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ABSTRACT

NipZnFes0s with x=0.2 and 0.4 were prepared by a conventional solid state
reaction technique. The samples were sintered al various temnperatures (1200°C, 1250°C.
1300°C 1350°C and 1400°C) in ait for 5 hours. Structural and surface morphology were
studied by x-ray diffraction method and optical microscopy. The magnetic properties of
the forrites were characterized with high frequency {1kHs13MHz) complex
permeability and temperaturc dependent permeability measurcments. The effects of
microstructure, composition and sintering temperalures on the complex permeability of
Ni-Zn {errite are discussed. A possible comrelation among sintering temperature, grain
vize and density is also discussed. The X-ray dilfraction patterns of both compositions
clearly indicate their single phase and formation of spinel structure. The lattice constant
of MNipaingFea(2s is found to be 83638 A while 83705 A for NigeZnplex()y. The
increase in lattice parameter with increasing Zr content can he explained on the basis of
(he ionic radii, The radius of the Zn** (0.82 A) is greater than that of the NPT (078 A)
The microstructural study shows thal grain size increases with sintering temperature.
The density of the NipsZng Fe:0 samples increases as the sintering temperature
increases mom 1200°C 10 1300°C, and above 1300°C the density begins to decrease. The
Nip o2y of7e 2004 samples show sirnilar behaviour to that of the Nipscny, 2Fe 0, samples
cxcept that the density is found to be maximum al 1350 C. During the sintering process,
the therma) energy generates a force that drives the grain boundaries to grow over pores,
thercby decreasing the pore volume and increasing the density of the malerial. At higher
sintering temperatures, the density decreascs because the intragranular porosty
increases tesulting from  discontinuous grain  growth, The initial permeability
proportionally changes with sintering density. A sample with more uniformity and

|larger grain size as well as highest density is obtained at 1350°C sintering temperature
(optimum T) for NigsZng #Fe204. The real part of permeability, 4 . is observed o be

maximum at this optimum T for N sZnp o Fex0q. The permeability value increases with
increasing Zn conlent in M 1m0y, because the average grain size INCTEASCS with
increasing Zn content. Larger prains tend to consist of a greater number of domain

walls. Thus the domain wall motion is affected by the grain size and cnhanced with the

vl



increase of grain size. The 4’ therefore, increases with grain size. For both the
compositions, 4! is found to be maeximum at optimum T, (depending on sample
composition). If the sintering temperature is higher than that of the optimum 7, i

decreases. Higher sinlering temperatures (> optimum 7.) may increase the number of
pores within the grains of the samples, which result in a decrcase in permeability. The
ferrile with high permeability tends to have is permeability decreases at a relatively low
frequency. The &, values for all samples are found independent of frequency below the
resonance frequency. The relative quality faclor () for NipeZnyFe 04 is found to be
5 1%10° at 1250°C sintering lemperature. The highest (3 valuc at 1250'C for
Nip (Zng Fes0¢ while 1200°C for NipsZng oFe;0q is probably due 1o the growth of lesser
imperfection and defects in them than those in the samples sintercd at higher sintenng
temperatures. The Curie temperature of MipsZng 2Fe:04 18 found to be 516£1°C, while

153+1 C for NipeZnp JFeslis.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 Introduction

Ni-Zn ferites with the spinel crystal structure are being cxtensively used in a
number of electronic devices because of their remarkably high electrical resistivity, low
magnetic coercivity, mechanical hardness, chemical stability and reasonable cost.
According to their structure spinel-type ferrites are natural superlattice. It has tetrahedral
A site and octahedral B sile in 48,0, crysial structure. It shows various magnetic
properties depending on the composition and cation distribution. Various cations can be
placed in A site and B site to tune its magnetic properties, Depending on 4 sile and B site
cations it can exhibit Iferrimagnetic, antiferromagmnetic, spin (cluster) glass, and
paramagnelic behavior [I-S],' Due to their remarkable behavior of magnetic and electric
properties they are subjects of intense theoretical and experimentel investigation for

application purpose {2-16].

Most other technologically useful magnetic materials such as iron and sofi
magnetic alloys have low electrical resistivity. This makes them uscless for applications
at high frequencies, for example as inductor core in TV circuits. The problem 1s that
their lew electrical resistivity allows ¢ddy cuments to fow within the materials
themselves, thereby producing heat. This wasted energy or the produced heat ofien
causcs a serious problem, Thus, non-fermie malerials become inefficient as they waste
energy and the waste is more, as the frequency becomes higher, Useful temperature and
tilmv: slability are imporiant addilional characteristics which have widened the use of
fermtes into high frequency and wide-band transformers, adjusiable inductors, quality
filter eircuits, delay lines, converlers, parlicle accelerators, read/write heads for high-
speed digilal lape or disc readings, electrumagnetic wave gbsorbers, rod aniennas, radio
frequency circuits, computer technology and telecommunication applications {7-27].
The Ni-Zn ferrites have been found to be on of the most versatile Icsf the ferrite systems
for peneral use. The anliferromapnetic A-H superexchanpe interaction is the main cause

of the cooperalive behaviour of magnetic dipole moments mn the ferrites, known as
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ferrimagnetism, which was observed in Ni-Zn ferriles below their Curie temperature.
Recently, colossal magnetoresistance (CMR) effect has been observed in ZnFe0y anci
NI subslituted Zn;  Ni Fes0), ferrites [2]. The present investigalion is taken up with a
view to study the effect of microstruchire on the complex permeability of Mi-Zn ferrite

prepared at varying sintering temperature.

1.2 Objectives of the Present Work

Ferrites are especially convenient for high frequency uses because of their high
resistivity. The high frequency response of the complex permeability is therefore very
useful in determining the convement frequency range in which a particular ferrite
material ean be used. The mechanism of eddy current losses and damping of domain
wall motion can be understood from the relative mapnitudes of the real and imaginary
parts of the complex permeability. The effect of composition and microstrueture on the
frequency response is therefore very useful. The main objectives of the present research
are as follows;

s Preparation of varicus M ‘I',J:IZHIFEJO.f (for x=0.2 and 0.4) samples.

¢ Determination of structure, density and porosity of the samples.

» Study of surface morphology (grain size).

* Determination of Fernmagnetic to Paramagnetic transition lemperature (7} from the
measurement of temperature dependent initial permeability.

» Evaluation of initial permeability as a fanction of frequency (1kHz - 13 MHz) for
samples having various microstructures (e.g. grain size).

From the studies of sintering temperature (T,) dependent grain size, an optimum 7, can

be obtained for comrespanding ferrite composition. A scaling of frequency dependent

imtial permeability with respect to grain size can alse be obtained, which will be helpful

for practical applications of the above-mentioned ferriles.

1.3 Summary of the Thesis

The format of the thesis is as follows:

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

present work.
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Chapter 2 gives a brief overview of the materials,l theoretical hackground as well |
as crystal structure of the spinel ferrites.

Chapter 3 gives the details of the sample preparation

Chapter 4 describes the experimental side and descriptions of different
measurements that have been used in this research work.

Chapter 5 is devoted to the results of varous investigations of the study and a
brief discussion.

" The conclusions drawn frem the overall experimental results and discussion are

presented in Chapter 6.
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CHAPTER 2
LITERATURE REVIEW

Dorble oxides of irpn and other metals are unportant members af ferrimagnelic system commondy kinowa
wy fervites. The outsianding properties of ferrites are their complex magnetic structure, which can be
varied fo tuflor their magnetic properties for varivus high _frequency applications In this chapter we
describe o brigf overview of the ferriter The basic issue of ferrimagnetism, erystal sirncture of the spurted
Ferrites and gffect of non-magnetic Zn substitution on the magnetic moments i spinel ferrites are

discussed A _few theoretical aspects of complex permeabilioy are also discussed

2.1 Overview of the Materials

Ferrites commonly expressed by the general chemical formula MeO Fex0;
where Me represents drvalent metals, first commanded the public attention when Hilpert
{1909} focused on the usefulness of fermies at high frequency [1]. A systematic
investigation was launched by Snoek (1936) at 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 extensive works on ferriles unveiled many mysteries
regarding mapnctic properties of ferrites. He was particularly looking fer high
permeahlity materials of cubic swucture. This particular structure for symmetry
reasons supporls low crystalline anisoropy. He found suitable inaterials in the form of
mixed spmels of the type MeZnfFex0,, where Me sands for metals like Cu, Me, Ni or Mn,
for whicly permeability were found to be up lo 4000 [1-3]. Here after starls the siory of
Ni-Zn ferriles. Remarkable propertics like high permeability, low loss factor, high
stabibily of permeability with temperature and (ime, high wear resistance, controlled
cocreive force, low swilching coeflficient ete. have aptly placed Mi-Zn Territes as highly
demandable ferrites to both researchers and manufacturers. Every vear great deals
of paper are being published on various aspects of Ni-Zn ferrites. A large number of
scienlists and technologists ere engaged in rescarch to bring about improvements on the

magnetic propertics of M-Zn ferriles.

The sintering process is considered to be one of the most vilal steps in ferrite

preparation and ofien plays a dominant role in many magnetic properties, Tasaki ef af. [4]
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studied the effect of sintering atmosphere on permeability of sintered ferrite. They
found thai high density is one of the factors, which coniribute to greater permeability.
However, permeability decreased in an aimosphere without ¢J; at high sintering
temperature where high density was expected. This decrease in permeability is aitributed
to the variation of chemical composition caused by volatilization of Zn. At low
sintering temperature a high permeability is obtained in an atmesphere without %
because densification and stoichiometry plays a principal role in increasing
permeability. At high sintering temperature the highest permeability is obtained in the

presence of O because the efllect of decrease of Zn content ¢an then be neglected.

Studying the electromagnetic properties of ferriles, Nakamura [5] suggested that
both the sintcring density and the average grain size increased with sintering
temperature. These changes were responsible for vanations in magnetization, initial

penneability and clectrical resistivity.

High permeability aftainment 13 cerlainly affected by the microstructure of the
ferrites. Roess showed that [6] the very high permeability is restricted io certan
temperature ranges and the shapes of permeability versus temperature curves arc

strongly affected by any inhornogeneity in the ferrite structure.

Leunp ef af. [7] performed a Low-temperature Mésshauer study of a nickel-zine
ferrite: Znp.xNiFez0y. They found that for x <0.5 the resultant 4- and B- site Fe-spin
moments have a collinear arrangement, whercas for x>05 a non-collinear
arrangement of 4- and B-site Fe-spin moments exists. An explanation based on the

refative strength of the exchange constant J,, and J,, is piven to account for this

dilference.,

Rezlescu ef af [8] reported thai the sintering behaviour and microstructure of
the ferrites samples larpely affected by P8O addition. PBO significantly reduced the
sintering temperatures, thus energy consumption is minimized and material loss hy
cyaparation is minimized [9].

There are two mechanisms in the phenomenon of permeability; spin rotation
in the magnetic domains and wall displacements, The uncerfainty of contribution from
gach of the mechanisms makes the inlerpretaiion of the experimental results difficult.

Globus {10] shows that the ininnsic rotational permeability x# and 180° wall
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permeability g, may be written as: g7, =1+ 2707 /K and g, =1+32M D/ 4y  where
M, is the saturation magnetization, X is the total anisotropy, I} is the prain diameter and

#=Kd4, 15 the wall encrgy.

Rosales ef af. [11] measured the complex permeability of Zn, Nifes(2, femites
with 0.3=x<0.4, They show that the relaxation [requency and magnetoeryalalline

anisotropy constant is related by the equation: f, = £, + AK,, where f, and A4 are

constants.

El-Shabasy [12] studied the DC electrical resistivity of ZrNi, . Fex,; ferrites, He
shows Lhat the ferrite samples have semniconductor behaviour where DC electrical

resistivity decreases on increasing the temperalure. o(7) for all samples follows
AT =pyexplE/L,T), where E is the activation energy for electric conduction and

£y 15 the pre-exponential constanl or resistivity at infinitely high temperature. The DC
resisiivity, o(7), decreases as the Zr ion substitution increases. It is reported that zZs
ions prefer the occupation of tetrahedral (A) sites, i ions prefer the occupation of
actahedral (&) sites while Fe 1ons parlially cccupy the 4 and B sites. On increasing Zn
substitution {at 4 sites), the MY ion concentration {at B sites) will decrease. This lead to
the migration of some Fe ions from A sites to 5 sites to substitute the reduction in N7 ion
concentration at 8 sites. As a result, the number of ferrous and ferrie ions at 8 sites
{which is responsible for clectne conduciion in ferrites) increases. Consequently p
decrcasces on Zn substitution. Another reason for the decrease in o on increasing Z» ion
substitution is  that, «nc is less resistive (p=592 1LQem) than  nickel
(=099 1Acm). The main conductivity mechanism in ferrites js attnbuted 1o electron
hopping between Fe™"and Fe'™ in octahedral sites. Resistivity in spinels is very

sensitive (o sloichiometry; a small variation of Fe content in Zn,, Ny, Fe,, O, , results

in resistivity variations of ~107. Excess Fe can easily dissoive in spinel phase by a

partial reduction of Fe from 3Fe,* 0, to 2Fe™ Fey* 0, {and 1/20, T))2].
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2,2 Magnetic Ordering

The onset of magnetic order in solids has iwo basic requirements:
(i) Individual atomns should have magnetic moments (spins).
(i1} Exchange interactions should exist that couple them together,
Magnetic moments originate in solids as a consequence of overlapping of the electronic
wave lunction with those of neighboring aloms. This condition {s best fulfilled by some
lransition mctals and rare-earths. The exchange interactions depend sensitively upon the
inter-atomic distance and the nature of the chemical bonds, particularly of nearcst
neighbour atoms. When the positive exchange dominates, which corresponds to parallel
coupling of neighbouring atomic moments (spins), the magnctic system becomcs
ferromagnetic below a certain temperature T called the Cune temperaturc. The
common spin directions are determined by the minimum of magneto-crystalline
anisotropy energy of the erystal. Therefore, ferromagnetic substances are characterized
by sponlaneous magnetization. But a ferroragnetic material in the demagnetized state
displays ne net magnctization in zero field because in the demagnetized state a
ferromagnetic of macroscopic size is divided into a number of small regions called
domains, spentancously magnetized to saturation value and the directions of these
sponlaneous magnetization of the various domains are such that the net magnetization of
the specimen is zero. The existencc of domains is a consequence of energy
minimization. The size and formation of these domains is in a complicated manner
dependent on the shape of the specimen as well as its magnetic and thermal history.
When negative exchange dominates, adjacent atomic moments (spins) align antliparallel
to each other, and (he substance is said to be anti-ferromagnetic below a characteristic
temperature, Ty, called the Néel temperature. In the simplest case, the lattice of an anti-
ferromagnet is divided into two sublattices with the magnctic moments of these in anti-
parallel alignment. This result is zero net magnetization. A special case of anti-
ferromagmetism is ferrimagnetism, In ferrimagnetism, there are also two sublattices with
magnetic moments in opposite directions, but the magnetization of the sublattices are of
unequal strength resulting in a non-zero magnelization and therefore has net
spontanecus magnetization. At the macroscopic level of domain structures,

ferromagnetic and ferrimagnetic materials are (herefore similar,
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Fignre 2.1. Temperature dependence of the inverse suscoptibility for: (a) a diamagnetic material; (b} a
paramagnetic material, showing Curie’s law behaviour, (¢) a ferromagnetic material, showing a
spontanecus magnetization for F<7i. and Curic-Weiss behaviowr for =T (d) an antiferromagnetic
material; (e} a fetrimagnetic material, showing a net spontanecus magnetization for <7, and non lingar

kehaviour for ¥T-

The Cune and Néel temperatures characterize 2 phase transition between the
magnetically ordered and disordered (paramagnetic) states. From these simple cases of
maguetic ordering various types of magnetic order exists, particularly in melallic
substances. Because of long-range order and oscillatory nature of the exchange
interaction, mediated by the conduction elcctrons, structures like helical, conical and
modulated patterns might occur. A useful property for characterizing the magnetic
materials is the magnetic susceptibility, ¥, defined as the magnetization, M, divided by

the applied magnetic field, H ie. z=M/H. The temperature dependence of

susceptibility or, more accurately, inverse of susceplibility is a good characterization
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parameter for magnetic matcrials, Fig. 2.1. Fig. 2.1{e) shows that in the paramagnetic
region, the variation of the inverse susceptibility with temperaturc of a ferrite material

15 decidedly non-linear. Thus the ferrite malenals do not obey the Curig-Weiss law,

7=CHT =T, )2, 13].

2.3 Crystal Structure of Spinel Ferrites

Ferrites have the cubic structure, which is very close to that ol the mineral spinel
My Al»0;, and are called cubic spinel. Analogous to the mineral spinel, magnetic
spinel have the general formula Me(. Fex(2; or MeFe»0; where Me is the divalent metal
ion [14]. This erystal structure was first determined by Bragg and by Nishikawa [1,13].
Formerly, spincls conlaining Fe were called ferrites but now the term has been
broadened to include many other ferrimagnets including garnets and hexagonal ferrites
these need not necessarily contain iron. The spinel lattice is composed of a close-packed
oxygen (radius about 1,3A) arrangement in which 32 oxygen jons form a unit cell that 1s
the smallest repeating unit in the crysial network. The unit cell of the ideal spinel
structures is given in Fig. 2.2. Between the layers of oxygen ions, if we simply visualize
them as spheres, there are interstices that may accommodate the metal ions (radii
ranging from 0.6 to (.8A). Now, (he interstices are not all the same: some which we cal!
A sites are surrounded by or coordinated with 4 nearest neighboring oxygen ions whose
lines connecting their centers form a tetrahedron. Thus, A sites are called tetrahedral
sites. The other type of sites (B sites) is coordinated by 6 nearest neighbor oxygen ions
whose center conneeling lines describe an octahedron. The 2 sites are called octahedral
sites. In the unit cell of 32 oxypen ions there arc 64 tetrahedral sitcs and 32 octahedral
sites. If all these were filled with metal jons, of either +2 or +3 valence, the positive
charge would be very much grealer than the negative charge and so the structure would
not be electrically neutral. It turns out that of the 64 tetrahedral sites, only 8 are
occupied and out of 32 octahedral sites, only 16 are oceupicd. Thus the umt cell contains
eight formula units A8, wilh 8 4 sites, 16 B sitcs and 32 oxygen ions, and total of

8§ x 7 = 56 ions. A spinel unit ccl! contains lwo types of subcells, Fig. 2.2.
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The two types of subcells alternate in a three-dimensional amray so that cach fully

repeating unit cell requires eight subeells, Fig. 2.3,

@ . L eation

'r.:\-' L M eation

PO -

{ ' ¢ anion

A sites It ites

Figure 2.3, Unit ccll of spinel ferrite divided into eight subcells with 4 and 8 sites.

The positions of the ions in the spinel lattice are not perfectly regular (as
the packing of hard spheres) and some distortion does occur. The tetrahedral sites
are often too small for the meial ions so that the oxygen ions move slightly o
accommedate them. The oxygen ions connected with the octahedral sites move in
such a way as to shrink the size the octahedral ccll by the same amount as the
tetrahedral site cxpands. The movement of the tetrahedral oxygen is reflected in a

quantity called the oxygen parameter, which is the distance between the oxygen

12
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ion and the face of the cube edge along the cube diagonal of the spinel subecll.

This distance is theoretically cqual to 3/8a; where agis the lattice constant {1].

2.4 Cation Distribution of Spinel Ferrites

In spinel structure the distribution of cations over the tetrahedral or A sites and
octahedral or B sites can be present in a variety of ways. If all the Me™ jons In
Me'* Mot O, are in tetrahedral and all Me™ ions in octahedral positions, the spinel is
then called normal spinel. Another cation distribution in spinel exists, where one half of
the cations Me™ are in the . positions and the resi, together with the Me® jons are

randomly distributed among the B positions. The spinel having the latter kind of cation

distribution is known as inverse spinel. The distrbution of these spinels can be
summarized as [2, 15-16]:

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

2) Inverse spinels, i.e. the divalent melal ions are on B-sites: Me™ [Me™ Mel* 10,
A completely normal or inverse spinel represents the extreme cases. Zn lemites have
normal spinel structure and its formula may be written as Zn™*[#e™ Fe™' }3;". On the
other hand, N7 ferrites have inversel spinel structure and ils formula may be written as
Fe*'[Ni* Fe* )0} . There arc many spinel oxides which have cation distributions
intermediate betwecn these two extreme cases and arc called mixed spinels. The general

cation distibution for the spincl can be indicated as:

(Mel* Mel™ [ Me, Me) 10,

x

where the first and third brackets represent (he A and B sites respectively. For normal
spinel x=1, for inverse spinel x=0. The quantity x is a measure ol the degree of

inversion. In the case of some spinel oxides x depends upon the methed of preparation.

The basic magnetic properties of the ferrites are very sensitive functions of their
cation distributions. Mixed ferrites having interesting and useful magnetic propertics are

prepared by mixing iwo or more different types of metal ions. The chemical formula of

mixed Ni-Zn ferrite may be written as(Zn’* Fel* Y[ NiT* Fe,! 107 where 0<x<1.

x

13
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Spincl oxides are ionic compounds and hence the chemical bonding occurring in
thern can be laken as purely ronic to a good approximation. The total cnergy involved,
however, consists of the Coulomb energy, the Bom repulsive energy. the pelarization
and the magnetic interaction energy. The energy terms are all dependent on lattice
constant. oxygen position paramneter and the ionic distribution. In principle the
equilibrium cation distribulion can be caleulated by minimizing the total energy with
respect lo these varables. But the only ;::ncrgy that can be writlen with any accuracy is lhe
Coulomb energy. The individual preference of somc ions for cerlain sites resulting from
their electronic confliguration also play an important role. The divalent ions are generally
larger than the trivalent (becausc the lfarger charge produces grealer electrostatic
attraction and so puils the ouler orbits inward). The octahedral sites are also larger than
the tctrahedral. Therefore, it would be reasonable that the trivalent fons Fett {G,ETA)
would po into the tetrahedral sites and the divalent ions Fe*™ {(0.83A) go into the
octahedral. Two exceptions are found in Zn*' and Cd** which prefer tetrahedral sites
because the electronic conliguration is favourable for tetrahedral bonding to the oxygen
ions. Thus Zn** (0.82A) prefer tetrahedral sites over the #¢™* (0.67A) ions. Zn'" and
Co®' have same ionic radius but Zn prefers teirahedral sites and Co prefers oclahedral
sites because of the configuration exception. NiT (0.78A) and Cr'* (0.64A) have strong
preferences lor octahedral sitcs. Hence the faclors influencing the distribution the
cations among the two possible lattice sitcs are mainly their iome radii of the specific
ions, (he size of the interstices, lemperature, the matching of their electronic
configuration 1o the surrounding anions and the electrostatic eneryy of the lattice, the so-
called Madelung encrgy, which has the predominant contribution to the lattice encrgy

under the constrain of overall energy minimization and charge neutrality,

2.5 Interaction Between Magnetic Moments on Lattice Sites

Spontaneous magnelization of spinels {at 0K} can be estimated on the basis of
their composition, cation distribution, and the relative strength of the possible
interaction. Since cation-cation distances arc penerally large, direct (ferromagnetic)

intcractions are negligible. Becausc of the peometry of orbital invelved, the strongest
superexchange interaction is expected to occur between octahedral and leirahedral

cations. The strength of interaction or exchange force between the moments of the two

14
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metal jons on dilferent sites depends on the distances between these ions and the oxygen
ion that links them and also on the angle between the thres ions. The nearest neighbours
of a letrahedral, an octahedral and an anion site are shown in Fig. 2.4, The intcraction is
grealest for an angle of 180" and also where the intericnic distances are the shortesl. Fig.
2.5 shows the inteionic distances and the angles between the jons for the different type
of interactions. In the 4-A and B-B cases, the angles are too small or the distances

between the metal ions and the oxygen ions are loo large. The best combination of

distances and angles are found in 4-8 interactions.

A8 80 AA

p- 1250 £54'34 uy 1252 7938

Figure 2.5, Interionic angles in the spinel structure for the different type of lattice site inleractions,

15
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For an undistorted spinel, the 4-C-8 angles are about 125% and 154" [1-2, 17].
The B-O-5 angles are 90” and 125" but the Jatter, one of the B-B dislances is large. Tn the
A-A case the angle 1s about 80°. Therefore, the interaction between morments on the A
and #1 site is strongest. The BB inleraction is much weaker and the most unfavorable
situation occurs in the A4 interaction. By examining the interaction involving the major
contributor, or the 4-8 inleraction which orients the unpaired spips of these ions

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

2.6 Magnctism in Spinel Ferrite

The magnetic moment of a free atom is associated with the orbital and spin motions
of clectrons in an incomplete sub-shell of the electronic structure of the alom. In crystals the
arbital motions are quenched, that is the orbital planes may be considered (o be fixed in spacc
relative to the crystal latiice, and in such a way that in bulk the crystal has no resultant
moment from this source. Moreover this orbilal-laitice coupling is so strong wat the
application of a magnetic field has licle effect upon it. The spin axes arc not tightly bound to
the lattice as are the orbital axes. The anions surrounding a magnetic cation subject it to a
strong inhomogeneous electric field and influence the orbital angular momenium.
However, the spin angular momentum remains unaffected. For the first transition group
elements this crystal field cffect is intense partly due to the large radius of the 3d shell and
partly due to the lack of any outer clectronic shell o screen the 3d shell whose unpaired
electrons only contdbuie to the mapnetic moment. We have onginally defined the
magnetic moment in connection with permanent magnets. The electron itselt may well
be called the smallest permanent magnet [1]. For an alom with a resullant spin quanturm

number 5, the spin magnetic moment will be

H=g 88 + 1),

where g is the Land¢ splitting factor and p,, known as  the Bohr magneton, is the
fundamental unit of magnetic moment. The value of g for pure spin moment 15 2 and Lhe

quantumn number associated with each electron spin is £1/2. The direction of he moment is
comparable 1o the direction of the magnetization (from South to Nerth poles} of & permanent
magnet to which the electron is equivalent. Fig. 2.6 illustrates the electronic configuration of Fe

atoms and Fe™ ions. Fe atom has four unpaired eloctrons and Fe' ion has five unpaired

16
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electrons, Each unpaired electron spin produced 1 Bohr magneton. In compounds, iens and
molecutes, ascount must be taken of (he electrons used for bonding or lransferred in ionization.
1t is the number of unpaired electrons remaining afier these processes ocour that gives the net
magnetic moment {1]. According to the Hund’s rules the mament of Featom and Fe’* ion are

44, and Su, respectively. Similarly (he moment of Fe® and Ni**jon are du,and 2g,

respectively.

e 2pt p®

® @ HOHO @ HOH® @CD(D(D(D @

{ram atom

hl l
%" 14" 3|1"‘ 3y 3p* .3{|

® ® OO0 ©® ®OG COOOWV O

Figure 2.6. Electronic configuration of atoms and ions

2.6.1Exchange Interactions in Spinel

Ihe intense short-range electrostatic field, which 1s responsible for the magnetic
ordering, is the exchange force thal is quantum mechanical in orgin and is related to the
overlapping of tolal wave funciions of the neighbouring atoms. The total wave function
consists of the orbiml and spin motions. Usually the nct quantum number is writien as S,
because the magnetic moments arise mostly due to the spin motion as described above. The
exchange interactions coupling the spins of a pair of electrons are proportional o the scalar product
of their spin vecters [14, 16, 18],

v, =-2J,5,.5, 2.1)

where J, is the exchange integral given in a self explanarory notation by

‘o 1
J, = Jul ] (2){}1— + rl L. —]w, (2w, (v dv, 22)

12 w T
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In this expression » "s are the distances, subscripts 7 and j refer 10 the atomns, 1 and 2 refers to |

the two electrans. I the J in equation (2.1) is positive, we achieve fcrromagnetism. A

negative .J may give rise to anti-ferromagnetism or ferrimagnetism.

Magnetic inleractions in spinel ferrites as well as in some ionic compounds arc
dilTerent from the one considered above because Lhe cations are muually separaied by bigger
anions {oxygen jons). These anions obscure the direct owverlapping of the cation charge
distributions, sometimes partially and some times completely making the dircet exchange
interaction very weak. Cations are oo far apart in most oxides for a direct cation-cation
interaction. Instead, superexchange interactions appear, i.¢., indirect exchange via anion
p-orbitals that may be strong enough to order the magnetic moments. Apart from the
electronic structure of cations this type of interactions strongly depends on the geometry
of arrangement of the two interacting cations and the intervening anion. Both the
distance and the angles are relevant. Usually only the interactions with in [rst
coordination sphere (when both the cations are in contact with the anion} arc important.
In the Neél theory of ferimagnelism (he interactions taken os effective are inter- and
intra-sublattice interactions 4-8, 4-A and B-B. The typc of magnetic order depends on

their relative strength.

The superexchange mechanism between cations that operate via the intermediate
anions was proposed by Kramer for such cases and was developed by Anderson and
Van Vleck [15, 16]. A simple example of superexchange is provided by MnQ which
was chosen by Anderson. From the crystal structure of MnO it will be secn that the
antiparallel manganesc ions are collinear with their neighbouring oxygen ions, The O
ions each have six 2p electrons in Lhree antiparallel pairs. The outer electrons of the Mn''
ions are in 34 sub-shells which arel half filled with five electrons in each. The
phenomenon of superexchinge is considered to be due Lo an overlap between Lhe
manganese 34 orbits and the oxygen 2p orbits with a continuous interchange of electrons
between them. It appears that, for the overall energy of the system to be a minimurmn, the
moments of the manganese ions on either side of the oxygen ion must be antiparallcl. The
manganese mugnetic moments are thus, in effect, coupled through the 1tervening oxygen

ion. The idea is illustrated in Fig. 2.7.

In Figs. 2.7(a) and 2.7(c) the outer ¢lectrons in a pair ol Mn"" ions, and in an

intervening O ion in the unexcited slate, are shown by the arrows. One sugpested mode of

18
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coupling is indicated in Fig. 2.7(b). The two electrons of & pair in the oxygen ion arc
simultaneously transferred, one 1o the left and the other to the right. If their directions of
spin are unchanged then, by Hund’s rules, the moments of the two manganese 10ns must
be antiparallel as shown. Another possibility is represented in Fig. 2.7{d). One electron
only has been transferred to the manganése ion on the left. The oxygen ion now has a

moment of 14, and if there is negative nteraction between the oxygen ion and the right-

hand manganese jon lhen again the moments of the manganese jons will be antiparallel. Tf
lhese ideas are accepted then the oxygen ions play an essential pam in producing
antiferromagnelism in the oxide. Moreover, because of the dumbbell shape of the 2p orbits,
the coupling mechanism should be most elfective when the melal ions aud the oxygen ions
lie in one straight line, that is, the angle bebween the bonds is 1807, and this is the case with
MnO.

Figure 2.7, lustrating superexchange in MaO.

Cation Oxvpgen Cation

Figure 2.8 Schematic representation of the superexchange interaction in the magnetic oxides. The g

orbital of an anion (center) Interact with the d orbitals of the mansitional metal cations,
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In the case of spinel femites the coupling is of the indirect type which involves
overlapping of oxygen wave functions with those of the neighboring cations. Consider
two transition metal cations separated by an O, Fig. 2.8, The O has no net magnetic
momeit since it has completely filled shells, with p-type outermost orbitals. Orbital o,
has two electrons: one with spin up, and the other with spin down, censistent with
pauli’s exclusion principle. The essential point is that when an oxygen p orbital overlaps
wilh a cation & orbital, one of the p elecirons can be accepted by (he cations. When onc
of the transilion-mctal cations is brought close the 0%, partial electron overlap (between
a 3d electron [rom the cation and a Zp electron form the " can occur only for
antiparalle] spins, because electrons with the same spin are repelled. Empty 34 slates in
the cation are available for parial occupation by the ¢ electron, with an antiparallel
orientation. Electron overlap between the other cation and the (¥ then oceurs resulting
in antiparalle! spins and therefore antiparallel order between the cations. Bince the p
orbitals are linear, the sirongest interaction is expected to take place for

cation—O" —cation angles close to 1807 12].

. 2.6.2 Néel Theory of Ferrimagnetism

If we congider the simplest casc of a two-sublattice system having antiparallel
and non-equal magnelic moments, the inequality may be due to:
1} different elements in different sites,
2) same element in different ionic states, and
3y different crystalline fields leading to different effective moments for ions having
ihe samc spit.
The spins on one sublattice are under the influence of exchange forces due to the SpINS
on the second sublattice as well as due to other spins on the same sublatlice. The

molecular fields acting on the two sublaitices A and B can be written as [2, 13-18]
A,= '1,4,41"?.4 +d M,
A, = ‘E'AH#}A + ApaM 4
where M, and M, are the magnetizations of the two sublattices and A ’s are the Weiss

consiants. Since the interaction between the sublattices is antiferromagnetic, Z,, must
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be negative, bul A,, and A,, may be negative or positive depending on the crystal
structure and the nature of the interacting atoms. Probably, these interactions are also

negative, though they are in general quite small.

Assuming all the cxchange interactions 1o be negative the molecular felds will be

then civen by

'ﬁ,f ==AaMy—AuM,,

H}; = _’lm"ﬂrd - P“H}r‘ﬁa

Since in general, A,, and A,, are small compared to 4,,, it is convenient (& express
the strengths of these interactions relative to the dominant 4, intcraction.

Let Ay = Ay

and Auw = P

In an external applicd field &, the fields acting on A4 and B sites are

H,=f-2,(aM~M,),

Eu = Ef"—‘lnﬂ(‘l’}ﬂ _ﬁﬂ?ﬁ}
At temperatures higher than the transition temperature, T, H,, M,and M, are all

parallel and we can write

M, = %{H — A (aM =M, 23)

- O s - _
M, =?B[H = A (M — M) (24)
where (C, and C, are the Curie constants for the iwo sublattices.
C,=N,2it2S,(S, +1){3K
and Cy = NpgiiySy(S, +I)){3K

N, ad N, denote the number of magnetic ions on A and B siles respectively and S, and

&, are their spin quantum numbers. Solving for the susceptibility, ¥ , one gets [2, 13]

1.7
x C x T-0
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1 _T+(C/ ) b
T & r-é

(2.5)

where C, 7,, band # arc constants for particular substance and arc given by

C={,+C,
;lu_ - _é[csz + 012, +2C,Chl ]
b= Céfﬂ [C2 (R0 = Ay ) + Ci Ry — 25"
=20, 0835, — (A, + A 3y + A A ]
=-S5 2 124,

Equation (2.5) represents a hyperbola, and the physically meaning part of it is plotted 1n
Fig. 2.9. This curvature of the plot of 1fy versus 7 is a characteristics feature of a

ferrimagnet. It cuts the temperature axis at 7., called the Ferrimagnetic Curie point. At

high temperatures the last term of equation (2.5} become negligible, and reduces to a

Cune-Weiss law:

',

X217 Cizn

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

curve becomes asymptotic at high tempcratures.

[

SCit, 0T, i

Figere 2.9, The temperaturc dependence of the inverse susceptibility for fermimagnets.
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The Ferrimagnetie Curic temperature 7. is oblained from equations (2.3) and
{2.4) with & =0 and setting the determinant of the coefficients of M, equal to zcro.
‘This gives
1 . . .
7o = E[C«“R’Ad + Cyhyy +{(C, 0, —Cpiy) + 4{:‘,4(231,24.':}2] {2.6)

Equation (2.5) is in good agreement with the experiment, cxcept near the Curie point.
The experimental Curie temperature, the temperature at which the susceptibility
becomes infinile and spontaneous magnetization appears, {s lower than the theoretical
Curie temperature [13]. This disagrecment between theory and experiment in the region
of Curie point is presumably due to the short-renge spin order (spin clustcrs) at

temperatures above experimental 7. [2, 13]

L]

= =
= =
= Z
- - =
MM~ M, 5
= “x
x =
£ 7! S =
= ' = .
= (a) =
% Z (k)
- o
=L [
5 o 2Y
- k
L,

Magnetic mmmnent d lgf Tovmala unit)

Figure 2.10. Superposition of various combinations of two opposing sublattice magnetizations producing

differing resullants including one with a compensation point (schematic).
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The sublattice magnetizations will in general have diflerent temperature dependences
because the elfective molecular fields acting on them are different. This suggests the
possibility of having ancmaly in the net magnetization versus temperature curves, Fig.
2.10, For most fernmagnets the curve 15 similar lo that of ferromagnets, but in a few cases
there be a compensation point in the curve, Fig. 2.10(c) [1, 13]. At a point below the Curie
temperalure poinl, the {wo sublaftice magnelizations arc cqual and thus appear to have no
moment. This temperature is called the compensation point. Below this temperature onc '
sublattice magnetization 15 larger and provides the net moment. Above this temperature

the other magnelization does dominates and the net magnetization reverses direction.

The essential requisitc for Nécl configuration is a strong negative exchla.nge
interaction between 4 and B sublattices which resulls in their being magnetized in
opposite dircetions bclow the transition point. But there may be cases where
intrasublattice interactions are comparable with intersublattice interaction. Neel's theory
predicts paramagnetism for such substances at all temperatures. This is unreasonable
since strong A4 or 88 interaction may lead to some kind of ordering especially at low
temperature. It the cases of no AR interaction, aniiferromagnetic ordering may be
expected either in the 4 or in the B sublattice. Under certain conditions there may be non-

collincar spin arrays of still lower energy.

2.6.3 Effect of Zinc Substitution on the Magnetic Momecents in Spinel Ferrites

Fe,0, has ferromagnetic properties because of ws inverse structure which leads
to the formation of domains. A unit cell of Fe,(, conlains eight formula units each of

which may be writtcn in the form Fe® [Fe Fe™ ]0; [15]. Suoek and his co-workers
found that oxides of inverse structure could be arlificially produced in which the
divalent ions of another clement, for example Mn, N, Co, Mg or Cu, could be

substituted for the divalent F&’' ions in Fe,(),. An extensive range of ferrites could thus

- Frs
L

be made having the general formula Fe'"[M™ Fe** 107", where arrows indicate spin
ordering. Since the trivalent iron ions wre equally distributed on A4 and B sites they

cancel each other out magnetically, and the magnetic moment per [ormula unit is then

theoretically the same as the magnetic moment of the divalent ion. The Ni fernte has a
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moement of 2.3, comparcd with a theoretical value of 24, [1]. Zn ferrite is a normal
spintel, with Zn* (3d"") ions in A sites have zero magnetic moment; Fe'* ions in 8 sites

have a magnectic moment5u,. The cation distribution can be written as

an"[F;}* Fe* €2, , where spin ordering is indicated by arrows. The zero magnetic
moment of Zn’' ions leaves trivalent iron ions on B sites with a nepative BB interaction
between equal ions. Therefore Zn ferrite is not ferromagnetic. Zine ferrite therefore be
expected to be antiferromagnetic and thus to have a Néel point, though measurements
show it to be paramagnetic only [1-2, 13, 15].

Magnetic properics can be modified widely by cation substitution. An

illustrative case is substituion ol N by Znr in N fernie to form solid solutions

Ni_ Zn Fe, 0, . The cation distribution can be wrilten as
(Zn® Fel* JINiE Felr 1027 |2). Z'* is diamagnetic and its main effect is to break

linkages between magnetic cations. Another effcet is to increase interaction distance by
expanding the unit cell, since it has an ionic radious larger than the A7 and Fe radii. The
most remarkable effect is (hat substitution of this diamagnetic cation {Zn) results in a

significant increase in magnetic moment in a number of spinel solid solutions, Fig. 2.11.

[
—
]

b

ﬁli:l_lz.ﬂxl“i.'zn“

:ﬂ
1

Masnetic Moment { Hg /formuba unit)

) | 1 | | 1 ! A |

82 i 0.6 08 LA

-
-

Figure 2.11. Variation of Magnetic moment (in Bobr magnetons per formula unit) with increasing zinc

substitution |1, 2].
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Magnetic moment as a funclion of Zr content shows an increase for small substitutions,
gocs throuph a maximum for intermediate values, decreases and linally vanishes for

high Zxn contents

A simple analysis shows that this increase can be expected [or an antiparallel
alignment. As the Zn content increases, magnetic moments decreases in sublatlice 4 and
inerease in sublattice B. If the magnetic moment of Fe and N7 are 5 and ~2.3 4, fien.
respectively, then, per foufumula unit, ihe total moment in Hohr magnetons on #
sublattice 15 2.3{1-x}+5(1+x) and on A sublattice the total antiparallel moment
155(1 —x). If the resultant moment per formula umt iz M (0}, then by taking the
dilference of 4 and B moments [15],

M (0} =231 — 1) + 501+ 2) - 51— x)
=¢{10-23)+23

A lincar relationship is obtained with a slope of 7.7, predicting a moment value of 104,

per formula unit for Z» substitutionx =1, as shown by the broken lines in Fig. 2.11.
I'his relationship is not followed over the entire composition range. However, as the Zn
content increases, 4 — 0 — B interactions become too weak and B - — B interactions
bepin to dominate. That is, the average distance between the inleracting spins gets
larger. As a consequence, the system becomes frustrated causing a perturbation to the
magnctically ordered spins es large number of B sites spins gets non-magnetic impurity

atoms as their nearest neighbors.

& @, D
) ) OF)
{1 @ @ {b} @ (c} @

Figure 2.12. Schetnatic representation of spin arrangements in N __ Zn_Fe, () - {a) ferrimagnetic

{for ¥ £ 0.5, {b) triangular or Yafet-Kittel (for x > 0.5 ); and (¢) antiferromagnetic for x = 1.
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The A spins are no longer held in place due to this weak anti-ferromagnetic A-J intcraction
leading to non-collinearity or canting among the £ sublattice. Thus for x> 0.5 Zn
content, instcad of & collinear antiparallel alignment, canted structure appears, whers
spins in 8 sites are no longer parallel [2, 19], Fig. 2.12. Evidence of this triangular
structure has becn observed by neutron diffraction [20]; a theoretical analysis showed

that departure from collinear order depends on the ratio of the A=0O -8 to #-0O-8

molecular field coefficients, A,, /A, [21]. For high Zn conceniration, 8-0-5

intcractions dominant and the ferrite become antiferromagnetic for x =1 [2].

2.7 Microstructure

A pelycrysial is much morc than many tiny crystals bonded together. The
interfaces between the crystals, or the grain boundaries which separate and bond
the grains, are complex and interactive interfaces., The whole set of a given
malerial’s properties (mechanical, chemical and especially clectrical and

magnetic) depend strongly on the nature of the microstructure.

In the simplest case, the prain boundary is the region, which
accominodates the differcnce in crystallographic orientation between the
neighbouring grains. For certain simple arrangements, the grain boundary is
made of an array of dislocations whose number and spacing depends on the
angular deviation between the grains. The ionic nature of fcrrites leads to
dislocation patterns considerably more complex than in metals, since

electrosiatic energy accounts for a signilicant fraction of the total boundary
enerpy [2].

For low-loss femite, Ghate [1] slates that the prain boundaries influence
properties by

I} creating a high ressistivity intergranular layer,

2) acting as a sink for impurities which may act as a sintering aid and grain

growih modiliers, '
3) providing a path for oxygen diffusion, which may modify the oxidation state

of calicns near the boundaries.
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In addition to grain boundaries, ceramic imperfections can impede domain wall
motion and thus reduce the magnelic property. Among thesc arc pores, cracks,
inclusions, second phases, as well as residual sirains, lmperfections also act as energy
welis that pin the dormain walls and require higher activation energy {o detach. Siresscs
are microstructural imperfections that can result from impurities or processing prohlems
such as too rapid a cool. They affecl the domain dynarnics and arc responsible for a

much greater share of the degradation of properties than would expect [1].

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 mobility and pore removal [2, 22). The cffect of a given
dopant depends on its valence and solubility with respeet to host material. If’ it is not
soluble at the sintering temperaturc, (he dopant becomes a second phase which usually

segregates to the grain boundary.

{4} h}

Figure 2.13. Porosity character: {z) intergranulat, (b intragranular,

The porosity of ceramic sarmples resulis from two SOUrCes, intragranular porosity
and intergranular porosity, I'ig. 213, An undcsirable effect 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, Fip. 2.14.
When this occurs, the large grain has a high defect concentration. Discontinuous growth
is belicved to result from one or severn) of the following: powder mixtures with
impurities; a very large distribution of initial particle sizc; sintering at excessively high
temperatures; in ferrites containing Zn and /or Mn, a low (); partial pressure in the
sintering atmosphere. When a very large grain is surounded by smallcr ones, it is called

*duplex” microstructure.
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i

Figure 2.14. Grain growih {a) discontinuous, {b} duplex {schematic).

2.8 Theories of Permeability

Permeability is delined as the proportionality constant between the
magnetic field induction 2 and applied field intensity H [2, 17, 23]:
 B=pH ~ 2.7)
If the applied field is very low, approaching zero, the ratio will be called the initial
permeability, Fig. 2.15 and 1s given by

,_AB
My AH

{ AFF =5t
This simple delinition necds further sophistications. A magnetic material

subjected to an ac magnetic ficld can be written as

H=Hpe™ : (2.8)
Il is observed that the magnetic flux density B lag behind £, This is caused duc to the
presence of various losses and is thus expressed as

B = B (2.9
Here &is the phase angle that marks the delay of B with respeet to H. The permeability

is then given by

B NaH=5) —rf B .
F=£= o€ :H‘}e =20 oS —igind = p —ig' (210

H  He™ H, H, H,

where i’ =B oss (2.11)
Hl:l
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I
and "=—Tsind 2.12
a H sin (2.12)

The real part (4') of complex permeability (4), as expressed in cquation (200
represents the component of B which is in phase with &, so it corresponds o the
normal permeability. If there are no losses, we should have g = &', The imaginary pan
4" corresponds to that of B, which is delayed by phase angle 90" from H [13. 17]. The
presence of such & component requires a supply of energy to maintain Lhe alternating
magnetization, regardless of (he origin of delay. The ratio of " o g, as is evident

from equation (2.12) and (2.11} gives

B
S F”smr?
—?=TB”—~—=tan5 : (2.13}
H o Dooss

]

This tand is called loss factor.

The quality factor is defined as the reciprocal of this loss factor, i.c.

. I
Quality factor= (2.14)
tan &
#
And the relative quality factor, ¢ = {2.15)
tan &
[T, IRotaitnn
[
= . ! Irres ersille
s wall muation
¢ - e I'I !
4 _.--"" _____
:j Ruve vible wall hiwing
H-r:r H

Figure 2.15. Schematic magnetization curve showing the important parameter: initial permeability, A,

{the stope of the curve at low ficlds) and the main magnetization mechanism in each magnetization range.
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The curves that show the variation of both 4* and u" with frequency are called
the magnetic spectrum or permeability spectrum of the material [13]. The variation of
permeability with frequency is referred to as dispersion. The measurement of complex
permeability gives us valuable information about the nature of domam wall and theis
movements. In dypamic measurements the eddy current loss is very imporant. This
occurs due to the imeversible domain wall movements. The permeabifity of a
ferrimagnetic substance is the combined effect of the wall pormeability and

rotational permeability mechanisms.

2.8.1 Mechanisms of Permeability

The mechanisms can be explained as follows: A demagnetized magnetic
material is divided into number of Weiss domains separated by Bloch walls. In each
domain al] the magnetic moments are oricnted in parallel and the magnetization has

its saturation value Af,. In thc walls the magnetization direction changes gradually

from he direction of magnetization it one domain to that in the next. The equikibrium
positions of the walls resull from the interactions with the magnctization  in
neighboring domains and from the influence of pores; crystal boundaries and

chemical inhomogeneities which tend o favour certain wall positions.

2.8.1.1 Wall Permeability

The mechanism of wall permeability arises from the displacement of the
domain walls in small felds. Lets us consider a picce of material in the
demagnetized state, divided into Weiss domains with equal thickness L by means of
180° Bloch walls {as in the Fig. 2.16). The walls are parallel to the ¥Z plane. The
magnetization M, in the domains is oriented alternately in the + Z or — Z direction.
When a field H with a component in the + Z direction is applied, the magnetization
in this direction will be favoursd. A displacement dr of the walls in the direction
shown by the dotted lines will decrease the energy density by an amount [24, 23]

M H_dr
L
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This can be described as a pressure M H, exerted on each wall. The pressure will be

counteracted by restoring forces which for small deviations may assume to be kdr

per unit wall surfacc. The new equilibrium position is then given by

M, H.dx
L

4

From the change in the magnetization

IM
apr =242
L

the wall susceptibility x, may be calculated. Let K makes the angle & wilh

7 direction. The magnetization in the & direction becomes

(AM), = Eﬂi\d cos®, And with H. = Heosd and d = EMF‘CH"
we oblain
(AM), 4MIcos’d
= = s 216
. m L (2.16)
__.‘r
L ote
L] T
Z N A !
a N !
Vo ;
& Y f A
I
|
I
x L

Figure 2.16. Magnctization hy wall metion and spin rotation.

2.8.1.2 Rotational Permeability

The totational permeability mechanism arises from rotation of the
magnetization in each domain. The direction of M can be found by minimizing the
magnetic energy E as a function of (he orientation. Major contribution to £ comes from
the ¢crystal anisotropy encrgy. Other contributions may be due to the stress and shape

anisottopy. The stress may influence the magnetic enerpy wia the magnetostriction.
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The shape anisotropy is caused by the boundaries of the sample as well as by pores,

nonmagnetic inclusions and inhomogeneitics. For small angular deviations, &, and y

may be written as

M M,
o, =—angd &, = .
M OM,

For equilibrium Z -direction, £ may be expressed as [24, 25]
E=B, + alE, +1a’F
- ﬁ+—2-rr_( ™ +Efx}. .-Fr.ﬂ,

where it is assumed that xand y are the principal axes of the energy minimum. nstead
of E,, & E,,, the anisotropy field H  and A are ofien introduced. Their magnitude is

piven by

E E
H)=—% and H =—F,
M. F 7M.,

HY & M represent the stiffness with which the magnetization is bound to thc
equilibrivmn direction for deviations in the x and y dircction, respectively. The
rotational susceptibilitics z,, end z,, for ficlds applied along x and y directlions,
respectively are

M

Mﬂ A
zh::H‘q E'nd zr,vz HA N

L ¥

For cubic materials it is often found that H? and H, are equal. For
Hi=H'=H" and a licld H which makes an angle @ with the Z direction (as

shown in Fig. 2.16) the rotational susceptibility, jy,, ibone crystallite becomes
M—: L)
Xre = -H—Asm & {217

A polyerystalline matetial consisting of a large number of randomly oriented grains of

different shapes, with each grain divided intc domains in a cerlain way. The

rotational susceptibility z, of the material has to be obtuined as a weighted average of

.. of each crystallite, where the mutual influence of ncighbouring crystallites has to
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he taken into account, If the crystal anisolropy dominates other anisotropies, then A
will be constant throughout the material, so only the factor sin® & (equation 2.17) has to

be averaged. Snock [26] assuming a linear averaging of y, and found

_2M,
31

zZ

The total internal susceptibilily

4MIoos’ 6 2M,

2.18
KL 3H* (@18)

Al S P

If the shapc and slress amisolropies canmot be neglected, /7 will be larger. Any
estimate of y, will then be rather uncertain as long as the domain structure, and the
pore distribution in the material are not known. A similar estimate of z, would

require knowledge of the stiffness parameter & and the domain width L. Thesc
parameters are influenced by such factors as imperfection, porosity and

crystallite shape and distribution which are essentially unknown.
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CHAPTER 3

SAMPLE PREPARATION AND STRUCTURAL
CHARACTERIZATION

3.1 Introduction

A goal commen to all the ferrites is the common formation of the spinel
structure. Today, the large majority of ferrite powders are made by the conventional
Ceramic process or Solid Stale Reaction method. Maost non-conventional process

involves producing the powder by a wet method. Among these methods, some are [1]:

13 Co-precipitation
2) Organic precursors
3) Sol-pel synthesis
4) Spray-drying
5) Freeze-drying
6) Combustion synthesis
71 Glass crystaltization
In this chapter, we describe the solid state reaction method that is used in this research

wiork.

3.2 Conventional Solid State Reaction Method

In the solid siate reaction method, the required composition is usually prepared
form the appropriale amount of raw mineral oxides or carbonates by crushing, grinding
and milling. The most common type of mill is the balj mill, which consists of a lined
pot with hard spheres or rod inside. Milling can be carried oul in a wet medium to
increase the degree of mixing. This method depends on the solid stale inter-diffusion
hetween the raw materials, Solids do not usually react at room termperature over normal
time scales. Thus it is necessary to heat them at higher temperatures for the diffusion
length (208 to exceed the particle size, where [ is the diffusion constant for the {asi-

diffusing species, and t is the firing time. The ground powders arc then calcined in air
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or oxygen at a temperature above 1000°C. For some time, (his process is continucd until
the mixture is converied into the comrect erysialline phase. The calcined powders are again
crushed into fine powders. The peliets or toroid shaped samples are preparcd from these
calcincd powders using die-punch assembly or hydrostatic or isostatic pressure.
Sintering is carmed out in the solid state, at temperature ranging ] 100-1400°C, for times
of typically 1-40 I and in varicus atmospheres (e.g. Air, Os and Nz} [3-6]. Fig. 3.1

shows, diagrammatically, the stages followed in fermite preparation.

The general solid state reaction leading to a ferrite Mefe (0, may be represented as
MeQ + Fea(y — MeFe (),

where Me is the divalent ions. There are basically four steps in the preparation of ferrite:

1} Preparation of materials to form an intimate mixture with the metal ions 10 the
ratio which they will have in the final product,

7} Ileating of this mixture to form the ferrite (often called calcining),

3) Grinding the calcined powders and pressing tbe [ine powders into the required
shape, and

4} Sintering to producc a highly densified praduct.

3.3 Details of Calcining, Pressing and Sintering,

Calcining is defined as the process of obtaning a homogencous and phase pure
comiposition of mixed powders by heating them for a ceriain time at a high temperature
and then allowing it to cool slowly. During the calcining stage, the reaction of Fe:0;
with metal oxide (say, Me() or Me',0;) takes place in the solid state to form spinel
aceording to the reactions [7]:

MeQ + Fes0; —» MeFex(0y (Spinel)

M0 +4Fe05 —» 4Me Fez04 (Spinel} + O

The Ni(? creep into Fe:0; as below, to form an intcrmediate phasc NiFes(), at low
lemperature

Feydd; + NiQ — Nife, 0y
After that Zn ions are introduced by

(1-x)NiFe:04 + xZn0 + xFe,0; —> NipZn.Fey

i8
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Oxides of raw materials

!

Weighing by different
molc percentage

¥
Dry mixing by agate
morar

L J
Wet mixing by ball
milling

r

Drying

¥
Calcining

!

Milling and adding
hinder

L J
Pressing to desired
shapcs

:

Sintering

L J

Finished products

Figure 3.1, Flow chart of the stages in preparation of spinei ferrite.
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The caleining process can be repealed several times 1o oblain a high degree ot
homogeneity. The calcined powders are crushed info fine powders. The ideal characteristics
of fine powders arc [2]:

1y small particle size (sub microm)

2} parrow distribution in particle size

3) dispersed particles

4y equiaxed shape of particles

5) high purity

6) homogencous composition.
A small paricle size of the reactant powders provides a lugh contact surface area for initiation
of the solid state reaction; diffusion paths are shorted, leading to more efficient completion of
the reaction. Porosity is easily eliminated if the imtial pores are very small, A narrow size
distribution of sphericat particles as well as a dispersed state is imporiant for compaction of
the powder during green-body formaiion. Graimn growth during sintering can be betier

controlled if the initial size is small and uniform,

A binder is usually added prior to compaction, at a concentration lower than 5wl %
[2]. Binders are polymers or waxes; the most commonly used binder in ferrite is polyvinyl
alechol. The binder facilitates the particles flow during compacting and increases the bonding
between the particles, presumably by forming bonds of the type pariicle-bander-particle.
During sintering, binders decompose and are eliminated [rom the ferrite. Pressurcs are uscd
for compacting very widely but are commonly several lons per square inch {i. e, up

10PN m?).

Sintering is defined as the process of obtaining a dense, tough body by heating a
compacted powder lor a cerlain time at a temperature high enough to significantly
promote diffusion, but clearly lower than the mclting point of the main component. The
driving force for sinlering is the reduction in surface free encrgy of the powder. Part of
this energy is transfcrred into interfacial energy {grain boundaries) in the resulting
polyerystalline body [2, 8). The sintering ime, temperalure and the furnace atmosphere
play very important role on the magnetic property of ferrite materials. The purposes of
Sintering process are:

1) to bind the particles together so as to impart sulficient strength to the product,

2) to densify the material by eliminating the pores and

4)
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3} to homogenize the materials by completing the reactions left unfinished in the

calcining step.

Sintering of crystalline solids is dealt by Coble and Burke [9] who found ithe

following empirical relationship regarding rate of grain growth:

where d is the mean grain diameter, » is about 1/3, ¢ is sintering time and kis a
temperature dependent parameter. Sintering is divided into three stages, Fig. 3.2 [2, 10].
Stage 1. Contact area between particies increases,
Stage 2. Porosity changes from open to closed porosity,

Stage 3. Porc volume doereases; grains grow.

% @
&
(a) (b) (c) (d)

Figure 32 Schematic representation of sintering stages: (a) greenbody, (b} initiak stage, (¢} ntermediate

stage, and (d) final stapge.

In the initial stage, neighbouring particles form a neck by surface diffusion and
presumably also et high temperatures by an evaporation-condensation mechanism.
(irain growth begins during the intermediate stage of sintering. Since grain boundaries
are the sinks for vacancies, grain growth tends (o decrcase the pore elimination ratc due
to the increase in distance between pores and grain boundaries, and by decrcasing the
total grain boundary surface arca. In the final slage, the grain growth is considerably

enhanced and the remaining pores may becoms isolated.

In Ni-Zn ferrites, the presence of Zn complicales the sinleting process because
high temperature coupled with low oxygen firing will canse Zn loss. High density is
important for high permeability, but so is Zn conservation. Tasaki [1] desenbed two
allernative [irings to achicve high density:

1} Low sintering temperature excluding O {Vacuum, argon, nitrogen),

2} High temperature in pure oxygen to reduce 2# loss.
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Accordingly, other properties corrclated along with density:
i} Lattice constant is greater for 35, smaller for vacuum
2} Cune temperature is greater for vacuum, smaller for ¢

3) Resistivity is greater {or 3, smaller for vacuum.
3.4 Preparation of the Present Samples

The M Zndex(3; (for x = 0.2, 0.4) samples were synthesized using the standard
solid siate reaction technique which is discussed in section 3.2. Powder of Ni() (99.9%),
Zn(} (99.999%) and Fes(}; (99.59%4) were used as raw materials. Stoichiometric
amounts of required powders were mixed thoroughly and then ealeined at 1100°C for 24
hours. The calcined powders were then pressed into disk shaped and toroid shaped
samples, Fig. 3.3. The samples were sintered at various temperatures {1200°C, 1250°C,
1300°C 1350°C and 1400°C) in air for 5 hours. The temperature ramp was 10 C/minute

tar hoth cooling and heating.

D 6

(a)

Figure 3.3. Sample {a) disk shaped, (b} Torold shaped.

X-ray diffraction study was carried out to delermine the sample’s structure using
an X-ray diffractometer with Cu-X, radiation. The formation of the single-phase spincl
struclure was thus confirmed from the diffraction pattems. Results of X-ray diflraction

are discussed in Chapter 5.
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CHAPTER 4
EXPERIMENTAL TECHNIQUES

In this chapter we describe basic experimental iechnigues o measure the laitice parameters, average
grain sizes and frequency dependent AC permeability of ferrite samples. We dereribe wfwo the
experimental technique for the measurement of temperature dependent infiial permeabiling. The Curie

temperatures of the sumples were determined from (his temperature dependent initial permeabiliy

4.1 X-ray Dilfraction

Bragg reflection is a coherent elastic scattering in which the energy of the X-
ray is not changed on reflection. If a beam of monochromatic radiation of wavelenglh
% is incident on a periodic crystal plane at an angle 6 and js diffracted at the samc

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

2d Sinf=nd (4.1
where ¢ is the distance between crystal planes and » is the positive integer which
represents the order of reflection. Equation (4.1) is known as Bragg law. This Bragp
law supgests that the diffraction is only possible when & < 24[1]. For this reason we

cannot use the visible light o determine the crystal structure of a material. The X-ray

diffraction (XRD) provides substantial information on the crystal structure,

Keflecred fncideny
ray

Q

Figure 4.1. Bragg law of difftaction.

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

Ny ZnFe20 (where x = 0.20, 0.40). For this purpose monochromatic Cu-Ky radiation
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was used. The lattice parameter for each peak of each sample was caleulated by using
the formula

a=d.Jh? +k? 41 {4.2)
where hi, & and / arc the indices of the crystal planes. To determine the cxact lattice
parameter for each sample, Nelsion-Riley method was used. The Nelsion-Riley function

FrH) is given as
F(8)= % lcos? 61 sim0)+{Cas?e18)) (4.3)

The valyes of lattice constanl 1" of all the peaks for a sample are plotted apainst
F{8). Then using a least square it method cxact latlice parameter ‘a,' is determined. The
point where the least square it straight line cut the y-axis (i.e. at F{0) = 0} is the actual

lattice parameter of the sample. The theoretical density p, was calculated using

following expression:
&M 3
. tem 4.4)
A Mol (
where Ny is Avogadro's number (6.02 x 10 mol™), M is the molecular weight. The

porosity was calculated from the relation {100(p, - 2, )/ g, 1%, where p, is the bulk

densily measured by the formula p, = M /¥ [2].

4.2 Microstructure Study

The microstructural study of the Mi-Za fertite samples was performed in
order to have an insight of the grain structures. The samples of different compositions
and sintered at different temperaturcs were chosen for this purpose. The samples
were visualized under a high-resolution optical microscope and then photographed.
I'he ptctures were Laken at 400xmagnification. Average grain sizes (prain diameter) of
the samples were determined from optical micrographs by linear intercept technique [3].
To da this, scveral random horizontal and vertical lines were drawn on the micrographs.
Therefore, we counted the number of grains intersected and measured the length of the

grains along the line traversed. Finally the average grain size was calculated.
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4.3 Complex Permeability Measurement

For high frequency application, the desirable property of a ferrite is high
permeability with low loss, One of the most important goals of ferrite research is to
[ulfill this reguirement. The techniques of permeability 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 Measurement

Measurements of petmeability normally involve the measurements of the
change in scif-indnctance of a coil in presence of the magnetic core. The
behaviour of a self-inductance can now be described as follows, We assume an ideal

loss less air coil of inductance £,. On insertion of & magnetic core with permeability 4,

the induclance will be g . The complex impedance £ of this coil [4] can be expressed

as follows:

Z=R+jX = joly= jol(u — ju") (4.5)
where the resistive part is R=wl, ut {4.6)
and the reactive part is X =l 4.7

The r. f. permeability can be derived from the complex impedance of a coil, Z, given
by cquation {4.5). The core is taken as toroidal to avond demagnetizing cffects. The

quantity L, is derived peometrically as shown in section 4.3.2.

4.3.2 Frequency Characteristics of the Present Samples

The frequency characteristics of the Ni-Zn forrite samples ie. the imitial
permeability spectra were investigated using an Agilent Impedance Analyzer (model no.
4192A). The complex permeability measurements on toroid shaped specunens were

carried out at room temperature on all the samples in the frequency range 1 kHz - 13

MHz. The real part (#'Yand imaginary part () of the complex permeability were
calculated using the following relations [4): &' =L /L, andu” = g/ lan &, where L is

the self-inductance of the sample core and L, = 2, N'S/md is derived geometrically.

Here Lo s the induciance of the winding ceil without the sample core, & is the number
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of turns of the coil (N = 5), §is the area of cross section of the toroidal sample as given

below:

S=dxh,

wlere o = —1—L,

d, = inner diameter,

d, = outer diameter,

h = height

and d is the mean diameter of the toroidal sample as given below:

[? _ d1 + ﬂTz
2
!
The relative quality factor is determined from the ratio ﬁ
n

4.4 Curie Temperature Measurement

Curie temperature measurement is onc of the most importanl measurcrments for magnetic
materials. Curie temperature provides substantial information on magnetic status of a
substance in respect of the strength of exchange interaction. So, the determination of

Curie temperature is of great imporiance.

Curic temperature was measured from the temperature dependent initial
permeability. For this measurement, the sample was kept inside a little oven with a
thermocouple placed at the middle of the sample. The thermocouple measures the
tcmperature inside the oven and also of the sample. The sample was kept just in the
middle part of the eylindrical oven in otder 1o minimtize the temperature gradient. The
tcmperature of the oven was then raised slowly, If the heating rate is very fast then
temperature of the sampic may not follow the temperature inside the oven, and there
can be misleading information on the temperature of sample. The thermocouple
showing the termperature in that case will be erroneous. Due to the closed winding of
wires, the sample may not receive the heat at once. Therefore, a slow heating rate

was used to climinate this problem. Also, a slow healing ensurcs accuracy In the
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determination of Curie temperature. The oven was kept thermalty insulated from the

surroundings. The temperature dependent permeability was measured st a constant

lrequency {100 kIiz) of a sinusoidal wave.
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CHAPTER S
RESULTS AND DISCUSSION

The polverysialime NI Zn Fe O (x=0.2 and 0.4} ferrites were studied Variows Ni=Zn ferrite samples
were semtered of voarious femperatures (F20070 fo 14000} far five howrs Struciural and surfoce
marphodogy were srudied by x-ray diffraction method and opdical mucroscopy. The magretic properties af
the  fervites were characierized with high freguency (ThHz-13IMHz) complex permeabitiny, and
lemperature dependent permeabitity measuremends, The gffects of micrastrucivre, composition and the
siriering tempearature on the complex permeability of Ni-Zn ferrites are discussed. A possible correfation

amaong sintering temperatire, grain size and densiny 5 also discussed.

3.1 Lattice Parameters, Density and Porosity of the Samples

The X-ray dilfraction {(XRD} patterns for the samples Ni . Zn.fe0 with
x = 4.2, 0.4 are shown in Fig. 5.1. Analyzing the XRD patterns, we notice that the
positions of the peaks comply with the reporied values [1]. The XRD pattems of both
compositions clearly indicate their single phase and formation of spinel structure. The
positions of the peaks and their comresponding miller indices for the samples
investigated are given in Table-5.1, The values of lattice parameter ‘2’ of all the peaks
for both compositions are plotted against Nelsion-Riley function, Fy&), Fig. 5.2. The
measured lattice parameter, density and porosily for different samples sintered at
different temperatures are given in Table-5.2. Tt is observed that the fallice parameter
increases with increasing Za substitution for both the compositions. The increase in
lattice parameter with increasing Zn content ¢can be explained on the basis of the ionic

radii. The radius of the Zn*" (0.82 A) is greater than that of the Ni** (0.78 A) [1].

Table-5.1. X-ray peak positions for ¥ . 2 Fe.0; samples.

Samplc X-ray peak position with Miller indices
composition 20 (degree)
(320 31 (£00) | (422) (3i1) {(440)

Nipsfng2Fe:04 | 30,40 3577 43.45 | 53.82 537.37 62.97
NijsZngsFea0q | 30.21 35.62 43,29 | 53.72 57.25 62.89
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Figure 5.1. The X-ray dilfraction patterns for the samples N, Zn Fe0, with x =0.2, 0.4,
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Figure 5.2, The variation of ‘&’ with F &) for () Nipene aFe 0y and (k) MipeZrg Fe (), samples.
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Table-5.2. The lattice parameter, density, porosity, average grain size and resonance frequency of the

M pZn Fe 0, samples sintered at various temperatures with fixed dwell time 5 hours.

Sample Sintering a, Dhi 8 P i=grain i

composition ftemperature| (4) | (glem’) |(glem’) | (%) | size> | (MHz)
{C) (1}

1400 49693 7.1 | 13.1 3

1350 497751 69 1107 | 6

NigyZnosFeOq [ 15300 [ 8.3638 | 535 [4.9896] 6.7 | 88 | 7

1250 49306| 78 | 7.2 | 12

1200 437491 145 | 69 -

1440 48632 94 1247 | 3

1350 496611 75 | 2323 3

NipeZngaliexCs | 1300 | 83705 | 537 [4.9072] 86 | 174 [ 3

1250 490101 872 | 11.7 | 4

1200 48163 103 ] 89 9

Fig. 5.3 shows the density and porosity as a function of sintering temperature for
both compositions. The density of the NigsZny 2Fe;(0, samples increases as the sintering
temperature increases from 1200°C to 1300°C and above 1300°C the density decreases
slightly. On the other hand, porosity (P} of the sample decreases as increasing sintering
temperature up to 1300°C, and above 1300°C the porosity increases slightly. The
Nig sl e 500 samples show sirmilar behaviour of changes to that of NipgZng 2Fes();
samples except that density is found to be maximum at 1350°C. It is known that the
porosity of ccramic samples resulls from two sources, intragranular porosity and
intergranular porosity [2]. Thus the total poresity could be writicn as P=P 0+ Piyer The
intcrgranular porosity mainly depends on the grain size [2]. At higher sintering
temperaiures the density decreases because the intragranular porosity increases resulting

frorn discontinuous grain growth. Such a conclusion is in agreement with that

previously reporied in case of MpCuZn ferrites [3].
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Figure 5.3, The variation of density (=} and porosity () with sintering temperature for (a) My ey F 00,

and {B) &y Thy Fe:0), samples.

5.2 Microstructures of Ni; . Zn Fe, 0,

The optical micropraphs of Mg sZmg :Fe:0y and NigeZng oFe ;04 samples sintered
at 1400°C, 1350°C and 1300°C are shown in Figs. 5.4 and 5.5, respectively. The results
show that an increase in sintering lemperaturc increases the grain size and decreases the
porosity; the black areas are voids. It is ¢hserved that the samples sintercd at 1200°C
{not shown) with fairly small grains and open porosity devoid of intragranular pores. It
indicates that the 1200°C sintering temperature and the 5-hour sintering time were
insufMicient for the complete formation of the microstructure. On the other hand, it can
be noted that the sintering temperature of 1350°C sufTices to produce a homogeneous
microstructure with large grain size and a uniform size distnbution, Fip. 3.5{(b). The
average prain sizes for all samples are presented in Table 5.2, The sintering temperature
has a great influence on the microstructure, We observed that there was no noticeable

variation of lattice parameler with grain size for a composition.
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(fhapier 5

atures (a1 1400°C,

2Fes(); samples sintercd al temper

Firure 5.4. The optical micropraphs of MipeZuy

(b 1350°C and (c) 1300°C in air {magnification 400 ).
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Figure 5.5. The optical micrographs of Ni, o2y #ed2; samples sintered at lemperatures () 1400°C,

(b1 1350°C and (¢} 130(°C in air (magnilication 400x),
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It is observed that the average grain size of the sample increascs with increasing
sintering temperature. 1t is also obscrved that the sample composition has an inlluence
on the ephancement of grain size. The average grain sizes for the samples

NipeZnn ¢F'e;04 are greater than that of Nip sZnn 2F 0.

The grain size reflects the presence of more or less grain boundary area. Lven
perosity may be strongly related (o boundanes since they can remove porosity. The
uniformity in the grain size and the average grain diameter can control properties such
as the magnetic permeability. When the grain growth rate is very high, pores may be lefl
behind by rapidly moving grain boundaries, resulling in pores that are trapped inside the
grains. This intragranular porosity is practically impossible (o eliminate, leading io poor

magnetic and mechanical properties.

The behaviour of grain growth reficets the competition between the driving force
for grain boundary movement and the retarding force exerted by pores [4]. During the
sintering process, the (hermal energy generates a force that drives the grain boundaries
to grow over pores, thercby decreasing the pore volume and densifying the material.
When the driving force of the grain boundary in each grain is homogeneous, the sintered
bady attains a uniform grain size distribution; in contrast, discontinuous grain growth
occurs if this driving force is inhomogencous, The discontinuous growlh of grain rises
with temperature, hindering the migration of the pore o the grain boundary and hence,

contributing toward the reduction of the sintered density.

5.3 Complex Permeability

Figs. 5.6 and 5.7 show the recal and imaginary permeability specira for
Nipginn e Qs and Nip i2ng «Fesy samples, respectively. The permeability value
increases with increasing Zn content in NipoZnFes),. Wilh the incrcase of sintering

temperature, Ty, the real parl of the initial permeability is found to increase at first and

then decreases. In case of NigsZng 2Fe20y samples, ,uf increases as the ¥ ingreases up to
1300 C and above 1300°C, 4 decreases. The NigsZngsFex04 samples show similar
change of permeability to that of Nip gZnp 2Fe:Qy samples except that 4 is found to be

maximum at 1350 C.
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As the sintering temperature increases, the resonance frequency for the

NigaZngoFe:Qy samples shifted from 12MHz to SMHz and from 9MHz to 3MHz for
NinaZnpFes0s samples. The g values for all samples are found independent of
frequency below he resonance frequency. There is a sharp decrcase of ' and an
incrense of 4" above the resonance frequency. These curves arc coupled in that the
increase losses due 1o (he increase in frequency result in a lowering of the permeability.

The rescnance [requencies for all samples are presented in Table 5.2. The ferrite with

high permeability tends to have ils permeability decreases at a relatively low frequency.

It iz well known that the permeability of polyerystalline ferrite is related to two
different magnelizing mechanisms: spin rotation and domain wall motion [3, 6], which
can be described as follows:

=1+ 20 Hopn
whete y, is the domain wall susceptibility; ., i inirinsic rotalional susceptibility. 1.

and y... may be wrilten as : y, =3l 'Dfdy and g, =27M : / K with M, saturation

magnetization, X the total anisotropy, I the average grain diameter, and ¥ the domain
wall energy. Thus the domain wall motion is alfected by the grain size and enhanced
with the increase of gran size. The initial permeability is therefore a { unction of grain
size. In our microstructural sindy we have scen that Zr promoties sintering, bringing
. about an incrcase in grain sizes. Larger prains tend to consist of a greater number of
domain walls. The magnetization caused by domain wall movement requires less energy
than that required by domain rotation. As the number of walls increases with the prain
sizes, (he contribution of wall movement to magnetization increases. Therefore,

permeability increases with the increasc of Zn content.

The study of microstructures reveals that the average grain sizes increases wilh
increasing 7, Thus for a large grain, permeability should increase as it vancs
proportionally with grain diameter. Thus cne can expect higher ,u; for the sample
sintercd at higher T,. However, we have observed that for both the compositions 4 is
found 1o be maximum at optimum 7, {depending on sample composition) as shown in
Fig. 5.8. If the sintering tcmperature is higher than ihat of the optimum 7T, 2, decreases.

It is possible that the samples sintered at higher sintering temperatures (> optimum 75)
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may incrcase the number of pores within the prains which results in a decrease in
permeability. Stmilar behaviour was observed by Guillaud [7] in Mu-Zn ferrites. He
demonstraied that the permeability decrcased with increasing percemtage of grains
possessing pores despite increasing grain size. The evidence is clear that, if pores can be
suppressed or located at the grain boundaries, the permeability will increasc with grain
Jizc. The relationship between grain size and permeability would generally be linear
only if the grain growth is normal, that is, il all the grains grow preity much at the same
time and same rale, Porosity at the grain boundaries is less damaging to the
permeability, because it causes less hindrance to domain wall motion than porosity
within grains. Both types are cvident in Figs. 5.4 and 5.5. If, indeed, some grains grew
very rapidly, they would trap pores, which as we have seen, can limit permeability by
pinning domain walls. Fer the compuosition of NigeZnn+Fe 260, sintered at temperature

1350°C the increase of g is pronounced. This is because the microstructure is

homogeneous with large grain size and a uniform size distribution, and the sintered

density is highest [or this temperature.
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Chapter 5 Results and Discussion

The two ferrites obviously show relaxation resonance, with the real part
4! decreases drastically at high frequeney above 3MHz (depending on compositions and
7.). If H is a weak alternating field of high frequency, the domnain wall will oscillate

back and forth through small dislances about their mean position. The differcntial

gquation for oscillating boundarics can be wntten as
md xldi® + Bde/dt + ox =2M H(), where mis the effcctive wall mass, f the
viscous damping factor, & the restoring consiant, x the wall displaccment and H (¢} the

driving force [B, 9]. The [first term on the left hand side represents the wall inertia as a
product of mass limes acceleration; the second term is the damping opposing the
propagation velocity, and the third term is associated with wall pinning to defects,
expressed as a restoring force. It is also observed that the higher the permeability of the

material, the lower the frequency of the onset of [errimagnetic resonance. This really
confirms with Snoek’s limit /4’ =Constant [10], where £,is the resonance frequency
for domain wall motion above which g decreases. This means (hat there is an effective
limit to the prodnct of resonance freqnency and permeability so that high frequency and
high permeability are mutually incompatible.

For polycrystalline malerial it has heen shown [11, 12] that the resonance
frequency can be related to the anisotropy constant by f, =constant x K, ie., lhe
resonance frequency decreases wilh the decrease of anisotropy constant. The f
variation can be attributed to variation of X, which mainly depends on the

microstructure and composition. In our permeability spectrum we have seen that the
resonance frequency decrease with the increase of Zn content. The reason is that Zr not
only increases (he magnetic moment but also lowers anisotropy [!3]. On the other hand.

the permeability increases wilh a decrease olK,, as we know {ftom thc relation
a = M2/K/[8, 12]. The high permeability values at low frequencies show the
dominant role played by wall motion.

Energy loss is an extremely imporiant subject in sofl ferrimagnetic matcrials,

since the amount of energy wasted on process other than magnetization can prevent the
AC applications of a given material. The ratio of z' and ) representing the losses in

the material are a measure of the inefficiency of the magnetic system. Obviously this
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Chapter 5 Results and Discussion

parameter should be as low as possible. The magnetic losscs. which cause the phasc
shift, can be split up into three components: hysteresis losses, eddy current losses and
residual losses, This gives the formula tand,, = tand, +tand, + tap & . u is the imitial
permeability which created at low ficld. Hysteresis losses vanish at very low [ield
strengths. Thus at low field the remaining magnetic Josses are eddy current losses and
residual losses. Residual losses are independent of frequency. Eddy cument losses
increasc with frequency and are nepligible at very low frequency. Eddy current Joss can

be expressed as £, = f 3t p,where P is the energy loss per unit volume and p is the

resistivity [8]. To keep the eddy current losses constant as frequency is increased, the
resistivity of the matenal chosen musl increase as the square of frequency. Eddy
currents are not problem in the Ni-Zn ferrites until higher frequencies are encountered
becausc they have very high resistivity about 10° Qeme [14]. The ferrite microstructore is
assumed to consist of grains of Jow resistivity separated by grain boundaries of high
resistivity, Thicker grain boundarics arc preferred Lo increase the resistance. Fig. 3.9
shows the variations of loss factors with frequency of the two compositions of the
samples sintered at different sintering temperature T At frequencies with which we
observe loss factor as shown in Fig. 5.9, there is another type of loas that becomes
impertant and may predominate at ceriain frequencies, This loss 1 ascribed to a

magnetic phenomenon called ferrimagnetic resonance.
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Figure 59. The variation of Loss factor with Freguency for (@) MipsZrn oFe, and {b) Ny sng o0,

samplhes.
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Clapter 5 Resufts and Duscrssion

Loss factors are minimum for frequencies up to 1MHz (depending on
compositions and 73). The 1ise in the valuc of loss factor afier that can be associaled
with resonance phenomenon oceurring in the domains. The addition of Zr lowers the
anisotropy constant and reduces the resonance frequency at low frequency. It is further
known that most of the electromagnetic characteristics of a femile material depend
strongly on the microstructurc of the sintered body besides composition. The loss factor
decreascs with decreasing grain size. At high frequencies, Josses are found to be lower if
donmain wall motion is inhibited. and the magnetization is forced o change by rotatian
[14]. For this reason some grades of N/-Zn ferrites arc deliberately sintered al low
tcmperature. Evidently, the grain boundary can be modified by sintering and this has
profound effects on the intergranular sirength and magnetic properties. The inttial

permeability is therefore affected by the grain size, sintcred density and the anisotropy

conslant,
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Figure 5.10. The variation of ¢ factor with Frequency for (a) NissZngFe:0 and (b} Nig a2y Fealdy

samples.

From the loss factor we have calculated the relative quality facter (or ( factor)
for both composition sintered at various temperatures. The (2 factors are shown in Fig.

5 10. For jnductors used in [iller applications, the gnalily factor 15 often used as a
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Chapter 5 Resrfts and Ihicussion

measure of performance. It is observed from the Fig. 5.10 that the samplc sintered at
1200°C is of highest @ value for NiggZm 2Fe204 while 1250°C for NipsZng Fes04 The
highest © value at 1250°C for NipeZngsFe;0; while 1200°C for NipsZrp2Fe20q is
probably due Lo the growth of less imperfection and defects in them than the samples
sintered at higher Te. Smaller grain size is competent for larger (2 values. The highest O

value for Nig gZng +Fe:0, 1s found to be 2.1x 10% at 1250°C sintering temperature.

5.4 Temperature Dependent Permeability and Curie Temperature

The initial permeability as a function of temperature for both compositions of
Niy ZnFea0s is shown in Figs. 5.11 and 5.12, For applications, the temperature
dependence of #' is very important. The initial permeability of the substances as a
function of temperaiure is measured at a constant frequency (100 kiiz) of a sinusoidal
wave. It is observed (hat the permeability falls sharply when the magnetic state of the
forrite samples changes from ferrimagnetic to paramagnetic. The vertical drop of the
permeability at the Curie point indicates the degree of homogeneity in the sample
composition [15, 16). Our samples have showed an excellent degrec of homogencity.
Measurement of the initial permeability as a function of temperature can thercfore be
used as a material characterization method. The 7, for different samples is given in

Table-5.3.

It is noted that the samples of two compositions contain different Zn contents. 1t
is observed from the Figs. 5.11 and 5.12 that the T, is lower when Z» 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. 1t is
also observed that the 7. slightly increases with increasing sinlenng temperaturc for

both compositions.

Table-5.3. 1he Curie lemperature, T, for A7, Zn.Fepll; samples.

Sample composition Sintering temperafure Curie temperature
(C) (C)
. 1400 516
NioaZnyaFe0s 1250 506
i 1400 353
NiosZnoaFe20s 1250 350
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Chapter 5 Results and Discusson

Ni-Zn ferrite is a mixed normal-inverse spinel type with a general formula
Fe, ZnfNir Fep JOq where the term within the square brackets indicates the
octahedral () sites and the first term is tetrahedral (4) sites. The decrcase of T with an
increasing Z» comtent may bc explained by a modification of (the 4-Z exchange
interaction sircngth due to the change of the F o1~ distribution between 4 and A sites.
The decrease of the Curie temperature is due to the weakening of the A-B inleraction.
This could be attributed to the increase in distance between the moments of 4 and B
sites, which is confirmed by the increase in the lattice parameter with incrcasing Zn
content. The larger distances betwecen moments in samples NigaZhg Fe20y leads to
decrease ihe A-8 interaction relative to that of NiggZnyaFe ;0 samples and consequently

the T, decreases.

Anisotropy conslants vary considerably with (emperature. In most cases,
anisotropy decreases stecply from a high value at low temperature and then slowly
decreases down Lo zeto at T, (8], Therc is then no preferred crystallographic direction
for the magoetization of a domain. It is ohserved that the initial permeability, &,
increases with temperature to a maximum value just below the 7 . This oceurs, because
the crystal anisotropy nomally deereases with increasing temperature |14]. The initial
permeability varies as g, = M/ K!"* [8, 12]. Since anisolropy decreases faster than
magnetization on heating, the initial permeability expectantly increases with
temperature, tends to infinity just below the T. and then drops for the paramagnetic

phase. The peak near T, is known as the “flopkinson” peak [8].
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CHAPTER 6
CONCLUSIONS

6.1 Conclusions

Soft ferritc applications are based on their ability to transform AC signals of
small amplitude into substantially large variations of magnetic flux. The response of any
magnetic material in an applied magnetic [ield can be understood on the basis of
magnetic domains and domain walls. The value of the (relative) initial permeability
gives a pood indication of how easily a given material can be magnetized, since g, =1
represents the free space. Large permeability, ie., substantially large magnetization

produced by small field, can only occur because ol domain walls.

The XRD patiems of both compositions clearly indicate their single phase and
formation of spinel structure. The lattice constant of MNipgZng»Fe;0 is found to be
23638 A while 8.3705 A for Nig sZnp «Feat2 samples. The increase in lattice parameter
with increasing Zn content in thesc samples can be cxplained on the basis of the ionic
radit. The radius of the Zn®* (0.82 A) is greater than that of the M (0.78 A). The study
of microstructure shows Lthat grain size increases with sintering temperature. The density
of the NipsZrp:Fe-Cy samples increases as the sintering temperaturc increases from
1200°C to 1300°C and above 1300°C the density decreases slightly. The Niy sZng (FeOq
samples show similar behaviour of changes to that of NipsZng :Fe;0q samples excepl
that the densily is found to be maximum at 1350'C. During the sintering process, the
thermal enerpy generates a [orce that drives the grain boundaries to grow over pores,
thereby decreasing the pere volume and increasing the density of the materials. Al
higher sintcring temperatures the density decreases, because the intragranular povosity
increases as a result of discontinuous grain growth. The discontinuous growth of grain
rises with temperature, hindering the migration of the pore to the grain boundary and
hence, contributing toward the reduetion of the sintered density. There is an enlargement
of grain size obtained for increasing Zn content. This is because of the fact that Zn

promotes sintering, bringing about an increase in grain size.



{ Tf.:ipfe'r ] Conclusion

The permeability value increases with increasing #r content 1n Ny A Featly,
because the average grain size increases with increasing Zx content. Larger grains tend
(o consist ol a greater number of domain walls, Thus the domain wall motion s affected
by the prain size and enhanced with the increase of grain size. The imtial permeability,
therefure. increases with grain size. The g also increases with the increase ol sintering
temperature, because the average grain size increases with increasing sintering
temperature. But for both compositions, z is found to be maximum at optimum T
(depending on sample composition). If the sintering temperature is higher than that of
the optimum T, # decreases. Higher sintering temperatures (> oplimum 1) may
increase the number of pores within the grains of the samples, which results in a
decrease in permeability. A sample with morc uniform and bigger grain size as well as
highest density is obtained at 1350'C sintering temperature for NipaZng .;Fc-l' 200
compusition. The maximum 4 is observed at this optimum 7y for NigaZnn JFeatdy
composition. When the grain is large, the grain contains mullidomain, and the
permcability is mainly aflecied by domain walt displacement or by wall bowing, The
initial permeability proportionally changes with sintering density. Porosity and other
defects do not affect the initial permeability if ihey are confined to the grain boundaries
(intergranular defects); otherwise, ihe initial permeability severely decreases since
porosity within grains acts as pinning sites, reducing the volume swept by wall bowing
or by wall displacement. The penneability drops off and the magnetic losses increase
becausc of the occurrence of a ferdmagnetic resonance. This factor limits the frequency

at which a magnetic material can be used. The g, values for all samples are found (o be

independent of Ffrequency below the resonance frequency. The ferritc with high
permuability tends W have its permeability decreases at a relatively low frequency. Thes
is hecause of the fact that the addition of Z» content increases the permeability but
lowers the resonance frequency by lowering the anisotropy. The variation of X, mainly
depends on the microstructure and composition. The requirements of high permeability
and high working frequency lead o a compromise, since for a given compesition, an
imcrease in grain size leads simultaneously to an increase in permeubility and decrease in
resonance {requency. The choice of the basic composition also represents a COMPTOImISe.

since both resonance frequency and permcability are related to crystalline anisotropy
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(Resonance frequency increascs with the increase of X, and permeability decreases

with the increase of X ).

The highest (7 value for NigsZmFes0y is found to be 2.1x10% at 1250°C
sintering temperature. The highest (@ value obtained for NiygZng«fe0y sample at
1250°C and for Nipgfng 2Fe (3, sample at 1200°Cis probably due to the growth of lesser
imperfection and defects in them than those in the samples sintered at higher Ts. Smaller
grain size is competent for larger (2 valucs. For this reason, some grades of Ni-Zn

forrites are deliberately sintered at low temperature.

The Curic temperature of NipsZrp 220 is found to be 516£1°C while 353£1°C
for Mg g2 ffe;04 samples sintered at 1400°C. The decrease of the Curic temperature is
due to the weakening of the 4-8 interaciion. This could be attributed o the increase 1n
distance between the mr:-ni"ents ol 4 and 8 sites, which is confirmed by the increase in
the lattice parametcr with increasing Zn content. The larger distances between moments
in samples NiggZngfex(0y leads to decrease the A-I interaction rclative to that of
Nip o7y 2f¢20), semples and consequently the 7, decreases. From this investigation, we
may fnally conclude that the highest permeability can be obtained by choosing the

proper compaosition and sinlering temperature (optimum 7).
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l. [ntroductiocn

According to their structure spinel-type ferrites arc
natural superlattices. 1t has tetrahedral A site and
oclahiedral B ate v AB2O, crystal structure. 1t shows
various magnetic properties depending on the composition
and cation distnbution, ¥arious cations cun be placed n A
site and B site to tune 1t5 mapgnctic propertiss. Depending
on A sile and B site cations it can exhibit ferrimagnetic,
antiferromagnetic, spin (cluster) glass, and paramagnetic
behavior [1] Due to their rematkable behavior of magnetic
and electric properties they are subjects of nlense
theorencal and experimental investigation for application
purpose [ 5]. Most other lechnologically vscful magnetic
materals such as iron and soft magnetic alloys have low
electrical resistivity, This makes them wscless for applica-
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tions 2l high frequencics, for example, as inducter core in
TY circuits. The prollem s that their low clectrical
resistivity allows eddy currents (o flow within the matersls
themselves, therchy producing heat and wasts energy The
produced heat s often causing a sericus problem [6 1H].
Thus, non-ferrite materials booome inefficient as they wasts
energy and the wastage 15 hgher as the frequency becomes
higher. Recently, colossal magnetoresistanve {CMR) cffect
bus been ohserved in ZnFe.0e and  Mi-substituted
Zn,_.Ni,Feslry fernites [15. This paper focuses on the
effact of mucrostructure and the sintering tomperarure on
the complex permeability of Ni—Zn [ferrites. A possible
correlation betweeon sintering temperature, grain size and
density is also discussed.

2. Experimental

The Mi;_Z0.Fes04 (for x = 0.2, 0.4) samples were syn-
thesized using the standard solid-stute reaction technigue.
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Powder of NIiQ (999%), ZnO (99.599%) and FeyOy
(99.99% ) were used as ruw  matenals. Stochiometric
amounts of required powders were mixed tharoughly and
then caloined at 1100°C for 24h, The calcined powders
were then pressed into disk-shaped and (orowd-shaped
samples The samples were sintered at various lempergtires
1200, 1250, 1300, 1350 and 1400°C in air for 5h, The
temaperature ramp was 10°C/min for both cooling and
heating  Microstructural propertics were investizated with
a high-resolution aptical microscope, X-ray diffraction was
carricd ouwt with an Xeray diffractometer with Cu-K,
radiation. The theorctical density, gy, was caloulzted using
the expression, gy, = BM/Naa', where Ny is the Avoga-
dro's number, M 15 the molecular weight and g s the lattice
constant. The porosity was calculated from the rolation
[100(p,, = pp)fagni¥, where pg is the bulk density
measured by the [ormula pg = M/ V. Average grain sezes
fgrain diameter’ of the samples were determined from
optical micrographs by Hnear-intercept technigque [12]. The
frequency charactenistics of the Ni—-Zn ferritc samples
e the imtial permeability spectra weee  itvestigated
using an Agilent Impedance Analveer {(moedel ne, 41924),
The complox permeability measurements oo torobd-
shaped specimens have boen curried out at room tempera-
ture an all the samples in the freguency range
TkII2-13MH». The values of the measured parameters
obtain as a funchon of frequency and the real (') and
imaginary part {u”) of the complex permesbility hiave
been caleulated using the following relations: p' = L,/ Lq
and " = ¢ tand, where L, is the scll-inductance of the
swnple core and Ly = upN25/d is derived geometricalty.
Here Aq is the mductance of the winding cuil without the
sample core. & is the number of wras of the coill (N =3}, §
is the avens of cross scetion, and & 15 the mean didmeter of
the sample. The tempeorature-dependent  permeability
was mensured at a constant frequency (100kHe) of a
sinuscidal wave The Cune temnperature of the samples was
determined from the tcmperature-dependent permeability
T THESTR R nlmn]
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3. Results and discussions
31 Lattice parameters, deasity and poresity of the samples

The X-ray diffrachion patterns for the samples Ny o Zn,
FesQy with x=10.2,04 are shown 1 Fig 1. The X-ray
diffraction patterns for bath compestions clearly indicate
their single phase and formation of spinel crystal structure
Analysing the XRD patterns we notice that the pesitions of
the peaks comply with the reparted value [1]. The measured
lattice paramcler, density, porosity and average grain size
for differcnt samples sintered at different temperatures arc
given in Table L. 3t was ohserved that the lattice parameter
increases with inreasing Zn substitution for the sample
™i|_,Zn Fep0, The increase in lattice parameter with
mercasing Zn content can be explained on the basis of the
1onic radii. The radius of the Zn®* (0,62 A} is greater than
that of the Ni°' (.78 r;u} [1]. We observed that thore is oo
noticcable variation of kattice paramerer with grain sizc.
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Fig. 2 shows the density and porosity as a function of
sintering temperatures for both compositions. The density
of the NiggZng ;Fe,04 samples incresses as the sintering
lemperature increases from 1200 to 1300°C and above
13006 °C the density bogins to decrease as shown in Fig. 2
O the other hand, porosity {F) of the sample decroascs as
\ncTcasing sinterng temperature up o 1300°C, and above
13004 the porosity increases. The Nipefng«FeaOy
samples ulse show similar bohavior except that demsity is
reached to maximum at 1350°C, Tt s koowa that the
porcsity of coramic samples results from [wo SOUrCes,
intragranuiar parosity and intergranular poresity [2]. Thus,
the total porosity could be written as P = P + Poier
The imtergranulur porosity mamly depends on the grain
size [1] Al higher smtenng temperatures the density is
decrcased because the intrapranular poresity o increased
resulting from discontinuous grain growih. This result
agrees with the resuil for MgCuZn ferrites [13].

1.2, Microsteucture of Nip_, Zn Fe 04 ferrites

The optical micrographs of various N pZnp ;Fez0q and
MigeZnpsFe;0, samples sintered at 1400, 1350 and
1300 °¢C are shown in Figs 3(a o) and 4 ), rospectively,
Their average grain sizes for all samples are prescated in
Table |. The sintering temperature has great nfluence on
the miceostructure. It was observed that the average grain
size of the sample increased with increasing sintering
ternperature. It was zlso observed that the sample
composition has an influence on the enhancemnent of gran
size. The averdge grain size (or the sample Nig g 2oy 4Fezly
is greater than that of NigxZng 2Fe:Qe There 15 an

iz, 3. The opucal micrographs of Ny yZng ey samples sinterad al
temperatuses () 1400°C, (b 1350°C, wnd (b 1300°C in e fmeyeni lied
e ],

enlargement of grain size is obtuned for increasing Zo
conbent.

1.3, Complex permeabifity

Figs. %a.b) and 6{a.b) show the real and L 2iary
permeability spectra for Nipgdng:Fe;Ou and  Mig g g 4.
Fe,04 samples, respectively, The permeability wvaluc
ingroascs with imgreasing Zn content in ™Ni_,Zn,Fe Oy
forrite. With mnercase of sintering temperatures, Ty, the real
part of the initial permeabiity, . is found to increase at
first and then decroase, In case of Mig gZng 2Fe; 0y samples
it ncreases as T, inereases up to 1300°C and above
L300°C, w4 decrocases. The Nig oo aFesQs sumples also
show similar behavior except that g is found to maximum
at 1350°C. As sintering temperatluce increases, the natural
resgnunce frequency for the MNigpZnp:FesO, samples
shifted from 13 to $MHz and from 2 1o IMHz for
Nig aZng 4Fes0y samples, The g values for all samples are
found indepeodent of frequency below the rosonance
frequency. There 5 a sham decrease of j and increase of
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Fig. 4 The opucal macrogeaphs of Mig oZimpaFeall, sumples untered al
temperatures {33 1400°C, (k) 1330°C, and fh 1300*C in air (mugnified
Hl x )
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From the loss factor, wo have caleuwlated the relative
quality factor (or ( facter} for belh compoesition simtered
at various temperetures. The () factors are shown n
Fig. 7ta) and (1) for Wig aZng FeaOy aod Nig eding JFesQa.
respectively For inductors usad in flter applicanons. the
quality factor is often used 45 a measure of performance It
15 phserved from Fig. Ta,h) that the sample sintercd ae
i200°C iz of highest & value for Wi gZnop ;Feo0s while
1230 °C for Nig gfng sFea0a,

The study microstructure rovealed that as T, increases,
the prain size alse increases. Thus, for a large graio the
permeability should increase as it wvaries properuonally
with prain diameter, Thus, one can expeet higher of for the
sample sintered at higher T, Howcover, we observed that
this incrouse of pf was found to be obscrved for some
optimurn T, dependitg on the sample composition a3
shown in I-ig, B{a,b), Above the opumum T,. u decreases,
W believe that the reason behind this phenomenon is that
the sample heat treated at higher tcmperatures (above
optimum 7.} contains mereasing number of pores within
the grains which results in decrease in permeability Similar
behavior was obscrved by Guillaud [14]). The author
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demoasteated that the permeability decreased with increas-
ing percentage of grams possessing porcs despite increasing
prain size. For the composition of Nig gZng 4 Fez0y sintered
at temperature 1350 °C, the increase of jif = pronounced.
This 15 breause 1he sintered density is highest and the
porasity 15 lowest for this temperature,

[t 13 well known that the permeability of pelycrystalline
foeoite 15 reluted 10 twa different magnetizing mechanisms:
spin ratdtion and domain wall motien {9.15], which can be
described as, g = | + 7, + fopn, Where x. is the domain
wall suseeptibility. fopm 15 Intrinsic rotational susceptibility.
T ATl opeq ay be written as: z, = 37:”5.-‘);'4}' and ¥ =
MK, with M, saturation magnetization, K, the tatal
anisotropy, 2 the gran diameter, and y the domam wall
energy Thus, the domdin wall metion 15 alfected by the
prain size and enhanced with the increase of grain size. The
two ferrites abviously showed rolaxation resonance, with
the real part i decreasing drastically at high frequency of
more than 3MEHz (depending on compositions and 7o),
because the spin rotation plays a relatively more imporiaat
rale when the domain wall motion reduces. This resull
agrees with the resudt For Mg aMig 1@ng sFeaOy 7] 1t s
abserved that as the permeabiliy staricd to decrease, the
natural resonance frequency, f; (ie, the freguency at which
4 shows peak) gets higher. Ths really confirms with
Snoek's telatian pyf, = constant [§6]),

The hughest @ value at 1250 °C for Nip oZng 4Fe:y while
1200 °C for Nip gtig :Fe204 15 prohably duc to the growth
of less imperfection and defects 1n them than the samples
sintered at higher T, Smaller gramn size 15 competent for
larger @ values, The 2 value increases with an increase of
Zn substitution boeause it is believed to be duc to the high
resistivity of the material

3.4 Temperatwro-dependeni perrmeakidity and Curie
FERpErETiuTe

The mmhal permeability as 2 function of tempersturc
for both compositions of Wi, Zn,FeeQy is shown in
Fiz. 9{a.li}. For applications, 1he (emperature dependence
of g i very important, The inioal permealulity of the
substances as a function of lcmperature was measured at @
constant frequency (100 kHz) of a sinusoidal wave. It was
observed that the permeability falls sharply when the
magnchc state of the ferrite samples changes from
forrimagnetic o paramaghetic. The Curic lemperalire,
Te. 15 determined by drawing a tangent for the curve at the
rapicd decrcase of p'. The intersection of the tangent with
the temperslure axis defermunes 7.

It is observed from the Fig. 94a.b) that when Zo™*
content is higher, the T, is lower. This s cxpecled bociuse
of the inchusion of higher concentration of non-magnetic
Z0 10 the materials. This is in harmaony with the thegretical
and experimental indings. It is also observed {not shown)
that the T, is shghtly increused wilh increasing sintering
temperature for both compositions.

MNi—Zn ferrite s 4 mized normal-inverse spincl type with
a general formula Feo Zn,[Nij_ Fe,J0y, where the
term within the square brackets indicales the octahedral
{E) sies and the first term is tetrahedral (A) mitcs. The
decrease of T, with an increasing Zn®* content muy be
explamned by a modification of the A-B exchunge nterae-
tion strength due to the change of the Fe'™ distribution
between A and B osites. The decrease of the Cunc
temperature 15 duc to the weakening of the A-B interuc-
tiop. This could be attributed 1o the increase in the distance
between the moments of A sund B sites which s confirmed
by the increasc in the lattice parameter with incroasing £n
content  The longest in distances botween mements leads
the A—B interaction to decreuse for samples MNiggZnge
Fa;00y relative to Ny pZng :Fe:0s samples and conse-
quently the T is decreasced
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Fig ¢ The tempersiuce dependence of the miuul permeabilisy For {a)
Wiy pEilg oF el and [h) My ofng 4 Fe Oy samples
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4. Cuonclus/ons

The micrestructure study shows that gram size mcreases
with sutenng temperature, & sample with more ung-
form and lareger grain size as well as highest density is
obtamed at 1330°C sintcring tomperature for Wig e Zng o
FoyQy composition The maximam g is alse observed al
this opumum T, for MigaZng Fop0y  composition,
The intial permeabiliy 15 proportionally incroased with
sintering density. The highest (0 value (2.1 % 16") for
MNiggdftly a0y is obtained for the sample sintercd at
1250°C. The T of Nin gZI’lu_IFﬁID.; is 5164 1°C while
532 1°C for M pfnpaFex0y. From the mvestigation
carried oul o this work we may say that the highest
permeability can be oblained by choosing the proper
composition Jnd sintering temperature {eptimum T
These results are helpful lor practical applications of
Mi-In fernites.
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