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ABSTRACT

Nanolycrystalline Nig s O, Zitg soFe-Oy (x varies from 0 to (.25 insteps of 0 03)
and Mg arCttperpdig 1 Fep0y (x and v vanes from 0 to O 10 insteps of 005 and 0.10
respectively}) femiles wete prepared by combustion technique The samples preparcd
from each composition were sintered at various temperatures in air for 5 hours.
Structural and surface morphology were studied by X-ray diffraction and optical
microscopy, 1espectively  The magnetic properties of these ferriles were characlenyed
with high frequency {1 kllz-13 MII7) complex permeability and temperature dependent
permeability measwements. The 1M magnetizations as a fonction of applicd magmetc
ficld were measured at temperatorc 300K by SQUID magnetomelter. The elfects of
microstoucture, composition and sinlering (emperatures on the complex permeability of
various AT g Con iy spFes0y and Nip g5, Citgen g 550820, territes are discussed. A
possible correlation among sintering temperature, grin size and densifty iz also

disgussed.

It was obscrved that the samples lformed spmel siructure. The fsltice constant of
all these samples lollow Vegard's law, The X-ray densities of the samiples increase with
incieasing Cw’’ content On the other hand, the bulk densities of the samples increases
and the comresponding porosity of the samples decreaszes with increasing of O’ content
up to x=0.10 Reyond this value of x, density decreases ag well as porosity incrcases. The
sintering  densities  of  the  polverystalline  Nigsp,Culag soFesQy  and
iy 450 Cligee) 20 s5.Fe 00 inC1eases in increasing sintering temperamure up te optinum
temperature above that the densitics decrcases. The microstructural study shows (haf
TN 5190 IneTeasss wilh mercasing Cr™ content up o an oplmum concentration aller
that 1t decrcase. The composiional vamabon of complex permeabilily specira, loss
Tactor and relative quality Bactor {Q) werns studied wilh frequencies [or the samples
sintered at various lemperatuecs. The gencral characicnistic ol the permeabilily specim 1y

that the real part of initial permeability { ;/} remain faiily constant in the frequency

range up 1o some cnlical frequency characlenized by the onset of resonance, while at

higher frequency 1t drops rapdly te a very small value and imaginary par { . } Increase

lr have o peik. The 2 15 found to be meresse wilh memeasing 1t content up o an

optimum level beyond that it decreascs, It is also observed that the ) value decreases

V1



with increasing of sintering temperawrc and loss fuctors are mininunn for frequency up
to 1 MHz. The Néel lemperature, Ty. of these samples are determined from the
temperature dependent initial permeability which shows a decrcasing trend as a function
of composition due to the weakening of the 4-8 inleraction and increasing trend due to
ihe sirengthen of the A-8 interaction Compositional variation saturation magnetizaiion,
saturating [ield, Bohr magneton were caleulated from M-H loops measurement, The

variation saturation magnetizations were desenibed on the basts of cation distribution

Wl
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Physics of magnetic nanoparticles continue 0 be a fascinating subject of interest
both from the tundamental and application points of view. Especially, the magnetic
nanomalenals show some unwsual behavior as an effect of nanoscale confinement.
Basically the nano-size padicle have allracted some research interest becansc of their
potential applications as microwave absorbing and shielding materals [i] and in the
electromagnetic devices ke inductors, de-de converters |2]. In pariicular, for the
clectromagnetic devices applications at high frequencies [3,4] researchers have lang heen
seatching soft magnetic materials with high saturation magmetization, high permeabilily
and low cnergy [osses [5-7]. Magnetic sahiration, coereivity, magnetization and magnetic
loss change drastically as the padicle size move down 1o the nano-scale range. It has been
observed that they have super-paramagnctic properties. due to their reduced size. Thesc
make them atractive candidates for the information sturage, magneto-optical devices and

many other applications including magnetic uids, magnetic latex etc.’

On the other hand, there i3 an intensc demand for high perfonmance and
minianurization of many eiectronic devices, For some devices soft magnetic materials of
high permeability is desired Most modern sofl ferntes have spinel oype crystal structure.
It has tetrahedral 4 sitc and octahedral B site in AE:03, crystal structure, It shows various
magnetic properiics depending on the compositions and cation distrobution, Various
cations can be placed in 4 site and B site to tunc 1ts magnctic properties. Depending on 4
site and A s1le cations it can sxhibit ferromagnetic, antiferromagnetic, spint {cluster) pliss,
and paramagnelic behaviour [4]. The general chemical formula of such fomiles s
MeleaOy where Me represents one or several of the divalent transition metals. These
types of ferntes are subjeets of miense theoretical and experimental investigation due to

thelr remarkable magnene and eleciric properties [4-23],



CRapiter 1 Frtraduction

e e . e

The N ZnFed, lermiles are most popular and versatile which was
investigated by many scientists [9. 24-27]. Recently in our labomatory 5. T. Mahmuod
studied pramn size dependenl permeability of Niggofng goffe; 0 and NigseZeg xoF ey
lermites  [2B].  Frequency dependence permeability of Copgelrpenfey  and
Copandhp sl ety ferrites were smdied by K. K. Kabir |292]. Influcnce of Mg and Cr
substimtion on  stuchural  and  magnetic,  properics of  polyorystalline
MNigzpdnag so—o-, My Ur Feplly, and cohancement of imitial permeability due to Mn

substimtion in polycrysaltine Nip sp. M, Zng solfe 0 wore studicd by T, 8. Biswas [30].

Becently prain size dependence permeability of polycrystalline Ni-Zn ferriles
prepated with conventional solid state reaction technique has becn studicd i our
laboratory | 23], It was observied that i the polyerystalhine samples are prepared from fine
powders, lhere 13 an cnlarpetinent of prain size at lower sintering temperature. In solid
stale teaction lechmigue, there are some limitations of having smaller particle size.
(Combustion technique is suitable for the preparation of nano sized initial powdors,
Combustion technique is also time consuming a3 well as power saving, In our present
rescarch work wo are mleresled (o siudy structural, AC and DC magnetic properties of
diflerent 87 spZnp safe;0y doped by Ci’t which were prepared by combustion technique,
Possible explanation for the ohserved characteristics of magnetization and inifial

permeability of the studied samples are discussed.

1.2 Objectives of the present work

The Cu substituied formtes with their case of prepamation and vemsatility [or use n
wide ranging applications are commercially very attractive These fermites are used in the
surlace mount devices (SMD) and multilayer chip inductors (MLCI) due to their high
electrical resistivity and excellent soft magnetic properties at high frequencies [31]. The
addition of Cu in the fermile composition has alse been known to play a crucial role in
lowening the {inng temperature. The atm of ths study s lo invesligate the eflects of
compositional change of a stoichiometnic Ny soditg sofez04 by partial substitulion of Nit

with divalent cations Cu*" on structural. morphological and physical properties.
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‘The matn objectives of the present research are as follows:

# Freparation of various Nipse,CuZr soFepy (x=0, 0.05, 0.10. 0.15.
0.20, and 0.23) and Nig 5. Cuprgng ss,Fer0y (x=0, 0.05. 0.10 and
y=0, (.10, and 0.10) samplcs.

o Study of siructural characterizations (x-ray diffraction), density and
porosily of the samples.

» Study of surface morphology (grain size).

s Determmation of fermmagnetic to paramagnetic ransition temperature
{ I'n} from measurement of temperamre dependent initial permeability.

s  Measurement of initial pormesbility as a funcnon of [meguency (1
KHz-15MHz) for samples having various microsouctures (e g. grain
s1FCh,

Possible putcome of the research is as follows:

Combustion technique is expected to produce nanccrystalline initial powder.
Samples prepared from these initial powders will have fewer defoels and henee malenials
wilh improved marnche properfics are expecled. From the sintening temperature (1)
dependent grain size studies, an optimum T, may be obiained for corresponding ferrite
composition A scaling of frequency dependent initial permeability with respect to grain
siz¢ may be obtancd, which wall be helpful for practcal apphcations of the abowve
mentioned [ermites.

At present, Bangladesh iz very dependent on the imported ferrite cores and other
sofl magnctic matcrials. If we develop a high quality [emile with  desired

characlenstics 10 our counlry, mportabion can be stopped that will save foreign cumrency.

1.3 Sommary of the thesis
The summary of the thesis 15 as follows:
Chapter 1 deals with the importance of femites and ebjectives of the prosent work,
Chaplcr 2 gives a brel overview of the matenals. theorciical backeround as well
s vrystal siructure of the spmel fermites,
Chapter 3 pgives the detaits of the sarple preparation
Chapter 4 gives descriptions of different experimental sstup that have been used in

ihiz mescarch work,



Chapter 1 Tmtroduction

Chapler 5 15 develed 1o the results of various investigations of the swdy and a

briel discussion.

‘The conclusions drawn from the overall experimental results and discussion are

presented in chapter 6
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CHAPTER 2
LITERATURE REVIEW

Double mades ol iron and other metals are important members of farmmagnetic system commanly known
as ferrites. 'L he outstandhng properties of feintes are their complex magnetic structure, whueh can be varicd
ta tatkor thor magnete propertics {or varwous high frequency applications. In this chapler we descvibe a
boef overyiew of the lerries, The basic issue of ferbmaghetism, crystal structure of the spinel ferrites and
effect of non-magnetic Zn substitution on the magnetic moments m smnel ferrites are discossed, A ew

theoetica] uspeots o complex permeabiliny are also discussed

2.1 Overview of the materials

Femites commonly expressed by the general chemical fonmula Me().Fe (h,
where Me represents divalent merals, firtst commanded (he public atiention when Hilpert
(1909) focused on the usefulness of fermites at high frequency [1] A syslematic
mveshigalion was launched by Snoek (1936) at Philips Research lLaboratory [2] At the
same tme Takal {1937) in Japan was seriously engaged in the research work on the
same matenials [1]. Snoek's cxlensive works on ferrites unveiled many mysteries
regarding magnetic properties of fermtes. He was particularly looking for high
permeability matenials of cubic structure. Uhis pamicular structure for symmetry reasons
supports low crystalline anisotropy He found suitable matenals in the ferm of mixed
spincls of the type MeZuFe;(3,, where Me stands for melals like Ca, M, N Co or Me, for
which penneability were found to be up to 4000 [1-3]. Here alter slarts the story of Ni-Zn
fermnites. Remarkable properties like high permeability, low loss factor, high stability of
permeability with lemperature and time, high wear resistance, controlled coercive force,
low wadtehing cocfficient cle. have aptly placed Ni-Za ferrites as highly demandable
ferriles 1o both researchers and manufacharers. Every year great deals of paper are
being published on vanous aspects of Ni-Zn fermites. A large murber of scientists and
technologists are engaged in research 1o brng about improvements on the magnetic

proporties of NM-Za ferrites

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

preparation and olten plays a dorminant mole in many magnetic properties. Tasaki et al. [4]



1

Chapfer 2 Laterature Review

- b ~ ']

studied the effect of sintering almosphers on permeability of sintered ferite. They found
that high density is one of the [aclors. which contribute to greater permeability. However,
permeability decreased i an atmosphere without O- at high sintering lemperature where
high density was expected. This decrease 11 permeability is atribuled o the vadation of
chemical composition caused by volatilization of Zn. At low sintering lemperature a
high permeability is obuincd in an atmosphere without ()3 because densification and
stoichiometry plays a pnncipal role in increasing permeability At high sintering
temperaiure Lhe highest permeahility is obtained in the presence of ¢ becavse the cffeel of

decrease of Za content can then be neglected.

Smdying the clectromagnetic properties of ferriles, Nakamura [5)] suggested that
both the simtering density and the average grain siee increased with sinlering temperature,
These chinges were responsible for variations in magnetization, initial permeabihily and

clectneal resistivity

High permeability atainment 18 cettainly affected by e microsimeture of the
terriles. Rocss showed that [6] the very high pormeability s vestricted to certain
lemperature tanges and the shapes of permcability versus temperamre curves are strongly

affected by any inhomogeneity in the ferrite structure.

Rezlescu et af. [8] reporied that the sintering behaviour and microstructure of the
fermiles samples largely affected by PO addilion. PAO significantly reduced the
sintening lemperatures, thus energy consumption is minimized and matcrial loss by

Evaporation is minimized [2]

Calom [10] studied magnetic properties of high frequency Ni-Zn ferrites doped
with Cut}. Upon increasing the the Cu substitution the average grain size deercases and
the microstruchure hecomes more wmflorm with fewer potes.initial permeability was
higher for higher Cu content Chul Sung Kim [11] studicd ihe structure of Co-doped

NiZn fermte. The Lattice parameter increases lincarly with Cu content.

Rahmanf12] studied on Ni-Cu-Zn based [ormiles .Average crystallite size increase
lingarly with calcined temperatire The lattice parsmeter and the ionoc radious of the
oclahedral sites increases with copper content. The saturalion magnetization decreases

with increasing non-magnetic Cu content. Woo Chul Kim [13] studied growth of
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ultraline NiCuZn ferrite and magnetic properties by sol-gel method The saturation

magmelization increases drastically with annealing temiperature.

Makamura [14] meporied on low temperature sintering Ni-Cuo-#Zn ferrite and its
permealility spectta The complex penneability of the sintering ferrites is describe as the
summation of the spin romtional contribution and domain wall metion componet. The
permeability in 100M1)z region is determined mainly by the spin rotation magnetization
mechanism and it depends only on the post sintering density I'he effect of domain wall
gontribotion cannot be ignored in the 10MHz region. The domain wall contribution can

be controlled nol only by the post sinlening densily but also by the fermles gram size.

Caltun [15] studied the microstructure and of the permeability specma of NiCuZn
forrites. The pardicle size increasc when the sintering wwmporature is raised. For the same
composition and different sintening temperatute penneability in low frequency region
deereases by addition of CuQ. As the sintering temperature increases natural resonance
trequency shified towards lower frequency. Aminul Tslam| 16] studied the microstructral
cffect of the magnetic and electrical properties of NiCuZn ferrites Lattice parameter
mmercascs wilh mercasing Cu content, Grain S12¢ incrcascs with incrcasing Cu content
and sintering temperature. Saturation magnetization decreases and initial permeability

increascs with increasing copper conteat,

There are two mechamasms in the phenomenon of permeabilily; spin rolalion in
the magnetic domains and wall displacements. ‘I he uncertainty of contribution from each

of the mechanisms makes Lhe mictprelalion of Lhe cxpedmental resulis dulficult, Globus

[17] shows that the intrinsic rotational permeability g, and 180" wall permeahility g
may be written as:g =14+2sM /K and g, =1+43xM D/4y, where M, is the

saturation magnetization, & is the total anisotropy. £ is the grain dimneter and » = K&, is

the wall cncrey.

M. A Ahmed et al [18] swmdied the DC, AC electrical resistivity of
Zitg gaMiy zoFes0y Formites, The DU cleelneal resistivity (o) decreases as temperature (T)
of the sample increases This decrease in the resistivily 15 due 10 the scmiconductive
Lehavior of the smdied composition Zrp suVip spfe=(; which 15 controlled by the form gy,
= ppenpfLikyT). where g, i5 the resistivity at inlinitely high temperature, kg is Bollamrann's

constant and £ 1s the activation cncrgy in ¢V for electrical conductions, The frequency
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dependence of the real AT clectocal conductivily (n:;l’Jm fu }) increases as the frequency of
the applied eclectric field increascs. The relalionship between the real AC electnical
conductivity and the frequency can be written as o.fw/=Bu". where # and n are
constants which depend on both the temperature and composition and w=2xf is the

angular frequency.
2.2 Magnetic ordering

The onset of magnets order in solids has two basic requirements:
(i} Individual atoms should have magnetic moments (spins),
(i} Lxchange interactions should exist that couple them together.
Mamnehe moments originale m solids as a consequence of ovetlapping of the elecirome
wave function with those of neighboring atoms. This condition is best fulfilled by some
transition metals and rare-earths, The exchange interactions depend sensitively upon the
iler-alomie distancee and the nature of the chermcal bonds, paticularly of nearcst
neighbour atoms. When the posiive exchange dominates, which corresponds to parallel
coupling of neighbouring atomic maments (spins), the magnetic system becomes
ferromagnetic below a cerain temperature T called the Curie temperature. The common
span directions are deteomined by the minimum of magneto-crystalline anisotropy encrgy
of the cryslal, Theecfore, ferromagnctic sobstances are characterized by sponlanecus
magnchzation. But a ferromapnetic material in the demagnetized siate displays ne nct
magnelzation m zero [eld because m the demagnetized siate a lerromagnelic of
macroscopic size is divided into a number of small regions called domains, spontaneously
magnctized to satwration value and the diccctions of these spontancous marnctization of
the vamous domains are such that the net magnetization of the specimen is zero. The
gxtslence of domains 15 a consequence of energy mimmizalion. The siz¢ and [ormation of
these domains 13 in a complicated manner dependent on the shape of the specimen as well
as 1ls magnetic and thermal history, When negative exchange dominates, adjacent atomic
moments {sping) align antiparallel o each other, and (he substance 15 sa1d o be ant-
ferrnmagnetic below a characternistic temperature, Ty, called the Néel (emperature. In the
simplest case, the lathee of an ant-fomomagnel 15 divided into two sublattices with the
magnetic moments of these in anti-parallel alipnment. This resull is zero net

magnctization. A special case of anti-femomagnetism iy [emimagnetism. In
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ferrimagnetism, there are also two sublattices with mapnetic moments in opposite
directions, but the magnetization of the sublattices are of unequal strength resulting in a
non-zere magnetization and therefore bas net spontanecus magnetization. At the

macroscopic level of domain structires, ferromagnetic and ferrimagnetic malerials are

therefore sitnilar.
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Figure 2.1. Temperature dependence of the inverse suscephibnhty for {a) a diamagnehie matenal, {B) a8
paramaphetic material, showing Curle’s law behaviour, (¢) a ferromagnetic material, showing a
spontaeons magnetizaion for - and Curie-Weiss bebaviour for T>Te () an annferromagnetic

matcral, (€} a fernmagnete matenal, showing a nct spontancouss magnchzation for T=7- #od non Liogur

bohanour for T=T-

The Curie and Neéel temperatures characterize a phase transition between ihe
magznetically ordered and dizsordered (paramagnetic) states. From these simple cases of
magnetic ovrdenng vanous lypes of magnetic order exists, parlicularly in metallic

substances. Pecause of long-range order and oscillatory nature of lhe exchange

10
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micraction, mediated by the conduction electrons, siructurcs like helical, conical and
medulated paderns might occur. A useful property for characterizing the magnetic
malerials 15 the magnetic susceptibility. x, defined as the magneiization, M. divided by
the applied magncuc field, 77 e y=M// The temperature dependence of

susceptibility or more accurately, inverse of susceptibilily 18 a good characterization
parameler for magnetic materials; Tig. 2. 1{e) shows that in the paramagnetic region. (he
variation of the inverse suscepubility with temperature of a ferrite material is decidedly
non-linear, Thus the ferrite materials do nol obey the Cunc-Weiss law,

¢ =CHT =T )2 19].

2.3 Crystal structure of spinel ferrites

Fenites have the cubic struclure. which 18 very close fo that of the mineral spinel
M€ A0, and are called cubic spinel. Analogous to the mineral spinel, magneic spinel
have the general formunla Me( Fez(r or Mefe-0) where Me 15 the divalent meral ion
[20]. Ths crystal stumcture was first determined by Bragg and by Nishikawa [1,159].
Formerly, spincls containing Fe were called ferrites hut now the tenn has been broadened
to include many other fermimagnets including gamets and hexagonal ferrites these need
not necessarily contain iron. The spinel lattice 15 composed of a closc-packed oxyeen
{radius about 1.3A) amangement in which 32 oxygen ions form a unit cell that is the
smallest repeating umit m the crystal neiwork, 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 accommaodate the metal ions (radii ranging from 0.6
to 0.8A). Now, the interstices are not all the same: some which we call A sites arc
surmounded by or coordinated with 4 nearest neighboring oxyeen 1ons whose lincs
comneeting their cenlers form a tetrabedron. Thus, A sites are called teirahedral sites. The
gther bpe of sites (# sites) is coordinated by 6 nearcst neighbor oxygen ions whose center
conneceting lines desciibe an octahedron. The A siles are called octahedral sites. In the unit
cell of 32 oxygen ions lhere are 64 tetrahedrat sites and 32 octahedral sites. If all these
welre filled with metal lons, of either +2 or +3 valence, the positive charge would be very
much rreater than the negative charge and so the struclure would not be electrically
neutral It turns oul thai of the 64 tetmhedral sites, only 8 are occupled and out of 32

octahedral sites, only 16 are occupied ‘Lhus the unit ccll contains eight formula units

11
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ADy, with 8 4 sites, 16 8 sites and 32 oxygen ions. and total of 8 x 7 =56 ions. A
spincl unit cefl contains two types of subcells, Fig 2.2, The two types of subcells

alternate in a three-dimensional aray so that each fully repeating wnit cell requires eight
subcells, Fig, 2.3,

@ 2l cadinn
O . B cativn
O : ¢3¢ "anion

Figure 2.2. Two subeells of 3 unil cell of the spinel structure,

4 sites 1% sites

Figure 2.3. Unil cell of spuow] lerrite divided inlo eight subcells with A and A sites

The positions of the 1ons in the spinel lattice are not perfectly regular (as the
packing of hard spheres) and some distortion does occur. The tetrahedral sites are
offen oo small for the metal ions so that the oxygen ions move slightly to
accommadate them. The oxygen ions connceted with the oclahedral sites move in
such & wav as to shrink the size the octahedral cell by the same amouni as the

tetrahedral site expands. The movement ol the tetrahedral oxypen is reflected in a

12
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guantity called the oxvgen parameler, which is the distance between the oxygen ion
and the face of the cubc cdge along the cube diagonat of the spinel subcell. This

distance is theoretically equal 10 3/8a, where apis the laflice constant [1]

2.4 Cation distribation of spinel ferrites

In spinel structure the distmbution of cations aver the wtrahedral or 4 sites and
octahedral or B sites can be present in a varicty of ways. If all the Me® ieons in
Me* Me) 0, are in tetrahedral and all Me™ 10ms in octahedral positions, the spinel is
then called normal spinel. Another cation distribution m spinel exisis, where onc half of
the cations Mc'* are in the 4 positions and the rest, wgether with the Me®™ wns are
randomly disteibuted among the B positions The spinel having the latter kind of cation
distribution is known as inverse spincl. The distribution of these spinels can be
summarized as [2, 21-22];

1} Normal spinels, i.e. the divalent metal ions are on d-sites: Me™ [Mel* 10,

2} Inversc spincls, 1.e. the divalent metal ions are on B-sites: Me™ [Me™ Me.* 10,
A completely normal or inverse apinel reprosents (he oxtreme cases, Za ferrites have
normal spinel smucture and its formula may be written as Zn*'[Fe'* Fe' ). On the
other hand, & ferrites have inversel spinel stmichire and its fonnula may he written as
Fe™[Ni*"Fe’ 0. There are many spinel oxides which have cation distributions

inlermediate between these two extreme cases and are called mixed spinels. The general

catien disteibution for the spinel can be indicated as

(Mt Me” Y Mel" Met 10,

] l+5

where the fimst and (hard brackets represent the A and B sites respectively. For normal
spinel x=1, for mnverse spincl x=0. The quantity X is a measure of the degree of inversion.

In the case of some spinel oxules x depends wpon the method of preparation.

The basic magnetic properties of the fernies are very sensitive functions of their
cabion distmbulions. Mixed ferrites having interesting and uselul magnelic properties are

preparcd by muxing two or more different types of melal ions. The chemieal formula of

mixed Ni-Zn {emite may he written as{Ze” Fe " NI Feyt 10 where 0=l

13
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Spinel oxides are 10m¢ compovnds and hence the chemical bonding oceurring in
them can he taken as purely lomic o a good approximation. The tolal encrgy involved,
howeser, consists of the Coutomb energy, the Bom tepulsive energy, the polarization and
the mapmctic internction energy. ‘L'he energy lerms are all dependent on lattice conslanl,
oxygen position parameter and the iomic distribution. In pnnciple the equilibrium cation
distibuten can be calculated by minimizing the lotal energy with respect to these
variables. Bul the only energy that can e written with any accuracy 15 the Coulomb energy
The individual prefercnce of some ions for cedain sites tesulting from thenr eleeironic
configuration also play an wmporiant role. The divalent ions are generally larger than the
trivalent (because the larger charge produces greater electrostatic attraction and so pulls
the outer orbits inward). The octahedral siles are also larger than the temrahedral.
Thetefore. it would he reasonable Lhat the Invalent fons Fe™ (0.67A) would go into the

tetrahedral sites and the divalent jons e (0.¥3A) go into the octahedral. Two exceptions

are found in Zn*" and Cd** which prefor letrabedral sites because the electronic
configuration is favourable for tetrahedral bonding to the oxypen ions. Thus Zn™™ (0.744)
prefer (cleahedral sites over the Fe® (0 67A) ions. Zu™ (0.74A) and Ne*™ (0.74A) have
almost the same lonic radius but Zx prefers tetrahedral sites and N: prefors oetahedral sites
because of the conflguration exception. Né* (0.78A) and ' (0.64A) have suong
preferences for oclahedmal sites. Hence the factors influencing the distribution the cations
among the two possible lattice siles are mainly their ionic radii of the specific ions, the
size uf the interstices, temperature. the matching of their cleetronie configuration to the
surrounding anions and the eleclrostatic cnergy of the latlice, the so-called Madelung
energy, which has the predominant contnbution to the lattice energy under the constrain

of overall energy minimization and charge neutrality.

2.5 Interaction between magnetic moments on lattice silcs

Spontancous magnetization of spinels {at OK) can be cstimated on the basis of
thewr composition, cation distribution, and the relative sirengih of the possible interaction.
Since calion-cation distances are generally large, direct (lerromagnetic) interactions are
negligible. Because of the geometry of orbital involved, the strongest seperexchange
interaction is expected o occur between octahedral and tetrahedral cations. The strength

of interaction or exchange foree between the moments of the lwo metal ions on different

14
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sites depends on the distances hetween these ioms and the oxygen ion that links them and

also om the angle between the three ions. The nearest neighbours of a telrahedral, an
actahedral and an anion sile are shown in Fig. 2.4, The interaclion is greatest for an angle
of 180" and also where the interionic distances arc the shortest Fig. 2.5 shows the
inteionic distances and the angles berween the jons for the different rype of interactions.
In the A-4 and B-8 cascs, lhe angles are too small or the distances between the metal ions
and the oxvgen ions are oo large. The best combination of distances and angles are found

in A-f1 interactions.

It

aT— - iy
' -

_T__u.‘i“

Figure 2.4, Nearest neighbours of (a) 4 telrahedral site, {by an octahedral site and {c) an anion sitc

AB bB AA
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Filgurc 2.5, [nfenanic angles in the spinel structure for the different type of lattice site interactions.
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For an undistorted spinel, the A-0-B angles are about 125%and 154" [1-2, 23] The
B-3-B angles are 90" and 125" bt the latter, one of the B-B distances is large In the 4-A
case the angle is about 80" Thercfore, the interaction bebwesn momenls on the 4 and B
sile is strongest. Lhe 8B interaction 15 much weaker and the most unfavorable situation
oveurs 1 the AA interaction. By examining the interaction involving lhe major
conlributor. or the A-H interaction which orients the unpaired spins of these ions

antipatallcl, Mécl was able to explain the fermimipnetism of ferrites,

2.6 Magnetism in spinet ferrite

The magnetic moment of a free alom 15 assoctated with the orbital and spin motions
of electrons m an ncomplete sub-shel] of the electronic structure of the atom. In crystals the
orbital motions are quenched. tut s the ombi] plancs may be considered to be fixed m space
relative o the crystal lattice, and in such a way lhat in bulk the cryslal has no resullant
moment from this source Moreover this orbital-ladice coupling is so strong that the
application of a magnetic field has little effect upon it. The spm axes arc not ghtly bound to the
latlice as are the orbilal axes. The amons surrounding a magnetic cation subject it to a strong
mhomogencous clectric field and influence the orbital angular mementom. However, the
spin angular momenlum remams unaffeced. For the first transition group clements this
crystal field effect is intense partly due to the large rdius of the 3d shell and patly due 1o the
lack of any ouler elechronic shell to screen lhe 3d shell whose unpaired electrons only
contnibute Lo the magnetic moment. We have originally defined the magnetic moment in
conncetion with permanent magnets, The clectron itself may well be called the smallest
permanent magnet [1]. For an atom with & resulmnt spin quanhum number S, the spm magmete

moment will be

p=g S5+ Dy,

where g is e Land¢ spliting factor and g, known as  the Bohr magneton, is the
fundamenlal umt of magnetic moment. The valuc of g for pure spin momend 1 2 and the

quantum number associated with each electon spm 15 +1/2. The direction of the moment is
comparable o the dircetion of the magnetization {from South o North poles) of a permianent

magnet (o which Lhe clectron is equivalent, Fig. 2.6 illustrates the electronic configuration of Fe

atoms and Fe''ions. Fe atom has Tour unpaired elecons and Fe’tion has five wnpained
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clectrons. Lach unpaired electron spin produced | Bohr magneton. In compounds, ions and
molceules, acconnt must be taken of the electrons used for bonding or transferred in jomization It
1s the number of unpaired electrans remaining afler these processes oceur that gives the net

magnetic moment |1 |. According to the Hund's rules the moment of Fe atom and e ion are

dpg and Sp, respectively Similarly the moment of Fe™* and M on are 4upand 3,

O 6 OO @ DO® BOOOD ©
® O oD © @é@ OEOE® O

Fipure 2.4. Elechionic configuration of atoms and fons

2.6.1 Exchange interactions in spinel

The inicnse shod-rRoge cleclmosiatic ficld, which is responsible fir the magnetic
ordering, is the exchange force that is quanum mechanical i orgin and is elaed to the
ovetlapping of total wave fonctions of the neighbouring atoms. The totl wave Tunction consiss
of the orbital and spin motions. Usually Lhe net quaniinn number is written as &, because the
magnatic moments arise mostly due to the spin motion as described above., The exchampe
imernctions coupling the spins of a pair of electrons are proportional o the scakiar product of thsir
spn vieetors [200, 22, 24,

Vv, o==2/.8 5, (2.1}

whene J | is the exclange micgmal ;nven 1n i sell explanatory notation by

[

.= [ (w2, 1.1 11 w, (D, (2)edvdv, (22)

lne n m
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In this expression # s are the distances, subscipts £ and f refer to the atoms, 1 and 2 refers to the
two glectmns If the J in equation {2.1) is positive, we achieve ferromagnetism. A negalive J

may give rise to anti-ferromagnetism or ferrimagnetism.

Magnetic interactions in spinel ferrites as well as in some ionic compounds are
different rom the one comsidered above because the catioms are mulually separatcd by bigeer
aninns {maygen jons). These anions obscure the direct overlapping of the cation change distributions,
somelimes prtally and sane times complelely makmg he duecl exchange miemcton very weak,
Cations are too far apart in most oxides for a direct cation-cation interaction. instead,
superexchonge mieraclions appear, 1., indirect exchange via amon p-orbitals thal may be
stromg enough to order the magnetic moments. Apart from the slectrome struclure of
cations this type of intcractions steongly depends on the geometry of arrangement of the
two interacting cations and the intervening anion Both the distance and the angles are
televant. Usually only the interactions with in first coordination sphere (when both the
calions are 1 conact wilh the anion) are imponant, In the Nedl theory of ferrimagnctism
the (nteractions taken as effective are mter- and intra-sublattice interacttons 4-8, 4-4 and

B-B. The Iype ol magnetic order depends on their relative strengtl,

The superexchange mechanism between cations that operate via the intermediate
anions was proposed by Kramer [or such cases and was desveloped by Andersen and Van
Vieck [21, 22]. A simple example of superexchange is provided by MaQ which was
chosen by Anderson From the crystal stmuclure of MrEr il will be scen that the antiparallel
mangancse wons are collinear with their neighbouring oxygen ions. The 37 ions each have
six 2p electrons in three anuparallel pars, The ouler clectrons of the Mn®* iong are in 3d
sub-shells which are hall [lled with five clectrons in each The phencmenon of
supcrexchange 15 considered to be due to an overlap between the manganese 34 orbits and
the oxygen Zp orbits with a continuous interchange of electrons between lhem. It appears
that, for the overzll enerzy of the sysiem to be a minimum, the moments of the manganese
ions on gither side of the oxyeen on must be antiparallel, The mangancst magnetic moments
are thus, in effect, coupled throogh the intervening oxygen wn. The idea is illustrated in

Fig. 2.7.
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Figure 2.7, llluatrating superenchange in Afaf),

In Figs. 2 7{a) and 2 7{c}) the outer electrons in a pair of Mu®t ions, and in an intervenmmg
€ {on in the uncxcited state, arc shown by the arrows. One supgested mode of coupling is
indicated in Fig. 2.7{h). The two electrons of a pair in the oxygen ion are simoltaneously
transferred, ome o the lell and the other v he nght. I theirr dwections of spin arc
unchanged then, by JHund’s rules, the moments of the two manganese ions must be
anliparalle]l as shown. Another possibility is represented in Fig. 2.7{d). One electron only
has heen transferred to the manganese 1on on the lell. The oxygen 100 now has a momeot
of 1y, and if there is negative interaction between the oxygen 1on and the nglt-hand
mangangse ion then again the moments of the manganese ions will be antparallel. I these
ideas are accepted then the oxygen ions play an essential parl m producmg
antiferromagnetism in the oxide Moreover, becanse of the dumbbell shape of the 2p orbus,
the coupling mechanism should be most effective when the metal ions and the oxygen ions
lic i ong stright line, that is, the angle between the bonds is 180°, and this is the case with
AnO.
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f s

Cution haypEen (Cation

Firure 2.8, Schematic representation of the superevehange mteraction in the magnctic ewides The proohital

of #n amon (centerd interact with the o orbitals of the transitional metal cations.

In the case of spinel femiles the coupling 15 of the mdirect (ype which mvolves
overlapping of oxypen wave functions with those of the neighboring cations, Consider
two transiiion melal calioms separaled by an O, Fig, 2.8, The " has no nct magnetic
tmoment since it has completely fitled shells, with p-type ocutermaost orlitals. Orbital p, has
fwo clectrons: one with spin wp, and the other with spin down, consistent with pauli’s
exclusion principle. The essential point 1s thal when an oxygen p orbilal overlaps with a
cation « orbital, eme of the p electrons can be accepted by the cations. When one of the
transition-meral cations is brought close the ¢, partial electron overtap (between a 3d
electron from the caton and a 2p electron form (he {3‘1'] can occur only for antiparallel
spins, becanse electrons with the same spin are repelled Empty 34 states in the cation are
available for partial cccupation by the O° clectron, with an antiparallel orientation,
Elcctron overlap between the other cation and the ¢ then occurs resulting in antiparallel
spins and thercfore anliparalle] order between the cations, Since the p orbitals are linear,
the strongest milerachon 1 capeciled to lake place for cation—(0" —cation angles close to
180 2]

2.6.2 Néel theory of ferrimagnetism

If we consider the simplest case of a hwo-sublatrice system having antiparallel and
not-cqual maguetic moments, the inequality may be due to:
1} dilferent clements in ditferent sites,

2} same element in different 1me stales, and
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3) different crystalline fields leading to dufferent effective moments for ions having
the same spin.

The spins on one sublattice are under the influence of exchange forces duc to (he spins on

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

ficlds actung om the two sublattices A and B can be writicn as [2, 19-24]
H, =AM, +A .M,

f_:’n = iﬁﬂﬁ}d + EBBJ{?H
where M, and A, are the magnctizations of the two sublattices and A s are the Weiss
constants. Since the interaction bebveen the sublatlices 1s antiferromagnetic, 2,, must be
negative, but A,, and A;, may be negative or positive depending on the crystal strucrure
and the nature of the interacting atoms. Probably, these interactions are also negative,
though they arc 1n general quite small,

Assummg all the exchange interactions to be negative the molecular ficlds will be

then giventry

'I:I.f = "144‘;{{4 _‘E*M‘ﬁﬂ ’

Hy=—A M, =AM,

Since in general, 2, and 4, are small compared to 4, it is convenienl to cxpress the
strengihs ol these mierachions elative to the dominant 4 interaction.
Let Ay =i,

and Ane = A

In an cxicrmnal applicd Gcld H . the felds acting on 4 and A sites are

H, =H=-4(al, ~M,),
Hy=H—4,(M,-MM,)
At temperatures higher than the (ransition lcmperature, T, , & ,, M, and M, ate all

parallel and we can write

C - - -
Py, =.}L[H_,{M(mwﬂ—.wq)], (23)
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. M, = %‘—[ﬁf — A, (M, - M )] (24}

where (¢, and ¢, are the Cune constants [or the two sublailices.
C, =N, guls (8, +1)/3K
il C, =N, gul8,(5, + 3K

N, ad N denote the number of magnetic ions on 4 and A sites respectively and ¥, and

& are their spin quantian mombers. Solving for the susceptibility, ¥, one gets [2, 19]

1 _T+(Cig) b
r C T-8 @)

whers ', ¥,, pand & arc constands for parlicular substance and arc given by

C=0, +0
1 t .1 1 .
7_ = _F[(ﬂxiu + A + 20,007 5]

X i -
0 . 2 2

b= (_I:q & [C’j {AM - ’?‘Hﬂjg + {'H {Aﬂn - ’J",f.l‘r:'
=20, Cplily —(Ayy + Apg Vg + A 10Ag0 )

N S, .
f=-—2 ; (4 Tt A ) — 24,

Equation {2.5) represents a hyperboka, and the physically meaning par of it is plotled in
Fig. 2.9, This curvalure of lhe plot of 1/ versus T is a characteristics feature of a
ferimagnet. It cuts the temperature axis at 7., called the Fermmagnelic Cune point. At
high temperatures the last term of equation (2 5) become negligible, and reduces to a
Curic-Weias law

C

YT Cigm)

This 12 the equation of straight ling, shown dashed i Fig. 2.9, to which the 1/ versus T

curve becomes asymptotic at high temperatures.
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-Ci, ¢ Te T
Fipure 29, The temperature dependence of the inverse susceptibility for ferrimacnets,
The Ferrimagnetic Curie temperature 7. is obtained from cquations (2.3) and
(2.4) with ¥ ={ and setnng the determinant of the coefficients of M equal to zei10. This

gives
1. - _—
I = E['if gy T A HIC A, - ['.9’133}3 + 46.4('331.43}2] (2.6)

Equation {2 3} is in good agreement with the expenment, except near the Cune point. The
experimental Curie temperature, the temperature at which the susceptibility becomes
infinite and spomtansous magnetization appears, i= lower than the theorstical Cuorie
temperamre |19, This disagieement between theory and experiment in the region of
Curnie point 15 presumably duc to the shon-range spin order (spin clustcrs) at temperatores

above experimental 1-[2, 19].
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Figure 2.190. Supcrposilion of various combinations of two oppesing sublathice mugnetications ptoducing

dilferng resullants including one with a compensation point {schenatic)

The sublamice magnetizations will in geneml have differcnt temperature dependences
because he effective malecular fields actmg on (hem are different This sugpests e
possibility of having anomaly in the net magnetization versus cmperarsre curves, Fig. 2 10,
For most ermmagnels the curve is similar to that of ferromagnets. but in a few cases there be
a compensation point in the curve, Fig, 2.10(c) {1. 19]. At a point below the Cune temperalurc
point, the two sublattice magnetizations are eyual and thus appear © have no moment This
temperature is c¢alled the compensation point. Below this temperature one sublaftice
magnetization is larger and provides the net momeni. Above this temperature the other

magnetization does dominates and the net magnetization reverses direction,
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The essential requisile for Néel configuration {8 a strong negative exchange

!
interaction between 4 and B sublattices which results in their being magnetized in opposite

c!lirectimls below (e (ransibon point But there may be cases where intrasublatice
interactions arc compatable with intersublatice intcraction. Neel's theory predicts
]:glaramagnctism for such substances at all temperatorcs. This 15 unreasonable since strong
;e:IA or B mlerachion may lead to some kind of erdering cspecially at low temiperature, In
lihe cases of no 4B interaction, antiferromagnetic ormdenng may be expected either in the A or
in the # sublatrice. Under corain conditons there may be non-collincar spin arrays of still

lower cnergy.

|
2.6.3 Effeet of zine substitution on the magnetic moments in spinel ferrites

! Fe,0, has lerromagnetic properties hecause of 118 mverse stucture which leads to
|
the formation of domains. A emil cell of #e, ), containg eight formula umts each of
| :

u:.'hich may be witlen 1 Lhe form Fe*[Fe* Fe'' [027121]. Snock and his co-workers
found that oxides of inverse structure could be artificially prodoced in which the divalent
ir;:rns of another clement, [ur example M, Vi, Co, Me or Cor, could be substitaled for the
divalent #¢°* ions in Fe 0, An exlensive tange of ferrites could ths be madc having the

i — -~ —

geteral formula Fe™[M % Fe™ 107, where armows indicale spin ordering. Since the
115‘1»'31&:1‘11 ron ions are equally distribuied on 4 and B sites they cancel each other out
|

magtictcilly, and the magnetic moment per formula vnit i3 then theoretically the same as

|
t‘ﬁle magnetic mament of the divalent 1on, The A7 femrite has a moment of 2.3z, compared
‘ﬂ;’ﬂ:h a theoretical value of 24, [1]. Zn fertite is a normal spingl, with Zu“(hf "y jons in

- . I— - - '
A sites have zere magnetic moment; Fe” dons in B siles have a magnetic moment 5z,
1

'l:'he cation distribution can be wrlien as Zn“[F;“ F:.:" |03, , where spin ordering is
il:'ldicated by amows The 7ero magnetic moment of Zi* jons leaves trivalent iron ions on
E? sites with a negative B interaction between equal ions. Therefore Zu ferrite is not
ﬂ:arrcrmagneﬁrc. Zing ferrite therefore be caxpecied to be antiferromagnetic and thus to have

I
a'Néel point, though measurements show it to be paramagnetic only [1-2, 19, 21].
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Magmetic properties can be modified widely by calion substitution. An illustrative

case Is substituion of ¥i by Zn in Co ferrite to form solid solutions Ni,__Zn_Fe, 02, . The

cation distribution can be written as (Zn>' Fo ' JNiT Fe® 1077 [2]. Zn*" is diamagnetic
and its main effect is to break linkages between magnetic cations. Another effect is to
increase intcraclion distance by expanding the unit cell, since il has an jonic radious
larger than the MF and Fe radii. The most remarkable cifeel is that substitution of this
diamagnetic cation {Zn) results in a sigmilicant increase in magnctic moment in a number

of spinci solid solutions, Fig, 2.11.

—t
=]

—

==
|
3
"
\
“
L%
[

Magnetic Moment {5 /formualta unit)

Figure 2.11. ¥ariation of Magnehc moment €in 13ahr magnelons per formula umit) with increasing zune
substitution [ 1, 2].

Magnetic moment as a function of 74 content shows an increase for small substitutions,

goes through a maximum for intermediate values, decreases and finally vanishes for high

£ contonts

A sumple analysis shows that this increase can be expecicd for an antiparallet
alignment. As the Zr content increases, magmetic moments decreases in sublatlice 4 and
increase in sublatuce B If the magnetic moment of Fe and N are 5 and -2.3 4, fion,
respectively, then. per feufumula unit, the olal moment in Bohr magnelons on B

sublatrice is 231 —x)+5{l+ <) and on 4 subladice ihc (otal antiparallel moment
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is3(1 —x}. If the resultant moment per formula unit s ()}, then by taking the
difference of 4 and 8 moments [21],
M (0 =231=x)4 5(1+x)=5{1=x)
=x{10-2.3+23

A hnear relalienship 15 oblamed wath a slope of 7.7, predicting a moment value of 102,
per formula unit for Zx substimtion x =1, as shown by the broken lines in Fig, 2.11. This
relattonstup 18 nol ollowed over the entine composition range, Howeser, as the Zn
conlenl mercases, A — O — B nlerachons beecome oo weak and B — O — B inleraclions
bepin to dominate, That is, the average distance between the interacting spins gets larger.
As a consequence, the system becomes frustrated causing a perturbation to the

magznetically ordered spins as large numbcr of B silcs sping gols non-magnetic impurity

atoms as (hewr nearest neighbors,

S % (D
©
.G) ®,® O,@

Figure 2.12. Schematic represcntation of spm arrangements in M Zr Fe, (3, (1) femmugnelic

(for x = 0.5 ) (b} tangular or Yafer-Kittel (for x 3> 0 5 ). and {c) antifcrromagnetic for © & 1.

The f spins are no longer held in place dus to this weak anti-ferromagnetic 4-4 tnteraction
leading to non-collingarity or canting among the 5 sublattice, Thus for x = 0.5 Zn content,
mstead of & vollinear antiparallel alignment, canled siructure appears, whete aping in B
sites are no longer parallel [2, 23], Fig. 2,12, Evidence of (his toangular sttuctorc has
been observed by neumon diffraction [26]; a theotetical analysis showed that depariure
from collinear order depends om the ratio of the A-0 -0 10 -0 - F molecular field
coefficients, 2 . /1,,[27]. For ugh Zn conceniration. B—O -5 intcractions dominant

and the ferrite become antiferromasnctic for x =1 |2].
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2.7 Microstructure

A polverystal is much more than many tiny c¢rystals bonded togelher, 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
material’s properlics {mcchanical, chemical and  cspecially  clectrical and

magnetic) depend strongly on the nature of the microstructure,

In the simplest case, the grain boundary is the region, which accommodates
the difference n crystallographic onentabion 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 graing The 1ome nature of ferrites leads to dislocalion pattems considerably
mare complex than in metals, since elechostatic energy accounts for a significant

[raction ol the tolal boundary cncrgy [2].

For low-loss fernte, Ghale [1] states (hal the gram boundanes mlluence properies
535
1} creating a high ressistivity intergranular layer,
2} achng as a sink for impuritics which may act as a sintering aid and grain
growlh modihers,
3) providing a path for oxyeen ditfusion, which may modify the oxidation siate

ol cations near the boundanes.

In addiiion 1o grain boundanes, ceramic imperfeclions can impeds domain wall
molon and thus reduce the magmele properly. Among thesc are porcs, cracks, melusions,
second phases, as well as residual srains. Imperlcetions &lso acl as encrey wells thal pin
the domuin walls and requre gher activation encrgy 10 dolach, Sircsscs are
microstructural imperfections that can resuli from impunties or processing problems such
a5 oo rapid a cool, They affect the domain dynamics and are responsible for a much
greater share of he degradation of properics than would cxpect T1].

Grain growth kinciics depends strongly on the impurity content. A minor dopant
can drastically change the naterc and concenmration of defects in the matrix, affecting
arzin houndary motion, pore mobility and pere removal [2, 28], The effeet of a given

dopant depends on itz valence and solubality with respect to host material. If it is not
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soluble at the sintering temperature, the dopant becomes a second phase which usually

segrepates to the grain boundary.

() h)
Figure 2.13. Porosity characler: (a} intergranular, (b} intragranular

The porosity of ceramic samples results from two sources, intragranular porosily
and inicrgranular porosity, Fig. 2.13. An undesirable effect in ceramic samples is the
formalion of exaggerated or discontinuous grain growth which is characterized hy the
excessive growth of some grains at the expense of small, neighbouring ones, Fig. 2.14,
When this occurs, the large grain has a high defect concentration. Discontinuous growth
18 belicved o resull fum one or several of the following' powder mixmres with
impuntes; a very large disinbulion of initial particle size; sintering at excessively high
lemperalures, m lemites containing #z and /m Ma, 3 low (. pamial pressure 1 (he
sintering atinosphere. When a very large grain is surrounded by smaller ones, 1t is called

“duplex” microstructure,

"-j WM L7 |':' ‘&Trfl
A

':!lr
x|

Figure 2.14. Grain growth {a} discontinuous, {b) duplex (schematic).
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2.8 Theorics of permeability

Permeability is defincd as the proportionality conslanl between the magnetic
[icld induction £ and apphicd {ield intensity A [2, 23, 29]:
B =df {2.7)
If the applicd field is very low, approaching zero, the ratio will be called the initial
permeability, Fig. 2.15 and is given hy
B8
BTN

This simple definition needs further sophistications. A magnetic material subjected

tn an ac magnelic [ield can be written as
7= e (2.8)

It 15 observed that the mapnetic (lux density B lag behind 7{, This is caused due to (he

presence of various losses and is thus expressed as
B = Bl (2.9)

Here & is the phase angle that marks the delay of B with respect to & The permeabihty 15

then given by
B =) B =1 B )
;J:E: 8? — = i =—”cns§—f£sin5:;f-—m" (2.1
H  He™ A, H, i,

c_ B

where i =I—cn:=:5 {(2.11}
i

and o= —-Bi-siné? (2.12)

a

The teal part (') of complex permeability (u), as cxpressed in equation {2 105
tepresents the component of B which 15 1 phase with M, so it comresponds to the normal
permeability  Tf there are no losses, wo should have = g’ The imaginary panl u”
corresponds to that of B, which 1s delayed by phase angle 90" from JI [19, 23]. The
presence of such a component requires a supply of energy (o mainlain the alternating
magnctization, regardless of the origin of delay, The ratio of u" lo g, as is evident

from equation (2.12) and (2.1 1} gives
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B, . .

) H—asmcﬁ
_ET:_H_:m.“s {2.13)

H —cosd

0

This tan & is called loss factor,

The guality factor iz defined as the reciprocal of this loss faclor, 16

Quality factor= $ (2.14)

And the relative guality Tactor, £ = £ {215}
ané

[+ , r Irrey emsible
' wall moticen

. Reversable woall haw ing
Hfl’ H

Figure 2.15. Schematic mametication vurve showing the important patumeter: 1nibal permeatohty, & (the

shope 4 the curve ul Tow fields) und the mam magnctization mechanismn n cach magnetization rangce.

The curves Lhat show the variation of both g’ and g with frequency are called
the magnetic spectrum or poomcability speclrum of the mulenal [19]. The varaton of
permeability with frequency is referred to as dispersion. The measurement of complex
permeability gives us valuable information about the nature of domain wall and their
movements In dynamic measurements the eddy current loss is very imporant. This
occurs due to the arreversible domuin wall movements. The poermeabiliy of a
fermmagnete substance 1 {the combined ellect of the wall permeability and

rotational permeability mechanisms.
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2.8.1 Mcchanisms 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 all the magnetic moments arc oricnted 1 parallel and the magnetization has
its saturation valucd . In the walls the magnetization dircction changes gradually
from the dircction of magnetization in one domain to that in the next. The cquilibrium
posiions of the walls resull [rom the interactions with the magnetization in
neighboring domains and from the influence of pores; crystal beundaries and

chemical inhomogeneities which tend to favour cenain wall positions,

2.8.1.1 Wail permeability

The mechamism ol wall permeability anses from the displacement of the
domain walls in small fields. Lets us consider a piece of material in the demagnetized
state, divided into Weiss domains with cqual thickness Z by means of 180° Bloch

walls (as in the Tig. 2,16}, The walls are parallel to the YZ plane. The magnetization A,

in the domains is oriented alternately in the + Z or — 2 dircerion, When a ficld A with
a componcnt i the + 2 direction 15 apphcd. the mammetization o (s direction wall be
favoured. A displacement x of the walls in the direction shown by the dotted lines
will deercase the cnetgy densily by an amount [30, 31]:
M T dx
L

This can be described as a pressure A ff, exerled on each wall. The pressure will be
counletacled by reslonng forces which [or small deviations may assume (o be kdy
per unit wall surface. The new equilibrium position is then given by

M H _dx
L

From the change in the magnstization

d =

M of
MJ:?..' 5.',
L
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the wall suscepuhility 7, may be caleulated Let H makes the angle € with

Z dircetion. The magnetization in the ¢ direciion becomes

2MA 50, And with 1, = Hcos8 &nd d = —os

-

'[Mja =

we obliin

_(AM),  4M7cos'
=Ty K

(2.16)

Figure 2.16. Mugnetization hy wall mohion and spin rotation,

2.8.1.2 Rotational permeability

The rotational permeshility mechanism arises from rotation of the
magnetizalion i each domain. ‘Lhe dircction of M can be found by minimizing the
magnelic cnetgy £ as a function of the orientation Major contribution to £ comes {rom
the crysial amsotropy energy. Other conteibutions may be duc to the stress and shape
anisotropy. The stress may influence the magnetic energy via the magnetostriction,
The shape amsotropy is caused by (he boundaries of the sample as well as by pores,

nonmagnetic inclusions and inhomogeneities. For small angular deviations, a, and &,
may be wriltcn as

A

4
er = and ¢, = -2

M,

T
ks

For cquilibrium ¥ -direclion, £ may be exyresscd as [24, 25]
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: 1 - 1 2p
E :}:'.‘{,+§r:rj,-’3|u +£aJ,t“

wlhere it is assumed that rand » are the principal axes of the energy numimum. Instead of
E, & E,, the anisotropy field /f f andH! arc ofien introduced. Their magnitude is

given hy

E
1 =Ln ang Hi=—2,
2A 1M

W
T &

H? & H! represent the stiffness with which the magnetization 15 bound to the
cquilibrivm direction for deviations in the x and y direction, tespectively. The
rotstional susceplibilitics »,, andy, ~for ficlds applied along x and v directions,
respectively are

M,
.
H}‘

A
- — kl and ¥ =
.f.,t h; 4 ‘{"

b

For cubic materials it is often found that /7% and ¥ ' are cqual. Tor /1 = H ' =H'

and a field /7 which makes an angle @ with the Z dircetion (as shown in Fig, 2.16)

the rotational susceptibality. g, 1none crysiallite becomes

Low = ;jf sin® ¢ (217)

A polyerystalline matenal consisting of a large number of randomly oriented grains of
different shapes, with each grain divided into domains in a certain way. The rotational
susceptibility y, of thc matcrial has to be oblained as a weighted average of . of each
cryslallite, where the mutual influence of neighbouring erystallites has to be laken into
account, If ilic crystal anisotropy dominates other anisolropics, then [f 4 will be constant
throughout the material, so only the factor sin® & (cquation 2.17) has to be averaged.

Snoek [32] ussuming a linear averaging of y, .and found

M,

e x:

The total internal susceplibility
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A Pcost 8 2M
X=Xt t, = tag (2.18)

Il the shape and stress anisomopies cannol be negleeted, 7f 4 sill be larger. Any estimalc

of .

will then be tather unccrain as long as the domain structure, and ihe pore

distribulion in the material are not known. A similar cstimate of z,. would require

knowledge of the sti{fuess parameler & and the domain width L. Ihese parameters

are influenced by such factors as imperfectiion, porosity and crystallite shape and

distribulion which arc casentially vnknown
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CHAPTER 3
SAMPLE PREPARATION

Inthis chapic we desciibe the preparation method of samples We describe atzo the efect of ealeinutions

and siotenimg process cn fhe foreites
3.1 Composition of the studied ferrite system

In the present research Cre *-based soft ferrites arc synthesized and investi gated

The feretes under investigation are:

Nip snCn, 7 np solbieaOg {with x = 0.00, 0.05, 0 10, 4.15, (.20, 0.25, 0.30)
Nin 45_‘Cll{{+y}2ﬂn 55.}1"162(_]4 {Wiﬂ"l x = (.00, GDS, .10 and ¥ = DD'D., .10, 0 H}J

3.2 Sample preparation

A goal common L all the fermles 15 the formation of the spincl structure. Now a
days, the majonty of femte powders are made by the conventional Ceramic process or
Solid State Reaction technigue. Most of the non-conventional processes are involved in

producing the powder by a wet method, Among these methods, some are [1, 2]:

17 Co-mecipitation

2) Organic procursors
3y Sul-gel syothesis

4y Sprav-drying

3y Dreere-doying

&) Combustion synthesis
7y $ilass crystallization

In this chapter, we describe the combushon method that is used in this research work,

3.3 Combustion Method

Combastion method a povel method for preparation of fine pariicles of farrites
makes usc of the sirong exothermic reaction between metal nitrate and fucl. In this
processes, the stoichiomemic ratio of nitrates is dissolve in the minmum amount of

cthanol 1n a glass beaker and slarrier it until all the nitrate salts completely soluble in the
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ethanol, The mixed solution was then evaporated on a constant temperature water bath.
After boiling and ignition of the mixture, a spinel residue s obtain in a few minutes. A
heating rate of at Jcasl 75 Cy/min is used to obtained good combustion, These powders are
crushed and pround thoroughly. Low temperature calcination has to perform. The
caleincd powders are again crushed into fine powders. The pellets or oroid-shaped samples
are prepared from these calcined powders using dic-punch assembly or hydrostatic ot
isostatie pressure. Sintering is carried out, l lemperature ranging 1100-1400°C, for times
of typrcally 1-40 b and in various atmospheres {e.g. Air, O3 and Na) | 3-6]. Fig. 3.1 shows,
disgrammaltically, the stages followed i preparation of nanocryslalline [errite by

combustion method,

Nitrate of raw malenials

k
Weighing by differcnt
mile percentage

¥

Salution of Cations

r
Atomsabion m a
lemperature hath

L 3

Drying

L J

Calcining

Gronding and adding
binder

1

Pressing to desired
shapcs

v

Sinte1ing

L J

Fimished product:

Figure 3.1, Flow chatt ol the slages in preparation of spinc fomte
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There are basically four steps in the preparation of ferrite:

13 Preparation of materials (o form an intimate mixture with the meisl nitrate in the
ratio which they will have in the final product,

2} Heating of this mixture to form the ferrite {ofien called calcimng),

3} Cmnding the calcined powders and pressing the fine powders into the required
shape, and

4) Sintering to produce a highly densified product.

The calcining process can be repealed several times to oblaim a lugh degree of
homewemeily, This calcined powders are fine powders. The ideal charactenistics of fine powders
are [2]:

1}y small particle size (sub micron)

2} nanvw distibution m parmcle size

3 dispersed particles

4} equiaxed shape ol pariicles

%) high purity

6) homogeneous composition.
A small particle size of the reaciant powders provides a high contact surface arca for inifiation
of the solid state reaction, diffusion paths are shorted, leading w more efficient completion ot
ihe: Teaction. Porosity is easily elininated 1f the imtial peres are very small. A namow siac
distribution of sphetical particles as well as a dispersed state 13 imporant for compaction of the
powder during green-body formation. Grain growth during sintering ean be better controlled if

the initial size 15 small and umflom,

A hinder 15 usually added prior to compaction, at a concetitranion lower than 5wt 94 [2].
Rinders are polvmers or waxcs; [he most commonly used binder in ferrite is polyvinyl alcohaol.
The hinder facilitates (he paricles flow during compacting and incrcases the bonding hetween
the particles, presumably by forming bonds of the type particle-binderparticle. Dunng
siptering, hinders decomposc and are dliminaed from the ferrite. Pressures are used lor

compacting very widely bul arc commonly several tons per square iInch (1. ¢, up 1o 108 Nm?).

Swtermg is defined as the process of obtaining a dense, lough body by heating a
compacted powder for a cerain time at « lemperamure high enough o significanty

promote dillusion, but clearly lower than the meliing point of the main component. The

3%
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driving force for sintering is the teduction in surface frec cnerpy of the powder. Parl of
this energy is transferred inlo interfacial energy (grain boundaries) in the resulting
polyerystalling body [2, 7]. The sintering time, temperature and the fumace atmosphere
play very imponant role en the magnetic property of ferrite materials. The purposes of
sintering process ate,
1} 10 bind the particles together so as 1o 1mpart sufficient strength to the product,
2} to densify the material by eliminating the pores and
3) to homogenize the materials by completing the reactions le unfinished in the
calciming step
Sintering of crystalling solids is dealt by Coble and Burke {8] who found the

fellowing empirical relatiomship regarding rate of grain growth:

where 4 is the mean erain diameler, » is about 1/3, ¢ is sintcring time and k is a
temperature dependent parameler. Sintering is divided into three stages. Fig. 3.2 [2, 9].
Siage 1. Centact area between particles increases,
Stage 2. Torosity changes from open to closed porosity,

Stage 3. I'ore volume decreascs; grains grow.

s S (S
©
@ ) © @

Fizure 32, Schematic represemiation ol sintering stages (3} greenbody, (b) nitial stage, (¢} inlemmedate

stage, and (d] linal slage.

I the milial stage, nerghbouning particles form a neck by surface diffusion and
presumably alse at high temperatures by an evaporation-condensation mechanism. Grain
grawth begins during the intermediate stpe of sintening. Since grain boundaries are the
sinks for vacancics, prain growth lends to decrease the pore elimination rate due to the
increase in dislance herween poves and grain boundaries, and by decreasing the total grain
boundary surface arca. In the tinal stage, the grnn growth is considerably enhanced and

the mamaming pores may become isolated.
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In Ni-Zn femdtes, the presence of Zn complicates the sintering process because
high emperature coupled with low oxygen firing will cause Zn loss. High density is
imporant for high permeability. but so is Zn conservation, Tasaki |1] described two
altermative [nmgs o achicye high density:

1} Low sinlering temperatume excluding Os (Yacuum, argon, niragen),
21 High temperatute in pure oxygen o meduce Zn loss.
Accordingly, other propertics commeluted along wath density:
1} Latice constant is preater for O, smaller [or vacuum
2y Curic lemperatures is greater for vacuum, smaller for O,

3} Besistivily 15 grealer for Oy, smaller for vacuum.
3.4 Preparation of the present samples

Manolycoystalline Mg s Cueprg splea(ly (x=0, 0,05, 0.10, .15, 0.20, .25 and
(0.30) and Nip g5 Crinyy 20y s5.0F 220 (with x = 000, 0.05, 0 10 and y = 0.00, (.10, 010}
formtes were prepared by combustion technique., For the preparation of Ni-Cu-Zn ferrites,
the analvtical pure erade of NiuIN{h) 6HZD, CulNO3)3H0, Zo(NO:)k 6H:0 and
Fe{t{}1):.9H;0 are weighted according to the desited composition and disselved in an
approprtate amcunt of elbanol, The mixture will be placed in a conslant temperature bath
at 70-80°C, followed by an ignition, the combustion reaction is completed within a few
seconds and fine nanosized powders will be precipitated. These powders are crushed and
ground thoroughly, The fine powders of various compesitions arc then calcined at $00°C
for 5 h for the inal formation of Ni-Cu-/n ferrite nano-particles. 'hen the fine powders
are granmilated using Poly ¥Yinyl Alcohol (P¥A)Y as a binder and pressed inte disk- and
toroid-shaped samples. The samples are sintered at varous temperatures in ait for 5

hours, The temperamure ramps for sintering are 5°C/min for heating, and 10°C/min for
cooling,

(a) @ @

Figure 5.3 2% Disk and b} Tormd shaped Samples.
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CHAPTER 4
EXPERIMENTAL TECHNIQUES

Tn this chapter we deseribe basic capenimental techrmiques to measure the lattice parameteis and
frequency dependent AC permeahitity ol lerrue samples We desciibe also the experimental techmique
for the measurement ol temperatuce dependant initial permeability, |he Néel lemperatures of the samples

wele determuned from this femperature dependent inital permeatabity.

4.1 X-ray diffraction

Iiragg retlection is a coherenl elastic scattering in which the eneroy of the
X-ray is not changed on reflection. If a beam of monochromatic radiation of
wavelength A 15 1mneident on a periodic crysmal planc at an angle 8 and is diffracted at
the same angle as shown m Fig, 4.1, the Bragg diffraction condition {or x-rays is given
by

2d Sinb=nd (4.1}

where 4 15 the distance bemwocn crystal planes and n is the positive inteper which
represenis the order of reflection. Equation (4.1} is known as Brage law This Bragg

law snggests that the diffraction 18 oniy possible when X =24[1] For this reason we

cannel use the visible light to determine the crystal struclure of a material The X-ray

ditfraction ( XRT}) provides substantal information on the ciystal structure,

Reffected Treident
ray ray
J by
~.

\/. /./
C Y

L] » u .\I L | L | u

Fignre 4.1, Bragy law of ditfraction

X-ray diffraction was camed out with an X-ray diffiactometer for the samples

NosaCudnosoFe00 fwith = 000, 005, 016 045 02 23 and
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N ez Crtrer g 55 FeaCy fweth o = QM) (003 0 10 and y = (04, (L1, ¢ 40). For this
purtpose monachromatic (=K, radiation was used. The lattice parameter for each peak of

each sample was calculated by using Lhe [ormula
2 2 2
a=tyk +k" +] (4.2%
where fi, & oand 7 are the indices of the crystal planes. To determine the exact lattice

parameter [or each zample, Nelsion-Riley method was wsed. The Nelson-BEiley function

Fra}is given as
F{S}z%[({:'mzﬁfSznﬁ')+(f’ufﬂfﬁ)] (4.3)

The values ol lathee constant 'a' of all the peaks for a sample arc plotled against
Fi9), Then using a least square fit method exact lattice parameter 'a,’ is determined. The
pownt where the least square fit straight line cut the v-axis {i.e at F([}) = 0} is the actual
lattice paramecicer of the sample,

‘The physical or bulk densiies g, of the samples were determined by Archimedes
principle with water medium using the tollowing expression[2]-

Wp :
= ! 4.4
T g/cm 4.4}

a

wherte ¥ s the welglht of the sample in air, ' {s the weight of the sample 1n the
walcr and p is the densiny of water in 1o00m temperature

The theorctical density g, was caleulated using following expression:

!
_ & glem’ {45}
3 =
N,a

."I'-‘:I A

where &y s Avogadro's number (602 = 107 mol ™), Af is the molecular weight, The
porosity was caleulated [rom the relation {]UU{,OM —pg}f 2o }%, where o, 15 the bulk

density measured by Archimedes principle

4.2 Study of microstructure

I'he microstructural study was performed 1n order to have an insight of the
grain structurcs, The samples of different composittons and smiered al diffcrent
temperalures were choscn for this purpose. The samples were visualized under &

high-resolution optical microscope (Olymypus DP 70) and then pholographed. Average
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Pa— -
grain sizes (grain diameter) of the samples were determined from optical micrographs by
lincar intercept technique 3] To do this, several random horizontal and verical lines
wire drawn on the micrographs, Therefore, we counted Lhe nuntber of grams milcrsected
and mcasured the length of the grains along the linc raversed. Fmally he aserugs grom

wlze with calouldated.

4.3 Average particle size measnrement

Particle size detennination is important in the ferrite nanopardicles Due to their
small particle sire significant fine particle broadening is observed in the Brapg peaks, A
crysial is usually considered perfect when atoms cccupy all lattice sites and no
imperfiction exasts 1o the crvstal, The broademng of dilfraction peaks anses mamly due
Lo three factors. The peaks besome broader due w the effest of small crystallite sizes and
thus an analysis of peaks broadening can be use to determine the crvstallite sizes

mitoduce addinonal broademing mie the diffraction peaks.

The condition tor constructive interference, reinforcoment of X-ray scattering

Trom a ¢rvstalline powder 19 mven by Brage®s law which 1z ;ven by Eq. 4.1:
2d Sin@=nA

l'his equates the path difference of X-ray scattered from parallel crystalline planes
spaced d =d,;; apart to an integral {n) number of X-tay wavelength A Here & is the
diftraction angle measured with respect to the crystalline planes For an infinite crystal
Bragy scatlering oceurs al discrete valugs of 28 sahslying the Bragp condiben, 1.c. Brage
peaks are o -function For finite sized crystals the peaks are broadened over a range of

angle

To undersltnd e phenomenon of Iing particle broademnyg following arpument of
{Cullity [4], we constder a finite crystal of thickness, Drmd. where m is an integer and d

is the distance between crystal planes, i.e. there are m planes in 1,
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ik —
el ra
(=] e
Z z
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am 2ep 29 05
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(a) (k)

Fignre 4,2, Effect of fine poticle size on diffracnon curves (Schematich, (a), small partiele size and (19

large particles size
Considering Figd 2, if the broadened Bragg peak begins at an angle 28, and cnds
at 28, , lhe breadlh o the peaks or full width at half meeamom (FWHM) s aven as:

ﬂ:%{i{?l _zﬂz):{ﬂ1 _ﬁz} (4 6)

MNow 1t we consider the path differences for each of the two angles ¢/ and &, for
X-my traveling the full thickness of the crysmal, The width f is usuatly measored in

radians. We now write path difference equations for these two angles, related to the entire

thickness of the crysal rather to the distance hetween adjacent planes
20sind, = (ma1}4 {4.7)
2Dsnd, ={m—1)A (4.8)
By subraction we [ind.
Dfsing, —sm#,)=2 (4.9)
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/I “ a0 ™
n2cod 420 [sin] Sty {4.10)
2 ) 2

"

But & and &, are both very nearly equal o 6. so that ) +{&, =22 and

&, =0, f -, ; }
Sin[ ! 3 = ]ﬁ[ ! 5 = ] =0 that cquation (4.10) can be wniten as,
kS

=4 (4.11)

Trom cquation (4.6} and cquation (4.11) we gct

Dfcos@=2 (412}

A
Heosd

or,D = (4.13)

A more exacl empincal treatment vields

Ir= 034 ;
Heosd

{4.14)

This is known as the Scherrer’s fomula, If 45 wsed to cstimale the parlicle gize of

very small crystal rom the measurcd widlh of ther dilftacuon cun es.
4.4 Complex permeability measurement

For high freguency application, the desirable property of a ferrite is high
permeability with low loss. Once of (he most important goals of ferrite research is to
fulfill this requitement. The techmgues of permeability measurement and frequency

characteristics of the present samples are described briefly
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4.4.1 Techniques for the permeability measurement

Measurements of permeability normally involve the measements of the
change in self-inductance of a coil in presence of the magnetic core. The behaviow

of a self-inductance can now he desciibed as follows We assume an ideal toss less air

coil of nductance £,. On insemion of a magnctic core with permeability g2, the inductance

will be 2o, . The complex impedance 2 of this col [5] can be expressed as [ollows,

T= R+ (X = jolgu=jol (g — ju") {4.15)
where the resistive part is R=al {4.16)
and the reaclive part 15 X =l {(4.17)

The RF permeability can be derived from the complex impedance of a coil, Z, given by
equation {4 15) T'he core is taken as toroidal to avoid demagnetizing effects lhe

quantity ., is derived geomemically as shown in section 4.4.2.

4.4, Frequency characteristics of the present samples

The [recqueney characlenstes of the [emile samples 1e the milial permoabilily
spectra were investigated using an Agilent Impedance Analyzer (model ng. 41924) and
Wayne Kerr Precision Tmpedance Analyzer (model no. 6520A). The complex
permeabilily measurements on lorowd shaped specimens weres camed oul al toom
temperature om all the samples in the frequency range 1 kHzx - 13 MH». The rcal parl
{2/} and imaginary pari (') of the complex permeability were caleulated using the
following relations [4): & = £, /L, and & = ' tand . where L, 18 the scli-nductance of
the sample core and L, = o N*§ ,.-"' mi 15 derived geometneally. Here L, s the induclance
of he winding eol withowd the sample core, & is the number of tumns of the coll (V=061 8
15 the arca of cross section of the lorewdal sample as mven below:

S=dnh,

whete d :u,
2

d, = Tomer diameter,
d, = Outer diameter,

A = Hewhl

48



Chapter « Experimental Techimagucs

and  is the mean diameter of the toroidal sample as given helow:

d, +4d.,
2

d =

!I

I'he relative quality factor is determined from the ratio - .
Lat e

4.5 The Méel temperature measurements

The Neel temperamre measurement is one of the most imporiant measurcments for
femmagmelic malcnals, Néel temperature provides subslaniial mlommation on magnetic
stams of a substance in respect of the strength of exchange interaction. So. the

detennination of Néel temperanire is of great impodance,

Meel temperalure  was measured from  the temperature dependent initial
permeability. For this measurement, the sample was kept inside a cylindricat oven with a
thermocouple placed at the middle of the sample. The thermocouple mcasures the
tempecatur: inside the oven and also of the sample, The semple was kepl just o the
middle part of the cyvlindrical oven in order w mimmuze the temperalure pradicnt, The
temperature of the oven was then raised slowly. If the heating rate is very fast then
temperature of the samplc may not tollow the temperatore inside the oven, and thore
can be misleading information on the temperature of sample. The thermocouple
showing the temperature in that case will be erreneous. Therefore, a slow heating rate
was used 1o clmunale (his problem. Also. a slow hoealingy cosures accuracy in the
detcrmmation of Néel tcmperature, The oven was kepl thermally insulated from the
surroundings, The wemperature dependent permeability was measurcd al 4 constanl

frequency (100 kT1z) of a sinusoidal wave,
4,6 DC magnetization measurement

The magnctizaiion (M) measurcments were made on peces of the samples
(approxmale dimensions 2 * 1 % 1 mmqj using the Supercomducting Quantum Intetlace

Device (S ND) magnetometer (MPMS-55; Quanhun design Co Lid.)
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CHAPTER 5
RESULTS AND DISCUSSION

The manocepsiafline Nig o CuZng gfre-Cy pwith x o= 000, 0403, 040 15 020 0025 and
Mlggs e w20 55 Feple fwrth v = OO0 005, 0 10 and v = 008 070, 0 1Y) _ferrtes are sundied The pellet
and ving-shoped samples prepored from N s5.,CuZa soFe 03, and Mig 12 Cupe) o Zng 13,72l powders are
ximtered ar varfous femperatuves for five Aours in o, Structural and surface marphology ave studed by X-
ray tiffraction and opfeal microreany The AC magneue properies of the ferrites are characterized with
Bigh  freguency  (1kHz-TIMH=} compler peemeatility,  and  temperature  dependem: permeabiluy
sensurements. D0 Magreifzations of all samples ave alse studied The effects of varving subsrtution and

simering tenperadire on the complen permeabiling af theve fervites ave disrussed

5.1 [nvestigation of polycrystalline Nig 55 Cu, Zny suFe (0

5.1.1 X-ray diffraction analysis

—_
Nl“ " CuxZnn_mFe 1§ =
[P o]
L
— = =
t:) ‘—
= = = §
) oo
L —
iy =
" - — —
=g o g I
Q| = oo
=2 |7 s ) 1
,5 ) 200 T
L i3 N
0,10
=005 o
I = A J |
] M ] M [ M ] N 1

20 (degree)

Fig.5.1. The X-ray dilfraction patlerns for M o O Zng safe a3,

The X-ray dilftaction (XRD) was performed wo verify the formation of spinel
structure of Various Nip sp CeZag afies(, territes, in which Ar ' 18 replaced by Cu’*". The

XRD patierns of these copper substituted Niy 50..Cre, Zrp 5pf'e;04 (with x = 0.00, 0.035, (110,
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0.15, 020, (125} ferrites sintered at 1200°C in air are shown in Fig. 5.1 The results
indicated that these materials have a well delined single crystalline phase and formation of
spinel slruciure Tor cach composition. Analyzing the XRID patterns it is observed that the
positions of the peaks comply with the reported value [1] and no traces of raw matcrials
were [ound, there by confirming that the chemical reaction is compleicd.

The lathice parameter is calculated from the XRD patrerns wsing Nclson-Riley
function [2]. "lhe lattice counsmant ap, as a funclion of copper content for various
MNigsoaCuy Zng sefe 0y is presenied in Fip 5.2, 1 is noticed from this figure that the latiice
constanl mereases with increasing of Cu " content in the Nig 1. Cr, Zng soFe-0; femites.
‘The increase in lattice constant ag, with addition of Ci’™ can be expliined n terms of ionic
radii, The radivs of Ca’* (0.724) is higher than that of N¢°* (0.694) [3].

- 8 403 B NiD,SH-tcuxZﬂﬂ.SﬂFezoai

a& .

HQ

I-n

& B.400 .
©

£

=

)

& 8.397 .
[-F)

'U

£

=

~ 8304} .

0.0 o1 0z 03
Cu content, X

Fig 5 2* The vanation of Lathce parameter with copper content {20 for Mg, G, Zmgp elme O

‘T'he dependence of latice parameter on the copper content follows Vegards™ law as

observed in somc spincl ovpe matenals [41.
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5.1.2 Microstruciural analysls of Nig o Cw, Zng e},

The opticel micrographs of vanous MNigsn,Cu, Znp s Fex(dy samples sintered nt
1250'C are shown in Figs. 5.3 and 5.4. From these micrographs it is reveated that Cu””
substitutions have signilicant influence on microsuructures of Ni-Cu-Zn femites. The
mveErage prain size increases as the copper content increases up to x=0.15 and for higher
copper cantent (x>0.15) in the M s0..CuZng soFex0, prain size decreases. For x=0.10 pnd

x=0.15 formation of exapgpgeried prains of non-uniform size 15 scen o occur.

r.-—r ....;-—-.i"_'_'ﬁ"'r_"_'_*‘

 f g 5
L YK O
x=0.10
Fig. 5.3 The optical micrographs af Al . CieZag wiepd), samples sintered 5t temperaieres 1230°C.
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Fig. 54 The omical micrographs of Ay s, Cu, Zng K e, cxmples gintered 2t temperetures 1250 "C.

The average grain size increases gradually with increase of Cu’” may be due to the fact
thai melting point of copper (357K} is less than that of nickel (1726K) and the decreases
in gruin size beyond x=0.15 perhaps related to complicated chemisiry of copper (higher
corceniration} with other materials [5]. Simitar behaviaur is observed by Hoque er af in
MO Fex0,; [6). The sverage gruin size is highest for Mip 3aCug 3 Znp 1Fe ;0 1t is algo
found Ihat the sintering iempemtures have influence on grain size for a particular
composition, 1t is noticed that the nverape grain size of all samples increnses with the
sintering temperotures os presented in Table 5.1, During Lhe early rtage of sintering
temnperrture, the volume fmetion of pares is large and the gmin growth is inhibited, Onee
the porosity decreases as the sintering tempcroture increascs many of small pores
disappear. The grain that grows, cansume their neighbor and become Earger. The behavior
of grein growih reflecla the competition between the driving foree for grain boundary
movement end the relnrding force exerizd by pores [7].
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5.1.3 Density and porosity

XHeray density, bulk density and porosity of vamous N saeaCuZng sofei()y ae
tabulatcd m  the Table-5.1The Dbolk  density ppof each compositon of
Nrg s Cri g snFe-t?y was measured by Archimede’s poneiple wsing water and X-ray
d:::nsny of each sample were calculated wsing Eq-4.4 and Eq-4.5, respectively. The

porosity of these samples were calculated using the relation {I ﬂ{][pm - }f P }%,, where

£ 18 lhe bulk density.

5‘2_ T ¥ T ¥ T

.--"'--.x"L ]
TN 130

e 4 3 B \ 1
“‘Ei . . 124 &
2 4l Ni, ., CuZn _Fe O, “x__ 5 &
'E —a— Diengity " Z
E —— Porasity //“"# f:","
S 40" / 112 &

L
3.6} T 1°
0.0 0.1 0.2

Cu content, x

Fig 5 5: Density and Porosity plohied against Cu content For Nig 5., Cii, Znp mfes0), sintered at 11350°C

From [ig. 5.5 it is noticed that the bulk density increases with increasing copper conlent up
to x=0.10 in the Ny spaCuedrpsofe:(d; Beyond this vale of x, densily decreases as the
copper conlen! increasss. The increase in bulk density can be attribuled to the differcnce in
atorme weight of the femiles components. The atomic weight of ™ (03.55 amu) is
preater than that N* (58.71 amno) [8]. The decrease in density may be due to the
intergranular/intragranular  porosity resulting from discontinuous grain growth as
]:rfmposcd by Butke 9], From the microstructural studies it was alsn observed that the
average grain size increases with the increase of copper content wp to x=0.15 after that
arain size decreases. According to Lange and Kellet | L0, grain growih and densilication

are intimately related.
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Table 5.1, The latice parameler, density, poresily, averaee gran si2e and oatural resonanee frequency ol the

varous My o Oy Zng sF o0y samples siotered at dilferent emperutures with fixed dwell time 5 he

e ﬂffi} T L 1 by P P T J'r; G;;:;ﬁ #:" fat 0}
’C )1 feient) | feiend) | %) | /C) | (MHz) kM=)
1100 145 | 16.61 5.36 . 97
HI50 ] . gy | 470 (1197 322 - 706
0.00 | 839627 1200~ 278 [ 1043 266 | 350 - 595
1250) 4 &) 1103 072 2.25 274
1300 | 466 | 12.64 0.18 | 3.24 449
1100 300 | 824 192 . 758
1150 502 ERALL) 1.07 - 321
0 05 | 839701 [1200 538050 e T s62 | 253 | 200 : 374
1250 498 | 6.75 0.07 | 3.19 139
1300 487 | 8.81 0.18 | 4.76 452
100 507 | 5.1 0.65 : 389
1150 515 | 3.62 0.42 . 419
0.10 | 8.39846 1200 | 5.34318 [ 5.19 | 2.86 | 241 | 3.22 : 286
1250 493 | .73 0.1l | 2333 164
1300 452 | 154 0.48 | 24.61 434
1100 384 | 945 058 : 369
1150 492 | 7.96 2.19 - 299
015 | 840007 [1200 | ° >4 [ 3516 | 347 | 226 [ 270 : 76
12350 4 69 1226 .08 24 014 515
1300 436 | 1843 015 | 2622 570
1100 3.92 | 26.74 0.87 - 350
T150 | ¢ 4oyny [ 459 [ 1422 123 . 320
020 | 840026 (7200 | 499 | 675 | 210 [ 2.19 . 341
1250 441 |17.49 0.10 | 612 560
1300 381 | 28.8 0.10 | 8.15 878
11603 390 2714 20K - 316
1150 oo [ 444 [17.06 3.22 . 128
025 | 840213 [1200] " 496 | 734 | 190 [T200 - 766
1250 437 | 3023 018 | 1.4 387
1300 3.79 | 29.24 0.16 | 462 518
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On the other hand. the value of X-ray density, p; increases with the increases of

latlice constant ap in the various copper substitiled N se, Cay Zrp s Fex(); At increased
hecause the molecular weight of the cach samples increases significantly with the addition
of Cu’* content So the X-ray density depends upon Lhe latiice constant and the molecular
weight of the samples. It can be obscrved from g 5.6 that the X-ray densities are larger in
magnitude than correspending bulk densitics. This may be due to the presence of pores in

the samples [11].

5-5 L L L L A
~50F T T ;
E _x’/ \\
= e
2 4.5} Ty
E —=— Bylk Nensity
o —&— ¥.tay Density
S q0p ]

Ni, 5. Cu Zn,  Fe O,
-1 S S —
0.0 0.1 0.2

Cu content, x

Fig.?.& The variation of X-rav and bulk densities with Cu confent, x Tor Mg s O Zrp sple =0,

Fig 37 shows that the variation of bulk density of all samples increases with
incredsing sintering lemperatures. During the sintering process, the thermal energy
generates a force that drives the grain boundaries to grow over pores, therelby decreasing
the pore volume and densifving the matenial. As a result densities increase with the
increase of sintering temperature At higher sintering temperature abnormal grain growth
rate is high, which trapped the pore inside the grain as a result inlrapgranular pomsity 15
increased. The trapped pores bander the mipgralion of pore 1o 1he grain boundancs and
henee the reduction of the sintered densities. Thas resull agrees with the result for NiZa
fertnics [12]. Higher wemperature sinlcnng gencrally bongs about reduced porosity. But
our observation shows that at higher temperature potosity increass which is may be due to

decrease in density and less oxypen vacancies.
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R e vl

5.1.4 Average particle size of Nig o5 Cu Zny 50 Fe 0,
The average parlicle size was esimated by using Debye-Scherrer formula from the
broadening of the highest intensity peaks (311) of spinel [13]

_ D94
' Hoosd

where, IF 1s the averape parliele size, A is the wavelength of the radiation used as the
primary beam of Cu K, (k=1.5417% &), § is the angle of the incident beam in degree and
is the full width at half maximom (FWHM) of the fundamental reflection (311) in radian
uf the FCC ferriles phase.Debye-Scherrer’s formula assumes approximation and gives the
average particle sz if the grain size disinbulion 13 namow and strain induced eflects are

guite negligible,

Intensity (a.u.)

35.0 55 36.0
29 (degree)
Fig & & XRD pattemns of {311} poak with Cu camient, x tor Mg 5o Cue Zing spf o200 nuno particles
Fig. 5.8 show the XBD patterns of Ny spCeuy 200 spFex0s Temites anncaled ail 200°C for 5
howhere (3113 peak 15 shown m expanded [omm W undemsland the vanation of FWHM of
the Bragg peaks with the copper contenl. From s [ipure 1l 1s scen thal the value of

FWHM decreases wilh increasing copper conicnt, The paricle size of the sample is
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mversely proportional to FWIHM accending to Debye-Scherrer formmla, The obscrved

particle size is in the range 0.22nm (o 0.73om which are listed in the Table5.2.

lable 5.2: Particle size and FWHM of Nog ey Zay a6, sumples

X FWITM (in degree) | Particle size (nm)
{(1.00 0.19 0.46
003 0.12 (.73
0.10 0.39 022
015 0.36 0.24
0.20 0.18 .48
0.25 0.18 0.48

5.1.5 Complex permeability of Nig s, Ca, Za,pFe 0y

The composilional varation of complex permeability spoctra for  the
Niqsn (i ntg safesCls samples siniered at 1100°C, 1150°C, 1200°C, 1250°C, and 1300°C are
shown in Figs.5.9, 5.10. 5.1, 5.12 and 5.13, respectively The initial permeability ¢ )
increase with incrcasing Cit content up to x—{L1{, becanse of increase in density and
grin size with Cw”" conient. Beyond this value of x, initial permeability decrease wilk
increasing Cu’* content. ‘1he general characteristic of the permeability spectra is that the
real part of imtial permeability (¢} ) remain fairly constant in a certain frequency tange,
while at higher frequency it deops rapidly (o a very small value and there is a increase of
umnaginary part { ;" ). ‘The ,* arises due to the lagging of the motion of the domain walls
with Lhe applied alternating mapnetic fistd This behaviour resembles & typical relaxation

character. It may be due to reversible displacement of domain walls [14].
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The imbial { /) permeability increase with increasing sinteting wmperahure because of

merease of grain size with temperature. The permeability of pelverystalline ferrite

related to bwo different magnctizing mechanisms: spin rotation and domain wall motion

(15, 16], which can be deseribed as, up =1+ ¥y + ¥opan, where x,, is the domain wall

susceptibilily, ¥y, i3 intrnsic rolational susceptibility. g, and x.,;,; may be written

as: y, =3 DI4y and g, =202 (K, with M| saturation magnetization, K,

the total anisotropy, D the grain diameter, and » the domain wall energy. Thus, the
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domain wall motion 1s aflected by the grain size and enhances with the increase of gramn

siz¢. The minal permeability is therefore a function of grain size. Larger grains tend to

consist of a greater namber of domain walls. The magnetization caused by domain wall

mavement requires less encrgy than that required by domain rotation, As the number of

walls incrcases with the grain sizes. the contribution of wall movement to magneuzalion is

wmereased. n our experiment, the grain size is enriched by the more contenl of 't inthe
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Fig. 5.14 show the vanation of permealility at dillerent frequencies with Cu™

content in the Nip 5p. Cre Zng sof'e; 0 fenites. It shows a decrease trend in permeability with

the increasing of frequency. This is because at higher frequencies nonmagnetic impunties

baelween ihe grams and inlea granular pores act as pinmng ponls and inercasingly hinder

wq‘é%"
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the motion of spin and domain walls thercby decrcasing their coninbulion o penmeability
and also incroasing the loss F18).

Energy loss is an extremely imporant subject in sofl ferrimagnetic materials, since
the amount of energy wasted on process other than magnetization can prevent the AC

applications of a given material. I'he ratio of g and p representing the losses in the

material are a measure of the inefficiency of the magnetic sysicm. Obviously this
parameter should be as low as possible. The magnetic losses, which cansc the phasc shift,
can be split up into three components: hysteresis losses, eddy current losses and residual

lusses, This mive the fomula land =tand, + land, + tand . The g is initial penmeabiliny

which is related to low applied magnetic field. IMysteresis losses vanish at very low field
sirenglhs, Thus at low ficld the remaining magmctic losses arc dus b eddy current fosscs
and rtestdual losses Residual losses are independent of frequency. HEddy current losses

increase with frequency and are negligible at very low frequency. Eddy current koss can be
cxprogsed as o= f 2} p, where £ 13 the cnergy loss pet umt volume and £ 15 the

tesistivity [19,20]. To keep the eddy current losses constant as frequency is increased; the
resistivity of the material chosen must increase as the square of frequency. Lddy currents

are not problem in the N-Zn ferrites until higher frequencies are encountered because they

have very high resistivity about 10°Qem to 10°Cem [21]. The ferrite microstructure is
assumed 1o consisl of grains of low resistivily separated by grain boundanes ol high
resistivity I'hicker grain boundaries are preferred to increase the resistance.

Figs 313 and 5 16 shows the vartations of loss factors with frequency of ditferent
compositions of the samples sintered at different sintering temperature, T.. Loss factors are

mumirmum for [mequency up to | MHz (depending on compositions and T.).
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Belayive quality factor {Q) factor) for all samples sinlered at various temperatures
have been calculated from the quality factor and loss factor. Fig. 5.17 and 5 18 shows the
vatiation of (} factor with frequency which reveal that -factor increases with an increasc

of frequency showing a peak and then deercases with further increase of frequency.
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5.1.6. Temperature-dependent permeability and Néel temperature

The lu,’f as a [unction of temperature for vanous N spC iy spffefds sintered at
1250°C 15 shown 11 Fig. 5.19. The p” is measured at a constant frequency {100 kHz) of 8
smusoidal wave. Permeability falls rapidly when the magnetic state of the ferrine samples
changes fom femimagnetic to paramagnetic The sharp falling of w” with wemperature
suggests that the single-phase formation of these ferrite [22], which have been confirmed

by X-ray diflraction {Section 5 1.1} The Néel temperature, Ty, 18 delermined by drawing a
langent for the cutve al the rapid decrease of ,ufr_ I'he intersection of the tangent with the

lemperalure axis delermines fy From these curves the Tn's of thesc samples are

detennined and tabulated in the Tahle 5.1,

L
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Fig 5 19 The temperatw ¢ dependence of F;I for ey g, Cti #rg sefes00, sinlered at 1250°C.

Il is revealed from Fig. 519 that when Cw’ is  substtuted in
MNin s0..Ctt; Anp sple 0y (with x = 0,00, 0.05, 0.10, 0.15, 0.20 and 0.25), T, decreases. The
decreasc of the Néel lemperature with Cu’* substitution is due 1o the weakening of the A4-#
interaction comespondingly between two suhblattices. This conld be attribuwted to the
invrease in distance (hopping length, L) beoween the magnetic ions of tettahedral A- site
(L) and the vctabhedral B-sites (Lg), which is shown in Figure.5 20. This is also confirmed

by the increase in the lalice parameter with increasing Cn®" contents.
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It known that the vertical drop of the permmeability at the transition temperamre
indicates the degres of homogeneity in the sample [19].50 our samples have shown an
excellent degree of homogeneily. Further increasing temperature permeability becomes
smaller and independent of temperature i paramagnetic behaviour. The peak near Ty, is
known as the *Hopkinson® peak [19] which indieates the presence of single domain (S12)

in the sample Tlence it concluded that there 15 no presence of SD grains in our samples,

The wvariation in I.u; in our sample appcars o be mainly due to variation of
magneloctystalline anisotropy constant and the grain size. Anisolropy conslants vary
considerably wilh temperature. In most cases, anisotropy decreases steeply from a hugh
value at low temperature and then slowly decreases down to zero at Ty [19]. There is then
no preferred crystallographic dircction for the magnetization of a domain. It is observed
lhat the 1nitial permeability, ,u: , increases with temperature to a maximum value just below

the Fy . This occurs, because the crystal anisotropy normally decreascs with mercasing

temperature [21]. The initial permeabilily varics a8 g =~ M/ K/ [19]. Since anisottopy

decreases faster than magnetization on heating, (he milial permeability expeclantly
increascs with lemperaiure, ends 1o infinity just below the ¥y and then drops for the

paramagnetic phase.
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o . iy = ek mo——

5.1.7 DC Magnetization of Ny 5 .Cu, Zng spFea0y

‘The magnetization as a function of applied magnetic field, M-f7, for various
Ny soCrnZng soFe;04 (with x = 0.00, 0.05, 0.10, 0.15, 6.20 and §.25} samples at moom
temperature {300K} arc shown in Fig. 5.21. I'he magnetization of all samples increases
linearly with increasing the applicd magnetic field up to 0.2T, Beyond 0.2T apphed field
magnetization increascs slowly and then saturation oecurs. The magnetization curve shifi
to lower values as Ci™ content increasing up to x=0.15beyond this value of x,

magnetization increase as the copper conlent merease. Magnetization decrease since the

gob  Mo.s0-xCxEm 50700 |
o R s e
E 60r F f‘/‘rf:-'*_P:___:.:‘—_-!—'—'—"———v—-—r—-
E f' 'f/ vl —=— x=(L00
= 157 —+—x=005 ]
- R
= £/ —a— =10
or s —v—x=0.,15 -
i — % x=0.20
g —+—x=0.25
0 . . _
0.0 0.5 10

K H (T)

[1g 321 The magnenzation (1) versus the applied mapmelie field (8} curves fon Mo o, 2o 00, Fes 0
samples sinlersd al 1250°C foc Shmoar

magnetic moment of the Cu’" is lesser than that ¥:°7, resulting the decrease of the A-B
interaction as well as net magnetization, There is sirong cvidence that G’ change to Cit
at higher copper concentration [23]. 'The Cu” has a preference to accommaodate themselves
in A-siles which Cu' can force some of Fe'* migrate from A-siles 10 B-sites. This
migralion of Fe'* 1o B-sites will lead to an increase in magnelization in B-sites leading to
the merease of the saturation magnetization. Similar results were weported by other
researcher [23]. The saturation magnelization, M, for all the samples delermined by the
extrapolation of the MH plots (o ppH=0 The saturating magnetizing wvalue, puoff,

saluralion magnetization, M., and the number of Rohr magneton, yz of the femics
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Table 5.3, The satration magnetisation and Bolr magneton of Mg 2o, 0, 24, roFe, 09, samples siotered ut

1250°C

The ficld al which saturation occurs, | M, {(emw/g) n

’ oy (Testa) ()
(.00 02 7535 3.20
.05 .13 69.53 296
.10 0.35 6 04 2.73
.15 03 58.53 250
0.20 0.4 60.92 2.60
025 03 66.01 282

Mip s CueZng spf a0y samples are tabulated m the Table 5.3, The distribution of cations in

A and B- siles inlluences the magnetic properties.

150 : . | 1
i [’L 10K |
100 Nig,3:Ctg,152% 507 ———
[ K
,EEI 5“ B -f'ﬂ.—.— —n—R—E— -.
E
E 0
2
L)
= -3l :—--_--..-._._,._.._.--l" ]
-100 | __._F._F.'__.f 1
aspl— . o
-1.0 ~0.5 0.0 0.5 1.0
p H (T}

Fig 5.22 Thc magnehzation as a function of applied mageretic field plots for Mg s O s Zmg saf et
measarcd at [0K and 300 K

The magnelzabon as a [unclwn of applied maymetic LOeld, MrHE  for
Nig 15Cug 15700 sof'e;04  is measured both at room temperature {300K) and 10K as shown
in Fig. 5.22. The magnetization of v 5Cuy 52, 202, Incrcases lincarly with incrocasing

the applicd magnctic lield up to 0.37 at both the temperatures and attains its saturation
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value for fields higher than L3T. The 97% of sawration 15 observed at 0.5 T applied
magnetic filed at room tempermwre. The saturation magnctization al 10 K for

J-I"I'TEE:I _‘szM{] szﬂﬁ jﬁFE}U.,r 15113 e-mufg.

5.2 Investigation of polyerystalline Nig .5 Cuy ) Zrg 55 Fe 0y

5.2.1 X-ray diffraction analysis

The XRT) patems for the Miges.,Crrry) Zagss,doe0y (with x = 0.00, 0.05, 0.10 and
y = 000, .10, 0.10) forotes sinilered at 1200" C are shown 1o Fig. 523 The result
indicatcd that the malerial has & well defined smele crystalline phase and formation of
spincl structure for cach compostion of Ni-Cu-Zn femtes, Analyzing the XRD patlemns
we detect that the positions of the peaks comply with the reported value [1] and no fraces

of raw materials were found, there by confioming that the chemical reaction 13 completed.

h]ﬂAs-xcu{n ry}znﬂ,ss-y]i‘ezntt
= g
—_ =y —~ E
2 o 3 a
=z h =1 £
Z _ i
2 g =)
= < @
= |
IWM [
'm..u—ml -Jl " J
L .Il iL__J J[.__
40 50 60

26 (degree}
Fig.5 23 The X-ray dilfraction patterns for M s, Clipa, £0g s F ety

The lattice constant y is plotled against the copper concentralion (x+y) m the Fig.5.24. I
is noticed from this figure that the lattice parameter decreases with increasing Cu®'
substiition in VipgCae o ssdesy. The decrease inm lalice parameter with
metcasing Cr’ substitution can be explained in terms of ionic tadii. "The radins of Ca™

(0.72 A) is lower than that both of N7 (0.78 A} and Zn™(0 82 A) |1]. Fig.5.24 shows the
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variation of lattice parameter with x and y for Aé, a5 Cltpen 20 55,8020, The dependence
of lattice parameter on the concentration follow Vegards' law like in some spinel[4]. The
noti-linear variation in lattice constant indicates the random distribution of Cu-* 10ns in the
H-site [23], since it has already been reported {24] that copper ions are present indiTerent
1wnics states in the A and B-giles. The latjce parameter, densily, porosity and patural
tesonance frequency of the vanous Mg a5 Coig s, ot 55 Fe a0y samples sintered at different

temperatures are given in Table 5.4,

Ni, ..Cw,, Zn . Fe O,

. 45-x vty

8.410

8.405} ¥ = 000

8.400

Lattice Parameter, a ()

8.395L— - . .
0.0 0.1 0.2
Cu content, (x+y)

Fig 5.24: The vanation of Lattice parameter with Cu comtent f12ph° for Mg e, Ciy Ll E0g 53 Feplly

Tablg 5.4: the latuee parameter, density, porosity, average grain sizc and natural resonance Frequency of the

Mg a5 Ul Zng ppdie 0, samples sinlered at vanoos temperatures with fixed dwell time 3 h.

I; Din i P Ty Je ﬁjlrﬂf
sy | A e | @end) | fend) | eg | ) | M2 100 4250
1200 482 | 926 D15 | 1055
0.0 { 00 841176 | 1250 | 53153 | 4.86 | 851 [ 107 | 0.04 | 1249
1300 452 | 14.8 U0l | 1793
1200 o | 472 [ 113 410 | 273
0.05 | 0.10 | 840184 | 1250 | 481 | 9.79 | 269 [ 0.06 | 434
1300 435 | 18.4 020 | 361
1200 435 | 205 720 | 105
0.10 | 010 | 8.39653 [ 1250 | 5.3510 | 434 | 187 1469 [ 083 | 112
1300 374 | 30 014 | 390
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5.2.2 Density and porosity:

Xemay density, bulk density and porosity of the vatous N s Crtppan) Lnp 55 uf7e 204
are labulated in the Table 54.The bulk densily, p,of each composition of
Nig 4500yl 55, Fey0y formiles was measured by Archimede’s principle using water,
and X-ray density g, , measured by using Fg-4.4 and Eq-4.5, respectively The porosity of
each sample were calculated using the relatton {lﬂﬂ[pm - pn)a’ 2. }%, where p, is the bulk
density. From Table 5.4 wc may notice that the bulk densiry is decreasing with mcreasing
O’ subsiitution in Nig sl ag j 0o 55,0, ferites. The decrease in bulk density can he
atinbuied to the difference in atomic weight of the ferrites components. The atomic weight
of Zn™ (65.38 amu) is greater than that both of the Cu’* (63.55 amu) and Nv** (58.71
arue) [8] Fig. 525 shows that the bulk density of all samples decreascs with increasing

Cu'“content at di[Ferent sintering temperatures,

=0k Niﬂ dﬁ-xcu{tﬂjznﬂ.ﬂ.'i—f I*'eZD ] -
-,
"
48— ____ -
3 .
— —=— 1200°C T =
:’-':' —a—1250°C \ .
E —h— 1300°C
= 4.0f 5
b,
M,
Fy

0.00 005 010 015 0.0
Cu content, (x+y)

Fip 5.25: The vanatian of bulk density with Cu eorfent. (vl and femperatere Lot Nig g Cligo,, #mg 45
Freally.
RSy

On the other hand, the value of X-ray density 5, , increases because the lattice consmnt ag
decreases with the increasing of (i content 10 (he Mg 5. Ciipens J21 55,5226 . From
Fig.526 it can be observed that the X-ray densities arc larger in magnimde (han
corresponding bulk densitics. This may be due o the presence of pores in the samples

[11]. The vanalion of X-ray and bulk density shown is figure 5.26. Although the lattice
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conslan decreases non-linearly with the increase of Ci’™ content, yet X-ray densities vary

linear]y owing to the stoichiometery aof the samplus.

5.4} s
1 E 5‘-1 B A
e
"E !
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[
=
¥
R .
45F  —»— X-density .
——— Bulk density .
4‘2 1 a 1 a 1
0.0 0.1 0.2

Cu content, (x+y)

Fig3.26 The varigtion of X-ray and bulk densitics with Cu confent,f x-v) for Mg e, Cttrevyy 055 0204

A plot of donsity and porosity Vs (i’ ' concentration has been ploded in fig, 5 27,
which show that the density ducreases as well as porosity increases by increasing ("
content in the M5, ChigaZag siafexte The increase in porosity with the addition of

Ot content may be duc Lo Lhe creation of more cation vacancies with the reduction of
¥

' Ni, . Cu,, Zn,  FeO,
—_ 0.5, oty 55 0,
4-8 e ——=r __\_\______t_ ': ) y Illllr. - zn
- _____\_\_\_\_\_\_\_____\_ 3
E k! ff _
5 . %
N WA § U3
A == — Density / g
o — - Tprosity ff i"-\ E
1 A ) M
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4.2 L . | | | |
) o 0.2

Cu content, (x+y)

Fig 5.27. Denaity and porosity plotted against Cu contensf x+1) for Neg 4o, Ol Zitg g3 ey
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oxygen vacancics [25). AL higher sintering temperature abnormal grain growth rate is high,
which trapped the pore inside the grain as a result inlragranular porosity 18 increased. The
trapped porcs binder the migration of pore to the grain boundaries and hence the reduction

of the sinwered densities. This resull agrees with the result for AiZn forriles [12].
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Cha P e
-'-‘g 4.8} \ P 14 = = -
£ / =8 s,
= . ! Bz —m— Denit 115 3
- 7F ~—W = Densiky r 12 = 46 ensily &
= —=— Parosity i 2 R —a— Porosiy z
2 /r =3 54 3
o d.4f s g ™ = . 11T &
— ff' 4.4} Emh_ﬁ_
a5, B g 2
12} 1250 1300 lZl]ll 1250 IJ{H]
a} Sintering Temperature {'C) b} Sintering Temperawre (')
4.4 — Y T
_.--nm s 130
"T“"_------ \'x_\ .R'I ]
S gab ) by 4 i -
= /L‘ 7 3
= . 3 [
B = - Thenygily S y
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Fig.5 28 The variation of density and porosity for (a) Nia g5 Zng siFeste f Iy a0 € 10 Dip 4280203,

and (L) Mg 15 Oy o g gofre -0y

Iigher temperature sintering generally brings about reduced porosity. But our obsctvalion
shows that at higher temperature porosity increase which {s may be due to decrease in

density and less oxygen vacancics.
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5.2.3 Average particle size of Nip ;s Cu,,,, LRy ss ey

Ni,...Co w:_]?;n o HF{:;D .,

— NI A el
— N, O, g, Fe 03
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=
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-
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=
—

) ] ; |
29.5 36.0 30.5

20 (degree)

[ag 529 XRI patterns of {31 1) peak with Cu content. e+ for Ny aes Cttey vy £g 552 mans particles

Figare 5.29 show the XRD paitemns of Nrgg5..Cpeny Zngsr FesOferrites anncaled at
900°C for 5 h, wheee (311) peak is shown in expanded form to understand the variation of
FWHM of the Brgg peaks with the copper content. From this fi gure 1l is seen that the
valoe of FWHM increases first and then decrcases with increasing copper content, The
particle sizc of the sample is inversely proportional to FWHM according to Debye-
Scherer formula which is deseribed in the section 5 1.4, The observed particle size is in

the tange 0.58 nm to 0.67 nm which are listed in the Table 5.5.

Table 5.5: Particlc size and Iy HM of Ay a1y, g Zg 55l samples

X y FWHM {in desree) Parlicle size {nm)
0.00 0.00 0.13 (.67
.05 010 0.15 0.58
0.10 0.10 0.14 062
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3.2.4 Complex permeability of Nig o5, Cup 0y 2y sepdiesdy

Figs. 530, 53t and 532 show the complex permeability spectra  for
Nig 4., Citean, 20ty 53.0F 020, sinlored at 1200°C, 1250°C and 1300°C , respectively. The initial
(uf) and imagmary {u') permeabiliy decreases with ' substitution in
NroesaCvtper ) Znig 55,020y The o increascs with increasing of sImlering temperatures {or

Miyar Zngssfeaq and Nig e Ciig n ZigenFesdy In case of Nip eoCrig 1570 pnFeslly samples,

4, INCTEAses as sinterng temperature inercases up to 1250°C and above 1250°C, !l
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decreases As sintering temperalure increases, the natural resomance frequency shifted
from 0,15 to (.01 MHe for the Nig s Zig sslfe,00 samples. from 4.10 to §.20 MHz for the
Mo golup p3Zna s Feally 7.2 0.14 MHz the

Nig 15Cng 202ny 4sFex00; samples, The ' of all samples are found independent of frequency

samples and  from to for

below the resonance frequency, The resonance frequencies of all samples are listed in

Table 5.4 We ohserved that for Nvges Zng s:Fe20 and Nig 35 Crig 20 ZngesFe-0; )l
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Fig: 5.3%; Composihional variation r_'nf eg g5 Cy gy Ty 55,0200, ferrites with immal permeabulity and loss
fector at sintering temperatyre 1250°C in .
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i found to be maximum at maximum sintering temperature while for Nigso Cugis
Zny ¢s#ea0)y sample, at optimum T;, The compositional varialion of initial permeabilily and
magnetic loss fuctor is shown in Fig.5.33 From this figure it is observed thal the initial

permeability (/) decrcase and the comesponding loss incrcase except for at higher

sintering temperature. From Fig,5.34 we have found that the real part of jnitial

T2 — r v
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Fig- 3.34: Compuosivenal vanation of My 5, Cre; Zng 5o, Fe, 0, ferrites of (a) imbial permeabnlity and (k)

lnss faclor with sintonng tempel atyre

permeability {4/} and loss factor incrcases wilth increasing sintering temperature for

}'\'rf,g.gj.xc:ulf.rq_y Z}Igjs_J_Fr?j(,); ﬁ?l’TitES, cxecpl {or the Samp]e Ni;;-.g.-_';u Ci.{u}j ZH‘Q_;;FE‘:U.; at
highet sintering temperamare, 1300°C. Fig.5.35 show the variation of permeability at

dilTerent frequencies with Ci’* comient in the Nig e s CtperZnng 55, Fea0y. 1t shows a

-
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P

decrease wend in permeability with the increasing of frequency which is described in
section 5.1.5.
Fig. 536 shows the variations of loss faciors with frequency of ditferent

compositions of the samples sintered at different sinlering temperature ‘I Loss faclors are

munimum for frequency ep to | MHz (depending on compositions and 12).
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Fig. 5.36: The vanation of Loss fuctor with frequeney Mg . A Uiy Zag 52 JFealdy samples at (a) 12000
and (B 1300 Ls

Fig. 5.37 shows lhe vanation of Q factor which reveal that it decreases with
mereasing of Cr®' contents in Nig 15 CatpnZnp s5.,F e 1t 15 obscrved that O faclor
decreases for Nig¢s Zug 557¢ 20, with increasing sinlered temperamire but increase for Mg g
Curg 15 ZrnasFex0¢ Tor sample Nip 35 Cup ap Zog a5 e;04, ©Q factor first decreases and then

mcrease with increasing the sintering lemperature.
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F1g 5.37 The variation of Quality factor with frequency for My oot £ng 52 Ay samiples sintered at

(&) 1250°C und (h) 1300°C
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Chapter ¥ Results and Driseussdom

3.2.5. Temperature dependent permeability and Néel temperature

The p.,-ﬂ as a function of temperature for various My g5 Cregandio 55, Fea0ly sintered
at 1250°C is shown in Fig. 5 38, The p.,—’f s measurcd al a constani frequency (100 kHz) of a
sinusoidal wave, Pcrmcability falls rapudly when the maynetic state of the ferrite samples
changes from ferrimagnetic to paramagnetic. The sharp falling of i with temperature
shows the degree of homogeneity [19] of our samples The Néel temperature, Ty is

determined by drawing a tangent for the curve at the rapid decrease of ¢ . The intersection

of the tangent with the temperature axis detcrmines Ty, From these curves the Ty's of

these samples are delermmed.

Ni

15"“ B ﬂ “.45-1C“{xﬂ]znn.ss_:‘r]rez{}d |
'.- ] _."K-DMI}-:nm}
[ n —m— =00,y =0

1 A—x =000 y =G0

Real part of intial permeability p

10640 .
!
00 | .
1 .
h ﬁ
n . L a 1 . 1 M
150 300 450

Temperature ("C)

Fig. 5.38 The temperature dependence of ,u," for Nig e Cttyesg Z05 rs 60 sintered at 125070

It s revealed from Fue 538 that when 't is substituted in the composition
Nig a3 ChipeaZng s, F ey | Ty incrcases. The Ty lor dullerent samples 15 given in Table-
54, The mercase of he Néel wmpeniture 15 due to the strengtheming of the 4-B
interaction. This could be allnbuied 1o the decrease In distance belween the moments of 4
and # sites, which iz shown in Fig 5.39. This is alse confirmed by the decrease in the
latlice parameter with increasing i’ contents in the Mg 5. Cleppy £l 55, Fexdy ferrites.
which have been contirmed by X-ray ditfraction in section 5.2.1.

The shorest distance berween moments leads the A-B interaction 1o increase for all

the samples and consequently Ty mcreases.
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5.2.6 DC Magnetization of

0.1

Cu content, x

0
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The magnetization as a function of applicd magnetic ficld, M-A, for various

Ntp a5 Cleger 2y 55220y (with x = 0.00, .05, 0,10 and y = 0.00, 0.10, 0.10) samples al

room temperature (300K} are shown in Fig. 5.40. The mapmetization of all samples

increages lincarly with increasing the applied magnetic field up to 0.2T Beyond 0.27T
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NiprrClipeay Zitg 552 Fexly sumples siolered ul 1230°C for 5 b in air.
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applied lield magnetization increzses slowly and then saturation occurs. The saturating
magnetizing value, goff, satiration magnetization, M, and numbcer of Bohr magneton are

tabulated in the Tahle 5.6,

lable 5.4, e satucation magnetication and Bohe magneton of Mg ez ottee-,, 6 o, Feplle samples siotered
at 12330

X T The field at which saturation occurs, M, fl
Hot, (Tesla) (emufg) | fug
0.00 | 0.00 0.40 43 2.047
005 010 0.35 73 3114
010 | 6.10 0.30 66 2.819

I1 15 observed from Fig.5.40 that saturation magnetization increascs for small substitution
of Cu’™* (=005} and decrease for x=0.10 in tht My 5..Crtrra,; 210 555 #2200y This result can
be explained with the help of cation rediswibution as result of Ct’ substi tution. Perhaps,
for small content of (" substitution it prefers B-sites, iherefore magnetic moment in B-
site is increased and as a result net magnetization also increased. It is alse possible that as
a result of " substitution some of the Fe'* converled 1o Fe’™ in B-sites. Since the
magnetic moment of Fe' ig less than that of the #¢’*, therefore the net moment is

expected 1o deercase as well as magnetization decrease which 15 confirmed from Fig. 5.40.
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CHAPTER 6
CONCLUSIONS

Nanocrystalline  vatious Mg CecZng soffea(dy and Nip s Crigen 1 Zng s, Fe 0y fercites
were successlully preparcd by combustion technique. The XRD patterns ol vanouws
Nigsp i ag ol e0y and Nig 5., Cuegy v iy sr,Feaf)y cleatly indicate their single phasc
and formation of spinel structure Tatlice parameter, &, increases with nereasmg of e
content in Ny s, G Zag sl ea0y, whereas a,, decreases i MpascCpngZny s, FeaOy
These phenomena are explained 1 lerms of their jonic radii Since the 1onic adil of both
of Cu®* {0.724) and N (069 A) are smaller than ZF’?+2{G.E?. A) therefore, a,, decreases
i N yreCteen 2200 55000, and increases in Nig sp Cugig spfeafdy Tt is also obscerved
that the theoretical density of all compositions increases though the increases of lattice
constant in N so, Crodng safFe-0)y fermites, Stmee (he (heorclical density or X-ray density
depends upen the laktice constant and the molecular weight of the samples. Bulk density
of the all sample of Mg o CwZng sofe 20, ferrites increases and porosity decteases up to
the optimum level of copper conlent and beyend that level density decreases and as well
as pornsity increases. Bul m casc of Mg oo p 20 558700, bulk density decreases and
porosity increases with the mereasing copper content. Bulk density of all samples of
MNigra On Zng safies0, ferrites increases as the sintenng (cmperalure increases from
1300°C to 1200°C and beyond this temperamre bulk demsity decreases cxcept for
Mo ruiia safe-0y owhich decrcase above 1250 For the Nips N SCTEYS Py PR L
systems bulk demsily Incrcascs with incrcasing sintering temperature from 1200°C 1o
1250°C and above 1250°C density decreases. On the other hand, porosity decrcases with
mercasing sintering temperature from 1200°C t01250°C, and above 1250°C, porasity
mcreases Duwing the sintering process. lhe thermal cnergy generates a foree that drives
the grain boundaries to grow over pores. lhereby decrcasing the pore volume and
incrcasing the density of the materials At higher sintcnng temperatures the density
decreases, hecause (he inlragranular porosity increases as a result of disconlinuous gratn
growth which leads o deercasc the sintered density. The prain size imercascs with
increasing of copper contend, 1=0.15 1n lhe Nig 55 JLueZig s0Fe 0. Beyvond s value of x,
grain size decreases. The study of microslructure shows that, grain size also inoreascs

with increasing sinlcring temperature ‘The particle sizes of lhese compaositions are found
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in the rage of 0 22nm to 073 nm On the other hand, for the Nig s Cuino, 12mg 55,0004

systems particle size range is 0.58nm to (L67nm depending upon on the compositian,

The real part of permeability, i, increases with incieasing copper content up to
2= 10 1 Nip s Cre B 5o es0y bocause the averape grain size increases with increasing
Cw’~ content. The u' decreases with increasing Cuw’ conment in Nig45Creesy 1 ZHo 55
el except tor NigpCeg solnpslfea0y. At higher temperature pencrally permeability
depends on grain sic, and pram size ncreases with mereasing sintering temperaturas 5o
1115 scen that permeabilily inercases with increasing sintenng temperatures for various
Mg 0. CrpZrg salfes Oy and N oraCrepgZitg 55, Fe: 0y For Nig gl g s&np oo Fealy t!
increases as the sintering temperature incrcases from 1200°C 1o [250°C and above 1250°C

this value decreases. At high sinfering temperatimes some pores arce rapped within grain
boundary for rapidly wrowing graing Therefore the x decreases theugh grain size

increase.

The mesonance Itequency, fr decteases {irsl with increasing Cu’" content up to a
cerlain level in Ny 5o Cufng spfes(?; After that level f; increazes. On the other hand, fur
NiggsaClenydy 55, F 220l 1esonances frequency incrcases with inercasing Ci’ ' conten,
except at higher sintering temperature Tt is found that resonanee frequency 18 shafled from
higher value to lower value as sintering tempcrature mercascs for all samples. Tt s
observed that Mg e sfFe0y shows highest fr for Nrg s0.Cre, Zig s F 200 series, which is
536 MIl7 {sample sintered at L100°C b oand Neg 35Cng 2080 sFe20y shows 7.20 MHz
{sumple sintered at 1200C ) tor AN ,;s_xC'ufm i jj,}F ey BOTICE,

I'ne loss factor increases with the increasing Cw®' conlenl and sintering
temperature in the Nig s, CrgayZig sffesl)y On the other hand, loss faclor deercascs
with increasing e comtent up to x=0.20 in the Nigsa, Ce Zreg 5of7e: 0, Beyond Lhis valuc
of x, loss factor again increases, It i3 abserved that Q factor decrcases wilh imcrcasing
gintered temperature. For inductors used in filter applications, the  factor is ofien used as
a measure of performance The highest (0 value obtained in N :0Cug 20Zn0 sofe20y 15
9380, prohably due to the growth of lesser imperfection,

The Ty decreases with incecasing Cu’t content in Ny s Zap e and
ncreases in Neg s Ly Zag 55.0¢0% . The decrease of the Néel temperamue with Co"
substitution is due 1o the weakening of the A-8 inferaction and increases due 1o the

strengthen of the 4-ff interaction in the spinel lattice. This could be atributed to the

&7
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increase and decrease in distance (hoppmg length, L) belween the magnetic ions of
tetrahedral A- site (£} and the octahedral B-siics (Lg). The highest Ty for Nigsa.
o T saFeaChe fenites is 266 C and for Mg s Cripeay g s Feay s 469°C.

From miagnetization as a function of applied magnetic Oold, AfH curves, it 1is
clemr that at room temperature  all composiions of N so.Cuefng sofeafdy  and
My 50 Ct 07 ;;_}Feglf},; are tn ferrimagnetic stale, The M., as well as gg, of all the
compositions, decreases with incrcasing Cu’* contenl up to x=0.15 Beyond this vale of x,
the M, and as well as up ., valucs mnercast with mereasing ' content ‘Ihese results are
cxplained with the help of cation redistnbution in 4- site and 8- site of the spinel crystal
structure. Magnehization decrease since the magnetic moment of the Cu’* is lesser than
thal Ni*', resulting the decrease of the A-13 interaction as well as net mamnctizalion, There
is strong evidence that Cu’* change to Ci” at higher copper concentration. The Cu* has 2
preterence to accommodate themselves in A-sites which Cu™ can force some of Fe'
migrate from A-siles 1o B-siles. This migration of #¢'* to 13-sites will lead to an incrzase
i magnetizalion i B-sites leadig 1o the Increase of the samration magnetization in
Nig sg O Ly spfexlly On the other hund, for the Wi s.Chge, Zrgsi, FeaCy it 15 also
posstble that as a tesull of Cu®™ substitution some of the Fe'~ converted to Fe®' i B-sites.
Since (he magnetic moment of #¢* is less than that of the Fe’ ¥, therelore lhe nel moment
is cxpected to decrcase as well as magnetization decrease with the increasing of Cu’™

content.
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