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ABSTRACT

In Bangladesh, Cox's Bazar beach sand contains potentially valuable minerals as

discovered during a geological survey for radioactive minerals in 1961. Beach sand contains

magnetic materials in the form of magnetite. Beach sand was collected from Kolatoli sea beach;

Cox's Bazar, was washed by water to separate other unnecessary materials such as small rock,

clay, etc. Afterward, the sand was dried and fmally separated by strong magnet, Obtained

magnetite powders were gronnd by ball milling for several hours in water media. The coarse

particle fractions were eliminated by sedimentation. The raw powders are then sintered at 750°C

and 900°C for I h. X-ray diffraction studies show that the raw powders sintered at 750°C is the

best samples. From this dried fine powder of magnetite toroid and disk-shaped samples were

prepared by uniaxial pressing and sintered at various temperatures for various dwelt times.

Structural, DC and AC magnetization, and electrical transport properties of these sintered

magnetites were investigated thoroughly. X-ray diffraction studies show that the magnetite forms

spinel structure with some impurities. It was observed that the magnetite separated from beach

sand shows Verwey transition at 125 K. The sinterectmagnetite has highest magnetization about

3.5 j.lB which is about 88% magnetization value of the pure magnetite. Real part of the initial

permeability,.u:, also varies with sintering temperature and sintering time. For a fixed sintering

temperature, it is observed that .u: values increases as the sintering time increase, perhaps due to
improvedmicrostructure.

Utilizing magnetite from the beach sand and commercially available Zno, the

Fe].,Zrtx04 (x = 0.30 and 0.5) ferrites were prepared by a conventional solid state reaction

technique. The samples were sintered at 750°C in air for I h. Structural investigation of these

ferrites was studied by x-ray diffraction. It was observed that the lattice parameter increases as

the Zn content increases, which obey the Vegards law. The DC and AC magnetic properties are

aillo investigated using SQUID magnetometer and Impedance Analyzer, respectively. It was

observed that the magnetization values fall drastically due to the substitution of In. This result

can be explained with the help of cation distribution in the A-site and B-site in the spinel

structure. However, the real part of the permeability increases and loss factor decreases due to Zn

substitution in magnetite.
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• CHAPTER!

INTRODUCTION

1.1 intrududion

Ferrites arc ceramic materials fOmled by reacting metal oxides into magnetic

materials. Research activity on ferrites intense in the last 50 years as a consequence of

Sonck's work [1]. Ferrites are becoming increasingly important as high frequency core

materials because they combine useful ferromagnctic properties with electrical resistivity

[2-4]. Practically, all ferrite materials have the same crystal structure as the mineral spinel

may be regarded as a cubic [5]. Acwrding to their structure spinel-type ferrites are

natural superlattices. It has tetrahedral A~site and octahedral B-site in AB204 crystal

structure. It shows various magnetic properties depending on the composition and cation

distribution. Various cations can be placed in A-site and B-site to tune its magnetic

properties. Depending on A-site and B-site cations it can exhibit ferrimagnetic,

antifcrromagnetic, spin (cluster) glass, and paramagnetic behavior [6]. Due to their

fascinating behavior of magnetic and electric properties they are subjects of intense

theoretical and experimental investigation for various applications {7J. These

polycrystalline &-pine1ferrites are widely used in many electronic devices. They are

preferred because of their high permeability in the radio - frequency (RF) region, high

electrical resistivity, mechanical hardness and chemical stability [8J. Ferrites are also

useful to prevent and eliminate RF Interference to audio devices [9,10].

In Bangladesh, Cox's Bazar beach sand contains potentially valuable minerals as

discovered during a geological survey for radioactive minerals in 1961. Beach sand

contains magnctic materials in the form of magnetite (FeJ04). So far there is no report

regarding the systematic investigation of magnetite obtain from beach sand. In the present

studies ac magnetic properties of the magnetite will be investigated. Magnetic properties

of some mixed spinel-type FeJ.xZnx04ferrite using magnetite from beach sand will also

be investigated.
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1.2 Objectives witb specific aims and poS$ible outcome

Intrrxf!KIi<Jn

Ferrites are especially convenient for high frequem:y uses because of their high

resistivity. The high frequency response of the complex permeability is therefore very

useful in determining the convenient frequency range in which a particular ferrite material

can be used. The mechanism of eddy current losses and damping of domain wall motion

can be understood from the relative magnitudes of the real and imaginary parts of the

complex permeability. The elTect of composition and microstructure on the :frequency

response is therefore very useful.

Tbe main objectives o(tbe present restareb are as foUows:

• Separation of magnetite from beach sand.

• Preparation of magnetite samples and Zn substituted magnetite

(Fe3.•Znx04for x~O.3 and 0.5)

• Density of the samples

• DC magnetization of the magnetite separated from the beach sand.

• Complex initial permeability as a function of:frequem:y (l KHz-13MHz)

for samples sirrtered at various temperatures and various times.

Possible outcome ofthc researeb is as follows:

• Magnetization and initial complex permeability studies will reveal the

properties of magnetite separated from the beach sand. The obtained

magnetization and permeability are helpful for the device fabrication. Our

country is very much dependent on the imported ferrite cores and others

soft magnetic materials. If the separated magnetite from the beach sand

has desired characteristics, importation can be stopped that will save

foreign currency.

• Results obtained from the present research are important from physics

point of view and also will be helpful for practical applications of the

above mentioned magnetite and other mixed ferritcs.

2
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1.3Outeline of the Thesis

The format of the thesis is as follows:

Introtfuclwn

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

objectives ofthe present work.

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

as crystal structure of the spinel type ferrites.

Chapter 3 gives the details of the sample preparation and describes the

descriptions of different measurements that have been used in this research work.

Chapter 4 is devoted to the results of various investigations of the study and

explanation of results in the light of existing theories.

The conclusions drawn from the overall experimental results and discussion are

presented in Chapter 5.

RdereDe~:

[1] Snoek, J. L. "Dispersion and absorptions in magnetic ferrites at frequencies above Mels," Pllysica,
Vol_14, pp207_217, (1948).

[2] Mahmud, S. T., Hossain, A. K. M. A., Hakim, A.K.M.A., Seki, M., Kawai,T., ODdTahara, H.,

ulnllnence of microstrucrure on the complex permeahilily of spinel type Ni-Zn fenile," Journal if
Magnetism and Magnetic Materlals,Vol- 305, pp269-274, (2006).

[31 Hossain, A. K. M. A., Seki, M., Kawai,T., lUldTabara. H.• "Colossal magnet=sistanee in spinel

type Zn, ..•Ni,Fe;O,,» ,!()UTnalif App/id Physie.,. VoI- 96, NO.2, ppI237_1275, (2004).

[4] Sottar, A. A., H, M. El-Sayed. K. M. El_Shokrofy and EI_Tabey, M. M., "Improvement of the

magnetic properties of Mn-Ni-Zn ferrite by the non_magnetic AI'. ion subslitution:' Journal af
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cliapter 2

CHAPTER 2

LITERATURE REVIEW

Litera/we ~

Double oxides of iron and other metals are ;mporlant memhers offerrimagnetic syslem commonly h",wn

a. ferrltes. The outstanding properties of ferrites are their complex "'agoelle "ruClure, which con be

varied 10 tallOF their mag>Jeticproperlles fo, varIOus high frequem;y applications. In this chapter we

rieserihe a brief "",,",lew of lhe jel'Tile.,_ The ""sic mite of feI'Tlmagnelism. crystal strw;:ture of lhe .,pioel

fetriles and effecr of oon--magnetlc z" sub.lliution on lhe magoellc momenJ. In spinel jerrlles are

dl"cu.~,ed- Afew theore1ieal aspects of complex permeability 0'" also disc",.ed.

2.1 Overview of the Materials

Ferritcs commonly expressed by the general chemical formula Meo.Fe203.

where Me represents divalent metals, first commanded the public attention when Hilpert

(1909) focused on the usefulncss of ferrites at high frequency [I]. A systematic

investigation was launched by Snoek (1936) at Philips Research Laboratory [2}. At the

same time Takai (1937) in Japan was seriously engaged in the research work on the

same materials [I]. Snoek's extensive works on ferrites unveiled many mysteries

regarding magnetic properties of ferrites. He was particularly looking for high

permeability materials of cubic structure. This particular structure for symmetry

reasons supports low crystalline anisotropy. He found suitable materials in the form of

mixed spinels of the type MeZnFe204, whereMe stands formetals like Cu,Fe, A{l:-,Ni orMn,

for which -permeability were found to be up to 4000 [1-3 J. Here after starts the story of
Zn ferrites. Remarkable properties like high permeability, low loss factor, high

stability of permeability with temperature and time, high wear resistance, controlled

coercive force, low switching coefficient etc. have aptly placed Zn ferritcs as highly

demandable ferrites to both researchers and manufacturers. Every year great deals

of paper are being published on various aspects of ferrites. A large number of scientists

and technologists are engaged in research to bring about improvements on the magnetic

properties of ferrites.

The sintering process is considered to be one of the most vital steps in ferrile

preparation and often plays a dominant role in many magnetic properties. Tasaki el ai. [4J
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studied the effect of sintering atmosphere on permeability of sintered ferrite. They

fOWldthat high density is one of the factors, which contribute to greater permeability.

However, permeability decreased in an atmosphere without O} at high sintering

temperature where high density was expected. This decrease in permeability is attributed

to the variation of chemical composition caused by volatilization of Zn. At low

sintering temperature a high permeability is obtained in an atmosphere v•.ithout 0)

becanse densification and stoichiometry plays a principal role in increasing

permeability. At high sintering temperature the highest permeability is obtained in the

presencc of O2becauscthe effect of decrease of Zn content can then bc ncglected.

Studying the electromagnetic properties of ferrites, Nakamura [5] suggested that

both the sintering density and the average grain size increased with sintering

temperature. These changes were responsible for variations in magnetization, initial

permeability and electrical resistivity.

High permeability attairnnent is certainly affected by the microstructure of the

ferritcs. Roess showed that [6] the very high permeability is restricted to certain

temperature ranges and the shapes of permeability versus temperature curves are

strongly affected by any inhomogeneity in the ferrite stmcture.

Leung el aI. [7] performed aLow-temperature Mosshaller study of a ferrite. They

fOlllldthat for x:S;05 the resultant A- and B- site Fe-spin moments have a collinear

arrangement, whereas for x:> 0.5 a non-collinear arrangement of A- and B-site Fe-spin

moments exists. An explanation based on the relative strenb>tbof the exchange constant

JAB and J BB is given to account forthis difference.

Rezlescu et at. [8] reported that the sintering behaviour and microstructure of

the ferrites samples largely affected by PbO addition. PhO significantly reduced the

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

evaporation is minimized [9].

There are two mechanisms in the phenomenon of permeability; spin rotation

in the magnetic domains and wall displacements. The uncertainty of contribution from

each of the mechanisms makes the interpretation of the experimental results difficult.

Globus (10) shows that the intrinsic rotational permeability j.l, and 1800

6
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wall permeability Pw may be written as: p, ~ I+ 271M: IK and

P. ",1+371M:D/4r, where M, is the saturation magnetization, K is the total

anisotropy,Dis the grain diameter and r~K& is the wall energy.

Rosales et al. [11] measured the complex permeability of Znl.;NixFe10. ferrites

with O.3~.4.They show that the relaxation frequency and magnetocryatalline

anisotropy constant is related by the equation:1, '" 1.0 +AK" where 1", and A are

constants.

El-Shabasy [12] studied the DC electrical resistivity of Zn;Ni,.,Fe10. ferrites. He

shows that the ferrite samples have semiconductor behaviour where DC electrical

resistivity decreases on increasing the temperature. p(T) for all samples follows

p(T) = Poexp(E Ik 7), where E is the activation energy for electric conduction and

Pais the pre-exponential constant or resistivity at infinitely high tempemture. The DC

resistivity, peT), decreases as the Zn ion substitution increases. It is reported that Zn

ions prefer the occupation of tetrahedral (A) sites, Ni ions prefer the occupation of

octailedral (R) sites while Fe ions partially occupy the if and B sites. On increasing Zn

substitution (at A sites), the Ni ion concentration (at B sites) will decrease. This lead to

the migration of some Fe ions fromA sites to B sites to substitute the reduction in Ni ion

concentmtion at R sites. As a result, the number of ferrous and ferric ions al B sites

(which is responsible for electric conduction in ferrites) increases. Consequently p

decreases on Zn substitution. Another reason for the decrease in p on increasing Zn ion

substitution IS that, ZLnC IS less resistive (p=5.92 j£h;m) than nickel

(p = 6.99 j£U:m). The main conductivity mecltanism in ferrites is attributed to electron

hopping between Fe'+andFe" in octabedml sites. Resistivity in spinels is very

sensitive to stoichiometry; a small variation of Fe content inZIIo.1Ni,uFe,,,O._y results

In resistivity variations of -10'. Excess Fe can easily dissolve in spinel phase by a

partial reduction of Fe from 3Fe;+O, to 2Fel+Fe;+O, (and 1120l t)(2].

7
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2.2 Magneti~ Ordering

£itnature~

The onset of magnetic order in solids has two basic requirements:

(i) Individual alDmsshould have magnetic moments (spins),

(ii) Exchange interactions should exist that couple them IDgether.

Magnetic moments originate in solids as a consequence of overlapping of the electronic

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

inter-atomic distance and the nature of the chemical bonds, particnlarly of nearest

neighbour atoms. When the positive exchange dominates, which corresponds to parallel

coupling of neighbouring atomic moments (spins), the magnetic system becomes

fenomagnetic below a certain temperature Tc called the Curie temperature. The

common spin directions are determined by the minimwn of magneto.crystalline

anisotropy energy of the crystal. Therefore, fenomagnetic substances are characterized

by spontaneous magnetization. But a ferromagnetic material in the demagnetized state

displays no net magnetization in zero field because in the demagnetized state a

ferromagnetic of macroscopic size is divided into a number of small regions called

domains, spontaneously magnetized to saturation value and the directions of these

spontaneous magnetization of the various domains are such that the net magnetization of

the specimen is zero. The existence of domains is a consequence of energy

minimization. The size and formation of these domains is in a complicated manner

dependent on the shape of the specimen as well as its magnetic and thermal history.

When negative exchange dominates, adjacent atomic moments (spins) align antiparallel

to each other, and the substance is said to be anti-ferromagnetic helow a characteristic

temperature, TN, called the Neel temperature. In the simplest case, the lattice of an anti-

ferromagnet is divided into two sublattices with the magnetic moments of these in anti-

parallel alignment. This result is zero net magnetization. A special cao;e of anti-

ferromagnetism is ferrimagnetism. In ferrimagnetism, there are also two sublattices with

magnetic moments in opposite directions, but the magnetization of the sublattices are of

uncqual strength resulting in a non-zero magnetization and therefore has net

spontaneous magnetization. At the macroscopic level of domain structures,

ferromagnetic and ferrimagnetic materials are therefore similar.

8
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Figun: 2.1, Temperature dependence of the inverse sus<:cplibiHlyfor: (a) a diamagnetic mawiaJ; (b) a

paramagnetic material, showing Curie's law behaviour, (cl a ferromagnetic malcrial, showing a

spontaneous magnetization for T<Tc and Curio-Weiss behaviour for T>Tc; (d) an antiferromagnetic

material; (e) a ferrimagnelic malerial, snowing a not spontaneous magnetization for T<Tc and non linear

behaviour fur 7>Te_(reproduced from ref. [13]).

The Curie and Neel temperatures characterize a phase transition between the

magnetically ordered and disordered (paramagnetic) states. From these simple cases of

magnetic ordering various types of magnetic order exists, particularly in metaliic

substances. Because of long-range order and oscillatory nature of the exchange

interaction, mediated by the conduction electrons, structures like helical, conical and

modulated patterns might occur. A useful pI'OJl'I'rtyfor characterizing the magnetic

materials is the magnetic susceptibility, x, defined as the magnetization, M, divided by

the applied magnetic field, H i.e. X = M I H. The temperature dependence of ,

susceptibility or, more accurately, inverse of susceptibility is a good characterization

9
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parameter for magnetic materials, Fig. 2.1. Fig. 2.1(e) shows that in the paramagnetic

region, the variation of the inverse susceptibility with tempemture of a ferrite material

is decidedly non-linear. Thns the ferrite materials do not obey the Curie-Weiss law,

X == C /(1' - T,. )[2, 13].

2.3 Crystal Structure of Spinel Ferrites

Ferrites have the cubic structure, which is very close to that of the mineral spinel

MgG.AI10j, and are called cubic spinel. Analogons to the mineral spinel, magnetic

spinel have the general formula MeD.Fe10j orMeFep~ where Me is the divalent metal

ion [14]. This crystal structure was fIrst determined by Bragg and by Nishikawa [1,13].

Formerly, spinels containing Fe were called ferrites but now the tenn has been

broadened to include many othcr fcrrirnagnets induding garnets and hexagonal ferriles

these need not necessarily contain uon. The spine1lattice is composed of a close-packed

oxygen (radius about l.3A) arrangement in which 32 oxygen ions form a unit cell that is

the smalkst repeating unit in the crystal network. Th", unit cell of the ideal spinel

structures is given in Fig. 2.2. Between the layers of oxygen ions, if we simply visualize

them as spheres, there are interstices that may accommodate the metal ions (radii

ranging from 0.6 to G.8A).Now, the interstices are not all the same: some which we call

A sites are surrounded by or coordinated with 4 nearest neighboring oxygen ions whose

lines connecting their centers form a tetrahedron. Thus, A sites are called tetrahedral

sites. The other type of sites (B sites) is coordinated by 6 nearest neighbor oxygen ions

whose center connecting lines describe an octahedron. The B sites are called octahedral

sites. In the unit cell of 32 oxygen ions there are 64 tetrahedral sites and 32 octahedral

sile!;.H all these were fIlled with metal ions, of either +2 or +3 valence, the positive

charge would be very much greater than the negative eharge and so the structure would

not be electrically neutral. It tWllSout that of the 64 tetrahedral sites, only 8 arc

occupied and out of32 octahedral sites, only 16 are occupied. Thus the unit cell contains

eight formula units ABP4, with 8 A sites, 16 B sites and 32 oxygen ions, and total of

8 x 7 == 56 ions. A spinel unit cell contains two types of subcells, Fig. 2.2.

10



The two types of subcells alternate in a three-dimensional array so that each fully

repeating unit cell requires eight suhcells, Fig. 2.3.

1 G A ratiun

0, fJ calion
a c'
1

): O--anion

Figure 2.2. Two subcells ofa unit celt of the spinel structure.

'---,<" /

---- /
A sites B sites

Figure 2.3.Unit cell of spinel ferrite divided ioto eight subcell. with A and B siles.

The positions of the ions in the spinel lattice are not perfectly regular (as

the packing of hard spheres) and some distortion does occur. The tetrahedral sites

are often too small for ilie metal ions so that the oxygen ions move slightly to

accommodate them. The oxygen ions connected with the octahedral sites move in

such a way as to shrink the size the octahedral cell by the same amount as the

tetrahedral site expands. The movement of the tetrahedral oxygen is reflected in a

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

11
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ion and the face of the cube edge along the cube diagonal of the spinel subcell.

This distance is theoretically equal to 3/8ao-where aois the lattice constant [1].

2.4 Cation Distribution of Spinel Ferrites

In spinel structure the distribution of cations over the tetrahedral or A sites and

octahedral or B sites can be present in a variety of ways. If all the Me'+ Ions in

Me'+Me;'O. are in tetrahedral and all Me'+ ions in octahedral positions, the spinel is

then called normal spinel. Another cation distribution in spinel exists, where one half of

the cations Me'+ are in the A positions and the rest, together with the Me'+ ions are

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

distribution is known as inverse spinel. The distribution of these spinels can be

summarized as [2, 15-16]:

1) Normal spinels, i.e. the divalent metal ions are on A-sites: Me1'[Me;+}O.,

2) Inverse spinels, i.e. the divalent metal ions arc on B-sites: Mel' [Me'+Me:']O •.

A completely normal or inverse spinel reprcsents the extreme cases. Zn ferrites have

normal spinel structure and its formula may be written as Zn'+[Fe" Fe"]Oi". There

are many spinel oxides which havc cation distributions intennediate between these two

extreme cases and are called mixed spinels. The general cation distribution for the spinel

can be indicated as:

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

spinel x=l, for inverse spinel x=O. The quantity x is a measure of the dcgree of

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

The basic magnetic properties of the ferrites are very sensitive functions of their

cation distributions. Mixed ferrites having interesting and useful magnctic properties are

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

mixed Zn ferrite may be written as(Zn;' Fei'::, )[Fe~:'Fe~:x]O;-where ~l.

Spinel oxides are ionic compounds and hence the chemical bonding occurring in

12
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them can be taken as purely ionic to a good approximation. The total energy involved,

however, consists of the Coulomb energy, the Born repulsive energy, the polarization

and the magnetic interaction energy. The energy terms are all dependent on lattice

constant, oxygen position parameter and the ionic distribution. In principle the

equilibriwn cation distribution can be calculated by minimizing the total energy with

respect to these variables. Bul the only energy that can be written with any accuracy is the

Coulomb energy.The individual preference of some ions for certain sites resulting from

their electronic configuration also play an important role. The divalent ions are generally

larger than the trivalent (becausc the larger charge produces greater clcc1rostatic

attraction and so pulls the outer orbits inward). The octahedral sites are also larger than

the tetrnhedral. Therefore, it would be reasonable that the trivalent ions Fe}+- (O.67A)

would go into the tetrahedral sites and the divalent ions FeH (O.83A) go into the

octahedral. Two exceptions are found in z,j1+ and Fe2+ which prefer tetrahedral sites

because the electronic configuration is favourable for tetrahedral bonding to the oxygen

ions. Thus Z';' (O.82A) prefer tetrahedral sites over the FeJ+ (O.67A) ions. Hence the

factors influencing the distribution of cations among the two possible lattice sites are

mainly their ionic radii of the specific ions.,the size of the interstices., temperature, the

matching of their electronic configuration to the surrounding anions and the electrostatic

energy of the lattice, the so-called Madelung energy, which has the predominant

contribution to the lattice energy under the cOllsttainof overall energy minimization and

charge neutrality.

2.5 Interaction between M.gnetic Moments on L.ttice Sites

Spontaneous magnetization of spinels (at OK) can be estimated on the basis of

their composition, cation distribution, and the relative strength of the possible

interaction. Since cation-cation distances are generally large, direct (ferromagnetic)

interactions are negligible. Because of the geometry of orbital involved, the strongest

superexchange interaction is expected to occur between octahedral and tetrahedral

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

metal ions on different sites depends on the distances between these ions and tbe oxygen

ion iliatlinks them and also on the angle between the three ions. The nearest neighbours

of a tetrahedral, an octahedral and an anion site are shown in Fig. 2.4. The interaction is

13
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greatest for an angle of 1800 and also where the interionic distances are the shortest. Fig.

2.5 shows the inteionic distances and the angles between the ions for the different type

of interactions. In the A-A and B-B cases. the angles are too smail or the distances

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

distances and angles are found in A-B interactions .

•-.r----.
,--~---. ,. ,. , ' ,. , ' ., ~ ' .: / .. _-+--~( ).,.: ._->-,.- c

Figu~ 2.4. Nearest neighbours of (a) a twahooml s~~, (b) an ocWIedral site and

(c) an anion site (taken from ref [2]).

AB

,,'

BB

B

12;;"2'

AA

79'38'

FiIlu", 25. lntcrionk angles in the "pinel structure for the diffurent type "flatti •• site interaetiOll'l.

For an undistortcd spinel, the A-O-B angles are about 1250 and 154° [1-2. 17).

The B"O-B angles are 90° and 12S°but the latter, one of the B-B distances is large. In the

A-A case the angle is about 80°. Therefore, the interaction between moments on the A
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and B site is strongest. The BB interaction is much weaker and the most unfavorable

situation occurs in the AA interaction. By examining the interaction involving the major

contributor, or the A-B interaction which orients the unpaired spins of these ions

antiparallel, Neel wa.'lable to explain the ferrimagnetism offerrites.

2.6 Magnetism in Spinel Ferrite

The magnetic moment of a free atom is associated with the orbital and spin motions

of electrons in an incomplete sub-shell of the electronic structure of the atom. In crystals the

orbital motions are qurochcd, thai.is the orbital p/llnes may be oon~dered to be fixed in space

re1ntive to the crystal lattice, and in such a way that in bulk the crystal has no resultant

moment from this source. Moreover this orbital-lattice coupling is so strong that the

application of a magnetic field has little dfect upon it. The spin axes are not tightly bound to

the lattice as arc the orbital axes. The anions sUlTOundinga magnetic cation subject it to a

strong inhomogeneous electric field and influence the orbital angular momentwn.

However, the spin angular momentum remains unaffected. For the first transition group

elements this crystal field effect is intense partly due to the large radius of the 3d shell and

partly due to the lack of any outer electronic shell to screen the 3d shell whose unpaired

electrons only oonlributl: 10 the magnetic moment. We have originally dermed the

magnetic moment in connection with permanent magnets. The electron itself may well

be called the smallest permanent magnet [1]. For an atom with a resultant spin quantum

numberS: the spin magnetic moment will be

f.J=g~S(S+I)Ji8

where g is the Lande splitting factor and JiR' known as the Bohr magneton, is the

fundamental unit of magnetic moment. The value of g for pure spin moment is 2 and the

quantum number associated with each electron spin is :t 1/2. The direction of the moment is

comparable to the direction ofthc magnetization (from South to North poles) of a permanent

magnet to which the electron is equivalent. Fig. 2.6 illustrates the electronic configurotion of Fe

atoms and FeJ+ions. Fe atom has four unpaired eledrons and Fe'+ ion has five unpaired

electrons. Each unpaired electron spin produced 1 Bohr magrdon. In compounds, ions and

molecules, account must be taken of the electrons used fur bonding or transferred in ionization.

It is the lllllnber of lUlpairedelectrons remaining after these processes occur that gives the net

15
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magnetic moment [1].According to the Hund's rules the momentof Fe atom and Fe'. ion are

4PB and 5P8 respectively. Similarly the moment of Fel+ and U+ ion are 4pHand 2PB

Ie,.pectively.

2.6.1 Exchange Interactions in Spinel

The intense short-~>e electrostatic field, which is responsible for the magnetic

ordering, is the exchange furce that is quantum mechanical in origin and is related to the

overlapping of total 'Wavefunctions of the neighlxmring atoms.

@
,

2S'

@ @@@
,Js.

@
3d"

@0000 @
Ir",' al"",

, ,
2p" JSl J IIr,

,
IS. 2,' '"@ @ @@@ @ @@@ 00000 0

F Jt I,. ,,"
Figure 2.6. Electronic configuration of amms and ions

The total 'WaVCfunction consists of the orbital and spin motions. Usually the net

quantnm nmnber is written as S, because the magnetic moments arise mostly due to the spin

motion as described above. The exchange interactionscoupling the spins of a pair of electrons are

p1opJ1tionalto 1he!ClIarproduct oflheir spin vectors [14, 16, 18],

where J" is the exchange integralgivenin n self explanarotynotationby

f,.[IIII]J" = 1I'",(l)II'"P) -+----- 1I'",(2WI(2)dv,dv,
r" rif r" rj2

(2.1)

(22)

In this expression r 's are the distances, subscripts j andj refer to the atoms, 1 and 2 refers to

the tv.o e1edrons. If the J in equation (2.1) is positive, we achieve ferromagnetism. A

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

MagneOCinteractions in spine:! ferrites as well as in some ionic compounds are

different from the one considered aOOveIx:cause the cations are mutually separated by bigger :,
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amons (oxygen iorn). These anions obscure the direct overlapping of the cation charge

distributions., SOIlleti:mespartially and some times completely making the direct exchanie

intefaction very weak. Cations are too far apart in most oxides for a direct c3tion-cation

interaction. Instead, superexchange interactions appear, i.e., indirect exchange via anion

p-orbitals that may be strong enough to order the magnetic moments. Apart from the

electronic structure of cations this type of interactions strongly depends on the geometry

of arrangement of the two interacting cations and the intervening anion. Both the

distance and the angles are relevant. Usually only the interactions with in first

coordination sphere (whcn both thc cations are in contact with the anion) are important.

In the Nee! theory of ferrimagnetism the interactions taken as effective are inter- and

intra-subJattice interactions A-B, A-A and B.B. The type of magnetic order depends on

their relative strength.

The superexchange mechanism between cations that operate via the intennedlate

anions was proposed by Kramer for such cases and was developed by Anderson and

Van VIed. [15, 16]. A simple example of superexchange is provided by MnO which

was chosen by Anderson. From the crystal structure of MnO it will be seen that the

antiparallel manganese ions are collinear with their neighbouring oxygen ions. The d-
ions each have six 2p electrons in three antipara1lel pairs. The outer electrons of the MtI+

ions are in 3d sub-shells which are half tilled with five electrons in each. The

phenomenon of superexchange is considered to be due to an overlap between the

manganese 3d orbits and the oxygen 2p orbits with a continuous imcrehange of electrons

between them. It appears that, for the overall energy of the system to be a minimum, the

moments of the manganese ions on either side of the oxygen ion must be antiparallc1. The

maoganese magnetic moments arc thus, in e1Iecl, coupled through the intervening oxygen

ion. The idea is illustrated in Fig. 2.7.

Tn Figs. 2.7(a) and 2.7(c) the outer electrons in a pair of MtI+ ions, and in an

intetvening d- ion in the unexcited ~1ate,are shown by the arrows. One suggested modc of

coupling is indicated in Fig. 2.7(b). The two electrons of a pair in the oxygen ion are

simultaneously transferred, one to the left and the other to the right. If their directions of

spin are Ullchanged then, by Hund's rules, the moments of the two manganese ions must

be antiparaIlel as shown. Another possibility is represented in Fig. 2.7(d). One electron

only has been transferred to the manganese ion on the left. The oxygen ion now has a

17

•



cfiapter 2

moment of 'PB and if there is negative interaction between the oxygen ion and the right-

hand manganese ion then again the moments of the manganese ions will be antiparalleL If

these ideas are accepted then the oxygen ions play an esscntiaI part in producing

antiferromagnetisrn in the oxide. Moreover, l=1lUSe of the dumbbell shape of the 2p orbits,

the coupling mecllanisrn should be most effective when the metal ions and the oxygen ions

lie in one straight line, that is, the angle bctween the boIlds is 180°, and this is the case with

MnO.

Mo 0 Mo
3d 2p 3d

"(1I) -I-H+I- II tHtt
-------II ---~-- -

,bJ 11111----t

-t+I-i+ "(c) " tiitt--- II ------
-t+I-i+ "'oj " tiitt----, II -----~

rlgun: 2.7. Illustrating superexcbange inMrnJ.

Cation

,
Cation

Figun: 2.ll. SChemalic represemmiOll of !be supen:xchange inreraction in !be magnetic

oxides.1l>ep orbital or an aWl>Il(center) inleJ1lC\wilh lhe d orbitals or !be transitional metal

cations [2].

In the case of spinel ferrites the coupling is of the indirect type which involves

overlapping of oxygen wa~e functions with those of the neighboring cations. Consider

two transition metal cations separated by an 0, Fig. 2.8.
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\
The d"1tas no net magnetic moment since it has completely filled shells, with p-

type outermost orbitals. Orbital p. has two electrons: one with spin up, and the other

with spin down, consistent with pauli's exclusion principle. The essential point is that

when an oxygen p orbital overlaps with a cation d orbital, one of the p electrons can be

accepted by the cations. When one of the transition-metal cations is brought close the

cr, partial electron overlap (between a 3d electron from the cation and a 2p electron

fonn the d) can occur only for antiparallel spins, because electrons with the slIIlle spin

are repcl1cd. Empty 3d states in the cation are available for partial occupation by the d-
electron, with an antiparallcl orientation. Electron overlap between the other cation and

the (j- then occurs resulting in antiparalle1 spins and therefore antiparallel order

between the cations. Since the p orbitals are linear, the strongest interaction is expected

1.0take place for calion-d--eaJion angles close to 180~ [2].

2.6.2 Nee! Theory of Ferrimllgnetism

If we consider the simplest case of a two-sublattice system having antiparallel

and non-equal magnetic moments, the inequality may be due to:

I) different elements in different sites,

2) same element in different ionic states, and

3) different crystalline fields leading to different effe<::tivemoments for ions having

the same spin.

The spins on one sublattice are under the influence of exchange forces due to the spins

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

molecular fields acting on the two sub1attices A and B can be written as [2, 13-18]

fl~ O=AMMA +AMMB

where M A and M B are the magnetizations of the two sublattices and ..1. 's are the Weiss

constants. Since the interaction between the sublattiees is arrtiferromagrtetic, it"" must

be negative, but AAA and AM may be negative or positive depending on the crystal

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

negative, though they are in general quite small.
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Assuming all the exchange interactioll.'l to be negative the molecular fields will be

then giwnby

Since in general, 4M and 4RR are small compared to AAR' it is convenient to express

the strengths of these interactions relative to the dominant AAll interaction.

Let 4AA '" aA....,

and AM = jJA"B

In an external applied field ff, the fields acting on A and B sites are

At temperatures higher than the transition temperature, T.,., HA' M A and M R are all

parallel and we can write

- C - --MA =~[H-4A8(aMA -MR)],T
_ C _ - -
M" '" ; [H -AAR(M~ -jJMR)]

where C" and CR are the Curle constants for the two sublattices.

CA =NAgp~S,,(SA +1)j3K

CR = NRgp~SB(SR + \)j3K

QA)

N A lIlIdN R denote the number of magnetic ions on A and B sites respectively and SA and

SR are their spin quantum numbers..Solving for the susceptibility, X ' one b'Cls [2, 13]

I T I b-=------
X C X. T-B

I T+(C1Xo) b (25)~ ---
X C T-B

whereC ,Xo' band 8 are constants for particular substance and are given by
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C=C,+CB

_1_= -J,[C~AM +C~Aml+ 2C.C8AAS]
%. C

b = C~;B [C~(A'M _ ABl,)' +C~{AB8- AAB)'

- 2C .CBP.:.u, - (AM + AJlJl)AAB +AMAM}]

B C,Cs
= --c(JAB +..1.",,) - 2A-All

Equation (2.5) represents a hyperbola, and the physically meaning part of it is plotted in

Fig. 2.9. This curvature of the plot of 1/)', versus T is a characteristics feature of a

ferrimagneL It cuts the temperature axis al Tr, called the Femmagnetic Curle point. At

high temperatures the last term of equation (2.S) become negligible, and reduces to a

Curie-Weiss law:

C%"- ---
T+(C1Xo)

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

curve becomes asymptotic at high temperatures .

••••
- err... o 1, 1

n:ure2,9. n,. temperature dependence ofthc inverse 5IlSCeptibility for ferrimagncK

The Ferrimagnctic Curie temperature 1( is obtained from equations (2.3) and

(2.4) with H = 0 and setting the detenninan! of the coefficients of M, equal to zero.

This gives
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'Fe: '" ~ [C AA.....,+C~A.8"+ {(CAA..4A -CBA.IIli)' + 4CACB..i~8 }'] (2.6)

Equation (2.5) is in good agreement with the experiment, except near the Curie point

The experimental Curie temperature, the temperature at which the susceptibility

becomes infinite and spontaneous magnetization appears, is lower than the theoretical

Curie temperature [13]. This disagreement between theory and experiment in the region

of Curie point is presumably due to the short-range spin order (spin clusters) at

temperatures above experimental Tr [2, 13].

=~U=€.,
•~'-_.

==
~=,
e
••••=-

1 -=•
~
•-•"=--

, _,. T,

fd

=
~.=
E
"••••=--~ {\

~

•~.---Figure 2.10. SuperpositiOll of various combinationJi Qftwo "l'l""'ing sublattice magnetizations produi:mg

dilT.rjng resullalllS including one wah a cornpensaljon poinl (schematic).

The sublattice magnetizations will in general have different temperature dependences

because the effective molecular fields acting on them are different This suggests the

possibility of having anomaly in the net magnetization versus temperature curves, Fig.

2.10. For most ferrimagnets the curve is similar In that offerromagnets, but in a few cases
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there be a compensation point in the curve, Fig. 2.10(c) (I, 13, 14j. At a point below the Curie

tempemture point, the two sublattice magnetizations are equal !llld thus appear to have no

moment. This temperature is called the compensation point. Below this temperature one

sublattice magneti7.ation is larger and provides the net moment. Above this temperature

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

The essential requisite for Nkl configuration is a strong negative exchange

interaction between A and B sublattices which results in their being magnetized in

opposite directions below the transition point. But there may be cases where

intrasublattiec interactions are comparable with intersublattice interaction. Ned's theory

predicts paramagnelisrn for such substanees at all temperatures. This is unreasonable

since strong AA or BB internction may lead to some kind of ordering cspecially at low

temperature. In the cases of no AB interaction, antiferromagnctie ordering may be

expected either in the A or in the B sublattice. Under certain conditions there may be non.

collinear spin arrays of still lower energy.

2.6.3 Effect of Zine Sub:rtitution on the Magnetic Moments in Spinel Ferrite:!l

Fe]O. has ferromagnetie properties because of its inverse structure which leads

to the formation of domains. A unit eell of Fe,O, contains eight formula units each of

which may be written in the form Fe>+[Fe'+Fe'+]O;-[15]. Snook and his co-workers

found tllat oxides of inverse ~iructure could be artificially produced in which the

divalent ions of anotller element, for example Mn;Zn, Ni, Co, Mg or Cu, could be

substituted for the divalent F';' ions in Fe;O •. An extensive range offerrites could thus

• • •
be made having the general formula Fe"[M'+ Fe'+jOJ-, where arrows indicate spin

ordering. Since the trivalent iron ions are equally distributed on A and B sites they

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

theoretically the same as the magnetic moment of the divalent ion. Zn ferrite is a normal

spinel, with Zn2+ (3d") ions in A sites have zero magnetic moment; Fe3+ ions in B sites

have a magnetic momcnt5,u.. The cation distribution can be written as

-, .
Zn'+[Fel+ Fe"jO., where spin ordering is indicated by arrows. The zero magnetic

23
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moment of zfi+ ions leaves trivalent iron ions on B sites with a negative BB interaction

between equal ions. Therefore Zn ferrite is not ferromagnetic. Zinc ferrite therefore be

expected to be antiferromagnetic and thus to have a Neel point, though measurements

show it to be paramagnetic only [1,2, 13, 15].

Magnetic properties can be modified widely by cation substitution. An

illustrative case IS substituion of Ni by Zn in Ni ferrite to fonn solid solutions

Th, cation distribution b, written

is diamagnetic and its main effect is to break

1inkah'CSbetween magnetic cations. Another effect is to increase interaction distance by

expanding the writ cell, since it has an ionic radious larget than the Ni and Fe radii. The

most remarkable clrect is that substitution of this diamagnetic cation (Zn) results in a

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

.£ 10
•••.• ,
E•-.,•-••••0
~
•
~ ,•••~ ,, ,.. ,,.,

Ni

0.8 ..,
Figure 2.11. Variation of Magnetic moment (in Bohr magnelOl1<per formula unit) with

increasing zinc substinnion [I, 2].

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

goes through a maximum for intermediate values, decreases and fiually vanishes for

high Zn content.~

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

alignment. As the Zn content increases, magnetic moments decreases in sublattice A and
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increase in sub1attice B. If the magnetic moment of Fe and Ni are 5 and -2.3jJs/ion,

respectively, then, per fOllfumllla unit, the total moment in Bohr magnetons on B

sublattice is 2.3(\ -x) +5(1+x) and on A sublattice the total antiparalleJ moment

is5{I-x). If the resultant moment per formula unit isM,,(O), then by taking the

dIfference of A and B moments [15],

Us(O) = 2.3(1- x) + 5(1+x) - 5(\ - x)

'" x{\O - 2.3) + 2.3

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

of IO,un per formula unit for Zn substitution x = 1, as shown by the broken lines in Fig.

2.11. This relationship is not followed over the entire composition range. However, as

the Z/l content increases, A - 0 - B interact10ns become too weak and B - 0 - B

interaetioru; begin to oominate. That is. the average distance between the interacting

spins gets larger. As a consequence, the system becomes fiusttated causing a

perturbation to the magnetically ordered spins as large number of B sites spins gets non-

magnetic impurity atoms as their nearest neighbors.

Figure 2.12. Scl"""ario representation of spin arrangements in Ni,_,Zn, Fe,O.; (a) ferrimagllelic

(forX::;0.5 ); (b)triaoglllaror yafet-Kittel(forX> 0.5 ); and{ojaotiferromagneticforX '" I [21.

The B spins are no longer held in place due to this weak anti-ferromagnetic A.B

interaction leading to non-eoUlnearity or canting among the B sublattice. Thus for x> 0.5

Z/l content, instead ofa collinear antiparallel alignment, canted structure appears, where

spins in B sites are no longer parallel [16-19], Fig. 2.12. Evidence of this triangular

structure has been observed by neutron diffraction [20]; a theoretical analysis showed

that departure from collinear order depends on the ratio afthe A - 0 - B to B - 0- B
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molecular field coefficients, ..iA81AB8 [21]. For high Zn concentration, B - 0- B

interactionsdominantand the ferritebecomeantiferromagneticfor X"" I [2].

2.7 Microstructure

A polycrystal is much more than many tiny crystals bonded together. The

interfaces between the crystals, or the grain boundaries which separate and bond

the grains, are complex and interactive interfaces. The whole set of a given

material's properties (mechanical, chemical and especially electrical and

magnetic) depend strongly on the nature of the microstructure.

In the simplest case, the grain boundary is the region, which

accommodates the difference in crystallographic orientation between the

neighbouring grains. For certain simple arrangements, the grain boundary is

made of an array of dislocations whose number and spacing depends on the

angular deviation between the grains. The ionic nature of ferritcs leads to

dislocation patterns considerably more complex than in metals, smce

electrostatic energy accounts for a significant fraction of the total boundary

energy [2].

For low-loss ferrite, Ohate [1] states that the gram boundaries influence

propertiesby
I) creatinga high ressistivityintergranuJarlayer,

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

growthmodifiers,

3) providinga path for oxygendiffusion,whichmaymodify the oxidation state

of cationsnear the boundaries.

In addition to grain boundaries,ceramic imperfectionscan impede domainwall

motion and thus redllCCthe magnetic property. Among these arc pores, cracks,

inclusions, second phases, as well as residual strains. Imperfectionsalso act as energy

wells that pin the domainwalls and require higher activationenergy to detach. Stresses

aremicroslruchrralimperfectionsthat can result from impuritiesor processingproblems

such as too rapid a cool. 1bey affect the domain dynamics and are responsible for a

much greatershareof the degradationof propertiesthanwouldexpect [21].
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Grain growth kinetics depends strongly on the impurity content. A minor dopant

can drastically change the nature and concentration of defects in the matrix, affecting

grain boundary motion, pore mobility and pore removal [2, 22]. The effect of a given

dopant depends on its valence and solubility with respect to lIDst material. If it is not

soluble at the sintering temperature, the dopant becomes a second phase which usually

segregates to the grain boundary.

(.)
Figure 2.13. Porosity character. (a) iotergranular, (b) intragranular.

(b)

The porosity of ceramic samples results from two sources, inlnlgranular porosity

and intergranular porosity, Fig. 2.13. An undesirable effect in ceramic samples is the

formation of exaggerated or discontinuous grain growth which is characterized by the

excessive growth of some grains at the expense of small, neighbouring ones, Fig. 2.14.

When this occurs, the large grain has a high defect concentration. Discontinuous growth

is believed to result from one or several of the following: powder mixtures with

impurities; a very large distribution of initial particle size; sintering at excessively high

temperatures; in ferrites containing Zn a low 0] partial pressure in the sintering

atmosphere. When a very large grain is surrounded by smaller ones, it is called 'duplex'

microslnn;ture.

. JJ.
l-I-

1/ 'l"I'A .

V~\'J.

Figure 2.14. Gnlin growth (a) di,continuous, (b) dupte" (schematic) 12].
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2.8 Theories of Permeability

Permeability is defined as the proportionality constant between the

magnetic field induction B and applied field intensity H (2, 17, 23]:

B=pH (2.7)
If the applied field is very low, approaching zero, the ratio will be called the initial

penneability, Fig. 2.15 and is given by

till"~-, liH (AIf->ll)

This simple definition needs further sophistications. A magnetic material

subjected to an ac magnetic field can be written as

II =H.e "'" (2.8)

It is observed that the magnetic flux density B lag behind H. This is caused due to the

presence of various losses and is thus expressed as

B - B ~,,'-3)
- " (2.9)

Here ois the phase angle that marks the delay of B with respect to H. The permeability

is then given by

md

BIl' = _0 coso
H,

B -,.
"H,

B•. B•. 1.11--coso-l-smO=1l -Ill
Ho H.

(2.10)

(2.11)

(2.12)

The real part (Il') of complex permeability (Il), as expressed in equation (2.10)

represents the component of B which is in phase with H, so it corresponds to the

normal permeability. If there are no losses, we should bave Il = Il'. The imaginary part

IlII corresponds to that of B, which is delayed by phase angle 900 from H [J 3, 17]. The

presence of such a component requires a supply of energy to maintain the alternating

magnetization, regardless of the origin of delay. The ratio of prJ to Il' , as is evident

from equation (2.12) and (2.11) gives
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B. sino
"I! H
r 0 '" tana
,/ B
r • coso

IIo

This tano is called loss factor.

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

Quality factor'" _I_bm,
,

And the relative quality factor, Q '"~o

Literaturr 'R.witw

(2.13)

(2.14)

(2.15)

• J< •.•.•• nibl •
"aU motion

;;; ••••~'
--------

R••••• Ible ".11 howldg

H" H

Figure 2.15. Schematic magnetization curve showing the important parameter: initial pe"",,"bility, p,

(the slope of tile curve III low fields) and the main magnetization mechanism in each magnetization range.

The curves that show the variation of both fil and fill with frequency are called

the magnetic ~-pectrumor penneability spectrum of the material [13]. The variation of

penneability 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 important. This

occurs due to the irreversible domain wall movements. The permeability of a

ferrimagnetic substance is the combined effect of the wall permeability and

rolational permeability mechanisms.
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2.8.1 Mechanisms ofPennellibility

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 are oriented in parallel and the magnetization has

its saturation valueM •. In the walls the magnetization direction changes gradually

from the direction of magnetization in one domain to that in the next. The equilibrium

positions of the walls result Ilum the interactions with the magnetization in

neighboring domains and from the influence of pores; crystal boundaries and

chemical inhomogeneities which tend to favour certain wall positions.

2.8.1.1 Wall Permeability

The mechanism of wall penneability 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 equal thickness L by means of

1800 Bloch walls (as in the Fig. 2.16). The walls are parallel to the YZplane. The

magnetization M. in the domains is oriented alternately in the +Z or -Z direction.

When a field H with a component in the + Z direction is applied, the magnetization

in this dire.:tion will be favoured. A displacement dx of the walls in the direction

shown by the dotted lines will decrease the energy density by an amonnt [24, 25]:

2M,1l,dx
L

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

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

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

d", M,H,dx
L

From the change in the magnetization
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the wall susceptibility t~may be calculated. Let H makes the angle () with

Z direction. The magnetization in the () direction becomes

2Md. 2Mll.
(M1)a- L"' cos8,AndWlthH,=HcosOandd= ;;"

we obtain

,,
\ :1\,
I
I

v
,,
!~
I
I

(2.16)

Figure 2.16. Magnetization by wall motion and spin rollllion.

2.8.1.2 Rotational Permeability

The rotational permeability mechanism anses from rotation of the

magnetization in each domain. The direction of M can be found by minimizing the

magnetic energy E as a function of the orientation. Major contribution toE comes from

the crystal anisotropy energy. Other contributions may be due to the stress and shape

anisotropy. The stress may influence the magnetic energy via the magnetoslriction.

The shape anisotropy is caused by the boundaries of the sample as well as by pores,

nonmagnetic inclusions and inhomogeneities. For small angular deviations, a. and a y

may be written as

M M
a =-' and a =-'-'M Y M, ,

For equilibrium Z -direction, E may be expressed as [24, 25]

J1



where it is asswned that x and y are the principal axes of the energy minimwn. Instead

of E" & E".. the anisotropy field H: andH: are often introduced. Their magnitude is

given by

H: & H: represent the stiffness with which thc magnetization is bonnd to the

eqUilibrium direction for deviations in the x and y direction, respectively. The

rotational susceptibilities X,,< arnlX, ..•. for fields applied along x and y directions,

respectively are

For cubic materials it IS often found that H: and H: are equal. For

H: =H: '" HA and a fie!d H which makes an angle B with the Z direction (as

shown in Fig. 2.16) the rotational susceptibility, X'.c in one crystallite becomes

(2.1 7)

A polycrystalline material 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 X, ofthc material has to be obtained as a weighted average of

X'.c of each crystallite, where the mutual influence of neighbouring crystallites has to

bc taken into account. If the crystal anisotropy dominates other anisotropies, then H A

will be constant throughout the material, so only the factor sin1 {i (equation 2.17) has to

be averaged. Snoek [26] assuming a linear averaging of X", and found

The total internal susceptibility

4M; cos' B 2M,y-y+y- +--
,<,-'<'w ,<" - KL 3HA
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If the shape and stress anisotropies cannot be neglected, HA will be larger. Any

estimate of X, will then be rather uncertain as long as the domain structure, and the

pore distribution in the material are not known. A similar estimate of X. would

require knowledge of the stiffness parameter k and the domain width L. These

parameters are influenced by such factors as imperfection, porosity and

crystallite shape and distribution which are essentially unknown.
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CHAPTER 3
SAMPLE PREPARATION AND EXPERIMENTAL TECHNIQUES

3.t Introduction

A goal common to all the ferrites is the common formation of the spinel

stmcture. Today, the large majority of ferrite powders are made by the conventional

Ceramic process or Solid State Reaction method. Most non-conventional process

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

t) Co-precipitation

2) Orga.nic precursors

3) Sol-gel synthesis

4) Spray-drying

5) Freeze-drying

6) Combustion synthesis

7) Glass crystallization

In this chapter, we describe the solid state reaction method that is used in this rescllTCh

work.

3.2 Conventional sl,)lid state reaction method

In the solid state reaction method, the required composition is usually prepared

form the appropriate IlffiOWltof raw mineral oxides or carbonates by crushing, grinding

and milling. The most common type of mill is the ball mill, which consists of a lined

pot with hard spheres or rod inside. Mil1ing can be carried out in a wet medium to

increase the degree of mixing. This method depends nn the solid state inter-diffusion

between the raw materials. Solids do not usually react at room temperature over normal

time scales. Thus it is necessary to heat them at higher temperatures for the diffusion

length (2Dt)1I2 to exeeed the particle size, where D is the diffusion constant for the fast-

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

or oxygen at a temperature above IOOO.C. For some time, this process is continued wtil

the mixture is converted into the correct crystalline phase. The calcined powders are again

crushed into fine powders.
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The pellets ortoroid-shaped samples are prepared from these calcined powders

using die-pllllch assembly or hydrostatic or isostatic pressure. Sintering is carried out

in the solid slate, at tempernture ranging 1100-1400'C, for times of typically t -40 h and

in various atmospheres (e.g. Air, O2 and N2) [2-5]. Fig. 3.1 shows, diagrammatically,

the stages tbllowed in ferrite preparation.

The general solid state reaction leading to a ferrite MeFe20f may be represented as

MeO +FefJ] _ MeFefh

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

1) Preparation of materials 10 form an intimate mixture with the metal ions in the

ratio which they will have in the final product,

2) Heating of this mixture 10 form the ferrite (often called calcining),

3) Grinding the calcined powders and pressing the fme powders into !he required

shape, and

4) Sintering to produce a highly densified product.

3.3 Details of calcining, pressing and sintering

Calcining is defined as the process of obtaining a homogeneous and phase pure

composition of mixed powders by heating them for a certain time at a high temperature

and then allowing it to cool slowly. During !he calcining stage, !he reaction of Fe20J

with metal oxide (say, MeO or M,j:><h) takes place in the solid state to fonn spinel

according to the reactions [6,7]:

MeO +Fe20J ~ MeFe20. (Spinel)

2Mi -zO,+4Fc20, ~ 4MiFe-zO.(Spinel) + O2

Fe-zO,+ FeO _ Fe:rO.

After that Zn ions are introduced by

(l-x)Fc,O. + XZnO ----0>- 7J1xFeJ£J.
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Oxides of raw materials

Weighing by different
mole ta e

Dry mixing by agatem_
Wet mixing by ball

millin

Drying

Calcining

Milling and adding
binder

Pressing to desired
"', "
Sintering

inished products

FiglI~ 3.1. Flow chart oftbe stages in preparation ofspinel fenite,

The calcining JlI'l.lC= can be repeated sevcraI times to obtain a high degree of

homogeneity. The calcined powders are crushed into :finepowders. The ideal characteristics

offine powders are [6]:

I) small particle size (sub micron)

2) narrow distribution in particle size

3) dispersed particles
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4) equiaxed shape of particles

5) high purity

6) hOffi(lgeneouscompositiOIL

A small particle size of the reactant powders provides a high contact surface area fur

initiation of the solid s\lIte reaction; diffusiou paths are shorted, leading to more efficient

completion of the reaction. Porosity is easily eliminated if the initial pores are very small. A

narrow size distribution of spherical particles lISwell as a dispersed state is important for

compaction of the powder during green-body formation. Groin growth during sintering can be

better controlled if the initial size is small and uuiform.

A binder is usually added prior to compaction, at a concentration lower than 5wt %

[6]. Binders are JXllymersor waxes; the most commonly used hinder in ferrite is polyvinyl

alcoho1.The binder facilitates the particles flow during compacting and increases the bouding

between the particles, presumably by funning bonds of the type particle-binder-particle.

During sintering, binders decompose and are eliminated :from the ferrite. Pressures are used

fur compacting samples vary widely but are commonly sev('l1l\tons per square inch (Le., up to

IOSN m.2).

Sintering is dermed as the process of obtaining a dense, tough body by heating a

compacted powder for a certain time at a temperature high enough to significantly

promote diffusion, but clearly lower than the melting point of the main component. The

driving force for sintering is the reduction in surface free energy of the JXlwder. Part of

this energy is trllllSferred into interfacial energy (grain boundaries) in the resulting

polycrystalline body [6, 8]. The sintering time, temperature and the furnace atmosphere

play very important role on the magnetic property of ferrite materials. The purposes of

sintering process are:

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

2) to dcnsify the material by eliminating the pores and

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

calcining step.

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

following empirical relatiol1llhip regarding rate of grain growth:

-
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where d is the mean grain diameter, n is about 1/3, tis sintering time and k is a

temperature dependent parameter. Sintering is divided into three stages, Fig. 3.2 [6,10-

12].

Stage 1. Contact area between particles increases,

Stage 2. Porosity changes from open to closed porosity,

Stage 3. Pore volume decreases; grains grow.

(~ ~) «) (01)

~12. Schematic representation ohintering stages: (a) greenbOOy,(b) inir",l SIlIge,

(c) intermediate stage, and (d) final stage[21.

In the initial stage, neighhouring particles form a neck by surface diffusion and

presumably also at high temperatures by an evaporation-condensation mechanism.

Grain growth begins during the intermediate stage of sintering. Since grain boundaries

are the sinks for vacancies, grain growth tends to decrease the pore elimination rate due

to Ute increase in distance between pores and grain boundaries, and by decreasing the

total grain boundary surface area. In the final stage, the grain growth is considerably

enhanced and the remaining pores may become isolated.

3.4 Preparation ofthe present samples

3.4.1 Colleetion o(beach sand

In Bangladesh, Cox's Bazar beach sand contains potentially valuable minerals as

discovered during a geological survey for radioactive minerals in 1961. Beach sand

contains magnetic materials in the form of magnetite (FeJ04). Beach sand was collected

from Kolatoli sea beach; Cox's Bazar.
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3.4.2 Separation of magnetite from the beach sand

The Fe)O. was separated from the beach sand using a strong magnet. At first

beach sand are col1ected from Cox's bazaar sea beach than washed it by watcr and

separated others unnecessary materials such as small rock, shells, clay, etc. Then the

sand are dried and finally separated by strong magnet.

3.4.3 Preparation ofFe]O. samples

This magnetite is ground by ball milling for several hours in water media The

coarse powder is eliminated by sedimentation. The raw powders are then sintered at 750

and 9000e for 1 h. X"ray diffraction studies shows that the raw powders sintered at

750°C is the best among these powders. From this dried fine powder of magnetite disk

and toroid-shaped (Fig 3.3) samples were prepared by pressing and sintered at various

temPeratures (750, 850, 900, 950, 975, 1000 and 12OO°C)in air for 0.2, I and 5h.

3.4.4 Preparation of FtJ.,Zn,04 samples

Utilizing magnetite from the beach sand and commercially available Zno, the

FeJ_xZnxO.(x = 0.30 and 0.5) ferrites were prepared by a conventional solid state

reaction technique. The samples were sintered at 7500e in air for I h. The temperature

ramp was lOoe/minute for both cooling and heating.

••(~ 00
(b)

Flgnr<: 3.3. Sample (a) disk shaj>M, (b) Toroid ,baped.

3.5 X-ray diffraction

Bragg reflection is a coherent elastic scattering in which the energy of the X-

ray is not changed on reflection. If a beam of monochromatic radiation of wavelength

J,. is incident on a periodic crystal plane at an angle e and is diffracted at the same

angle as shown in Fig. 3.4, the Bragg diffraction condition for X-rays is given by
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2dSinO=nA (3.1)

where d is thc distance between l-'I'ystal planes and n is the positive integer which

represents the order ofrefledion. Equation (3.1) is Known as Bragg law. This Bragg

Jaw suggests that the diffraction is only possible when A-:SM[ll]. For this reason we

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

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

RejI«led

•
• • •

Inddent

'''J'

.. J
Figure 3.4. Brngg law of difftact;on.

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

For this purpose monochromatic Cu-K" radiation was used. The lattice parameter for

each peak of each sample was calculated by using the formula

(3.2)

where h, k and I are the indices of the crystal planes. To determine the exact lattice

parameter for each sample, Nelson-Riley method was used.

The Nelson-Rilcy function F(O) is given as

F(O)=![(COS'O I SinB}t(Cos'B I 0)]
2

(3.3)

The values of lattice constant 'a' of all the peaks for a sample are plotted against

F(El). Then using a leas{ square fit method exact lattice parameter 'ao' is determined. The

point where the least square fit straight line cut the y-axis (i.e. at F(El) = 0) is the actua1

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

following expression:
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where N,j is Avogadro's number (6.02 x 1013mor\ M is the molecular weight. The

porosity was calculated from the relation {lOO(P" - P.)! p" rio, where PB is the bulk

density measured by the formula PB =M IV [12].

3.6 Microstrnctural investigation

The micro structural study of the ferrite samples was performed in order to

have an insight of the grain stmctures. The samples of different compositions and

sintered at different temperatures were chosen for this purpose. The samples were

visualized under a high-resolution optical microscope and then photographed.

Average grain sizes (grain diameter) of the samples were detennined from optical

micrographs by linear intercept technique [2]. To do this, several random horizontal and

vertical lines were drawn on the micrographs. Therefore, we counted the number of

grains intersected and measured the length orlbe grains along the line traversed. Finally

the average grain size was calculated.

3.7 ComplcI permeability measurement

For high frequency application, the desirable property of a ferrite is high

permeability with low loss, One of the most important goals of ferrite research is to

fulfill this requirement. The techniques of permeability measurement and frequency

characteristics of the present samples are described in sections 3.7.1 and 3,7.2.

3.7,1 Techniques for the permeability measurement

Measurements of permeability normally iuvolve the measurements of the

change in self-inductance of a coil in presence of the magnetic core. The behavior

of a self-inductance can now be described as follows. We assume an ideal loss less air

coil of inductance 4. On insertion of a magnetic core with permeability fl. the inductance

will bepL". The complex impedance Z of this coil [II] cau be expressed as follows:

t:



Z = R+ jX = j@L,p=j@L.(;Ii - jp") (3.5)

where the resistive part is R = wLoJ./ (3.6)

andthe reactive partis X=wLop' (3.7)

The RF permeability can be derived from the complex impedance of a coil, Z,

given by equation (3.5). The core is taken as toroidal to avoid demagnetizing effe<:ts.

The quantity L" is derived geometrically as shown in se<:lion 3.7.2.

3.7.2 Frequency characteristi~ measurement

The frequency characteristics of the ferrite samples i.e. the initial permeability

spectra were investigated using an Agilent Impedance Analyzer (model no. 4192A). The

complex permeability measurements on toroid shaped specimens were carried om at

room temperature on all the samples in the frequency range I kHz - 13 MHz. The real

part (;I:) and imaginary part (;1:1) of the complex penneability were calculated using

the following relations L1J: P: =L,/4 audP:' =p:tano, where 4 is the sclf-

inductance of the sampie core and La = p,Nl sjnil is derived geometrically. Here L." is

the inductance of the winding coil without the sample core, N is the number of turns of

the coil (N = 5), S is the areaof eros:; section of the toroidal sample as given below:

S=dxh,

where d = d) -d,2 .
d, = Inner diameter,
dl = Outer diameter,
h = Height

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

d=d,+dl
2

•
The relative quality factor is determined from the ratio ~ .

"""
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3.8 DC magnetization measurement

The magnetization (M) measurements were made on pieces of the samples

(approximate dimensions 2 )( 1 )( 1 mm3) using the Superconducting Quantum Interlace

Device (SQUID) magnetometer (MPMS-5S; Quantum design Co. Ltd.).
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CHAPTER 4
RESULTS AND DISCUSSION

The polycrystalJine magnetite (F.jO.) separared from Cox', blJ1:aar beach sand and 2" substilUled

magnetite, F., ..,z".O, (.<-0,30 and 0 50) wen studied Magn"Ut. powders were separated from /& be<1dl
sand by a sirong magnet. Pell"ts and ring sluJped samples were prepared/rom this powder. Sample wet'e

sin/ered at var;o,,-' temperattnes. The Fe,.,z"p, (x~0.30 and 0.50) were prepared by mixing magnetite

from the beach sand and commercially fJl'aiJahle Zno. Inlernal structure of Ihe abave ",,,,,Uoned samples

are ,,'ud/oJ by x-ray diffraction The magnetic properties w"'. smd/eJ by SQUID magnetometer. Tlui

romp/I!<:permeability of the samp/es was characterized wtlh hilfh frequency (I kHz-I3MHz) wilh an Agilem

impedance analyzer. The elef'trica! lramporl properties of magnetite W(L' lnveSllgaled by physirol property

measurement system (PPMS) equipped wilh 9T maE"'" and a dOlie cycl. helium cryocooler.

4.1 Magnetite separated from the Cox's bazar beach sand

4.1.1 X-ray diffractions and 1Iltticeparameters

The X-ray diffraction (XRD) patterns for the separated raw magnetite (Fe304)

from the beach sand and sintered FejO. are presented in Figs. 4.1. 4.2 and 4.3 and their

diffraction peak positions with Miller indices are presented in Table 4.1. The raw Fe304

powders were sintered at two different temperatures 750'C and 900"C for I hour. The

XRD patterns for these raw and sintered samples confirm the formation of spinel ferrite

with a few impurity peaks [1,2). Some of the impurity peaks are perhaps due to the

presence of hematite (Fe20]) as shown in the figure. Besides these, some other

unidentified peaks are also present in the XRD pattern. This suggests that our magnetic

separation process is not sufficient to get phase pure magnetite from the Cox's Bazar

beach sand. However, when the raw powder is sintered at 750"C for 1 h, it was observed

that some of the impurity peaks are either disappear or become less intense perhaps due to

remove some volatile materials. That indicate better crystalline and more pure than raw

Ft:J04. But when the raw powder sintered at 900'C the impurity peaks are reappear,

perhaps due to the formation ofFC20j.
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- Raw magnetite--C- ~- -e ~ - -• 0 0" • -~
0"

~0" ~ -;" - " N 0
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0 ~ N 0 "~- ~ ~
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30 40 50
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Figu'" 4.1. The X-ray difftaction pattern of raw magnetite separated from the Cox's Bazar beach sand.

- Magnetite sintered- at 750°C for Ih-~ -- N ~N
N S~ o'

• .l::"- -- 0 I i00: ~

"
~

[:1".1~~

-'
30 40 50

28 (degree)

60

FIgure 4.2.The X-ray diffraction pauem of magnetite sinlered at 750'C for 1 hour.

Table 4.1. X-ray peak posilions for magnetite sinoored at 750 .C.

X_r<{\'peak position with MiiI.,. indices 20 (degree)

Samples (nO) (311) (400) (422) (511) (440)

Raw magnetite 30.07 35.40 48.74 56.93 58.60 62.61

Magnetite sinlered at 750"C . 33.59 49.90 57.99 58.87 60.43

for lh

Mag:n<:liresmoored at 900-C 32.06 35.79 46.54 "'" 58.68 62.87

for lh
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Figure 4.3. The X-ray diffi"action pattern ofmagnetite slnt.red at 900'C for I bour.

The values of lattice parameter 'a' from all the spinel peaks is plotted against

Nelson-Riley function, F(iJ), for the sample sintered at 750'C is shown in Figs. 4.4a, b.

The calculated a and Uo are presented in Table 4.2. It was found au is 8.403 (A) and

8.405(A) respectively. This value of ao agrees well with the value observed by other

authors [2,3, 6].
Tabte 4.2. TI!e lattice parometen and-average lattice p"""""lers for magnetite sinlere6 at'9Oll"C for Ii\.

Sample
peaks Sillter;"g !A)

Temp. T,("C) " (~), 8.378

2 8.391

3 8.393

'"" 8.405
4 8.394

5 8.397
Magnetile

6 8.398
(Fe,OJ , 8.427

2 8.421

3 "" 8.419 8.403

4 8.415

5 8.408
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Figure 4..•••..The Ne15Oll-Riley function F(6) VSIlI11iceronstam fur the magnetite sintered at 750'C.

8.405

8.400
€

o:l 8.395

~~ 8.390

8
.~ 8.385

j 8.380

Magnetite Sintered at
900.C for Ihr

8.375
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

F(e)

Figure 4.4b. The Nelson- Riley functillll F(6) vs lattice constanl for the nmgnetite sintered aI 9Olfc.

4.t.1' Bulk density of die magnetite

From the XRD studies we consider the magnetite powder sintered at 750"C for I h

is the best powder, hence we use this powder for preparing pellet and ring-shaped

samples. Pellet-shaped sample prepared from this powder are again sintercd at various
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t~.and dwell times.as presented in Table 4.3. Volume of all samples is measured

using Archimedes principle and density is calculated using mass per unit volume.

Sintering Temperature Dwell times (b)

('C)

750 I

850 I

900 O.2,land5,,. .Q.2 and I

975 0.2
1000 0.2
1200 ".2

Figs. 4.5, 4.6 and 4.7 show the density as a function of sintcring temperatures for

the Fe304. It was observed that the density varies both as a function of sintering

temperature and dwell times. From the Fig. 4.6, for fixed dweTI time:, it WlIS found that tl\e

density almost remains same up to sintering temperature 850.C, after this density

increases rapidly and at 975'C density approaches approximately 4.6 glem]. On the other

hand, at fixed dwell time ().2 hour (Fig. 4.5) the den.~ity for the Fe304 at r2OO"C

approaches 4.7 glem].

At higher sintering temperarures the density inecreases because the intergranular

porosity decreases ft is known that the porosity of ceramic samples results from two

sources, intragranular porosity and intergranular porosity [5]. Thus the total porosity

could be written as P=PbtJ",+P""", The intergranuiar porosity mainly depends on the grain

size IS],
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4-.7

___4.6

~~

.i 4.5
~

4.4
900 1000 liOO 1200

Sintering Temperature ~C)

Figure 4.5. Density as a funclion ofsiotering temperature fur Fe,O. wilh fi~cd dwell time 0.2 hour.

4.60

4.55
~

l4.50
~
.f1
~ 4.45
~

4.40

Ih

700 800 900
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•

Figure 4.6. Density as a function of sinlcring temperature fur Fe,O. wilh fi~ed dwell time 1hour;n air.
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~
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Figun 4.7. Density as a fimction of sinlering time for f",O, with fixed temperature.

4.1.3 DCmagnetization of magnetite

4.1.3.1 Magnetisationfor raw FeJf)(

32

16
o

Ma etite
50mT

-a-ZFC
-.-FC

100 200 300
Temperature (K)

400

FigllR 4A 'Ik !lmlp<'R'ure <k!lend= of lIlW'rtiiWIioo"" ~'" w'gnetite mc•• ...ed io.:pres=

of 50 mT applied fJ.ld in Fe and ZFC mode.

The temperature dependent magnetization, M{T), for raw Fel04 is measured in

presence of 50 mT applied field in both zero field cooled (ZFC) mode and field cooled

(FC) mode as shown in Fig. 4.8. In Zl'C mode the sample is cooled down to 10 K in

absence of applied magnetic filed. Then 50 mT field is applied and Mer) data is recorded
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with ~.the sampk, wbilein FCmodeM{l) data is recordedin presenceill .applied-

magnetic field and cooling the sllITIple.

It was observed that both in ZFC and FC modes sample shows a transition at 125

K. This temperature is called Verwey transiOOnas it was observed by E.W. Vawey while

investigating transport properties ofsing!e crystal FC:J0416,7,8].

80
• Raw magnetite

• ;;:1;;;1••• --- ...• --4""1"-

40 •••-",;elY
-.-10K

~ • -o-300K
~ •• •• -] 0
•~
~

.40

.80
-1.0 -0.5 1.0

Figure 4.9. The magnetization as a function ofapplitd magnetic field plot, fur FeJ04 measured at

10K and 300 K.

~ magnetization as -a functkm- of applied ~ field, M(H), fm: raw

magnetite is measured botb at room temperature (300K) and 10K as sho\\ltl in Fig. 4.9.

The magnetization of Fe304 increases linearly with increasing the applied magnetic field

up' tu (i,2 T at-both the ttlllJlClll1ures and attlIins its s,rlimrlion value for fields- higher-than

0.2 T. The 98% of saturation is observed at 0.3 T applied magnetic filed. The saturation

magnetization at 10 K for raw Fe304 is 62.5 emu/g.

The number- of pe per fommla unit: is calculated: from the experimental values of

U using following relation,

MxM,,=
N"'PB

Where M is the molecular weight of the specimen, N is Avogadro's number, and !-Is is

9.27xlO-21 emu. It was observed that the for the raw FeJ04 the saturation magnetization at

10Kis2.61 PD.
Fe)04 is a ferrimagnetic iron oxide having cubic inverse spinel structure with

oxygen anions fonning a fcc closed packing and iron (cations) located at the

inten ..titial Illtrahednd sites and octahedral- sites. The electron Cl:IIlhop between
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Pe2•and F-eJ• ions in the ocbhedFal sites at room tempernture imparting half metallic

properly to magnetite. The magnetic moment of the unit cell comes only from Fe2'

ions with a magnetic moment of 4IJI}

4,1.3.2 Magnt!tisaoon of Fej04 sinle,ed at 750.C

32 Magn"l;te s tered
a1750.C for til

50mT

16
a

-e-ZFC
-"'-FC

100 200 JOO
Temperature (K)

400

Flgnre 4.10. The temperarure dopendent magnetization for sintered magnetite (750'C) measured

in presen •• of 50 mT applied field in Fe and ZFC mooe.

80

40 -e-1OK

~

- .•-JOOK

0E magn"lite sintered
0~ at 750 'c for Ih:E -40

-80

-1.0 -0.5 0.0 0.5 1.0
IJoH (T)

Fignr. 4.11. Th. magnetization as a function of applied magn.ri. fi.ld plots for ,iol ••.•d (750'C)

FeJ041IlOasured at 10K and 300 K.
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The ZfC.and FC M{I) plots f(}l"the magnetite sintered at 750 'c is shown in Fig.

4.10. Like raw }'e]04 this sintered sample also exhibit Verwey transition at 125 K. Unlike

raw Fe304, this sample show slightly different behavior in ZFC curve.

The M(H) plots for the magnelite simeIed at 75(YC is measured both at rooHI

temperature (300K) and 10K as shown in Fig. 4.11. The magnetization ofFe)04 increases

linearly with increasing the applied magnetic field up to 0.2 T at both the temperatures

IIftd attains its saturatNm value for ficlds higher than {}.2 T. The 93% {)f saturntion it;

observed at 0.3 T applied magnetic filed. The saturation magnetization at 10 K for this

sirrtered Fe]04 is 83.5 emu/g. This saturation magnetization is corresponds to 3.5}is

Jt Wl'JSfutmd that due to sintcring saturtltkm magnetizatkm value inucascs

significantly as a resnlt of sintering., However, present value is less than that of the

saturation magnetization value (4 fir;) of single crystal Fe]04. For this sample the

salmation ~ value is about 88 % of the phase pure Fe:J04.

4.1.4 CompleI initial perme.bility ofFeJ04

4.1.4.1 Pernreability spectra/or Fej04sintend at vurioU$temperatures/or 0.2 h

0.2h -.-1200
-.-1000

,.__ ._._ --. - 975
16 • ..'"", -.-950

-t_ "•• •••.•• ." • -.900.--.-..... ~ ..•14 n.••••••••••••--_.-•.•• __

, ,.••••--.-.-•........•..••.--. .•..--:-:-;;:-",-
\•••-.-.-••w,_~--•...•-.::::s;-- ..~-.~-.-...... t

\
10

10' 10"
Frequency (Hz)

10'

Figure 4. n. The #: spectra for 'Fe,a, slnrered at various temperatures for O.2hr in aiL

Figs. 4.12 and 4.13 show the complex initial permeability spectra for Fe]04

samples sintered at various temperatures for a fixed dwell time O.2h in the frequency

range 100 kHz - 1'3 MHz. There is slight variation of the real part of the initial
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pennea\lility,,u;, {Fig. 4.12) -depending on sintering temperature. Among these =ples,

p: is highest for the sample sintered at IOOO"C.Only the sample sintered at 950"C show

the resonance frequency in the measured frequency range. For other samples, resonance

frequency is beyond 13MHz.

There is a sharp decrease of #: and an increase of imaginary part of the initial

permeability,#:' ,(Fig, 4.13) above the resonance frequency.

20
\

,, .
0.2 h -0-1200

-0-1000
-0-975
-.-950
-, •.. 900

10'
o
10' 10'

Frequency (Hz)
Fillure 4.t3. The p:/ spectra for Fe,O, ,intered at various l.mp.retIlres for O.2br in air.

4.1.4.2 Permeability spectra/or FeJihsintered at lIOrjollStemperatura/or 1h

Figs. 4.14 and 4.15 shDw the permeability #: and P:' spectra for Fe]04 samples

sinlered at variOIL~temperatures for 1 h respectively. Like the sample sintered for O.2h,

these samples also show a variation of p: depending on sintering temperatures. Compared

to the sample sinlered for D.2h, these samples have higher value of P:. In this case, p: is

highest for the sample sintered at 750.C. As there is no peak or increasing tendency of

p:! (Fig. 4.15) with respect to frequency, il is concluded that the resonance frequency is

beyond the measured frequency range.

55 "'f",.,



Cli4pter4

18
I h -0- 50

-0-900
-'--850
-.-750

10' 10'
Frequency (Hz)

10'

Figure 4.14. The p: 'peclra for for Fe,O. ,intered at variou, temperaturts for Ihr in air.

20 -0-950
1h -'-900, -'--"850
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\ '1\
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10' 106 107

Frequency (Hz)

Figure 4.15. The p;1 'pectra for fe,O, sintered at variou, temperaturt. for lhr in air.

4.1.4.3. Pt'rmeabiIiJy spectrafor FeJO~sinteud u/ 9OO'Cfor wuious dweU times

Figs. 4.16 and 4.17 show thep: and p;' spectra for Fe304 samples sintered at

900T for various dwell limes, respectively. II is observed !hat for a ftxed sintering

temperature, if furnaces soak time increases then p; values increases and p;' decreases.
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Figuu 4.16. "The p: spectra fur for Fe,C, sinrered at 9OO.C fur various dwell tim ••.
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Fignre 4.17. The p;' spectra for Fe,O. sinrered 9OO"Cfor various dwell times.

It is well known that the permeability of ferrite is related to two different

magnetizing mechanisIIlS: spin rotation and domain wall motion [9, 10], which can be

described as follows:
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-whereX •• is the dOlIlJlinwall susceptibility; X",,,, is intrinsic rotational susceptibility. X ••

and z,p", may be written as :X" = 31!M;D/4y and X_ = 21!M;IK with M, saturation

magnetization, K tbe total anisotropy, D the average grain diameter, and ythe domain

wall energy. Thus the domain wall motion is affected by the grain size and enhanced with

the increase of grain size. The initial permeability is therefore a function of grain size.

The magnetization caused by domain wall movement requires less energy than that

required by domain rotation. As the number of walls increases with the grain sizes, lhe

contribution ofwall movement to magnetization increases.

If His a weak alternating field of high frequency, the domain wall win oscillate

back and forth through small distances about their mean position. The differential

equation for oscillating boundaries can be written as

md'xl dt' + fJdxl dt+= = 2M,H(I), where m is the effective wall mass, p the viscous

damping factor, a the restoring constant, x the wall displacement and H(I) the driving

force [I t, 12]. The first term on the left hand side represents the wall inertia as a product

of mass times acceleration; the second term is the damping opposing the propagation

velocity, and the thlrd term is associated with wall pinning to defects, expressed as a

restoring force. It is also observed that the higher the permeability of the material, the

lower the frequency of the onset of ferrimagnetic resonance. This really confirms with

Snoek's limitj,,u: =Constant [13], wherej,.is the resonance rrequency for domain wall

motion above which p; decreases. This means that there is an effective limit 10 the

product of resonance frequency and permeability so that high frequency and high

permeability are mutually incompatible.

Energy loss is an extremely important subject in soft ferrimagnetic materials,

since the amount of energy wasted on process other than magnetization can prevent the

AC applicalions ofa given material. The mtio of p;' and P:' representing the losses in the

material are a meRS1.U"eof the inefficiency of the magnetic system. Obviously this

parameter should be as low as possible. The magnetic losses, which causc the phase shift,

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

losses. This gives the formula tanam = tan0h + Iano, + tana,. P, is the initial

permeabillty which created at low field. Hysteresis losses vanish at very low field

strengths. Thus at low field the remaining magnetic losses arc eddy current los-ws and
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residual losses. Residual losses are independent of frequency. Eddy current losses

increase with frequency and are negligible at very low frequency. Eddy current loss can

be expressed as p. '" /2!p, where P, is the energy loss per unit volume and p is the

resistivity I14J To keep the eddy current losses constaJ1t as frequency is increased; the

resistivity of the material chosen must increase as the square of frequency. Eddy currents

are not problem in the ferriles until higher frequencies are encountered because they have

very high resistivity abont lO'ncmL15 J. The ferrite microstlUcture is assumed to consist

of grains ofJow resistivity separated by grain boundaries of high resistivity. Thicker grain

boundaries are preferred to increase the resistance.

4.1.4.4. Qualityfactor for FeJO~
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Figure •. 18 The variation of Q faclors with frequency for Fe,O, ,intered at different lemperalure for O,2h.
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FIgure 4.19 Th. variation of Q fuclors wilb frequency for Fe,D, sinoored at different temperature forlh.

From lhe loss faclor we have calculated the relative quality factor (or Q factor) for

all samples sintered at various temperatures and various dwell times. The Q factors are

shown in Fig. 4.18, 4.19 and 4.20. For inductors used in filter applications. the quality

factor is often used as a measure ofperfonnance.1t is observed that lhe FeJ04 sintered at

750'C for 1 h bas the highest Q value (200).

10' 10' 106
Frequency (HZ)

10'

-F~ ••• 4.20 The variation of Q filctors with frequency for Fe,{), sinlefed at 9OO'C f<>rVlIrieus dwell time!!.
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4.1 .4 Tl'llIl!Iport properties of Mago.etite

•••

. "'. "

100 200 300
Temperature K

400

Figure 4.21 The variation of resi"tllDce with temperaturo for Fe,O. "ioter"" et 750'C for 1 h.

Resistance of magnetite sample sintered at 750°C for-I h-is-shown in Fig. 4.11.

Resistance of the sample is measured al zero field and also in the presence of 9 T

magnetic field. Both measurements show that there is a transition in the R-T piots at

about 125 K. This is known lIS famous Verwey transition or electron ordering transition.

Similar type of transition is also observed in M(f) measurement at the same temperature

for Fe:JO. sample.

An electron-ordering transition occurring in a mixed-valent system (Fe2; fPeJ+)

that results in an ordering of formal valence states in the low-temperature phase.

Example: The prototype system, first identified by Verwey, is the spinel magnetite,

FeJ;[Fel;Fe2'1o~ in which an ordering of FeJ; and Fe2; ions within octahedral sites is

thought to occur below 125 K.
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4.2 lntntigation of polyerystalline Fe3-.Zo.Q.

4.2.1 X-ray diffractions and lattice parameters

>RIJO
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Figure 4. 22. Th. x_ray diffracl;on penem of calcined Fe,..zn,O, (x '"0.30 and 0.50) powders.

TIie x-ray diffraction (XRD) patterns for the calcined samples FC3_.ZllxO.j (x =

0.30 and 0.5) and samples sintered at 750T are presented in Figs. 4.22 and 4.23,

respectively. Their diffraction peak positions with Miller indices are presented in Table

4:4. The XRD'patterns for these siiJt:ered'samples confirm thc formation of spinel ferrite

with a few unidentified peaks [1]. The values of lattice parameter 'a' from all the peaks

for the samples are plolted against Nelson-Riley function, F(O) as shown in Fig. 4.24.
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Figure 4.23. The X-ray diffraction pattern of polycrystalliue Fe,.,zDxO. sintered al 750'C for lh.
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The values of lattice parameter 'a' from all the spinel peaks are plotted against

Nelson-Riley function, F(O). for the sample sintered at 750'C is shown in Figs. 4.24, and

2.25-. The-calculated a-and-au arepresented in Table-4.5.

8.418,...._~-_~ -_...,

~ 8.417 \ ~::. '---- •••..•I -\8"417048 8.416 ao .

!
8.4l5L_~__ ~--~---
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F(e)

Figure 4.2-4. The variation of lattice constant 'a' with F(6) forthe Fe",zn" ,0 •.

8.45-

FeHZnOSO.
~
~•
~
~
0
U S.l5"•
~
~

'30 2.50.0 0.5 1.0 1.5 2.0 3.0 35

F(e)

Figure 4.2~.The variation oflattice constant' a' with F(e) for F., ,zllo.,O •.
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TJlble 4.4 X-ray peak positions. fu1:polycrystaliine Fe,..zn.O~smtered at 750'C fu1: l.h.

Sample X-my peak position with Miller indices 2e (degree)

composition

(111) (311) (422) (511) (440)

Fe3_xZnx04(X-o.30) 19.98 35.59 54.00 56.81 62.33

Fe.1_,Zn,04(X 0.50) 18.42 35.53 54.55 57.01 62.48

From the figure we see that the lattice constant or Fe2 jZIlv.,04 (x = 0.50) and

FenZn(1.104(x = 0.30) are 8.422 A and 8.418 A respectively. The lattice constant

decreases as we decrease the Zn concentratiolL In comparison with the beach sand we see

that lhe lattice constant for beach sand is smaller than Fe:.5Znu j04 (x = 0.50) and greater

than Fe:..7ZnOl04 (x = 0.30).

The increase in lattice parameter with increasing zn content can be explained on

the basis of the ionic radii. The ionic radii of the carions used in Fe,..ln,O. are 0.88A

(Zn2+) and 0.69A (Fe]» [2,3,6]. Since the ionic radius of FeH is less than that of the

ZnJ+, decrease in lattice constant with the decrease in Zn sufutilutfon is expected

Table 4.5 Tne lattice parameters and true laltice parameters for Fe,.,Zn,O. sinlered a1750"C for 1 n.

Sample
p'"h SiRJermg (A)

Temp: T,eC)-. " (",,), 8.4160

2 8.4165

Fe,.,z:Oo,O. 3 . '8'.4167 8Af8

4 8.4169

5 8.4170
750'

I 8.3424

2 8.3700

F.,,zT\o),O, 3 8.3930 8.422

4 8.3940

5 8.4080
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4.2.2 DC Illagnetizationof polycrystallineF~,Zn,04

The temperature dependent magnetization, MCT), for Fc2jZI1(I,S04is measured in

presence of 50 mT applied field in both ZFC and FC modes as shown in Fig. 4.26.

0.6
SOmT

---ZFC
-.-FC

0.2
o 100 200 300

Temperature (K)

400

Figure 4.26 Tbe tempemture de~endeot magnetization for Fe,A,O, measured in presence of SOmT

applied fi~ht in Fe and-ZFC morn,.

It was observed that in ZFC mode sample shows two transitions., one at l20K,

perhaps corresponding to Verwey transition and another transition like features at 3S K.

The magnetization as a function of applied magnetic field, M(H), for FC2:;Zno,,04

is measured both at room temperature (300K) and at 10K as shown in Fig. 4.27. The

magnetization of FeHZt1()SO. increases almost linearly with increasing the applied

magnetic field up to -r T with two IfJfferent slopes. No saturation is occurred in case of

both temperatures. However, there is a hysteresis like features is observed, which is

higher at 10K. Such a conclusion is in agreement with that previously reported in case of

Zn-Co ferrites '(15,16].

In both Men and M(R) plots, it is observed that there is a drastic decrease of

magnetization value due to substitution of nonmagnetic Zn in FC]O•.
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Figure 4.27 The magnetization as a function ofapplied magnetic field plots for Fe,7».,O,
measured >II 10K and 300 K.

The temperature dependent magnetization, M{n, for Fel.7Zno30. is measured in

presence of 50 mT applied field in both ZFC and FC modes as shown in Fig. 4.28. It is

observed that in ZFC mode sampJe shows two transitions, one at 125, perhaps

corresponding to Verwey transition and another at 35 K.

The magneti...ation as a function of applied magnetic field, M(H), for Fel.7Zno304

measured both at room temperature (300K) and at 10K as shown in Fig. 4.29 The

magnetization of Fe:l.7ZtloJ04 increases almost linearly with increasing the applied

magnetic field up to 1 T with two different slopes. The magnetization value is less than

that of Fe;..sZtlo.s04. No saturation is occurred in case of both temperatures. However,

there is a hysteresis like features is observed, which is higher at 10 K.

Like Fe;..,ZnOSo4, in both Men amd M(H) plots, it is observed that there is a

drastic decrease of magnetization value due 10 substitution of nonmagnetic Zn in FC304.

It is observed that the sample which contains higher concenttation of Zn has lower

magnetization value. This is due to the fact that inclusion of nonmagnetic Zn weakens the

A-B magnetic interaction among the cations and hence lower magnetization. [17].
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Figuu 4.28 The temperature dependent magnetization fur F.",z~"O,measured in presence of

50 mT appli.d fi.ld in FC and ZFC mode.
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Figuu 4.29 T~ magn.{ization as a function of applied magnetic field plots f", F""Znop,
meaSllr<'dat !OK and 300 K.

4.2.3 Complex permellbility of poly crystalline FeJ-.Zn.04

Figs. 4.30 and 4.31 show the real and imaginary permeability spectra for Fe>-,zn,O,

(x ". 0.30, 0.50) samples respectively. It is observed that the permeability value increases

with increasing Zn content. Similar result is obtained by other authors in Ni.Zn ferrites

[18].
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. In Fe2_jZnO.>O~(x = 0.50) samples, the maximum value of 1-1:is approximately 29.
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Figure 4.30. The 1-1, spectra for Fe,..Zn,O, sintered at 750 C fur lhr in air.
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Figure 4.32. The variation of relative quality factor with frequency fur polycrystalline

Fel_,Zrlx04samples siutered a1750"C for I hr.

Fig. 4.32 shows the varialions of relative quality factor (or Q factor) as a function

of frequency for FOj."Zn,,04 sintered at 750'C for Ihr in air. From this figure, it is

observed that Q factor increases due to Zn substitution in FOj04. For inductors used in

filter applications, the quality factor is often used lISa measure of perfonnance. [19]
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CHAPTERS
CONCLUSIONS

The Fe:.O. separated from the beach sand successfully. The XRD patterns orrow

and sintered FC,04 clearly indicate formation of spinel structure with some other

reflections from associated impurities. Some of the impurity peaks are perhaps due to

the presence of hematite (Fe;.O]). Besides these, some other unidentified peaks are also

present III the XRD pattern. This suggests thai our magnetic separation process is not

sufficient to gel phase pure magnetite from the Cox's Bazar beach sand. From the XRD

pattern it is concluded fuat the FC304 sintered at 750.C is more pure compared to raw

and other sintered Fe,D4,

The lattice constant of FCJ04.iS found to be 8.403A for the Fe:.04 sintered at

750"C. This value agrees well with the value for phase pure FCJ04 observed by other

authors. It is observed that the bulk density varies both as a function of sintering

temperatures and times. The highest density 4.7 g1cmJ is also fairly close (within 10"/")

the single crystal density 5.2 g1cm1.

The Men plots of both raw and sintered Fe)04 exhibit Venvey transition at 125

K, which is a characteristic features ofFc)04. The M-H plots for these sample proved

that these are soft magnetic materials. The M value increases linearly with increasing

the applied magnetic field up to 0.2 T at both the room temperature (300K) and 10K

temperatures and attains its saturation value for fields higher than 0.2 T. The 98% of

saturation is observed at 0.3 T applied magnetic filed. The saturation magnetization at

10 K for raw Fe)04 is 62.5 emu/g .. This saturation magnetization is corresponds to 2.61

}Je. The saturation magnetization at 10 K for FeJ04 sintered at 750"C for lh is 83.5

emu/g. This saturation magnetization is corresponds to 3.5 }Je-

lt was found that due to sintering saturation magnetization value increases

significantly as a result of sintering., However, present value is less than that of the

saturation magnetization value (4 }JiiJ of single crystal FC]04. For this sample the

saturation magnetil.atiOn value is about 88 % of the phase pure Fe)04.
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The #; and J.i:' values for Fe:J04 samples show a slightly variation with on

sintering time and temperature. The J.i; is highest for the sample sintered at lOOO"Cfor

0.2h. Only the sample sinterc:d at 950"C show the resonance frequency in the measured

frequency range. For other sample, resonance frequency is beyond 13 MHz. At fixed

dwell sintering time I hr, these samples also show a slight variation of j.i,' depending on

sintering tcmperatnre. In this fixed sintering time Jl;, is thc highest at 750"C. In both

variations there is no peak or increasing tendency of #;' with frequency, so it is also

conclude that the resonance frequency is beyond the measured frequency range. It is

also observed that for a fixed sintcring temperature 900°C, J.i: values increases and #;'
decreases with increasing furnaces soak time.

From the loss factor we have calculated the relative quality factor (or Q factor)

for Fe~04, The Q factor varies with sintering time temperature. It is observed that the

Fe)O~ sintered at 750°C for I h has the highest Q value.

Resistance of magnetite sample sintered at 750°C for 1 h is measured at zero

field and in the presence of 9 T magnetic field. Both measurements show an electIon

ordering transition in the R-T plots at about 125 K. This is known as famous Verwey

transition. Similar type of transition is also observed in M(T) measurement at the same

temperature for Fe)04.

The XRD patterns of all compositions Fe).xZnx04 (x '" 0.30 and 0.5) clearly

indicate fonnation of spinel slructnre along with impurity peaks. The lattice constants

are 8.41SA and 8.422A for compositions FC2.1Z1l{l304and Fe2,jZ1l{l.504.respectively. In

comparison with the Fe304 (collected from beach sand) we observed tbat the lattice

constant ofFe:J.xZnx04 (x '" 0.30 and 0.5) is greater than Fe~04_This can be explaining

on the basis oflbe ionic radii. The radius of the Ztr (0.82 A) is greater than that of the

Fe>+{0.69 A) SOgreater lattice constant with Zn substitution is expected.

The magnetization as a function of applied magnetic field, for Fe:J.,Zn,04 (x =

0.30 and 0.5) in both at 300K and at 10K. The magnetization of both samples increases

almost linearly ••••ith increasing the applied magnetic field up to I T with different

slopes, and No saturation is occurred in these temperature. However, a hysterisis like

features is observed. Which is higher at 10 K. In both M(T) and M(H) plots, it is

observed that there is a drastic decrease of magnetization value due to substitution of
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nonmagnetic Zn ill FeJ04. This is due to the fact that inclusion of nonmagnetic Zn

weakens the A-B magnetic interaction among the cations and hence lower

magnetization.

The IJ: and Q factor increases with increasing Zn content in Fe:J.xZn,94' It is

believed that due to substitution Zn the microstructure of the sample has improved

which in tum increase the initial permeability and also quality factor. For inductors used

in filter applications, the quality factor is often used as a measure of performance .

•
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