recent interest in cobalt ferrite based
materials because of their high magnetostrictive strain ampli-
tude, high magnetostrictive strain derivative (rate of change
in magnetostrictive strain with applied field), and low hys-
teresis, which makes them a candidate material for high per-
formance stress/torque sensor and actuator applications.l_6
Chemical substitution can enhance the properties of cobalt
ferrite by altering the cation distribution in the cubic spinel
structure, therefore, influencing the magnetoelastic properties
of these materials. Previous studies have shown that the sub-
stitution of M** (Mn3*, Cr**, and Ga**)>*’ in place of some
of Fe>* reduces the hysteresis and increases the strain deriva-
tive of cobalt ferrite for certain compositions with, however,
a decline or no improvement in the magnitude of magneto-
strictive strain amplitude. The change in magnetoelastic
properties of these materials can be explained in terms of the
change in important magnetic properties such as the magne-
tization characteristics and magnetocrystalline anisotropy.

In the present study, we have investigated a new cosub-
stitution of Ge**/Co?* in place of some of Fe** in cobalt
ferrite. The high tetrahedral site preference of Ge** in the
cubic spinel lattice of cobalt ferrite and the additional substi-
tution of Co?* produced a more favorable change in proper-
ties in comparison to previously tried substitutions.

Il. EXPERIMENT AND RESULTS

A series of randomly oriented polycrystalline Ge**/Co®*
cosubstituted cobalt ferrite samples with general composition

“Electronic mail: ranvahn @cf.ac.uk.

0021-8979/2009/105(7)/07A518/3/$25.00

of Coy,,Ge,Fe,_,,04 was made by standard powder ceramic
techniques with a final sintering at 1350 °C for 24 h, fol-
lowed by furnace cooling to room ternperature.l'3 The target
compositions had a germanium content of x=0, 0.1, 0.2, 0.3,
and 0.4. The actual compositions were determined using en-
ergy dispersive x-ray spectroscopy (EDS) in a scanning elec-
tron microscope (SEM) and were found to be close to the
target compositions, as shown in Table 1. The Curie tempera-
tures of Ge/Co cosubstituted cobalt ferrite have been found
to decrease with increasing x®

The variation in technical saturation of magnetization
with temperature was measured using a superconducting
quantum interference device (SQUID) magnetometer at an
applied field of uoH=5 T. As can be seen in Fig. 1, the
magnetization increased monotonically with decreasing tem-
perature over the range of 400-160 K for all samples. The
apparent saturation magnetization decreased for CoFe,O, be-
low 160 K, for Co, Ge Fe; 304 below 128 K, and for
Co, ,Geg,Fe, ¢O, below 78 K. For all other samples, satura-
tion magnetization was observed to increase with decreasing
temperature throughout the entire temperature range.

TABLE I. Comparison of target and actual compositions in CoGe,Fe,_,,O,.

Composition by EDS

Target compositions Fe Co Ge
CoFe,0y 2.05 0.95 e
Co, 1Gey Fe; 304 1.77 1.11 0.12
Co,; ,GeyFe; 604 1.57 1.21 0.22
Co, 3Gey 3Fe; 40, 1.29 1.33 0.38
Co, 4Geg 4Fe; ;0,4 1.10 1.43 0.47

105, 07A518-1
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FIG. 1. The variation in technical saturation magnetization with

temperature.

Symmetric magnetic hysteresis loops were measured
with a SQUID magnetometer for temperatures 10, 50, 100,
150, 200, 250, 300, 350, and 400 K using a maximum ap-
plied field of #/"H=5 T.

For calculation of anisotropy, the high field regions of
the M-H loops were fitted to the Law of Approach to
saturation.9 The underlying assumption is that this high field
regime represents the processes of reversible rotation of
magnetization against anisotropy and forced magnetization.
According to the Law of Approach, the high field regions
(//"™>1/coercivity) of M -H loops can be described by

1

105 PoM 8 H 2

M=M, 1. + KH, (1)
where M is the magnetization, M s is the saturation magneti-
zation, H is the applied field, « is the forced magnetization
coefficient that describes the linear increase in spontaneous
magnetization at high fields, and K x is the first order cubic
anisotropy coefficient. The constant 8/105 is specific to cubic
anisotropy of randomly oriented polycrystalline materials. At
temperatures above 150 K, data from the field region pqH
A1 T were fitted to Eq. (1) to determine the values of pa-
rameters Ms, K x, and x. At temperatures below 150 K, the
field range for fitting was restricted to p*H *2 T, and, in
some cases, the forced magnetization term was set to zero,
i.e., ac=0, with M's and K x being the only fitting parameters
(see discussion below).

III. DISCUSSION

The analysis of temperature dependence of cubic aniso-
tropy of germanium/cobalt cosubstituted cobalt ferrite can be
divided into two temperature zones, above and below 150 K.
Above 150 K, the maximum applied field is sufficiently large
compared to the anisotropy field so as to give good approach
to saturation and good fits. The anisotropy of all samples was
observed to increase as the temperature decreased. This is so
because during cooling, as we move further away from the
Curie temperature of these samples, the ratio of exchange
interaction to thermal energy increases, which contributes to
the increase in anisotropy. As the temperature was reduced
from 400 K, the cubic anisotropy for every sample increased
slowly at first and steeply below a certain temperature. As
can be seen in Fig. 2, the region of steep increase in K x

J. Appl. Phys. 105, 07A518 (2009)

R
X=0.1
x=0.2
x=0.3
x=0.4
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FIG. 2. Temperature dependence of cubic anisotropy coefficient Kx calcu-
lated by fitting the experimental data to Law of Approach for
Coi+xGe"Fez2_lto 4 . Experimental data (Ref. 11) marked as Shenker experi-
ment and theoretically calculated data (Ref. 12) marked as Tachiki theory
are presented for comparison.

moved to lower temperatures as the Ge/Co ratio increased
from Jc=0.0 to x=0.4. It is possible that this effect is corre-
lated with the decrease in Curie temperature of Ge/Co cosub-
stituted cobalt ferrite with increasing germanium/cobalt ratio.

Below 150 K, the first order magnetocrystalline cubic
anisotropy coefficient K x appears to decrease with decreasing
temperature for CoFe20 4 below 150 K, for C011Ge0.iFe1804
below 100 K, and for Co!”"Geo"Fej604 and
Co!3GeQ3Fel4) 4 below 50 K. This apparent decrease can be
explained by the presence of anisotropy fields higher than the
applied field of poH=5 T. This high anisotropy prevents the
rotation against it, therefore, causing the apparent saturation
magnetization to decrease for CoFe20 4 below 160 K, for
Co! jGeojFej 80 4 below 128 K, and for Co012Ge02Fe1604
below 78 K, and preventing from complete saturation being
reached in these cases (see Fig. 1). The estimated value of
anisotropy field Hk=2KxI(poM) (Ref. 10) for pure cobalt
ferrite at 150 K is 4.8 T and is expected to rise above the
maximum applied field of 5 T at temperatures below 150 K.
Therefore, in these cases, the anisotropy coefficient could not
be calculated accurately by fitting the data available to the
Law of Approach even using special adjustment procedures.6
As anisotropy field increased significantly close to 150 K,
the region of hysteresis loop where rotation of magnetization
against anisotropy takes place shifts to higher field values;
therefore, the field range for fitting was restricted to roH
~2 T. Additionally, the force magnetization coefficient was
set to zero, i.e., k=0, as in the presence of such high aniso-
tropy fields, the maximum applied field of p 0H=5 T was
not sufficient to cause forced magnetization, but rather is still
rotating magnetization against the high anisotropy field. De-
spite these adjustment procedures the values of anisotropy
coefficient K x, calculated with ac=0, are suspect and are con-
nected with dotted lines in Fig. 2. The results from
Shenker,11 who determined cubic anisotropy of CoFe20 4 us-
ing single crystals and torque measurements near their easy
axes, support our hypothesis of high anisotropy fields. Addi-
tionally, the room temperature value of K x for CoFe20 4 we
determined (Kx=2.66X105 Jm'3) is consistent with the
theoretical predictions made by Tachiki.2

As can be seen from Fig. 1, the sample with Ge concen-
tration of jc=0.1 has higher technical saturation magnetiza-
tion than pure cobalt ferrite at room temperature. Further-
more, the extrapolated 0 K saturation magnetization M (0 K)
appears to increase initially as we substitute Ge/Co into co-
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balt ferrite (for x=0.1, 0.2, and 0.3) and then it reduces with
high concentration of Ge (x=0.4). This indicates that at least
initially, the Ge** ions substitute predominantly into the tet-
rahedral sites in the inverse spinel structure. This increase in
M(0 K) can be understood by considering the structure of
the ferrimagnetic cubic spinels and the fact that at least ini-
tially the Ge** ions substitute predominantly into the tetrahe-
dral sites in the inverse spinel structure. In a spinel structure,
there are twice as many octahedral sites as tetrahedral sites,
and the moments on the octahedral sites and tetrahedral sites
couple antiparallel. Thus the net moment is M — M. Pure
cobalt ferrite is an inverse spinel, meaning that Co?* has an
energetic preference for the octahedral sites; however, it
tends not to be 100% inverse, meaning that some smaller
amount of Co does reside on the tetrahedral sites. Ge**, on
the other hand, is expected to have a natural preference for
the tetrahedral sites due to its tetravalence and tendency to-
ward sp® hybridization." So although in Ge**/Co?* cosub-
stitution for Fe** much of the Co?* might be substituting into
the octahedral sites and decreasing M by a little, most of
the Ge** indeed appears to be substituting into the tetrahedral
sites, decreasing M., by much more (since Ge**'has no mag-
netic moment). Thus the net moment goes up. For high con-
tent of Ge (x=0.4), M(0 K) appears to decrease again. This
could be due to either some of the additional Ge** substitut-
ing into the octahedral sites or due to decrease in the
tetrahedral-octahedral exchange coupling to the point that a
noncollinear spin arrangement occurs.

The substitution of Ge** reduces the exchange coupling
between the octahedral and tetrahedral sites, as can be seen
from the steep decrease in Curie temperature with Ge
content.® It is probable that this reduction in exchange cou-
pling is responsible for the reduction in the magnitude of
magnetic anisotropy, despite the fact that upon Ge/Co cosub-
stitution, the amount of Co in the octahedral sites most likely
increases. The crystalline anisotropy in cobalt ferrite acts like
the spring constant against which applied field is acting
while producing magnetostriction. Thus, with reduction in
anisotropy, the strain derivative (i.e., rate of change in mag-
netostrictive strain with applied field) increases.'” This has
been indeed observed in the case of Ge/Co cosubstitution.®

As opposed to all our previously investigated substitu-
tions of Mn>*,> Cr**,* and Ga3* (Ref. 7) for Fe3* in cobalt
ferrite, for small amounts of Ge/Co cosubstitution (x=0.1),
the maximum magnetostriction actually increases, rather
than decreasing, and then falls off initially more slowly.®
This is likely due to increased amount of Co?* in the octa-
hedral sites. This combination of both increasing strain de-
rivative and increasing magnetostriction amplitude with
small amounts of Ge/Co cosubstitution makes this material
series favorable out of those we have investigated for stress
sensor and actuator applications.

IV. SUMMARY AND CONCLUSION

The temperature dependence of magnetic properties of a
series of Ge/Co cosubstituted cobalt ferrite with a general

J. Appl. Phys. 105, 07A518 (2009)

formula of Co,,,GeFe, ,,04 has been measured within a
temperature range of 10-400 K. The first order cubic aniso-
tropy coefficient K; was calculated by fitting the high field
regimes of the magnetization curves to the Law of Approach
to saturation. K| was observed to increase in magnitude with
decrease in temperature with the region of steep increase
coming at progressively lower temperatures with increasing
Ge/Co substitution. The anisotropy of Ge/Co cosubstituted
cobalt ferrite was seen to decrease with increasing germa-
nium concentration at all temperatures. The saturation mag-
netization at 10 K was seen to increase with germanium con-
centration for 0=x=0.3, indicating that for these
compositions, Ge** substitutes predominantly into the tetra-
hedral sites. It was found that in certain cases of low tem-
perature, the anisotropy of samples with germanium concen-
tration of x=0, 0.1, 0.2, and 0.3 was so high that it prevents
complete approach to saturation in the presence of maximum
applied field of 5 T. For Ge/Co cosubstituted compositions in
the region of Co; ;Geg Fe; 304, the combination of higher
magnetostrictive strain derivative brought about by lower an-
isotropy than pure cobalt ferrite and the increased maximum
magnetostriction make this material a favorable candidate for
stress sensor and actuator applications.

ACKNOWLEDGMENTS

This research was supported by the UK Engineering and
Physical Sciences Research Council under Grant No. EP/
D057094 and by the U.S. National Science Foundation under
Grant No. DMR-0402716.

'Y. Chen, J. E. Snyder, C. R. Schwichtenberg, K. W. Callum, and D. C.
Jiles, IEEE Trans. Magn. 35, 3652 (1999).

%S. J. Lee, C. C. H. Lo, P. N. Matlage, S. H. Song, Y. Melikhov, J. E.
Snyder, and D. C. Jiles, J. Appl. Phys. 102, 073910 (2007).

AN Paulsen, A. P. Ring, C. C. H. Lo, J. E. Snyder, and D. C. Jiles, J.
Appl. Phys. 97, 044502 (2005).

Y. Melikhov, J. E. Snyder, C. C. H. Lo, P. N. Matlage, S. H. Song, K. W.
Dennis, and D. C. Jiles, IEEE Trans. Magn. 42, 2861 (2006).

%Y. Melikhov, J. E. Snyder, C. C. H. Lo, A. P. Ring, J. A. Paulsen, K. W.
Dennis, and D. C. Jiles, J. Appl. Phys. 99, 08R102 (2006).

®N. Ranvah, Y. Melikhov, D. C. Jiles, J. E. Snyder, A. J. Moses, P. L
Williams, and S. H. Song, J. Appl. Phys. 103, 07E506 (2008).

N. Ranvah, Y. Melikhov, J. E. Snyder, S. H. Song, D. C. Jiles, A. J.
Moses, and P. I. Williams, 52nd Conference on Magnetism and Magnetic
Materials, Tampa, Florida, 2007 (unpublished).

N. Ranvah, I. C. Nlebedim, Y. Melikhov, J. E. Snyder, D. C. Jiles, A. J.
Moses, P. I. Williams, F. Anayi, and S.-H. Song, IEEE Trans. Magn. 44,
3013 (2008).

%S. Chikazumi, Physics of Ferromagnetism, 2nd ed. (Oxford University
Press, New York, 1997), pp. 503-508.

%8, D. Cullity, Introduction to Magnetic Materials (Addison-Wesley, Read-

ing, MA, 1972), p. 233.

. Shenker, Phys. Rev. 107, 1246 (1957).
2M. Tachiki, Prog. Theor. Phys. 23, 1055 (1960).
A. D. Al-Rawas, A. Rais, A. A. Yousif, A. M. Gismelseed, M. E. Elzain,

S. Mazen, and A. Al-Falaky, J. Magn. Magn. Mater. 269, 168 (2004).

5. Smit and H. P. J. Wijn, Ferrites (N.V. Philips, Eindhoven, Holland,

1959), p. 163.

D, C. IJiles, J. B. Thoelke, and M. K. Devine, IEEE Trans. Magn. 28, 27

(1992).

Downloaded 31 Mar 2010 to 131.251.142.133. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


http://jap.aip.org/jap/copyright.jsp

IEEE TRANSACTIONS ON MAGNETICS. VOL. 45. NO. 10, OCTOBER 2009

4261

Temperature Dependence of Magnetic Properties of CoAlxFes_,Oy4
N. Ranvah, L. C. Nlebedim, Y. Melikhov, J. E. Snyder, P. I. Williams, A. J. Moses, and D. C. Jiles

Wolfson Centre for Magnetics, School of Engineering, Cardiff University, Cardiff CF24 3AA, U .K.

The temperature dependence of magnetic properties of a series of aluminium-substituted cobalt ferrite, with the general composition
of CoAl, Fez_5 04 (x = 0,0.1,0.2, 0.5), has been studied. It was observed that the magnetization, at an applied field of uo H = 5 T and
a temperature of 10 K, does not change significantly for small amounts of Al, then reduces sharply for larger amounts of Al. Magnetic
hysteresis loops were measured over a field range of —5 T < o H < 5 T at temperatures between 10 and 400 K. The high field regions
of these loops were modelled using the Law of Approach to saturation, which can be used to calculate the magnetocrystalline anisotropy
using its description of the processes of rotation of domain magnetizations against anisotropy and forced magnetization. It was found
that the first-order cubic anisotropy of these materials decreased with increasing temperature. It was also observed that the anisotropy
of these materials decreased with increasing Al-content at a given temperature.

Index Terms—Aluminium substitution, cobalt ferrite, magnetic anisotropy, magnetization, site occupancy, spinel structure.

I. INTRODUCTION

IGHLY magnetostrictive cobalt ferrite materials have
H generated recent interest as candidate materials for
torque/stress sensor and actuator applications [1]-{4]. The ma-
terials have attractive properties of high magnetostriction (A),
low hysteresis, high chemical stability, mechanical strength
and above all high magnetostrictive strain sensitivity (dA/dH).
The high magnetostrictive strain sensitivity implies that these
materials can produce high magnetostriction at low fields,
which points towards a lower magnetizing current requirement
in actuator applications [5]. The magnetoelastic properties of
these materials are related to their magnetic properties. It has
been found that a lower anisotropy leads to higher magne-
tostrictive stain sensitivity. In the past, several substitutions of
Mn3t [3], Cr3t [4], Ga3t [6] and Ge**t/Co?*t [7] for some
of the Fe** have been found to improve their magnetic and
consequently magnetoelastic properties.
In the present work, we have investigated a new A3+ substi-
tution in the place of some of the Fe3* in cobalt ferrite.

II. SAMPLE PREPARATION AND EXPERIMENTAL DETAILS

A series of randomly oriented polycrystalline Al-sub-
stituted cobalt ferrite samples with the general formula of
CoAlFey_ 0O, were prepared using standard powder ceramic
techniques with a final sintering of 1300°C for 24 hours,
followed by furnace cooling to room temperature [1], [2]. The
target compositions were x = 0.0,0.1, 0.2 and 0.5. The actual
compositions were determined using energy dispersive X-ray
spectroscopy (EDS) in a scanning electron microscope (SEM),
and were found to be close to the target compositions (see
Table I).

The temperature dependence of magnetization was measured
at an applied field of uo H = 5 T within a temperature range of
10 K to 400 K. The magnetic hysteresis loops were measured
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TABLE I
COMPOSITION OF COAL,FE2 _ Oy DETERMINED BY EDS

Target Composition by

. EDS
COmpOSlthnS Co Al Fo
CoFe;04 1.02 - 1.98
CoAlp 1Fe; 904 1.03 0.08 1.89
CoAlg;Fe; 304 1.03 0.18 1.79
CoAly;sFe; 50O, 1.03 0.49 1.48

over a field range of —5 T to +5 T at several temperatures be-
tween 10 K and 400 K. The high field regions of these loops
were modelled using the Law of Approach (LA) to saturation to
extract anisotropy information. The LA method accounts for the
two dominant processes at high fields—rotation of domain mag-
netizations against anisotropy and the linearly increasing forced
magnetization. These two processes have been described in the
LA as [8]

8 K2 1

“tos e 2| TrE

M:mp (1)
where M is the magnetization, H is the magnetic field, M, is the
saturation magnetization, K is the first-order cubic anisotropy
constant and the term & is the forced magnetization coefficient
that describes the linear increase in spontaneous magnetization
at high fields. The constant 8/105 is relevant to the calculations
for randomly oriented polycrystalline cubic materials. At tem-
peratures above 150 K, the M-H data above ugH = 1 T was
fitted to the LA method as described in (1) to calculate K ;. Close
to 150 K, the anisotropy fields rise rapidly and hence a higher
field is needed to cause rotation against anisotropy. Therefore,
at these temperatures, only M-H data above pgH = 2 T was
fitted to (1) to calculate K.

III. RESULTS AND DISCUSSIONS

The study of the temperature dependence of magnetic proper-
ties of aluminium-substituted cobalt ferrite can be broken down
into two temperature ranges:—above and below 150 K.

Fig. 1 shows the variation of magnetization (measured at
woH = 5 T) with temperature. Above 150 K, the magnetization
increases monotonically with decreasing temperature for all
compositions. Below 150 K, the applied field of uoH = 5

0018-9464/$26.00 © 2009 IEEE
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Fig. 1. Variation of magnetization of CoAlxFe2-x04 at an applied field of
MH = 5 T. There is a 5% error bar on all points on this graph.

T was not enough to 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 number of tetrahedral sites (A) in comparison to oc-
tahedral sites (B). In a pure inverse spinel, all the divalent M2+
cations and half of the Fe3+ go into the B-sites. In reality, cobalt
ferrite has Co2+ residing in both A and B sites and the structure
is a mixed spinel.

The strongest exchange coupling is the antiparallel coupling
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-sites. The study of near zero Kelvin saturation 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 does not have a strong
preference for either of the sites in the cobalt ferrite 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 comparison 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 the 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-sites or it could be due
to non-collinear spin arrangement caused by greatly decreased
tetrahedral-octahedral exchange coupling.
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Fig. 2. Variation of magnetization of Ga-substituted [6] and Ge/Co-cosubsti-
tuted [7] cobalt ferrite at an applied field of /0H = 5 T.

The model outlined above can be supported by analysing the
near zero Kelvin saturation magnetization in Ga-substituted and
Ge/Co-cosubstituted cobalt ferrite materials (see Fig. 2). Ga3+
ions have a preference for A-sites [10]. Therefore, initially, for
low amounts of gallium, Ga3+ ions substitute into the A-sites
in place of Fe3+. Since the Ga3+ ions do not 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 be due to the additional Ga substituting increasingly
into B-sites, or it could be due to non-collinear spin arrange-
ments brought on by the decreased A-B exchange coupling.

In the case of germanium substitution, Ge4+ ions have a very
strong A-site (tetrahedral) preference because of their valence
state and tendency to form four bonds with tetrahedral coordi-
nation. Therefore, for almost all compositions, the Ge4+ ions go
into the A-sites reducing their moment and hence increasing the
net magnetization [7]. 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
jiili is shown in Fig. 4. Like the analysis of magnetization of
aluminium-substituted cobalt ferrite, the analysis of anisotropy
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Fig. 3. First quadrant of hysteresis loop of CoAlo.sFe1.504. (a) Shows the
high field regions that were used for the calculation of anisotropy, (b) Low field
regions of these loops, which were used for calculation of coercive field.
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Fig. 4. First order cubic anisotropy constant of Al-substituted cobalt ferrite.
The hollow markers indicate temperatures at which the anisotropy field value
is more than the maximum applied field in the experiment (/i0H = 5 T).
The data is in agreement with the theoretical calculations of Tachiki [13] and
experimental observations of Shenker [12], shown here as CoFe20 4-T and
CoFe20 4-S respectively.

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 K | in-
creased with decreasing temperature for all compositions o f alu-
minium-substituted cobalt ferrite. This can be 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, beyond a certain
point, K| increased rapidly with decreasing temperature. The
region of steep increase shifted to lower temperatures with in-
creasing Al-content.

Below 150 K, the anisotropy coefficient K i showed an ap-
parent decrease with reducing temperature for CoFe2 0 4 below
150 K, and for all aluminium-substituted samples below 100 K.
This can be explained by the presence of anisotropy fields higher
than the maximum applied field of fi0H = 5 T that prevent a
complete approach to saturation. The value of anisotropy field
given by noHk = 2Ki/M [11] was calculated to be 4.8 T at
150 K for CoFe204 and is expected to rise above 5 T at lower
temperatures. For these cases, the forced magnetization constant
was set to zero, i.e., the calculations were made with x = 0
and with M's and K i being the only fitting parameters. These
points are shown in Fig. 4 with hollow markers and are joined
with dotted lines. Since, the assumption of complete approach
to saturation of the LA method is not fulfilled in these cases, the
calculation of K |, although indicative, is not considered accu-
rate. The anisotropy results are consistent with the experimental
work of Shenker [12], who measured the cubic anisotropy of
single crystals of CoFe2 0 4 using torque measurements near an
easy axis. The calculated values of K i for CoFe204 are also in
agreement with the theoretical predictions of Tachiki [13].

Magnetocrystalline anisotropy is an important metric o f per-
formance in evaluating magnetoelastic materials for use in stress
sensor and actuator applications. The magnetoelastic properties
of magnetic materials are coupled to their magnetic properties.
An understanding of how chemical substitution changes mag-
netic properties helps in understanding its 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 Ge/Co substitution that with lower cubic
anisotropy, the magnetostrictive strain sensitivity increases. Al-
though the magnetostriction amplitude was seen to reduce by
a small amount, the magnetostrictive strain sensitivity was ob-
served to increase by 112% for Al-substituted cobalt ferrite [14].

Another important metric of performance for a sensor or ac-
tuator material is hysteresis. While the magnetostrictive strain
sensitivity improved with addition of aluminium, the coercivity
was seen to not change significantly with aluminium addition
at temperatures in the potential operational range around 300 K
for the proposed devices. Two important factors determining the
coercivity are the anisotropy field and domain wall pinning. Al-
though anisotropy reduced with increasing Al content, a seem-
ingly insignificant change in coercivity points towards the fact
that the anisotropy is not the dominating factor deciding coer-
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 CoAlxFe2-x04
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Fig. 5. Variation of coercive field of CoAlxFe2-x 0 4 with temperature.

(x = 0.0,0.1, 0.2 and 0.5) were measured within the temper-
ature range of 10 to 400 K. The magnetization a/l noH = 5
T was observed 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 = 0.5) resulted in a rapid decrease in mag-
netization. These observations have been explained in terms
of the site preference of Al3+ ions that substitute Fe3+ ions.
Further support to this site occupancy model has been gained
by a similar analysis of magnetization for Ga-substituted
and Ge/Co-cosubstituted cobalt ferrite. The first-order cubic
anisotropy coefficient for Al-substituted cobalt ferrite was

IEEE TRANSACTIONS ON MAGNETICS, VOL. 45, NO. 10, OCTOBER 2009

and by the US National Science Foundation under Grant DMR-
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