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ABSTRACT

oy pendexly with x=0.60 and (.80 were prepared by a conventional solid state
reaction technique. The samples were sintered at various temperatures (1 100°C, 1150°C
1200°C, 1250°C and 1300°C) in air for 5 hours and at 1200°C in air for various durations
{0.2h, 1h, 3h, 10h and 15k} Structural and surface morphology wers studied by x-ray
diffraction and optical microscopy. The magnetic properiies of the ferrites were
characterized with lrequency dependence complex permeabillty at room temperature
and temperature dependent permeability measurements al 100 KHz The cifccts of
microstructure, composition, sintcring temperature and sintering thme on the complex
permeability of Co-Zn ferrite are discussed. A possible corrclation among sintering
temperature, 1sinte:-ing time, grain size, density and porosity is also discussed. The Xeray
dilfraction patterns of both compositions clearly indicate their single phase and
formation of spincl structure, The laItI(;E: cotstant of Copundeeeafrey)y is found to be
84528 A while 8.4644 A for CoynZnasaFest): . The increase in lattice paramelcr with
increasing 2y content can be eaplained on the basis of the ionic radii. The radius of the
Zn®* (0.74 A) is greater than that of the Co™ ¢0.72 A). "the microstructure study shows
that grain size increases with increasing zine substitution. The average grain sizes [or
the both compositions are determined by lingar inteicept technique. The bulk density of
the CogmZrnanFe: O samples increases as the sintering temperature (7;) increases from
1100°C to 1250°C, and above 1250°C the bulk density decreascs slightly. The
CopmZrganFe;3; samples  show  similar  behaviors of changes to  that of
Cop pZngsafe;(y samples excepl Lhat the bulk density s found to be highest at 1200°C.
During the sintering process, the thermal energy generates a foree that drives the grain
boundaries to grow over pores, thereby deercasing the pore volume and increasing the
densily of the material, At higher sintering temperatures, the density decreases brecause
the intragranular porosity increases resulting from discontinuous grain growth. The
initial permeability proportionally changes with density of the samples. A sample with

more uniformity as well as highest density is obtaincd for the sample sintered at 1254 C

{optimum Ty for Cog wien seFe:03, . The real part of initial permeabulity. i), is observed

to be maximum at this optimum T, for CopumZaaef e . For both the compositions, !

Wi



iv found to be maximum at optimum 7, (depending on sample composition). [ the
sintering temperature is higher than that of the optimum %, &' decreuses. Hipher

sintering temperaturcs (> optunum ;) may inerease the number of pores within the
graing of the samples which result in o decrease in permeability. The ferrite with high
permeability tends to have its permeability decreases at a relatively low freguency. The
A vatues for all samples are found independent of frequency because g s
independent of frequency below the resonance frequency and in our research we did not
find the resonance frequency below 13MIIz . The highest relative quality factor ({1 for
CoamlngeaFe:0y is Tound 1o be 2.25x10° at frequency 4MHz at 1300°C sintering
lemperature. While the ¢ value for CoyzZng anfes(); samples are not found because
they lie above our frequency ranpe (=130Hz), The DC mapnctisation as a function of
temperature curves show that the CogpnZigaate 0 sample is ferrimagnetic at room
temperature while the Cog spZragafest), sample 15 paramagnetic at room temperature.
The T. of Coganapgefe?y sample s found 1o be 170K [fom DC magnetisation
tmeasurement. Separate measurement (AC magnetisation}, initial permeability as a
function of temperature shows that the T of the Cog sndng safe;00 samples 1s abour 353
K. Slight variation of ¥ is observed depending on sinlering condition. The imitial
permeability of the samples as a lunction of temperature s measured at a constant

requency (100 kHe) of a sinusoidal wave.
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CHAPTER 1
GENERAL INTRODUCTION X

1.1 Introduction

Ferrites are ceramic materials formed by reacting metal oxides into magnetic
materials, These are soft magnetic materials that can be both easily magnetized and
demagnetized, so that it can store or transfor magnetic energy in alternating or other
changing wave forms (i.€. sinc. pulse, square, cic). According to their structurc spinei-
type forrites are natural superlattices. 1t has tetrahedral 4 site and octahedral & site in
AB;0s crystal structure. U shows various magnetic properlies depending on the
composition and cation distribution. Various cations can be placed in A sitc and X site 10
une its magnetic properiies. Depending on A4 site and £ site cations it can exhibit
ferrimagnetic, antiferromagnetic. spin (cluster) glass, and paramagochic behavior [1, 2).
Duc to their remarkable behavior of mapnetic and electric properties they aie subjects of
intensc theoretical and cxperimental investigation for application purpose [2-6]. These
polverystalling spinel ferrites are widely used In many clectronic devices. They are
preferred because of their high permeability and saturation magnelization in the radio-
frequency (RF) repion, high clectrical resistivity, mechanical hardness and chemical
stability [7]. Ferrites are also useful to prevent and climinate RF interfercnce to audio
systems [8]. Most other technologically useful magnetic materials such as iron and sofl
magnetic alloys have low electrical resistivity. This makes them useless for applications
at high frequencics, for example as inductor core in TV circuits. The prablem is that
their low clectrical resistivity allows eddy currents to flow within the materials
themselves, thereby producing heat. This is wasted energy and the produccd heat is
often & scrious problem [9-14]. Thus, non-ferrite materials become inclficient as they
wastc energy and the waste is more, as the frequency becomes hirzher, In this paper. we
report preparation and investigation of frequency dependence  perimeability of

Co,_ Zn Fe,0, (x=0.60. 0.80) samples sintered at various temperatures {1100-1300°C},

and various durations {(0.2h-15h). We also discus about structural and DC magnetic

properties of Co_, Zn, Fe,(2, (x=0.60, 0.80) samples. In view of the imporiance of high




Chapter 1 General Introduction

frequency devices, we have analyzed AC magnetic behaviour of samples at high
frequency {lkHz-13MM7). Possible cxplanation for the observed characteristics of

magnetization and initial permeability of the studicd samples are discussed.
[.2 Objectives of the Present Work

Ferrites are especially convenient for high frequency uses because of their high
resistivity. The high lrequency response of the complex permeability is theretore very
useful in determining the convenient frequency range in which a parmicular ferrite
material can be used. The mechanisin of eddy current losses and damping of domain
wall motion can be understood from the relative magnitudes of the real and imaginary
parts of the complex permcability. The effect of composition and microstructure on the

frequency responsc is therefore very uselul.
The main objectives of the present research are as follows:

« Preparation of various Co.ZnFeaOy (for x=0.60 and 0.80) samples,

e Perform struclural characterizations, density and porosity of the
samples,

s Study of surface morphology (grain size).

+ Initial permeability as a function of frequency {1 KHz-13MHz).

« Investipation of 13T magnctization.

s Determination of ferrimagnetic to paramagnetic transition temperature

(T2} from the measurement of temperature dependent initial permeability

{4,).

Possible outeome of the research is as follows:

s From the sintering temperature (753 dependent permeability studics, an
aplimum T; may be obtained for corresponding ferrite composition.

= A scaling of Curie temperature (7.} with respect to sintering condition
may be obtained, which will be helplul for practical applications of the

above mentioncd ferrites.
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1.3 Summary of the Thesis
The fonmat of the thesis is as follows:

Chapter 1 of this thesis deals with the importance of ferrites and objectives of the

present work.

Chapter 2 gives a bricf overview of the materials, theoretical background as well

as crystal structure of the spine! type feerites.

Chapter 3 gives the details of the sample preparation

Chapter 4 describes the descriptions of different measurements that have been

used in this research waork.

Chapter 5 is devoted to the results of various investipations of the study and

explanation of results in the light of existing theorics,

The conclusions drawn from the overall cxperimental results and discussion are

prescnted in Chapter 6.
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CHAPTER 2
REVIEW OF MAGNETIC PROPLERTIES OF FERRITES

Dot oxides of won and other metals are smpartany members af fervimagretic svstem commonly knowa
as ferrites The outsianding properties of feeites are their frgh permeability and fugh clecirical rexiztivity
in tre radio-frequency region n this chopter we describe a brief gverview of the feveites The basic lssme
af ferrimagnciism, coptal strnctwee of the spine! fervrtes and effect af non-magrelic Za substivitron v the
sy lic moments w Spine! ferries are discunsed A fon theareticad wspects of complex perneabiline are

alsa discutred.

2.1 0verview of the Malcrials .

Ferrites commonly expresscd by the general chemical formula MeQ Fex0y
where Me represents divaient metals, first commanded the publie atteation when Hilper
(1909 focused on the usefulness of ferrites at high [requeney [1). A systematic
investigation was launched by Snoek (1936) a1 Philips Research Laboratory [2]. At the
same time Takai (1937} in Japan was seriously engaged in the research work on the
same materials [1]. Snoek's oxtensive works on ferrites unvetled many mysteries
regarding magnetic properties of ferrites. He was particularly looking for high
permcability materials of cubic structurc. This particular structurc for symmetry
reasons supports low crystalline anisotropy. He found suitable materials in the fonm of
mixed spinels of the (ype MeZnFe;0;, where Me stands for melals like €, Mg. Ni, Co or
Mn for which permeability were found to be up ¢ 4000 [1-3]. Here afler slaris the story
of Co-Zn ferrites. Remarkable properties like high permeability, low loss tactor, high
stability of permcability with temperature and time, high wire resistance, controlled
coercive foree, low switching coelficicnt etc. have aptly placed Co-Zn ferrites as highly
demandable ferrites to both rescarchers and manufaclurers. Every year great deals
of paper arc being published on various aspects of Co-Zn ferrites. A large number of
scientists and technologists are ¢npaged in resgarch to bring about improvements on the

magnetic properties of Co-Zm ferrites.

The sintering process is considered to be one ol the most vital steps in preparing

ferrite samples and often plays a dominant role in many magnetic properties. Tasaki ez o/,
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[4] studied the effect of sintering atmosphere on permeability of sintered ferrite. They
found that high density of the sample is one of the facters. which contribule Lo greater
permeability. However, permezbility decreased in an atmosphere without (3 at high
sinlering temperature where high density was capected. This decrease in permeshbility is
attributed to the variation of chemical composition causced by volatilization of Zr. Al
low sintering temperature a high permeabilily is oblained in an atmosphere wilhout (),
because densification and stoichiometry plays a principal role in increasing
permeability. At high sintering temperature the highest permcability 15 obiained in the

presence ol O, because the effect ol deerease of Zn content can then be neglecied.
Studying the eleclromagaetic propenies of ferriwes. Nakamura |5] suggested that

both the density and the average grain size increased with sintering lemperatuse. These

changes were responsible for variations in magnetization. imtial permeability and

clectrical resistivity.

High permeability attainment is certainly aifccted by the microstructure of the
ferrites. Roess showed that [6] the very high permeabifity is restricted to certain
temperaturc ranges and the shapes of permeability versus temperature curves are
strongly affected by any inhomogeneity in the forrite structure.

Rezlescu et of [7} reported that the sintering behaviour and microstructure of
the forrites samples largely affected by addition of £HO. PHC sigmlicantly reduced the

sintering temperatures, thus energy consumption is minimized and material loss by

evaporation is minimized [8].

There are two mechanisms in the phenomenon of permeability; spin retation
i the magnetic domains and wall displacements. The uncertainty of contribution from
each of the mechanisms makes the interpretation of the experimental results diffieult.
Globus [9] shows that the intrinsic rotational perneability 4, and 180" wall
permeability g, may be written as: gz =1+ 2eM K and u, =1+3aM D14y where
M, is (he saturation magnelization, X is the tolal anisotropy, /2 is (he grain diameler and
y = K&, is the wall energy.

M. A. Ahmed et al 110] sludied the DC. AC clectrical resistivity of

Coy 2 5 Fe, 0, ferrites at high temperatures, The DC electrical resistivity (ga)
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deereascs as temperature (T3 of the sample mereases. This decrease in the resistivity is

dug to the semiconduclive behavio of the studicd composition Coy o2 50 fe,0, which

is controlled by the form py = puc:.tpr’ﬁﬁ’;ﬂ;l, Where g, is the pre-gxponential conslant or
resistivity at nfinitely high temperature, & 1 Boltzmann's constant and £ is the
aclivation energy in e¥ [or ebectrical conductions. The frequency dependence of the real
AC electrical conductivity (¢, fw)) increases as the frequency of the applicd cleetric
ficld increascs, The relatwonship between the real AC electrical conductivity and the
frequency can be written as o pfo3)=Be”, where £ and # are consiants which depend on

both the temperature and composition and »=2xf 15 the angular lecquency.
2.2 Magnetic Ordering

'he onset of magnelic erder in solwls has two basie requirements:
(i} Individual atoms should have magnetic mements (spins).
(ii) Exchange interactions shoubd exist that couple them together.
Magnetic moments originate in solids as a consequence of overlapping of the electronic
wave function with those of neighboting atoms. This condition is best fulfilled by some
transition memls and rare-earths, The cxchanpe interactions depend sensitively upon the
inter-atomic distance and the nature of the chemical bonds, particularly of nearest
ncighbour atoms, When the posilive eachange dominates, which corresponds to parallel
coupling of neighbouring alomic muments (spins). the magnetic system becomes
ferromagnetic below a2 cerlain temperature T called the Corie temperature. The
commen spin directions are determined by the minimum of magneto-crystalline
anisotropy energy of the crysial. Therefore. ferromagnetic substances are characterized
by spontancous magnetization. Bur a ferromagnetic material in the demagnetized state
displays ne net magnetization in zere field because in the demagnetized state a
ferromagnetic of macroscopic size is divided into 2 number of small regions called
domains. spontancously magnetized to saturation valuc and the directions ol these
spontaneaus magnetization of the various domains are such that the net magnetization of
the specimen is zero. The existence of domains is a consequence of cnergy
minimization, The size and formation of these domains s in a complicated manner
dependent on the shape ol the specimen as well as its magnetic and thermal history.

When negative exchange dominates. adjecent atomic moments (spins) align antiparallel
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te: each other, and the substance is sa1d 10 be anti-teregamagnetic below a chamcteristic
temperdture, Ta. called the Néeh tempaiature. [n the simplest case, the lattice of an anti-
[erromagnet is divided into two sublattices with the magnetic moments of these in anti-
parallel alignment. The result is zero net magnctization, A spocial casc of un[li—
ferromagnetism is ferrimagnetism, In ferrimagnetisim, there are also two sublatices with
magnetic moments in opposite directions, but the magnetization of the sublattices are of
uncgual strength resulting in 2 non-zero magnetizalion and  therefore has et
spontaneous  hagnetization. At the macroscopic level of domain  structures,

ferromagnetic and ferrimagnetic materials are therefore similar.
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Figure 2.1, emperature dependence ol the frverse susceptibilily dar {2y a diamagnete malenal (hy
pauamagnelic waterial, shoswing Coric’™s luw behaviour, (c] o ferromagnetic materiadl - showing w
sponlaneuus magnetization for =0 and Curic-Wess behavieur for P>/ 0 {db an antferremueneti
malerial: (e} o ferrimagnetic material, showing a nel spuntaneous magnetization for $= Tpoand non hinear

buehaviaur lor 77,
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The Curic and Weézl temperatures characterize a phase transition between the
magnetically ordered and disordered {paramagnetic) states. brom these simple cases ol
magnelic ordering various 1vpes of magnetic order cxists, particularh in metaltic
substances., Because of long-range order and oscillatory nature of Lhe evchange
interaction. mediated by the conduction electrons. struclures like helical. eomcal and
modulated patterns might cccur. A wseful properly lor characterizing the magnetic
matcrials is the magnetic susceptibility, 3. defined as the magnetization, M, divided by
the applied magnetic field, A ie. y=M/H. The temperatare dependence of
susceptibility or, more accurately, inverse of susceplibility is a pood characterization
parameter for magnetic materials, Fig. 2.1, Fig. 2.1(c) shows that 0 the paramagnetic
region, the vamation of the mverse susceptibility with temperature of a ferrite material

is decidedly non-linear. Thus the fernie materials do not obey the Curie-Weiss law,

F=0UHT -T2 1]

2.3 Crystal Structure of Spinel Ferrites

Ferrites have the cubie structure, which is very close o that of the mincral spinel
MuO.Af0;, and are called cubic spinel. Analogous to the mineral spinel, magnetic
spinel have the generai formula Me( Fe (0 or MefesCy where Me s the divalent metal
ion [12]. This crystal structure was first determined by Brapg and by Nishikawa [1,11].
Formerly. spinels containing Fe were called ferrites but now the tlerm has been
broadened to include many other ferrimagnets meluding garnets and hexagonal ferrites
these need not necessarily contain irott. The spinel lattice is composed of & close-packed
axyecn (radius about 1.34) arrangement in which 32 oxygen ions form a unit cell that is
the smallest repeating unit in the crystal network. The wnit ccll of the ideal spinel
structures 15 given in Fig. 2.2. Belween the layers of oxygen ions, if we simply visualize
them a» spheres, there are interstices that may accommodate the metal tons {radi
ranging from 0.6 to 0.84). Now, the interstices are not all the same: some which we call
A sites are surrounded by or coordinated with 4 nearest ncighboring oxygen ions whose
lincs connecting their centers form a tctrabedron, Thus, A sites arc catled tetrahedral
sites. The other type of sites (¥ sites} is coordinated by ¢ nearest neighbor oxygen lons

whasc center connecting lines describe an octahedron. The £ sites arc called octahedral

'\.
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sites. Im the unit coll of 32 oayeen tons there are 64 tetrahedral sites and 32 octahedral
sites. IF all these were filled with mctal ions, of cither 2 or +3 valence. the positive
charge would be very much preater than the negative charge and so the structure would
not be clectrically neutral. It turms out that of the 64 tetrahedral sites, only 8 are
occupied and cut of 32 octahedral sites, only 16 are occupied. Thus the unit cell conlains
gight formula units 4820, with § 4 sites, 10 8 sites and 32 oxypen ions. and total of
2 x 7 =56 ions. A spinel unit cell conlains two tvpes of subcells. Fig. 2.2, The two

types of subcells alternate in a three-dunensional array 3o that cach [ully repealing unit

cell requires eight subwells, Fig. 2.3
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Fipure 2.3, Unit cell of spuoel lerrite divided into eight subcells with A and 2 sites
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The positions of the ions in the spinc] latlice are not perlectly regular (as
the packing of hard spheres) and some distortion dees occur. The tetrahedral sites
are oflen too small for the metal jons so that the oxvgen ions move shightly to
accommodate them. The oxvgen ions connected with the octahcdral sites move
such a way as to shrink the size the actahedral cell by the samc amount as the
tetrahedral sile cxpands. The movement of the tetrahedral oxygen is reflected in a
quantity called the onygen parameter, which is the distance between the oaygen
ion and the facc of the cube edge atong the cube diagonal of the spinel subcell.

This distance is theoretically equal 1o 3/8a, where ayis the lattice constant T1].

2.4 Cation Distribution of Spincl Ferrites

In spinel structure the distribution of cations over the tctrahedral or 4 sites and
octahedral or B sites can be present in & variety of ways. if all the Me™ lons in
Me®* Me0, arc in tetrahedral and alt Me " ions in octahedral positions. the spinel is
then called normal spincl. Another cation distribution in spinel exisls, where one halt ol
the cations AMe™ arc in the A positions and the rest, together with the Me™" ions are
randomly distributed among the 8 positions. The <pincl having the latter kind of cation
distribution is knewn as inverse spinel. The distribution of these spincls can be
summarized as [2, 13-14]:

1} Normal spinels, i.e. the divalent metal ions are on A-sites: Me™ [Me;" 10y,

2} Inverse spinels. L.¢. the divalent metal 1ons are on f-sites: Me™ [Me® Med 0,
A completely normal or inverse spine! repiesents the extreme ¢ases. 7Zn ferrites have
nermal spinel structare and its formula may be written as Zn™[Fe™ Fe' 2. On the
ather hand, Ce ferrites have inversel spincl structure and its formula may he writien as
Fe™[Co® Fe™ |02 . There ure many spinel oxides which have cation distributions
inlermediate between these two extreme cases and are called mixed spinels. The general
cation distribution for the spinel can be indicated as:

(Me Mo M Mel Me? 100,

where the first and thicd brackets represent the A and B sites respectively. For normal

spinel x=1, for inverse spinel x=0. The quantity ¥ is a measure of the degree of
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inversion. In the case of some spinel oxides s depends upon the method of preparation.

The basic magnetic properties of the ferrites are very sensitive functions of theiy
cation distributions. Mixed ferrites having intergsting and usetul magnetic properlies are

preparcd by mixing two or mmore different types of metal wons. The chemical fornnula of

mixed Co-Zn ferrite may be written as(Zn®' Fe,* )| Col* Fe;! |07 where D=x<],

r

spinel oxides are wonic compounds and henee the chemical bonding occurning in
them can be taken as purely jonic to a good approximation. The tetal erergy involved,
however. consists of the Coulomb energy, the Born repulsive ensray, the polarization
and the magnetic interaction encrev. The encroy terms are all dependent on lattice
constant, oxvgen position parameter and the ionic distribution, In principle the
equilibrium cation distribution can be calculated by minimizing the tal eneruy with
respect (o these variables. Bul the only energy that can be written with any accuracy is the
Coulomb cncrgy. The individual preference of some wns tor cermain sites resuiting from
their electronic configuration also play an imporlant role. The divalent ions arc generally
larger than the trivalent (because the larger charge produces greater electrostatic
attraction and so pulls the outer orbits inward). The octahedral sites are also larger than
the 1etrahedral. Theretore, it would be reasonable that the trivalent ions Fe {D.ﬁ?ﬁa}

would go into the tetrahedral sites and the divalent ions Fe© (0.83A) po into the

ocahedral. Two exceptions are found in Z#°" and Ca™ which prefer tetrahedral sites
because the clectronic configuration is favowable fa tetrahedral bonding to the oxyeen
ions. Thus Z#™* (0.74A) prefer tetrahedral sites over the Fe?' (0.6TA) ions. Zn*™ (0.744)
and Cof' (0.72AY have almost the same ionic radius hut Zn prefers tetrahedral sites and
Co prefers octahedral sites becavse of the configuration exception. 2 (0.78A} and
Cr* (0.644) have strong preferences for octahiedral sites. |lence the Factors influencing
the distribution the cations among the two possible lattice sites are mainly their ionic
radii of the specific ions, the size of the interstices, temperature, the maiching of their
elecironic configuration to the surrounding anions and the cleetrostatic energy of the
tattice. the so-called Madelung energy, which has the predominant contribution 1o the

lattice energy under the constrain of overall energy minimization and charge neutrality
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2.5 Interaction Between Magnetic Moments on Latttee Sites

Spontaneous magnetization of spinels (al OK) can be estimated on the basis of
their composition, cation distribution, and the relative strength of the possible
inleraction. Since cation-cation distances are generally large, direct {ferromagnetic)
interactions are negligible. Because of the geometry of orbital mvolved, the strongest
superexchange interaction is expected to occur between octahedral and tetrahedral
cations. The strenpth of interaction or exchange force between the moments of the two
metal ions on different sites depends on the distances between thewe ioms and the ewvypen
ion that links them and also on the angle between the three fons, The nearest neighbours
of a tetrahedral. an cotahedral and an anion sile are shown in Fig, 2.4, The interaction 15
greatest for an angle of 150" and also where the interionic distances are the shoresl. Fig,
2.5 shows the interionic distances and the angles between the ions for the ditlerem type
of intcractions. In the A-4 and J-£ cases, the angles are too small or the distances
between the metal fons and the oayeen ions are wo larpe, The best combination of

distances and angles are found in A4-8 interactions.

Figure 2.4, Nearest neighbours of (ud a tetrahedral site, (b} an octahedral site und (¢} an anion site
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Figure 2.5, Interionic angles m the spenel sireclw e Loe the dilferent Gepe ol laltive sile inleractions,

For an undistoried spinel, the 4-O-f angles are about 125" and 134" [1-2, 15]
The B-0-8 angles are 90° and 125" but the latler, one of the B-B distances is large, [n the
A-A case the angle is about 80°. Therefore, the interaction between moments on the A
and 8 site is «rongest. The 88 interaction 15 much weaker and the most unfavorable
situation occurs in the A4 interaction. By examining the interaction involving the major
contributor, or the A-£ interaction which orients the unpaired spins of these ions

antiparallel. Néel was able to explain the ferrimagnetism of ferrites.

2.6 Magnetism in Spinel Ferrite

The magnetic moment of a (ree alom is associated with the orbital and spin motions
of electrons in an incomplete subrshell of the clectronic structure of the atom. {n erystats the
orbital mations are quenched, that is the orbital planes may be considered 1o be fixed i space
relative to the crystal lattice, and in such a way that in bulk the cryslal has no resultant
moment from this source. Morcover this orbital-lattice coupling is so strong that the
application of 4 magnetic field has little effect upon it. The spun axes are nat tightly bound to
the lattice as are the orbital ancs. The anions surrounding a magnetic cation subject it 10 &
strong inhomogeneous electric field and influcnce the orbual angulae momentum
Howcver, the spin angular momentum remains unalfceted. For the first transition group
clements this crvstal field effect is intense partly due to the [arge radius of the 3d shell and
partly due to the lack of any outer electronic shell 1o sercen the 3d shell whose unpaired

efectrons only conlribute to the mapnetic moment. We have originally defined the

4
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magnetic moment in connection with permancnt mapnets. The electron itsell may well
be called the smallest peemanent magnet [1]. For an atom with a resultant spin guantem

number §, the spin magnctic moment will e
IR AR | FIN

where g is the Landé splitting factor and s, known as  the Bohr magneton, is the
fundamental unit of magnetic moment, The value of g Tor pure spin mement is 2 and the
quantuit pumber associated with each electron spin is £1/2 . The dilection of the moment is
comparable to the direction of the mapnetization {from South to North poles) of a permanent

magnet to which the electron s equivalent, Fig, 2.6 illustrates the electronic configmation of fe

atoms and Fe'ions. Fe aom has four unpaired electrons and fe™ ian hay five unpaired
electrons, Each unpaired clectron spin produced | Bohr magncton, In compounds, ions and
molecules, aceount must be taken of the electrons used for bonding or transferred in ionizaticon.

It is the number of unpaired electmons remaining after these processes occur that gives the net
magnetic moment { 1]. According to the Hund’s rules the moment of £ atom and Fe™ 1on are
44, and Su, respectively. Similarly the moment of Fe’* and Co’' ion arc dupand 3n,

respectively.
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Fipare 2.6. Flegirone conliguralion of atoms and wins.
2.0.1Exchange Interactions in Spincl

The intense short-range electrosiatic field, which is responsible for the magnetic
ordering, (s the exchange force that 15 quantum mechanical in origin and 1s related to the

overlapping of total wave functions of the neighbouring aloms. The total wave function

|5
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consists of the orbital and spin motions. Usually the net quantum number 15 writen as S,
because the magnetic moments arise mosty due to the spin motion a5 described above. The
exchange interactions coupling the spins ol a paw of clectrons are projxrtional (o the scalar product

of their spin vectors [12, 14, 16],
V,=-245, .5, 2.1)
where J, is the exchange integral given in a self explanatory notation by

. . | [ 1 |
J, = [t Q) — +——— - — v, (Qw, 2)mev, 22
rl! ] Fa r.!
In this expression # s are the distances, subseripts § and § refer to the atoms, | and 2 relers o
the two electons, 1 the J in equation (2.1) is positive, we achieve ferromagnetism. A

ncgative J may give rise 1o anti-ferrormagnetism or ferrimagnetisi.

Magnetic intoractions in spinel ferriles as well as in some ionic compounds are
different from the one considered above hovause the cations are mutually separated by bigger
artions {cxypen ions) These anjons obscure the direct overlapping of the cation charge
distributions. sometimes partially and same times complesly making the direct exchange
interuction vory weak., Cations are too far apart in mosl oxides for a direct cation-cation
interaction. Instead, superexchange interactions appear, i.c.. indirect exchange via anion
p-orbitals that may be strong enough to order the magnetic moments. Apar from the
clectronic structure of cations this type of interactions strongly depends on the geometry
of arrangement of the two interacting cations and the interscning anion. Both the
distance and the angles are relevant. Usually only the interactions with in first
coordination sphere {(when bath the cations sre in conlact with the anion} are impordant,
In the Nect theory of ferfimagnctism the interactions taken as efMective are inter- and
intri-sublattice interactions 4-8, A-4 and 8-8. The type of magnetic order depends on

their relative strength.

The superexchange mechanism between cations that operate via the intermediate
anions was proposcd by Kramer for such cases and was developed by Anderson and
van Vieck [13, 14]. A simple cxample of supercachange is provided by Mr(} which
was chosen by Anderson. From the coystal structure of MaQ it will be scen that the
antiparallel manganese ions are collinear with their neighbouring eaygen ions. The o=

ions cach have six 2p clecirons in three antiparallel pairs. The outer electrons of the Mn®
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ions are i 3¢/ sub-shells which are hall filled with five clectrons in each. The
phenomenon of superexchange is considered to be due to an overlap between the
manganese 3o orbits and the oxypen 2p orbils with a continugus interchange of electrons
between them. [t appears thal, for the overall energy of the system to be a minimum, the
moments of the manganese jons on cither side of the oxygen oo must be antiparallcl, The
manganese magnetic moments are thus, in effect, coupled Lthrough the intervening oxvgen

fon. The idca is ilusteated in Fig. 2.7,

In Figs. 2.7(a) and 2.7(c) the outer electrems in a pair of Ma jons, and in an
intervening ¢ ion in the unexcited state, are shown by the arrows. One sugsested mode of
coupling is indicated in Fig. 2.7(b). The two clectrons of a pair in the oxypen ion ame
simultanecusly transferred, one to the left and the other o the right. 17 therr durections of
spin are unchanged then, by Hund’s rules, the moments of the two manganese ions must
te antiparallel as shown. Another possibility 15 represented in Fig, 2.7(d). One electron
anly has been transferred to the mangancse ion on the left. The oxyeen on now has a
moment of Lz, amd i there is negative interaction between the ovygen ion and the right-
hand manganese ion then again the moments of the manganese ions will be antiparallel. 1f
these ideas are accepted then the oxvgen ions play an essential part in producing
antiferromagnetism in the oxide. Moreover, because of the dumbbell shape of the 2p orbits,
the coupling mechanism should be most elfective when the metal ons and the oxygen ions
lic in ane straight line, that is, the angle between the bonds is TR0 and this is the case with

Adatx
B ) nn
3l n 3l

;
wy HH

Figure 2.7, NMustraling supeiexchange in A
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Figure 1.8, Schematic cepresemation of the supereschamge interaclion in the magnelic avides, [he p

arital of an anion (centerd interact with the & orbitals of the wansitional metal cations

In the case of spinel forrites the coupling 15 of the indirect type which involves
overlapping of oxygen wave functions with those of the neighboring calions, Consider
two transition metal cations separated by an L [ig. 2.8, The ¢ has no net magnetic
momeni sineg il has completely [lled shells, with p-type outermost arbitals, Cebital g
has two clectrons: one with spin up. and the other with spin down. consistent with
pauli’s exclusion principle. The essential point is that when an ;evgen g orbital overlaps
wilh & cation o orbital, one of the p electrons can be accepted by the cations. When one
of the transition-metal cations is brought close the ¢, partial glectron overlap {between

‘a 3d electron from the cation and a 2p eleciron form the O can occur only for
antiparablcl spins, because electrons with the same spin are repelled Empty 3o states in
the cation are available for partial cccupation by the (5 electron, with an antiparalle!
orientation. Elcetron overlap between the other cation and the (7" then vceurs resulting
in antiparalle] spins and therefore antiparallel order between the cations, Singe the p
prbilals arc dincar, thc strongest interaction (s eapecled to take place for

cation—CF —cation angles close (o 150" [2].

2.6.2 Néel Theory of Ferrimagnetism

If we consider the simplest case of a two-sublaltice system having antiparallel
and non-cqual magnetic moments., the incguality may be due to;
17 dilfercnt clements in different sites,

2 same element in ditferent ionic states, and
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3y dilferent cryslaltine fields leading to different effective moments for ions having
the same spin.

The spins on onc sublartice are under the inlluence of cxchange farces due to the spins

on the second sublaltice as well as due to other spins on the same sublattice. The

rmolecular fields acting on the two sublattices A and T3 can be writlen as [2, | 1-16]

‘l'—_ll'{ = ".#4’1:{..-1 +ﬂ".'-h‘!';1:'.f”"

Hy =AM, +A,M, )
where 3, and M, are the magnetizations of the two sublatlices and A°s are the Weisy
conslants. Since the interaction between the sublattices is antiferromagnetic, 4, must
be negative, but A, and A, may be negalive or positive depending on the crystal

structure and the nature of the interacting atoms. Probably. these interactions arc also

negative, though they are in general quite small.
Assuming all the exchange interactions o be negative the molecular ficlds will be
then given by
'!}zl = _j'AAMral - ’l,dﬂ’wﬁ *

H# = _’{AH‘HA — Ay "H.l:

Since in general, A, and 2., are small comparcd 1o A, it is convenlent to expresy
the strengths of these interactions relutive to the dominant 4, interaction.

Lt A = tthy,

and Ay = ﬁjwr

In an external applied field A, the ficlds acting on 4 and £ sites are

.= H-AdylaM, —M,),

H, == A,(M, ~0M,)
At temperatures higher than the transition temperature. T,,. H,. s, and M, are all

paralle] and we can write

M, = %u;r o, —#,)], 23
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M, = ?"[u — A M, = 0,0 (24}

where ¢, and €, are the Curic constanis for the two sublattices.
CL= N S8, + DK
and Cy = Nygien Syl Sy + /3K

N and N, denote the number of magnetic ions on 4 and I sites respectively and S, and

5, are their spin quantum numbers, Solving for the susceptibilty. ¢, one gets [2.11]

1 TH{(Ciy) b )
);F . T-# )

where (. x,, hand @ arc constants for particular substance and are given by

C=C,+C,
| : i
"..:('_ ) _(;_ll'i'iﬂ,. I +{ﬁii”h. 120, Cd ]
0
c,C

b= C—H[Cj [‘1.4.4 - ’IHH}? + {T.';:'(P‘-'rﬂ - j’-"”):

K

o e w3 N - . -
- 20, Cyl i (A + A 1A + A A t]

C 0
F=- ::. = (A5t A ) — 24,

Equation (2.5} represents a hyperbola, and the physically meaning part of it is plotted in
Fig. 2.9, This curvature of the plot of 1/ versus T is a characieristics feature of a
ferrimagnet, It cuts the temperature axis at 7, | calicd the Ferrimagnctic Curie point. At
high temperatures the last term of equation (2.5} become nepligible, and reduces o a
Curic-Weiss law:

__
x TH(Cxs)

This is the equation of straight line, shown dashed in Fig 2.9. to which the 1/ versus T

curve becomes asymptotic at high temperaturcs,

) "'\-.LI-
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-
]

-CiE, 0

Figure 1.9. The ternperaluie dependence of the inverse suscepnhility for lerrimapnets,

The Ferrimagnetic Curie temperatuce 7, is obtaincd from equations (2.3) and
{24) with Jf =0and setting the determinant of the coefficients of M, equal to zera,
This gives

. . . :
T; =E[('AAA.4 +CH‘1HH +{{£ A')'A-l _C‘JS"‘IJ‘J.‘I’}I +4C’AC5‘2’EIH} ] {26]

Equation {2.5) 15 in good agreement with the experiment, except near the Curie paint,
The experimental Curie temperature, the temperature at which the susceptibility
becomes infinite and spontaneous magnetization appears, is lower than the theoretical
Curic temperaturc [11]. This disagreement between theory and experiment in the region

uf Curie point is presumably due to the short-range spin erder (spin clusters) at

temperalures above experimental 7 12, 11].

M



Chaper 2 Frevrew of Magnete Properties of Fereites

E -
= = + _
é E M=V M
"""-: .\I.\::}l‘]“‘ ."”InI E -
= T.__ I
z =
5 ! £ o i
= = !
.g = (b
H =
= . M
-~ 5 b
il

M= M- M,

Magnetic moment {upf Tormula anil)

Fipure 310 Superposition of warious combinalions of two opposing sublullive mapoctizalions producing

differing resuilanls imeluding one with a compensation poing (schematic),

The sublattice magnetizations will tn general have differcnt temperature dependcences
because the cficetive molecuiar felds acting on them are different. This supgests the
passibility of having ancmaly in the net magnetization versus temperature curves, Fig.
2.10. For most fermimagnets the curve is stmitar 1o that of ferromagnels. but in a few cases
there be a compensation point in the curve, Fig. 2.00c) |1, 11]. At a point below the Curwe
lemperalure point, the two sublattice magnetizations are equal and thus appear to have no
moment. This temperature is called the compensation paint. Below this temperatare one
sublattice mapgnetization is larper and provides the net moment. Above this temperature

the other magnetization does dominates and the net maznetization reverses direction,

22
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The essential requisite for MNeel conliguration is a strong negarive exchange
interaction belwesn 4 and B sublattices which results in thewr being magretized in
oppaosite dirgctions below the transition peint. But there may bo cases whers
intrasublatiice interactions ale comparalle with intersublattice mieraction, Neel's theory
predicts paramagnetism for such substances at all temperatures. This is unreasonahble
since strong A4 or 24 interaction may lead to some kind of ordering especially at low
temperature. In the cases of no 4% interaction, anliferremagnctic ordering may be
cxpected either in the A or in the £ sublattice, Under certain condilions there may be non-

collinear spin armays of sull lower encrey.

2.6.3 Effcet of Zine Subsiitution on the Magnetic Moments in Spinel Ferrites

Fe, 0, has ferromagnetic properlies because of its inverse structure which Jeads
to the formation of domains. A unit cell of #e,0, contains eight formula units cach of

which may be written in the torm Fe™ | Fe®* Fe™ 107 [13]. Snoek and his co-workers
found that oxides of inverse structure could be actificially produced in which the
divalent ions of another clement. for example Mu. A6 Co, Mg or Cu, could be

substituted [or the divalent Fe”' ons in fi,0, . An extensive range of ferrites could thus

be made having the general formula Fe“[mi.“ F;:-“j()f'. where arrows indicale spin
ordering. Since the trivalent iron ions are equally distributed on A and & sites they
cancel cach other out magnetically, and the magnetic moment per formula unit is then
theoretically the same as the magnetic moment of the divalent 1on. The Co ferrite has a
moment of 3,34, comparcd with a theorgtical value of 34, [1]. Zn ferrite is a normal

spincl. with ! (38") ions in 4 sites have zero magnetic moment, Fe'™ lons in 4 sites

hive a magnetic momentSe,. The cation distribution can be written  as

4 =
Znt[Fe’ Fe'™ )0, . where spin ordering is indicated by arrows. The zero magnetic
moment o Zr*~ ions leaves trivalent fron ions on B sites with a negative A8 interaction
between cqual 1ons. Therefore Zn ferrite is not fecromagnetic. Zine lerrite therefore be
expected to be antiferromagnetic and thus to huve a Néel point. though measureiments

show it 1o be paramagnetic only [1-2. 11, 13].

23
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7 4 I

Magnetic properties can be modified widely by cation substitution. An
illustrative case iy substituion of Co by Zi in Co lermitc o formt solid solutions
Co,_, Zn, Fe, 0, . Lhe culion distribution can be written as (Zn]* Fe MCof Fel 1007
2] Z' is diamagnetic and its main effect is to eak linkages between magnetic
cations. Another effect is to increase intcraction distance by eapanding the unit cell,
since it has an ionic radious larger than the Co and Fe radit. The most remarkable effect
is that substitution of this diamagpetic cation (Zx) results in a significant increase in
magnetic moment in a number of spinc] solid solutions, Fig. 2.1 [. Magnetic moment as
a function o Ze content shows an increase for small substitutions, gocs through a

maximum for intermediate values, deereases and finally vanishes for high Z# contents.

p—

-

Tt
L

Moy, Zn, Feylly

o
|

Me=Nn

Magnetic Moment { Hp formuln unit)

Figure 2.11, Varialion of Magnetie moment {in Bohe magnetons per [ormula uait) with inoieasing i

shbstitutien [0, 2],

A simple analysis shows that this increase can be expected for an antiparaltel

alignment. As the Zn contend increases, magnetic moements decreases in sublattice 4 and
increase in sublattice & IT the magnetic moment of fe™ and Co®* are 5 and
~3.3 p, fion, respectively, then, per formula wnit, the total moment in Bohr magnetens
on B sublattice is 3.3(1—x) +5(1+ x) and on 4 sublatice the total antiparallcl moment is
5{1—x). If the resultant moment per formula unit is M (0}, then by taking the

difference of 4 and f moments [13],
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M (0y=33(1=2)+ 5] + £} - 3 - x)
=x{10-33)+3.3
A linear relationship is obiained\‘ with a slope ol 6.7, predicting a moment value
of 10u, por formula unit for Zr substitution x = |, as shown by the broken limes 1n Fig.
LIL. This relationship is nol followed over the entire composition range However, as
the Zn content increases, A - - £ inleractions become oo weak and H-0- 8
interactions begin w0 dominate. That 15, the average distance between the interacting
spins gets larger. As a comsequence, the sysem becomes frustrated causing a
perturbation to the magnctically ordered spins as large number of # sites spins gels non-

magnetic impurity atoms as their nearsst neighbors,

& @ D
Jo@C) O
© Q@ .(D

a1} (b (v}

Fipure 212, Schemalic representslion of spin arrangements 0 CopZeFea?, {0) lerrimagnetic

florx = 0.5 5. th) iangular or Yale-Kitel (forx = 0.5 ],I and {e) antiferromagnelic for x = 1.

The & spins are no longer beld in place duc to Lhis weak anti-ferromagnetic A4-f interaction
leading to non-collinearity or canting among thc 8 sublattice, Thus for x> 0.5 Zn
content, instcad ol a collinear antiparallel alignment, canted structure appears, where
spins in B sites are no longer paraflel [2, 17], Fig. 2.12. Evidence of this triangular
structiere has been observed by neutron diffraction [18]; a theoretical anaivsis showed
that departure from collinear order depends on the ratio of the 4 -2 -8 to B-0-8

molecular Nield coefficients. A,, /4., [[9]. For high Zn concentration. B-0-0

interactions dominant and the ferrite become antiferromagnetic for x =1 [2].
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2.7 Microstructure of Polyerystalline Materials

A polycrystal is much more than many tiny crystals bonded together. I'ha
interfaces belween the crystals, or the gram bowndares which separate and bond
the grains. are complex and interactive interfaces. The whole set of a given
material’s properties {mechanical, chemical and cspecially  electrical and

magnetic) depend strongly on the nature of the microstructure.

In the simplest case. the grain boundary is the region, which
accommodates the difference in crystallographic oricntation between the
neighbouring grains. For certain simple arrangements, the grain boundary is
made of an array of dislocations whose number and spacing dcpends on the
angular deviation berween the grains. The ionic nature of ferrites leads to
disiocation patterns considerably morc complex than in metals. since

electrostatic energy accounts for a significant fraction of the total boundary
encrgy [2]. .

For low-loss ferrite, Ghate [1] states that the grain houndaries influence
properies by
17 creating & high ressistivity intecgranutar layer.
21 acting as a sink for impurities which may act as a sintering atd and grain
growth modificrs.
3) providing a path [or oxygen diffusion, which may modify the oxidation stale

ol cations near the boundaries,

In addition to grain boundaries, ceramic imperfections can impede dumain wall
motion and thus reduce the magnetic property. Among these are pores, cracks,
inclusions, second phases, as well as residual strains. Imperfections also act as energy
wells that pin the domain walls and require higher activation cneroy o detach, Stresses
are microstructural imperfections that can result from impurities or processing problems
such as too rapid a cool. They affect the domain dynamics and are responsible for a

much greater share of' the degradation of properties than would expect {17.

Grain growth kinetics depends strongly on the impurity content. A minor dopant
can drastically change the nature and concentration of defects in the matrix. affecting

grain boundary motion. pore mebility and pore removal {2, 20]. The effect of a given

20
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dopant depends on s valence and solubitity with respecl 6 host material, 1730 s nod
soluble at the sintering temperature, the dopant becomes a second phase which wsually

segregates to the grain boundary,

(—2)

(u} i}

Figure 2,13 Porosty character, (ab intergranulin. (b inkrogeanulin,

The porasity of ceramic samples results from two sources, intragranular porosity
and intereranular porosity, Fizg. 2,13, An undesirable etiect in ceramic samples is the
formation of exaggerated or discontinuous grain growth which is characterized by the
excessive growth of some grains at the expense of small, neighbouring ones, Fig. 2.14.
When this oceurs, the large grain has a high defeet concentration. Discontinuous growth
is believed to result from one or several of the [ollowing: powder mixtures with
impurities, a very large distribution of initial panicle size; sintering at eaccssively high
temperatures; in ferrites conlaining Zr and for Mn. a low () partial pressure in the
sintering atmosphere, When a very large grain is surrounded by smaller ones, 1t is calied

‘duplex’ microstructure.

Figure 2.14. Grain grawth {a} discontinuous, (b) duples (schematich.

i
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2.8 Theories of Permeability

Permeability is defined as the proportionality constanl betwecn the
magnetic field induction I and applied field intensity & 2. 15, 21]
f=uH {2.7)

If the applied field is very low. approaching zero, the ratio will be called the initial
permeability, Fig. 2,15 and 15 given by

Af

ﬁ“:.::";_H

[
This simple definition nceds turther sophistications. A magnetic matertal
subjected to an ac mapnetic Ncld can be writlen a3

H - Hnﬁflml [1-8:'
It is observed that the magnetic Nux density & lag behind &, This is caused due to the

presence of various losses and is thus expressed as

ﬂ — Bne il:fllntﬂql] {2-9}
Here &1s the phase angle that marks the delay of 5 with respect 1o A The permeability

is then given by

Hrea =i Ir LI Ir 0 o . |
,u:E: Bre — = 0 TtcosS—itsing =p —igt  (2.10)
H He™ i, fH, H,

where 1= ﬁt.tn:nnS-:ff (.11}
L
)

and "= Lging {2.12})

H H, ‘

The real part (') of complex permeability { g} as eapressed in equation (2 10)
represents the component of 4 which is in phase with 7/ so it corresponds 1o the
normal permeability. Tf there arc no losses, we should have g = z'. The imaginary part
" corresponds to that of B, which is delayed by phase angle 90" from # {11, 15]. The
presence ol such a component requires a supply of cnergy to maintain the alternating
magnetization, regardless of the origi of delay. The rativ of &* to g', as is evident

[rom cquation (2.12) and (211 gives
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y Fhin ]
L.=l2 —ung (2.13)
£ —* s
0

Thistan & 15 called loss factor.

The quality factor is defincd as the reciprocal of this loss faclor, ie.

Quality Factor= — (2.14)
tan &
And the relative quality factor, (= A {2.15)
tan &

Haolativa

LT

LEreversihle
wall nurlien

1]

. L
. Revergihle wall bawong

., H |

Figure 2.15. hchematic magnetization curve showing the fmpartant parameter inial peimeubilily, uf

(the slepe o the corve at low fields) und the main magnetization mechansm in each magnesization range.

The curves that show the variation of both &' and £" with frequency are called
the magnctic specteumn or permcability spectrum of the material [11]. The variation of
permeability with frequency is referred to as dispersion. The measurement of complex
permeability pives us valuable information about the nature of domain wall and their
maovements. In dynamic measurements the eddy current loss is very imporiant This
occurs due to the irreversible domain wall movemcnts. The permeability of a
ferrimagnetic substance (s the combined effect of the wall permeability and

rotational permeability mechanisms,
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2.8.1 Mechanismns of Permeahility

The mechanisms can be explained as lollows: A demagnetized magnetic
material is divided into number of Weiss damaing separatcd by Block walls, In cach
domain all the magnetic moments are oriented in paralie] and the magnctization has
its saturation value M . In the walls the magnetization dirceuon chanpes pradually
fram the direction of magnetization in ene domain tu that in the next. The equilibrium
positions of the walls result from the interactions with the magnctization In
neighboring domains and from the influence of pores; erystal boundarics and

chemical inhopmogeneities which tend to favour cerlain wall positions.

2.8.1.1 Wall Permeahility

The mechanism of wall permeabitity arises from Lhe displacement of the
domain walls in small fields. Lets us consider a picce of material in the
demagnetized state, divided inte Weiss domains with cqual thickness L by means of
180° Bloch walls (as in the Fig. 2.16). The walls arc paralle]l to the YZ plane. The

magnetization Af i the domains is criented alternately in the 1 Z or =2 dircction.

When a lield A with a component in the +2 direction i1s applicd, the magnetization
in this direction will be tavoured. A displacement oy of the walls in the direction
shown by the dotted lines will decrease the energy density by an amount [22. 23]
IM H
L

This can be described as a pressure M, A exeried on cach wall, The pressure will be
counteracted hy restoring {orces whiu.“:h for small deviations may assume 1o be kdy
ner unit wall surface. The new equilibrium position is then given by

M .y
T L

d

From the change in the magnetizalion

24
&M = jf‘d*
L

30
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the wall susceptibility », may be calculated, Let & makes the angle & with

Z direction. The magnetization in the & direction becomes

IM A
(adf), =—7—cosf. And with //, = Hcos6 and d = M. #,

We obrain

AM), 437 cos?
_(aM), _4M, cos’ 0 (2.16)

! H AL

Fignre 2,16, Magnetization by wall motion and spin rolation

2.8.1.2 Rotational Permeahility

The rotational permeability mechanism arises rom rotation of the
magnetization in cach domain. The direction of Af can be lbund by minimizing the
magnetic cneigy £ as a function of the orientation. Major contribution 1o £ comes trom
the crystal anisotropy cnergy. Gther contributions may be duc o Lhe stress and shape
anisotropy. The stress may influence the magnetic energy via the magnctostriction.
'The shape aniselropy is caused by the boundarics of the sample as well as by pores,

nonmagnetic inclusions and inhomogeneities. Tor small angular deviations, o, and @,

may be writtcn as

M, o,
@, = and &, =—.
M oM

T 5

I'or equilibrium Z -dircetion, E may be expressed as [22]

|
E=E,+—at, +lﬂrf£.
2 2
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J q [

where it is assumed that xand 3 are the principal axes of the energy minimum. Instead

of £, & £, the anisotropy fleld /7 and 57 are often intraduced. Their magnitude 1s

T

piven by

E lE"I‘I
Hi=—"and /f = .
24

A4 20

H* & /7 represent the stiffness with which the magnetization is bound o the
gquilibrivm dircetion for deviations in the & and y direction. respectively. The
rotational susceptibalitics y_, and gz, . for fields applied along x and y directions.

r.k

respectively ame

For cubic materials it is often (ound that H' and H_:' are equal. For
H! =H =" and a field 7 which makes an angle & with the Z dircction (as

shown in Fig. 2.16) the rotational susceptibility, r,  in one crystallite becomes
M, .
X =FSI]1I & (2.17)

A polycrystaliine material consisting of a laree number of randomly oricated grains of
dilferent shapes, with each grain divided inlo Jomains in a certain way, The

rotational susceptibility ¥, ol thc matcrial has to be obtained as a weighted average of
%.. of each crystallite, wherc the mutual influence of neighbouring crystaltites has 1o
be taken into account, if the crystal anisotropy dominates other anisotropics, then H

will be constant throughout the material, so only the factor sin® & (equation 2.17) has 1o

be averaged. Snock [23] assuming a linear averaging of y,  and found

oM,
3

X,

The total internal susceptibility

AMicos’ 0 M,

TR (2.18)
J

r=x,tx =

32
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If the shape and stress anisatropies cannot be neglected, 77" will be larger Any

cstimate of 7. will then be rather uncertain as Jong as Lhe domain structere, and the

r

pore distribution in the material are not known, A similar cstimaic of g, would
require knowledge of the stiffhess parameter & and the domain width L. These
paramcters are inffuenced by such factors as imperfection. porosity and

crystallite shape and distribution which ane essentially unknown,
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CHAPTER 3

SAMPLE PREPARATION AND STRUCTURAL
CHARACTERIZATION

3.1 Introduction

A goal common to all the ferrites is the formation of the spinel structure. Now a
days, the majority of femite powders are made by the conventional Ceramic jrocess or
Solid State Reaction technique. Most of the non-conventional processes are involved in

producing the powder by & wel method. Among these methods, some are [1.2]:

1} Co-precipitation
2} Crganic precorsors
3} Sol-gel synthesis
4} Spray-drving
3} PFrecze-drying
6) Combustion synthesis
7) Glass crystallization
In this chapter, we describe the solid state reaction method that is used in this rescarch

work.

3.2 Convention:] Solid State Reaction Method

In the solid state reaction method. the required compaosition is usually preparcd
torm the appropriate amount of raw mineral oxides or carbonates by crushing, grinding
and milling. The most commaon tvpe of mill is the ball mili, which consists of & lined
pot with hard spheres or rod inside. Milling can be carried out in a wet medium to
increase the degree of mixing. This method depends on the salid state inter-ditfusion
between the raw materials. $Sofids do not usually react at reom temperature over normal
time scales. Thus it is necessary to heat them at higher temperatures for the dilTusion
length (204" to exceed the particle size, where 0 is the diffusion constant for the fast-

diffusing species. and t is the firing time. The ground powders are then caleined in air

g~
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OF OXYREN at a temperature above |000°C. For some time, this process 1s continued until
the mixture is converted into the correct cryslalline phase, The calcined powders are apain
crushed into fine powders. The pellets or toroid shaped samples are preparcd from thesc
caleined powders wsing die-punch assembly or hydrostatic or (30s81aLC pressure.
Sintering is carried out in the solid state, at temperature ranging | 100-1400°C, for times
of typically 1-40 h and in various atmospheres (e.g. Air, Oz and Nz [3-6} Fig. 3.1

shows, diagrammatically, the stages followed in ferrite preparation,
The general solid state reaction leading to a ferrite MeMe 0y may be represented as
Metd e Fealdy — Molet?,

whore Me is the divalent jons. There are basically four steps in the preparation ol ferrite,

1% Preparation of materials to torm an intimate mixture with the melal ions in the
ratio which they will have in the Ninal product,

2} lleating of this mixlure to forin the ferrite (often called calciming),
1} Grinding the calcined powders and pressing the fine powders into the required

shape, and

4) Sintering to produce a highly densilted product.

3.3 Deetails of Calcining, Pressing and Sintcring

{alcining is defined als the process of obtatning a homogeneous and phase pure
composition of mixed powders by heating them for a certain time at a high temperature
and then allowing it 10 cool slowly, During the calcining stage, the reaction of Fe
with metal oxide (say. MeO or Me'»00:) lakes place in the solid stale to form spinel
according to the reactions [7]: -

MeO + Fei(dy —> MeFe:04(Spinel}
IMe 30 +dFey)y —> 4Me Fe (0 (Spinel)+ 05

The Co@ creeps into Fex0; as below, to form an intermediale phase Colfe,0 at low

temperalucc
Iepthd Cold—= Calel,

Aler that Z# ions are introduced by

*
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Satnpde o eprratton and Stevceural Characterization

(1Y ake:0hy - anl b xFexdy —= Cog,ZmFesl

Oxides of aw materials

Weighing by different
mole percentage

k 4

[y mixing by agale
Morar

Wet mixing by ball
milling

L

Drying

L

Calcining

kJ

Milling and adding
binder

L J

Pressing fo desired
shapes

Sintering

L

Finished product

Figure 3.1 Flow chart of lhe sluges in préparation of spincl ferrile.
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The caleining process can be repeated several times 1o oblain a high degree of
homogencity. The calcined powders arc cnushed inlo fine powders, The ideal characteristics
of fine powders anz [2]:

11 small particle size {subinicron}

2} narrow distribution in particle size

3y dispersed panticles

4y equiaxcd shape of panticles

3 high purity

6} homogeneous composition.
A small pamicle size of the reactant powders provides a high contact surtace area for initiation
ol the solid state reaction, difTusion paths anc shorted, keading 1o mone cfficicnt completion of
the reaction. Porosity is easily eliminated if the inilial pores are very small. A narrow size
distribution of spherical particles as well as a dispersed state is important for compaction of
the powder during groen-body formation. Grain growth during sintering can be better

controlled if the initial size 15 small and uniform.

A binder is usually added prior to compaction, at a concentration lower Lhan 5wl %%
[2]. Binders are polymers or waxes, the most commeonly used binder in fermite is polyvineyd
alcohiol. The binder facilitates the particles Dow during compacting and increases the bonding
between the particles, presumably by forming bonds of the type particle-hinderv-particie.
Dwring sittcring, binders decompose and are eliminated from the ferrie. Pressures are used
for compacting very widely but are commonly several lons per wquare inch (L e. up m
164N ).

Simterinyg is defined as the process of obtaining a dense, tough body by heating a
compacted powder for a cerlain ime at a temperature high enough to significantly
promote diltusion, but clearly lower than the melting peoint of the main component. The
driving force for sintering s the reduction n surface fres energy of the powder. Parl of
this encrgy is transferred into interfacial energy (grain boundarics) in the resulting
polycrystalline body [2. 8]. The sintering time, temperature and the furnace atmosphere
play very important role on the magnetic property of ferrite materials. The purposes of

sintering process are:

Jo
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1y 1o bind the particles topether so as to impart sufficient strength o the product,
2} to densify the material by eliminating the pores and
3) to homagenize the materials by completing the reactions left unfinished in the
calcining step.
Sintering of crystalline solids is dealt by Coble and Qurke 4] whao found the

following empirical relationship reparding rate of grain growth:
o =kt"

where & is the mean urain diameter, 7 is about 143, ¢ 18 sintering time and k is a
temperature dependent parameter. Sintering is divided into three stages, Fig. 3.2 [2, 0]
Stage 1. Contact area between particles increascs,
Stape 2. Porosity changes from open Lo closed porosity,

Stape 3. Pore volume decreases; grains grow.

WG o
o
(@) ®) (" @

Frpure 32, Schematic representation of sinlenng slages, (i) greenboudy, (19 initial stege. vy inlermediate

slige, and (d) [nal stage.

In the initial stage, neighbouring paricles forn a neck by surface diffusion and
presumably also at high temperaturcs by an evaporalion-condensation mechanism.
Grain growth begins during the intermediale stage of sintering. Since grain boundaries
are the sinks for vacancies, grain growth tends 1o decrease the pore elimination rate due
to the increase in distance between pores and grain boundarics. and by decreasing the
total grain boundary surface area. In the final stage, the prain growth is considerably

enhanced and the remaining pores may become isolated.

ln Co-Zn ferrites, the presence of Zn complicates the sintering process beecause
high temperature coupled with low oxypen firing will cause Zn loss, High density is
imporant for high permeability. but sa is Zn conservation. Tasaki [1] described two

alternative firings to achieve high density:
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L -

1} Low sintering temperature excluding €= (Vacuum, argon, nitregen},
2) High lemperaturg in purc oxygen to reduce 2x loss.
Accordingly, other propertics correlated along with density:
1} Lattice constant is greater for €4, smaller for vacuum
2} Curie temperature is greater for vacuum, smaller for O+

3} Resistivity is greater for (g, simaller for vacuum.

3.4 Preparation of the Present Samples

The Coeiade:0y (for x = 0.60, (.80) sumples were synthesized using the
standard solid state reaction technigue which is discussed in section 3.2, Powder of Coc?
(59.9%%). Zmd (99.999%%) and Fey(?; (99.99%) were used a5 raw marerials,
Stoichiometric amounts of required powders were mixed thoroughly and then calcined
at 1100°C for 24 hours. The calcined powders were then pressed into toroid shaped
samples shown in Fig. 3.3. The samples were sintered at various temperatures (I 10'C,
1150°C, 1200°C, 1250°C and 1300°C) in air for 5 hours and various durations (0.2h, Lh,
Sh. 10h and L3k at 1200°C in air. The temperature ramp was 10'C/minule for both

cooling and heating

Fipurc 3.3 Taroid shaped Samgples,

X-ray diffraction study was carricd out to determine the sample’s structure using
an X-ray diffractometer with Cu-K, radiation. ‘The formation of the single-phase spinet
structure was thus confirmed from the diffraction patterns. Results of X-ray diffraction

are discussed in Chapter 3,
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CHAPTER 4
EXPERINMENTAL TECHNIQUES

In 1his chupter we desorbe basic experimenrsd techiigues 1o measiee the fanice povemerers ond
Fegueacy dependens A0 permeabiliy af fervite samples. We desciibe also The experatenial techurigiee
Sfor the measureigent of temperature depeadent faitial permeability The Cheie tesiperatiives of the

sumges were determined from s demperatuee degpondent initiol permeabiliny,

4.1 X-ray Diffraction

Gragg refiection is a coherent elastic scattering in which the engrgy of the X-
ray is not changed on reflection. 1f a beam of monochromatie radiation of wavelength
A is incident on a periodic crystal plane at an angle 8 and (s diffracted at the same

angie as shown in Fig. 4.1, the Bragg diffraction condition for X-rays is given by

2d Sind=nA ‘ (4.1
where of is the distance between cryslal plancs and # is the positive integer which
represents the order of reflection. Lquation {4.1) is known as Bragg law, This Bragg
law suggests that the diftraction is only possible when & < 2/[1]. For this reason we
cannot use the visible light to determine the erystal struclure of o material. "The X-ruy

dilfraction {XRD} provides substantial informalion on the crystal structure.

Reflected fucidenr
ry ray
& L}

SN

.
» l\\u""-’i . ._ﬁ

L ] [ ] L] \\1 L] [ I-II

Figure 4.1 raga law of dillraction,

X-ray diffraction was carried out with an X-ray diffractometer for the samples

CoyxZnaFesds (where » = 0.60, 0.80). For this purpose mongehromatic Cu-K, radiation
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was used. The lattice parameter for cach peak of each sumple way caleulated by using
the formula

a=dyht k7 + 11 (4.2}
where A & and [ arc the indices of the erystal planes. 1o determine the eaact lattice
parameter for cach sample. Nelsion-Riley method was used. The Nelson-Riley lunction

FY is given as
F{&}:é[(Cm-ze?fsme)+{ca.ﬁefe)] (4.3)

The values of lattice constant "a" of all the peaks for a sample are plotted apainst
F{8). Then using a feast square fit method exact lattice parameter '3, is determined. he
point where the least square fit straight ling cut the y-axis (i.e. at F(8) = 0} 15 the actual
lattice parameter of the sample. The theorerical density o, was caleulated using
following expression:
&M

p.l.l'r :_.-_‘g'lfcms {4'4}
N

i e

where ¥, is Avogadro's number (6.02 x 107 mol™), M is the molecular weight. The
porosity was calculated from the relation {L00{p, — 2, )/ p,, 1%, where p, is the bulk

density measured by the formula p, = A /7 [2].

4.2 Microstructural Investigation

The microstructural study of the Co-Z# Territe samples was perlormed in
order to have an insight of the grain structures. The samples of difTerent compaositions
and sintered at different temperatures were chosen for this purpose. The samples
were visualized under a high-resolution optical microscope and then photographed.
The pictures were taken at 400 times magnification. Average grain sizcs (grain
diameter} of the samples were determined from optical micrographs by linear intercept
tlechnigue [3]. To do this, several random horizental and verlical lings were drawn on
the micrographs. Therefore, we counted the number of grains intersected and measured

the leneth of the grains along the line traversed. Finally the average grain size was

calculated,
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4.3 Complex Permeability Measurcment

For high frequency application. the desirable property of a ferrile is high
permeability with low loss. One of the most imporlant goals of ferrite research is Lo
fulfill this requirement. The techniques of permeahility measurement and frequency

characteristics of the present samples are described in sections 4 3.1 and 4.3.2,

4.3.1 Techniques for the Permeability Measurciment

Measurements of permcability normally invelve the measuremenis of the
change in self-inductance of a coil in presence of the magnetic core. The
hehaviour of a self-inductance can now be described as lollows, We assume an ideal

loss less air coil of inductance £,. On insertion of a magnetic core with permeability g,

the inductance will be g, . The complea impedance 2 of this coil [4] can be eapressed

as follows:

Z =R+ jX = jolyy= jol g4 - 1’ {4.5)
where the resistive patt is R=wl u" (4.6
and the reactive part is X=alp (4.7)

The RF permeability can be derived from the complex impedance of a coil, Z. given
by equation (4.3). The core is taken as toroidal to avoid demagnetizing effects. The

quantity L, (s derived peometrically as shown in section 4.3.2.

4.3.2 Frequency Characleristic Mcasurement

The frequency characteristics of the Co-Zu ferrite samples ie. the intal
permeability spectra were investigated using an Agilent [mpedance Analyzer (model no.
41924). The complex permeability measurements on toroid shaped specimens were

carricd out at room temperature on all the samples in the frequency range | kHz - 13
MHz. The real part (u') and imaginary part {z') of the complex permeability were
calcutated using the following refations [4]: z' = L /L, and ' =z tand . where Ly is
the selfiinductance of the sample core and L, = &, NS [md s derived geometrically.

tHere L, is the inductance of the winding coil without the sample core, & is the number
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of turns of the coil (& = 6). ¥ is the area of cross section of the taroidal sample as given
below:
S=duh,

where d = u ,

d, = Inner diameter,
¢fy = Quter diameter,
J1 = Heighl
and 4 is the mean diameter of the toroidal sample as given below
d, +d,
2

d =

i

A,
tan &

The relative guality factor is determined from the ratio

4.4 Curic Temperatare Mceasurement

Curie lemperature measurement is ong of the most important measerements for
magnctic materials. Curic temperature provides substantial information on magnetic
status ol a substance in respect of the strenpth of enchange interaction. So, the

determination of Cure temperature is of great imporance,

Curie lemperalure was measured from the tomperature dependent initiad
permeability. For this measuremoent, the sample was kept inside a cylindrical oven with
a thermocouple placed at the middle of the sample. The thermocouple measures Lhe
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
temperature of the sample may not tollow the temperature inside the oven, and there
can be misleading information on the temperature of sumple. The thermocouple
showing the temperature in that case will be erroneous. Therefore, a slow healing
rate was used ¢ eliminate this problem. Also. a slow heating ensures accuracy in the
determination of Curie temperature. The oven was kept thermally insulated from the

surroundings. The temperature dependent permeability was measured at a constant

frequency (100 kHz) of a sinusoidal wave,
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CHAPTER 5
RESULTS AND DISCUSSION

Fhe polverpatalling Coy ZnFe 0y (x=0.80 and 0.80) ferrites are stified Various CouZu fervite samples
arc sintered ai varions demperaiees (1N T 1o 13009 for fue bowrs and varmne duearions (24 o
{3 at F200°C in wiv. Struciural and suifrce wmarpinlory are siedied @ x-rap diffeoction amd opfeol
micrascopy The magnetic praperites af the fervizy are characterized wirh fugh frecuwency (Tkiz- 13053
comglee  permeabifity,  and fempercatire  dependent permeabdiling measnrements The effecty of
compasitian, sintering fewperature and srlerng e on Me compler permecbifity of Co-Zn ferrites are
discussed. A possible carrelatton befween suvering femperafure, sinfering thme, demity amd Crle

femperatire are alro diycnssed

5.1 Lattice Parameters, Density and Porosity of the Samples

The X-ray diffraction (XRD) patterns for the samples CopZrdfesd; with
x = .60, 0.80 are shown in Fig. 5.1. Analyzing the XR!) patterns, we notice that the
paositions of the peaks comply with the reporied values [1]. The XRD patterns of both
compositions clearly indicate their single phase and formation of spinel strueture. The
posittons of the peaks and their corresponding miller indices Tor the samples
investigated are given in Table-5.1. The values of lattice parameter *o” of al the peaks
for both compositions are plotied against Nelson-Riley function, F¥8, Fig. 3.2, The
measured tattice parameter, theoretical density, bulk density, porosity and grain size lor
different samples sintered at different temperatures and time are given in Tables-5.2 and
5.3 respectively, ]t (s observed that the lattice parameler increases with increasing Ao
substitution. The increase in [aftice parameter with increasing Zn content can be
explained on the basis of the ionic radii. I'he radius of the Znt (0.74 A) is greater than

that of the Co®* (0,72 &) [1].

Talle-5.1. XK-ray peak positions tor a2 nyle 00, samplos

K-ray peak position with Miller indices
Sample 26 (degrec)
composition oy | 11y | vy | 422 | (514 | 440
CogapZing spliesldy | 2986 1518 42.8% 53,02 36.52 621
Cog zndng poFes0y | 29.93 35.26 43,84 33,08 5658 6213




Restelt 5 and Discugsion

Chapter 5
| ! | ' |
=~ Co, ZnFe O
S o 1-x X 24
] i
o
=
-
—— —_ i
o | = —
S g =
=
= o
2 = N o
) T & -
et L
< | x=0.80 ] l
TEVIOE T X ; . :
Mtk ic2 e
' i b bl d L eidiifis il s s
] L | 4 ]

20 40 60
290 (degree)
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Takle-3.2. The lathee parameter, density, porosity and awcrage grain size of the Coyp Ardle 00, samples

sintercd at various tom

peratures tor 5 houes in alr

Sample Sintering Sﬂ'ﬂ{r:rfng o o 28 xi(,l}'rar'n
COMPOSILion mmf;ﬁéjmre (F‘;:;Tj-y f4) (giem’)| fufenr’) P ) '}if;j
1100 4,115 | 21.35
1130 4.623 LL.B7
Conwéhagale Uy 120 5 3.4528 | 52456 | 4753 9.38
1250 4.825 8.0
13040 4.746 9.52 9.557
fLOG 4.350 17.17
1150 4670 11.00%
Connlrngofea0y 1200) 3 8.4644 [ 52524 | 4736 9.83
1250 4.730 9.94
1300 4.698 10.54 | 10.402

Table-5.3. The latlice parameter. density and porosity of the CoyZnFepd?, samples sintecred at various

durations at [200"C in

air.

Suple Sintering | Sintering & Fal} ek -
composition ferp ;;jmm {’f-i’z;is J Ay | feem’)| (gions’) E %y
0.2 4.535 13.54
1 4.536 | 13.52
Can sl saFer0, 12410 3 84328 | 52430 | 4.683 13.65
i) 4,734 G 7S
15 4,784 B.79
0.2 4.0l 12.21
1 4,728 9.98
Cop apihig soFe ;003 1204 3 g4644 | 5.2524 1 4714 10.32
1 4,681 11.27
15 4.610 1223

Figure 5.3 shows the density and parosity as a function of sintering temperature,

T;, for both composilions. The density of the Cog gpZag enFe(; samples increases as the

sintering lcmperature increases from 1100°C to 1230°C and above [250°C the density

decreases slightly. On the other hand, poresity (£ of the sample decreascs as increasing

sintering temperature up to 1250°C, and above 1250°C the porosity increases slighily.

S0
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.

The CogaZangafe 00y samples JEPI:‘I4:"1".‘::'5“t similm:r“ beha.viour of changes (w that of
CongmrgspfexTy samples except that density is [bund 10 be maximum at 1200°C. It is
known that the porosity of ceramic samples results from two sources, intragranular
porosity and intergranular porosity |2]. Thus the total porosity could be writlen as
F=P st FPoer The intergranular porosity mainly depends on the grain size [2]. At
higher sintering temperatures the density decreases because the intragranular porosity
increases resulting from discontinuous grain growth. Such a conclusion is in agreement

with that previously reported in case of MgCuZn ferrites [3].

Density,p (glem’)
Farosity, P%)

1100 1150 1200 1250 1300
Sintering Temperature, T_ (°C)

Figurc 5.3. [he variation of denuty (w) and porosity [;] wilth sinlering temperatore {or (a)

Ot ol ez, and (BY Coy i gfe:0, samples,

Figurc 5.4 shows the density and porosity as a function of sintering time for the both
compaositions sintered at 1200°C temperatures. The density of the Cogwiigsafe.Oy
samplcs increases slowly as the sintering time increascs from 0.2h to th and above ih

the density increases rapidly. On the other hand, porosity (7 of the sample decreases as
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increasing sintering time. The CogxnZngsaFesy samples show dilTerent behaviour of
changes to that of Cop.pfrasefe:0, The density of the Ceoyadig satie 20y samplos
increases rapidly as the sintering time incieases from 0.2h to 1h and above ih the
density decrcases slowly, The maximum density is obtained For the Cog s sFe (2,
samples sintered for 15h while for CepapZim anFe:0, samples it is obtained for Th

sintering time.

| 1 T L] T I ! I 14
143} @ C8, N, Fe,0,
' T.=1200°C _; 142
47 | T
o~ 4B 1%
& : =
& 2
= 4.5 — 1 ! - ' 8%
2 48— =
= o) Co 20, Fe O, g -
o r - 412
a
4.7
46 L i  H10
| i E . L N 1 i 1
" 0.2h 1h 5h 10h 15h

Sintering Time

Figure 3.4. The variation of donsity {w) and porosily () with sintering U (o7 () Cog e sl 20, and

(b)Y Cop 0 Zmg goFes 0, samples.

5.2 Microstructures of Co; Zn, Fei (),

The optical micrographs of CoypZraseFei(d; and CopalMesal e (2 samples
sintered at 1300°C in air for 5 hours are shown in Figs. 5.5 and 3.6, respectively. The
black arcas are voids. The average grain sizes for the both compositions are determined

by lincar intercept technique and are presented in Table 5.2.

It is observed that the sample composition has an influcnee on the enhancement

of grain size. The average grain sives for the sample Cog 2 sof 20 are preater than
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P

that of Cop saZra soFe 10, Therefore the average grain size of the sample increascs with
increasing zinc substitution,

Figure S5 The opthcal microgroph of Coy wZrsweF 0 samplc sintered at lemperaturr 1300°C in air for

T e T
Araddirmm il -+
mt e -

i

Flgure $.8. The optical microgroph of Copw?ny wfex( sample sintered ut lemperature | 300°C in elr for
5 hours '
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The grain size reflects the presence of more or less grain boundary area, Even
porosity may be sirongly reiated to boundarics since they can remove porosity. The
uniformity in the grain size and the averuge grain diameter can control properlies of
materials such as the magnetic permeability. When the prain growth rate is very high,
pores may be left behind by rapidly moving arain boundaries, resulting in pores that are
trapped inside the grains. This intragranular porosity is practically impossible ©

eliminate, leading to poor magnetic and mechanical properties.

The behavicur of grain growth retlects the competition between the driving force
for grain boundary movement and the retarding force exerted by pores [4]. During the
sintering process, the thermal energy generates a force that drives the grain boundaries
to grow over porcs, thereby decreasing the pore volume and densifving the matertul.
When the driving force of the grain boundary in each grain is homopencous, the sintercd
body attains a unifonn grain size distribution; in contrast, discontinuous grain growth
occurs if this driving foree is inhomogeneous. The discontinuous growth of grain rises
with temperature, hindering the migration of the pore 1o the prain boundary and hence,

contributing toward the reduction of the sintered density.

5.3 Complex Permeahility

Figures 5.7 and 3.8 show the real and imaginary permeability spectra for
ConanZmpenfe:0y and CopnZag spFe:0: samples sintered al various lemperalures
(1100°C 1o 1300°C) for {ive hours. respectively, The permeability value increases with
increasing Co content in Coy o Zigfe0, With the increase of sintering temperature, T
the real part of the inttial penmeabiity s found to increase at [irst and then decreases. In
case of Cog e saFes(y samples, ,uf increases as the Ty ingreases up o 1250°C and
abmff; ]25{]°C, ‘u: decreases. The Con sofigsaFe, Oy samples show simular change of
peemcability to that of Cow gfin saFe Oy samples cxcept that ,u,—x is found 1o be maximum

at 1200°C.
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Figures 5.9 and 5.10 show the real and imaginary permeahility spoctra for
CopanZnnsnfeds and Cop 1alig poFe ;00 samples sintered at various durations (0.2h o
15hy at 1200°C in air. The initial permeability of the CopaZmusFex?, samples
increases slowly as the sinlering time increases from 0.2h to Th and above Eh initial
permeability increases rapidly ([ig. 5.12}. The maaximum initial permeability 1s obtained

for the sample sintered for [5h,

On the other hand the initial permeability of the CopandmamFe:0y samples
increases rapidly as the sintering time increascs from €.2h to Ih and above Th initial
permeability decreascs slowly (Fig. 5.12). The maximum initial permeability is obtained

for the sample sintered for 1h.
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Figure 5.9. {a) The rcal and (b} imaginacy permeability spectra lor Cogwdm si-2;02, samples sintered af
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Figure 5. 10, {a) The veal and (b) imaginacy permeability spectra for Oy ety @20, samples sintered at

tenperaiure 1200°C for 0.2h, Ik, 5h, 10k and 1530 in air.

It is well known that the permeability of polycrystalline ferrite is related to two
different magnetizing mechanisms: spin rotation and domain wall motion | 5. 6]. which
can be deseribed as follows:

=10t oo
where 7, is the domain wall susceptibility; gy, s intrinsic spin rotational susceptibility.

Yo and Y. may be written as @y, =3zM7D/4y and xw:ZmWf/K with M,

saturation magnetization. X the anisotropy constant, 22 the average grain.diameter, and y
the domain wall encrgy. Thus the domain wall motion is affected by the grain size and
cnhanced with the increase of grain size. The initial permeabdity is therefore a function
of grain sizc. The magnetization caused by domain wall movement requircs loss cnergy

than that required by domain rotation,

One can cxpect higher g for the sample sintered at higher 7. However, we have

observed that for both the compositions g, is found 1o be maximum at optimum 7
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(depending oh sample composition) as shown in Fig. 5.11. If the sinlering tempcratare is
higher than that of the aptimum T, 1" decreases. [t is possible that the samples sintercd
at higher sintering temperatures (> optimum 7.} may increase the number of pure-s
within the grains which resoits in a decrease of permeability and also density. Similar
behavior was obscrved by Mahmud et al. [7] in Ni-Zn and Guiliaud [B] in Mn-Zn
territes. it is possible that if pores are located at the grain boundaries, the permeability
may increase with grain size. The relationship botween grain size and permeability
would generally be lincar only if the grain growth is normal, that is, if all the grains
grow preily imuch at the same time and same rate. Porosity at (he grain boundaries is less
damaging to the permeability, because it causes less hindrance to domain wall motion
than porosity within grains. I, indeed, some prains grew very rapidly, they would trap
pores, which as we have seen, can limit permeability by pinning domain walls. For the
composition of Coy g7mg sef e,y sintered at temperature [200°C for 15h. the increase of
,u;x 15 pronounced (Fig. 5.12). This is because the sintered density is highest for this

temperature and time.
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Figure 5.11. The warigtion of ,uf and g with T, for {a} Cop &g e, Featd, and (b CogadmpmFead,

samples sintered for Sh,
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[f the applied alternating magnetic field is weak, at high frequencies, the domain
wall will oscillate back and forth through a smalt dislance about the mean posilion. i'he
differential  cquation  for  oscillating  boundaries can  be  written  as
md x/det + Baxldf +ax =2M H(). where mris the cffective wall mass, g the
damping factor, e the restoring conslant, x the wall displacement and //(f) the driving
force [9,10,11]. The first terin on the leli hand side represents the wall inertia; the
second term is the damping opposing the propagation velocity, and the third term is
assaciated with wall pinning to defects, expressed as a restoring force,

Energy loss iy an extremely important subject in sofl ferrimagnetic materials,
since the amount of energy wasted on process other than magnetization can prevent the
AC applications of a given naterial. The ratio of &' and ' representing the losses in
the material are a measure of the inefficiency of the magnetic system. Obviously this
parameter should be as low as possible, The magnetic losses. which cause the phase

shifi, can be split up into three components: hysteresis losses, eddy current losses and

-
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residual losses. This gives the formula tand, =tand, + tand, + tand.. g is the initial

permeability which created at low tield, Mystercsis losses vanish at very low field
strengths. Thus at low field the remaining magnetic losses are eddy current losses and
residual losses. Residual losses are independent of frequency. Eddy current losses
increase with frequency and are negligible al very low trequency. Eddy current loss can
be uxpressed as B, = 7/ p, where F. is the energy loss per unit volume and p is the
resistivity [?]. To keep the eddy current losses constant as frequency is increased: the
resistivity of thc material chosen must increase as the square of frequency, Eddy
currents are not probiem in the Co-Zr ferrites until higher frequencies are encountered
because they have very high resistivity about 10°Qem to 10°Cem {12]. The ferrite
microstruclure is assumed to consist of grains of low resistivity separated by grain
boundaries of high resistivity, Thicker pgrain boundaries are preferred to increase the
resistance. Figure, 5.13 shows the variations of loss Tactors with frequency of the two
conmpositions of the samples sintered at different sintering temperature T, for 5 hours.
On the other hand Fig. 5.14 shows the variations of loss factors with frequency of the
two compositions of the samples sintered for different sintering time at conslant
sintering temperature 1200°C. For the samples Cop pZng sofe,0q the magnetic loss is
mirimum between frequencies |MHz and 4MHz while Tor Cogaadhg salffe 0y samples

ihig loss is minimum above [3MEHz (Figs. 5.13 and 5.14),
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Fronn the loss factor we have calculated the relative quality factor {or § tactor)
for both compositions sintered at various temperaturcs and various durations. The (¢
factors are shown in Figs. 5.15 and 5.16. For inductors used in filter applications, the
quality factor is often used as a measure of perfurmance. It is observed that the sample
sintered al 1300°C has highest © value for Coyg Znpaad 204, The highest O value for
Consan ZgsuFesOy is found to be 2.25x10° at frequency 4MHz at 1300°C sintering
temperature. The highest 2 value Tor CopaZanaenle;00 samples is not found between

our frequency range {1 KHz to 13MH.2) beeause it exist above 13MHz frequency.
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Figure 5.15, Fhe variation ol & Jactors with froqueney lor {a) Cay oy el ea0y and (D) Cay iy saleall

sampes sinlered at differont sintering wemperatures T, [or 5 hours,
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5.4 Magnetic Properties

5.4.1 DC Magnetization

The variation of magnetization as a function of temperature, MYT), for various
CosZn.Fe )y samples is shown in Fig. 5.17. The samples are sintered at 1200°C for 3
h. The data is takep in the presence of 1T applied magnetic field in Field cooled (FC)
condition. Tt is observed that the CosyZansfFez(0; sample undergo paramagnetic to
forrimagnetic transition at a temperature, 7, F70K. The T, of Cogwodny spF ety sample
is above 350 K and can not blc determined [rom the present M¢1) curve. The 17 of this
sample is determined from the AC magretization measurement (to be discussed in the
section 3.4.2). It is observed that the sample which contains higher concentration of Zx
has lower I This is due to the fact that inclusion of nonmagnctic Zr weakens the A-8
magnetic interaction among the cations and hence decreases the ¥, . Also the sample

which has higher Zn concentration has lower magnetization.



Chapter § Fesults and Discussian

120 41111“‘ACO1-xzanEEO4 1T, FC
“ﬂ“ e x=0.80
= ‘“, 4 x=0.60
5 80¢ fay |
= ‘.
o s,
= 40 '.-'.-.""'i- ‘*14
T=170K o,
U " L L L .'-'-T"' .y
0 100 200 300 400

Temperature (K)

Figure 5.17. lhe temperaiure dependence of magnefization for Cop e 0 (e=060 0LA0) sampley
measured n presence of 1T applied field in Field eooled (FC) mode. Samples sintered at 1200°C for 5 h

tn uir.

‘The magnetisation as a function of applied magnetic field, M-£, for various
CorinFe0s samples at room temperature (300K) is shown in Fig. 518, The
magnetization of Cog snZep sof e,y sample increases linearly with increasing the applicd
magnetic ficld wp te 0.1T applied magnetic feld. Beyond 01T applied lieid
magnetisation increases slowly. No saturation is observed in the presence of |I'T applied
magnetic filed, suggest that this sample is not a collingar ferrimagnet rather # site
cations are canted. The CopZnFexd,; ferrite is a mixed spinel type with a general
formula Zn.Fe.fCor Fer ]y, where the term within the square brackets indicates the
octahedral (5) sites and the first term is wtrahcdral (4) sites. As the magnetic filed
increases canting angle of B site cations decreases and hence increases the

magnelisation. This type of spinc] territes are known as Yafet-Kiuel type ferites [1.13].

-
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Figure 5.18. The A-H curves of o AZede, 0, (0=0060, (080) samples measured at 300 K. Samples were

sintered at 1200°C for 5 b in air,

On the other hand, the magnetization increases linearly with A for the sample

Cog mihagafe;0s suggesting that this sample is paramagnetic at this temperature.

Therefore, from this figure it is clear that at room temperature the sample
ZraaConeale0y 15 in ferrimagnetic state while the sample ConznZengefe;0y i in

paramagnetic state.

5.4.2 Temperatare Dependent Initial Permeabilily and Curic Temperature

Real part of the initial permeability, . as a function of temperature for
Cog wZng qpfe 0 samples sintered at various temperatures for 5 hours are shown in Fig,
3.19. From these curves the 7, 's of these samples are determined. It is obscrved that the
T. slightly increases with increasing sintering temperature for the Cogusdangnfe 0y
composition. The vaiues of 7.4 are 330K, 351K, 374K and 397K for samples sintcred

at 1100°C, 1200°C, 1230°C and 1300°C for 5 hoowrs respectiveiy. The T values were

a5
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determined from the minima of the derivative of 4, (T) curves. It was found that the
sample sintercd at 1250°C has a sharp transition from [ereimagnetic to paramagnetic
state compared with the samples sintered a1 1106°C, 1200°C and 1300°C for 5 hours.
From this result it can be assumed that the optimuim sintering temperature is 1250°C fur

the Cog yofng goffe 0y composition.

{
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Figure 5.19. Initial permeability as o function ol lemperature to Cop i f"e:0,; vamples sintered at

various lemperatures for Shours.

Real part of the initial permcability, g, as a function of temperature for

CopwZhasmFesds samples sintered at 1200°C for various durations are shown in Fig.
5.20. From these curves the 75 v ol these samples are determincd. It is observed that the
T. slightly increases with increasing sintering time for the Cog.elnsefoil
composition. The values of Ty are 343K, 351K and 359K for samples sintered at

[200°C for 1k, 5h and 135 li, respectively. It was found that the sample sintered at

&6
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1200°C for 1h and {5h have a transition with an additional shoulder at high temperature
region. On the other hand for the sample sintered for 5h has a relatively smooth
transition. This ts probably duc to the effect of grain boundary, inhomogeneity and other
defects in the samples. From this result it ¢an be assumed that the oplimum sintering
time is 5h for this composition. The present valucs of T, s are in close agreement with
the published results [14]. The variations among the present resulis and the published

results could be related to the variation of the preparation condition,

For applications, the temperature dependence of g, is very imporiant. The initial

permcability of the substances as a function of temperature 15 measured at a constant
frequency (100 kHz) of & sinuscidal wave. [t is obscrved that the permeability falls
sharply when the magnctic state of the ferrile samples changes from ferrimagnetic to
paramagnetic. The vertical drop of the permeability at the Curie point indicates the
degree of homogeneity in the sample compaosition [13, 16]. The degree of homogeneity
of our samples has shown is not so good. Measurement of the initial permeability as a
function of temperature can thercfore be used as a material characterization method. The

T. for different samples is given in Table-3.4,

a7
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Figure 5.20. Initial permeability as g function of temperature for Cap iy g, samples sintered at

[200°C Yor variows dutations.

It is noted that the samples of two compositions contain diffcrent Zn contents. [t

is observed from the Fig. 5.17 that the 7, is lower when Zw conient is higher, This is

expected because of the inclusion of higher concentration of non-magnetic Zn in the

materials. This is in harmony with the theoretical and cxperimental findings. [t is also

observed that the T; 1s slighily increased with increasing sintcring temperature.

Table-5.4. The Curic temperature, Ve of Cou ol awf e, namples,

Sample Sintering time Swntering temperature | Curie leniperatire
COMPOsition fhourst (€ (K
CoganZng ealertd ; ;gg ’352{]}
> 1250 374
1300 387
. 1 343
Cop mZng eale 0y S 1200 331
13 359
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Co-Zn ferrite is a mixed normal-inverse spinel type with a general formula
e fCoFer fOy, where the term within the square brackets indicates the
oclahedral {£) sites and the first term 15 1etrabedral {4) sites, The decrease of T, with an
increasing Zr content may be explained by a modification of the 4-8 cxchange
interaction strength due to the change of the fe™' distribution between 4 and # sites,
The decrease of the Curie temperature is duc to the weakening of the 4-# interaction.
This could be attributed to the increase in distance belween the moments of 4 and 2
sites, which is confirmed by the increase in the laltice parameter with increasing Znm
content. The larger distances between moments in samples Coy zpZi sfe Oy leads 1o
decrease the A-8 interaction relative to that of CoguZmgenfe,00 samples and

consequently the 7, decreases.

Anisotropy constants vary considerably wilh temperature. In most cases,
anisotropy decreases steeply from a high value at low temperature and then slowly
decreases down to zero at f; [9]. There is then no preferred crystallographic dircction
for the magnetization of a domain. It is observed that the initial permeability, &,
increases with temperature to a maximum value just below the T, . This oceurs, because
the ¢rystal anisotropy normally decreases with increasing temperature [ 7]. The initial
permeability varics as g, = M2/K]? [9,18]. Since anisotropy decreases [aster than
magnetization on heating, the initial permeabiline  expectantly  increases  with

temperature, tends to infinity just below the T, and then drops for the paramagnetic

phase. The peak near 77 is known as the *Haphinson™ peak [9).

i
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CHAPTER 6
CONCLUSIONS

6.1 Coneclusions

The XRD pardern of CoywZRagalie;0y and CogZnpapFe:(0 compositions
clearly indicate single phase and formation of spinei structure. The Tattice constant of
CopamZngsaie;Cy is found o be 8.4528 A while 8.4644 A for Cog ;0Zna suFe s samples,
The increase in lattice parameter with increasing Zer content in these samples can b
explained oo the basis of the ionic radil. The radius ol the 2n” {0.74 &) is greater than

that of the Co®* (0,72 A).

In this experiment we consider two serics of compositions Cer et sele Oy and
Corg 20y and-e 2004 respectively. In one series sintering time {5h) is conslanl and sintering
temperature is variable and in other series sinwering temperature (1200°C) is constant
and sintering time is variable. The density as a function of sintering temperature of the
Conalnpeaferd; samples sintered for 3h increases as the sintering temperature
increases from 1100°C to [250°C and above 1250°C the density decreases skightly. The
Coy sndnp apfeaCly samples sintered for Sh also show similar behaviour of changes to that
of Con gaZny saFe:0; samples excepl that the density is found to be maximum at 1200°C.
The density as a {unclion of sintering time of the Cog e sefefd, samples sintered at
1200°C increases slowly as the sintering time increases from 0.2h to |h and above Ih
the density increases rapidly. On the other hand, the density as a tunction of sintering
time of the CﬂnzanmsnFc;OJ‘samples increases rapidly as the sintering time increases
from 0.2h to Th and above 1h the density decreases slowly. The masimum density as a
function of sintering Ume is ublained For the Cop e spfez0dy sumples sintered Tor 15h

while for Cagp anZrg spfie0 samples it is obtained for 1h sintering time

During the sintering process, the thermal energy generates a force that drives the
orain boundarics to grow over porcs, thereby decreasing the pore volume and increasing
the density of the materials. At higher sintering temperatures the density decreases,

because the intragranclar porosity increases as a result of discontinuous grain growth.
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The discontinuous growth of grain rises with temperature, hindering the migration of the
pore to the gram boundary and hence, contributing toward the reduction of the sintered
density. There is an enlargement of grain size obained for increasing Zn content, This is

because of the fact that Zr promoates sintering, bringing about an increase in grain size,

The permeability value increases with increasing Co content in Copodn fe
With the increase of sintering temperature, T, the real patt of the injtial permeability is

found to increase at Mirst and then decrcases. In case of Conandng soFe:0y samples, o

increases as the 7; increases up Lo 1250°C and ahove 1230°C, 4 decrcases. The

Conalnpsafe,Us samples  show  similar chanee of permeability o that of

ConwZam epFe: 0y samples except that g is found to be maximum at 1200°C. The initiai

permeability as a function of sinlering time of the CogyeZng soFe s, samples noreases
slowly as the sintering time increascs from 0.2h ta th and above 1h initial permeability
increases rapidly. The maximum initial permeability is obtained for the sanple sintered
for 15h. On the other hand the initial permeability of the Cop kg sfestdy samples
increases rapidly as the sintcring time increases from 0.2h to 11 and above h initial
permeability decreases slowly, The maximum initial permeability is obtained for the

sample sintered for 1h.

we have observed that for both the compositions &' is found to be maximum at

optimum T {depending on sample composition). Tf the sintering temperature is higher
than that of the optimum T, &' decreases. It is possible that the samples sintered al
higher sintering temperaturcs (> aptimum T,) may increase the number of pores within
the grains which results in a decrease of permeability and alse density. A sample with
maore uniform as well as highest density s oliained at 1200°C sinlering temperature for
Cog iy gofies 0y composition sintered for |5h, The initial permeability is mainly
affected by domain wall displacement or by wall bowing and changes with sintering
densily. Porosity and other defects do not affect the initial permeability if they are
confined to the grain boundaries (intergranular defects) because thicker grain boundarics
are preforred to increase the resistance and hizh reststance keep the eddy current losses
minimum; otherwisc, the initial permeability severely decreases since porosity within

grains scts as pinning sites, reducing the volume swept by wall bowing or by wall
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disptacemeni. The initial permeability g it independent of frequency below the
resonance frequency f. which is not observed in these samples within the measured
frequency range {IKHz to 13MHe). Also the AC resistivity of these samples are vory
high compared with other ferrites which minimise the eddy current losses. For these
reasons these types of ferrites are preferable for high frequency applications compared

with other ferrites {i.e. NiZnFe204, MnZnFe;0, ete.).

From the loss factor we have calculated the relative quality factor (or { factor)
for both compositions sintered at various temperatures and various dwell times. For
inductors used in filter applications. the quality factor is ofien used as a measure of
performance. 1t is observed that the sample sintered al 1300°C has highest @ value for
Conan Zetp suf ey The highest § valug for Conwn ZrmpsaFesOyis found 1o be 2.25x 19 at
trequency 4MHz at 1300°C sintering temperature. The highest (0 value for
Cog mng geFez0; samples is nat found between our frequency range {1 KHz to 13MHz)
because it exist above 13M1 1z frequency. So Cop spZeg aafez(); samples are suitable for

very high frequency application.

The variation of magnetization as a function of temperature, A7) shows that the
CossZrogeFesd, sample sintered at 1200°C for 5h underzo  paramagnetic 1o
ferrimagnetic transition at a temperature, ., 170K. From the M-H curve, the
magnetisation as a function of applied mapnetic field. it is clear that at rootn temperature
the samplc Cog wlig snf ey is in ferrimagnetic slate while the sample Con 20280 gaFe 20
is in paramagnetic state. The values of T are 330K, 331K, 374K and 197K for
CoggngepFe:0; composition sintered at 1100°C, 1200°C, 1250°C and [300°C for 3
hours respectively and 343K, 351K and 359K lor the same composition sintered at

1200°C fur Th, 5hand 15 h, respectively.

It is noted that the samples of two compositions contain dilferent Zr contents. B
is observed that the 7, is lower when Zr content is higher. This is expected because of
the inclusion of higher concentration of non-magnetic Zn in the materials, This is in
harmony with the theoretical and experimental findings. [t is also observed that the T.is

slightly increased with increasing sintering temperature,

74
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The decrease of ¥, with an increasing Zw content may be caplained by a
modification of the 4-8 exchange interaction strength due to the change of the Fe™
distribution between A and H sites. The decrease of the Curie temperature is due to the
weakening of the A-8 inleraction. This could be attributed to the increase in distance
berween the moments of A and & sites, which is confirmed by the increase in the lattice
parameter with increasing Zx content. The larger distances between moments tn samples
Copihagale;0y leads 1o decrease Lhe A-8  interaction relative to  that of
Con adttn enfe:0q samples and consequently the 7, decreases. I'rom this investigation,
we may finally conclude that the highest permeability can be obtained by choosing the

proper composition. sintering temperature (optimum 77} and sintering time.

1
L]



	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090

