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Transport Properties of Cobalt Ferrites” Submitted to the Khulna University of Engineering and

Technology, Khulna, Bangladesh by Ms. Saroaut Noor

Ferrites are well known for their multidimensional scientific and industrial applications. For these
reasons, researchers throughout the globe are engaged to explore best ferrites for suitability of
application in devices. In this respect this work, definitely, will have contributions to the scientific
arena. She considered the cadmium (Cd) and zinc (Zn) doped Cobalt (Co)-based spinel ferrites rarc
¥ earth substituted diluted systems for the investigation of the structural, magnetic and transport
properties. The findings have been reported in different chapters of the thesis.
The thesis consists of eight chapters. In these chapters the scholar discusses the synthesis of the
different ferrite materials by conventional double sintering technique. She has doped the Co-based
ferrites by Cd and Zn and then diluted by holmium (Ho) and samarium (Sm). Then the scholar used
various techniques to evaluate the structural, magnetic and transport behaviour. For these purposes,
she has used XRD for structural investigation; permeability, low field hysteresis and magnetization
measurements for magnetic study and DC and AC measurements for transport properties. Ferrites
with Cd and Zn have single phase structure but when diluted by Ho and Sm, a secondary phase
arises. The appearance of the secondary phase has shifted the T, to higher temperature. Using of Gd
and Eu has decreased magnetization. The magnetic behaviour has been described by Yafet-Kittel
model and the dielectric behaviour has been discussed in the light of MW interfacial polarization..
The overall findings of this study are of much interest for both researches and engineers. The
research work and the presentation of the thesis is well organized. Two contributions on this work
have been published in international journals three have published in proceedings. There are
handful numbers of presented articles.
Therefore, in the light of the above discussion, [ strongly recommend that the Thesis submitted by
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Report on the thesis entitled “Study of Additive Effects on the Structural, Magnetic and
Transport Properties of Cobalt Ferrite” submitted by Ms. Saraut Noor, Ph. D student of the
Dept. of Physics, Khulna University of Engineering and Technology, Khulna 9203,
Bangladesh.

This thesis reports the detailed and systematic investigation on the effect of doping of bivalent
Cd and Zn ions in CoFe204 ferrite. All the samples were prepared by solid state reaction and
characterized using XRD studies. Prepared samples were in single phase. Temperature and
frequency dependence of the permeability, B-H loop at room temperature, AC and DC (both
FC and ZFC) magnetization were used to study the system. Dielectric constant and room
temperature resistivity were also measured. Over all phase diagram of the doped ferrite was
established. Some of the finding e.g. spin glass behaviour for large doping case was very
interesting and deserve further attention.

Small part of the thesis deals with the rare-earth substitution on doped ferrite and some
important findings have been reported.

Detail Report:

In chapter I “Introduction”, the candidate has elaborated the aims and objective of the
present work em phasing the need for further study the subject of ferrite, in particular, the
dilution effect of CoFe204 by Cd2+ and Zn2+ ions. A small part of the thesis also deals with
the substitution effect of rare earth ions. Important findings of the present thesis has been
summarized, followed by review work on “ferrite”. Also, the outline of the thesis has been
indicated.

Chapter II deals with the theoretical aspects of magnetism and the magnetic materials
with a special emphasis to ferrite. Starting from the introduction of magnetism, she explained
in detail different magnetization processes, types of magnetism etc. It seems that the candidate
has acquired necessary theoretical understanding to carry out the research on magnetic
materials and capability to explain phenomena observed in the experimental findings. The
second part describes details of ferrite including its classification, structural aspects arising out
of cation distribution, microscopic view on the different possible magnetic interaction present
and the conduction mechanism of ferrite to explain their transport properties.

In chapter 11, experimental procedures adopted during the course of the work were
explained. The details of the sample preparation was mentioned. Different techniques like
XRD, permeability measurement including its frequency characteristics, low field hysteresis,
magnetization measurement (DC and AC) and the details of DC and AC resistivity and
Dielectric constant were discussed in detail.

Chapter IV deals with the detailed results and discussion on Cd doped CoFe204. The
motivation was to see the effects of substitution of Cd2+ in place of Co2+ ions (in the range x=
0 — 1.0) on the structural, magnetic and transport properties.

The structural analysis was done on sintered samples from XRD studies. All the



samples show well defined diffraction lines characteristic of single-phase cubic spinel structure.
The lattice parameter, a increases linearly with Cd content, the Cd having larger ionic radius
than that of Co2+ ion. The “a* for the end members CoFe204 and CdFe204 matches very
well with the literature value.

The magnetic property of the samples was determined by measuring the temperature and
the frequency dependence of initial permeability for the toroid shaped samples. It was observed
that permeability increases with the increase of Cd content and falls sharply at the curie point.
It has been observed that Curie temp. decreases linearly with Cd content till x= 0.7. The linear
decrease in Curie temp. was explained qualitatively by considering the fact that Cd2+ ion
replaces Fe3+ ion in the A site, thereby reducing the strength of the A-B exchange interaction.
It was also pointed out that lattice parameter increases as Cd concentration is increased;
consequently, the distance between the magnetic ions increases. The reason for the increase of
permeability with the increase of non-magnetic Cd content was explained either due to
increase of magnetic moment and/or simultaneous reduction in the anisotropy constant K1.
Though it was shown that magnetization really increases for samples up to x=0.4, this
explanation need clarification during viva examination.

Frequency dependence of the permeability at room temperature was also measured. Mu
for x=0 — 0.3 remains fairly constant up to 10 MHz, while for x=0.4 -0.6, it remains constant
up to 3 MHz. Dispersion behaviour related to permeability was explained using different
mechanism having different time constant. Variation of permeability with sintering temperature
was also analyzed. -

Low field B-H loop at room temperature reveals that coercivity decreases linearly with
Cd content up to x=0.6. In summary, the hysteresis curve and the permeability reveal softer
nature of the ferromagnetic behaviour because of addition Cd2+ ions.

Magnetization at 5 K for samples 0 < x< 0.7 increases sharply at very low field
corresponding to magnetic domain reorientation and then goes on to saturation. It is also
observed that saturation magnetization increases with Cd content up to x=0.4 and decreases
beyond 0.4 concentration. The explanation for increase of magnetization using the idea of
preferential occupation of A sites by Cd2+ ion displacing equal number of Fe3+ ion from A site
to B site seems logical. The decrease ol magnetization for samples with x > 0.5, is explained
due to non-collinear spin structure in the B sites. Y-K angles have also been calculated and the
large values indicate a departure from Neel's collinear model.

In chapter V, results in Col-xZnxFe204 (x=0.0 — 1.00 have been presented. Single
phase spinel structure was confirmed from XRD studies. Linear increase of lattice parameter
and decrease of Curie temperature with addition Zn2+ ion were observed. Initial permeability
also increases up to x=0.5. Softer ferromagnetic nature was established from the observation of
decreasing trend of the coercivity in the B-H loop as Zn2+ content increases. Saturation
magnetization and magnetic moment also show increment with Zn content up to x < 0.5. All
these features are more or less similar to that found in Cd doped system. Thus essentially, Cd
and Zn doped samples show softer ferromagnetic properties with high resistivity.

In chapter VI, results of low field magnetisation in FC and ZFC condition, magnetic
hysteresis at low temperature, frequency dependent AC susceptibility in Col-xCdxFe204 and
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Col-xZnxFe204 with x =0.7, 0.8, 0.9 and 1.0 have been reported. For x=0.7 and 0.8, the
sequence of PM-FM-RSG phase transition was demonstrated with ample evidence and careful
understanding. Whereas, in x=0.9 and 1.0, evidence of SG behaviour was revealed from
frequency dependent AC susceptibility. Manifestation of non equilibrium dynamics of the spin
glass such as aging, rejuvenation and memory effects observed in these two samples clearly
signifies the PM-SG behaviour. Thus a complete phase diagram was achieved. However, a
curve should have been illustrated.

Chapter VII, deals with the results on rare-earth doped system. Though, a single phase
compound was not achieved in all cases, some interesting results have been obtained.

The thesis ends up with the chapter on conclusion. Details of the references have also
been listed.

Recommendation:

Considering the overall presentation and the volume of work, results and analysis of the
data, I have no hesitation to recommend that the candidate Ms. Saaout Noor would be
awarded for Ph. D degree of the university.
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Abstract

A detailed study was carried out on four different series of spinel Co-based ferrites, with
composition Co,.,Cd,Fe;04 and Co;..Zn.Fe;Oy (where x = 0.0 - 1.0 in steps of 0.1), rare-earth
(RE) substituted diluted system Cop2Cdgs Fezr REO4 (RE = Ho and Sm; x = 0.05, 0.1) and
Cop2ZnosFesREOs (RE = Gd and Eu; x = 0.05, 0.1). The samples were prepared by
conventional double sintering ceramic technique and were found to be single-phase cubic spinel
structure of Co-Cd and Co-Zn series by X-ray diffraction technique, while all rare-earth (RE)
doped samples showed additional peaks other than spinel. The lattice constant of Co;_,Cd,Fe;O4
and Co,.,Zn.Fe,0, ferrites increase linearly with the increase of Cd and Zn content, followed
Vegard’s law. Bulk density and X-ray density increases significantly with the increase of Cd and
Zn content. Curie temperature, T. decreases almost linearly with increasing x content up to x =
0.7.

Samples with x > 0.8 show paramagnetic characteristic at T = 5K with no spontaneous
magnetization that revealed through Arrot-Belov-Kouvel plots. The continuous decrease of T
with the substitution of non-magnetic Cd and Zn in Co,.,Cd,Fe;O4 and Coy..ZnFe;O4 system is
attributed to progressive weakening of the strength of A-B intersublattice exchange interaction,
Jag. Small thermal Hysteresis of initial permeability, p' is observed below T.. Saturation
magnetization, M, and magnetic moment are observed to increase upto x = 0.4 - 0.5 and decrease
thereafter due to the spin canting in B-sites. The change of saturation magnetization with the
increase of Cd/Zn substitution has been explained on the basis of Neel’s collinear two-sublattice
magnetization model and Yafet-Kittel’s non-collinear magnetization model. The initial
permeability is found to increase with the increase of Cd** and Zn** ions upto x = 0.6.

Temperature dependence of low field DC magnetization in the field-cooled and zero-field
cooled conditions are performed for the dilute Co,..Cd,Fe;O4 and Co;..Zn,Fe;04 (x = 0.7, 0.8,
0.9, 1.0) spinel ferrites. Samples with x = 0.7 and x = 0.8 show re-entrant spin-glass behavior
while the samples, x = 0.9 and x = 1 show the spin-glass behavior. Frequency dependent complex
AC susceptibility measurement as a function of temperature as the samples CdFe;04 and ZnFe;O4
indicates a spin-glass behavior with the manifestation of shift of spin freezing temperature. The
samples also show a typical spin-glass behavior with a manifestation of non-equilibrium
dynamics, such as aging, rejuvenation, and memory effects.

Large magnetic hysteresis effect has been observed at low temperature for the diluted ferrite
compositions. Low field B-H loops, at room temperature, were measured at constant frequency.

The hysteresis behavior of Co,..Cd.Fe;04 and Co;.,ZnFe;04 reveals the softer ferromagnetic



nature of the studied materials with the increase of Cd and Zn content. DC electrical resistivity
increases significantly with the increase of Cd and Zn content. The AC resistivity and dielectric
constant, €, of the samples are found to decrease with increasing frequency, exhibiting normal
ferrimagnetic behavior. Dielectric constant, g, decreases rapidly with the increase in frequency at
lower frequencies and slowly at higher frequencies, which may be due to the Maxwell-Wagner
interfacial polarization. The variation of electrical and dielectric properties is explained on the
basis of Fe*"/Fe’" ionic concentration as well as the electronic hopping frequency between Fe®'
and Fe'" ions.

Rare-earth (RE) doping of Ho®" and Sm*" in Cop2CdosFesxREQ, ferrite shows some
anomalous behavior. A minority second ferromagnetic phase having well defined T, has been
detected Ho™* doped sample, where T, is found to increase with Ho®* content. This ferromagnetic
phase may be assigned as ferromagnetic cluster containing Ho®". Magnetization is found to
increase with Ho®" addition having higher magnetization for higher Ho’* content while Sm®"
addition reduces magnetization. The decrease of magnetization with Sm*" substitution for Fe**
may be explained as due to lower free ion magnetic moment of Sm*". Samples Cog,Zng sFesx RE, Oy
(RE = Gd and Eu) show substantial increase of magnetization with Gd** which attains higher
value with higher content of Gd** while decreasing with Eu* doped sample. The decrease of

magnetization for Eu>* doping is due to nonmagnetic nature of Eu which has no magnetic moment

of the free Eu’* ion even at low temperature.
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Introduction




Introduction

1.1 Introduction

The history of ferrites began centuries before the birth of Christ with the discovery of stones
that attract iron. The most abundant deposits of these stones were found in the district of
Magnesia in Asia Minor, and hence the name of the materials becomes magnetite, Fe;O4 (or FeO.
Fe,0;). Ferrites fall in to the category of ferrimagnetic materials. The term ferrites mean certain
double oxide of iron and another metal, which have two unequal sublattices and are ordered anti
parallel to each other. Each sublattice exhibits spontaneous magnetization at room temperature,
like the ferrimagnetic. Ferrites are the ferrimagnetic mixed oxides having the general formula
MFe,04 where M is a divalent metal ion such as Mg, Mn, Zn, Ni, Co, Fe, Cd and Cu. Owing to
their important electrical and magnetic properties, ferrites are extensively used in electronic
industry.

Spinel ferrites commanded the attention first when S. Hilpert [1.1] focused on the usefulness
of ferrites at high frequency applications. The ferrites were developed into commercially
important materials, chiefly during the years 1933 - 1945 by Snoek [1.2] and his associates at the
Philips Research Laboratories in Holland. At the same time, Takai [1.3] in Japan was engaged in
the research work on the ferrite materials. In a classical paper published in 1948 by Neel [1.4]
provided the theoretical key to an understanding of the ferrites. The subject has been covered at
length in books by Smit. [1.5] and Standley [1.6] and reviewed by Smart [1.7], Wolf [1.8], and
Gorter [1.9]. Snoek had laid the foundation of the physics and technology of practical ferrites by
1945 and now embrace a very wide diversity of compositions, properties and applications [1.10].
Technological advances in a variety of areas have generated a growing demand for the soft
magnetic materials in devices. Among the soft magnetic materials, polycrystalline ferrites have
received special attention due to their good magnetic properties and high electrical resistivity over
a wide range of frequencies; starting from a few hundred Hz to several GHz. Spinel type ferrites
are commonly used in many electronic and magnetic devices due to their high magnetic
permeability and low magnetic losses [1.11, 1.12]. They are also used in electrode materials for

high temperature applications because of their high thermodynamic stability, electrical resistivity,

electrolytic activity and resistance to corrosion [1.13, 1.14].



Moreover, these low cost materials are easy to synthesize and offer the advantages of greater
shape formability than their metal and amorphous magnetic counterparts. Almost every item of
electronic equipment produced today contains some ferrimagnetic spinel ferrite materials.
Loudspeakers, motors, deflection yokes, electromagnetic interference suppressors, radar
absorbers, antenna rods, proximity sensors, humidity sensors, memory devices, recording heads,
broadband transformers, filters, inductors etc. are frequently based on ferrites. Ferromagnetic
materials are defined as one which below a transition temperature exhibits a spontaneous
magnetization that arises from non parallel arrangement of the strongly coupled magnetic
moments.

Ferrites are ferrimagnetic cubic spinels that possess the combined properties of magnetic
materials and insulators. They have been extensively investigated and become the subject of great
interest because of their importance in many technological applications from both the fundamental
and the applied research point of view. The important structural, electrical and magnetic
properties of these spinels are responsible for their applications in various fields. The spinel ferrite
belongs to an important class of magnetic materials because of their remarkable magnetic
properties, particularly in radio frequency region, physical flexibility, high electrical resistivity,
mechanical hardness and chemical stability [1.15 - 1.17].

Ferrites exhibit a substantial spontaneous magnetization at room temperature, like the normal
ferromagnetic. They have two unequal sub-lattices called tetrahedral (A-site) and octahedral (B-
site) and are ordered antiparallel to each other. In ferrites, the cations occupy the tetrahedral A-
site and octahedral B-site of the cubic spinel lattice and experience competing nearest neighbor
(Jag) and the next nearest neighbor (Jaa and Jgp ) interactions with [Jag| >> | Jgg| > [Jaal. The
magnetic properties of ferrites are dependent on the type of magnetic ions residing on the A and B
sites and the relative strengths of the inter (Jag) and intrasublattice (Jgs, Jaa) interactions. When
the Jap is much stronger than Jpp and Jaa interactions, the magnetic spins have a collinear
structure in which the magnetic moments on the A sublattice are antiparallel to the moments on
the B sublattice. But when Jgg or Jaa becomes comparable with Jap, it may lead to non-collinear
spin structure [1.18]. When magnetic dilution of the sublattices is introduced by substituting
nonmagnetic ions in the lattice, frustration and/ or disorder occurs leading to collapse of the
collinearity of the ferromagnetic phase by local spin canting exhibiting a wide spectrum of
magnetic ordering e.g. antiferromagnetic, ferrimagnetic, re-entrant spin-glass, spin-glass, cluster

spin-glass properties [1.19, 1.20]. Small amount of site disorder i.e. cations redistribution between



A and B site is sufficient to change the super-exchange interactions which are strongly dependent
on thermal history i.e. on sintering temperature, time and atmosphere as well as heating/ cooling
rates during materials preparation.

Co-ferrite is considered as a potential magnetic material due to its high electrical resistivity,
high Curie temperature, low cost and high mechanical hardness. CoFe,0; is generally an almost
inverse ferrite in which Co®* ions mainly occupies B-sites and Fe** ions are distributed almost
equally between A and B sites. It has been demonstrated that the inversion is not complete in
CoFe,0y and the degree of inversion sensitively depends on the thermal treatment and method of
preparation condition [1.21], Co-ferrite is known to have a large cubic magnetocrystalline
anisotropy (K; = +2x10° erg/cm®) [1.22] due to the presence of Co®" ions on B-sites. It is well-
known that Co-ferrite is a hard magnetic material due to its high coercivity (5.40 kOe) and
moderate saturation magnetization (80 emu/g) as well as its remarkable chemical stability and
mechanical hardness [1.23]. It is therefore a good candidate for use in isotropic permanent
magnets, magnetic recording media and magnetic fluids. Co-ferrite crystallizes in partially inverse
spinel structure are represented as (Co’*Fe;* ),[Co;* Fe;! ];0,, where x depends on thermal
history and preparation conditions [1.24, 1.25]. It is ferromagnetic with Curie temperature, T,
around 520°C [1.26] which suggests that the magnetic interaction in these ferrites is very strong
and show a relative large magnetic hysteresis which distinguishes it from the rest of spinel
ferrites. CdFe;04 and ZnFe,04 are generally assumed to be normal spinel with all Fe*" ions on B-
sites and all Cd*" and Zn*" ions on A-sites [1.27, 1.28].

The magnetic properties of ferrites such as permeability, magnetization, coercive field, Curie
temperature are affected by composition as well as by the type of substitution, cation distribution
and method of preparation [1.29]. Globus et.al. [1.30] studied the size effect of nonmagnetic ions
Cd and Zn on the magnetic properties of Ni-ferrites. It was concluded that the variation of
magnetic properties results from the ion concentration as well as difference in ionic radius. The
variation of magnetization for Cu-Cd ferrite system with Cd concentration indicated the existence
of Y-K type of magnetic ordering in the mixed ferrite [1.30, 1.31]. Such a result has been
confirmed for different ferrites [1.32]. Zn substituted spinel ferrites showed good magnetic
properties which are characterized by a maximum in saturation magnetization in certain
composition [1.33 - 1.35]. The partial replacement of nonmagnetic Cd ions in cobalt ferrite is

expected to weaken the magnetic coupling resulting in decrease of Curie temperature. A little

works were found on mixed Co-Cd ferrites [1.36, 1.37].

3



Co-Zn ferrites are quite important in the field of microwave industry which is a mixture of
CoFe,0; with long range ferromagnetic ordering with T. =~ 520°C and ZnFe,O; with
antiferromagnetic ordering having Neel temperature Ty ~ 9K. Zinc is known to play a decisive
role in determining the ferrite properties [1.38]. Zn-ferrite is normal ferrite while Co-ferrite is an
inverse ferrite; therefore, Co-Zn ferrite is a mixed type with interesting properties. When Co** is
replaced by Zn®* in Co,..Zn,Fe,Os, Zn®" ions preferentially occupies the tetrahedral site and the Fe'*
ions are displaced to the octahedral sites. Thus, with increasing x, the Fea-O-Fep interaction becomes
weak and T, is expected to decrease.

A selective magnetic dilution is very important in ferrites. The nonmagnetic ions such as Zn**
and Cd*" ions that can be used in such dilution should have ionic radius comparable with that of
the magnetic ions. It is well known that diamagnetic substitution can result in spin canting, i.e.
non-collinear spin arrangements [1.39 - 1.42]. Yafet and Kittel [1.43] formulated a simple model,
which could explain the canting in these materials. The possibility of continuously changing the
concentration of nonmagnetic zinc ions in the MgFe, Oy ferrite causes dilute Mg-Zn ferrite system.
When ferrites are sufficiently diluted with nonmagnetic ions (such as Zn or Cd) they can exhibit a
wide spectrum of magnetic orderings: ferromagnetism (FM), local spin canting (LSC),
antiferromagnetism (AFM), re-entrant spin glass (RSG), and spin-glass (SG) [1.39, 1.40, 1.44].
This is because the spinel ferrites intra-sublattice interactions are weaker than the inter-sublattice
interaction; as a result there are unsatisfied bonds in the ferromagnetic phase. Due to these
unsatisfied bonds, increasing the magnetic dilution accentuates the competition between the
various exchange interactions resulting in a variety of magnetic structures [1.36, 1.40, 1.41].

A phase diagram has been proposed by J. L. Dormann et. al. [1.39] to classify the different
substituted ferrite compounds. Frustration [1.45] and randomness are necessary to obtain such
types of magnetic phases and are evidently present in substituted ferrites. A spin-glass is a
magnetically disordered material exhibiting high magnetic frustration in which each electron spin
freezes in a random direction below the spin freezing temperature, Tr [1.46]. The most important
features characterizing the spin-glass include the existence of irreversibility between field-cooled
(FC) and zero-field-cooled (ZFC) magnetizations. Some works have been performed on Co-Zn
[1.47], Co-Ti-Zn [1.48], Co-Cd [1.49, 1.50] Co-Cr [1.51], Co-In [1.52] ferrites. The effects of
substitution of Zn** and Cd*" ions in place of Co®" ions covering a wide range of concentration on

the structural, magnetic and electrical properties of Co-Zn (Cd) ferrites.



The rare-earth oxides are found recently to exhibit important modifications for the
improvement of the properties of ferrites. Rare-earth (RE) element having large magnetic
moments, large magnetocrystalline anisotropy and magnetostriction at low temperature due to
their 4f orbital totally screened by 5s and 5p orbital plays an important role in deciding the
electrical and magnetic properties of the ferrites since it interacts with 3d electrons of transition
metals [1.53]. RE** ions possess a variety of magnetic properties [1.54]:

() their magnetic momentum vary from 0 (La*) to 10.5 (Dy*") and

(i)  they can be isotopic in relation to the variation in the f-electron orbital contribution to

magnetic interactions.

This is for instance minimal in Ho®* (4f'°), Gd®* (4f") and maximal in Sm> (4f%), Eu** (4f%
cations. A lot of serious works reported phase segregation and diffusion of the RE species to the
grain boundaries even for very low RE content, causing the precipitation of extra amorphous or
crystalline phases like orthoferrites (REFeO;) [1.55, 1.56]. In this work another attempt was taken
to substitute trivalent Fe** jons by trivalent RE cations in the composition Cop,My g RE; Fe,_0,
(where M= Cd/Zn, RE = Ho™, Sm*, Gd*, Eu** and x = 0.0, 0.05 and 0.1) to study their magnetic

and transport properties. Substitution of RE** in place of Fe** ion in the octahedral site is expected
port prope p pe

to show interesting electromagnetic properties.

1.2 The Aim and Objectives of the Present Work

CoFe;0y4 is an important technical material because of its specific hard magnetic properties
which other spinel ferrites do not have. Again CoFe;O4 is a good magnetostrictive material
suitable for use in transducer which has been observed recently. Also it is a good inductor
material for ultra high frequency application when suitable additives/dopants are incorporated.

The objective of the present work is to study the effect of nonmagnetic additives such as Zn
and Cd to the basic CoFe,04 with extended concentration of Zn/Cd up to pure ZnFe;04 and
CdFe;04 on the detail structural, magnetic and electrical properties of the whole series and
particularly with extreme magnetically diluted system when Zn/Cd content exceeds x = 0.6 and
above i.e in Co; M, Fe;04, M = Zn/Cd, x = 0.6 - 1.0.

From fundamental and scientific points of view these diluted systems are expected to show
interesting and novel magnetic properties such as spin-glass type of behavior. Spin-glass is a kind
of magnetic material having peculiar magnetic behavior at low temperature with the manifestation

of a sharp cusp in a y (T) curve. Other feature of a spin-glass transition is that
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(i) It shows high coercive value of hysteresis,

(ii) Spin freezing temperature, Ty where a sharp cusp in x (T) takes place which shifts with
frequency,

(iii) It has a ageing effect i.e when a spin-glass material is subjected to an external applied
field and then the field removed, magnetization changes slowly up to infinitely long time
which can be fitted with a log scale linearly and

(iv) It has a memory effect i.e it memorizes its space and position with respect to a
temperature cycling.

Addition of small amount of RE ions to ferrites produces a change in their magnetic and
electrical as well as structural properties depending upon the type and the amount of RE elements
used. RE addition has also been undertaken with a diluted system of Co,..M, Fe,O; (M = Zn/Cd, x
= (.8) with RE such as Eu, Gd, Sm, Ho to look into thé possible interesting magnetic properties
since RE is expected to show some interesting structural and co-related magnetic properties. It is

to be noted that some RE have large magnetic moment at low temperature and have complicated

spin structure such as Ho*", Gd** etc.

The main objectives of the present research work are:

* To synthesize a series of Co;.xCdxFe;04 (x = 0.0 - 1.0) and Co;xZnFe;04 (x = 0.0 -1.0 in
steps of 0.1) ferrites by conventional ceramic method and to investigate the effect of
Cd/Zn substitution on the structural and electromagnetic properties.

* Determination of physical properties such as density and porosity as affected by Cd/Zn
substitution which ultimately determines the overall properties of the studied ferrites

e Determination of intrinsic/extrinsic magnetic properties i.e Curie temperature, saturation
magnetization, remanance, coercivity and frequency dependence of permeability for
different concentrations of Zn and Cd in Co-ferrites from temperature M(T) and field
M(H) dependence of magnetization, permeability, B-H and M-H loops.

* Determination of the degree of spin canting in diluted system by calculating Y-K angle.

* Determination of electrical properties namely: DC electrical resistivity at room
temperature, AC electrical resistivity and dielectric constant as a function of frequency.

e  Substitution of trivalent Fe** ions by trivalent RE cations in the composition
Coo2Mos REx Fep.cO4 (Where M= Cd/Zn, RE = Ho™, Sm*", Gd*", Eu*" and x = 0.0, 0.05
and 0.1) to study their structural, magnetic and transport properties.
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1.3 Reason for Choosing this Research Work

Co0,.xZn,04 ferrites have been studied by many investigators upto x = 0.6 and Co-Cd
ferrites have not been investigated in much detail until now.

Dilute ferrites with x > 0.6 up to pure (Cd/Zn) Fe,O4 are interesting from the fundamental
point of view because they are expected to show various magnetic behaviors including
spin-glass behavior, a new type of magnetic ordering with the manifestation of memory
and aging effects which has not been studied before in much detail. In this present thesis, a
thorough study of complete magnetic behavior of Co;..M,Fe;04, where M = Cd/Zn and x
= 0.0 - 1.0 would be carried out for a complete understanding on these two scientifically
interesting systems.

Detail permeability study as a function of frequency on Co;..M,Fe;O4, where M = Cd/Zn
system has not been carried out before.

To the study most exhaustively the permeability and magnetization of the whole series as
a function of frequency, field and temperature.

RE is an interesting additive for its high anisotropy which manifests peculiar /
complicated spin structure and few RE’s has high magnetic moment at low temperature.
So, dilute ferrite with small amount of RE at low temperature is expected to display some

novel properties. There has not been much study with RE additive effects on the cobalt

and its substituted ferrites.

1.4 Findings of this Work

An enhancement of permeability with Zn/Cd contents is observed which means that Co-
ferrites which is well known for its hard magnetic nature has been converted to softer
magnetic materials with increasing addition of Zn and Cd resulting in an enhancement of
permeability and subsequent reduction of coercivity. In other words Cd/Zn substitution
has facilitate the magnetic domain wall to move easily by reducing the domain wall
energy and spin rotation probably by reducing the global anisotropy energy of the
prepared samples.

Decrease of coercivity, H. and increase of magnetization/induction, M¢/B, with Zn/Cd

content has been clearly manifested in low field B-H loop measurement.



* Some new findings that dilute composition of Co-Cd and Co-Zn ferrite with x =0.7 - 1.0
display re-entrant and spin-glass behavior which has hitherto not been carried out before.
It has been shown through memory experiment that the Zn ferrite and Cd-ferrite are spin-
glass that displays memory effect i.e. it has a memory with respect to change of
temperature. This novel experiment could have been possible due to the use of highly
sophisticated and sensitive equipment like SQUID magnetometer at very low temperature
down to 5 K.

* Enhancement of magnetization at low temperature with RE doping such as Ho>" and Gd**
has been observed due to large magnetic moment of these added species.

* Nonsoluble nature of RE has been detected as a second phase in XRD.

1.5 Review Work

The use of ferrites for certain application depends on their structural, magnetic and transport
properties, which in turn are sensitive to the preparation condition as well as the type and amount
of substitution. A large number of scientists and technologists are engaged in this area of research
to bring about improvement on the properties of ferrites.

A. M. M. Farea et. al. [1.57] has studied dielectric properties, loss tangent, ac conductivity
as a function of frequency, temperature and composition of CogsCdyFe,s,O4. The dielectric
constant, loss tangent and ac conductivity decreases as the frequency of applied ac electric field
increase but these parameters increase as the temperature increases due to the increase in thermal
activation of hopping frequency and drift mobility of charge carriers. These are explained on the
basis of space charge polarization according to Maxwell and Wagner’s two layer models and the
hoping between adjacent Fe?* and Fe®* as well as the hole hopping between Co®* and Co®* ions on
B-sites.

A. A Ghani et.al. [1.58] reported the composition dependence of magnetization in Co,.
«CdFe;0; ferrites. The saturation magnetization is maximum at x = 0.35 at high magnetic field up
to 150 kOe and in the temperature range 4.2 to 300K. The non-collnear spin structure (canted)
was found from the behavior of magnetization in the high field region 75 - 150 kOe. The
dielectric constants and dielectric loss tangents of Li-Ti ferrites of different compositions have
been investigated M. Bhagavantha Reddy et.al. [1.59]. The dielectric constant is found to decrease

continuously with increasing frequency for all the specimens under investigation. This behavior



may be explained qualitatively as due to the fact that electronic exchange between ferrous and
ferric ions can not follow the frequency of externally applied alternating field beyond a critical
frequency value. The compositional variation of resistivity and dielectric constant indicated the
inverse trend with each other, giving an impression that both the dielectric constant €' and
electrical conductivity 1/p behave more or less in a similar way. They assumed that the same
mechanism is responsible for both phenomena. In addition, they assumed that the electron
exchange interaction Fe?*«<>Fe’" results in local displacement of electrons in the direction of the
field, which determines the polarization of the ferrite.

Magnetic properties of the mixed spinal CoFe;4CrO4 have been investigated H. Mohan
et.al. [1.60]. They measured variation of magnetic moment per formula unit at 80K with Cr-
content obtained from magnetization and Mdssbauer data for x = 0 - 0.6 display a discrepancy
between them, thus exhibiting a significant canting on the B-site. The ac susceptibility indicates a
paramagnetic — unstable ferromagnetic — cluster spin-glass type transition as the temperature is
lowered for x = 0.0 - 1.2. The further increase in x from x > 1.2 increases frustration and disorder
in the system suppressing the ferromagnetic ordering and the system approaches a cluster spin
glass-type ordering at x = 1.4 - 1.6. A. R. Shitre et.al. [1.61] studied the X-ray diffraction and
dielectric study of Co;.xCdyFe,CrxOy4 ferrite system with (x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5). They
observed that the lattice parameter increases with the increase of compositional parameter x. The
dielectric constant and dielectric loss tangent decreases with increasing frequency. The dielectric
loss decreases with increasing frequency at a faster rate than that of the dielectric constant.

Electrical properties of Co-Zn ferrites have been studied by M. A. Ahmed [1.62]. It was
found that the lattice parameter increases linearly with the increase of zinc content. The X-ray
densities for all compositions of Co-Zn ferrites increase with the increase of zinc content. The X-
ray densities are higher then the bulk values. The addition of Zn, reduce the porosity thus
increasing the density of the sample. The conductivity increases due to the increase in mobility of
charge carriers. P. B. Panday et.al. [1.63] has synthesized Co-Zn ferrite by the co-precipitation
method and studied the structural and bulk magnetic properties. All the samples are single phase
spinel showed the X-ray diffraction pattern. The lattice constant gradually decreases on increasing
Zn content, shows a minimum at x ~ 0.5 and then increases on further dilution. The magneton
number, i.e., saturation magnetization per formula unit in Bohr magneton (ng) at 298K initially

increases and then decreases as x is increased up to x < 0.3. The decrease in magnetization of



these materials after x = 0.3 is primarily associated with canting of the magnetic moments. Curie
temperature decreases with small addition of Zn.

M. Manjurul Haque et.al. [1.64] reported the effect of Zn** substitution on the magnetic
properties of Mg ZnFe,Oy ferrites prepared by solid-state reaction method. They observed that
the lattice parameter increases linearly with the increase in Zn content. The Cure temperature
decreases with the increase in Zn content. The saturation magnetization (M) and magnetic
moment are observed to increase up to x = 0.4 and thereafter decreases due to the spin canting in
B-sites. The initial permeability increases with the addition of Zn®* ions but the resonance
frequency shifts towards the lower frequency. O. M. Hemeda [1.65] reported that Mn substituted
Co-Zn ferrites have shown the varying the Mn content the saturation magnetization decreases
continuously with increase of Mn content up to x = 0.8. Above x = 0.8, the reduction of the B-B
interaction which increase the magnetic moment due to the canting effect. The particle size was
increased by increasing Mn content. Akther Hossain et. al. [1.66] has studied Ni;«ZnFe;Oy4 (x =
0.2, 0.4) samples sintered at different temperatures. They observed that the DC electrical
resistivity decreases as the temperature increases indicating that the samples have semiconductor
like behavior. As the Zn content increases, the Curie temperature (T.), resistivity and activation
energy decrease while the magnetization, initial permeability and the relative quality factor
increases. A Hopkinson peak is obtained near T in the real part of the initial permeability vs.
temperature curves. The ferrite with higher permeability has relatively lower frequency. The
initial permeability and magnetization of the samples have been found to correlate with density
and average grain sizes.

R. N. Bhowmik et.al. [1.67] studies the cluster glass behavior in Cog 2 Zn ¢ sFe 2.« Rh,O 4(x =
0 -1.0). The X-ray diffraction spectrum shows that the system is single phase cubic spinel
structure. The lattice parameter is gradually increasing with substitution in Rh. This is due to the
substitution of larger radius Rh*" ions in place of smaller radius Fe** ions. On diluting the B site
moments, the system shows a typical cluster freezing phenomena at T < Tr due to frustration
effects. The field cooled DC magnetization measurement suggests that the clusters more stable in
presence of DC field.

Jingjing sun et.al. [1.68] measured the effects of La;O3; and Gd,O3 on some properties of Ni-
Zn ferrite. The R,03 (R = La or Gd) substitutions decrease samples density and increases lattice
parameter. A higher sintering temperature is necessary for densification with R;03; R,0;

substitutions cause poor value of permeability with higher cut-off frequency and higher electrical
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resistivity. R,Os substitution tends to flatten dielectric constant versus frequency curves, increases
the values of dielectric constant and lowers the value of loss factor. Electrical resistivity and
thermoelectric power of Cu-Cd ferrites with different rare earth substitutions have been
investigated by A. A. Sattar [1.69]. He found that electrical resistivity increases due to the
presence of rare earth ions at B-site which will increase the separation between Fe?* and Fe®* in
proportion to its ionic radius. Thus it impedes the electron transfer between Fe** and Fe®* i.e., it
increases the activation energy and hence the resistivity according to its ionic radius. The presence
of La ion at grain boundaries seems to facilitate the electron transfer between Fe?" and Fe®" in the
B-site. He suggested that as E,, is higher than 0.2 eV (which is the transition energy between Fe?*
and Fe®"), the conduction mechanism is predominantly due to small polaron than the electron
hopping mechanism.

Some microstructure related properties of Lig 5.x»CdyFe; 5.,»0; ferrites have been reported S.
S. Belled et. al. [1.70]. The variation of initial permeability and ac susceptibility with temperature
shows normal ferrimagnetic behavior. The value of Curie temperature decreases continuously
with increasing x is due to the dilution of strength of the A-B interaction. The decrease of
magnetization above x = 0.3 is due to the canting of spin magnetic moments on an octahedral B-
site. The increase of initial permeability ~above x = 0.3 is due to the decrease in non-magnetic
grain boundary thickness. M. Manjurul Haque et.al. [1.71] studies the thermal hysteresis of
permeability of Mn substituted Mg-Cu-Zn ferrites. They observed that the initial permeability of
the sample exhibits thermal hysteresis when the temperature in cycled form above the Curie
temperature T to below. The Curie temperature is found to increase with increasing Mn content.

Zn and Cd substituted mixed ferrites show canted spin arrangement on the B-site. The
canting of the spins gives rise to Yafet-Kittel (Y-K) angles, which suggests that A-B and B-B
superexchange interactions are comparable in strength. R. V. Upadhyay et. al [1.72] has
investigated CdxMg,.<Fe,04 ferrite system for x < 0.8 to study the variation of the saturation
magnetization with Cd concentration and to gain information about the Y-K angles in the system.
They employed the molecular approximation by Satyamurthy et.al. [1.73] using a non-collinear
three sublattice model. From the results, it is clear that Y-K angles do not exist up to x < 0.3 but
for x > 0.4, Y-K angles are present. Thus, the observed variation of the saturation magnetization

with Cd concentration has been explained on the basis of the existence of Y-K angles on the B-

site spins.
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Some physical and magnetic properties of Mg;..Zn,Fe,0, ferrites have been studied by
Mazen et.al.1.74]. It was found that the lattice parameter increases with increasing the Zn
concentration. The basic composition MgFe,0O; shows lowest magnetization whiles the
composition with x = 0.4 shows the highest one. The behavior of magnetization versus Zn content
was discussed on the basis of cation distribution. From the B-H loops, the remanence induction,
By, saturation induction B and coercive force H, were determined as a function of Zn content. It
was found that the Curie temperature decreases with increasing Zn-content. The behavior of u'
with temperature indicates that the samples with x = 0 - 0.3 show multi-domain nature, while the
samples with x = 0.4 and 0.5 are single-domain. The effects of compositional variation on
magnetic susceptibility, saturation magnetization, Curie temperature and magnetic moments of
Cuy«ZniFe;0; ferrites have been reported by Rana et. al. [1.75). The Curie temperature and
saturation magnetization increases from zinc content 0.0 to 0.75. The Y-K angles increases
gradually with increasing Zn content and extrapolates to 90° for ZnFe,0,. From the Y-K angles
for Zn substituted ferrites, it was concluded that the mixed zinc ferrites exhibit a non-collinearity
of the Y-K type while CuFe,O4 shows a Neel type of ordering. Ravinder et.al. [1.76] observed the
abnormal behavior of dielectric properties in Mn,..Zn,Fe,0, ferrites, giving a peak at a certain
frequency. They found that the peak shifts to lower frequency due to increasing zinc
concentration. The decrease of fi..x With increasing zinc content indicates that the hopping or
jumping probability per unit time is decreased continuously.

A. K. M. Zakaria et.al. [1.77] studies the magnetic phase transition and initial permeability
in addition of Al in Co-Zn ferrites. The effect of adding Al the permeability in respect of
frequency is a desired for soft magnetic materials. Decrease of T, with increasing Al content in
the system. Substitution of Zn** and Cd*" in spinel ferrites is interesting consequences. Karche
et.al. [1.78] has studied magnetic properties such as saturation magnetization, AC susceptibility,
initial permeability of CdMg;_«Fe;04 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) system. They reported
that Neel’s two sublattice model is applicable upto x < 0.4 while Yafet-Kittel (Y-K) three
sublattice model is predominant for x > 0.4. They also found that the addition of Cd?* alters the
domain structure from multi-domain to single-domain superparamagnetic transition, while x = 0.8
and CdFe;O4 are paramagnetic at room temperature. Low frequency dispersion in initial
permeability depicts that p; is mainly contributed by domain wall motion. Increase of L with
temperature can be explained as the rate of decreasing of K, with temperature is much greater than

that of Ms. L. Zhao et al. [1.79] reported influence of Gd on magnetic properties of
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(Nio7Mng 3)GdsFe,.<O4 ferrites. It was found the crystallite sizes decreased when Gd ions were
doped into NiMn ferrites. With Gd-substitution, when x > 0.06 all Gd ions could not enter into the
ferrite lattice but resided at the grain boundary. The maximum content of Gd>* ions in ferrite
lattices was substituted when x = 0.06. The values of H, and M, were zero for all the samples
calcined at 600°C. In addition, the Hc and M; Values of the samples calcined at 800°C were larger
than those sintered at 850°C, with Gd contents less than 0.08. Whereas, when the Gd contents at x

= 0.08 and x = 0.10, the H. and M; Values of the samples increase with the calcinations

temperature.

1.6 Outline of the Thesis

The thesis has been divided into eight chapters: Chapter-I presents a brief introduction of
Co-ferrite and organization of thesis. This chapter incorporates background information to assist
in understanding the aims and objectives of this investigation, and also reviews recent reports by
other investigators with which these results can be compared.

Chapter-II briefly describes the theories necessary to understand the present work.

Chapter-IIl enunciates with the detail experimental process related to this research work.
Describes the results and discussion about Chapter-IV, the structural, magnetic and transport
properties of Co;xCdiFe;0,4 ferrites. Chapter-V describes about the structural, magnetic and
transport properties of Co;xZn,Fe;04 ferrites. Chapter-VI describes about the magnetization

behavior of dilute ferrites. Chapter-VII describes about the rare-earth substitution in diluted

sample. Chapter-VIII contains the concluding remarks.
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CHAPTER-II
Theoretical Aspects




Theoretical Aspects

2.1 Introduction to Magnetism

2.1.1 Magnetic Materials

The term magnetism is derived from Magnesia, the name of a region in Asia Minor where
lodestone, a naturally magnetic iron ore, was found in ancient times. Iron is not the only material
that is easily magnetized when placed in a magnetic field; others include nickel and cobalt.
Carbon steel was long the material commonly used for permanent magnets but more recently
other materials have been developed that are much more efficient as permanent magnets,
including certain ferroceramics, iron, aluminum, nickel, cobalt, copper, some rare earth metals
and some of their alloys (e.g., Alnico). A permanent magnet is an object made from a material
that is magnetized and creates its own persistent magnetic field. An everyday example is a
refrigerator magnet used to hold notes on a refrigerator door. Materials that respond strongly to a
magnetic field are called ferromagnetic. The ability of a material to be magnetized or to
strengthen the magnetic field in its vicinity is expressed by its magnetic permeability.
Ferromagnetic materials have permeabilities of as much as 1,000 or more times that of free space
(a vacuum). A number of materials are very weakly attracted by a magnetic field, having
permeabilities slightly greater than that of free space; these materials are called paramagnetic, A
few materials, such as bismuth and antimony, are repelled by a magnetic field, having
permeabilities less than that of free space; these materials are called diamagnetic. Some
ferromagnetic materials can be magnetized by a magnetic field but do not tend to remain

magnetized when the field is removed; these are termed soft. Permanent magnets are made from

magnetically hard ferromagnetic materials that stay magnetized.

2.1.2 The Basis of Magnetism

The electrical basis for the magnetic properties of matter has been verified down to the
atomic level. Because the electron has both an electric charge and a spin, it can be called a charge
in motion. This charge in motion gives rise to a tiny magnetic field. In the case of many atoms, all
the electrons are paired within energy levels, according to the exclusion principle, so that the
electrons in each pair have opposite (antiparallel) spins and their magnetic fields cancel. In some

atoms, however, there are more electrons with spins in one direction than in the other, resulting in



a net magnetic field for the atom as a whole; this situation exists in a paramagnetic substance. If
such a material is placed in an external field, e.g., the field created by an electromagnet, the
individual atoms will tend to align their fields with the external one. The alignment will not be
complete, due to the disruptive effect of thermal vibrations. Because of this, a paramagnetic
substance is only weakly attracted by a magnet. In a ferromagnetic substance, there are also more
electrons with spins in one direction than in the other. The individual magnetic fields of the atoms
in a given region tend to line up in the same direction, so that they reinforce one another. Such a
region is called a domain. In an unmagnetized sample, the domains are of different sizes and have
different orientations. When an external magnetic field is applied, domains whose orientations are
in the same general direction as the external field will grow at the expense of domains with other
orientations. When the domains in all other directions have vanished, the remaining domains are
rotated so that their direction is exactly the same as that of the external field. After this rotation is
complete, no further magnetization can takes place. If the external field is then reduced to zero, it
is found that the sample still retains some of its magnetism; this is known as hysteresis.

The effects on interactions between charges due to their motion and spin may appear in
various forms, including electric currents and permanent magnets. They are described in terms of
the magnetic field, although the field hypothesis cannot be tested independently of the electro
kinetic effects by which it is defined. The magnetic field complements the concept of the
electrostatic field used to describe the potential energy between charges due to their relative
positions. Special relativity theory relates the two, showing that magnetism is a relativistic
modification of the electrostatic forces. The two together form the electromagnetic interactions
which are propagated as electromagnetic waves, including light. They control the structure of
materials at distances between the long-range gravitational actions and the short-range “strong”
and “weak” forces most evident within the atomic nucleus.

The magnetic field can be visualized as a set of lines shown in Fig. 2.1 illustrated by iron
filings scattered on a suitable surface. The intensity of the field is indicated by the line spacing
and the direction by arrows pointing along the lines. The sign convention is chosen so that the
Earth's magnetic field is directed from the north magnetic pole toward the south magnetic pole.
The field can be defined and measured in various ways, including the forces on the equivalent
magnetic poles, and on currents or moving charges. Bringing a coil of wire into the field, or

removing it, induces an electromotive force (emf) which depends on the rate at which the number
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of field lines, referred to as lines of magnetic flux, linking the coil changes in time. This provides

a definition of flux, in terms of the emf, e, given by Eq". (2.1)

dg
=—NZL ;
e - @.1)

For a coil of N turns wound sufficiently closely to make the number of lines linking each the

same. The SI unit of the weber (Wb) is defined accordingly as the volt-second. The symbol B is

used to denote the flux, or line, density, as in Eq". (2.2),

Be=? (2.2)

area

when the area of the coil is sufficiently small to sample conditions at a point, and the coil is
oriented so that the induced emf is a maximum. The SI unit of B, the tesla (T), is the Wb/m?. The
sign of the emf, e, is measured positively in the direction of a right-hand screw pointing in the
direction of the flux lines. It is often convenient, particularly when calculating induced emfs, to

describe the field in terms of a magnetic vector potential function instead of flux.

M searrh sonl
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Fig. 2.1 Magnetic lines of a bar magnet.
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2.1.3 Electron Spin

With the concept of electron spin introduce by Goudsmit in 1925 and Uhlenbeck in 1926, the
origin of magnetism was explained. Spin corresponds to movement of electric charge in the electron,
hence an electric current which produces a magnetic moment in the atom. The net magnetic
moment is the vector sum of the individual spin and orbital moments of the electrons in the outer

shells [2.1]. Next figure illustrate these two phenomena:

(a) (b)

Fig. 2.2 (a) Electron orbit around the nucleus (b) Electron spin.

The electron spin can be represented in two modes pointed up or down. In an atom, with
opposed paired spins cancel and do not result in magnetic moment, while the unpaired spins will

give rise to a net magnetic moment.

2.1.4 Magnetic Dipole

The Earth’s magnetic field, which is approximately a magnetic dipole. However, the N- pole
and S-pole are labeled here geographically, which is the opposite of the convention for labeling
the poles of a magnetic dipole moment
In physics, there are two kinds of dipoles:

(1) An electric dipole is a separation of positive and negative charges. The simplest example
of this is a pair of electric charges of equal magnitude but opposite sign, separated by some

(usually small) distance. A permanent electric dipole is called an electret.
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(ii) A magnetic dipole is a closed circulation of electric current. A simple example of this is

a single loop of wire with some constant current flowing through it [2.2, 2.3].

2.1.5 Magnetic Field

The magnetic field ( B ) is a vector field. The magnetic field vector at a given point in space is

specified by two properties:

(i) Its direction, which is along the orientation of a compass needle.

(i) Its magnitude (also called strength), which is proportional to how strongly the compass
needle orients along that direction.

The units for magnetic field strength H are ampere/meter. A magnetic field strength of 1

ampere/meter is produced at the center of a single circular conductor with a one meter diameter

carrying a steady current of 1 ampere.

2.1.6 Magnetic Moment

A magnet's magnetic moment (also called magnetic dipole moment, and usually denoted 7))
is a vector that characterizes the magnet's overall magnetic properties. For a bar magnet, the
direction of the magnetic moment points from the magnet's south pole to its north pole, and the
magnitude relates to how strong and how far apart these poles are. In SI units, the magnetic
moment is specified in terms of A-m” A magnet both produces its own magnetic field and it
responds to magnetic fields. The strength of the magnetic field it produces is at any given point
proportional to the magnitude of its magnetic moment. In addition, when the magnet is put into an
external magnetic field, produced by a different source, it is subject to a torque tending to orient
the magnetic moment parallel to the field. The amount of this torque is proportional both to the
magnetic moment and the external field. A magnet may also be subject to a force driving it in one
direction or another, according to the positions and orientations of the magnet and source. If the

field is uniform in space, the magnet is subject to no net force, although it is subject to a torque.
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2.2 Magnetization Process

2.2.1 Magnetic Flux and Flux Density

Magnetic flux is defined in terms of the forces exerted by the magnetic field on electric
charge. The forces can be described in terms of changes in flux with time Eq". (2.1), caused either
by motion relative to the source or by changes in the source current, describing the effect of
charge acceleration. Since the magnetic, or electrokinetic, energy of current flowing in parallel
wires depends on their spacing, the wires are subject to forces tending to change the

configuration. The force, dF, on an element of wire carrying a current, 7, is given by Eq". (2.3)

dF = Bidl 2.3)

and this provides a definition of the flux density, B, due to the wires which exert the force. The SI
unit of B, called the tesla or Wb/m?, is the N/A-m. The flux density, B, equals po H in empty

space, or in any material which is not magnetically from Eq". (2.4)
B=uH (2.4)

An example is the force, F, per meter (length) which is exerted by a long straight wire on another
which is parallel to it, at distance . From Eq". (2.5)
7

H=— 2.5
- (2.5)
this force is given by Eq". (2.6)
Ii 1
el cogigril (2.6)
2mr r

when the wires carry currents / and i. The force, F, is accounted for by the electrokinetic

interactions between the conduction charges, and describes the relativistic modification of the

electric forces between them due to their relative motion.

In general, any charge, ¢, moving at velocity u is subject to a force given by Eq".(2.7)

f=quxB 2.7)

denotes the cross-product between vector quantities. That is, the magnitude of f depends on the sine of

the angle © where u x B between the vectors u and B, of magnitudes » and B, according to Eq". (8)
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f=quBsin@ (2.8)

The force on a positive charge is at right angles to the plane containing u and B and points in the

direction of a right-hand screw turned from u to B.

The same force also acts in the axial direction on the conduction electrons in a wire moving
in a magnetic field, and this force generates an emf in the wire. The emf in an element of wire of

length dl is greatest when the wire is at right angles to the B vector, and the motion is at right

angles to both. The emf is then given by Eq". (2.9)

emf =uBdl (2.9

More generally, u is the component of velocity normal to B, and the emf depends on the sine of

the angle between dl and the plane containing the velocity and the B vectors. The sign is given by

the right-hand screw rule, as applied to Eq". (2.8)

2.2.2  Origin of Magnetic Moments

The magnetic moment or magnetic dipole moment is a measure of the strength of a magnetic

source. In the simplest case of a current loop, the magnetic moment is defined as:

m=1 _[da (2.10)
where 'a' is the vector area of the current loop, and the current, I is a constant. By convention, the

direction of the vector area is given by the right hand rule.

In the more complicated case of a spinning charged solid, the magnetic moment can be found by

the following equation:

1
m=jr><Jdr, @.11)
2

where dr =r’sinf@drd@dg and] is the current density.

The magnetic moment in a magnetic field is a measure of the magnetic flux set up by the
gymtion of an electric charge in a magnetic field. The moment is negative, indicating it is
diamagnetic, and equal to the energy of rotation divided by the magnetic field. In atomic and
nuclear physics, the symbol m represents moment, measured in Bohr magnetons, associated with

the intrinsic spin of the particle and with the orbital motion of the particle in a system, also called
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magnetic dipole moment. For a system of charges, the magnetic moment is determined by

summing the individual contributions of each charge-mass-radius component.

2.2.3 Magnetic Properties of Solid

Materials may be classified by their response to externally applied magnetic fields as
diamagnetic, paramagnetic and ferromagnetic. These magnetic responses differ greatly in
strength. Diamagnetism is property of all materials and opposes applied magnetic fields, but is
very weak paramagnitism, when present, is stronger than diamagnetism and produces
magnetization in the direction of the applied field and proportional to the applied field.
Ferromagnetic effects are very large, producing magnetizations sometimes orders of magnitude
greater than the applied field and as such arte much larger than either diamagnetic or
paramagnetic effects. The magnetization of a material is expressed in terms of density of net

magnetic dipole moments p in the material. We define a vector quantity called the magnetization M by

Hiowal
M == 2.12
v (2.12)
when the total magnetic field B in the material is given by
B=B,+u, M, (2.13)

where L is the magnetic permeability of space and By is the externally applied magnetic field.
When magnetic fields inside of materials are calculated using Ampere’s law or the Biot- Savart

law, then the 1, in those equations is typically replaced by just p with the definition

YT @.14)
where , is called the relative permeability. If the material does not respond to the external

magnetic field by producing any magnetization then p, = 1. Another commonly used magnetic
quantity is the magnetic susceptibility

=4, -1 (2.15)
For paramagnetic and diamagnetic materials the relative permeability is very close to 1 and the

magnetic susceptibility very close to zero. For ferromagnetic materials, these quantities may be

very large. Another way to deal with the magnetic fields which arise from magnetization of
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materials is to introduce a quantity called magnetic field strength H. It can be defined by the

relationship
B
Beto P iy (2.16)
Ky H,

and has the value of unambiguously designating the driving magnetic influence from external

currents in a material independent of the materials magnetic response. The relationship for B

above can be written in the equivalent form
B=pu,(H+M), (2.17)

H and M will have the same units, amperes/meter

The magnetic susceptibility (x) is defined as the ratio of magnetization to magnetic field

M (2.18)
V4 j7; .

The permeability and susceptibility of a material is correlated with respect to each other by

=1+ y) (2.19)

2.2.4 Magnetic Domain and Domain Wall Motion

* In addition to susceptibility differences, the different types of magnetism can be
distinguished by the structure of the magnetic dipoles in regions called domains.

* Each domain consists of magnetic moments that are aligned, giving rise to a permanent
net magnetic moment per domain.

* Each of these domains is separated from the rest by domain boundaries/domain walls.
Boundaries, also called Bolch walls, are narrow zones in which the direction of the
magnetic moment gradually and continuously changes from that of one domain to that of
the next.

* The domains are typically very small about 50 um or less, while the Bloch walls are about
100 nm thick. For a polycrystalline specimen, each grain may have more than one
microscopic sized domain.

» Domains exist even in absence of external field.

* In a material that has never been exposed to a magnetic field, the individual domains have

a random orientation. This type of arrangement represents the lowest free energy.
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When the bulk material is un-magnetized, the net magnetization of these domains is zero,
because adjacent domains may be orientated randomly in any number of directions,
effectively canceling each other out.

The average magnetic induction of a ferro-magnetic material is intimately related to the
domain structure.

When a magnetic field is imposed on the material, domains that are nearly lined up with the
field grow at the expense of unaligned domains. This process continues until only the most
favorably oriented domains remain.
In order for the domains to grow, the Bloch walls must move, the external field provides the
force required for this moment.

When the domain growth is completed, a further increase in the magnetic field causes the
domains to rotate and align parallel to the applied field. At this instant material reaches
saturation magnetization and no further increase will take place on increasing the strength

of the external field.

Under these conditions the permeability of these materials becomes quite small.

Fig. 2.3 Rotation of orientation and increase in size of magnetic domains due to an externally
applied field.

In magnetism, a domain wall is an interface separating magnetic domains. It is a transition

between different magnetic moments and usually undergoes an angular displacement of 90° or

180°. Although they actually look like a very sharp change in magnetic moment orientation, when

looked at in more detail there is actually a very gradual reorientation of individual moments

across a finite distance [2.4]. The energy of a domain wall is simply the difference between the

magnetic moments before and after the domain wall was created. This value is more often than

not expressed as energy per unit wall area. The width of the domain wall varies due to the two
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opposing energies that create it: the magnetocrystalline anisotropy energy and the exchange
energy, both of which want to be as low as possible so as to be in a more favorable energetic state.
The anisotropy energy is lowest when the individual magnetic moments are aligned with the
crystal lattice axes thus reducing the width of the domain wall, whereas the exchange energy is
reduced when the magnetic moments are aligned parallel to each other and thus makes the wall
thicker, due to the repulsion between them (where anti-parallel alignment would bring them closer

working to reduce the wall thickness).

20 [T teeridl]]

Fig. 2.4 The magnetization changes from one direction to another one.

In the end equilibrium is reached between the two and the domain wall's width is set as such.
An ideal domain wall would be fully independent of position; however, they are not ideal and so
get stuck on inclusion sites within the medium, also known as crystallographic defects. These
include missing or different (foreign) atoms, oxides, and insulators and even stresses within the
crystal. In most bulk materials, we find the Bloch wall: the magnetization vector turns bit by bit
like a screw out of the plane containing the magnetization to one side of the Bloch wall. In thin
layers (oft the same material), however, Neél walls will dominate. The reason is that Bloch walls

would produce stray fields, while Neél walls can contain the magnetic flux in the material [2.5]

2.2.5 Magneto Static or Demagnetization Energy

The materials consist of a single domain than it behaves as a block magnet. The external
demagnetizing field has a magneto static energy that depends on the shape of the sample and is
the field that slows work to be done by the magnetized sample in order to minimize static energy

must be minimized .This can be achieved by decreasing the external demagnetizing field by
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dividing the material in to domain. Adding extra domains increase the exchange energy as the
domain increase the exchange energy as the domains cannot align parallel, however the total
energy has been decreased as the magneto static energy in the dominant effect. The magneto static
energy can be reduced to zero by a domain structure that leaves no external demagnetizing field is

the main driving force for the formation of domains.

2.2.6 Magnetocrystalline Anisotropy Energy

In some materials the domain magnetization tends to align in a particular crystal direction
(the so-called easy axis). The material is easiest to magnetize to saturation or demagnetize from
saturation if the field is applied along an easy axis. The energy difference between aligning the
domain in the easy and another direction (hard direction) is called magnetocrystalline anisotropy
energy. Anisotropy energy is the energy needed to rotate the moment from the easy direction to a
hard direction. For materials with cubic crystalline structure (such as ferrites), the energy is

expressed in terms of anisotropy constants and the direction to which the magnetization rotates.

E, =k sin? O+k,sin*o... ... .. (Hexagonal structure) (2.20)

E =k(aja; +aia; +ajal) +k(alela? +... ..) (Cubic structure), (2.21)
where, £ is the anisotropy constant, 0 is the angle between the easy axis and the direction of
magnetization, and «’s are the direction cosines, which are the ratios of the individual
components of the magnetization projected on each axis divided by the magnitude of the
magnetization. A crystal is hi gher in anisotropy energy when the magnetization points in the hard

direction rather than along the easy direction. The formation of domains permits the

magnetization to point along the easy axis, resulting in a decrease in the net anisotropy energy.

2.2.7 Magnetostriction

Magnetostriction is a property of ferromagnetic materials that causes them to change
their shape or dimensions during the process of magnetization. The variation of material’s
magnetization due to the applied magnetic field changes the magnetostrictive strain until
reaching its saturation value. The phenomenon was discovered in 1842 by J. Joule. In
ferromagnets and ferrimagnets (such as iron, nickel, cobalt, gadolinium and terbium, as well as a

number of alloys and ferrites) magnetostriction reaches a significant magnitude (relative
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A Al SV : ;
extension, T 10%-10%), Magnetostriction is very small in antiferromagnets, paramagnets, and

In the modern theory of magnetism, magnetostriction is considered to be a result of the
manifestation of the fundamental types of interactions in ferromagnetic bodies (electrical
exchange interaction and magnetic interaction). Accordingly, two types of essentially different
magnetostriction deformations of a crystal lattice are possible: those resulting from a change in

magnetic forces (dipole-dipole and spin-orbital deformations) and those resulting from a change

in exchange forces.

paraprocess, or true magnetization) takes place. Magnetostriction caused by exchange forces in

>

cubic crystals is isotropic that is, it is manifested in a change in the volume of the body. In
hexagonal crystals (such as gadolinium), such magnetostriction is anisotropic. In most

ferromagnetic substances at room temperature, magnetostriction resulting from the paraprocess is

small; it j

magnetostriction transformers (sensors) and relays, ultrasonic radiators and receivers, filters and

frequency stabilizers in electronic devices, and magnetostriction delay lines.
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2.2.8 Hysteresis

Magnetic hysteresis is an important phenomenon and refers to the irreversibility of the
magnetization and demagnetization process, when a material shows a degree of irreversibility it is
known as hysteretic. When a demagnetized ferromagnetic material is placed in as appled
magnetic field grows at the expanse of the other domain wall. Such growth occurs by motion of
the domain walls .Initially domain wall motion is reversible, and if the applied field is removes
the magnetization will return to the initial demagnetized state. In this region the magnetization
curve is reversible and therefore does not show hysteresis. The crystal will contain imperfections
which the domain boundaries encounter during their movement. These imperfections have an
associated magneto static energy when a domain wall intersects the crystal imperfection this
magneto static energy can be eliminated as closure domains from this pins the domain wall to the
imperfection as it if a local energy minima.

A great deal of information can be learned about the magnetic properties of a material by
studying its hysteresis loop. A hysteresis loop shows the relationship between the induced
magnetic flux density (B) and the magnetizing force (H). It is often referred to as the B-H loop.

An example hysteresis loop is shown below.

T
B
a
+B,|b
'Hc/ +H,
k f H —
=~ B/
d

Fig. 2.5 Magnetic hysteresis loop.

The loop is generated by measuring the magnetic flux of a ferromagnetic material while the

magnetizing force is changed. A ferromagnetic material that has never been previously
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magnetized or has been thoroughly demagnetized will follow the dashed line as H is increased. As
the line demonstrates, the greater the amount of current applied (+H), the stronger the magnetic
field in the component (+B). At point "a" almost all of the magnetic domains are aligned and an
additional increase in the magnetizing force will produce very little increase in magnetic flux. The
material has reached the point of magnetic saturation. When H is reduced to zero, the curve will
move from point "a" to point "b". At this point, it can be seen that some magnetic flux remains in
the material even though the magnetizing force is zero. This is referred to as the point of
retentivity on the graph and indicates the remanence (B;) or level of residual magnetism in the
material. (Some of the magnetic domains remain aligned but some have lost their alignment.) As
the magnetizing force is reversed, the curve moves to point "c", where the flux has been reduced
to zero. This is called the point of coercivity on the curve. (The reversed magnetizing force has
flipped enough of the domains so that the net flux within the material is zero.) The force required
to remove the residual magnetism from the material is called the coercive force (H,) or coercivity
of the material. As the magnetizing force is increased in the negative direction, the material will
become magnetically saturated but in the opposite direction (point "d"). Reducing H to zero
brings the curve to point "e". It will have a level of residual magnetism equal to that achieved in
the other direction. Increasing H back in the positive direction will return B to zero. Notice that
the curve did not return to the origin of the graph because some force is required to remove the

residual magnetism. The curve will take a different path from point "f" back to the saturation point

where it with complete the loop.

From the hysteresis loop, a number of primary magnetic properties of a material can be
determined:

(i) Retentivity, a measure of the residual flux density corresponding to the saturation

induction of a magnetic material. In other words, it is a material's ability to retain a

certain amount of residual magnetic field when the magnetizing force is removed after

achieving saturation. The value of B is at point "b" on the hysteresis curve.

(ii) Residual Magnetism or Residual Flux, the magnetic flux density that remains in a
material when the magnetizing force is zero. Residual magnetism and retentivity are the
same when the material has been magnetized to the saturation point. However, the level
of residual magnetism may be lower than the retentivity value when the magnetizing

force did not reach the saturation level.
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(iii) Coercive Force, the amount of reverse magnetic field which must be applied to a

magnetic material to make the magnetic flux return to zero. The value of H is at point

"c" on the hysteresis curve.

2.2.9 Magnetization and Temperature

The influence of temperature on magnetic material can be determinate in the magnetic
properties of dose materials. Rising the temperature of a solid, result in the increase of the thermal
vibrations of atoms, with this the atomic magnetic moments are free to rotate. This phenomenon
the atoms tend to randomize the directions of any moments that may be aligned [2.6]. With
increasing temperature, the saturation magnetization diminishes gradually and abruptly drops to
zero at what called the Curie temperature (T;). The Curie point of a ferromagnetic material is the
temperature above which it loses its characteristic ferromagnetic ability. At temperatures below
the Curie point the magnetic moments are partially aligned within magnetic domains in
ferromagnetic materials. As the temperature is increased from below the Curie point, thermal

fluctuations increasingly destroy this alignment, until the net magnetization becomes zero at and

above the Curie point.
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Fig. 2.6 Typical M-T curve for magnetic material.

Above the Curie point, the material is purely paramagnetic. At temperatures below the
Curie point, an applied magnetic field has a paramagnetic effect on the magnetization, but the
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combination of paramagnetism with ferromagnetism leads to the magnetization following a

hysteresis curve with the applied field strength. Table-2.1 shows some examples of Curie

temperature for various materials.

Table- 2.1 Curie Temperature of selected Mterials

Material | Curie temperature {Kl l
Gadolinium 292
Nickel 631
Magnetite 858
Iron 1043
Cobalt 1393

2.2.10 Theory of Permeability

Permeability is namely defines as the proportional constant between the magnetic field

induction B and applied intensity H:

B=puH (2.22)
If a magnetic material is subjected to an AC magnetic field as given below:

H = He™ (2.23)
Then it is observed that the magnetic flux density B experiences a delay. The delay is caused due

to presence of various losses and is thus expressed as
B = Be@® (2.24)

where & is the phase angle and marks the delay of B with respect to H. The permeability is then

given by
B B i{an—8)
p== M;; = (2.25)
0
B —id
o }j == (2.26)
0
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Where u = ?cos o) (2.27)

0
p' = %Sinﬁ (2.28)

The real Part p’ of complex permeability p as expressed in Eq". (2.26) represent the
component of B which is in phase with H, so it corresponds to the normal permeability. If there is
no losses , we should have p = p', The imaging part p" corresponds to the part of B which is
delayed by phase angle arranging up to 90° from H . The presence of such a component requires a
supply of energy to maintain the alternating magnetization regardless of the origin of delay. The
ratio of p" to p' gives

B,

. FSin 5
£ - 5 =tan? (2.29)
Ho 20 coss
H

0

This tan & is called the loss Factor or loss tangent. The Q-Factor or quality factor is defined as the

reciprocal of this loss factor, i.e

Qe (2.30)

2.3 Types of Magnetism

The origin of magnetism lies in the orbital and spin motion motions of electrons and how the
electrons interact with one another. The best way to introduce the different types of magnetism is
to describe how materials respond to magnetic fields. This may be surprising to some, but all
matter is magnetic. It’s just that some materials are much more magnetic than others. The main
distinction is that in some materials there is no collective interaction of atomic magnetic moments,
whereas in other materials there is a very strong interaction between atomic moments.

The magnetic behavior of materials can be classified into the following major groups:

e Diamagnetism

e Paramagnetism

e Ferromagnetism, Antiferromagnetism and ferrimagnetisms are considered as

subclasses of ferromagnetism.
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2.3.1 Diamagnetism

Diamagnetism is a weak repulsion from a magnetic field. The orbital motion of electrons
creates tiny atomic current loops, which produce magnetic fields .When an external field is
applied to a material, these current loops will tend to align in such a way as to oppose the applied
field. This may be viewed as an atomic version of Lenz’s law: induced magnetic fields tend to
oppose the change which created them. Materials in which this effect is the only magnetic
response are called diamagnetic. The other characteristic behavior of diamagnetic materials is that
the susceptibility is temperature independent. The typical values of susceptibility are in the order
of 10? to 10, Any conductor will show a strong diamagnetic effect in the presence of changing
magnetic fields because circulating currents will be generated in the conductor to oppose the
magnetic field changes [2.6]. A superconductor will be a perfect diamagnet since there is no

resistance to the forming of the current loops. Most of the materials are diamagnetic, including

Cu, B, S, Ag, Si, N, and most organic compounds.

2.3.2 Paramagnetism

In a paramagnet, the magnetic moments tend to be randomly oriented due to thermal
fluctuations when there is no magnetic field. In an applied magnetic field these moments start to
align parallel to the field. Materials that are paramagnetic become magnetized in the same
direction as that of an applied magnetic field and the amount of magnetization is proportional to
that of the applied magnetic field [2.7 - 2.11]. Paramagnetic materials are attracted to magnetic
fields; hence have a relative magnetic permeability greater than one or equivalently, a positive
magnetic susceptibility and the values of susceptibility are very small with the order of 10~ to 107,
Paramagnets do not retain any magnetization in the absence of an externally applied magnetic
field. Superparamagnetism is a phenomenon by which magnetic materials may exhibit a behavior
similar to paramagnetism even when at temperatures below the Curie temperature. This is a small
length scale phenomenon, where the energy required to change the direction of the magnetic
moment of a particle is comparable to the thermal energy at room temperature. At this point, the
rate at which the particles will randomly reverse direction becomes significant. O, NO, Mn and
Cr are just a few examples of the paramagnetic materials. The susceptibility of a paramagnetic

material is inversely dependent on temperature, which is known as Curie law
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Fig.2.7  Varieties of magnetic orderings (a) paramagnetic, (b) ferromagnetic,
(c) ferrimagnetic, (d) antiferromagnetic and (e) superparamagnetic

2.3.3 Ferromagnetism

A ferromagnet, like a paramagnetic substance, has unpaired electrons. However, in addition
to the electrons intrinsic magnetic moments wanting to be parallel to an applied field, there is also
in these materials a tendency for these magnetic moments to want to be parallel to each other.
Thus even when the applied field is removed, the electrons in the material can keep each other
continually pointed in the same direction. Every ferromagnetic substance has its own individual
temperature, called the Curie temperature, above which it loses its ferromagnetic properties [2.9].
This is because the thermal tendency to disorder overwhelms the energy lowering due to
ferromagnetic order. The susceptibility of a ferromagnetic material does not follow the Curie law,

but displayed a modified behavior defined by Curie-Weiss law Fig. 2.8 (b)

c (2.32)
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where C is a constant and 0 is called Weiss constant. For ferromagnetic materials, the Weiss

constant is almost identical to the Curie temperature (T;). The elements Fe, Ni and Co and many

of their alloys are typical ferromagnetic materials.
Two distinct characteristics of ferromagnetic materials are:

e Spontaneous magnetization and

e The existence of magnetic ordering temperature (Curie temperature)

(d)
(a)

(b

i » T
B s

Fig. 2.8. The inverse susceptibility varies with temperature T for (a) paramagnetic, (b) ferromagnetic,
R (¢) ferrimagnetic, (d) antiferromagnetic materials. Ty and T are Neel temperature and Curie

temperature, respectively.

The spontaneous magnetization is the net magnetization that exists inside a uniformly
magnetized microscopic volume in the absence of a field. The magnitude of this magnetization, at
0K is dependent on the spin magnetic moments of electrons. Spontaneous magnetization is the
term used to describe the appearance of an ordered spin state (magnetization) at zero applied
magnetic field in a ferromagnetic or ferrimagnetic material below a critical point called the
Curie temperature or T.. This fact led Weiss to make the bold brilliant assumption that a
molecular field acted in a ferromagnetic substance below its Curie temperature as well as above
and that this field was so strong that it could magnetize the substance to saturation even in the
absence of an applied field. The substance is then self-saturating or spontaneously magnetized.

Saturation magnetization is an intrinsic property independent of particle size by dependent on
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temperature. Even through electronic exchange forces in ferromagnets are very large thermal
energy eventually overcomes the exchange energy and produces a randomizing effect. This occurs
at a particular temperature called the Curie temperature (T;). Below the Curie temperature the

ferromagnetic is ordered and above it, disordered. The saturation magnetization goes to zero at the

Curie temperature.

2.3.4 Antiferromagnetism

Antiferromagnitic material adjacent magnetic moments parallel to each other without an
applied field. In the simplest case adjacent magnetic moments are equal in magnitude and
opposite therefore these is no over all magnetization. The natural state makes it different for the
material to become magnetized in the direction of the applied field but still demonstrates a relative
permeability slightly greater than above a critical temperature known as the Neel temperature the
material becomes paramagnetic [2.11]. The antiferromagnetic susceptibility is followed by the
Curie-Weiss law with a negative 0 as in the inverse susceptibility as a function of temperature is

shown in Fig. 2.8 (d). Common examples of materials with antiferromagnetic ordering include

MnO, FeO, CoO and NiO.

2.3.5 Ferrimagnitism

Ferrimagnetic material has the aligned magnetic moments are not of the same size; that is to
say there is more than one type of magnetic ion. An overall magnetization is produced but not all
the magnetic moment may give a positive contribution to the overall magnetization. The
magnitude of magnetic moment in one direction defers from that of the opposite directions. As a
result a net magnetic moment remains in the absence of external magnetic field, the behavior of
susceptibility of a ferrimagnrtic material also obeys Curie-Weiss law and has a negative Q as well
as in Fig. 2.8(c). While these materials may also demonstrate a relative permeability >1, their
temperature dependence are not as consistent as with ferromagnetic materials and can result is
some very unusual results. Ferrimagnetism is therefore similar to ferromagnetism. It exhibits all
the hallmarks to ferromagnetic behavior like spontaneous magnetization, Curie temperature
hysteresis, and remanence. However ferro and ferrimagnets have very different magnetic
ordering. In ionic compounds, such as oxides, more complex forms of magnetic ordering can

occur as a result of the crystal structure. The magnetic structure is composed of two magnetic
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sublattices (called A and B) separated by oxygens. The exchange interactions are mediated by the

oxygen anions. When this happens, the interactions are called indirect or superexchange

interactions.

2.4 Classification of Ferrites

Ferrites are essentially ceramic materials, compound of iron, boron, barium strontium, lead,
zinc, magnesium or manganese. The ingredients are mixed, prefired, milled/crushed, dried,
shaped and finally pressed and fired into their final hand an brittle state. Ferrites are a class of
chemical compounds with the formula AB,O4, where A and B represent various metal cations
usually including iron. These ceramic materials are used in applications ranging from magnetic
components in micro electronics.

At high frequencies ferrites are considered superior to other magnetic materials because they
have low eddy current losses and high DC electrical resistivity. The DC electrical resistivity of
ferrites at room temperature can very depending upon the chemical composition between about
102 Q-cm and higher than 10" Q-cm [2.12].

Ferrites are classified into two categories based on their coercive field strength. They are:
(i) Soft ferrite with coercive field strength <10 Oe
(ii) Hard ferrite with coercive field strength > 1250e

24.1 Soft Ferrite

Soft ferrites are characterized by low coercive forces and high magnetic permeabilities; and
are easily magnetized and de-magnetized. They generally exhibit small hysteresis losses. One of
the most common types of soft ferrite is made up of oxides of manganese (Mn) and zinc (Zn).
Most common ferrite contains 50% iron oxide. At high frequency metallic soft magnetic materials
simply cannot be used due to the eddy current losses. Therefore soft ferrite, which is ceramic
insulators, becomes the most desirable material. These materials are ferromagnetic with a cubic
crystal structure and the general composition MO.Fe;0;, where M is a transition metal such as
nickel, manganese, magnesium or zinc. The magnetically soft ferrites first came into commercial
production in 1948. Additionally, part of the family of soft ferrite are the microwave ferrites
e.g. Ytrium iron garnet .These ferrite are used in the frequency range from 100 MHz to 500 GHz.

For waveguides for electromagnetic radiation and in microwave device such as phase shifters.
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Application of soft ferrite include: cores for electro-magnets, electric motors, transformers,

generators, and other electrical equipment.

2.4.2 Hard Ferrite

Hard magnets are characterized by high remanent inductions and high coercivities. They
generally exhibit large hysteresis losses. Hard ferrite referred to as permanent magnets retain their
magnetism after being magnetized. Hard ferrite likes Ba-ferrite, Sr-ferrite, Pb-ferrite are used in
communication device operating with high frequency currents because of their high resistivity,
negligible eddy currents and lower loss of energy due to Joule heating and hysteresis. These are
found useful in many applications including fractional horse-power motors, automobiles, audio-

and video- recorders, earphones, computer peripherals, and clocks.

According to the crystallographic structures ferrite fall into three categories.
(i) Cubic ferrites of spinel type,
(ii) Cubic ferrites of garnet type and

(iii) Hexagonal Ferrites.
2.4.3 Cubic Ferrite of Spinel Type

This ferrite is also called ferrospinels because they crystallize in the same crystal structure as
the mineral spinel and they derive their general formula MeFe,O4 and that (MgAl,Oy) of spinal. In
this formula Me represents a divalent ion of metal. Beside the divalency another condition to
qualify a metal in ferrospinel is its ionic radius which should fall between 0.6 and 1.0 A. Mg, Fe,
Co, Ni, Cu, Zn and Cd all satisfy these two conditions and thus from various single cubic ferrites
magnetic which contains one ferrous ion and two ferric ions in each formula unit is a typical
ferrite. The crystal structure of ferrite is based on a face-centered cubic lattice of the oxygen ions.
Each unit cell contains eight formula units. Therefore there are 320 anions 16Fe”" cations and 8
Me?* cations in the cell and the lattice constant is rather large of the order of 8.50 in each unit cell
there are 64 tetrahedral or A- sites and 32 octahedral or B- site .These site are so named because

they are surrounded by four and six oxygen ions at equal distances respectively.
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Fig. 2.9 Schematic of two sub cells of a unit cell of the spinel structure, showing octahedral

and tetrahedral sites.

The lattice characteristics of a spinel include a face centre cubic (FCC) site for the oxygen
atoms and two cationic sites occupying A and B-sites [2.13, 2.14, 2.15]. In a spinel, there are 64
A-sites, 32 B-sites, and 32 oxygen sites in a unit cell. Due to their exchange coupling, spinel
ferrites are ferrimagnetically aligned where all of the moments of A-sites 34 are aligned parallel
with respect to one another while moments of A and B-sites are antiparallel to each other. The
charge neutrality requires the presence of the cations within the structure to counter balance the
charge of these oxygen anions. These cations rest on two types of interstitial sites to preserve the
charge neutrality namely A and B-sites. The magnetic properties of spinel ferrites are generally
influenced by composition and cation distribution. Variation of cation distribution between the
cationic sites leads to different electrical and magnetic properties even if the composition of the
spinel is the same. The distribution of cations over A and B-sites is determined by their ionic
radius, electronic configuration and electrostatic energy in the spinel lattice [2.12]. The octahedral

sites are larger than the tetrahedral sites, thus, the divalent ions are localized in the octahedral sites
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whereas trivalent ions are in the tetrahedral sites [2.16]. Each type of lattice site will accept other

metal ions with a suitable, 0.65 - 0.80A at B-sites and 0.40 - 0.64A at A-sites.

2.5 Cation Distribution in Ferrites

The cation distribution in the spinel Me”* Me;* O, can be as follows [2.16]

2.5.1 Normal Spinel Structure

The divalent cation (Me®") are in tetrahedral A-sites and two trivalent (Fe**) cations are in
octahedral B- site which is represented as (Me*")s[Fe**Fe*" 130, Both zinc and cadmium ferrite

have this structure and they are both magnetic i.e. paramagnetic

2.5.2 Inverse Spinel Structure

In this case divalent (Me®") cations are in octahedral B-sites and the trivalent (Fe**) cations
are equally divided between A and B sites (the divalent and trivalent ions normally occupy the B
sites in a random fashion i.e. they are disordered) arrangement is as (Fe*")a[Me*Fe**]30,. Iron,

cobalt and Nickel ferrites have the inverse structure, and they are all ferromagnetic.

2.5.3 Intermediate Structure

X-ray and neutron diffraction experiments and magnetization measurements show that there
is a whole range of cation distribution between the normal and inverse structures. The
arrangement of the from (Fe**; Me* )a[Fe*" ) xMe?" | Jg0%s is often referred as mixed spinel,
where cations in the parentheses are at (A) sites and those in the brackets are at [B] sites and x is
called the inversion parameter. The extreme case x = 1 corresponds to the normal spinel structure,

and x = 0 corresponds to the inverse structure 0 < x <1 for intermediate used commercially are

mixed ferrite [2.17].

The factor affecting the cation distribution over A and B sites are as follows [2.16, 2.18]
e The size of the cations

e The electronic configuration of cations

e The electronic energy

e The saturation magnetization of the lattice

39



Smaller cations (trivalent ions) prefer to occupy the A-sites. The cations have special
preference for A and B sites and the preference depends on the following factors:

e Jonic radius

e Size of interstices

e Temperature

e Orbital preference for the specific coordination.

The preference of cations is according to Verway- Heilmar scheme [2.19, 2.20]
e lons with strong preference for A-sites Zn**, Cd**, Ga**, In*", Ge*".
e lons with strong preference for B-sites Ni**, Cr’*, Ti**, Sn*".
o Indifferent ions are Mg?*, AI**, Fe*", Co**, Mn**, Fe**, Cu*".

Moreover the electrostatic energy also affects the cation distribution in the spinel lattice.

The cations of the smallest positive charge reside on the B-sites having six anions in
surrounding i.e. the most favorable electrostatic conduction. It has been observed that X-ray
powder diffraction, in conjunction with appropriate computational method, has enough sensitivity
to determine the degree of inversion 8, and oxygen positional parameter U. A difference of one

electron between two different cations can be enough to render them distinguishable.

2.6 Magnetic Exchange Interaction

The electron spin of the two atoms S; and S;, which is proportional to their product .The

exchange energy can be written as universally in terms of Heisenberg Hemiltonian [2.21]

H= 'E-Iij Si.Sj - 'ZJij Sij coso, (233)

where Jj; is the exchange integral represents the strength of the coupling between the spin angular
momentum i and j and ¢ is the angle between the spins. It is well known that the favored situation
is the one with the lowest energy and it turns out that there are two ways in which the wave
functions can combine there are two possibilities for lowering the energy by H. These are:

(i) [IfJis positive and the parallel spin configuration (cosg = 1) the energy is minimum,

(i) If J; is negative and the spins are antiparallel (cosp = -1) energy is maximum. This

situation leads to antiferromagnetism.
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2.6.1 Superexchange Interaction

The magnetic interaction in magnetic oxide cannot be explained on the basis of direct

interaction because of the following facts:

e The magnetic ions are located too far apart from each other shielded by the non magnetic
anion i.e., oxygen. This is because these are not band type semiconductor [2.22] .The non
magnetic anion such as oxygen is situated in the line joining magnetic cations

® Superexchange interaction appears, i.e. indirect exchange via anion p-orbital that may be
strong enough to order the magnetic moments. The P orbital of an anion (center) internet

with the d orbital of the transitional metal cations.

Three major types of superexchange interactions in spinel ferrites are: Jap, Jgp, and Jaa.
Ferromagnetic oxides are one kind of magnetic system in which there exist at least two in
equivalent sublattice for the magnetic ions. The antiparallel alignment between these sub lattices
(ferrimagneting ordering ) may occur provided the intersublattice (Jop) exchange interaction are
antiferromagnetic (AF) and some requirements concerning the signs and strength of the intra-
sublattice (Jaa, Jpp) exchange interactions are fulfilled. Since usually in ferromagnetic oxides the
magnetic cations are surrounded by bigger oxygen anions (almost excluding the direct overlap
between cation orbital) magnetic interactions occur via indirect superexchange interactions
depends both on the electronic structure of the cations and their geometrical arrangement [2.23].
In most of ferromagnetic oxides the crystallographic and electronic structure give rise to
antiferromagnetic inter and intra-sublattice competing interactions.

The magnitude of negative exchange energies between two magnetic ions M and M’ depends
upon the distance from these ions to the oxygen ion O%, via which the superexchange takes place,
and on the angle M-O-M' (¢). According to the superexchange theory the angle ¢ = 180° gives
rise to the greatest exchange energy, and this energy decrease very rapidly as the distance between
the ions increases. The magnetic properties of the spinel ferrites are governed by the type of

magnetic ions residing on the A and B-sites and the relative strengths of the inter-sublattice (Jap)

and intra-sublattice (Jaa, Jpp) exchange interactions.
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Fig. 2.10 Three major types of superexchange interactions in spinel ferrites are
as follows: Jap, Jes and Jas The small empty circle is A-site, the
small solid circle is B-site, and the large empty circle is oxygen anion.

2.6.2 Neel’s Collinear Model of Ferrimagnitism

Soft ferrites belong to the cubic spinal structure. According to Neel’s theory, the magnetic
ions are assumed to be distributed among the tetrahedral A and octahedral B-sites of the spinel
structure. The magnetic structure of such crystals essentially depends upon the type of magnetic
ions residing on the A and B sites and the relative strengths of the inter (Jag) and intra-sublattice
exchange interactions (Jaa, Jpp). Negative exchange interactions exist between A-A, A-B and
B—B ions. When A-B antiferromagnetic interaction is the dominant one, A and B-sublattices will
be magnetized in opposite direction below a transition temperature. When the A-A (or B-B)
interaction is dominant, Neel found that the above transition will not take place and he concluded

that the substance remains paramagnetic down to the lower temperature. But this conclusion was
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not correct, as in the presence of strong interactions, some kind of ordering may be expected to

occur at low temperature as claimed by Yafet and Kittel [2.24].

2.6.3 Non-Collinear Model of Ferrimagnitism

The discrepancy in the Neel’s theory was resolved by Yafet and Kittel [2.24] and they
formulated the non-collinear model of ferrimagnetism. They concluded that the ground state at 0K
might have one of the following configurations:

e have an antiparallel arrangement of the spins on two sites,

e consists of triangular arrangements of the spins on the sublattices and

e an antiferromagnetic in each of the sites separately.

2.6.4 Re-entrant Spin-Glass Behavior

When a piece of material is cooled down its constituent atoms or molecules become more
and more ordered. Some systems, however, seem to become disordered again when the
temperature continues to decrease. Such a behavior is commonly referred to as reentrant
transition, because the system reenters a disordered phase when lowering the temperature. When
such a system is cooled from a high temperature, it first exhibits a transition from paramagnetic to
a ferromagnetic phase. Upon further lowering the temperature, the spins are progressively frozen
below a freezing temperature 7. The low temperature spin frozen state is called a reentrant spin
glass (RSG) or mixed state, in which ferromagnetic order is argued to coexist with spin-glass
order [2.25, 2.26]. If the cooling proceeds, a transition to a RSG phase occurs. For comparison, in

a diluted spin glass, spins freeze directly from a paramagnetic state.

2.6.5 Spin-Glass Behavior

A spin glass is a magnet with frustrated interactions, augmented by stochastic disorder,
where usually ferromagnetic and antiferromagnetic bonds are randomly distributed. Its
magnetic ordering resembles the positional ordering of a conventional, chemical glass. There
exchange interaction, J;, between atomic spins, S;, is a random variable. A positive sign
favors an antiparallel alignment of a spin pair, while a negative sign favors an antiparallel

alignment. A consequence of such random exchange interactions between the moments is a
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frustrated system, i.e., for a representative spin there is no obvious direction relative to its

neighbours to align,

H=-%JSsS, (2.34)

et
(U9))]

If Jj = J > 0, parallel orientation of the spins is favoured and at low temperatures all spins
will be aligned ferromagnetically. Such a system has two phases. At temperature high compared
to J, the entropy dominates the energy and the spins fluctuate almost independently. In this
paramagnetic phase, the expectation value of a spin is <S;> (< > denotes the time average over
long times). At temperature low compared to J, the energy dominates the entropy and the spins of
the system are predominantly aligned in the same direction, i.e. <S> # 0. This phase is called
ferromagnetic. A transition between the two phases occurs at a finite critical temperature, T.. An
order parameter is associated to the transition, with the property that it is zero above and non-zero
below the phase transition. For J ij =J <0, the low temperature phase is antiferromagnetic with the

spins aligned anti-parallel. If J j = 0, the Hamiltonian describes a system being paramagnetic at all
temperatures.

If positive and negative interactions are mixed the situation becomes more complicated. Then
there is a possibility that not all of the exchange interactions can be satisfied simultaneously. This
property is called frustration [2.27]. An example of frustration is given in Fig. 2.11. Here the
frustration arises due to bond disorder, but it may also arise from randomness in spin positions
(site disorder). If only a small fraction of the interactions are of opposite sign the ground state will
still be ferromagnetic or antiferromagnetic, with only a small fraction of the spins misaligned. If
the densities of positive and negative interactions are comparable, the system will be strongly
frustrated. Such systems are called spin glasses (SG).

It is the time dependence which distinguishes spin glasses from other magnetic systems. The
spin glass transition temperature, T, so-called "freezing temperature" Ty where the spin glass
exhibits more typical magnetic behavior if an external magnetic field is applied and the
magnetization is plotted versus temperature, it follows the typical Curie law (in which
magnetization is inversely proportional to temperature) until 7; is reached, at which point the
magnetization becomes virtually constant (this value is called the field-cooled magnetization).
This is the onset of the spin glass phase. When the external field is removed, the spin glass has a
rapid decrease of magnetization to a value called the remanent magnetization, and then a slow
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decay as the magnetization approaches zero (or some small fraction of the original value this

remains unknown).

+ +
| | (IR - o
(b) f
--------------------------- >
+ ¥ -'

Fig. 2.11 Examples of (a) an unfrusted and (b) a frustrated spin configuration.

This decay is non-exponential and no simple function can fit the curve of magnetization
versus time adequately. This slow decay is particular to spin glasses. If instead, the spin glass is
cooled below 7 in the absence of an external field and then a field is applied, there is a rapid
initial increase to a value called the zero-field-cooled magnetization followed by a slow upward
drift toward the field cooled magnetization. The combination of randomness with these
ferromagnetic and antiferromagnetic competing interactions causes “spin frustration”. Below a
SG freezing temperature Tg, a highly irreversible metastable frozen state occurs without any usual
long-range spatial spin order [2.28, 2.29]. Spin glass was first observed by Canella and Mydosh
[2.29] in 1972 by observing a peak in the ac susceptibility, and predicted the existence of a phase
transition to a low temperature spin glass phase.

In recent years, aging dynamics, of SG systems has been extensively studied theoretically
[2.30, 2.31] and experimentally [2.32-2.36] The low temperature SG phase below a SG freezing
temperature 7 exhibits intriguing non-equilibrium dynamics which is characterized by the chaotic
nature and ageing behavior. The zero-field SG never reaches equilibrium. The non-equilibrium
character can be experimentally observed from an age-dependence of the magnetic response.
When the SG system is quenched from a high temperature above the SG transition temperature 7,
to a low temperature 7' below Tg (this process is called the zero-field cooled (ZFC) aging

protocol), the initial state is not thermodynamically stable and relaxes to more stable state. The
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aging behaviors depend strongly on their thermal history within the SG phase. The rejuvenation
(chaos) and memory effects are also significant features of the aging dynamics. These effects are
typically measured from the low frequency AC magnetic susceptibility. The SG phase is also
susceptible to any perturbation in the form of temperature or field changes, which consequently, if
large enough, effectively reinitializes the ageing process (temperature chaos). Both aging behavior
and chaotic nature of the low temperature SG phase have been viewed first as additional difficulty

in the understanding of SG’s. However, it proved to be a key feature of the SG behavior, offering

the unique opportunity to explore the nature of the SG phase.

2.7 Transport Properties

2.7.1 Conduction Mechanism in Ferrites

The conduction mechanism in ferrites is quite different from that in semiconductors. Ferrites
are ferromagnetic semiconductors that could be used in electronic devices. The increasing demand
for low loss ferrites resulted in detailed investigations on conductivity and on the influence of
various substitutions on the electrical conductivity, thermoelectric power, etc. In ferrites, the
temperature dependence of mobility affects the conductivity and the carrier concentration is
almost unaffected by temperature variation. In semiconductors, the band type conduction occurs,
where in ferrites, the cations are surrounded by closed pack oxygen anions and as a first
approximation can well be treated as isolated from each other. There will be a little direct overlap
of the anion charge clouds or orbital. In other words, the electrons associated with particular ion
will largely remain isolated and hence a localized electron model is more appropriate than a
collective electron (band) model. This accounts for the insulating nature of ferrites. These factors
led to the hopping electron model [2.37]. An appreciable conductivity in these ferrites is found to
be due to the presence of Fe-ions with different valence states at crystallographically different

equivalent lattice points [2.38]. Conduction is due to exchange of 3d electrons, localized at the

metal ions, from Fe’" to Fe?* [2.22].

2.7.2 Hopping Model of Electrons

The materials like ferrites, there is a possibility in exchanging valency of a considerable

fraction of metal ions and especially that of iron ions. In the presence of lattice vibrations the ions
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occasionally come close enough together for transfer to occur with high degree of probability.

Thus only the lattice vibrations induce the conduction and in consequence the carrier mobility

shows temperature dependence characterized by activation energy. The temperature dependence

of conductivity arises only due to mobility and not due to the number of charge carriers in the

sample. It is noted that for hopping conduction mechanism;

The mobility has a minimum value much lower than the limiting value (0.1 cm?/Vs) taken

as minimum for band conduction [2.39].

The independence of Seebeck coefficient on temperature is due to the fact that in hopping

model the number of charge carriers is fixed.
Thermally activated process with activation energy E, called hopping activation energy.

Occurrence of n-p transitions with charge carriers in the Fe?* or oxygen concentration in

the system.
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CHAPTER-III

Experimental




Experimental

3.1 Sample Preparation

3.1.1 Composition of Ferrites

In the present research work conventional ceramic method has been employed for a series of
various compositions of Co-ferrite were studied. The powder preparation process are sintering
facility available at Materials Science Division, Atomic Energy Centre, Dhaka has been utilized in

the preparation of samples. The following compositions were fabricated characterized and

investigated thoroughly.

(i) CoFey04

(ii) Co;4Cd.Fe,04 (where x = 0.1- 1.0 in the steps of 0.1)

(iii) Coj.Zn,Fe;04 (Where x = 0.1 - 1.0 in the steps of 0.1)

(iv) Coo2Cdg sFes.« RE O4 (where RE = Ho and Sm; x = 0.05 and 0.1)
(v) Cog2ZngsFe;.. RE.O4 (where RE = Eu and Gd; x = 0.05 and 0.1)

3.1.2 Sample Preparation Technique

The preparation of Polycrystalline ferrites with optimized properties has always demanded
delicate handling and cautious approach in materials synthesis and appropriate knowledge of
thermodynamics control of the chemical composition and homogeneity. The ferrite is not
completely defined by its chemistry and crystal structure but also requires knowledge and control
of parameters of its microstructure such as density, lattice parameter, porosity and their intra- and
intergranular distribution. It is well known that almost all ferrites decompose at the elevated
temperature if we want to sinter them under normal conditions. This happens because the oxygen
splits off at higher temperature reducing Fe’* to Fe?*. There are several techniques to prepare
ferrites, such as solid state reaction method [3.1]; high energy ball milling [3.2]; Sol gel method
[3.3]; chemical co-precipitation method [3.4]; microwave sintering method [3.5]; auto combustion
method [3.6] etc for preparation of polycrystalline ferrite materials. The normal methods of

preparation of ferrites comprise of the conventional ceramic method i.e., solid state reaction



method involving milling of reactions following by sintering at elevated temperature range and
- nonconventional method, also called wet method. Chemical co-precipitation method and sol-gel
method etc. are examples of wet method. In the present investigation solid state reaction has been

employed for the preparation of Co-ferrite samples for its relative simplicity and availability.

The overall preparation process generally comprised of the following four major steps:

(i) Preparing a mixture of materials,

(ii) Pre-firing the mixture to form ferrite at wet milling,
(iii ) Pre-sintering and
(iv) Sintering.

3.1.2.1 Preparing a Mixture of Materials

Ferric oxide Fe,O5 and whatever oxides MO are required are taken in powder form with the
cations in the ratio corresponding to that in the final product. Metal carbonates may also be used;

during the later firing, CO, will be given off and they will be converted to oxides.

3.1.2.2 Pre-firing the Mixture to form Ferrite at Wet Milling

The extend of this work in this step varies greatly depending on the starting materials, when
component oxides are used, the corresponding step involves a mere mixing of the oxides by wet
milling. Prolonged wet grinding of the powder mixture in steel ball mills produces good mixing
and a smaller particle size, which in turn decreases the porosity of the final product. To avoid iron
contamination, mixing is done in a rubber-lined mill with stainless-steel balls and a fluid such as

distilled water or acetone/ ethanol is used to prepare the mixture in to slurry.

3.1.2.3 Pre-sintering

The pre-sintering is very crucial because in this step of sample preparation a ferrite is formed
from its component oxides. The slurry prepared in step (1) is dried, palletized and then transferred
to a porcelain crucible for pre-firing at temperature between 900°C and 1200°C. This was
performed in a furnace named Gallen Kamp at Materials Science Division, Atomic Energy
Centre, Dhaka. This is done in air, and the temperature goes up to about 1200°C down to 200°C in
about 20hours of time. Solid-state reactions take place between the component oxides in this

stage, leading to the formation of ferrites actually achieved by counter diffusion. This means that
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the diffusion involves two or more species of ions which move in opposite direction initially
across the interface of two contacting particles of different component oxides. During the pre-

sintering stage, the reaction of Fe,0; with metal oxide (MO or M,0;, where M is divalent and M’

is the trivalent metal atom) takes place in the solid state to form spinel according to the reactions [3.7];
MO+Fe;03 — MO. Fe,0; (spinel)
2M'203 17 4Ff,‘203 —> 4M’Fe204 (Spiﬁﬂl) + 02

For Co-ferrite,
2C0304 - 6Co0 + 0,

CoO + Fe,0; — CoFe,0,

For Co-Zn ferrite,

(1-x)CoO + xZn0O + Fe;O; — Co,..Zn.Fe,0,
For Co-Cd ferrite,

(I-x) CoO + xCdO + Fe,O; — Co,..Cd,Fe,0,

(Where x=0.0-1.0 in steps of 0.1)

The reaction of the Rare-earth doped ferrite system,

0.2Co0 + 0.8Zn0O + 0.51'RE;03 +0.5(2-X) FEQO:; e CO{};ZD(}_EFC}: RE;O;;
0.2Co0 + 0.8CdO +0.5xRE,0; +0.5(2-x) Fe,0; — Coo2Cdy sFe,., REO,

As far as the final composition of the ferrite is concerned step (2) is most crucial because

subsequent steps would not change the composition substantially. However, the ‘raw’ ferrite thus

formed has two defects its composition is not homogeneous and it contains pores. In order to

produce chemically homogeneous, dense and magnetically better material of desired shape and

size, sintering at an elevated temperature is needed.

These undesirable features of the raw ferrites are eliminated in the following two steps:
(i) Grinding: The ferrite produced via presintering is usually in the lump form. In this step, it

is first ground into powder in a steel ball mill.  Grinding eliminates intraparticle pores,
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homogenizes the ferrite, reduces the particle size to << Ipm and promote mixing of any unreacted

oxides.

(ii) Pressing or Extrusion: The dry powder is mixed with an organic binder and pressed in
to compacts of desired shapes either by the conventional method in a die-punch assembly or by
hydrostatic or isostatic compaction. Most shapes, such as toroidal cores, are pressed (at 1 - 10 ton

/cm?, 14 - 140 MPa), but rods and tubes are extruded.

2.1.2.4 Sintering

Sintering is the final and a very critical step of preparing a ferrite with optimized properties.
The sintering time, temperature and the furnace atmosphere play very important role on the
magnetic property of final materials. Sintering commonly refers to processes involved in the heat
treatment by which a mass of compacted powder is transformed into a highly densified object by
heating it in a furnace below its melting point. Ceramic processing is based on the sintering of

powder compacts rather than melting/ solidifications/cold working (characteristic for metal), because:

(i)  Ceramics melt at high temperatures
(ii) As solidified microstructures cannot be modified through additional plastic deformation

and re-crystallization due to brittleness of ceramics

(iif) The resulting course grains would act as fracture initiation sites

(iv) Low thermal conductivities of ceramics (<30 - 50 W/ mK) in contract to high thermal
conductivity of metals (in the range 50 - 300 W / mK) cause large temperature gradients,

and thus thermal stress and shock in melting-solidification of ceramics.

Sintering is the bonding together of a porous aggregate of particles at high temperature. The
thermodynamic driving force is the reduction in the specific surface area of the particles. The
sintering mechanism usually involves atomic transport over particle surfaces, along grain
boundaries and through the particle interiors. Any unreacted oxides form ferrite, inter diffusion
occurs between adjacent particles so that they adhere (sinter) together, and porosity is reduced by
the diffusion of vacancies to the surface of the part. Strict control of the furnace temperature and
atmosphere is very important because these variables have marked effects on the magnetic
properties of the product. Sintering may result in densification, depending on the predominant

diffusion pathway. It is used in the fabrication of metal and ceramic components, the
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agglomeration of ore fines for further metallurgical processing and occurs during the formation of

sandstones and glaciers. Sintering must fulfill three requirements:

(a) to bond the particles together so as to impart sufficient strength to the product

(b) to densify the grain compacts by eliminating the pores and
(c) to complete the reactions left unfinished in the pre-sintering step [3.8]
The theory of heat treatment is based on the principle that when a material has been heated
above a certain temperature, it undergoes a structural adjustment or stabilization when cooled at

room temperature. The cooling rate plays an important role on which the structural modification is

mainly based.

Why do need Sintering?

The principle goal of sintering is the reduction of compact porosity. Sometimes the initial
spaces between compacted grains of ceramics are called “voids”, to differentiate term from the
isolated spaces = pores, which occur in the final stages of sintering. The sintering process is

usually accompanied by other changes within the materials, some desirable and some undesirable.

The largest- changes occur in;

(i)  To bind the particles together so as to impart sufficient strength to the products,
(ii) To densify the green compacts by eliminating the pores,

(iii) To homogenizer the materials by completing the relation left unpreshed in the pre-
sintering step,

(iv) To make strength of elastic modulus,

(v) To make hardness and fracture toughness,

(vi) To make homogeneous distribution of grain number, grain size and shape,
(vii) To improve the average pore size and shape and

(viii) To get a stable chemical composition and crystal structure.

Sintering is a widely used but very complex phenomenon. The fundamental quantification of
change in pore fraction and geometry during sintering can be attempted by several techniques,
such as: dilatometry, buoyancy, gas absorption, porosimitry indirect methods (e.g. hardness) and

quantitative microscopy etc. The description of the sintering process has been derived from model
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experiments (e.g. sintering of a few spheres) and by observing powdered compact behavior at

elevated temperatures.
The following phenomena were observed:

(i) Increase of inter- particle contact area with time,

(ii) Rounding- off of sharp angles and points of contacts,

(iii) In most cases the approach of particle centers and overall densification,
(iv) Decreases in volume of inter connected pores,

(v) Continuing isolation of pores and

(vi) Grain growth and decreases in volume of isolated pores.

3.1.3 Method of Sample Preparation

3.1.3.1 Solid State Reaction Method

Polycrystalline ferrites are prepared normally by power metallurgy or ceramic technology.
This means that ferrites attain their homogeneous compositions by reactions in the solid state and
the shapes of the ferrite products are produced by pressing and subsequent sintering. A series of
polycrystalline samples of mixed ferrites were prepared by the standard double sintering ceramic
methods at the Materials Science Division, Atomic Energy Centre, Dhaka. In this method high
purity oxides (99.99%) such as Fe;03, Co304, CdO, ZnO and Rare earth oxide of E-Mark of
Germany were weighted precisely according to their molecular weight. The weight percentage of

the oxide to be mixed for various samples was calculated by using formula:

M wt.of oxide x required weight of the sample
Sum of Mol.wt.of each oxide in a sample

Weight % of oxide =

The constituent in required stoichiometric proportions of materials were trough mixed using
ceramic mortar and pestle for 4 hrs and then ball milled in a planetary ball mill in ethyl alcohol
media for 2hrs with stainless steel balls of different sizes in diameter Fig. 3.1. The slurry was
dried and the powder was pressed into disc shape. The disc shaped sample was pre-sintered at
950°C for 5hrs. The sample was then cooled down to room temperature at the same rate as that of

heating. After that samples were crushed again and subsequently wet ball milled for 6hrs hours in
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distilled water to reduce it to small crystallites of uniform size. In order to produce chemically

homogeneous and magnetically better material this prefired lump material was crushed.

These oxide mixtures were milled thoroughly for 4-6 hours to obtain homogeneous muxture.
The mixture was dried and a small amount of saturated solution of polyvinyl alcohol (PVA) were
added as a binder and pressed into pellet and toroid shape respectively under pressure 1.75 ton-
em2and 1.2 ton-cm 2 using hydraulic press Fig. 3.2. The prepared samples shown in Fig 3.3 were
sintered at 1050°C-1200°C for 2-3 hrs with a microprocessor controlled muffle furnace. The

samples were polished in order to remove any oxide layer formed during the process of sintering.

Cylindrical container Grinding media
and removable lid mill twms

Shury containing Wear-resistant
supension of mill lining
particles
being sized

Rubber-coated rollers

connected by a belt and

pulley to a drive motor

Fig. 3.1 Rubber-lined mill with stainless-steel balls
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Fig. 3.2 Hydraulic press used to make different shaped samples.

ol L

Fig. 3.3 Toroid and disk shape sample.
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The following block diagram in Fig. 3.4 represents the method employed for the Co-ferrites:

Oxide of raw materials

Weighting by » | Dry mixing by agate

Hammering [¢—

'

Y

different mole mortar

Y

Wet mixing by ball milling in ethyl
alcohol for 2hours

4

Pressed into disc shaped samples and pre-sintered at
950°C for a holding time 5 hours.

Wet milling for 6 hours
in distilled water

Dried and shaped into disc

& ring
v

Sintering at temperature of
1050°C t01200°C at an interval of
200°C for 1 hour and holding
time is 2-3 hours for each samole.

Fig. 3.4 Flowchart of Ferrite sample preparation.

3.2 X-ray Diffraction (XRD) Technique

X-rays are the electromagnetic waves whose wavelength is in the neighborhood of 1A. The
wavelength of an X-ray is that the same order of magnitude as the lattice constant of crystals and it is
this which makes X-ray so useful in structural analysis of crystals. X-ray diffraction (XRD)
provides precise knowledge of the lattice parameter as well as the substantial information on
the crystal structure of the material under study. X-ray diffraction is a versatile nondestructive
analytical technique for identification and quantitative determination of various crystalline
phases of powder or solid sample of any compound. When X-ray beam is incident on a
material, the photons primarily interact with the electrons in atoms and get scattered. Diffracted
waves from different atoms can interfere with each other and the resultant intensity distribution is

strongly modulated by this interaction. If the atoms are arranged in a periodic fashion, as in
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crystals, the diffracted waves will consist of sharp interference maxima (peaks) with the same
symmetry as in the distribution of atoms. Measuring the diffraction pattern therefore allows us to
deduce the distribution. of atoms in a material. It is. to be noted here that, in diffraction

experiments, only X-rays diffracted via elastic scattering are measured.

The peaks in an X-ray diffraction pattern are directly related to the atomic distance. Let us
consider an incident X-ray beam inferacting with the atoms arranged in a periodic manner as
shown in two dimensions in Fig. 3.5. The atoms, represented as spheres in the 1llustration, can be
viewed as forming different sets of planes in the crystal. For a given set of lattice planes with an

inter-plane distance of d, the condition for a diffraction (peak) to occur can be simple written as

2dsinn@ =nA , (3.1)

X-ray 2

Fig. 3.5 Bragg’s diffraction pattern.

which is known as Bragg’s law. In the equation, A is the wavelength of the X-ray, 0 is the
scattering angle, and n is an integer representing the order of the diffraction peak. The Bragg’s
Law is one of the most important laws used for interpreting X - ray diffraction data. From the law,
we find that the diffraction is only possible when & < 2d [3.9].
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In the present work, A PHILIPS PW 3040 X’pert PRQ X-ray diffractometer was used for the
lattice parameter to study the crystalline phases of the prepared samples in the Materials Science
division, Atomic Encrgy Centre, Dhaka. Fig. 3.6 shows the block diagram of X’ pert XRD system.

| XAaymbe |

BTN

Soller Slit

Sample
Holder

Fig. 3.6 Block diagram of the PHILIPS PW 3040 X’ Pert PRO XRD system.

The powder dilfraction technique was used with a primary beam powder of 40 kV and
30mA for Cu-K, radiation. A nickel filter was used to reduce Cu-Kj radiation and finally Cu-K,
radiation was only used as the primary beam. The experimental has been performed at room
temperature. A 20 scan was taken from 15° to 75° to get possible fundamental peaks of the
samples with the sampling pitch of 0.02° and time for each step data collection was 1.0 sec. Both
the programmable divergence and receiving slits were used to control the irradiated beam area and
output intensity from the powder sample, respectively. An antiscatter slit was used just after the
tube and in front of the detector to get parallel beam only. All the data of the samples were stored
in the computer memory and later on analyzed them using computer “software, X' PERT HJGHS
CORE". For XRD experiment each sample was set on a glass slide and fixed the sample by putting

adhesive typed the two ends of the sample.
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For each composition, the cylindrical samples of weight more than 2 gm are converted into
powder. For XRD experiment each sample was set on a glass slide and fixed the sample by
putting adhesive tape at the two ends of the sample X-ray diffraction patterns were carried out to
confirm the crystal structure. Instrumental broadening of the system was determined from 6-20
scan of standard Si. At (311) reflection’s position of the peak, the value of instrumental
broadening was found to be 0.07°. This value of instrumental broadening was subtracted from the
pattern. After that, using the X-ray data, the lattice constant (a) and hence the X-ray densities were

calculated.

3.2.1 Different Parts of the PHILIPS X’ Pert PRO XRD System

Fig. 3.7 shows the inside view of the X’ pert PRO XRD system. A complex of instruments
of X- ray diffraction analysis has been -established for both materials research and specimen

characlerization.

Fig. 3.7 Internal arrangement of a PHILIPS X Pert PRO X-ray diffractometer.
These include facilities for studying single crystal defects, and a variety of other materials

problems.
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The PHILIPS X’ Pert PRO XRD system comprised of the following parts;

(1)  “Cu-Tube” with maximum input power of 60 kV and 55 mA,

(ii) “Ni- Filter” to remove Cu-K, component,

(iii) “Solar slit” to pass parallel beam only,

(iv) “Programmable Divergent slits” (PDS) to reduce divergence of beam and control
irradiated beam area,

(v) “Mask” to get desired beam area,

(vi) “Sample holder” for powder sample,

(vii) “Anti Scatter slit” (ASS) to reduce air scattering back ground,

(viii) “Programmable Receiving slit” (PRS) to control the diffracted beam intensity and

(ix) “Solar slit” to stop scattered beam and pass parallel diffracted beam only.

3.2.2 Interpretation of the XRD data

The XRD data consisting of Ony and dyg values corresponding to the different
crystallographic planes are used to determine the structural information of the samples like lattice
parameter and constituent phase. Lattice parameters of Co-ferrites samples were determined.
Normally, lattice parameter of an alloy composition is determined by the Debye-Scherrer method
after extrapolation of the curve. We determine the lattice spacing (interplaner distance), d using

these reflections from the equation which is known as Bragg’s Law.

2dhk1 Sin6 = A
A
i.e.dpg = ; 3.2
" 2sing -2)

where A is the wavelength of the X-ray, 6 is the diffraction angle and n is an integer representing

the order of the diffraction.

The lattice parameter for each peak of each sample was calculated by using the formula:

a=d,, xVh* +k* +I* , (3.3)

where h, k, | are the indices of the crystal planes. We get dna values from the computer using

software “X’ Pert HIGHS CORE”. So we got ten ‘a’ values for ten reflection planes such as a a, ,
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ay a3 ..... etc. Determine the exact lattice parameter for each sample, through the Nelson-Riley

extrapolation method. The values of the lattice parameter obtained from each reflected plane are

plotted against Nelson-Riley function [3.10]. The Nelson-Riley function F (), can be written as

1{cos’@ cos’é@
F(6)=— + s 3.4
(&) 2!: sin& é J (34

where 6 is the Bragg’s angle. Now drawing the graph of ‘a’ vs F(6) and using linear fitting of
those points will give us the lattice parameter ‘ay’. This value of ‘ay” at F(8) = 0 or 8 = 90° .These

‘ag’s are calculated with an error estimated to be + 0.0001A.

3.2.3 X-ray Density and Bulk Density

X-ray density, px was also calculated usual from the lattice constant. The relation between py

and ‘a’ is as follows,

Lud (3.5)

o=

where M is the molecular weight of the corresponding composition, N is the Avogadro’s number
(6.023X10% mole™), “a’ is the lattice parameter and Z is the number of molecules per unit cell,( Z
= 8 for the spinel cubic structure). The bulk density was calculated considering a cylindrical

pellet of mass (m) and volume (V) of the pellets using the relation

=0 (3.6)

!
V w’h’

PB=
where m is the mass of the pellet sample, r is the radius and h is the thickness of the pellet.

3.2.4 Porosity

Porosity is a parameter which is inevitable during the process of sintering of oxide materials.
It is noteworthy that the physical and electromagnetic properties are strongly dependent on the
porosity of the studied samples. Therefore an accurate idea of percentage of pores in a prepared
sample is prerequisite for better understanding of the various properties of the studied samples to
correlate the microstructure property relationship of the samples under study. The porosity of a

material depends on the shape, size of grains and on the degree of their storing and packing. The
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difference between the bulk density p, and X-ray density px gave us the measure of porosity.

Percentage of porosity has been calculated using the following relation [3.11]

P=01-22)x1009% G.7)
P

3.3 Permeability Measurement

3.3.1 Curie temperature

Curie temperature measurement is one of the most important measurements because it
provides substantial information on magnetic status of the substance in respect to the strength of
exchange interaction. Above Curie temperature spontaneous magnetization vanishes and
ferromagnetic materials behave like paramagnetic materials. So the determination of Curie
temperature accurately is of great importance. The temperature dependence properties .of ferrite
materials depend upon its sublattice distribution and spin orientations of the metal ions and we

can predict about the sublattice magnetization by measuring the Curie temperature.

There are several processes of measuring the Curie temperature; these are
(i) by measuring magnetization against temperature,
(i) by measuring variation of initial permeability against temperature,
(iii) by measuring susceptibility against temperature and
(iv) by measuring the variation of resistivity of the sample against temperature.

In our present research work, we measured the Curie temperature of the samples by

observing the variation of initial permeability of the ferrite samples with temperature and

magnetization against temperature.

3.3.2 Measurement of Curie Temperature by Observing the Variation of Initial
Permeability with Temperature

For ferrimagnetic materials in particular, for ferrite it is customary to determine the Curie

temperature by measuring the permeability as a function of temperature. According to Hopkinson

effect [3.12] which arises mainly from the intrinsic anisotropy of the material has been utilized to

determine the Curie temperature of the samples. According to this phenomenon, the permeability
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increases gradually with temperature and reaching to a maximum value just before the Curie

temperature.

Curie temperature measurements were done by using Hewlett Packard 4192A LF Impedance

Analyzer shown in Fig. 3.8. Impedance parameters absolute value of impedance ( ’Z| ), absolute

value of admittance (JY | ), phase angle (), resistance (R), reactance (X), conductance (G),
susceptance (B), inductance (L), capacitance (C), dissipation (D) and quality factor (Q).
Measurement range of ’Z|fRf'X is 0.1m<2 to 1.2999 MQ, ‘Y[ /G/B is 1 nsto 12.999 s; 0 is -180°
to +180°% L is 0.1mH to 1.000 kH; C is 0.1PF to 100.0 mF, D is 0.0001 to 19.999; Q is 0.1 to
1999.9. All have a basic accuracy of 0.1% and resolution of 4% digits. Number of display

digits dependence on measuring frequency and OSC level setting. We made use of the excellent

experimental facilities available at the Materials Science Division, Atomic Energy Centre, Dhaka.

The temperature dependent permeability was measured by using induction method. The
specimen formed the core of the coil. The number of turns in each coil was 5. We used a constant
frequency (100 kHz) of a sinusoidal wave, AC signal of 100mV. HP 4192A impedance analyzer
with continuous heating rate of ~ 5 K / min with very low applied ac field of = 10°Oe. By varying
temperature, inductance of the coil as a function of temperature was measured. Dividing this value
of L, (inductance of the coil without core material), we got the permeability of the core i.e. the
sample. When the magnetic state inside the ferrite sample changes from ferromagnetic to
paramagnetic, the permeability falls sharply. From this sharp fall at specific temperature the Curie
temperature was determined. For the measurement of Curie temperature, the sample was kept
inside a cylindrical oven with a thermocouple placed at the middle of the sample. The

thermocouple measures the temperature inside the oven and also of the sample.

The sample was kept just in the middle part of the cylindrical oven in order to minimize the
temperature gradient. The temperature of the oven was then raised slowly. If the heating rate is
very fast then the temperature of the sample may not follow the temperature inside the oven and
there can be misleading information on the temperature of the samples. The thermocouple
showing the temperature in that case will be erroneous. Due to the closed winding of wires the

sample may not receive the heat at once. So, a slow heating rate can eliminate this problem. The
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cooling and heating rates are maintained as approximately 0.5°C min™ in order to ensure a
homogeneous sample temperature. Also a slow heating ensures accuracy in the determination of

Curie temperature.

Cylindncal
Digital oven
thermometer

Impedance analyzer

Fig. 3.8 Impedance Analyzer Model-Hewlett-Packard 4192A.

‘The oven was kept thermally insulated from the surroundings. The temperature was
measured with a digital thermometer attached close to the sample and put inside the fumace
where the temperature fluctuation is almost negligible. Then the permeability versus temperature

curve was plotted from which the Curie temperature was calculated.

3.3.3 Permeability

From the frequency dependence of complex permeability, evolution of permeability and
magnetic loss component at different stages of ferrite sample as affected by thermal treatment at
different temperature was determined using toroids shape sample prepared with insulating Cu
wire. The 4192 LF Impedance analyzer directly measure the value of inductance, L and loss

factor.
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D = tand (3.8)

From inductance the value of real part of complex permeability, u' can be obtained by using
the relation

|

" (3.9)

2

L
LB
where L is the inductance of the toroid and L, is the inductance of the coil of same geometric

shape in vacuum, L,is determined by using the relation,

_ M N’S
S
wd

L (3.10)

Here p, is the permeability of the vacuum, N is the number of turns (here N = 5), S is the cross-

d o =
sectional area of the toroid shaped sample, S = dh, where, d = — s and d is the average
diameter of the toroid sample given as
- d +d
d= - 5 2 (3.11)

where, d; and d, are the inner and outer diameter of the toroid samples.

3.3.4 Mechanisms of Permeability

Mechanisms of permeability can be explained as the following way: a demagnetized
magnetic material is divided into number of Weiss domains separated by block walls. In each
domain all the magnetic moments are oriented in parallel and the magnetization has its saturation
value M. In the walls the magnetization direction changes gradually from the direction of
magnetization in one domain to that in the next. The equilibrium positions of the walls results
from the interactions with the magnetization in neighboring domains and from the influence of

pores; crystal boundaries and chemical in homogeneities which tend to favor certain wall

positions.

65



3.3.5 Technique of Measurements of Permeability

Measurements of permeability normally involve the measurements of the change in self
inductance of a coil presence of the magnetic core. The behavior of a self inductance can now be
described as follows. Suppose we have an ideal lossless air coil of inductance L,. On insertion of

magnetic core with permeability p, the inductance will be pL,. The complex impedance Z of this

coil can be expressed as,

Z=R+jX=joLsu' - ju"), (3.12)
where the resistive part is

R = oLy, (3.13)
and the reactive part is

X =oLop" (3.14)

The radio frequency (RF) permeability can be derived from the complex impedance of a coil

Z (Eqn. 3.12). The core is usually toroidal to avoid demagnetization effects. The quantity L, is

derived geometrically.

3.3.6 Frequency Characteristic of Ferrite Samples

The frequency characteristics of the cubic ferrite sample i.e. the permeability spectra were
investigated using a Hewlett Packard Impedance Analyzer of Model No.4192A provide the value
of inductance, L and loss factor, D = tand. The measurements of inductances were taken in the
frequency range of 1 kHz to 13 MHz. The values of measured parameters obtained as a function
of frequency and the real (p') and imaginary part (u") of permeability and the loss factor are
calculated. p' is calculated by using the Eq".3.9 and Eq".3.10 and p" is calculated by using the

following equation

p" = p'tand (3.15)
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3.4 Low Field Hysteresisgraph

Hysteresis is well known in ferromagnetic materials. When an external magnetic field is
applied to a ferromagnet, the atomic dipoles align themselves with the external field. Even when
the external field is removed, part of the alignment will be retained: the material has become
magnetized.

Fig. 3.9 B-H loop tracer.

A general view of the B-H loop tracer with its system components is shown in Fig. 3.9. A
hysteresisgraph or BH- Meter allows for the magnetic properties of soft magnetic materials to be
measured. A schematic diagram of commercial hysteresisgraph has been presented Fig. 3.10. A
hysteresisgraphhas two major functions. It produces currrent to produce a magnetic field, and
measures voltage over time to measure magnetic induction. By determining the induction

response of the test sample to the applied current, the magnetic properties of the materialis
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determined. Most soft magnetic materials are measured using ring geometry. Two coils of wire

are wound around the sample.

A current from a bi-polar power supply is passed through the primary coil to generate a
magnetic field in the ring. The applied magnetic field is proportional to the current. As the sample
magnetic induction changes in response to the applied magnetic field, a voltage is induced in the
secondary windings. This induced voltage is integrated over time with a circuit often called a
fluxmeter, as it is used in many applications to measure magnetic flux. The integrated voltage is
proportional to the magnetic induction of the test samples. The current in the primary coil is
determined by measuring the voltage across a resistor. All the data of the samples were analyzed
using computer software to control the applied field and measure both B and H

simultaneously.

/(/'7—

s
Computer
B
| |
[
Bipolarpower’ }
supply
H Fluxmeter
Voltmeter
= |
ANAS—
Fluaneter ;
Primary coil Secondary coil

Fig. 3.10 Schematic diagram of commercial hysteresis graph.

3.4.1 Measurement of an Initial B-H Curve

As these are important curves for magnetic design, these curves are measured using a

hysteresis graph. For accurate initial curves, the sample must be demagnetized prior to the
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measurement. This demagnetization can be performed either externally, or in many cases, the
sample can be demagnetized by the hysteresis graph. Residual magnetization can greatly distort

the response of a soft magnetic material near zero field.

3.4.2 AC B-H Curve Measurement

In many applications, soft magnetic materials are subjected to cyclical magnetic field. The
response of a soft magnetic material can be very complicated in this case, and is determined by
both material parameters, such as sample permeability and material geometry. It can be
exceedingly difficult to make accurate predictions of material performance through computer
models. Therefore, the best way to determine the performance of these materials is to measure the
BH-curve under cyclical applied magnetic fields. This can be performed using a hysteresis graph.
The bi-polar power is driven at the test frequency, and the fluxmeter can measure the varying
magnetic induction of the material. The resulting BH-curves are called AC BH-curves, and yield
important information in regards to the material such as AC permeability and core loss. For these
types of measurements, it is important that the hysteresis graph components have the appropriate

frequency response to measure the AC BH-curve properly.

3.4.3 Materials Geometry

The AMH-series permeameter measures characteristics of soft magnetic materials,
according to the IEC 60404-4 and IEC 60404-6 standards. The ideal sample geometry of soft
magnetic material is a ring. Thus shape is preferable because ring shape eliminates factors that
can distort the magnetic test results. The main source of distortion of test data on soft magnetic
materials is usually from air-gaps present in the magnetic test circuit. These air gaps lower the
apparent permeability of the material, and can be difficult to control. As ring geometry is
continuous path, the magnetic circuit is closed, without any air gaps that cause distortion. In
addition, the magnetic path length, which is required to convert the applied current in the sense
windings into applied magnetic field, is easy to calculate an unambiguous for ring samples. In
ring shaped samples, primary winding are wound on the ring to generate a magnetic field in the
sample via applied current to the primary windings. A secondary coil is also wound onto the ring
to inductively measure the magnetic induction of the sample. If this machining process is on a

sample must be form of ring can be made in different methods:
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(i) made as an unique dense piece of material, obtained by mechanical works or by
casting, sintering, etc.

(ii) made by stacking several disks with the same internal and external diameter, that can
be obtained by punching, laser cutting, etc.

(iii) made by a unique thin strip wound as a clock-spring.

The external diameter D, should be higher than 1.4 times the internal diameter D;. The
cross section A of the sample is calculated by the geometrical relation
D,—D)h
A (_Ei)__ ; (3.15)
2
where 4 is the thickness of the sample. The thickness can be measured normally with a gauge if
the sample is a solid ring. If it is made by stacked rings, sometimes it is preferred to use the mass

and the density, calculating the thickness h with the formula:

4m

h= m, (3.16)

where p is the density of the material.

External diameter D,

L. Internal diameter II)i N

Thickness

Fig. 3.11 Sample geometry.
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3.4.4 Windings

In these instances accurate magnetic measurements can still be performed, since the sample
geometry creates a closed magnetic circuit. For these measurements, primary and secondary coils
are wound onto the sample, as with ring measurement. The magnetic path length of the test

circuit must be either determined or known in order to convert the applied primary current into

applied magnetic field.
Two types of windings are necessary for the measure:

(i) Magnetization winding (Ny number of turns) and

(i) Measuring winding (N number of turns)

The magnetization winding consists of a suitable number of turns Ny in which flows the

magnetization current, i. The current produces the magnetic field H following the relationship:

(3.18)

where [, is the mean magnetic path length. If D, does not exceed D; more than 10 %, we can

approximate /,, with the mean circumference:

I =n¥ (3.19)

If D, >> D;, then it is preferable to use the

{m = EM (3.20)
In(%)
D,

!

The value of [, is automatically calculated by the software.

The magnetic flux induced in the sample under test is measured using a computer-controlled
integrating fluxmeter attached to the secondary winding. The secondary winding produces the

induced voltage V; from which the magnetic flux @ is obtained:
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&=- J.Vzdr, (3.21)

The integrating fluxmeter is the preferred method of measuring induced magnetic flux when
the H field is being varied at frequencies from DC (typically 0.01Hz) to 10 kHz and numerically
by the computer controlled software for AC measurements. The common method for
implementing an electronic integrator consists of a DC amplifier with resistive—capacitive

feedback and the magnetic induction, B is then obtained by the flux by the relationship:

B= ; (3.22)

3.4.5 DC Measurement

DC measurements are made using a field that change very slowly, and that can be
considered quasi-static. Since the variation of H, and in general the variation of B, is very slow,
the inducted voltage is very small, and a numerical integration will give inaccurate results. The
integration of the inducted voltage is performed by the fluxmeter, which is more precise and can
follow very well the variation of B at such slow rate. After winding, the ring must be connected to
the fluxmeter through the special cable for DC measure shown in Fig.3.12. This cable is simply an
extension that takes signal from measuring connections to fluxmeter’s inputs. For devices with
two fluxmeters, use the B/J fluxmeter. This fluxmeter is then connected by the analog output (in
the back panel) to the PC board. A 4-poles connector permits the connection to auxiliary optional
devices. Connect the H turns to magnetization connectors and the B turns in the connections in the

DC cable. Then connect the other terminals to the fluxmeter shown in Fig 3.13. The sample put on

the fan grid.
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Measuring connections
connections
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Fig. 3.12 DC measuring cable.

AC/DC hysteresis graph for hard and soft magnetic materials of the prepared samples
measured AMH-1K-1800-HS B-H loop tracer in the Materials Science division, Atomic Energy
Centre, Dhaka. In DC conditions, H and B are always in phase, and the max value of H
corresponds to the max value of B. The Hysteresis cycle always has some sharp vertex. The DC
normal magnetization curve is the set of all the vertex of different amplitude. The ratio between B
and poH is a ratio between two simultaneous values, and it is called relative permeability. In Ac
conditions, this is not always true, because the max H and max B can be ‘shifted’ by a phase
angle. In this case, the hysteresis cycle has rounded vertex shown in Fig. 3.14. The ratio between
B and poH is a ratio between two non-simultaneous values, and it is called amplitude

permeability.
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Fig. 3.13 The measuring and magnetizing connections are in the plastic tool inside the opening case.
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Fig.3.14 Hysteresis cycle.
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3.5 Magnetization Measurement

Field cooled (Mgc) and zero field cooled (Mzrc) magnetization, and temperature dependence
of AC susceptibility measurements were done by using a Superconducting Quantum Interference

Device (SQUID) MPMS XL magnetometer at Solid State Physics, Uppsala University, Sweden.

Field-cooled magnetization (Mgc): the sample is cooled in a field and the magnetization is
recorded either on cooling or heating.

Zero-field-cooled magnetization (Mzgc): the sample is cooled in zero magnetic field, a

field is applied at the lowest measurement temperature, and then the magnetization is

recorded on reheating.

3.5.1 SQUID Magnetometer

Superconducting Quantum Interface Device (SQUID) magnetometer MPMS XL, USA is the
most sensitive available device for measuring magnetization at the Department of Engineering
Sciences, Angstrom laboratory, Uppsala University, Sweden. The magnetic properties
measurement system MPMS XL is a sophisticated analytical instrument configured specially for
the study of the magnetic properties of small samples over a broad range of temperature from 4.2
K to 400 K and magnetic fields from -50 KOe to +50 KOe. This standard system can measure the

magnetic moment of solid, powder and liquid samples with a differential sensitivity of 10 emu

and can handle a maximum signal size of 0.5 emu.

A general view of the MPMS XL with its system components is shown in Fig. 3.15. SQUID
magnetometers are used to characterize materials when the highest detection sensitivity over a
broad temperature range and using applied magnetic fields up to several Tesla is needed.
Nowadays, this instrument is widely used worldwide in research laboratories. The system is
designed to measure the magnetic moment of a sample, from which the magnetization and
magnetic susceptibility can be obtained. Therefore, SQUID magnetometers are versatile

instruments that perform both, DC and AC magnetic moment measurement. MPMS MultiVu is

the software application controlling the RSO system.
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Fig. 3.15 MPMS XL SQUID Magnetometer.

The major components of a SQUID magnetometer are: The RSO sample rod consists of one
long, graphite sample rod; one short, graphite sample rod; and two centering plugs,
superconducting magnet, superconducting detection coil, a SQUID connected to the detection
coil, superconducting magnetic shield. Superconducting magnets are solenoid made of
superconducting wire which must be kept at liquid helium dewar. The uniform magnetic field is
produced along the axial cylindrical bore of the coil. The superconducting pick-up coil system,
which is configured as a second order gradiometer is placed in the uniform magnetic field region
of the solenoidal superconducting magnet. The SQUID device is usually a thin film that functions

as an extremely sensitive current to voltage converter.
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RSO sample rods are specially designed to insert a drinking straw shown in Fig. 3.16, which
holds a sample, into the sample chamber. The centering plugs help keep a loose sample inside the
straw and protect the straw from rubbing against the inside wall of the sample chamber. RSO
sample rods may be used for RSO, DC, or AC measurements. The RSO option provides an
alternative way of using the MPMS to measure the magnetic moment of samples. The RSO
option measures a sample by moving it rapidly and sinusoidally through the SQUID pickup coils.
The option’s use of a high-quality servo motor and a digital signal processor (DSP) allow rapid
measurements. The servo motor, unlike the stepper motor performing DC measurements, does
not stop sample movement for each data reading. During an RSO measurement, a shaft encoder
on the servo motor tracks the position of the sample. The position is recorded synchronous to the
acquisition of the SQUID signal. The data is analyzed by using a nonlinear, least-squares fitting
routine to fit the data to an ideal dipole response. The magnetic moment calibration for the MPMS
is determined by measuring a palladium standard over a range of magnetic fields and by then
adjusting the system calibration factors to obtain the correct moment for the standard. The
standard is a right circular cylinder approximately 3 mm in diameter x 3 mm in height. Samples

of this size or smaller effectively imitate a point dipole to an accuracy of approximately 0.1%.

Measurements are done in this equipment by moving the samples through the second order
gradiometer. Hence, the magnetic moment of the sample induces an electric current in the pick-up
coil system. Superconducting magnetic shield is used to shield the SQUID sensor from the
fluctuations of the ambient magnetic field of the place where the magnetometer is located and
from the large magnetic field produced by the superconducting magnet. It is an important feature
of the instrument that one can change the magnetic field either by “oscillate mode” or “no
overshoot mode”. The oscillate mode is used to minimize the remanent field of the magnet,
whenever an accurate value of magnetic field is needed, e.g. in case of zero field cooling. In the
hysteresis measurement the no overshoot mode has been selected, in which the field is changed

directly from one value to another, and the magnet is returned to its persistent mode.

The MPMS XL features the new reciprocating sample measurement system. Unlike DC
measurements where the sample is moved through the coils in discrete steps the RSO
measurements are performed using a servomotor, which rapidly oscillates the sample is shown in
Fig. 3.17. The RSO transport moves up and down, oscillating the sample around the measurement

position. If autoranging is disabled, the MPMS repeats each measurement until it locates the emu
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range that accommodates the SQUID’s sensitivity. While the sample moves through the coils,
MPMS MultiVu measures the SQUID’s response to the magnetic moment of the sample. After a
fit to the raw SQUID voltage data is performed for the specified number of cycles, MPMS
MultiVu measures new SQUID voltage data and obtains another fit. This process is repeated until
the measurements-to-average number is reached. Then MPMS MultiVu calculates the average
sample moment from all the fits and also calculates the standard deviation if more than one
measurement is averaged. The data is saved to the active data files. MPMS MultiVu uses a
nonlinear, least-squares fitting routine to fit the data to an ideal dipole response in order to
determine the sample position. MPMS MultiVu uses a measurement algorithm to compute the

magnetic moment of the sample.

LONG SAMPLEROD SHORT SAMPLEROD CENTERING PLUG CENTERING PLUG
| | !

| .
|
i II.
Ao g [

DRINKING STRAW

Fig. 3.16 Attaching the Sample to the Sample Rod.

The accuracy of an RSO sample measurement is determined by how well the sample is
centered within the SQUID pickup coils. If the sample is not centered, the coils read only part of
the magnetic moment of the sample. Properly centering the sample is particularly important if it
will be measured at the maximum slope position. During maximum slope position measurements,
MPMS MultiVu cannot use autotracking or the iterative regression algorithm, which both help
keep the sample correctly positioned, even when temperature changes alter the geometry of the

sample rod.
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Fig. 3.17 Illustration of an RSO measurement with a very small amplitude. The large bold
curve represents the ideal SQUID response to a dipole moving completely through

the SQUID pickup coils.

The MPMSXL features significant improvements in the temperature control system.
Utilizing a new design for the helium flow impedance, the MPMS XL has capability to operate
continuously at temperatures below 4.2 K for indefinite periods of time- completely removing
time limitations for making measurements in this temperature regime. The new MPMS XL
eliminates the operations associated with filling and recycling the He reservoir. Thus, the system
solves the traditional problems of temperature instability and hysteresis associated with rapid boil
off of liquid helium when warming through 4.2 K. The results are smooth monotonic transitions
across 4.2 K during both warming and cooling temperature sweeps. All these capabilities are fully
automated for precise systems control and user-friendly operation. The addition to a redesigned
impedance system, the MPMSXL uses a new thermometer design for improved temperature
accuracy and precise thermal control. The new thermometry, designed and developed at Quantum
Design, is installed in close proximity to the sample within the sensitive coil detection region. The
improved design is combined with new temperature control capabilities to provide more accurate

measurements of the sample chamber, even under extreme temperature changes.
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The new temperature sweep mode of operation provides MPMSXL users with the ability to

take magnetic measurements while sweeping the system temperature at a controlled rate,
automatically with no manual intervention. This mode provides a controlled, monotonic change in
temperature during a measurement sequence at rates up to 10 K/min. Measurements of
temperature dependence over large temperature ranges, which previously required time

consuming temperature stabilization, can now be made quickly and precisely using temperature

sweep mode.

3.5.2 The Features of MPMS XL SQUID Magnetometer

The main components of a SQUID magnetometer are: (i) superconducting magnet (that must
be acquired together is programmable bipolar power supply); (ii) superconducting detection coil

which is coupled inductively to the sample (iii) a SQUID connected to the detection coil and (iv)

superconducting magnetic shield.

High sensitivity is possible because this device responds to a fraction of the flux quantum.
The SQUID device is usually a thin film that functions as a extremely sensitive current to voltage
converter. A measurement is done in this equipment by moving the sample through the second
order gradiometer. Hence the magnetic moment of the sample induces an electric current in the
pick-up coil system. A change in the magnetic flux in these coils changes the persistent current in
the detection circuit. So, the change in the current in the detection coils produce variation in the

SQUID output voltage proportional to the magnetic moment of sample.

3.5.2.1 Improvement Sensitivity

The MPMS XL features the new reciprocating sample measurement system. Unlike DC
measurements where the sample is moved through the coils in discrete steps the RSO

measurement s are performed using a servo motor which rapidly oscillates the sample as shown

in Fig. 3.17. These measurements have a sensitivity of 5 x 10 emu.

A shaft encoder on the servo motor records the position of the sample synchronous with the
SQUID signal. The data received in fitted to an ideal moment response. To ensure this assumption
is applicable, samples need to be small; the calibration sample is a cylinder of 3mm diameter and

3mm height. Samples of these size or smaller match an ideal point dipole to an accuracy of
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approximately 0.1%. RSO measurements can be made in one of two configurations: Centre or
maximum slope. Center scans use large oscillations (2 to 3 cm) around the center point of the
pickup coils. These scans take a long time but the sample always remains properly located and a

large number of measurements are recorded. These give the most accurate reading.

The maximum slope method oscillates the sample over a small region (2mm) at the most
linear part of the SQUID response as shown in Fig. 3.17. The smaller amplitude makes
measurements quicker and prevents the sample being subjected to significant magnetic field

variation however it also makes the measurement less accurate and susceptible to drift in the

sample position.
3.5.2.2 Extended Low Temperature Capability

The MPMS XL features significant improvements in the temperature control system.
Utilizing a new design for the helium flow impedance, the MPMS XL has the capability to
operate continuously at temperatures below 4.2K for indefinite periods of time completely

removing time limitations for making measurements in this temperature regime.

The new MPMS XL eliminates the operation associated with filling and recycling the He-
reservoir. Thus, the system solves the traditional problem of temperature instability and hysteresis
associated with rapid boil off of liquid helium when warming through 4.2K. The results are
smooth monotonic transitions across 4.2 K during both warming and cooling temperature sweeps.

All these capabilities are fully automated for precise systems control and user-friendly operation.

3.5.23 Reciprocating Sample Measurement System

Features:
(i) New servo powered, shaft encoded transport allows precision oscillating sample
motion,

(ii) New sample rod with low thermal expansion and radial sample centering features,

(iii)  New high precision data acquisition electronics, including a digital signal processor,
(iv)  New MPMS software revision including a digital signal processor,

) New MPMS software revision, including support for all Reciprocating sample

features:
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(vi)

SQUID signal analysis phase locked to sample motion

Support of longitudinal and Transverse measurement axes

Sample centering methods

Support all measurements with new sample transport (AC, DC, Reciprocating samples),

-5
16 measurement range from 10™ emu to 5 emu,

(vii)  Frequency range: 0.5 - 4.0 Hz,

(viii) Oscillating amplitude range: 0.5 to 50 mm P-P,

(ix)  Max. DC scan length: 87 mm,
(x) Relative sensitivity: Max of <1 x 10°® emu or 0.1% ( 10 - 2500 Oe) and
(xi)  Upgrade available for all basic MPMS systems.
3.5.2.4 Continuous Low Temperature Control and Enhanced Thermometry
Features:
(i) New dual impedance design allows continuous operation below 4.2K,
(i1) New sample space thermometry improves temperature control,
(iii)  Transition through 4.2 K requires no *He reservoir refilling and recycling (no pot
fill),
(iv)  New MPMS software revision for all continuous low Temperature features,
v) Temperature stability: + 0.55 % (1.9- 4.2 K) and
(vi)  Upgrade available for all basic MPMS systems.
3.5.2.5 Configuration

The MPMS XL is offered in two high homogeneity magnet configurations — MPMS XL 5 (5

Tesla) and MPMS XL 7 (7 Tesla). Each system includes:

0]
(i)

Reciprocating Sample Measurement System,

Continuous low Temperature Control/ Temperature Sweep and

(iii)  MPMS MultiVu Software Interface.
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3.5.2.6 Measurement Consideration

MPMS MultiVu measures the sample while the sample oscillates around one of two

measurement positions: the center position or the maximum slope position.

(i) Center of pickup coils: The center position is the center of the SQUID pickup coils.
When the sample oscillates around the center position, it remains properly located even when
changing temperatures alter the geometry of the sample rod if enabled autotracking and selected
the iterative regression algorithm. If the sample oscillates, with large amplitude, around the center
position, the sample oscillates through most or all of the pickup coils while MPMS MultiVu takes
a high number of voltage readings. Large amplitude, center position measurements can thus
illustrate the entire SQUID response curve. If the sample is not centered, the coils read only part
of the magnetic moment of the sample. Properly centering the sample is particularly important if

it will be measured at the maximum slope position.

(i) Maximum slope position: The maximum slope position is above the center of the
SQUID pickup coils and is the steepest, most linear part of the SQUID voltage-versus-position
curve. The distance between the center of the pickup coils and the maximum slope is defined by
the position offset of the active SQUID axis. We can use the RSO diagnostic commands to set the
longitudinal or transverse position offset. Maximum slope position measurements are thus ideal

for hysteresis measurements and for very fast, precise measurements of magnetization

3.6 Transport Property
3.6.1 DC and AC Resistivity

Resistivity is an intrinsic property of a material .The technical importance of ferrites lies
primarily in their high resistivity. The electrical resistivity measurements carried out by a two
probe method on silver painted sample a Keithley Electrometer using pellet samples of diameter
8.3-8.8mm and of thickness 1.2 - 2.5 mm by applying silver electrodes on the surfaces. Samples
were prepared by sintering the samples at 1050°C for Co-Cd ferrites and 1100°C for Co-Zn
ferrites for 3hours. The samples were polished using metallurgical polishing machine with the
help of silicon carbide papers with grit size 600. After that the samples were clean with acetone

and then again polished with special velvet type polishing cloth named as a-gam, for finer
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polishing using fine alumina powder of grain size 0.05 micron dispersed in a liquid. The powders
- were of various sizes starting with 1 micron to 0.05 micron. Samples are then cleaned in a
ultrasonic cleaner and dried in surface at 150°C for several hours. Then the samples are again
cleaned with acetone and silver paste was added to both the sides of the polished pellet samples

together with two thin copper wires of 100 micron diameter for conduction. Again the samples are

dried at 150°C to eliminate any absorbed moisture.

The DC and AC resistivity were measured as a function of frequency in the range 1 kHz-

13MHz at room temperature by Electrometer Keithley model 6514 and impedance analyzer. Both

the resistivity has been calculated using the formula:

_RA_m'R
/ /

(3.20)

b

where R is the resistance of the Pellet, r is the radius of the pellet and / is the thickness of the

pellet .

Ferrites are semiconductors and their resistivity decreases with increasing temperature

according to the relation
p=pe’ (3.21)

where K the Boltzmann constant, T is the absolute temperature, E, represents an activation energy

which according to Verway and De Boer is the energy needed to release an electron from the ion
to jump to the neighboring ion, thus giving rise to electrical conductivity. If we plot log p vs?for

various ferrites, a straight line is found in a wide temperature range with a slope corresponding to

E,according to the relation

3 d(log p) (3.22)

E,=0.198x10"
d(/T)
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3.6.2 Dielectric Constant

Dielectric measurement as a function of frequency in the range 100Hz-13MHz at room
temperature were carried out by using Hewlett Packrat impedance analyzer in conjunction with a
laboratory made furnace which maintain the desired temperature with the help of a temperature

controller The real part of dielectric constant was calculated using the formula

&=—, (3.23)

where c is the capacitance of the pellet in Farad, d the thickens of the pellet in meter , A the cross-
sectional area of the flat surface of the pellet in m? and &, the constant of permittivity for free

space.

85



CHAPTER-IV

RESULTS AND DISCUSSION OF
CO].xCdxF8204 FERRITES




Results and Discussion of Co;_,Cd Fe,O4 Ferrites

4.0 Introduction

Many ferrites have the spinel-type structure, which can be described in terms of a nearly
cubic close-packed arrangement of anions with one-half of the octahedral interstices (B-sites)
and one-eight of the tetrahedral interstices (A-sites) filled with cations. CoFe;Oy is generally
an almost inverse ferrite in which Co*" ijons mainly occupies B-sites and Fe’* ions are
distributed almost equally between A and B-sites. It has been demonstrated that the inversion
is not complete in CoFe;04 and the degree of inversion sensitively depends on the thermal
treatment and method of preparation condition [4.1]. The partial replacement of divalent ions
in such ferrites by Cd or Zn is expected to affect the magnetic properties such as
magnetization, Curie temperature etc.

When magnetic dilution of the sublattices is introduced by substituting nonmagnetic ions
in the lattice, frustration and/or disorder occurs leading to collapse of the collinearity of the
ferromagnetic phase by local spin canting exhibiting a wide spectrum of magnetic ordering
e.g. antiferromagnetic, ferrimagnetic, re-entrant spin-glass, spin-glass and cluster spin-glass
[4.2, 4.3]. Small amount of site disorder i.e. cations redistribution between A and B sites is
sufficient to change the super-exchange interactions which are strongly dependent on thermal
history i.e. on sintering temperature, time and atmosphere as well as heating /cooling rates
during materials preparation. CdFe;O4 and ZnFe,O4 are generally assumed to be normal spinel
with all Fe*" ions on B-sites and all Cd*" and Zn*' ions on A-sites [4.4, 4.5].

The magnetic properties of ferrites such as permeability, magnetization, coercive field,
Curie temperature are affected by composition as well as by the type of substitution, cation
distribution and method of preparation [4.6]. The partial replacement of nonmagnetic Cd ions
in cobalt ferrite is expected to weaken the magnetic coupling resulting in decrease of Curie
temperature. Magnetic behavior of mixed Co-Cd ferrites has been studied by Ghani et. al.
[4.7], Wafik et. al. [4.8]. However, there is very few work found in literature on this system in
extorted variation of composition. The variation of magnetization for Cu-Cd ferrite system
with Cd concentration indicated the existence of a Yafet-Kittel type of magnetic ordering
[4.9]. The aim of the present work is to investigate in detail the effects of substitution of Cd**
ions in place of Co®* ions covering a wide range of concentration (x = 0.0 - 1.0) on the

structural magnetic and transport properties of Co-Cd ferrites which has not been studied in

much detail by previous researcher.



4.1 X-ray Diffraction (XRD)
4.1.1 Phase Analysis

Structural characterization and identification of phases are prior for the study of ferrite
properties. X-ray diffraction (XRD) studies of the samples were performed by using Philips X’
PERT PRO X-ray Diffractometer using Cu-K, radiation in the range of 20 = 15° to 65° in
steps of 0.02°. The X-ray diffraction (XRD) patterns for the series of samples Co,_,Cd.Fe;O4(x
=0.0 - 1.0 in steps of 0.1) sintered at 1050°C for 3 hours is shown in Fig. 4.1. All the samples
show good crystallization with well defined diffraction lines. A phase analysis using X-ray
diffraction technique was performed to confirm the formation of single-phase cubic spinel
structure with no extra lines corresponding to any other crystallographic phase. The results
obtained from XRD pattern for all the samples of Co,..Cd.Fe;O4 with the (hkl) values
corresponding to the diffraction peaks of different planes (111), (220), (311), (222), (400),
(422), (511), and (440) which represent either odd or even indicating the samples are spinel

cubic phase.
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Fig. 4.1 XRD patterns in Co,..CdFe,Oy4 ferrites with different Cd content.
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The peaks are found to shift slightly towards the lower d-spacing values which indicate
that the lattice parameters are increasing with the increase of Cd content. The reflections also
demonstrate the homogeneity of the studied samples. Therefore single phase spinel structure is
confirmed for all the samples with increasing trend of the lattice parameter as the Cd content is

increased. The diffraction pattern from the sample CoFe,O; is shown separately in Fig. 4.2.
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Fig. 4.2 XRD patterns CoFe,0y ferrites.

4.1.2 Lattice Parameter

The accurate lattice parameter has been determined from the calculated lattice parameter

‘a’ corresponding to each plane of XRD pattern using Nelson-Riley function [4.10]

cos’ @ - cos? @
siné ()

F (6‘)=%[ :l, where 0 is the Bragg’s angle, by extrapolating the lattice

parameter values to F(8) = 0 or 8 = 90°. Variation of lattice parameter ‘a’ as a function of Cd
content x is shown in Fig. 4.3 and also shown in Table - 4.1. From Fig. 4.3 it is observed that
the lattice parameter increases linearly with increasing Cd content obeying Vegard’s law
[4.11]. This enhancement of lattice parameter is attributed to Cd** with larger ionic radius
(0.97A) which replaces Co?" having smaller ionic radius (0.72 A) [4.12, 4.13]. It is well

known that the distribution of cations on the octahedral B-sites and tetrahedral A-sites
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determines to a great extent the physical, electrical and magnetic properties of ferrites. There
exists a correlation between the ionic radius and the lattice constant, the increase of the lattice
constant is proportional to the increase of the ionic radius [4.14]. Similar results for Co-Cd
ferrite system have been reported by A. M. Abdeen et.al [4.15], A. R. Shitre et.al [4.12], O.
M. Hemeda et.al [4.13], A. A. Ghani et.al [4.7]. It is also found that the values for CoFe, 0,
and CdFe;O4 are 8.379 A and 8.683 A which is values in good agreement with the reported

values [4.5].
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Fig. 4.3 Variation of lattice constant ‘a’ as a function of Cd content(x)

of Co 1 d;FCzO;: ferrites.

4.1.3 Density

Variation of density with Cd content is shown in Fig. 4.4. The bulk density, ps, was
measured by usual mass and dimensional consideration whereas X-ray density, ps, was
calculated from the molecular weight and the volume of the unit cell for each sample by using
the equation (3.6) and (3.5). The calculated values of the bulk density and theoretical or X-ray
density of the present ferrite system are listed in Table - 4.1. It is observed that the bulk
density is lower than the X-ray density. This may be due to the existence of pores, which were
formed and developed during the sample preparation or sintering process. The X-ray density

increases linearly with increasing Cd concentration and bulk density increases faster at x = 0.2
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and thereafter increases almost linearly. The result signifies that small amount of Cd has

pronounced effect on the densification of the CoFe,O4 when it is substituted by Cd.
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Fig. 4.4 Variation of density with Cd content (x) of Co,..Cd.Fe,O, ferrites.

The atomic weight and density of Co are 58.9 and 8.6 gm/cm’ respectively while the
corresponding values of Cd are 112 and 8.9 gm/cm’ respectively [4.16]. Therefore an increase
of density with increasing Cd** is obviously expected. Moreover, due to lower melting point
of CdO, sintering mechanism is accelerated resulting in an enhancement of density of the
prepared samples. It is worthwhile to mention that density play an important role on the
magnetic properties especially on the structure sensitive extrinsic property such as
permeability, porosity changes slightly with Cd content and is shown in Table - 4.1. This

porosity which is intrinsic for any oxide materials plays an important role in deciding the

magnetic and electrical properties.
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Table -4.1  Data of the lattice parameter (a), X-ray density (py), bulk density (pg), porosity
(P%), Curie temperature (T;), permeability (p') at frequency 100 kHz and
DC resistivity (p4c) of Co,xCd Fe,O, samples sintered at 1050°C /3hrs.

cd T, = 1050°C
content Px Ps Te 1y (Q‘?i;)
(x) a(A) | (g/em’) | (g/em®) | P% | (K) | (100KHz)

0 8.379 5.28 4.59 13.9 | 728 51 1.16x10°
0.1 8.409 5.35 4.87 8.8 683 65 3.91 x10°
0.2 8.438 5.41 5.02 72 613 86 5.32 x10°
0.3 8.468 5.47 5.08 7.3 563 111 7.43 x10°
0.4 8.498 5.53 5.09 8.0 491 149 6.27 x10°
0.5 8.529 5.59 5.16 7.6 413 226 2.58 x10°
0.6 8.557 5.65 5.17 8.6 353 334 3.75 x10°
0.7 8.588 5.70 5.25 79 | 262 45 3.65 x10°
0.8 8.615 5.76 5.34 7.4 = 8 3.44 x10°
0.9 8.646 5.81 5.39 7.2 . " ’

1 8.683 5.85 5.35 8.9 5 - .

4.2 Magnetic Properties

4.2.1 Temperature Dependence of Initial Permeability

Fig. 4.5 shows the temperature dependence of initial permeability, u' for the toroid
shaped samples (where x = 0.0 - 0.6), which is measured at a constant frequency (100 kHz) of
an AC signal by using Impedance Analyzer. It is observed that the initial permeability
increases with the increase in Cd content while it falls abruptly close to the Curie point. This is
because Cd in these compositions not only increases the magnetic moment and, but also

lowers anisotropy, K, [4.17]. On the other hand, permeability increases with the decrease of
2

K, as the temperature increases according to the relation x4’ ‘/;{_ [4.18, 4.19]. It is
1

observed from Fig. 4.5 that the permeability falls density sharply when the magnetic state of
the ferrite samples changes from ferromagnetic to paramagnetic. When the anisotropy constant
reaches to zero just below the Curie temperature, p' attains its maximum value and then drops
off sharply to minimum value at the Curie point. The sharpness of the permeability drop at the
Curie point can be used as a measure of the degree of compositional homogeneity [4.20]
which has also been confirmed by X-ray diffraction that no impurity phases could be detected.

Fig. 4.6 (a, b) represents the variation of complex permeability and temperature derivatives of
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permeability as a function of temperature of the sample x = 0.5. It is observed that the

imaginary part of permeability p" and temperature derivatives of permeability, du'/dT show

peaks at temperature, T which excellently matches with the sharp fall of permeability at T = T..
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Fig. 4.6 (a, b) Determination of Curie temperature from the temperature dependence of

p', u" and du'/dT as a function of temperature.
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The p' - T plot does not show any secondary maximum that occur due to excess
formation of Fe’* jons, there by indicating the single phase formation of the samples. This
observation is supported by XRD patterns as well. Fig. 4.7 (a) and (b) shows temperature
dependence of initial permeability, p' for x = 0.0 and 0.5 samples of Co,..Cd,Fe,0, ferrites
measured during heating and cooling cycles sintered at 1050°C for 3 hrs. The initial
permeability is directly proportional to square of the magnetization and inversely proportional
anisotropy constant of the sample. It is well known that anisotropy constant decreases
considerably with temperature. In most cases, anisotropy decreases from a high value (at
lower temperature) to zero near T, [4.18]. It is observed that for the sample x = 0.0 the p'
increases with temperature to a maximum value just below the T, which is the manifestation
of Hopkinson effect. This occurs, because the crystal anisotropy becomes almost zero near T,
[4.13, 4.18]. Since anisotropy decreases faster than magnetization on heating, the initial
permeability expectantly increasing with temperature tends to infinity just below the T, and

then abruptly falls to low value when the samples become paramagnetic.
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Fig. 4.7 Temperature dependence of initial permeability, p' for (a) x=0.0 and
(b) x=0.5 of Co;..Cd,Fe,0Oy ferrites samples sintered at 1050°C /3hrs.

It is also noticed that there is a hump (permeability maximum) in p - T curve around
450K. This is probably due to the resultant anisotropy compensation by Co”" ion having
positive anisotropy constant with the host with negative contribution. But for sample x = 0.5
p - T is smooth indicating that the temperature dependence of anisotropy is well compensated

due to the substitution of Cd for Co resulting in decrease of anisotropy energy for the sample
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x=0.5. It is also reflected in the value of permeability that p has attained a value as high as p
~ 270 compared with p = 90 for the pure CoFe,0, ferrite. The slight thermal hysteresis in

permeability is also due to anisotropy effect in these samples.

4.2.2 Compositional Dependence of Curie Temperature

Fig. 4.8 shows the variation of Curie temperature T, with Cd content of Co,;_..Cd.Fe,0,
ferrites. T, of the studied sample was determined from p-T curve. The temperature
corresponding to the peak value of du/dT has been taken as the Curie temperature of the
sample. The T, values are shown in Table - 4.1. T, is the transition temperature above which
the ferrite material losses its magnetic properties. The Curie temperature gives an idea of the
amount of energy required to break up the long-range ordering in the ferromagnetic material.

The Curie temperature mainly depends upon the strength of A-B exchange interaction.
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Fig. 4.8 Variation of Curie temperature, T, with Cd content (x) of Co,.,Cd,Fe,0, ferrites.

From Fig. 4.8 it is observed that Curie temperature linearly decreases with increasing Cd
content. The non-magnetic Cd*" ions replaced the magnetic Fe** ions on A-sites and thus the
number of Fe’* decreases on A-sites. This tends to decrease the strength of A-B exchange
interactions. The decrease of T, is due to the weakening of the A-B exchange interaction as
well as due to increase of lattice parameter with Cd** content which increases the distance

between the magnetic cations. A linear dependence of T, with Cd content is observed upto
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x = 0.7 beyond which well defined T, could not be determined due to complex magnetic
structures and competing magnetic interactions of highly diluted compositions. The linear
decrease of T. with x content is attributed to the progressive weakening of J,g exchange
interactions resulting from substitution of nonmagnetic Cd in the tetrahedral (A-site)
occupancy. A linear fitting of the Curie temperature with x gives an empirical relation for the
samples as, T (x) = T, (0) — 664.76 x, where T, (0) is the Curie temperature of the pure Co-
ferrite and T, (x) corresponds to the Curie temperature of any composition having Cd
concentration (x). From this empirical relation Curie temperature of pure Co-ferrite is found to
be 746K. Our experimental value of the Co-ferrite is 728 K, the literature values are 735 K
[4.5], 793 K [4.21] and 860 K [4.22, 4.23]. The difference in the determined T, values by

various authors are due to the deviation of the cation distributions as affected by thermal

history of the samples as well as method of sample preparation.

4.2.3 Frequency Dependence of Initial Permeability

The optimization of the dynamic properties such as complex permeability in the high
frequency range requires a precise knowledge of the magnetization mechanisms involved. The
magnetization mechanisms contributing to the complex permeability, p = p'-ip", where, p' is
the real permeability (in phase) and p" the imaginary permeability (90° out of phase).
Complex permeability has been determined as a function of frequency, f upto 13 MHz at
room temperature for all the samples of series Co,.Cd,Fe,O; ferrites by using the
conventional technique based on the determination of the complex impedance of a circuit
loaded with toroid shaped sample. Fig. 4.9 represents the results of the real part of the
permeability, p' and imaginary part, u" as a function of frequency for the whole series of

ferrite samples sintered at 1050°C, 1075°C and 1100°C for 3 hours.

From Fig. 4.9 it is noticed that the real component of permeability, ' is fairly constant
with frequency up to certain frequency range, and then falls rather rapidly to very low value at
higher frequency. We can call this real part of the permeability, p' as initial permeability. The
permeability of compositions with x = 0.0 - 0.3 were stable up to 10 MHz and the cut-off
frequencies of samples were above 13 MHz, the maximum frequency limit of the instrument.
The permeability of the x = 0.4 - 0.6 composition was stable up to about 3 MHz and the

permeability dispersion initiated above 3 MHz.
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Fig. 4.9 Frequency dependence of the real part of the permeability, p' and imaginary component,

n" of Co,.,Cd,Fe,0; ferrites sintered at 1050°C, 1075°C and 1100°C for 3hrs.
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When ferrite specimens are subjected to an ac field, permeability shows several
dispersions; as the field frequency increases, the various magnetization mechanisms become
unable to follow the ac field. The dispersion frequency for each mechanism is different, since
they have different time constant. The low frequency dispersions are associated with domain
wall dynamics [4.24]. The lower frequency dispersion was due to the much higher
permeability of the composition (x = 0.6) compared to others. The dispersion behavior could

be explained by Snoek’s law, which states that the cut-off frequency is inversely proportional

to the magnetic permeability [4.25].

It is clearly evident from these figures that the initial permeability as a function of
frequency in the range 1 kHz to 13 MHz increases with Cd content, x i.e the permeability p'
increases monotonically upto x = 0.6 and thereafier decreases. It is quite obvious science the
sample above x > 0.6 is paramagnetic at room temperature. Therefore the permeability should
be zero. The small finite value of permeability at x = 0.7 as shown in Fig. 4.9 is an
experimental artifact arising from the small applied field (10~ Oe) that influences the magnetic
domains to give rise to small magnetization and hence small value of p' is observed. For all

sintering temperatures initial permeability increases with the increase of Cd content upto x = 0.6.

Fig. 4.10 shows that the variation of initial permeability at frequencyl100 kHz with Cd
content of Co,..Cd.Fe,O4 ferrites sintered at 1050°C, 1075°C and 1100°C for 3hrs. It was
observed that the permeability increases slowly at low Cd content and then increase sharply up
to x = 0.6 for all the sintering temperature and there after decreases rapidly. For the sample
with x = 0.6 the maximum initial permeability is observed at a sintering temperature of T, =
1050°C. As the T increases the permeability decreases. The decrease of permeability with
increasing sintering temperature Ts may be explained on the basis of intragranular pores
entrapped within the grains which create constraint on the domain wall mobility. As a result
permeability decreases. Again the increase of permeability with Cd content is connected with

increased magnetization, density, grain size and possible reduction of anisotropy energy with

the addition of nonmagnetic Cd.
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Fig. 4.10 Variation of initial permeability, p' at frequency 100 kHz with Cd
content of Co-Cd,Fe,0, ferrites.

Moreover as the sintering temperature increases dispersion of p'-f spectra also shifts to
the lower frequency range as a result of increasing density and grain size, as proposed by
Nakamura [4.26]. An increase in the density of ferrites not only results in the reduction of
demagnetization field due to the presence of pores but also raise the spin rotational

contribution, which in turn increases the permeability [4.27].

4.2.4 Low Field B-H loop at Room Temperature

Fig. 4.11 represents the B-H loops at room temperature were measured with B-H loop
tracer at constant frequency (f = 1kHz) and applied field H =0 - 15 Oe for the whole series of
Co,..Cd,Fe,0, ferrite samples sintered at 1050°C, 1075°C and 1100°C for 3 hours. From these
loops the remanence induction (retentivity B;), saturation induction B and the coercive force
(coercivity H,) were determined. Saturation induction (Bs) is found to increase with increase
of Cd content upto x = 0.5 while the B/B; ratio decreases gradually with Cd content. For all
sintering temperatures coercivity (H.) decreases almost linearly with increasing Cd content up
to x = 0.6 and also the remanence induction (B,) decreases with increase of Cd content. Fig
4.12 shows the coercivity, He and permeability, p' versus composition x of Co;,Cd;Fe;O4

ferrite with x = 0 - 0.6 sintered at 1050°C/3hrs measured constant frequency f= 1 kHz.
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Fig. 4.11 Magnetic hysteresis graphs of Co,;CdFe;O4 ferrite sintered at 1050°C, 1075°C
and 1100°C for 3 hours at constant frequency f= 1kHz.
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The hysteresis behavior and initial permeability reveals the softer ferromagnetic nature
of the studied materials with the increase of Cd content. This clearly indicates that Cd
substitution for Co in Co;xCdsFe,O4 system has profound effect of magnetic softening and
may be interpreted as due to reduction of magnetic anisotropy energy and enhancement of
magnetization of the studied samples [4.28]. The dependence of H. and p' is inversely
proportional as found in Fig. 4.12 which concomitant with the theoretical prediction. Since H,
is the indicator of magnetic hardness while p' is the indicator of magnetic softness. Sample
with x = 0.7 has low H. and also very low p' due to its paramagnetic state at room

temperature. The B-H loop of this sample is also very narrow and almost reversible.
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Fig.4.12. The coercivity, H, and permeability, p' versus composition x of Co,,Cd,Fe;0, ferrite
with x = 0.0 - 0.6 rings sintered for 1050°C/3hr at constant frequency f= 1k Hz
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Table-4.2 Data of the coercivity (H.), retentivity (B,), saturation induction (Bs), B,/B; ratio
and losses of Co,.,CdFe;Oy ferrite with x = 0.0 - 0.7 rings sintered for 1050°C,
1075°C and 1100°C for 3 hours at constant frequency f= 1k Hz.

ca T T(0)
content /3hrs | He(Oe) | B.(kG) | B,(kG) | B/B; Losses
) (W/kg)
0.0 1050 4.96 0.29 0.59 0.49 14.10
1075 4.97 0.21 0.50 0.42 14.20

1100 3.97 0.19 0.42 0.45 14.10

0.1 1050 4.09 043 0.92 0.47 18.15

1075 3.74 0.31 0.77 0.40 18.92
1100 3.01 0.26 0.79 0.33 16.27
0.2 1050 3.49 0.48 1.11 0.43 19.58
1075 2.90 0.39 0.99 0.40 20.38
1100 2.76 0.39 0.10 3.9 21.92
0.3 1050 2.76 0.53 1.35 0.39 17.38
1075 2.42 0.53 1.35 0.39 22.28
1100 2.36 0.54 1.34 0.40 24.86

0.4 1050 2.38 0.62 1.59 0.40 17.28
1075 2.24 0.52 1.58 0.33 25.31
1100 1.71 0.56 1.38 0.40 22.22
0.5 1050 1.62 0.71 1.79 0.40 13.10
1075 1.52 0. 65 1.58 0.41 18.42
1100 1.46 0.62 1.60 0.39 15.36
0.6 1050 1.40 0.54 1.37 0.39 TiT2
1075 0.75 0.51 1.58 0.32 7.98
1100 0.73 0.44 1.30 0.34 7.03
0.7 1050 0.41 0.01 0.10

4.2.5 Magnetization Measurement

Magnetization as a function of applied magnetic field upto 50 kOe measured with a
SQUID magnetometer at T = 5K of Co,.4CdFe;O4 system for the samples with 0 <x < 1.0 is
shown in Fig. 4.13. It is observed that the magnetization increases sharply at very low field (H
< 1kOe) which corresponds to magnetic domain reorientation and thereafter increases slowly

up to saturation. The samples with x > 0.7 do not saturate even at H = 50 kOe.
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Fig. 4.13 Field dependence of magnetization for x = 0.0 - 1.0 of Co,..Cd.Fe;O4
ferrites at temperature T = 5K.

The saturation magnetization (M;) of the Co;..Cd,Fe;Oy4 ferrites as a function of Cd
content at T = 5K upto x = 0.8 is shown in Fig. 4.14 and Table - 4.3. It is observed that
saturation magnetization, increases with the increase of Cd content up to x = 0.4 and decrease
thereafter. The observed variation in saturation magnetization can be explained on the basis of
cation distribution and the exchange interactions between A and B sites, respectively. From
these values of saturation magnetization, the magneton number i.e., saturation magnetization
per formula unit in Bohr magneton, ng at T = 5K was calculated using the relation [4.29]

2 MK, (4.1)
HN

g

where M is the molecular weight of the ferrite sample, M; is the saturation magnetization
emu/gm, N the Avogradro’s number and pg the Bohr magneton. The value of M;, magneton

numbers, ng (experimental, theoretical) for each of the samples measured at T = 5 K is given
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in Table - 4.2.2. The dependence of magnetization, ng in Bohr magneton along with the
theoretical magnetization as a function of Cd content is depicted in Fig. 4.15. It is observed

that saturation magnetization, increases with the increase of Cd content up to x = 0.4 and

decrease thereafter.
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Fig. 4.14 Saturation magnetization (M;) of Co,..Cd,Fe,Oy4 as a function of Cd
content (x) at temperature, T = 5K.

Initial increase of magnetization is attributed to the preferential occupation of A-sites by
Cd?, thus displacing an equal amount of Fe** from A-sites to B-sites leading to the difference
in magnetization between the B sublattice and the A sublattice, M = Mg - M, in the
antiferromagnetic coupling This enhancement of magnetization with increasing cadmium
content is explained based on Neel’s two sublattice model [4.30]. Magnetic moment of any
composition depends on the distribution of Fe**ions between A and B sublattices since Cd*" is
nonmagnetic having zero net magnetic moment and that of Fe*" is Spg. The replacement of x
amount of Cd?* ions (Cd?" occupies A-sites) for Co®* can give rise to (1-x) Fe*" ions on A-sites
and (1+x) Fe’* ions on B-sites and considering that all Co?" occupies B-sites with magnetic
moment of 3pg. The cation distribution then takes the following form; (Cd.Fe,..)a[Co;.
«Ferix]s. The Cd** substitution leads to increased Fe’* ions on B-sites and consequently
magnetization of the B-sites increases while that of A-sites decreases resulting in an increase
of net magnetization M = Mg - Ma. Samples with x > 0.5, magnetization is found to decrease
gradually. This can be explained due to non-collinear spin structure in the B-sites, i.e spin

canting effects in B sublattice known as Yafet-Kittel type of spin arrangement [4.31, 4.32]
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according to the random canted model. Substitution of diamagnetic cations in one sublattice of
ferrimagnet leads to spin canting in the other sublattice resulting in decrease in total
magnetization per formula unit. The reason for the decrease in magnetization beyond x = 0.4
is that the magnetization of A-sublattice is so diluted that the A-B exchange interaction no
longer remains stronger and thereby B-B sublattice interaction plays also an important role
which in turn disturbs the parallel arrangement of spin magnetic moments on the B-site and
hence canting of spin occurs.

Neel’s two-sublattice collinear ferrimagnetism is observed for the system up to x < 0.4
and beyond this limit three-sublattice non-collinear spin canting model is predominant. The
existence of canted spin gives rise to the Yafet-Kittel angle (ayx), which compares the

strength of A-B and B-B exchange interactions [4.31]. Y-K angles are calculated at SK using

the following formula
ng = Ma(x)cos ay.x — Ma(X), (4.2)

where ay is the canted angle. The condition for Y-K angles to occur in Zn containing Ni-Zn
ferrites was investigated by Satya Murthy et.al. [4.33] in molecular field approximation using
the non-collinear three-sublattice model. According to the similarities between Ni-Zn, Mg-Zn
and Co-Cd ferrites, the existence of Y-K angles in the present Co-Cd system for x > 0.4 is
assumed. The values of ay.x are presented in Table-4.3. It is observed that ay.x angles for the
samples x = 0.0 - 0.4 are non-zero, i.e Y-K has a small value. This means that the cation
distribution is not exactly as proposed by theory. Ignoring this small Y-K angle value we can
consider that the calculated values of the Y-K angles for the present system are non-zero and
reasonably high for x > 0.4 and the non-zero Y-K angles suggest that the magnetization
behavior can not be explained by Neel’s two-sublattice model due to the presence of spin
canting on B-sites, which increases the B-B interaction and consequently decreases the A-B
interaction. Increase in Y-K angles for the samples with Cd content (x > 0.4) is attributed to
the increased favour of triangular spin arrangements on B-sites leading to the reduction in the
A-B exchange interaction and subsequent decrease in magnetization [4.34, 4.35]. Almost all
Zn*" and Cd** substituted ferrites have shown a similar type of canting behavior above a
certain limit of their content [4.35 - 4.37]. Hence in the present system of ferrites, frustration

and randomness increases as Cd content increase in the Co-ferrites and shows significant

departure from Neel’s collinear model.
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In Fig. 4.15 it is observed that the theoretical magnetization increases linearly with Cd

content reaching a value of ng= 10pg for CdFe;0;, In the theoretical calculation, no frustration

or spin canting has been taken into account.
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Fig. 4.15 Variation of magnetic moment as a function of Cd content (x) of
CO]_;Cd_IFezo4 ferrites.

Table- 4.3 Data of saturation magnetization (M), theoretical and experimental magnetic

moment (ng) and Yafet-Kittel angle (ay.x)

Saturation
Cd content | Magnetization Magnetic Moment Yafet-Kittel

() Ms ng (1p) angle

(emu/gm)

theoretical experimental o yx
0 71 3 2.97 5

0.1 85 3.7 3.65 7
0.2 97 4.4 4.25 11
0.3 105 5.1 4.72 17
0.4 111 5.8 5.07 24
0.5 106 6.5 4.98 34
0.6 81 T2 3.88 50
0.7 38 7.9 1.83 69
0.8 14 8.6 0.67 80
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4.3 Electrical Transport Property
4.3.1 Compositional Dependence of DC Electrical Resistivity

DC resistivity is an important electrical property of ferrites in high frequency application.
Fig. 4.16 gives the room temperature values of resistivity (pg.) versus Cd content of the
samples of series Co;.,Cd,Fe,Oy ferrites by using a Keithley Electrometer. For measurements,
the pellet shaped samples were coated with silver paint on the both surfaces of each sample to
obtain good ohmic contact. Table 4.1 gives the DC resistivity values for all the samples under
study. The DC resistivity is found to increase with Cd content up to x = 0.4. Resistivity is
found to decrease with further addition of Cd content.This decrease of resistivity may be
attributed to the entrapped intragranular porosity, Sankpal er.al. and Shaikh et.al. measured
resistivity as a function of composition in their work on Ni-Cu and Li-Cd ferrites [4.38, 4.39].
They obtained the similar trend of decreasing resistivity with the increase of Cu content. This
trend could be attributed to the high activation energy, which is associated with high resistivity
at room temperature. The decrease of resistivity has been related to the decrease of porosity

since pores are non-conductive, which increase the resistivity of the materials [3.40].
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Fig. 4.16 Room temperature DC resistivity as a function of Cd content of
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4.3.2 Frequency Dependence of AC Resistivity

The electrical properties of ferrite materials depend upon the method of preparation,
chemical composition, grain size and sintering temperature. The frequency dependence of AC
electrical resistivity of ferrites is crucial because of its huge applications with frequency
characteristics. The AC resistivity decreases as the frequency increases from 1 kHz to 13 MHz
and is shown in Fig 4.17 at room temperature. All the samples show the significant dispersion
with frequency which is the normal ferrimagnetic behavior. The resistivity of the ferrites is
expected to decrease with an increase in the frequency; this may be due to the low dielectric
constant and also depends on the porosity and composition [4.41]. Ferrite structurally forms
cubic closed packed oxygen lattices with the cations at the octahedral (B) and the tetrahedral
(A) sites. The distance between two metal ions at B site is smaller than the distance between a
metal ion at B site and another metal ion at A-site. The electron hopping between A and B
sites under normal conditions therefore has a very small probability compared with that for B-
B hopping. Hopping between A and A sites does not exist for the reason that there are only

Fe®' ions at the A site and Fe’* ions formed during processing preferentially occupy B sites

only.
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Fig. 4.17 Frequency dependence of AC resistivity of Co,.,Cd.Fe,O, ferrites sintered at
1050°C/2hrs.

The conduction mechanism in ferrites is explained on the basis of hopping of charge
carriers between the Fe** and Fe** ions on octahedral site. The increase in frequency enhances

the hopping frequency of charge carriers resulting in an increase in the conduction process
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thereby decreasing the resistivity. Ferrites are low mobility materials and the increase in
conductivity does not mean that the number of charge carriers increases, but only the mobility
of charge carriers increases. The minimum resistivity occurred when the frequency of the
hopping charge carriers is equal to the applied field frequency termed as resonance frequency

i.e. the jumping frequency of hopping charge carriers are almost equal to that of the applied

AC electric field.

4.3.3 Frequency Dependence of Dielectric Constant

Fig. 4.17 shows the variation of dielectric constant, €' with frequency for different
composition of Co;.,CdFe;0y ferrites sintered at 1050°C/2hrs from 100 Hz to 13 MHz at
room temperature. It can be seen from the figure that the dielectric constant is found to
decrease continuously with increasing frequency for all the specimens exhibiting a normal
dielectric behavior of ferrites. The dielectric dispersion is rapid at lower frequency region and
it remains almost independent at high frequency side. The incorporation of Cd into Co-Cd

ferrites has no pronounced effect on the dielectric constant in high frequency, but significantly

decreases the dielectric constant in the low frequency range.
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Fig. 4.18 Dielectric constant as a function of frequency of the ferrite system
Co0,.,Cd,Fe,04 ferrite sintered at 1050°C/2hrs.
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This type of behavior was observed in a number of ferrites such as Li—Co ferrites [4.42],
Cu-Cd ferrites [4.43] Ni—-Cu—Zn ferrites [4.44], Li-Mg-Ti ferrites [4.45], Mg—Cu-Zn ferrites
[4.46, 4.47]. The dielectric behavior of ferrites may be explained on the basis of the
mechanism of the dielectric polarization process and is similar to that of the conduction
process. The electronic exchange F e?" & Fe' gives the local displacement of electrons in the
direction of applied electric field, which induces the polarization in ferrites [4.43, 4.48].

The magnitude of exchange depends on the concentration of Fe*'/Fe*" ion pairs present on
B site for the present ferrite. The sample x = 0.0 and 0.3 showed the maximum dispersion
while that with x = 1.0 showed a least frequency dependence. The presence of Fe** ions in
excess amount favors the polarization effects. Thus, the more dispersion observed in the
sample with x = 0.0 and 0.3 can be attributed to the presence of Fe*" ions in excess amount
which could be formed at elevated sintering temperature. Similarly the weak dependence of
dielectric constant on frequency can be due to lack of Fe’"/Fe’" ions concentration. All
samples have high values of €' in the order of 10°-10° at low frequencies. This could be
explained using Koop’s phenomenological theory [4.49] which was based on the Maxwell-
Wagner model [4.50, 4.51] for the inhomogeneous double layer dielectric structure. The
dielectric structure was supposed to be composed of the fairly well conducting ferrite grains.
These are separated by the second thin layer of grain boundaries which are poorly conducting
substances. These grain boundaries could be formed during the sintering process due to the
superficial reduction or oxidation of crystallites in the porous materials as a result of their
direct contact with the firing atmosphere [4.52]. The grain boundaries of lower conductivity
were found to be effective at lower frequencies while ferrite grains of high conductivity are

effective at high frequencies [4.49, 4.53].
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4.4 Summary

Powder X-ray diffractometry of the ferrite samples revels the single-phase cubic spinel
structure, as well as defined reflections are observed without any ambiguity. Variation of
lattice parameter with Cd content obey’s Vegards’s law and the linear variation of X-ray
densities with Cd content suggest that the substituted atom preferentially occupies tetrahedral
(A) site. Bulk density is found to increase while porosity decreases with increasing Cd content.
Curie temperature decreases linearly with the addition of Cd ions. This is due to the fact that
the replacement of Fe** ions by Cd*" ions in the A-sites results in the decrease of strength of
A-B super exchange interactions. The initial permeability increases with Cd content and
sintering temperature has little effect on permeability. The increase in the permeability can be
attributed to the presence of Cd ions activating the sintering process in ferrites and leading to
increase in density and grain size. Saturation magnetization increases with increasing copper
Cd content at x > 0.4 and then it decreases. The hysteresis behavior and initial permeability
reveals the softer ferromagnetic nature of the studied sample. DC electrical resistivity is found
to increase with the increase of Cd content which is attributed to the fact that the incorporation

of Cd in B site of ferrite may decrease the concentration of Fe**/Fe’* ion pairs.
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CHAPTER-V

RESULTS AND DISCUSSION OF
Co;.xZn,Fe, 04 FERRITES




Results and Discussion of Co,..Zn, Fe,O4 Ferrites

5.0 Introduction

Co-Zn ferrites are quite important materials in the field of microwave industry, which is
a mixture of CoFe,Os with long range ferromagnetic ordering and ZnFe,O; with
antiferromagnetic ordering [5.1]. Zinc plays a decisive role in determining the ferrite
properties [5.2]. The magnetic properties of ferrites are dependent on the type of magnetic ions
residing on the A and B sites and the relative strengths of the inter (Jag) and the intra
sublattice (Jgg, Jaa) interaction. ZnFe,O4 and CdFe;Oy4 are generally assumed to be normal
spinel with all Fe** ions on B-sites and all Zn** and Cd”** ions on A sites [5.3, 5.4]. The
magnetization behavior and magnetic ordering of Zn substituted Co-Zn, Cu-Zn, Ni-Zn and Mg-Zn
ferrites have been studied by many workers [5.1, 5.5 - 5.7] and extensive works have been
performed on the solid solution of Co;..Zn,Fe;O4 , where x ranging from 0.0 - 1.0. But exact
nature of magnetic ordering for all the compositions are not yet very clear. Magnetic properties
of Co-Zn ferrites have been reported only for particular value of x or limiting values [5.8].

The magnetic properties of ferrites such as permeability, magnetization, coercive field,
Curie temperature are affected by composition as well as by the type of substitution, cation
distribution and method of preparation [5.9]. Globus et. al.[5.10] studied the size effect of
nonmagnetic ions Zn and Cd on the magnetic properties of Ni-ferrites and concluded that the
variation of magnetic properties results from the ion concentration as well as difference in
ionic radius. Satyamurthy et. al [5.6] reported that in the Yafet-Kittel (Y-K) model the B-
sublattice can be split in to two sublattices having magnetic moments equal in magnitude and
each making an angle ay.x with the direction of the net magnetization at 0 K. Smit and Wijn
[5.11] reported that in mixed Zn ferrites the A-B interaction is reduced with increasing Zn
content and the Curie temperature decreases. Zn substituted spinel ferrites showed good
magnetic properties which are characterized by a maximum in saturation magnetization in
certain composition [5.12 - 5.14]. Most of the Zn substituted ferrites like Ni-Zn [5.15], Fe-Zn
[5.16], Cu-Zn [5.5] and Mg-Zn [5.17, 5.18] show a canted spin arrangement on the octahedral
or B-sites when the substitution of Zn exceeds a certain limit. The canting of the spins gives
rise to Yafet-Kittel angles (Y-K), which suggests that A-B and B-B superexchange interactions
are comparable in strength. Therefore, it would be interesting to investigate similar effects in the
Zn substituted cobalt ferrite system. In order to study the influence of Zn ion on the structural

and magnetic properties of Co;..ZnFe;O4 with x = 0.0 - 1.0 have been prepared and reported

in the present work.



5.1 X-ray Diffraction Analysis

5.1.1 Phase Analysis

Structural characterization and identification of phases is a prior for the study of ferrite
properties. Optimum magnetic and transport properties of the ferrites necessitate having single
phase cubic spinel structure. X-ray diffraction patterns for Co,..Zn,Fe;O4 samples sintered at
1100°C /2hr are shown in Fig. 5.1. The XRD patterns for all the samples were indexed for fcc
spinel structure and the Bragg planes are shown in the patterns. All the samples show good
crystallization with well defined diffraction lines. It is obvious that the characteristic peaks for
spinel Co—Zn ferrites appear in the samples as the main crystalline phase with a slight shifting
in the position of peaks towards the lower d-spacing values. The fundamental reflections from

the planes of (111), (220), (311), (222), (400), (422), (511) and (440) characterizing the cubic

spinel structures are abserved.
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Fig. 5.1 XRD patterns of Co,..Zn,Fe,0, ferrite with different Zn content.
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This indicates that the synthesized ferrite compositions are of single phase cubic spinel since

no ambiguous reflections other than the spinel structures are evidenced. This also

demonstrates the homogeneity of the prepared samples.

5.1.2 Lattice Parameter

The lattice constant of all the samples have been precisely determined considering the
reflections with the Cu-k, radiation using the extrapolated Nelson-Relay function F () =0 at 6
= 90°. The least square linear fitting gives the precise lattice constant as an intercept of the Y-
axis. The lattice constant as a function of Zn content have been plotted in Fig. 5.2 and are
tabulated in Table - 5.1. From Fig, 5.2 it is observed that the lattice constant increases linearly
with increasing Zn content obeying Vegard’s law [5.19]. The lattice constant increases with
increasing x content, because the ionic radius of Co** (0.72A) [5.20] is smaller than that of
Zn*" (0.82A) [5.21]. Since the radius of the substituted ions is larger than that of the displaced

ions it is expected that the lattice should expand increase the lattice constant.
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Fig. 5.2 Variation of lattice constant ‘a’ as a function of Zn content (x) of

Coy..Zn,Fe 0y ferrites.
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The increase in lattice constant with x is similar in nature to that has been reported in the
Zn-Mg [5.22 - 5.24], Cu-Zn [5.25] and Co-Zn [5.26, 5.27] ferrite system. Lattice constant of
ZnFe,0y4 ferrite is 8.633A [5.28] and 8.471A [5.29]. Our value of lattice constant is 8.455A.
The difference in the values of the lattice constant may be due to different sintering

atmosphere, technique and the possibility of experimental error.

5.1.3 Density

The dependence of bulk density dg and X-ray density p, upon Zn content x is presented
in Fig. 5.3. X- ray density p, was calculated from the molecular weight and the volume of unit
cell for each sample where as the bulk density pg was measured usual mass and dimensional
consideration. The bulk density increases significantly with increasing Zn content indicating
improved densification by the substitution of Zn for Co in the ferrite. The increase of density
with Zn content can be attributed to the atomic weight and density of Zn (65.37 and 7.14gm
/em®) which is higher than those of Co ( 58.9 and 8.6 gm/cm®) respectively .

O—p,

Co, Zn Fe,O,

(3]
[y%]

Density (gm-Cm’)
[9)]
o

vz
(o)

0.0 0.2 0.4 0.6 0.8 1.0

Zn content (x)
Fig. 5.3 Variation of density with Zn content(x) of Co;.xZnsFe;O4 ferrites.

The replacement of Co?* by Zn?" ions in the spinel leads to a variation in bonding and
consequently interatomic distance and density. The oxygen ions which diffuse through the
material during sintering also accelerate the densification of the material. The apparent density

of the same composition reflects the same general behavior of the X-ray density py. The X-ray
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density is higher than the apparent density value due to the existence of pores which depends
on the sintering condition.

The percentage of porosity was also calculated using the equation (3.7). Porosity changes
slightly with Zn content (x). It is understood from the data of Table - 5.1, porosity values are
found to decrease significantly with increasing Zn concentration, thereby giving an impression
that zinc might be helping in the densification of the materials. The composition x = 0.8 has

the highest density and lowest porosity may be due to the increase of oxygen vacancies [5.30].

Table- 5.1  Lattice parameter (a), X-ray density (px), bulk density (pg), porosity (P%) of
Co;ZnFe,0;, ferrite with different Zn content sintered at 1100°C/2hrs.

Zn content Px PB P%
() a(Ad) | (gm/em’) | (gm/cm’)

0 8.380 5.278 4.589 13.0
0.1 8.398 5.261 4.572 13.1
0.2 8.400 5.273 4.629 12.2
0.3 8.409 5.261 4.725 10.2
0.4 8415 5.290 4.834 8.6
0.5 8.417 5.291 4.923 6.9
0.6 8.422 5.297 4.956 6.7
0.7 8.430 5.297 4.946 6.6
0.8 8.431 5.322 4.975 6.5
0.9 8.442 5.309 4.920 7.3
1.0 8.455 5.300 4.827 8.9

5.2 Electromagnetic Properties
5.2.1 Temperature Dependence of Initial Permeability

Curie temperature, T, is a basic quantity in the study of magnetic materials. It
corresponds to the temperature at which a magnetically ordered material becomes
magnetically disordered. Fig. 5.4 shows the Curie temperature, T, is obtained from the initial
permeability, pu' versus temperature profiles of different composition at x = 0.0 - 0.5. It was
found that the initial permeability increases with the increase of temperature, while it falls
abruptly close to the Curie temperature. It is observed from the Fig. 5.4 that the initial
permeability increases with increasing Zn content. The abrupt fall of permeability indicates
the homogeneity and the single phase of the studied samples, which have also been confirmed

by X-ray diffraction as evidenced from the XRD patterns for each sample. Curie temperature,
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T. of the sample with x = 0.6 and above has been determined from the temperature
dependence of magnetization, M using SQUID magnetometer.

Fig. 5.5 represents the variation of the complex permeability, p', u" and temperature
derivative of permeability, du'/dT as a function of temperature of Co;..Zn,Fe;Os with x =0.4.
At the Curie temperature, where complete spin disorder takes place, corresponds to maximum
of imaginary part and the temperature derivative of the real permeability and sharp fall of the
real part of permeability towards zero. From this figure it is observed that the imaginary part
of permeability and temperature derivatives of permeability show peaks at value a

temperature, T which excellently matches with the sharp fall of permeability at T = T..
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Fig. 5.4 Temperature dependence of permeability, p' of Co,..Zn.Fe,O, ferrites with
different Zn content.

In Fig. 5.6 the variation of Curie temperature T, as a function of Zn content of Co,..Zn,
Fe,0, system. It is observed that T, decreases continuously with the increase of Zn** content.
The linear decrease of T, with increasing Zn content may be explained by modification of the
A-B exchange interaction strength due to the change of the iron distribution between A and B
sites when nonmagnetic Zn is substituted for Co. The basic magnetic properties of CoFe,04
system originate from Co>" ions only in the octahedral B-sites since Fe’* ions are distributed
A-sites replacing an equal amount of Fe’" to the octahedral B-sites. In such a situation Jas

becomes weaker. Therefore decrease of T. is due to the weakening of A-B exchange
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interaction and this weakening becomes more pronounced when more Zn replaces more
tetrahedral Fe’* to octahedral B-sites. The similar trend in the variation of T, has been

observed by many researches in Zn substituted Mg-Zn and Ni-Zn [5.7, 5.31] and other ferrite

systems.
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Fig. 5.5 Determination of Curie temperature from the temperature dependence of ', u"
and du'/dT as a function of temperature of Co;..Zn.Fe;O; ferrites with x = 0.4.
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Fig. 5.6 Variation of Curie temperature, T, with Zn content (x) of Co,..Zn,Fe,0, ferrites.
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A linear dependence of T, with Zn content is observed with x < 0.7 beyond which well
defined T, could not be determined due to complex magnetic structures and competing
interactions of highly diluted composition. A linear least square fitting of the Curie
temperature with x, gives an empirical relation for the whole Co;..ZnFe;O4 system as
follows, T, (x) = T, (0) —640 x, where T, (0) is the Curie temperature of the pure Co-ferrite and
T. (x) corresponds to the Curie temperature of any composition having Zn concentration x.

From this empirical relation, Curie temperature of Co-ferrite is found to be 735K. Our

experimental result is 728K listed in Table - 5.2.

5.2.2 Frequency Dependence of Initial Permeability

Fig. 5.7 (a) and (b) shows the variation of the real part of permeability with frequency of
the system Co;.,Zn.Fe,0, for different values of x at different temperature 1100°C and
1150°C for 2 hours. For all the samples sintered at 1100°C and 1150°C, the values of initial
permeability increases with increasing Zn content upto x = 0.5, because the sintered density
increases and porosity decreases with increase of Zn content. Initial permeability would be
resolved into two types of mechanisms such as contribution from spin rotation and
contribution from domain wall motion. But the contribution from spin rotation was found to

be smaller than domain wall motion and it is mainly due to reversible motion of domain walls

in the presence of a weak magnetic field [5.32, 5.33].

Permeability is related to the saturation magnetization and anisotropy by the relation

M?D
o' oo —= [5.34, 5.35], where M; is the saturation magnetization, K, is the anisotropy

e

constant and D is the grain size of the sample. According to the relation increase in p' with Zn

content is attributed to the increase in M; with increasing Zn content and may also be due to
decrease in K,. An increase in the density of ferrites not only resulted in the reduction of
demagnetizing field due to decreased porosity but also raised the contribution due to rotation
of spin, which in turn increased the permeability [5.36]. Fig. 5.8 shows the variation of initial
permeability, p' at frequency100 kHz with Zn content of Co,..Zn,Fe,O, ferrites with sintering
temperature 1100°C and 1150°C. It was observed that the permeability increases slowly at low
Zn content and then increase sharply upto x = 0.5 and thereafter decreases. It also observed
permeability decreases with increase of sintering temperature. The decrease of permeability
with increasing Ts may be explained on the basis of intragranular pores entrapped within the

grains which create constraint on the domain wall mobility. As a result initial permeability

decreases.
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Fig. 5.7 Frequency dependence of real part of permeability of Co;..Zn,Fe;O4 ferrites
sintered at (a) 1100°C and (b) 1150°C for 2 hours.
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At high sintering temperature pores cannot move so first as compared with the grain
growth. Therefore the pores cannot move to the grain boundary rather they are trapped within
the grains. The results of p' at 100 kHz for all the samples sintered at 1100°C and 1150°C

tabulated in Table - 5.2.
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Fig. 5.8 Variation of initial permeability, p' at frequency 100 kHz with Zn content (x)
of Co;.xZn,Fe,0, ferrites sintered at temperature 1100° and 1150° for 2 hours.

Table-5.2 Data of the Curie temperature (T,), permeability (u') at frequency 100 KHz
sintered at 1100°C and 1150°C for 2hrs and dc resistivity (ps.) at room

temperature, of Co.ZnsFe,O; samples

T,=1100°C | T,= 1150°C dc resistivity
Zn content p' ' ( Pac)
(x) T.(K) (100KHz) | (100KHz) Q-cm
0 728 94 93 1.16 x 10°
0.1 663 121 146 1.62 x 10°
0.2 613 161 155 3.47x 10°
0.3 558 231 175 32.33x 10°
0.4 488 291 206 42.56 x 10°
0.5 413 394 329 91.27 x 10°
0.6 339 327 186 27.9x 10°
0.7 242 77 196.9 x 10°
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5.2.3 Low Field B-H loop at Room Temperature

The B-H loops at room temperature of the investigated compositions Co;..Zn.Fe,0y

sintered at 1100°C and 1150°C were measured at constant frequency (f= 1 kHz) shown in Fig.
5.9 (a) and (b).
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Fig. 5.9 Magnetic hysteresis graphs of Co,_«ZnFe;Oy ferrite with x sintered at
(a)1100°C and (b) 1150°C for 2 hours at constant frequency f= 1kHz.
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From the B-H loops, the remanence induction B,, saturation induction B and coercive
force H. were determined and studied with x and sintering temperature. From this loops the
heigh coersitivity, H. is observed at x = 0.0 and it decreases almost linearly with increasing Zn
content up to x = 0.6 both the sintering temperature listed in Table - 5.3. The low coercive
force and higher permeability, confirms that the development of soft magnetic characteristic
properties of cobalt ferrite, which is well known as hard magnet with the substitution of Zn for
cobalt. It is also observed that the decrease of coercivity with increase in sintering
temperature. The difference in the H. values is understandable because of the substantial
increase in grain size in response to the increase in sintering temperature which facilitating the
movement of the magnetic domain. Saturation induction (B;), is found to increase with
increasing Zn content. The different values of retentivity, and B/B; ratio observed are

interpreted in a quantitative way by means of domain theory.

Table-5.3 The calculated values of coercive force (H.), remanence induction (B,),
saturation induction (Bs), B/Bs ratio and losses of Co,.xZnsFe,Os samples at

room temperature with constant frequency (f= 1kHz ) at different temperature

Zn [ T(C)
content | /3hrs | HeOe) | Bi(kG) | Bs(kG) | B/B; | Losses

(x) (Wike)
0.0 1100 3.70 0.18 0.45 0.40 | 6.23
1150 3.66 0.18 0.45 0.40 | 6.21
0.1 1100 3.20 0.25 0.59 0.42 | 10.09
1150 2.58 0.44 1.06 042 | 19.51
0.2 1100 2.79 0.58 1.24 0.47 | 1841
1150 2.60 0.42 1.03 0.41 | 20.06

03 1100 2.03 1.08 1.98 0.55 | 20.42
1150 2.10 0.54 1.33 0.41 | 24.06
04 1100 1.86 1.16 1.93 0.60 | 18.79

1150 1.39 0.53 1.39 0.38 | 13.24
0.5 1100 1.50 1.08 1.97 0.55 | 14.82
1150 1.12 0.48 1.39 0.35 | 11.76
0.6 1100 1.07 0.29 0.89 0.33 | 3.59
1150 0.66 0.35 0.44 0.79 | 0.67

5.2.4 Magnetization Measurement

Field dependence of magnetization measured at T = 5K with an applied field 20 kOe for
the ferrite sample Co;xZnsFe;O4 at 0 < x < 1.0 to reach saturation values and the results are
plotted in Fig. 5.10. It is observed that the magnetization increases sharply at very low field (H

< 1kOe) which corresponds to magnetic domain reorientation and thereafier increases slowly
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up to saturation corresponding to spin rotation. The samples with x < 0.7 seems to saturate
easily while samples with x > 0.7 do not show any sign of saturation even with an applied
field H = 50 kOe indicating high anisotropic nature of sample due to disorder frustration and
competing interactions. Bhowmik and Ranganathan [5.8] showed that the magnetization

Cog2Zng gFe,04 samples is not saturated even in the presence of 12 T applied magnetic field.
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Fig. 5.10 Field dependence of magnetization for x = 0.0 - 1.0 of Co,.xZn,Fe;O4

ferrites at temperature T = 5K.

Fig. 5.11 shows the variation saturation magnetization, M; of the Co,..Zn,Fe,O; ferrites
as a function of zinc content. It is observed from the Fig. 5.11 and Table - 5.4 that M;
increases upto x = 0.5 and then it decreases with increasing zinc content. The variation of ng
with Zn?* content is shown in Fig. 5.12. It is observed that the saturation magnetization M and
ng increases with the increase of Zn content up to x = 0.5 and decreases thereafter. Magnetic
moment of any composition depends on the distribution of Fe** ions between A and B
sublattice. The Zn®* substitution leads to increase Fe*" ions on B-sites. Zn is nonmagnetic

having zero net magnetic moment and Fe’* is Spug. So the magnetization of the B-sites
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increases while that of A-sites decreases resulting in increases of net magnetization i.e M =
Mg - M. The initial increase of magnetic moment with increase of Zn content is due to the

increase in resultant sublattice magnetic moment on the basis of Neel’s two sublattice model

[5.37].

Ms (emu/gm)

0.2 0.4 0.6 0.8 1
Zn content (x)

Fig. 5.11 Saturation magnetization, M; verses Zn content in Co,.ZnFe,0, ferrites.

Table-5.4 Data of saturation magnetization (M), theoretical and experimental magnetic

moment (ng) and Yafet-Kittel angle (oy.x) of Co,.ZnFe,O4 ferrites at

temperature T = 5K.

ng (1s)
Zn content Ms
(%) (emu/gm) | theoretical | experimental | @vx
0.0 71 3 2.97 3
0.1 88 3.7 3.69 3
0.2 104 4.4 4.38 4
03 112 5.1 4.75 16
0.4 116 5.8 492 26
0.5 119 6.5 5.05 33
0.6 87 7.2 3.71 52
0.7 42 7.9 1.78 70
0.8 15 8.6 0.65 80
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Samples at x > 0.6 magnetization is found to decrease gradually. The reason for the decrease
of magnetization is that A-sublattice is so much diluted that the A-B exchange interaction no
longer remains stronger and thereby B-B sublattice interaction becomes comparable to A-B
exchange interaction which in turn disturbs the parallel arrangement of spin magnetic
moments on the B-site and hence canting of spin occurs.This can be explained due to non-

collinear spin structure in the B-sites. Spin canting effects in B sublallice is known as Yafet-

Kittle type of spin arrangement [5.37, 5.38].
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Fig. 5.12 Variation of magnetic moment, ng as a function of Zn content (x) of

Co,.«ZnFe,0y ferrites.

Hence this discrepancy in the Neel’s theory was resolved by Yafet and Kittel and they
formulated non-collinear model of ferrimagnitism. This the increase in Y-K angles for the
samples with Zn content (x > 0.5) is attributed to the increased favor of triangular spin

arrangements on B-sites leading to the reduction in the A-B exchange interaction and

subsequent decrease in average magnetization [5.38].
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5.2.5 DC Electrical Resistivity

DC resistivity (pac) versus Co;..Zn.Fe;O4 ferrites measured at room temperature is
presented as a function of Zn content in Fig. 5.13 and corresponding values are listed in Table-

5.2. It was found that resistivity increases markedly with the addition of Zn®* up to x = 0.7 and

thereafter decreases.
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Fig. 5.12 Room temperature DC resistivity as a function of Zn content (x) Co;.xZnsFe;O4

ferrites.

The conduction mechanism in ferrite is considered as the electron hopping between Fe®*
and Fe* ions in B-sites [5.39]. DC resistivity is an important parameter of ferrites in high
frequency applications. Fe?* ion concentration is a characteristic property of a ferrite material
and depends upon several factors such as sintering temperature/time and atmosphere including
the grain structure. It is well known that resistivity of ferrites depends on their chemical

composition [5.11] and heat treatment. Fe** ions in the lattice are created due to zinc loss

during the sintering process.
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5.4 Summary

The XRD pattern confirmed the single-phase cubic spinel structure of the samples. The
lattice parameter increases linearly with increasing Zn content. Bulk density is found to
increase while porosity decreases with increasing Zn content. Curie temperatures show a
decreasing trend with the successive addition of Zn®* jons. With increasing Zn content, the
initial permeability increases with Zn content upto x = 0.5. But the permeability decreases
with increasing sintering temperature. From the low field B-H loop the coercivity decreases
with increasing Zn content it reveals the softer ferromagnetic nature of the studied sample.
Saturation magnetization and magnetic moment is found to increase with Zn content up to x <

0.5, and thereafter it decreases. DC resistivity increases substantially with Zn content upto x =0.7.
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CHAPTER-VI

RESULTS AND DISCUSSION OF
DILUTE FERRITES




Results and Discussion of Dilute Ferrites

6.0 Introduction

Magnetic moment of spinel ferrites has successfully been explained in terms of Neel’s
two sublattice collinear model of ferrimagnetism [6.1]. Soon afier that it was observed that
substitution of more than few tenths of non-magnetic substituent atoms per formula unit
showed significant departures from the Neel’s collinear model [6.2, 6.3]. It has been observed
that magnetic moment in spinel ferrites A;..M.B,0,, where A is divalent metal ions, M is the
non-magnetic metal ions and B is trivalent Fe*' ions increases gradually with the increase of
non-magnetic ion, M in the A-sublattice untill x = 0.4 - 0.5 depending on type of ferrites,
beyond which a decrease of magnetic moment has been reported [6.4]. When A-sublattice
dilution of magnetic moment occurs with non-magnetic substitution greater than 0.5,
intrasublattice interaction, Jgg become comparable and/or more predominant than inter-
sublattice interaction, Jag In such a situation disorder and frustration takes place in the spin
subsystem leading to the manifestation of various magnetic structures: ferrimagnetic order,
local spin canting (LSC), antiferrimagnetic order, re-entrant spin-glass and spin-glass etc [6.5].

Yafet and Kittel [6.6] were the first to give proper interpretation that non-magnetic
substitutions in one sublattice could lead to a non-collinear or canted spin arrangement on the
other sublattice. They developed a split-sublattice molecular field model to calculate a uniform
canting angle ay.k. They argued on a uniform canting approach in which one sublattice is
divided into two halves, each oppositely canted at some uniform angle relative to the average
magnetization. A localized canting model it is assumed that the individual moments on one
sublattice are canted at different angles, depending on the specifics of the local magnetic
environment [6.7, 6.8]. A re-entrant spin-glass is a highly frustrated and disordered magnetic
system in which there is a competition between spin-glass order and long range ferromagnetic
order.

In other words a system where there exists a majority of ferromagnetic couplings
between the individual spins but a sufficiently large number of antiferromagnetic couplings to
create substantial frustration leading to a competition between spin-glass order and long range
ferromagnetic order when the temperature is lowered. In such a material it exhibits a transition
from a paramagnetic (PM) to a ferromagnetic (FM) state and on further lowering the
temperature typical spin-glass like behavior generally known as re-entrant spin-glass (RSG)

appears [6.9, 6.10]. Highly diluted ferrites with high degree of randomness and frustration



belong to a class of disordered magnetic system known as spin-glass. An important class of
random systems is the bond disordered system in which the magnetic interactions are taken
randomly from a distribution of both positive (ferromagnetic) and negative (antiferromagnetic)
interactions. If all the interactions are ferromagnetic (FM) the low temperature ordered phase
is the ferromagnetic phase. If a few interactions, taken at random, are changed to be
antiferromagnetic (AF), the low temperature phase will have long range ferromagnetic order
but some magnetic moments will be frustrated. On increasing the concentration of random AF
interactions, frustration increases and above some concentration, long range ferromagnetic
order is no longer favorable. In such a bond disordered system the low temperature phase is
the spin-glass phase [6.9, 6.10].

Spin-glass (SG) states have been found in a wide variety of systems including the
magnetic insulators or amorphous alloys with the following common features (1) frozen in
magnetic moments below some freezing temperature Ty, (2) lack of periodic long range
magnetic order and (3) remanence and magnetic relaxation over macroscopic time scales
below Tr when there are changes of magnetic field. From the macroscopic point of view, these
properties have been characterized by the temperature dependence of dc magnetization, ac
susceptibility in the field-cooled (FC) and zero-field-cooled (ZFC) conditions, hysteresis
effects and magnetic relaxation experiments. However, it is important that the macroscopic
properties of many systems (e.g. canted, RSG systems) undergoing multiple magnetic phase
transitions may show common features, although the microscopic natures and under lying
physics could be quite different. To differentiate between these systems, a careful low field dc
magnetization in FC and ZFC condition as well as ac susceptibility study with frequency and
field dependence in the FC and ZFC condition is necessary. In the spinel ferrite is the
magnetically diluted condition, a modified version of SG system generally called “cluster
glass” (CG) is also manifested. A cluster glass can be considered to be a set of clusters which
are formed due to short range ordering around the Curie temperature, T.. The cluster glass
system is expected to show spin glass like behavior with increased magnetic spin density at

low temperature due to freezing of the magnetic spin.
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6.1 Field cooled (Myc) and Zero field cooled (Mzrc) Magnetization

Fig. 6.1 (a) and (b) shows the temperature dependence of low field FC and ZFC dc
magnetization with H = 50 Oe for the sample Co,Cd,Fe,O4 and Co,..Zn,Fe,0, at x = 0.7
system. It is observed from these curves that magnetization rises sharply on lowering the
temperature from paramagnetic state to a high value indicating a PM-FM phase transition and
display a plateau until sufficiently low temperature followed by a rapid fall at much lower
temperature designated as Tr where the divergence between Mzrc and M;c is observed. This
low temperature drop of magnetization at Ty corresponds to spin freezing temperature and
referred to as re- entrant spin-glass (RSG) behavior. Therefore RSG follows transitions in the
sequence of phases, PM-FM- RSG when temperature is lowered. Para-ferromagnetic transition
temperatures, T, determined from dM/dT of the M(T) data have been found to be 262K for
Co93Cdo7Fe;04 and 242K for the CogsZngsFe,Os respectively with corresponding spin
freezing temperature Ty= 46K and 48K.
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[ ]

T(K) T(K)

(@ (b)

Fig. 6.1 Mzrc and Mgc curves of the sample (a) Cop3Cdy 7 FeaO4 (b) Cop s Zng 7 Fe;04
with field H= 50 Oe

The temperature dependence of zero-field cooled DC magnetization Mzgc (T) and Mgc of
sample Cog,CdysFe,O4 with various applied field (H = 50 - 200 Oe) is shown in Fig. 6.2(a).
Fig. 6.2(b) for clarity with Mzpc (T) with H = 50 Oe the derivative dM/dT as a function of
temperature to determine the possible phase transition temperature. It is observed from the
Fig.6.2 (a) that magnetization increases with decreasing temperature attaining a maximum

value and decreases thereafter sharply to a value with further decrease of temperature
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indicating the randomly freezing of magnetic spins below the spin freezing temperature, Ty It
is also observed from Mgzrc (T) curves that the temperature corresponding to maximum
magnetization Mpma does not show any significant shift with increasing applied magnetic field.

From this temperature dependence it is difficult to determine any para-ferromagnet magnetic

phase transition.
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Fig. 6.2 (a) Mzpc and Mgc Curves of the Fig. 6.2 (b) Derivative of dM/dT as a

sample Cog,CdysFe,04 with applied field function of temperature of the sample
H =50 - 200 Qe. Coy2Cd, sFe,0, with applied field H= 500e.

From the dM/dT it appears that T = 100K may be the T, of this composition show Fig.
6.2(b) i.e the sample is ferrimagnetic below T, which has also been verified with the
appearance of spontaneous magnetization from the Arrott plots drawn from the high field
M(H) data at T = 5 - 100K as shown in Fig. 6.2(c). It is observed that linear extrapolation of
Arrott plot (M? vs H/M) at T = 100K almost passes through the origin signifying that the
sample has a Curie temperature close to this temperature as confirmed by dM/dT of the
sample. The decrease of magnetization above freezing temperature is very sluggish and
smeared which indicates that the clustering effect is very prominent until high temperature as

high as T = 150K. The temperature dependence of the inverse mass susceptibility of the

in the

sample is shown in Fig. 6.2(d) which can be fitted to a Curie-Weiss law, 3 = =
P

temperature range 250 - 300K with paramagnetic Curie temperature 6, = 200K compared with
ferromagnetic T, = 100K. Large difference between T, and 6, implies the existence of large
amount of short-range ordering above T.. It seems that strong short range ferrimagnetic

ordering and frustration coexists within the antiferromagnetic spinel matrix.
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This gives rise to distribution of ferromagnetic phase transition temperatures that makes

difficult for precise determination of T, for this diluted alloy.
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Fig. 6.2(c) ABK from T = 5 - 100K with field H = 50 kOe of
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Fig. 6.2(d) Inverse of susceptibility vs temperature curve of the
sample Cop»Cdp gFe,O4 with applied field H = 50 Oe.
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Temperature dependence of M(T) for the sample Co02Zng gFe;04 in the Mzyc measured
with H = 50 Oe is displayed in Fig. 6.3 (a). From this measurement a cusp corresponding to
spin freezing is observed at T; = 41.35K and no well defined magnetic phase transition
temperature is noticed untill high temperature. The M (T) curve looks sluggish having peculiar
temperature dependence from above Ty to untill 150 K. In order to find any magnetic phase
transition temperature, Arrott plots were drawn from M (H) curve measured at 5K and100K is

shown in Fig. 6.3 (b). From the Arrott plots it has been found that spontaneous magnetization
H s ;
almost close to zero at 7 — 0 at T = 100K signifying that this sample has a T, close to T =

100K. But M (T) curve does not clearly show any sign of ferromagnetic order above 41K.

This means that strong competitive exchange interaction between ferromagnetic and

antiferromagnetic ordering occurs in this sample.

|
f Cop,Zng gFe;0,

M(emu/gm)

(@)

Fig. 6.3 (a) Mzrc Curves of the sample Coo.2Zng sFe;04 with applied
field H = 50 Qe.

Temperature dependence of inverse of mass susceptibility has been measured from 5K-
300K with an applied field H = 50 Oe and displayed in Fig. 6.3 (c). The inverse susceptibility
is well described by Curie-Weiss law above 240 K with a paramagnetic Curie temperature 6p
=200K in good coincidence with similar composition CooCdy gFe;Oy and the large difference

between T and 6, clearly indicates a strong short range ordering.
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Fig. 6.3 (c) Inverse of susceptibility vs temperature curve of the sample
Cog 2Zng gFe; 04 with applied field H = 50 Oe.
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Spin-glass like behavior with the manifestation of a sharp cusp at low temperature from
the temperature dependence of low field dc magnetization with H = 50 Oe is shown in Fig. 6.4
(a, b) and Fig. 6.5 (a, b) for Co;.«Cd.Fe;04 and Co;4ZnsFe,04 sample with x = 0.9 and x = 1.0
respectively.

Low field dec Mpc(T) and Mzrc (T) magnetization are frequently used to elucidate spin
glass or spin glass like behavior of diluted magnetic system. The nature of M(T) curve does
not resemble with any ferromagnetic material. It is observed that magnetization, Mgc and
Mzgc both increase with as the temperature is lowered with the manifestation of divergence
after passing through a maximum. A sharp well defined cusp in the Mzpc (T) at T = 29.74K
and 20.47 K for C0,..Cdy Fe;Os with x =0.9 and 1.0 and T = 22.29 K and 14.50 K for Co,.
xZnyFe;O4 with x = 0.9 and 1.0 is observed. The temperature corresponding to this cusp is
considered as spin freezing temperature, Tr below which magnetization in the ZFC condition
drastically reduced to a very low value. There is a divergence between the FC and ZFC
magnetization from much higher temperature of 150 - 200K for Co;.4Zn.Fe>O, samples while
no such divergence is noticed for the Co;xCdsFe,O4 samples. This divergence is assumed to
be due to ferromagnetic clusters embedded in a paramagnetic matrix. The spin freezing
temperature, Ty is lower for Co-Zn samples. The divergence between the ZFC and FC
magnetization at sufficiently low temperature has been observed in other spin-glass like
materials [6.11]. The spin freezing temperature, T¢ is lower for Co-Zn samples. The
divergence between the ZFC and FC magnetization at sufficiently low temperature has been

observed in other spin-glass like materials [6.11 - 6.13].
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Fig. 6.4 Mzrc and Mgc curves of the sample (a) Cog Cdy s Fe,0y4 (b) CdFe,0y4
with applied field H = 50 Oe.

04 . 025 ————— e

A ZnFe,0 —— '
035+ &  Co,,2Zn,Fe,0, ——ZFC 208 HE
' |

03 | £f]

025 |

M(emu/gm)
o
3]

0.15
01
0.05
N |
0 50 100 150 200
Y T(K)
(a) (b)
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The samples with x = 0.9 and 1.0 does not show any spontaneous magnetization at T =

5K from Arrot plots as shown in Fig. 6.6 (a, b) and Fig. 6.7 (a, b).
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Fig. 6.6. ABK plot from T = 5Kwith field H = 50 kOe of (a) Cop.1CdgoFe;04
(b) CdFe;0, ferrites.
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Fig. 6.7 ABK plot from T = SKwith field H = 50kOe of (a) Coo.1Zno 9Fe204
(b) ZnFe,04 ferrites.
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Pure CdFe,04 and ZnFe,0, ferrites are long been considered as typical antiferromagnet with
normal spinel with Neel temperature of Ty = 10K and Ty = 9K respectively [6.14, 6.15]. It has

been claimed that zinc ferrite with ideal normal spinel structure is a three dimensional spin

frustrated magnet.

Dilute alloys with x > 0.7 display RSG and SG behavior as shown in Fig. 6.8 of

magnetic phase diagram of Co,.xCdy Fe,Oy4 ferrite system.
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Fig. 6.8 Magnetic phase diagram.

6.2 High field Hysteresis behavior

Fig. 6.9 (a, b) shows the hysteresis behavior at T =5 and 100K of the sample x = 0.7 for
both the system where a substantial hysteresis with H, = 502 Qe at T = 5K for both the
samples has been observed (see inset Fig. (6.9. a, b)) with no noticeable hysteresis detected at
T = 100K for both the samples. It is seen from the M(H) curves that the magnetization is not
saturated even with an applied magnetic field of H = 50 kOe indicating a strong spin canting
effect due to strong Jgp interaction having ay.x angle of = 70° for both the samples. This is to
note that the magnetization value at H = 50 kOe is larger for Zn (x = 0.7) substituted sample at
T =5 and 100K with 90.5 emu/gm at T = 5K compared with Cd (x = 0.7) substituted samples

having 74.6 emu/gm at T = 5K.
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Fig. 6.9 Magnetization hysteresis loops at T= 5K and 100K with field H = 50 kOe of
the sample (a) Cog3Cdp 7 Fe204 (b) CopsZngs Fe,0Oy . Inset at T = 5K.

A large hysteresis with a coercivity of H; = 1966 Oe for Co-Cd (x = 0.8) against H,
620 Oe for Co-Zn (x = 0.8) is observed at T = SK with no hysteresis at T = 100K. M(H)

curves of the sample x = 0.8 for both the system show that magnetization increases

continuously with H with no sign of saturation indicating high anisotropy of the sample with
higher Yaffet-Kittel ( ay.x ) angle of = 80°. Fig. 6.10 (a, b) shows the hysteresis loop measured
at different temperatures T =5 - 300K with H =+ 50kOe. It is observed that the nature of M-
H curves up to T = 100K is looks like ferromagnetic, while M-H at T = 300K looks typically
paramagnetic. Inset of Fig. 6.10 (a, b), an extended view of hysteresis loops at T = 5 K for
both the samples are depicted where hysteresis effect is clearly noticed with the appearance of
large hysteresis as mentioned above having higher value of H, for Cd system than that of Zn.
Hysteresis loops measured at T = 5K and 50K are displayed in Fig. 6.11 (a, b) for Co-Cd and
Fig. 6.12 (a, b) for Co-Znat x=0.9 and x=1.0. Large hysteresis with H. = 2509 Oe for

x =0.9, H, = 1300 Oe for x = 1.0 for Co;«CdsFe,0, system is observed while that of for x =
0.9 and x = 1.0 are H, =501 Oe and H, = 590 Oe for Co,.xZnsFe,O4 system respectively.
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Fig. 6.11. Magnetization hysteresis loops at different temperatures between
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Table-6.1 Data of the spin freezing temperature (Ty), coercive force (H;) at T = 5K of
Co,.4Cd,Fe ,04 and Co,Zn,Fe ,0, ferrites (with x =0.7 - 1.0)

Content | Co;4CdyFe 704 Co;xZnFe 204
® T ) [ Hec(Oe) | Tr(K) | He(Oe)
(T=5K) (T=5K)
0.7 47 502 48 502
0.8 57 1966 41.35 620
0.9 29.74 2509 22.29 501
1.0 20.47 1300 14.50 590
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6.3 Temperature and Frequency Dependence of Complex AC Susceptibility

AC susceptibility measurements are useful to understand the dynamics of freezing of the
spin-glass systems in which the temperature associated with the maxima of y’, corresponding
to spin freezing temperature which varies slowly with the measuring frequency [6.16]. Fig.
6.13(a, b) illustrates the temperature dependence of the in-phase component of the AC
susceptibility (') at three different frequencies. Spin-glass behavior is usually characterized
by the ac susceptibility, and the spin freezing temperature Ty, dependent on frequency f, can be
accurately determined by the position of the cusp of the real part of AC susceptibility, . In
other words, the maximum relaxation time of the system t is equal to 1/f at T;. It is observed
in Fig. 6.13(a, b) that the peak of AC susceptibility shifts to lower temperatures with

decreasing measuring frequency. Below the freezing temperature Ty, the amplitude of y'
highly depends on the measuring frequency 22 , while it becomes almost frequency
T

independent at temperature above Ty This behavior is typical of a conventional spin glass.
Such a frequency shift is not expected for the usual antiferromagnetic or ferromagnetic long-
range-ordered system [6.17]. This result implies that a transition takes place from
paramagnetic phase to spin glass phase (PM-SG) in the present CdFe,O, and ZnFe,Q, ferrites.

Fig. 6.14(a, b) shows the out of phase component of the AC susceptibility (') at three
different frequencies for CdFe,O4 and ZnFe,O, ferrites. y'(T) is non-zero below Ty and
sharply falls toward zero just above Ty, passing through a sharp maximum which is frequency
dependent as in the case of . A freezing temperature Ty (w) corresponding to the cusp in the
in-phase or the inflexion point in the out-of-phase component of the AC susceptibility may be
ascribed to each frequency. The spin-glass characteristic is in fact the sharp and frequency
dependent onset of a finite out of phase component at a temperature corresponding to Ty (in

fact, the inflexion point of the sharp up rise closely coincides with the maximum in y’).
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Fig. 6.13 The temperature dependence of the real part of AC susceptibility, i’
measured at /2n= 1.7, 17 and 170 Hz, respectively for (a) CdFe,04
and (b) ZnFe,0, ferrites.
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6.4 Ageing, Rejuvenation and Memory Effects

To elucidate a real spin glass behavior nonequilibrium dynamics of the spin glass phase
is required to study. Aging, rejuvenation and memory effects are intriguing characteristic of
the non-equilibrium dynamics in spin-glasses proposed by Mathieu et. a/ [6.18]. A simple DC
magnetization measurement is typically used to disclose nonequilibrium spin glass
characteristics such as aging, memory and rejuvenation when specific single stop cooling
protocols are utilized. In such experiments, the sample was first cooled rapidly in zero
magnetic field from a temperature T > Trdown to the stop temperature Ts < Ty and the cooling
is temporarily stopped at the temperature below the spin freezing temperature. In the present
case, the sample was cooled from a temperature well above Ty to a stopping temperature T
(TJ/Tr=0.8) and was kept at T for t,= 3 h. After a waiting time t,,= 3 h, the cooling was then
subsequently resumed down to the lowest measurement temperature, where a small dc
magnetic field H = 10 Oe was applied and the magnetization (Mzgc) recorded on reheating.
This measurement is superimposed on the Mzgc and the Mgc measured using the same protocol
but without any intermittent stop. The results thus obtained are shown in Fig. 6.15(a, b).

The Mgzrc curves involving a stop coincide with the reference Mgzrc curve in a
temperature range well below T,. The Mzgc curve corresponding to an isothermal holding of 3
hrs is found to lie significantly below the Mz reference curve (without holding time) in a
limited temperature range centered at T,. As the temperature increases in a range above T, the
Mgzrc curves gradually tend to merge with the Mzec reference curves and eventually coincide
with the reference curve at little higher temperature above Ts. During the isothermal holding,
the magnetization relaxes to a lower value due to a rearrangement of its spin configuration
towards the equilibrium state. The equilibrium of the spin configuration at the holding
temperature corresponds to aging. When reheated, the SG remembers its former magnetization
state with reference to its previous temperature during aging and follows a path which lies
below the reference Mzpc curve retrieves its former state and resumes its former evolution.
The system thus remembers its age, and the observed phenomenon is known as a memory
effect. A spin-glass system has been shown to be able to memorize information from several
isothermal holdings if they are sufficiently separated [6.19]. The merging of the Mzc curve

having isothermal holding with the reference curve implies that the system is rejuvenated.
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6.5 Summary

Mgc and Mzgc of the samples Co;.4CdyFe,O4 and Coj4ZnsFe,O4 at x = 0.7, 0.8 are
observed that magnetization sharply rises to a high value indicating a PM-FM transition (T, =
262 K and 242 K at x = 0.7) and develops a plateau followed by sharp fall of Mzgc at much
lower temperature, Ty where a divergence between Mzrc and Mpc is observed. It follows
transitions in the sequence of phases, PM-FM-RSG transition with a plateau characteristic of
ferromagnetic ordering followed by a drop in ZFC magnetization at the lower temperature Ty
indicating spin freezing. Similar behavior was also observed in the case of Co-Cd and Co-Zn
at x = 0.8 sample. The Mz and Mgc curves Co,.4CdsFe,O4 and Co4ZnFe,O4 at x =10.9, 1.0
samples diverge below spin freezing temperature, T exhibiting Mzgc cusps at T = 29.74K and
20.47K for Co;4Cdy Fe;O; with x = 0.9 and 1.0 and T = 22.29K and 14.50K for Co;.
xZnyFe; 04 with x = 0.9 and 1.0 is observed. This is an indication of spin glass behavior (PM-
SG). Large magnetic hysteresis effect has been observed at low temperature for the diluted
ferrite composition. Frequency dependent complex AC susceptibility and DC magnetization
measurement reveal that the sample exhibit spin-glass behavior. The samples show typical
spin glass behavior (PM-SG) with the manifestation of nonequilibrium dynamics of the spin

glass such aging, rejuvenation and memory effects.
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CHAPTER-VII

RESULTS AND DISCUSSION OF
SUBSTITUTION IN DILUTED Cog.;M;.sFe;O;
(M =Zn, Cd) FERRITES




—

Results and Discussion of Rare-earth Substitution in
Diluted C00.2M0.8F0204 (M =7n, Cd) Ferrites

7.0 Introduction

Small amount of additive/substitutions in the spinel ferrites are found to display
interesting properties such as physical, electrical and magnetic properties. They also act as
microstructure refinement agent. It is well known that the magnetic properties of spinel ferrites
are strongly dependent on microstructure. The rare-earth oxides are recently becoming the
promising and potential additives for the improvement of the properties of ferrites. Rare-earth
element has large magnetic moments, large magnetocrystalline anisotropy and very large
magnetostriction at low temperatures due to their localized nature of 4f electrons being totally
screened by 5s and Sp orbital. But the solubility of rare-earth in the spinel lattice is limited. It
has been demonstrated that even a low content of rare-earth substitution in the spinel ferrite
show phase segregation and diffusion of rare-earth species to the grain boundaries as extra
crystalline phases like orthoferrites (REFeOs) [7.1, 7.2].

Inspite of phase segregation, some unique and controversial magnetic results have been
reported [7.3 - 7.6]. It has been accepted that the rare-earth ions commonly reside at octahedral
sites [7.7] and have limited solubility in the spinel lattice due to their large ionic radii. But the
exact value of their solubility in the spinel lattice is not known. Most of the research work
performed earlier by RE substitution have been done with basic ferrite compositions that are
strongly ferromagnetic having long-range ferromagnetic ordering with high T.. Dilute Co-
MFe,O, with nonmagnetic M (Zn, Cd) content higher than percolation limit where frustration
and competing interaction start to play dominant role has hitherto not been studied in much
detail except a detail study carried out by Bhowmik et.al on CgzZngsFe;O4 with the
substitution of Rh**, Ho®", Ga*', Dy** and Er’* [7.8 - 7.11].

The composition CogsMosFe,Os (M = Zn, Cd) is chosen because this diluted
composition is expected to show complex magnetic structures that consists of long-range
ferromagnetic ordering, antiferromagnetic ordering and clustering effects. Since this
composition contain only 0.2 (Fe®*) magnetic ion in A-site according to the cation distribution
scheme (M2+g_3Fe3+g_2)A[COEJ'O_;Fes*l,g]g which is below the percolation limit for long-range

ferromagnetic order. Substitution of RE for Fe’* in the octahedral site may show some

interesting electromagnetic properties.



The system studied in detail for magnetization behavior with RE substitution as follows:
* Cog,CdggFerRE,O4 [RE = Ho, Sm, with x = 0.0, 0.05 and 0.1)]
* Cog2ZngsFe;.REO4 [RE = Gd, Eu, withx=0.0, 0.05 and 0.1)]

7.1 X-ray Diffraction (XRD)

XRD patterns are demonstrated in Fig. 7.1 (a, b, ¢, d) for undoped and RE doped samples
of Cop2MgsFe; . RE,O4 [M = Cd and Zn, RE = Ho, Sm, Gd and Eu with x = 0.0, 0.05, 0.10]. It
is clearly noticed that undoped samples show formation of cubic spinel single phase structure
with no extra peak as shown in fig 7.1 while all RE doped samples show additional peaks
other than spinel and probably corresponding to a second phase of REFeO; (orthoferrites)
shown in Fig. 7.1 (a, b, ¢, d). Determination of exact phase could not be possible, since the
number of extra peaks other than spinel is not sufficient for accurate analysis. It has already
been stated earlier that RE doped ferrites show extra crystalline phases due to their low
solubility [7.12]. The formation of a secondary phase may be the result of diffusion of
some Ho®" ions having larger ionic radius than that of Fe** during the sintering process
into the grain boundaries while the rare earth ions having smaller size can enter in to the
spinel lattice forming single phase. The lattice parameters slightly increases for Ho*" doped
samples compared with undoped sample while it decreases for doping with other RE cations
such as Sm, Gd, Eu. Melargiriyappa et al [7.13], Mansour Al-Haj [7.2] and Viswanathan ef.al
[7.14] have observed a decrease of lattice parameter on Sm substitution in spinel ferrites.

Similar effect has been found for Gd in Ni-Zn ferrites [7.15].
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7.2 Temperature Dependence of Magnetization (Mzpc and Mgc)

The temperature dependence of zero-field-cooled DC magnetization Mzgc (T) of sample
Co0p2Cdp gFesxRE O, (x =0.0), with various applied field (H = 10 - 5000 Oe) is shown in Fig.
7.2. Tt is observed from the curves that magnetization increases with decreasing temperature
attaining a maximum value and decreases thereafter sharply to a low value with further
decrease of temperature indicating the randomly freezing of magnetic spins below the spin
freezing temperature, Tr = 57 K. It is also observed from the graph of Fig. 7.2 that the
temperature corresponding to maximum magnetization does not shift noticeably as the applied
magnetic field increases. From this temperature dependence it is difficult to determine any
magnetic phase transition. From the dM/dT it appears that T = 100 K may be the T, of this
composition i.e the sample is ferrimagnetic below T, which has also been verified with the
appearance of spontaneous magnetization from the Arrott plots drawn from the high field (M-H)
dataat T=5 - 100 K (Fig. 6.2.c)

30 = S _|
Co, ,Cd, sFe,0, —0—100e |
25 —o— 50 Ce
—a&— 100 Oe
—— 500 Oe
L —e— 1000 Oe
—o— 5000 Oe

=y
W

M (emu/gm)

Fig. 7.2 Mgzgc Curves of the sample Cog,CdgsFe,Os with applied field
H =10 - 5000 Oe curves.

The decrease of magnetization above freezing temperature is very sluggish and smeared
which indicates that the clustering effect is prominent until high temperature as high as T =

150K. The temperature dependence of the inverse mass susceptibility which can be fitted to a
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Curie-Weiss law, y = in the temperature range 250 - 300K with paramagnetic Curie

P
temperature 6, = 200 K (Fig. 6.2. d) compared with ferromagnetic T. = 100 K. Large
difference between T, and 6, implying the existence of large amount of short-range ordering
above T.. It seems that strong short range ferrimagnetic ordering and frustration coexists
within the antiferromagnetic matrix. This gives rise to distribution of ferromagnetic phase
transition temperatures that makes difficult for precise determination of T, for this diluted
alloy shown in Fig. 7.3. The numerical derivative of M(T) data were carried out from Mgc and

Mgzrc magnetization and found nicely to superimposed on each other. T¢c was approximately

aM s : , ;
taken as that temperature where ﬁ attains its maximum value (See inset of Fig. 7.3) and

found to be 100 K.
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Fig. 7.3 Mg and Mgc Curves of the sample Co,,Cdy sFe;04 with applied field H = 50 Oe.
Inset: dﬂ dM/dT curve
dt

Temperature dependence of field-cooled Mgc(T) and zero-field-cooled Mzpc(T)
magnetization of Ho®" doped samples with holmium content x = 0.05 and 0.10 are displayed
in Fig. 7.4 (a, b) measured with an applied field of H = 50 Oe. Some salient features of these
curves are: (1) the spin freezing temperature, T shifts to lower value, i.e., T¢ =39 K for x =
0.05 while it shifts to higher value of Tf= 77 K for x = 0.1 compared with Tf= 57 K for the
undoped sample as well as M, has been broadened and extended to lower temperature. The
shift of spin freezing temperature is FC and ZFC magnetization with higher content of Ho™*

dopping may be related to the changes in the microscopic magnetic interaction A shift of T,
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with increasing Mn content has also been observed in the canonical Cu(Mn) spin-glass [7.16].
(2) The value of My, for x = 0.1 content has increased substantially. The increase of
magnetization at low temperature of the Ho’* doped sample may be explained as due to higher
magnetic moment of holmium free ions of 10pg, when some Ho®" ions enter into the spinel
lattice. Magnetization may increase due to stronger, Ho-Ho interaction than Fe-Fe and
accordingly the T, is expected to increase and decrease of coercivity of Ho’* doped sample is
due to reduction of intergranular pores in line with the previous reports [7.17, 7.18]. (3) T¢
shifts to lower temperature with increasing magnetic field. (4) There is a second peak visible
at around T = 180K and 300K for x = 0.05 and 0.1 respectively which may be ascribed as due

to some ferromagnetic clusters having well defined T, and found to be 196K and 311K
respectively for x = 0.05 and 0.1 determined from the numerical derivative ‘;,—A; of

magnetization, M (T) data. (5) It is noticed that low temperature magnetization in the Mgc
condition below the spin freezing temperature takes an upturn to higher value after decreasing
magnetization below Tr.

The magnetization minimum at T = 14K may be connected with the spin reorientation
effect of Ho’" free ion. Similar effect has been observed by Bhowmik er .al [7.9] in Zn
substituted cobalt ferrite and other researchers [7.19, 7.20]. It is worthwhile to note that the
second peak corresponding to a phase transition of x = 0.05 and 0.1 Ho®" containing sample
has been eliminated when magnetization Mzrc and Mgc have been measured with higher
magnetic field of H = 5000 Oe for x = 0.05 and x = 0.1 with field H = 500 Oe respectively as
shown in Fig.7.5 (a, b). This behavior is related to the strong magnetocrystalline anisotropy
due to anisotropy field of Ho®* moments and that the local anisotropy field due to Ho*'ion is
dominant at low field. As the field is increased the global ferromagnetic ordering suppresses

this effect and as a result for higher magnetic field this effect is not seen.
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(b) x =0.1 with field H = 50 Oe.
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Fig. 7.6 (a, b) for x =0.05 and Fig. 7.7 (a, b) for x = 0.1 shows the temperature dependence of
real, ¥' (T) and imaginary y" (T) part of ac susceptibility and compared with superimposed dc

field Hg. = 100 Oe for the Ho** doped samples.
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Fig. 7.5 Mzpc and M gc curves of sample Cop s Cdgs Fes.xHoOy (2) x =0.05
with field H = 5000 Oe (b) x =0.1 with field H =500 Oe.
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It is observed that the cusp in ' at Ty is frequency independent for x = 0.05 while a broad
maxima is observed in y' for x = 0.10 which also does not show any significant effect of
frequency change, but a phase transition is observed above 100K and 200K in case of x =
0.05, while for x = 0.1 similar two phase transitions are observed around T = 250K and 320K.
The phase transitions have been well reflected in the measurement of imaginary part, ¥ of ac

susceptibility, the data of which are two order of magnitude sensitive that y'.
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Fig. 7.6 The temperature dependence of AC susceptibility measured at 2—6;— =1.7, 17

and 170 Hz respectively for (a) the real y(T) part and (b) imaginary ¥ (T) part
of COO_QCngF(E{_QSHO@ﬂqu. ferrites.

AC susceptibility measurement has been performed with a superimposed DC field of H
=100 Oe and shown in Fig. 7.5 and Fig. 7.6 where a suppression of susceptibility is observed
that indicates the cluster glass effect. It is understood that the suppression of y' upon
application of dc field has saturated the cluster magnetization resulting in a decrease of
susceptibility compared with ac susceptibility with no dc applied field. It is clearly observed
that temperature corresponding to %" does not shift with frequency and that the ¥" maximum
occurs at the inflection point of %' below and above Ty These feature of ac susceptibility
clearly indicate the system as cluster spin glass below Tr and does not belong to spin glass

behavior while the second maxima of x' at T = 224 K corresponding to blocking of
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superparamagnetic cluster in line with the experimental evidence of Bhowmik et. al. [7.9] for
Ho*' doped Co-Zn ferrite. This has also been demonstrated in the divergence between Mzec(T)
and Mgc(T) for the Ho** doped samples with x = 0.05 and 0.1 as shown in Fig. 7.4 (a,b). Thus

we can conclude that Ho’* doped samples show ferromagnetic cluster effect as claimed by

previous researchers [7.9, 7.21].
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Fig. 7.7 The temperature dependence of AC susceptibility measured at 23 =1.7,17 and 170 Hz
T

respectively  for (a) the real x' (T) part and (b) imaginary x" (T) part of
C%_szg_gF61‘9H00‘IO4 ferrites.

Temperature dependence of My and Mg curves for Sm doped Co,;Cd, gFe,.,Sm, O, ferrites
are shown in Fig. 7.8 (a, b) for x = 0.05 and 0.1 with field H = 50 Oe and Fig. 7.9 (a,b) for x =0.05
with field H = 5000 Oe and x = 0.1 with field H = 500 Oe respectively. Unlike Ho*" doped
samples, Sm*" doped samples do not show any significant behavior in M(T) measurement. Only a
shift of T¢ to lower temperature i.e. 41K and 35K for x = 0.05 and 0.1 respectively is observed
compared with Ty = 57 K for undoped one. Also no divergence between Mzpc and Mg as well as
no extra phase transition has been observed. No ferromagnetic phase transition above the spin
freezing temperature as in the case of undoped samples with T, = 100K have been observed.
Similar situation has also been observed for high field M(T) measurement, only difference being
higher magnetization value for high field and the broad maxima at the freezing temperature. From
M(H) measurement it has been observed that magnetization M substantially decrease for Sm
doped samples having a value of 37 emu/gm compared with 46.7 emu/gm for the un doped

samples. The decrease of magnetization with Sm>*substitution for Fe’* may be explained as due
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to lower free ion magnetic moment of Sm** i.e. 1.585 [7.22] compared with 5pg for Fe** ion.

A similar result for Sm** substitution in Mg-Zn ferrite has been observed by Monsour [7.2].
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Fig. 7.8 Mzrc and M g curves of sample Copz Cdog Feo xRE O, ; RE = Sm
(a) x=0.05 (b) x=0.1 with field H =50 Oe.
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Fig. 7.9 Mzgc and M gc curves of sample Cogz Cdog Fea xSmyO, (a) x = 0.05
with field H = 5000 Oe (b) x =0.1 with field H = 500 Oe

Fig. 7.10 (a, b) shows the temperature dependence of magnetization Mzrc and Mgc of Gd

doped Cog3ZngsFe;.,Gd,O4 with x = 0.05 and 0.1 with applied magnetic field of H = 50 Oe
and Fig. 7.11 (a, b) for H = 500 Oe respectively.
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Fig. 7.10 Mgzgc and M gc curves of sample Cog 2 Zng g Fe,.,Gd Oy
x = 0.05 (b)x = 0.10 with field H = 50 Oe.
It is observed that like undoped samples M(T) measurement does not show any clear

magnetic phase transition, but the nature of M(T) is very similar with undoped samples

(Fig.6.3. a). This is a magnetization minima around 20K after spin freezing temperature T¢

beyond which magnetization slightly increases to higher value probably due to spin
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reorientation of Gd®" ion at low temperature. When M(T) measurement is carried out with an
applied field of H = 50 Oe , the Mg, and Mzgc merges until 5K having no divergence even at
temperature as low as 5K, while in case of H = 50 Oe and 500 Oe the divergence between

Mego/Mzgc is clearly manifested.
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Fig. 7.11 Mzpcand M gc curves of sample Coyz Znyg Fe,.Gd, O,
(a) x = 0.05 (b) x =0.1 with field H = 500 Oe.
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There is one specificity of intermediate high field ( H= 500 Oe) M(T), that below Ty there is a
plateau of M(T) curve after which magnetization rises to higher value. This peculiarity may

also have some connection with the spin reorientation temperature of Gd’* ion at low

temperature.

7.3 High field Magnetic Hysteresis

In order to elucidate detail magnetic parameters, complete hysteresis loops have been
measured with H = + 50k Oe. Fig. 7.12 (a,b) and 7.13 (a,b) shows the hysteresis loops of
Cop2CdpgFerxHoxOy (x = 0.05, 0.1) and Cog2Cdy sFer . Sm,Oy4 (x = 0.05 , 0.1) respectively. It
is observed that all the samples show large hysteresis with manifestation of large coercive
field, H. especially at low temperature, T = 5K with H. = 891 and 6030e is found for Ho =
0.05 and 0.1 respectively compared to that of H. = 1695 and 1809 Oe for Sm = 0.05 and 0.1
respectively while H. = 19660e for undoped sample. It is interesting to note that the hysteresis
loops are constricted for the Ho doped samples in the low field region close to the origin
having slightly higher value for the lower Ho content. This may be attributed to the larger
constriction of Ho (x = 0.1) hysteresis loops at T = 5K compared with the sample x = 0.05.
Also no coercive field has been found at higher temperature.

The constricted hysteresis loops for the Ho doped samples are due to spin reorientation
temperature of Ho®" ion at low temperature. From the hysteresis loops maximum
magnetization at H = 50 kOe have been determined. An enhancement of magnetization with
Ho® doping level of Ho’* = 0.1 with M (1= 50 koey= 57 emu/gm have been achieved compared
with M = 46.8 emu/gm for the undoped samples with almost no change of magnetization for
Ho = 0.05 with M = 51.7 emu/gm. But a decrease of magnetization with H = 50 kOe for the
Sm doped samples are clearly observed having higher value for Sm content. This means that
Sm>" ions do not contribute to the overall magnetization of the Cog,CdgsFe,O4 sample. The
hysteresis parameters such as M at H = 50 kOe and H, are shown in Table-7.1. It is noticed
that the magnetization is not saturated with field, H as high as 50 kOe implying a highly

disordered and frustrated system along with a high anisotropy.
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Fig. 7.12 Magnetization hysteresis loops of sample Cogz Cdog Fez.xHo,O4
(a) x=10.05, (b) x = 0.1 at different temperatures 5K - 300K with

field H= 50 kOe.
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Fig. 7.13 Magnetization hysteresis loops of sample Cogz Cdo s Fe2xSmyOy4
(a) x = 0.05 and (b) x = 0.1 at different temperatures 5 K - 300 K

with Field H = 50 kOe.

163



a0

M (emu/gm)

M(emu/gm)

Fig. 7.14 (a, b) and Fig. 7.15 (a, b) shows the hysteresis loops of Cop2Zng sFe>xGdiOs (x
= 0.05, 0.1) and Cog,ZnggFesxEuO4 (0.05, 0.1) with H = + 50 kOe. It is observed that
magnetization like Co-Cd system does not saturate with high field up to H = 50 kOe.
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Fig. 7.14 Magnetization hysteresis loops of sample Cog 2 Zng g Fe;.,Gd Oy
(a) x =0.05 and (b) x = 0.1 at different temperatures 5 K- 300 K
with field H = 50 kOe.
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Fig. 7.15 Magnetization hysteresis loops of sample Cop2 Zng g Fes.xEu,O4
(a) x=0.05 (b) x = 0.1 at different temperatures 5 K - 300 K

with field H = 50 kOe.
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Coercive field H. = 690 Oe for undoped Cog>ZnggFe;0O4 sample at T = 5K which
increases significantly for the Gd doped samples and slightly for Eu doped samples. This is
worthwhile to mention that magnetization has substantially increased for the Gd™* doped
samples while it slightly decreased for Eu doped samples. The enhancement of magnetization
at T = 5K for Gd** doping sample is probably due to high magnetic moment of Gd** free ion
of 7.8up and that higher Gd** doping has higher magnetization of 82.58 emu/gm compared
with 64.51 emu/gm for the undoped samples . The decrease of magnetization for Eu doping is
due to nonmagnetic nature of Eu which has no magnetic moment of the free Eu®" ion even at

low temperature. All the magnetization data are listed in Table-7.1

Table -7.1 The hysteresis parameters such as magnetization (M) at H = 50 kOe, and
Coercive field H, at different temperature T =5 - 300 K.

M(emu/gm) at H= 50 kOe
Composition T=5K | T=50K | T=100K T T He
=200K | =300K | (Oe)
Copz Cdp s Fe;04 46.87 46.97 43.07 9.66 1966
Co0p2Cdy s Fey9sHop.0s04 | 51.71 49.15 47.7 12.4 891
Cop2 Cdos Fe; gHog 104 56.95 28.08 12.12 603
Cop2 Cdo s Fej 95Smg 050y 33.62* 31.61 33.31 7.39 1695
(H=2.5T)

COo‘z Cdpg F€1_gsmg_104 37.61 37.61 33.64 6.57 1809
Cog2 Zng g Fe,0y4 64.51 66.9 59.59 15.66 690
Coo Zno s Fe95GdoosOs | 68.75 6565 | 5838 1531 | 802
Cog Znp g Fe;9Gdp 104 82.58 71.29 64.62 798
C00_2 Zl’]g_g FE1_95EU.0_3504 60.63 62.64 55.99 603
Cop2 Zng g Fe, 9Eug 104 61.36 63.42 56.93 802
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7.4 Summary

Rare-earth (RE) doping of Ho®* and Sm*" in Cog2CdosFe;<RE Oy ferrite is that Ho**
shows some interesting property with the appearance of a second phase having higher T, than
the undoped sample which again increases with Ho®" content. An extra second phase has also
been detected from XRD pattern which might be some orthoferrite (REFeO;) phase.
Magnetization is found to increase slightly with Ho** having higher value for higher Ho®*
content. The lattice constant is found to increase with Ho®* content indicating that some Ho>
entered into the spinel lattice. The effect of Sm*" is insignificant. It reduces the saturation
magnetization and decreases lattice constant. Doping of Gd** and Eu*" in Cog,ZngsFe,<RE Oy,
it is observed that substantial increase of magnetization occurs with Gd** which attains higher
value with higher content of Gd** while it decreases with Eu’" doping. It may be attributed to
the higher magnetic moment of Gd>" of 7.8 per free ion and zero magnetic moment of Eu’*

free ion. The lattice parameter slightly decreases in both types of dopant.
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CHAPTER-VIII

Conclusion




Conclusion

The synthesis, characterization and detail study of electromagnetic properties have been carried
out on Co;..Cd,Fe,O4 and Co,.Zn,Fe,04 ferrite samples (0 < x < 1) using standard double sintering
ceramic method, sintered at 1050°C-1150°C for 2-3hours. The X-ray diffraction pattern confirmed the
single phase cubic spinel structure of both Cd and Zn-substituted ferrites. The lattice parameter
increases with increasing Cd and Zn content obeying Vegard’s law. The bulk density is lower than the
X-ray density. Bulk density increases monotonically with increasing Cd and Zn content signifying that
the non magnetic ion has a pronounced effect on the densification of the ferrites. Curie temperature is
found to decrease linearly with the successive addition of non-magnetic Cd and Zn ions. This decrease
is attributed to the addition of the non-magnetic ions that replaced the magnetic Fe'™ ions at the A-sites.
Thus, the number of Fe’* ions decreases at the A-sites which tend to decrease the strength of A-B
exchange interactions of the type Fe)' — 0% — Fe;". These decrease the linkages between the magnetic
ions that determine the magnitude of the Curie temperature.

Initial permeability increases with the increase of Cd and Zn content upto x = 0.5 - 0.6. From
permeability spectra it is noticed that for x = 0.1 - 0.3 samples, the permeability is almost frequency
independent upto 13 MHz while for x = 0.4 - 0.6, it is almost stable upto 6 MHz - 10MHz beyond
which it decreases sharply. From low field B-H loops the high coercivity, H. is observed at x = 0.0 and
it decreases almost linearly with increasing both Cd and Zn content up to x = 0.6. The low coercive
force and higher permeability confirm the softer magnetic characteristic properties of cobalt ferrite with
the substitution of non magnetic ions for cobalt which is well known as hard magnet.

Saturation magnetization and magnetic moment are found to increase with Cd upto x < 0.4,
and Zn content upto x < 0.5 and thereafter decreases. Zn and Cd substitution in the Co-ferrites
leads to increase of Fe’* ions on the B-sites and consequently decreases Fe*' ions on A-sites. So,
the net magnetization increases accordingly upto x = 0.4 - 0.5 based on Neel’s two sublattice
collinear model. The decrease in the magnetic moment after x > 0.4 indicates the possibility of a
non-collinear spin canting effect in the system. The existence of canted spin gives rise to Yafet-
Kittel angle (oy.x) which compares the strength of A-B and B-B exchange interaction. The
increase in Y-K angles for the samples with Cd content (x > 0.4) and Zn content (x > 0.5) is
attributed to the increased preference of triangular spin arrangements on B- sites due to frustration
of B-B exchange interaction. An increase in initial permeability has also been found with
increasing zinc content.

The complex magnetic behavior of diluted Cd and Zn-substituted Co,Cd,Fe,O, and Co,.
ZnFe,04 (x = 0.7, 0.8, 0.9 and 1.0) ferrites have been studied by field-cooled (Mgc) and zero-
field-cooled (Mzrc) magnetization and complex AC susceptibility measurements. Mzrc of the

sample x = 0.7 is characterized by a gradual rise of magnetization at T, = 262 K for Cd and T, =



242 K for Zn substitution signifying a PM-FM transition with a plateau characteristic of
ferromagnetic ordering followed by a drop in magnetization at the lower temperature, Ty indicating
spin freezing temperature and commonly called re-entrant spin glass. Sample with x = 0.8, a
paramagnetic Curie temperature 8, = 200K compared with ferromagnetic T, = 100 K has been
found for both Cd and Zn substitution. 1t seems that strong short range ferrimagnetic ordering and
frustration coexists within the antiferromagnetic spinel matrix. While the samples with x = 0.9 and 1.0
it is observed that magnetization, Mgc and Mzgc both increase as the temperature is lowered with the
manifestation of divergence after passing through a maximum. A sharp well defined cusp in the Mzpc
(T) at T =29.74K and 20.47K for Co;CdsFe,O4 with x = 0.9 and 1.0 respectively and T = 22.29K and
14.50K for Co,..Zn,Fe;0y with x = 0.9 and 1.0 is observed which again shifts as a function of
frequency. The samples show typical spin-glass behavior (PM-SG) with the manifestation of
nonequilibrium dynamics of the spin-glass such as aging, rejuvenation and memory effects for CdFe;0,
and ZnFe,0s.

DC electrical resistivity increases with the increase of Zn-content which is attributed to the fact
that the incorporation of Zn in B-site of ferrite may decrease the concentration of Fe**/Fe’" ion pairs.
Both p,. and &’ decrease as the frequency of applied AC electric field increases. This was explained on
the basis of the double layer dielectric structure. Dielectric constant, €' decreases with increasing
frequency exhibiting normal dielectric behaviour of ferrites. The dielectric behavior of ferrites may be
explained on the basis of the mechanism of the dielectric polarization process and is similar to that of
the conduction process.

The substitution of rare-earth for Fe in the diluted Cop.;Mp.sFe;04 (M = Zn, Cd) ferrite
produced secondary phase detected from XRD pattern which might be some orthoferrite (REFeQ;)
phase. Ho’" show some interesting property with the appearance of a second phase having higher T..
Magnetization is found to increase slightly with Ho®' having higher value for higher Ho®* content. The
effect of Sm®" is insignificant. It reduces the saturation magnetization and slightly decreases lattice
constant. In the case of doping with Gd** and Eu® it is observed that substantial increase of
magnetization occurs with Gd*" which attains higher value with higher content of Gd*" while it
decreases with Eu®* doping. The lattice parameter slightly decreases in both types of dopants. Large
magnetic hysteresis effect has been observed at low temperature for the diluted ferrite composition
due to frustration and spin canting with the appearance of spin-glass type of behavior.

Finally the outcome of the present research work may be concluded that cadmium and zinc
substitution Co,.,Cd,Fe;O4 and Co,,Zn,Fe,0, ferrites has profound effect on the magnetic
softening of cobalt ferrite together with the appearance of re-entrant spin glass and spin glass
behavior in the extreme magnetic diluted compositions of the studied system which has hitherto

not been done before. Noteworthy that magnetization is found to increase with RE doping such as

Ho’* and Gd®* at low temperature.
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