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ABSTRACT

MnJ_xZnxFe204 (X=O, 0.2, 0.4, 0.5, 0.6), MnO.5ZnO.5_yCayF'e204 (y=OJ, 0.2),

MnO.5ZnO.5_yMgyFe204 (y=OJ, 0.2) and MnO.5ZnO.5_yTiyF'e204 (y=O.l, 0.2) ferrites are

prepared using conventional solid state reaction technique. The samples are sintered at

two different temperatures (l200°C and 1300°C) in air for I hour. Structural and surface

morphology are studied by x-ray diffraction (XRD) method and high resolution optical

microscopy respectively. The magnetic properties of these ferrites are characterized by

frequency (I kHz-13MHz) and temperature dependence complex permeability

measurements. DC magnetizations (M) of all samples are measured using the

Superconducting Quantum Interface Device (SQUID) magnetometer.

The XRD patterns of all samples clearly indicate the formation of spinel structure. The

change in lattice parameter can be explained on the basis of the ionic radii. The grain

size increases with increasing Zn content in MnJ_xZnxFe204 as well as increase in

density. Grain size decreases when Zn is substituted by Ca or Ti but increases when Zn

substituted by Mg. Both real part of initial permeability, Ii: and bulk density, PB increase

with increasing Zn content in MnJ_xZnxFe204 up to x = 0.5 and beyond x = 0.5, Ii:

decreases but PB increases. The decrease in Ii: beyond x = 0.5 is mainly due to the non-

collinear spin arrangements. Resonance frequency, j,., and Neel temperature, TN,

decrease as Zn content increases.

Both Ii: and PB decrease with the addition of Ca, Mg or Ti as a replacement of Zn in

Mn-Zn ferrites, however j,. increases. From the magnetization as a function of applied

magnetic field M(H), curves it is clear that at room temperature all samples are in

ferromagnetic state. The relative quality factor, Q, and saturation magnetization, Ms,

increase for Mg doped samples but those decrease for Ca or Ti doped samples. Neel

temperature, TN, increases as Ca, Mg or Ti content increases in Mn-Zn ferrites. Possible

explanation for the observed characteristics of microstructure, initial permeability, DC

magnetization, and Neel temperature of the studied samples are discussed.
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CHAPTER!

GENERAL INTRODUCTION

1.1 Introduction

Ferrites are widely used magnetic materials due to their high electrical

resistivity, low eddy current losses and low dielectric losses [1-22]. Spinel ferrites,

MFe204 (M=Mn, Zn, Co, etc.), are among the most important magnetic materials and

one of the unique features of these materials is that their electrical and magnetic

properties strongly depend on cation distributions in tetrahedral and octahedral sites [2-

3]. It should be noted that the equilibrium distribution of cations in the spinel structure

depends on ionic radii, electronic configuration, electrostatic energies and polarization

effects [2]. Mn-Zn has a spinel configuration based on a face-centered cubic lattice of

the oxygen ions with the unit cell consisting of functional units of the type (ZnxFe/.,J

{Mn/.xFe/+xJ04. In this formula, the metallic cations inside first bracket, 0, occupy the

tetrahedral A sites and the metallic cations inside square bracket, [J, occupy the

octahedral B sites and x is defined as the inversion parameter. Depending on A site and

B site cations it can exhibit ferrimagnetic, antiferromagnetic, spin (cluster) glass, and

paramagnetic behavior [2-10].

Modern electronics, transformer devices and the development of

telecommunications are being operated higher frequencies, so a need has emerged for

new ferrite materials that can operate high frequencies [11-12]. Useful frequency range

of ferrite is limited by the onset of resonance phenomenon for which either the

permeability begins to fall at a critical frequency or the losses rise sharply [13]. Hence

the knowledge of the frequency dependence of initial permeability and loss is necessary.

Investigation of AC magnetic spectra of ferrites provides information whether it would

be possible to use ferrites in a given range of frequencies. In order to find a material

suitable for high frequency application, composites offerrite and metal; which combines

the merit of high resistivity of ferrite, high permeability and high saturation

magnetization of ferromagnetic metal, may be synthesized [15]. Many efforts have been

made to improve the basic properties offerrites by substituting or adding various ions of
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different valence states depending on the applications of interest [23-24]. In view of

extensive applications of ferrites [I], it is thought desirable to study the frequency and

temperature dependence complex permeability of Mn-Zn ferrites and Ca, Mg, Ti

substituted Mn-Zn ferrites. The results of such a study are presented in this thesis.

Possible explanation for the observed character of initial permeability, Neel

temperature, density and porosity of the studied samples are discussed. These

experiments are expected to provide information to understand physical properties of the

Mn-Zn ferrites. In view of the importance of high frequency devices, we have analyzed

AC magnetic behaviour of samples at frequency range (I kHz- I3MHz). Possible

explanation for the observed characteristics of magnetization and initial permeability of

the studied samples are discussed.

1.2 Objectives of the Present Work

Ferrites are especially convenient for high frequency uses because of their high

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

useful in determining the 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 effect of composition and microstructure on the

frequency response is therefore very useful.

The main objectives of the present research are as follows:

• Preparation of various Mnl_xZnxFe204 (x=O, 0.2, 0.4, 0.5 and 0.6) and

Mno.sZnos_,AyFe204 (y=O. I, 0.2 and A= Ca, Mg, Ti) samples.

• Perform structural characterizations, density and porosity of the

samples.

• Study of surface morphology (grain size).

• Determination of ferrimagnetic to paramagnetic transition temperature

(Tc) from measurement of temperature dependent initial permeability.

• Initial permeability as a function of frequency (I KHz- I 3MHz) for

samples.

2
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Due to substitution of various cations, spinel type lattice may either compress or expand,

hence there is a modification of A-B interaction, and also there is a cation redistribution

in A sites and B sites that produced samples with various change in magnetic properties,

which will be helpful for practical applications of the above mentioned ferrites.

1.3 Summary of the Thesis

The layout of the thesis is as follows:

Chapter I of this thesis deals with the importance offerrites and objectives of the

present work.

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

as crystal structure of the spinel ferrites.

Chapter 3 gives the details of the sample preparation

Chapter 4 describes the experimental side and descriptions of different

measurements that have been used in this research work.

Chapter 5 is devoted to the results of various investigations of the study and a

brief discussion.

The conclusions drawn from the overall experimental results and discussion are

presented in Chapter 6.
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CHAPTER 2

LITERATURE REVIEW

Double oxides afiron and other metals are important members offerrimagnetic system commonly known as

!errites. The outstanding properties of ferrites are their high permeability and high electrical resistivity in

the radio-jrequency region. In this chapter we describe a brief overview of the jerrites. The basic issue of

/errimagnetism, crystal structure of the spinel ferrites and effect of non-magnetic Zn substitution on the

magnetic moments in spinel jerrites are discussed A few theoretical aspects of complex permeability are

a/so discussed

2.1 Overview of the Materials

Ferrites 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 usefulness 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, where Me stands for metals like Cu, Mg, Hi, Co or Mn for

which permeability were found to be up to 4000 [1-3]. Here after starts the story of Mn-Zn

ferrites, Remarkable properties like high permeability, low loss factor, high stability of

permeability with temperature and time, high wire resistance, controlled coercive force, low

switching coefficient etc, have aptly placed Mn-Zn ferrites as highly demandable

ferrites to both researchers and manufacturers, Every year great deals of paper are

being published on various aspects of Mn-Zn ferrites. A large number of scientists and

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

properties of Mn-Zn ferrites,

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

ferrite samples and often plays a dominant role in many magnetic properties, Tasaki et ai,
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[4] studied the effect of sintering atmosphere on permeability of sintered ferrite. They

found that high density of the sample is one of the factors, which contribute to greater

permeability. However, permeability decreased in an atmosphere without 02 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 without O2

because densification and stoichiometry plays a principal role in increasing permeability.

At high sintering temperature the highest permeability is obtained in the presence of 02

because the effect of decrease of Zn content can then be neglected.

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

both the 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 attainment is certainly affected by the microstructure of the

ferrites. 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 structure.

Rezlescu et al. [7] reported that the sintering behaviour and of the microstructure

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

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

evaporation is minimized [8].

There are two mechanisms in the phenomenon of permeability; spin 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

[9] shows that the intrinsic rotational permeability p, and 1800 wall permeability Pw

may be written as:p, =1+2JrM;/K andpw =1+3:rM;D/4y, where M, is the

saturation magnetization, K is the total anisotropy, D is the grain diameter and y == Kt5w is

the wall energy.
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2.2 Magnetic Ordering

Literature lJWview

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

(i) Individual atoms should have magnetic moments (spins).

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

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, particularly of nearest

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

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

ferromagnetic below a certain temperature Tc called the Curie temperature. The common

spin directions are determined by the minimum of magneto-crystalline anisotropy energy

of the crystal. Therefore, ferromagnetic 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 below 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. The result is zero net

magnetization. A special case 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 unequal 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.
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Figure 2.1. Temperature dependence of the inverse susceptibility for: (a) a diamagnetic material; (b) a

paramagnetic material, showing Curie's law behaviour; (c) a ferromagnetic material, showing a

spontaneous magnetization for T<Tc and Curie-Weiss behaviour for T>Tc; (d) an anti ferromagnetic

material; (e) a ferrimagnetic material, showing a net spontaneous magnetization for T<Tc and non linear

behaviour for T>Tc.

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 metallic

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 property for characterizing the magnetic

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

the applied magnetic field, H Le. X = M / H. The temperature dependence of

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

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

9



Cliapter 2 Literature ~

region, the variation of the inverse susceptibility with temperature of a ferrite material is

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

X = C I(T - Tc )[2, 10].

2.3 Crystal Structure of Spinel Ferrites

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

Mgo.Al20j, and are called cubic spinel. Analogous to the mineral spinel, magnetic spinel

have the general formula Meo.Fe20j or MeFe204 where Me is the divalent metal ion

[II]. This crystal structure was first determined by Bragg and by Nishikawa [1,10].

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

to include many other ferrimagnets including garnets and hexagonal ferrites these need

not necessarily contain iron. The spinel lattice is composed of a close-packed oxygen

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

smallest repeating unit in the crystal network. The unit cell of the ideal spinel structures is

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

spheres, there are interstices that may accommodate the metal ions (radii ranging from 0.6

to 0.8A). 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 sites. If all these

were filled with metal ions, of either +2 or +3 valence, the positive charge would be very

much greater than the negative charge and so the structure would not be electrically

neutral. It turns out that of the 64 tetrahedral sites, only 8 are occupied and out of 32

octahedral sites, only 16 are occupied. Thus the unit cell contains eight formula units

AB204, 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. The two types of subcells

alternate in a three-dimensional array so that each fully repeating unit cell requires eight

subcells, Fig. 2.3.

10
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Figure 2.2. Two subcells of a unit cell of the spinel structure.

A sites B sites

Figure 2.3. Unit cell of spinel ferrite divided into eight subcells with A and B sites.

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

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

often too small for the 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 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].
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2.4 Cation Distribution of Spinel Ferrites

Literature tR$View

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;+ 0, 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, 12-13j:

I) Normal spinels, i.e. the divalent metal ions are on A-sites: Me'+[Me;+jO"

2) Inverse spinels, i.e. the divalent metal ions are on B-sites: Me'+[Me'+ Me;+jO,.

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

normal spinel structure and its formula may be written asZn'+[Fe3+ Fe3+jO;-. On the

other hand, Mn ferrites have inversel spinel structure and its formula may be written

as FeJ+[Mn'+ Fe3+jO;-. There are many spinel oxides which have cation distributions

intermediate 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=I, for inverse spinel x=O. The quantity x is a measure of the degree 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 magnetic properties are

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

mixed Mn-Zn ferrite may be written as(Zn~+Fe:~,)[Mn~_+,Fe::, jO;-where O~:s;I.

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

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,

12
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oxygen position parameter and the ionic distribution. In principle the equilibrium cation

distribution can be calculated by minimizing the total energy with respect to these

variables. But 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 (because the larger charge produces greater electrostatic attraction and so pulls

the outer orbits inward). The octahedral sites are also larger than the tetrahedral.

Therefore, it would be reasonable that the trivalent ions Fe3+ (0.67 A) would go into the

tetrahedral sites and the divalent ions Fe2+ (0.83A) go into the octahedral. Two exceptions

are found in Zn2+ and Cd'+ which prefer tetrahedral sites because the electronic

configuration is favourable for tetrahedral bonding to the oxygen ions. Thus Zn2+ (0.74A)

prefer tetrahedral sites over the Fe3+ (0.67 A) ions. Zn2+ (0.74A) and Co2+ (o.nA) have

almost the same ionic radius but Zn prefers tetrahedral sites and Co prefers octahedral

sites because of the configuration exception. Mn2+ (0.82A) and Cr3+ (0.64A) have strong

preferences for octahedral sites. Hence the factors influencing the distribution the cations

among the two possible lattice sites are mainly their ionic radii of the specific ions, the

size of the interstices, temperature, the 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 constrain

of overall energy minimization and charge neutrality.

2.5 Interaction Between Magnetic Moments on Lattice 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 the oxygen ion that links 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 greatest for an angle

of 180° and also where the interionic distances are the shortest. Fig. 2.5 shows the

13
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interionic 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 small or the distances between the metal ions

and the oxygen ions are too large. The best combination of distances and angles are found

inA.B interactions.

"'... fw."':-.
"'--,----, ,
: :AI: ' :
I ~.., I •

,••. ""-,--:.- (c)
1l.: '. __ "J."

Figure 2.4. Nearest neighbours of (a) a tetrahedral site, (b) an octahedral site and (c) an anion site.

AB

B

,90'

BB

125"2'

AA

79"38'

Figure 2.5. lnterionic angles in the spinel structure for the different type of lattice site interactions.

For an undistorted spinel, the A-O.B angles are about 125°and 154° [1.2, 14]. The

B.O.B angles are 90° and 125°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 and B

site is strongest. The BB interaction is much weaker and the most unfavorable situation

14
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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 was able 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 quenched, that is the orbital planes may be considered to be fixed in space

relative 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 effect upon it. The spin axes are not tightly bound to the

lattice as are the orbital axes. The anions surrounding a magnetic cation subject it to a strong

inhomogeneous electric field and influence the orbital angular momentum. 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 ofthe 3d shell and partly due to the

lack of any outer electronic shell to screen the 3d shell whose unpaired electrons only

contribute to the magnetic moment. We have originally defined the magnetic moment in

connection with permanent magnets. The electron itself may well be called the smallest

permanent magnet [I]. For an atom with a resultant spin quantum number S, the spin magnetic

moment will be

where g is the Lande splitting factor and JiB' 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 l/ 2. The direction of the moment is

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

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

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

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

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

is the number of unpaired electrons remaining after these processes occur that gives the net

magnetic moment [1]. According to the Hund's rules the moment of Fe atom and Fe'+ ion are
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4J.lB and 5J.lB respectively. Similarly the moment of Fe'+ and Mn2+ ion are 4J.lBand 5J.lB

respectively.
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Figure 2.6. Electronic configuration of atoms and ions.

2.6.1 Exchange Interactions in Spinel

The intense short-range electrostatic field, which is responsible for the magnetic

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

overlapping of total wave functions of the neighbouring atoms. The total wave function consists

of the orbital and spin motions. Usually the net quantum number is written as 8, because the

magnetic moments arise mostly due to the spin motion as described above. The exchange

interactions coupling the spins of a pair of electrons are proportional to the scalar product of their

spin vectors [11,13,15],
--> -->

Vif = -2Jif 8,.8}

where J if is the exchange integral given in a self explanatory notation by

(2.1)

. (22)

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

two electrons. If the Jin equation (2.1) is positive, we achieve ferromagnetism. A negativeJ

may give rise to anti-ferromagnetism or ferrimagnetism.

Magnetic interactions in spinel ferrites as well as in some ionic compounds are

different from the one considered above because the cations are mutually separated by bigger

anions (oxygen ions). These anions obscure the direct overlapping of the cation charge distributions,

16



Cliapter 2 Literature '%view

sometimespartiallyand some times completelymakingthe directexchange interactionveryweak.

Cations are too far apart in most oxides for a direct cation~ation 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 (when both the

cations are in contact with the anion) are important. In the Neel theory of ferrimagnetism

the interactions taken as effective are inter- and intra-sublattice 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 intermediate

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

Vleck [13, 14]. 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 02- ions each have

six 2p electrons in three antiparallel pairs. The outer electrons of the Mn2+ ions are in 3d

sub-shells which are half filled 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 interchange 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 antiparallel. The manganese magnetic moments

are thus, in effect, coupled through the intervening oxygen ion. The idea is illustrated in

Fig. 2.7.

In Figs. 2.7(a) and 2.7(c) the outer electrons in a pair of Mn2+ ions, and in an

interveningd' ion in the unexcited state, are shown by the arrows. One suggested mode 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 unchanged then, by Hund's rules, the moments of the two manganese ions must be

antiparallel 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 moment

of IPB 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

17
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ideas are accepted then the oxygen ions play an essential part in producing

antiferromagnetism in the oxide. Moreover, because of the dumbbell shape of the 2p orbits,

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

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

MnO.

Mn 0 Mn
3d 2p 3d

"(a) +t++-I- I I tJ+tt
---~---- __ t •...•..--------

II
(b) ~~!_!+Ii ~_U_U_

III II II(c) " tJ+tt------_11 ----
Itlll

II
(d) II tJ+tt-----+ I I .•...-----

Figure 2.7. Illustrating superexchange in MnD.

Cation Oxygen Cation

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

of an anion (center) interact with the d orbitals of the transitional metal cations.

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

overlapping of oxygen wave functions with those of the neighboring cations. Consider

two transition metal cations separated by an 0, Fig. 2.8. The d- has no net magnetic

moment since it has completely filled shells, with p-type outermost orbitals. Orbital Px has

18
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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 do, partial electron overlap (between a 3d

electron from the cation and a 2p electron form the dO) can occur only for anti parallel

spins, because electrons with the same spin are repelled. Empty 3d states in the cation are

available for partial occupation by the d- electron, with an antiparallel orientation.

Electron overlap between the other cation and the d- then occurs resulting in anti parallel

spins and therefore antiparallel order between the cations. Since the p orbitals are linear,

the strongest interaction is expected to take place for cation-do-cation angles close to

1800 [2].

2.6.2 Neel Theory of Ferrimagnetism

Ifwe consider the simplest case of a two-sublattice system having antiparallel and

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

1) different elements in different sites,

2) same element in different ionic states, and

3) different crystalline fields leading to different effective moments for ions having

the same spin.

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

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

fields acting on the two sublattices A and B can be written as [2, 10-15]

if. = AABMA +ABBM.

where MA and M. are the magnetizations of the two sub lattices and A'S are the Weiss

constants. Since the interaction between the sublattices is anti ferromagnetic, AAB must be

negative, but AM and A.B 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 interactions to be negative the molecular fields will be

then given by

Since in general, AAA and ABB are small compared to AA.' it is convenient to express the

strengths of these interactions relative to the dominant AAB interaction.

Let

and

AM = aAAB

ABB = fJAAB

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

At temperatures higher than the transition temperature, TN' H A' M A and MB are all

parallel and we can write

(23)

(2.4)

where CA and C B are the Curie constants for the two sub lattices.

CA = NAg/l~SA(SA + 1)/3K

and CB = NBg/l~SB(SB + 1)/3K

N A and N Bdenote the number of magnetic ions on A and B sites respectively and SA and

SB are their spin quantum numbers. Solving for the susceptibility, X , one gets [2, I I]

T b
-=------
X C Xo T-B

I

X

T+(C/ Xo)= C
b

T-B
(2.5)

where C , X 0' band B are constants for particular substance and are given by
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C=CA+CB

I I, ,-=--, [CAAAA +CBABB +2CACBAAB]
Xo C

b = C~~B [C~(AAA -ABB)' +C;(ABB -AAB)'

-2CACB{A~B -(AAA +ABB)AAB +AAAABB}]

Literature ~

CACBe = -----c- (AAB +A BB)- 2AAB

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

ferrimagnet. It cuts the temperature axis at Tc' called the Ferrimagnetic Curie point. At

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

Curie-Weiss law:

C
X=

T+(CI Xo)

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

curve becomes asymptotic at high temperatures.

- CIX, o T

Flgure2.9. The temperature dependence of the inverse susceptibility for ferrimagnets.
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The Ferrimagnetic Curie temperature Tc is obtained from equations (2.3) and

(2.4) with H = 0 and setting the determinant of the coefficients of M; equal to zero. This

(2.6)gives Tc =~[CAAAA +CBAHH + {(CAAAA -CHARH)' +4CACHA~H}']

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 [10]. 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 Tc [2, 10].

~-..I:eO
o
C.-'.c:
•••
~f
'" -~

.,. T•..

;;-

'=:::l
.::=e
l-
~-..::.-..
~ 0

~
.!=•••••=~-•••••••

MA

T'Ii

'r Tc

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

differing resultants including one with a compensation point (schematic).
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The sublattice magnetizationswill 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. 2.1O.

For most ferrimagnets the curve is similar to that offerromagnets, but in a few cases there be

a compensationpoint in the curve, Fig. 2.10(c) [I, IOj.At a point below the Curie temperature

point, the two sublatticemagnetizationsare equal and thus appear to have no moment This

temperature is called the compensation point. Below this temperature one sublattice

magnetization 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 Neel 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 intrasublattice

interactions are comparable with intersublattice interaction. Neel's theory predicts

paramagnetism for such substances at all temperatures. This is unreasonable since strong

AA or BB interaction may lead to some kind of ordering especially at low temperature. In

the cases of no AB interaction, antiferromagnetic ordering may be expectedeither in theA or

in the B sublattice.Under certain conditions there may be non-collinear spin arrays of still

lower energy.

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

Fe,O. has ferromagnetic properties because of its inverse structure which leads to

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

which may be written in the form Fe'+[Fe'+ Fe'+jOi- [l2j. Snoek and his co-workers

found that oxides of inverse structure could be artificially produced in which the divalent

ions of another element, for example Mn, Ni, Co, Mg or Cu, could be substituted for the

divalent Fe2+ ions in Fe,O •. An extensive range offerrites could thus be made having the

-> •... •...

general formulaFe'+[M'+ Fe'+jOi-, 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")
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ions in A sites have zero magnetic moment; Fe3+ ions in B sites have a magnetic
~ +-

moment5,uB' The cation distribution can be written as Zn'+[Fe'+ Fe'+]04' where spin

ordering is indicated by arrows. The zero magnetic moment of Zn2+ 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 anti ferromagnetic and

thus to have a Neel point, though measurements show it to be paramagnetic only [1-2, 10,

12].

Magnetic properties can be modified widely by cation substitution. An illustrative

case is substituion of Mn by Zn in Mn ferrite to form solid solutions Mn,_xZnxFe,04' The

cation distribution can be written as (Zn;+Fe:~,)[Mn~_+Je::xlOi- [2]. Zn2+ is diamagnetic

and its main effect is to break linkages between magnetic cations.

,-,10 .,.<: Mel_xloxFez04==..:s 8 ...= .
e••oS-co 6
::i~•..
=•• 4e
Q:;
"'= z.,
=...,
'":; 0

0 O.Z 0.4 0.6 0.8 1.0
.X

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

substitution [1,2).

Another effect is to increase interaction distance by expanding the unit cell, since

it has an ionic radius larger than Fe radii and smaller than Mn radii. The most remarkable

effect is that substitution of this diamagnetic cation (Zn) results in a significant increase in
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magnetic moment in a number of spinel solid solutions, Fig. 2.11. Magnetic moment as a

function of Zn content shows an increase for small substitutions, goes through a

maximum for intermediate values, decreases and finally vanishes for high Zn contents.

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

increase in sublattice B. If the magnetic moment of Fe'+ and Mn'+ are 5 and -5 JiB/ion,

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

is 5(1- x) +5(1+ x) and on A sublattice the total antiparallel moment is 5(1- x). If the

resultant moment per formula unit isMs(O), then by taking the difference of A and B

moments [13],

Ms(O) = 5(l-x) +5(1 +x)-5(1-x)

=x(lO-5)+5

A linear relationship is obtained with a slope of 5.0, predicting a moment value of

IOJiB per formula unit for Zn substitution x = I, as shown by the broken lines in Fig. 2.11.

This relationship is not followed over the entire composition range. However, as the Zn
content increases, A - 0 - B interactions become too weak and B - 0 - B interactions

begin to dominate. That is, the average distance between the interacting spins gets larger.

As a consequence, the system becomes frustrated causing a perturbation to the

magnetically ordered spins as large number of B sites spins gets non-magnetic impurity

atoms as their nearest neighbors.

B 0 ill8@ (8) OQG (S) CD
(ot) (bl (e)

Figure 2.12. Schematic representation of spin arrangements (a) ferrimagnetic (b) triangular or Yafet-Kiuel

and (c) antiferromagnetic for x'" I.

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

leading to non-collinearity or canting among the B sublattice. Thus for x > 0.5 Zn content,

instead of a collinear antiparallel alignment, canted structure appears, where spins in B
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sites are no longer parallel [2, 16], Fig. 2.12. Evidence of this triangular structure has

been observed by neutron diffraction [18]; a theoretical analysis showed that departure

from collinear order depends on the ratio of the A - 0 - B to B - 0 - B molecular field

coefficients, AAR / ABB [18]. For high Zn concentration, B - 0 - B interactions dominant

and the ferrite become antiferromagnetic for x = I [2].

2.7 Microstructure of Polycrystalline Materials

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 ferrites leads to dislocation patterns considerably

more complex than in metals, since electrostatic energy accounts for a significant

fraction of the total boundary energy [2].

For low-loss ferrite [I], it is observed the grain boundaries influence properties by

I) creating a high ressistivity intergranular layer,

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

growth modifiers,

3) providing a path for oxygen diffusion, which may modifY the oxidation state

of cations near the boundaries.

In addition to grain boundaries, ceramic imperfections can impede domain wall

motion and thus reduce the magnetic property. Among these are pores, cracks, inclusions,

second phases, as well as residual strains. Imperfections also act as energy wells that pin

the domain walls and require higher activation energy to detach. Stresses are

microstructural imperfections that can result from impurities or processing problems such
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as too rapid a cool. They affect the domain dynamics and are responsible for a much

greater share of the degradation of properties than would expect [I).

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, 19). The effect of a given

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

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

segregates to the grain boundary.

(a) (b)

Figure 2.13. Porosity character: (a) intergranular, (b) inlragranular.

Figure 2.14. Grain growth (a) discontinuous, (b) duplex (schematic).

The porosity of ceramic samples results from two sources, intragranular porosity and

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

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
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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 and lor Mn, a low O2 partial pressure in the

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

'duplex' microstructure.

2.8 Theories of Permeability

Permeability is defined as the proportionality constant between the magnetic

field induction B and applied field intensity H [2, 14,20]:

B = f.LH (2.7)

If the applied field is very low, approaching zero, the ratio will be called the initial

permeability, Fig. 2.1 5 and is given by

!!J3
I' --
i - fUf (Mf -+0)

This simple definition needs further sophistications. A magnetic material subjected

to an ac magnetic field can be written as

(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 .(rot-o)- oe (2.9)

Here 0 is the phase angle that marks the delay of B with respect to H. The permeability is

then given by

where

and

B B I(",,-li) B-1' B Boe oe 0 . 0 • f: I • /I1'=-= .. =--=-coso-l-smu=1' -II'
H Hoe''''' Ho Ho Ho

B
1" =_0 coso

Ho
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(2.13)tan 0

The real part (/11) of complex permeability (/1), 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 have /1 = J/ . The imaginary part /1"

corresponds to that of B, which is delayed by phase angle 90° from H (11, IS]. 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 /1" to /11, as is evident

from equation (2.12) and (2.11) gives

Bo sino
Ho
B
_0 coso
Ho

This tan 0 is called loss factor.

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

Quality factor = _1_
tano

(2.1 4)

1

And the relative quality factor, Q =-L
tan 0

(2.15)

Irreversible
wall motion

--------
Reversible \\'all bowing

Her H

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

slope of the curve at low fields) and the main magnetization mechanism in each magnetization range.

The curves that show the variation of both /11 and /1" with frequency are called
.

the magnetic spectrum or perme~bility spectrum of the material [10]. The variation of

29



Cliapter 2 Literature ~

permeability with frequency is referred to as dispersion. The measurement of complex

permeability gives us valuable information about the nature of domain wall and their

movements. In dynamic measurements the eddy current loss is very 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

rotational permeability mechanisms.

2.8.1 Mechanisms of Permeability

The mechanisms can be explained as follows: A demagnetized magnetic

material is divided into number of Weiss domains separated by Bloch walls. In each

domain 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 from 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 permeability arises 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 yz plane. The magnetization M,

in the domains is oriented alternately in the + Z or - Z direction. When a field H with

a component in the +Z direction is applied, the magnetization in this direction will be

favoured. A displacement dx of the walls in the direction shown by the dotted lines

will decrease the energy density by an amount [21, 22]:

2M,H,dx

L

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

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

per unit wall surface. The new equilibrium position is then given by
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d = M,H,dx
L

From the change in the magnetization

Mf= 2M,d
L '

Literature ~

the wall susceptibility Xw may be calculated. Let H makes the angle 0 with

Z direction. The magnetization in the 0 direction becomes

2M.d. 2M H
(Mf)e = --{-cosO, And wIth H, = H cosO and d = ;. ,

We obtain

4M' cos' 0,
KL

(2.16)

Ia;H JY

~x

I
I

I,I\ I'I
I
I

I
I

V i~
I
I

Figure 2.16. Magnetization by wall motion and spin rotation.

2.8.1.2 Rotational Permeability

The rotational permeability mechanism arises from rotation of the

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

magnetic energy E as a function of the orientation. Major contribution to E 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 magnetostriction.

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 ay

may be written as
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M M
a, = M' and ay = ;, ,

For equilibrium Z -direction, E may be expressed as [22]

Literature CJWview

where it is assumed that x and yare the principal axes of the energy minimum. Instead of

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

given by

HA = E" and HA = Eyy
'2M Y2M', ,

H: & H: represent the stiffness with which the magnetization is bound to the

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

rotational susceptibilities X", and X '.y for fields applied along x and y directions,

respectively are

M" d M,
%rx=-A-an %rY=-A-'. H . H

, y

For cubic materials it is often found that H: and H: are equal. For H: = H: = HA

and a field H which makes an angle B with the Z direction (as shown in Fig. 2.16)

the rotational susceptibility, X,,< in one crystallite becomes

M, . 'B
.:frc =-A-sm, H

(2. I 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, of the material has to be obtained as a weighted average of X ',< of each

crystallite, where the mutual influence of neighbouring crystallites has to be taken into

account. If the crystal anisotropy dominates other anisotropies, then HA will be constant

throughout the material, so only the factor sin' B (equation 2.17) has to be averaged.
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Snoek [22] assuming a linear averaging of X,., and found

2M,
X, = 3HA

The total internal susceptibility

4M;cos' e 2Mx-X +X -----+--'
- w ,- KL 3HA

Literature eJWview

(2.18)

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 Xw 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.

33



eliapter 2

References

Literature ~

[1] A. Goldman, Handbook of Modern Ferromagnetic Materials, Kulwer Acad. Pub, Boston, U.S.A

( 1999).

[2] R. Valenzuela, Magnetic Ceramics, Cambridge University Press, Cambridge (1994).

[3] M. M. Haque, "Influence of additives on the magnetic and electrical properties of iron-excess Mn-

Zn ferrites," M Phil. Thesis, BUET, Bangladesh (2000).

[4] J. Tasaki and T. Ito, Inti Can! On Ferrite, Japan, 1970.

[5] T. Nakamura, "Low-temperature sintering of Ni-Zn.Cu ferrite and its permeability spectra," J.

Mag. Magn. Mater. 168,285 (1997).

[6] E. Roess, Ferrites, U. of Tokyo Press, Tokyo, 187 (1971).

[7] N. Rezlescu, E. Rezlescu, C. Pasnicu and M. L. Craus, "Effects of the rare-earth ions on some

properties ofa Nickel-Zinc ferrite," J. Pltys.: Condens. Matter, 6, 5707 (1994).

[8] E. Rezlescu, L. Sachelarie, P. D. Papa andN. Rezlescu, "Effect of substitutionof diavalent ions on

the electrical and magnetic properties ofNi-Zn-Me ferrites," IEEE Transactions on Magnetics, 36,

3962 (2000).

[9] A. Globus, 2"" EFS Can! on Soft Magnetic Materials, Wolfson Center for Magnetic Technology,

Cardiff, Wales, (1975).

[10] B. D. Cullity, Introduction to Magnetic Materials, Addison-Wisley Publishing Company, Inc.,

California (1972).

[11] M. A. Wahab, Solid State Physics: Structure and Properties of Materials, Narasa Publishing

House, New Delhi (1999).

[12] F. Brailsford, Physical Principles of Magnetism, D. Van Nostrand Company Ltd., London (1966).

[13] A. J. Dekker, Solid State Pltysics, Macmillan India Ltd., New Delhi (1998).

[14] S. Chikazumi, Pltysics of Magnetism, Jhon Wiley & Sons, Inc., New York (1966).

[15] C. Kittel, Introduction to Solid State Physics, 7th edition, Jhon Wiley & Sons, Inc., Singapore

(1996).

[16] A. K. M. Akther Hossain, M. Seki, T. Kawai and H. Tabata, "Colossal magnetoresistance in spinel

type Zn\.,Ni,Fe,O,," J. Appl. Pltys., 96,1273 (2004).

[17] N. S. Satya Murthy, M. G. Natera and S. l. Youssef, "Yafet-Kittel angles in nickel-zinc ferrites,"

Pltys. Rev. 181,969 (1969).

[18] Y. Yafet and C. Kittel, "Anti ferromagnetic arrangements in ferrites," Phys. Rev. 87, 290 (1952).

[19] M. F. Yan and D. W. Johnson, "Impurity induced exaggerated grain growth in Mn-Zn ferrites," J.

Am. Ceram. Soc., 61, 342 (1978).

[20] D. Hadfield, Permanent Magnets and Magnetism, Jhon Wiley & Sons, Inc., New York (1962).

[21] S. S. Sikder, "Temperature dependence of magnetization and induced magnetic anisotropy of some

Fe, Co and Ni-based amorphous ribbons," Ph. D. Thesis, BUET, Bangladesh (1999).

[22] 1. L. Snoek, "Dispersion and absorptions in magnetic ferrites at frequencies above Mc/s," Physico,

14,207 (1948).

34



CHAPTER 3

SAMPLE PREPARATION AND STRUCTURAL

CHARACTERIZATION

3.1 Introduction

A goal common to all the ferrites is the formation of the spinel structure. Now a

days, the majority of ferrite powders are made by the conventional Ceramic process or

Solid State Reaction technique. Most of the non-conventional processes are involved in

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

I) Co-precipitation

2) Organic 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 research

work.

3.2 Conventional Solid State Reaction Method

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

form the appropriate amount of 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. Milling can be carried out in a wet medium to

increase the degree of mixing. This method depends on 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/!2 to exceed 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
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or oxygen at a temperature above 1000°C.For some time, this process is continued until

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

crushed into fine powders. The pellets or toroid shaped samples are prepared from these

calcined powders using die-punch assembly or hydrostatic or isostatic pressure.

Sintering is carried out in the solid state, at temperature ranging lI00-1400°C, for times

of typically 1-40 h and in various atmospheres (e.g. Air, O2 and N2) [3-6]. Fig. 3.1

shows, diagrammatically, the stages followed in ferrite preparation.

The general solid state reaction leading to a ferrite MeFe204 may be represented as

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

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

ratio which they will have in the final product,

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

3) Grinding the calcined powders and pressing the fine powders into the 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 the calcining stage, the reaction of Fe203

with metal oxide (say, MeO or M1203) takes place in the solid state to form spinel

according to the reactions [7]:

MeO + Fe202 _ MeFe204 (Spinel)

2MI203 +4Fe203 _ 4MIFe204 (Spinel)+O2

The MnC03 creeps into Fe203 as below, to form an intermediate phase MnFe204 at low

temperature

Fe203 +MnC03 _ MnFe204 +C02

After that Zn ions are introduced by
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Oxides of raw materials

Dry mixing by agate
mortar

Wet mixing by ball
milling

Milling and adding
binder

Figure 3.1. Flow chart of the stages in preparation of spinel ferrite.

37

0""',. "

•, .



Cfiapter 3 ' Sampfe Preparatwn atuf Structura( Cfiaracterizatwn

The calcining process can be repeated several times to obtain a high degree of

homogeneity. The calcined powders are crushed into fine powders. The ideal characteristics

of fine powders are [2]:

1) small particle size (sub micron)

2) narrow distribution in particle size

3) dispersed particles

4) equiaxed shape of particles

5) high purity

6) homogeneous composition,

A small particle size ofthe reactant powders provides a high contact surface area for initiation

of the solid state reaction; diffusion paths are shorted, leading to more efficient completion of

the reaction. Porosity is easily eliminated if the initial pores are very small. A narrow size

distribution of spherical particles as well as a dispersed state is important for compaction of

the powder during green-body formation, Grain growth during sintering can be better

controlled if the initial size is small and uniform.

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

[2]. Binders are polymers or waxes; the most commonly used binder in ferrite is polyvinyl

alcohol. The binder facilitates the particles flow during compacting and increases the bonding

between the particles, presumably by forming bonds of the type particle-hinder-particle.

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

for compacting very widely but are commonly several tons per square inch (i. e., up to

108Nm-2).

Sintering is defined 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 powder. Part of

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

polycrystalline body [2, 8]. The sintering time, temperature and the furnace atmosphere

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

sintering process are:

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

2) to densify the material by eliminating the pores and
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3) to homogenize the materials by completing the reactions left unfinished in the

calcining step.

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

following empirical relationship regarding rate of grain growth:

-
d =kt"

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

temperature dependent parameter. Sintering is divided into three stages, Fig. 3.2 [2, 10].

Stage I. Contact area between particles increases,

Stage 2. Porosity changes from open to closed porosity,

Stage 3. Pore volume decreases; grains grow.

(a)
~

(b) (e)

Figure 3.2. Schematic representation of sintering stages: (a) greenbody, (b) initial stage, (c) intermediate

stage, and (d) final stage.

In the initial stage, neighbouring 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 the 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.

In Mn-Zn ferrites, the presence of Zn complicates the sintering process because

high temperature coupled with low oxygen firing will cause Zn loss. High density is

important for high permeability, but so is Zn conservation. Tasaki [1] described two

alternative firings to achieve high density:

1) Low sintering temperature excluding 02 (Vacuum, argon, nitrogen),

2) High temperature inpure oxygento reduceZn loss.
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Accordingly, other properties correlated along with density:

I) Lattice constant is greater for 02, smaller for vacuum

2) Curie temperature is greater for vacuum, smaller for 02

3) Resistivity is greater for O2, smaller for vacuum.

3.4 Preparation of the Present Samples

The Mni_xZnxFe20. (for x = 0, 0.2, 0.4, 0.5, 0.6), MnO.5Zno.5_yCa;F'e20.,

Mno.5ZnO.5_yMgyFe20. and MnO.5Zno.5_yTi;F'e20. (y=O.l, 0.2) samples were synthesized

using the standard solid state reaction technique which is discussed in section 3.2.

Powder of MnC03 (99.9%), ZnO (99.999%), CaC03 (99.91%), MgO (98.99%), Ti02

(98.98%) and Fe203 (99.99%) were used as raw materials. Stoichiometric amounts of

required powders were mixed thoroughly and then calcined at IIOO°Cfor 5 hours. The

calcined powders were then pressed into toroid shaped samples shown in Fig. 3.3. The

samples were sintered at two different temperatures (l200°C and 1300°C) in air for I

hour. The temperature ramp was lOoC/minutefor both cooling and heating .

(a)• •
(b)

Figure 3.3. Sample (a) disk and (b) Toroid shape.
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CHAPTER 4

EXPERIMENTAL TECHNIQUES

In this chapter we describe basic experimental techniques to measure the lattice parameters and

frequency dependent AC permeability a/ferrite samples. We describe also the experimental technique

for the measurement of temperature dependent initial permeability. The Neel temperatures of the

samples were determined/rom this temperature dependent initial permeability.

4.1 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 A.is incident on a periodic crystal plane at an angle e and is diffracted at
the same angle as shown in Fig. 4.1, the Bragg diffraction condition for x-rays is

given by

2dSin8=nA (4.1 )

where d is the distance between crystal planes and n is the positive integer which

represents the order of reflection. Equation (4.1) is known as Bragg law. This Bragg

law suggests that the diffraction is only possible when A.:S2d[I]. 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.

• •• ••

Figure 4.1. Bragg law of diffraction.
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X-ray diffraction was carried out with an x-ray diffractometer for all samples.

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

each peak of each sample was calculated by using the formula

G=d~h' +k' +/' (4.2)

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

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

F(B) is given as

F(B)=![(Cos'B / SinB)+(Cos'B / B)]
2

(4.3)

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

F(S). Then using a least 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(S) = 0) is the actual

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

following expression:

8M ,
P,h=--, g / em

NAGo

(4.4)

where NA is Avogadro's number (6.02 x 1023 morl), M is the molecular weight. The

porosity was calculated from the relation {IOO(P,_my - PH)/ P,-my j%, where PH is the

bulk density measured by the formula PH = M / V [2].

4.2 Microstructural Investigation

The microstructural study of the Mn-Zn ferrite samples were performed in

order to have an insight of the grain structures. The samples of different compositions

were chosen for this purpose. The samples were visualized under a high-resolution

optical microscope (Olympus DP 70) and then photographed. Average grain sizes

(grain diameter) of the samples were determined from optical micrographs by linear

intercept technique [3]. 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 of the grains along the line traversed. Finally the average grain size

was calculated.
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4.3 Complex Permeability Measurement

~erimenta{ 'Tecfiniljues

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 the following sections.

4.3.1 Techniques for the Permeability Measurement

Measurements of permeability normally involve the measurements of the

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

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

loss less air coil of inductanceLo' Upon insertion of a magnetic core with permeability Ii,

the inductance will bepLo' The complex impedance Z of this coil [4] can be expressed

as follows:

Z = R+ jX = jmLoli = jmLo(lil - jlill) (4.5)

where the resistive part is R = mLolil1 (4.6)

and the reactive part is X = mLolil (4.7)

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

by equation (4.5). The core is taken as toroidal to avoid demagnetizing effects. The

quantity Lo is derived geometrically as shown in section 4.3.2.

4.3.2 Frequency Characteristic Measurement

The frequency characteristics of the Mn-Zn 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 out at room temperature on all the samples in the frequency range 1 kHz - 13

MHz. The real part (Ii:) and imaginary part (1i:1) of the complex permeability were

calculated using the following relations [4]: 11:= L, / Lo and 1i:1 = 11:tan 8 , where L, is
the self-inductance of the sample core and Lo = lioN'S! mJ is derived geometrically.

Here Lo is the inductance of the winding coil without the sample core, N is the number
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oftums of the coil (N= 6), S is the area of cross section of the toroidal sample as given

below:

where

S=dxh,

d = d, -d\
2 '

d\ = Inner diameter,
d, = Outer diameter,
h = Height

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

J = d\ +d,
2

I

The relative quality factor is determined from the ratio ~ .
tan 0

4.4 Nee) Temperature Measurements

Neel temperature measurement is one of the most important measurements for

magnetic materials. Neel temperature provides substantial information on magnetic

status of a substance in respect of the strength of exchange interaction. So, the

determination of Nee I temperature is of great importance.

Neel temperature was measured from the temperature dependence initial

permeability. For this measurement, the sample was kept inside a cylindrical oven with

a thermocouple placed at the middle of the sample. The thermocouple measures the

temperature inside the oven and also of the sample. The sample was kept just in the

middle part of the cylindrical oven in order to minimize the temperature gradient. The

temperature of the oven was then raised slowly. If the heating rate is very fast then

temperature of the sample may not follow the temperature inside the oven, and there

can be misleading information on the temperature of sample. The thermocouple

showing the temperature in that case will be erroneous. Therefore, a slow heating

rate was used to eliminate this problem. Also, a slow heating ensures accuracy in the

determination of Neel temperature. The oven was kept thermally insulated from the

surroundings. The temperature dependent permeability was measured at a constant

frequency (500 kHz) of a sinusoidal wave.
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4.5 DC Magnetization measurement at Room Temperature

'EJ(perimenta[<TecfiniiIues

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

(approximate dimension I x I x I mm3
) using the Superconducting Quantum Interface

Device (SQUID) magnetometer (MPMS-5S; Quantum design Co. Ltd.).
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CHAPTERS

RESULTS AND DISCUSSION

The polycrystalline Mn,.,Zn,Fe,04 (x~O, 0.20, 0.4, 0.5, 0.60), MnO.5ZnO.5.yCayFe,04 ry ~ 0, 0.1, 0.2),

MnO.5ZnO.5.yMgyFe,04 ry ~ 0, 0.1, 0.2) and Mn05ZnO.5.yTiyFe,04 ry ~ 0, 0.1, 0.2) ferrites are studied

Ferrile samples are sin/ered at two different temperatures (J 200 't::' and J 300 't::') for one hour. Structure

and surface morphology are studied by x-ray diffraction and optical microscopy respectively. The

magnetic properties of the ferrites are characterized by frequency (J kHz-J 3MHz) dependence complex

permeability, magnetization at room temperature and temperature dependent permeability measurements.

The effects of microstructure, composition, frequency and sin/ering temperatures on the complex

permeability of ferrites afe discussed A possible correlation between, grain size, porosity and density are

also discussed

5.1 Investigation of Mni_,znxFe204 ferrites

5.1.1. Lattice Parameters, Density and Porosity of the Mni_xZnxFe204

The X-ray diffraction (XRD) patterns for the polycrystalline samples MnJ_
xZnxFe204with x = 0, 0.2, 0.4, 05 and 0.6 are shown in Figure.5.1. The XRD patterns of
all compositions clearly indicate their single phase and fonnation of spinel crystal

structure. Analyzing the XRD patterns we notice that the positions of the peaks comply

with the reported values [I],
, I "~ Mn,.,Znle2O.~~

M
~ ~ ~
0 ~ 0N ~ ~C!,. ~ z..~ ~";,~ ~ 0~ N 0 N~ N z.. N--:- N z..II x=0.6

II lx~O.5
d -0.4

I " x-02
I •• I x-O

I I r

20 40
26 (degree)

60

Figure 5.1: The X-ray difftactian patterns for the paiycrystaliine Mn]->Zn,Fe,O.
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The measured lattice parameter, density, and porosity for different samples are given in

Table-5.1. We observed that there is no noticeable variation oflattice parameter with

sintering temperature.

Figure 5.2 shows the variation of lattice parameter as a function of Zn content.

The lattice parameter decreases with increasing Zn substitution and follows Vegard's

law for the MnJ_xZnxFe204. The decrease in lattice parameter with increasing Zn content

can be explained on the basis of the ionic radii. The radius of the Zn2+ (0.74 A) is lower

than that of the Mn2+ (0.82 A) [2, 3].

Figure 5.3 shows the variation of density and porosity as a function of Zn

content for all samples sintered at 1300°C. The density of the MnJ_xZnxFe204 samples

increases as the Zn content increases. On the other hand, porosity (P) of the sample

decreases with increasing Zn content. This increase in density can be ascribed to the

replacement of the lighter atoms of Mn by the heavier atoms of Zn .The atomic weight

of Mn is 54.94 amu while this value of Zn is 65.39 amu [4]. It can be seen from the

Table 5.1 that the bulk density of Mnl-xZnxFe204 samples sintered at l200°C is lower

than that of samples sintered at 1300°C.This is because during the sintering process, the

thermal energy generates a force that drives the grain boundaries to grow over pores,

thereby decreasing the pore volume and densifying the material.

8.52
Mn1_xZn,Fe204.--.

~
•••(I)
'i) 8.50
~
til
0..
(I) 8048u.~
~...:I

8046

0.0 0.2 004 0.6
Zn Content, x

Figure 5.2: The variation of lattice parameter with Zn content for samples ¥nl_xZnxFe2 04 .
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Mn1_xZ~Fe204 24
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Figure 5.3: The variation of theoretical density (Plh), bulk density (PB) and porosity (P) with Zn content

for Mn'_xZnxFe,O, sintered at 1300°C in air.

Table-5.l. The lattice parameter, density, porosity, Neel temperature and resonance frequency of the
Mn'_xZnxFe,O, samples.

Sample Tx Go Px-ray PH P Max ,u: /,. TNComposition
('C) (A) (g/cm') (glcm') (%)

Q
a/300kHz (MHz) ('C)

1300 3.99 19 2473 178 4.0 264,,3
MnFe,O, 8.528 4.941200 3.88 21 2244 102 12.5 27OZ3

Mno.8ZnO,2Fe20 1300 8.508 5.1 I 4.27 15 7795 331 1.9 184,,3
1300 4.43 13 11291 583 0.8 102,,3

Mlloolno.•Fe,O, 8.484 5.101200 4.25 18 10797 379 1.8 IOH3

1300 4.49 13 7624 678 0.4 49'"3MIlo.,Zno,Fe,O, 8.470 5.16
1200 4.36 15 6679 421 0.8 6OZ3
1300 4.53 13 1906 250 0.3 35,,3

Mno.olno.•Fe,O, 8.462 5.19
1200 4.43 13 - 13 - -
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It is known that the porosity of ceramic sa nples results from two sources,

intragranular porosity and intergranular porosity [5]. Thus the total porosity could be

written as P=Pint,,+Pinter. The intergranular porosity mainly depends on the grain size [5].

The density is decreased because the intragranular pJosity is increased resulting from

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

reported in case of MgCuZn ferrites [6].

5.1.2 Microstructures of the Mnl_xZnxFe20.

The optical micrographs of polycrystalline Mnl_xZnxFe20. sintered at 1300°C are

shown in Figure 5.4. The sintering temperaturl has great influence on the

. I' b d h h . I.. .h . . Z.microstructure. t IS 0 serve t at t e average gram SIze mcreases Wit mcreasmg n

content. It is also observed that the sample compdsition has an influence on the

enhancement of grain size.

The grain size reflects the presence of more or less grain boundary area. Even

porosity may be strongly related to boundaries since they can remove porosity. The

uniformity in the grain size and the average grain diameter can control properties such

as the magnetic permeability. When the grain growth ra~eis very high, pores may be left

behind by rapidly moving grain boundaries, resulting iJ pores that are trapped inside the
I

grains. This intragranular porosity is practically impossible to eliminate, leading to poor

magnetic and mechanical properties.

The behavior of grain growth reflects the competition between the driving force

for grain boundary movement and the retarding force terted by pores [7]. During the

sintering process, the thermal energy generates a force that drives the grain boundaries.

to grow over pores, thereby decreasing the pore volume and densifying the materia!.

When the driving force of the grain boundary in each grkin is homogeneous, the sintered

body attains a uniform grain size distribution; in cont~ast, discontinuous grain growth

occurs ifthis driving force is inhomogeneous.

50



Cfiapter 5

x=O.4

IJi!sufts aM<Discussion

x=O.5

x=O.6

Figure 5.4: The optical micrographs of MnJ_xZnxFez0.j sample sint~red at temperature 1300°C.
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The discontinuous growth of grain rises with temperature, hindering the

migration of the pore to the grain boundary and hence, rontributing toward the reduction

of the sintered density. The uniformity in the grain size and average grain diameter can

control properties such as the magnetic permeabili~. Undesirable effect of certain

sintering conditions is the formation of the so-called [duplex' microstructure, where a

very large grain is surrounded by smaller ones, Fig-SA, that grain has a high defect

concentration. [8] j
For the polycrystalline ferrites, the reduction 0; the resistivity at high frequency

seems inevitable since the grain boundary layers act as capacitors and the reactance,

1/ decreases at high frequency [9].
/(2,,/c)

5.1.3 Complex Permeability ofMnl_xZnxFe204.

Figures 5.5 and 5.6 show the real and imaginary permeability spectra for
I

Mnl-xZnxFe204 samples sintered at 1200°C and 1300o~, respectively. The real part of

initial permeability value (f.l:) increases with increasitg Zn content up to x = 0.5 and

beyond x = 0.5, f.l: decreases for Mni_xZnxFe204 samples prepared at both sintering

temperature. The f.l: values for all samples are tabulaled in Table 5.1. The maximum

value of permeability is found for Mn05Zno.5Fe204 col position. The f.l: value for the

samples sintered at 1300°C is higher than that of samPlt sintered at 1200°C. As the Zn

content increases in Mnl_xZnxFe204 samples, the natural resonance frequency,j; (i.e. the

frequency at which f.l: shows peak) for Mni-xZnxFe2i4 samples sintered at 1300°C

shifted from 4.0 MHz to 0.3 MHz, and from 12.5 MHz to 0.8 MHz for samples sintered
° . I Iat 1200 C. Thej; values for all samples are tabulated miab1e 5.1. The f.ll values for all

samples are found independent of frequency below the resonance frequency. There is a

sharp decrease of f.l: and increase of the imaginary pat- f.l:' of the initial permeability

above the resonance frequency,j;. The variation of f.l: andj; with Zn content are shown

in Figure 5.7. It is observed that the resonance frequency, j; decreases with

increasingf.l: up to x = 0.5 for Mni.xZnxFe204 samples. The opposite trends of f.l: andj;
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with respect to composition not only satisfy Snoek's law but also demonstrate the

dependence on grain size [10-1)].

Figure 5.8 shows the variation of f.1: and PB wi h Zn content. It is observed that

both f.1: and PB increase with increasing Zn content up to x = 0.5 and above x = 0.5, f.1:

decreases but PB increases. This result is expected because it is known that for

MnJ_xZnxFe204 there is a collinear spin arrangement up to x=O.5. It is reported that Zn
I

ions prefer the occupation of tetrahedral (A) sites; Mn ions prefer the occupation of

octahedral (B) sites while Fe ions partially occupy Ithe A and B sites. The cation

distribution of Mn-Zn ferrite is (Zn;+Fe~x)[Mn,'+,Fe;:xro;; where the term within the

square bracket indicates the octahedral (B) sites and the first term is tetrahedral (A) sites

[12].
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Figure 5.5: (a) The real and (b) imaginary permeability spectra for Mn,.,Zn,Fe,O, samples sintered at
1200°C in air.
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Figure 5.8: The variation of /1: at 300 kHz and PH with Zn content for Mn'_xZnxFe,O. samples
sintered at 13000 C in air.

On increasing Zn content (at A sites), the Mn i<lnconcentration (at B sites) will

decrease. The net magnetization for collinear spin arrangement at temperature T

(T < TN) could be expressed as M(T)=MB(T) - MAl); where MA and MB are the

magnetic moments of A and B sites, respectively. The substitution of Zn (on the A site)

will lead to increase the Fe3+ ions on the B site and cdnsequently the magnetization of

the B site will increase. At the same time, the magnJtization of A site will decrease
I

according to decrease in the Fe3+ ion on A site. Accordingly, the net magnetization will

increase with increasing Zn content in the range of x r 0.5. It is well known that the

permeability of polycrystalline ferrite is related 10 two different magnetizing

mechanisms: spin rotation and domain wall motion [10, 13-16], which can be described
I

as, /li=I+Xw+Xspin. where XW is the domain wall susceptibility; Xspin is intrinsic rotational

susceptibility. XW and Xspm may be written as :Xw = 3TTM;O/4y and
,

Xspin = 2TTM; /Ku with M, saturation magnetization, Ku, the total anisotropy, D the

grain diameter, and r; the domain wall energy. Since JI-: is a function magnetization,

therefore, JI-: increases with the increase of Zn content Jp to x = 0.5. Beyond x = 0.5, the

/1: decreases due to the non-collinear spin arrangemenX [15]. The JI-: value for samples

sintered at 1300'C is higher than that of samples sinterJd at 1200'C. This is mainly due
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to the lower porosity for the samples sintered at 1300'C than that of samples sintered at

1200'C. The porosity causes hindrance to the domain J[all motion.

For polycrystalline material it has been sho n [14, 17] that the resonance

frequency can be related to the anisotropy constant by j,. = constant x K,; Le., the

resonance frequency decreases with the decrease of anisotropy constant. The j,.

variation can be attributed to variation of K, lhich mainly depends on the

microstructure and composition. In our permeability spectrum we have seen that the

resonance frequency decreases with the increase of Zn content. The reason is that Zn not

only increases the magnetic moment but also lowers aJisotroPy [18]. On the other hand,

the permeability increases with a decrease of K" as we know from the relation

,ti, '" M~ / Ki" 2 [12-14]. The high permeability values at low frequencies show the

dominant role played by wall motion.

2 2
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Figure 5.9: The variation of Loss factors with frequency for Mn, ..lnxFe,04 samples sintered at

(a) 1200'C (b) 1300'C.

Energy loss is an extremely important subject in soft ferrimagnetic materials,

since the amount of energy wasted on process other thkn magnetization can prevent the

AC applications of a given material. The ratio of f1: lnd f1:' representing the losses in

the material are a measure of the inefficiency of the bagnetic system. Obviously this
I

parameter should be as low as possible. The magnetic losses, which cause the phase
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,],'a ~" b, 'p'i<'p '"" ilire' _PO"'" hy,,,J I"",oddy,_, '''00' ""
residual losses. This gives the formula tan om = tan 0h1tan 0, + tan 0" Il, is the initial

permeability which created at low field. Hysteresis losses vanish at very low field

strengths. Thus at low field the remaining magnetic losses are eddy current losses and

residual losses. Residual losses are independent of IfreqUency. Eddy current losses

increase with frequency and are negligible at very low lequency.

Figure 5.9 (a, b) shows the variation of loss factors with frequency of the
I

Mnl_xZnxFe204 samples sintered at (a) 1200°C and (b) 1300°C respectively. The

magnetic loss is minimum up to IMHz frequency for J=O.4 and 0.5 but for x=O and 0.6

the minimum loss up to 8 MHz which sintered at 1200oC. On the other hand the

magnetic loss minimum up to 5 MHz frequency for a I composition of Mnl_xZnxFe204

samples sintered at 1300°C.
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Figure 5.10: The Variation of Q factor with frequency for Mn,.,Zn,Fe,O, samples (a) sintered at 12000C
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Figure 5.11: Variation of Quality Factor, Qm~with Zn content for MnJ_,Zn,Fe204 sintered at Boooe.

From the loss factor we have calculated the reLive quality factor (or Q factor)

for Mni_xZnxFe204 samples sintered at 1200 and 1300
0f temperatures. The variation of

Q factors with frequency is shown in Figure 5.10. The maximum Q factors are tabulated

in Table 5.1. For inductors used in filter applications, t~e quality factor is often used as a

measure of perfonnance. The maximum Q factor is folund for MnO.6ZnOAFe204 sample.

The variation of Maximum Q factor with Zn content Jor samples sintered at 1300°C is

shown in Figure 5.11. It is observed that Q factor increlses as Zn content increases up to

x = 0.4 and then decreases with further increase of Zn cbntent.

5.1.4 DC Magnetization of Mni.xZnxFe20.

The magnetization as a function of applied magnetic field, M(H), for various

Mni.xZnxFe204 (x=O, 0.2, 0.4, 0.5, 0.6) samples lt room temperature shown in

Figure 5.12. The magnetization of Mni.xznxFe204lsamPle increases linearly with

increasing the applied magnetic field up to 0.2511. Beyond 0.25T applied field

magnetization increases slowly.
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Figure 5.12: The M-H curves of MnJ.,Zn,Fe,O, samples sintered at l300'C.
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Figure 5.13: The number of Bohr magneton, nB as a function ofx. for MnJ_xZnxFe204 samples sintered at

l300'C.

No saturation is observed for Mno.50ZnO.50Fe204 and MnoAoZno.60Fe204 in the

presence of IT applied magnetic filed, suggest that this sample is not a collinear

ferrimagnet rather B site cations are canted. The Mni_xZnxFe204 ferrite is a mixed spinel
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type with a general fonnula ZnxFei_x{Mni_xFei+x}04, where the tenn within the square

bracket indicates the octahedral (E) site and the first tehn is tetrahedral (A) site. As the

magnetic filed increases canting angle of E site cation~ decreases and hence increases

the magnetization. This type of spinel ferrites are kndwn as Yafet-Kittel type ferrites

[19-20]. Figure 5.13 shows the number of Bohr magheton (nB) as a function of Zn

content. From the M-H curves, we also see that the sample with high Zn (x >0.2)

content does not show saturation even in the presence of IT applied magnetic field

(Figure 5.12). From Figure 5.12 we see that the satura~ion magnetization is maximum

for x=O.2 and decreases on further increase in Zn concentration, which was also

observed by R. Arulmurugan et al. [3]. On the other hand, saturation magnetization at

10 K shows maximum at x=O.5 [12]. From the TNmeJsurement, we have seen that TN

of Mni_xZnxFe204 sample decreases as the Zn content ihcreases (Fig. 5.15). For x=0.50

sample TN is found to be around 50°C, which is very dIose to room temperature 27°C.

Nonnally, for ferromagnetic materials saturation magnltization follows Bloch T312 law

[22]. If the magnetization is measured at lower tempJrature (below room tempeture),

saturation magnetization for x=0.50 sample would shbw higher magnetization value.

For x=0.20 sample, TN is 180°C, which is much higher than room temperature. For this

reason at room temperature this sample shows maximum saturation magnetization.

5.1.5 Temperature Dependence Permeability ofMlli_xZllxFe204

The initial penneability as a function of temperature for all compositions of

Mni_xZnxFe204 is shown in Figure 5.14. The initial perbeability of the substances as a

function of temperature was measured at a constant freqLency (500 kHz) of a sinusoidal

wave. It was observed that the penneability falls sharpl~ when the magnetic state of the

ferrite samples changes from ferrimagnetic to paramagnetic. The Neel temperature, TN,

is detennined by drawing differential curve, i.e. dfI: curve. The temperature for which
dT

the lowest value found in differential curve; that temperature detennines TN. The TN

values for different compositions sintered at 1200 and 1300'C temperatures are

tabulated in Table 5.1.
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Figure 5.14: The temperature dependence of the initial permeability for Mni_xZnxFez04 samples sintered
at (a) 13000e (b) 12000e in air.
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The variation of TNwith Zn content is shown in Figure 5.15. It is observed that

when Zn content is higher, the TN is lower. Similar behavior observed by Mahmud et al.

[21] in Ni-Zn ferrite. This is expected because of the inclusion of higher concentration of

non-magnetic Zn in the materials [3]. This is in harmony with the theoretical and

experimental findings. It is also observed that when TN is higher, f.J: is lower. The TN is

slightly decreased with increasing sintering temperature for Mnl_xZnxFe204 samples.

The decrease of TN with an increasing Zn2+ content may be explained by a

modification of the A-B exchange interaction strength due to the change of the Fe3+

distribution between A and B sites. The decrease of the Neel temperature is due to the

weakening ofthe A-B interaction.

5.2 Investigation of MnO.sZnO.5_yCayFe204 ferrites

5.2.1. Lattice Parameters, Density and Porosity of the MnO.sZnO.5.yCayFe]04

The XRD patterns for the polycrystalline MI1o,Znos.yCayFe,o, with y = 0, 0.1

and 0.2 are shown in Figure.5.16. The XRD patterns for all compositions clearly

indicate their single phase and formation of spinel crystal structure like Mnl_xZnxFe]04.

The measured lattice parameter, density, and porosity for different compositions are

given in Table 5.2. We observed that there is no noticeable variation of lattice parameter

with sintering temperature.
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Figure 5.17 shows the lattice parameter as a function of nonmagnetic content, Ca

for M"o,Zno,_yCayFe,O, samples. The increase in lattice parameter can be explained on

the basis of the ionic radii for Ca. The radius of Ca2+ is 1.0 A whereas 0.74 A for Zn2+

[2, 23].The ionic radius is not a fixed property of a given ion, but varies with

coordination number, spin state and other parameters. Ionic size (for the same ion) also

increases with increasing coordination number, and an ion in a high-spin state will be

larger than the same ion in a low-spin state. In general, ionic radius decreases with

increasing positive charge and increases with increasing negative charge [23].
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Figure 5.17: The variation of lattice parameter with Zn substituted content (Ca. Mg. Ti).

Figure 5.18: The variation of bulk density (.) and porosity (e) for with Ca content
MnO,ZnO.5.yCayFe,O, samples.
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Figure 5.18 shows the density and porosity as a function non-magnetic, Ca

content for Mno,Zno,_yCayFe,O, (y = 0, 0.1, 0.2) samples sintered at 1300°C. The

density of the samples decreases as Ca content increases. On the other hand, porosity

(P) of the samples increased. The decrease in bulk density is probably due to the

increase in lattice parameter that enhances interatomic space and materials become less

packed.

Table-5.2: The lattice parameter, density, porosity, Neel temperature and resonance frequency of the

Mno.,Zno,_yCayFe,O, samples.

Sample T, a, Px-ray PB P Max fl: !, TN
Composition

(A) (g/cm3
) (g!cm'J

(%) Q
a/300kHz (MHz) ("C)("C)

MIlo,ZIlo.,Fe,O,
1200 8.470 5.16 4.36 15 6679 421 0.8 600<3
1300 4.49 13 7624 678 0.4 490<3

MnO.5ZnO.4CaO,IFe204 1200 4.14 18 649 36 >13 800<3
1300 8.4961 5.05 4.41 16 2248 129 3.5 9&103

M"o,Z"o,C"o,Fe,O, 1200 4.04 19 322 36 >13 1090<3
1300 8.5219 4.95 4.08 18 690 33 >13 1110103

5.2.2 Microstructures of the MnO.sZnO.5_yCayFe204

The optical micrographs of various polycrystalline Mno,Zno,_yCa yFe,O,

sintered at 1300°C are shown in Figure 5.19. The sintering temperature has great

influence on the microstructure. It is observed that the average grain size of the

Mno,Zno.,_yCayFe,O, samples decreases as addition of Ca content perhaps due to the

decrease of Zn content. Normally, Zn cation acts as a sintering aid and enhances grain

growth.
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Figure 5.19. The optical micrographs of MnosZno_,.yCayFe,O, s~tnple sjntered altemperature BOO.C.

5.2.3 Complex permeability of the MnO.sZno.5_yCayFe204

The complex permeability spectra of poly crystalline Mno,Zno,_yCayFe,O, (ror

y = 0, 0.1, 0.2) ferrites are shown in Figure 5.20 and Figure 5.21 for the samples

sintered at 1200'C and 1300'C respectively. From figure 5.20, it is observ~d that the real

part of the permeability fi: remains almost constant even 13 MHz frequencies and also

imaginary permeability fit . This means no natural resonance occur within _this -

- .-
66

--~.~•.



Chapter 5 ,%suCts and" <Discussron

frequency range. Resonance frequency may occur above 13 MHz for

Mno.sZno.,.yCayFe,04 samples sintered at 1200°C.
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Figure- 5.20: (0) The real and (b) imaginary permeability spectra for Mno,Zno"yCa,Fe,04 samples
sintered at 12000 C in air.

On the other hand, while the Mno,Zno,.yCa yFe,04 samples sintered at 1300°C

resonance frequency is found for y=O.1 but not for y=O.2 (Figure 5.21). This indicates

that sintering temperature takes an important role in resonance frequency. The

permeability value, 11-: decreases with increasing Ca content. The decrease in 11-: value

may be due to decrease in average grain size as well as density. The 11-: value for the

MnO.5ZnO.5.yCayFe204 (for y = 0, 0.1, 0.2) samples sintered at 1300°C is higher than that

of samples sintered at 1200°C. As the Ca content increases in

MnO.5Zno.5.yCayFe204 samples sintered at 1300°C,the natural resonance frequency,j, ~.e.

the frequency at which 11-: shows peak) shifted from 0.4 MHz to more than13 MHz. The

j, values for all samples are tabulated in Table 5.2. The variation of 11-: andj, with non-

magnetic, Ca content are shown in Figure 5.22. It is observed that the opposite trends of

11-: andj, with respect to composition.
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Figure -5.21: (a) The real and (b) imaginary permeability spectra for Mno,Zno;.,Ca,Fe,04 samples
sintered at 13000C in air.
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Mno,sZno,s.yCayFez04 samples sintered at 1300°C.
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Figure 5.23: The variation of bulk density C.) and Penneability at 300 KHz Ce) for
Mno.,ZnOs_yCayFe,04 samples sintered at 1300'C.

Figure 5.23 shows the variation of initial permeability value and of bulk density

with non-magnetic, Ca content. It is observed that there is a relation both bulk density &

value of initial permeability with non-magnetic content, Le. as non-magnetic content

increases value of permeability & bulk density decreases.
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Figure 5.24: The variation of Loss factors with frequency for Mno.sZno.s_yCa yFe2 04 samples sintered

at Ca) 1200'C Cb) 1300'C.
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Figure 5.24 (a, b) shows the variation of loss factors with frequency of the

Mno,ZnO.5_yCayFe,O, samples sintered at (a) 1200°C and (b) 1300°C respectively. The

magnetic loss is minimum up to more than 13 MHz for the samples sintered at 1200°C.

On the other hand the magnetic loss minimum up to 2.5 MHz frequency for y=O.l

composition of Mno,Zno.5_yCayFe,O, samples sintered at 1300°C.
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Figure 5.25: The Variation ofQ factor with frequency for Mn05Zn05.,Ca,Fe20, samples (a) sintered at 1200
0
C

(b) sintered at 13000C.

The Q factors for Mno.5Zno,_yCayFe,O, (for y = 0, 0.1, 0.2) samples are shown

in Figure 5.25. It is observed that the Q factor is lower than that of Mno.sZno.SFe204,

though the value of Q factor increases with sintering temperature. It is also observed that

as Ca content addition increases in MnosZno.SFe204, samples the value of Q factor

decreases.
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Figure 5.26: Variation of Maximum Quality Factor, Qmll\ with Zn substitute, (Ca, Mg. Ti) content.

Figure 5.26 shows the variation of Maximum Q factor with Zn substitute content

(Ca, Mg, Ti). It is observed that Q factor decreases as Ca content increases

5.2.4 DC Magnetization ofMno.sZno.s.yCayFe20,

The magnetization as a function of applied magnetic field, M(H), for various

Mno,Zno,_yCayFe,O, (y=O.O, 0.10, 0.20) samples at room temperature shown in

Figures 5.27. The magnetization of MnosZnos_yCayFe204 samples increase linearly with

increasing the applied magnetic field up. to 0.2T. Beyond this applied field

magnetization increases slowly. No saturation is observed in the presence of IT applied

magnetic filed for Mno.sZnos_yCayFe204 samples -suggest that those samples are not a

collinear ferrimagnet rather B site cations are canted. As the magnetic filed increases

canting angle of B site cations decreases and hence increases the magnetization. This

type of spinel ferrites are known as Yafet-Kittel type ferrites [I, 19-20].
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Figure 5.27: The M-H curves of MnO.5ZnO.5.yCayFe,04 samples sintered at BOO.C.
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Figure 5.28: The number of nB and Saturation Magnetization as a function of y for

MnO.5ZnO.5.yCayFe,04 samples sintered at 1300.C

For Mno.sZno.s_yCayFe204 samples, magnetization increases as Ca is just added

(y=O.I) but further addition magnetization decreases. Figure 5.28 shows the number of

Bohr magneton (Jt.) and Saturation Magnetization as a function of Ca content. The

initial rise in the, M, or no. of Bohr magneton may be attributed to the fact that at low
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concentration, Ca2+ ions preferably tend to go to the A-site leading to a rise in the

magnetic moment of the B-site, and only a slight decrease in the magnetic moment of

the A-site, so that the net magnetic moment increases. When the concentration of non-

magnetic cif+ ions exceeds beyond y=O.l; these ions also go to B-site, as a result the

net magnetic moment is reduced [24]. From the M(H) curves, we also see that the

samples with Ca content does not show saturation even in the presence of IT applied

magnetic field (Figure 5.27).

5.2.5 Temperature dependence Permeability of MnO.sZnO.5_yCayFe204

The real part of initial permeability as a function of temperature for

MnO.5ZnO.5_yCayF'e204 (for y = 0, 0.1, 0.2) is shown in Figure 5.29. The TN values for

different Mno.5ZnO.5_yCayF'e204 compositions sintered at 1200°C and 1300°C are

tabulated in Table 5.2. It is observed that as Ca content increases, the TN increases. It is

also observed that the TN is slightly increased with increasing sintering temperature.
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Figure 5.29:Thetemperaturedependenceof theinitialpermeabilityforMno,Zno.,_yCayFe,O,samples
sinteredat (a) 13000C(b) 1200oC.

73



Cfzapter 5

5.3 Investigation of MnO.sZnO.5_yMgyFe204

,%sufts ad'lJiscussron

5.3.1 Lattice Parameters, Density and Porosity of the MnO.sZnO.5_yMgyFe204

The XRD patterns for the polycrystalline MnosZnos.yMgyFe,o, (for y = 0, 0.1,

0.2) are shown in Figure 5.30. The XRD patterns for all compositions also clearly

indicate their single phase and formation of spinel crystal structure like as

MnJ_xZnxFe204. The measured lattice parameter, density, and porosity for different

compositions are given in Table-5.3.

I I I

MnO.5ZnO.5.yMgle204
~-M~

~- ~~ - 00 on '"N ~ '"N
S

~~ N'~- N' 0- :!, N
N :!,

T' N y=O.2~

I .1 y=O.1

I II y=O--
I I I

20 40
28(degree)

60

Figure 5.30: The X-ray diffraction patterns for the polycrystalline Mn05ZnO.5.yMg yFe,O,.

Figure 5.17 shows the Lattice Parameter as a function of nonmagnetic content, Mg for

Mno.,ZnO.5.yMgyFe,O, samples. The decrease in lattice parameter can be explained on

the basis of the ionic radii for Mg cation. The radius of Ml+ is 0.65 A whereas 0.74 A
for Zn2+ [2, 4].
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Figure 5.31: The variation of bulk density (.) and porosity (e) with Mg content for
Mno,Zno.,.yMg yFe2D, samples.

Table-5.3: The lattice parameter, density, porosity, Neel temperature and resonance frequency of the

Mno.,Zno.,.yMgyFe,D, samples.

Sample T, a, Px-ray PB P Max fl.: !, TN
Composition

('C) (A) (g/cmJ
) (g/cmJ

) (%) Q
at 300kHz (MHz) ('C)

Mno.jZnO.~e20-l
1200 8.470 5.16 4.36 15 6679 421 0.8 6<t<3

1300 4.49 13 7624 678 0.4 4<}.r3
M'\>,Z'\>,M&,Fe,O, 1200 5.08 4.24 17 12162 330 2.3 1030103

1300 8.4633 4.28 16 8602 405 0.8 22<t<3

M'\>,Z'\> ,M&, Fe,O, 1200 4.06 19 8755 221 6.0 1250103
1300 8.4587 4.99 4.08 18 8401 243 3.3 2460103

Figure 5.31 shows the density and porosity as a function Mg content for

Mno,Zno,.yMgyFep, (for y = 0,0.1,0.2) samples sintered at 1300°C. The density of

the samples decreases as Mg cation increases. On the other hand, porosity (P) of the

sample increases. The decrease in density may be due to the replacement of heavier

atom Zn by lighter atom Mg. The atomic weight of Zn is 65.39 amu while this value of

Mg is 24 amu [4].

75



clinpter J

5.3.2 Microstructures ofMno.sZno.s_yMgyFezO.
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The optical micrographs of various Mno.sZno.s.yMgyFezO. compositions sintered

at 1300.C are shown in Figure 5.32. It was observed that the average grain size of the

Mno.sZno.s_yMgyFe20. increased with increasing Mg content. Though Zn decreases, the

increase in average grain size may be due to Mg that also acts as a sintering aid. The

melting point of Mg is 649°C which is very low from sintering temperature.

y=O y=O.1

y=O.2

Figure 5.32: The optical micrographs of Mno.,Zno.,.yMgyFe,O, sample sintered at temperature l300'C.
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5.3.3 Complex permeability of Mno.sZno.s_yMgyFe204
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The complex permeability spectra of polycrystalline Mno.sZno.s_yMgyFe204

(y = 0, 0.1, 0.2) ferrites are shown in Figure 5.33 and Figure 5.34 sintered at 1200°Cand

1300°C respectively. The real part of the permeability J1: remained almost constant,

until the frequency is raised to a certain value, and then begins to decrease at higher

frequency. The imaginary permeability, J1:' gradually increased with the frequency, and

takes a broad maximum at a certain frequency, where the real permeability rapidly

decreased. This feature is well known as the natural resonance [10].
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Figure - 5.33: (aJ The real and (bJ imaginary penmeability spectra for Mno,Zno5.yMgyFe,O, samples sintered
at 12000C in air.

The permeability value, J1: decreases with increasing Mg content. The J1: value for the

Mno.sZno.S-yMgyFe204 (for y = 0,0.1,0.2) samples sintered at I300°C is higher than that

of samples sintered at 1200°C. The decrease in J1: value may be due to the decrease in

density of the samples. As the Mg content, increases in Mno.sZno.s_yMgyFe204 samples

sintered at 1300°C, the natural resonance frequency, j; (i.e. the frequency at which J1:

shows peak) shifted from 0.4 MHz to 3.3 MHz in Mno.sZnos_yMgyFe204 samples

sintered at 1300°C and from 0.8 MHz to 6.0 MHz in Mno.sZnos_yMgyFe204 samples

sintered at 1200°C.Thej; values for all compositions are tabulated in Table 5.3.
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Figure 5.34: (a) The real and (b) imaginary penneability spectra for MnosZno s_vMg\'Fe204 samples sintered at
13000C in air. . .

The variation of fl: andj; with Mg content are shown in Figure 5.35. It is observed

that the resonance frequency,j; decreases with increasing fl: for MnO.5Zno5_yAyFez04. It

is also observed that the opposite trends of fl: and j; with respect to composition which

not only satisfY Snoek's law but also demonstrate the dependence on density [10-1 I].
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Figure 5.35: The variation of Resonance Frequency,I, (.) and Permeability (.) (at 300 KHz) for
Mno.sZno.soyMgyFe204 samples sintered at 1300°C.
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Figure 5.36: The variation of bulk density (.) and Permeability at 300 KHz (.) for
Mno,Zno,_yMg yFe,04 samples.
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Figure 5.37: The variation of Loss factors with frequency for Mno.sZnOS_yMg yFe,04 samples sintered

at (a) 1200'C (b) 1300'C.
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Figure 5.38: The Variation ofQ factor with frequency for Mno.sZno.5_yMgyFez04 samples (a) sintered at 12000C
(b) sintered at 1300°C.

Figure 5.36 shows the variation of initial permeability value and bulk density

with Mg content. It is observed that there is a relation both bulk density & value of

initial permeability. It gives confirmation that higher permeability may found for both

higher value of average grain size and density.

Figure 5.37 (a, b) shows the variation of loss factors with frequency of the

Mno,Zno,_yMgyFe,O, samples sintered at (a) 1200°C and (b) 1300°C respectively. The

magnetic loss is minimum up to 2 MHz for y=O.1 and 4.5 MHz for y=0.2 sintered at

1200°C.On the other hand the magnetic loss minimum up to 0.7 MHz for y=O.l and 2.2

MHz for y=0.2 sintered at 1300°C. About 50% loss increases as sintering temperature

increase from 1200°C to 1300°C.

The Q factors for MnosZnos.yMgyFe204 (for y = 0, 0.1, 0.2) samples are shown

in Figure 5.38. There is an exception for Mg addition in Mno.sZno.S.yMgyFe20, samples

rather than that ofCa or Ti. Figure 5.26 shows the variation of Maximum Q factor with
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non-magnetic, Mg content. It is observed that Q factor increases as Mg content increases

5.3.4 DC Magnetization ofMno.sZno.s_yMgyFe]04'

The magnetization as a function of applied magnetic field, M(H), for various

MnosZno.s_yMgyFe]04 (y=O.O,0.10, 0.20) compositions at room temperature (300K)

shown in Figure 5.39. The magnetization of MnO.5Zno.5_yMgyFe]04 samples increase

linearly with increasing the applied magnetic field up to 0.15T. Beyond this applied

field magnetization increases slowly. Almost saturation is observed in the presence of

IT applied magnetic filed for MnO.5Zno.5.yMgyFe]04 samples. Magnetization increases as

Mg addition increases inMnO.5Zno.5.yMgyFe]04 samples.

-

1.0

-o-y=O.OO _
-o-y=O.lO
-"-y=0.20

I,

0.5
floH (T)

._e_e_e o---O---O---O---O._e_e-
0/

./ _e e o---o---.---o---.• ._e_e-.
''----'0"Iio.

'-1\;It
o
0.0

90 ,---r----..--I--..----,-,..,
~_&-.-.-.-.-.-.---.---.---.---.---.
/
Ii.

60 I-j
1I

::E 30

Figure 5.39: The M-H curves of Mno.SZnO.5.yMg,Fe,O, samples sintered at 1300'C.
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Figure 5.40: The number of nB and Saturation Magnetization as a function of Mg for

Mno.,Zno.'_yMgyF'e,O, samples sintered at BOO'C.

The magnetization of each composition depends on the distribution of Fe3+ ions

among the two sites A and B, where the Mi+ and Zn2+ ions are non-magnetic. The ionic

magnetic moment of Mi+ is zero (non-magnetic) and the magnetic moment of Fe3+ is

5. The replacement of Zn2+ ion by Mi+ ions where Mi+ prefers to occupy both A and

B-sites and Zn2+ prefer to occupy A-site The substitution will lead to Fe3+ ions on B-site

and consequently the magnetization of the B-site increase. At the same time the

magnetization of A-site will decrease according to decrease the Fe3+ ions on A-site.

Figure 5.40 shows the number of Bohr magneton (nB) and Saturation Magnetization as

a function of Mg content. When Zn is substituted by Mg, average grain diameter is

increased. Larger grain tends to consist of a greater number of domain walls. As the

number of walls increases with the grain sizes, the contribution of wall movement to

magnetization increases. From the M(H) curves, we also see that the samples with Mg

content almost saturation in the presence of IT applied magnetic field (Figure 5.39).
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5.3.5 Temperature dependence Permeability of Mno.sZno.s_yMgyFe20,.

The real part of initial permeability as a function of temperature for

Mno.sZnos_yMgyFe20, (for y = 0, 0.1, 0.2) is shown in Figure 5.41. The TN values for

different Mno.sZno.S-yMgyFe20, sintered at 1200 and 1300°C temperatures are tabulated

in Table 5.3. It is observed that when Mg content increases, the TN increases but

decreases value of initial permeability. It is also observed that the TN is increased with

increasing sintering temperature. From Figure 5.42 it is observed that TN is increased as

Mg content addition increases in MnosZno.S_yMgyFe20" however permeability decreases

but resonance frequency increases.

It is also observed that the initial permeability J.l: is increased with temperature

to maximum just below the Neel temperature. This is because the crystal anisotropy

normally decreases with increasing temperature [3].
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Figure 5.41: The temperature dependence of the initial permeability for MnQ.sZno.s_yMgyFez04 samples
sintered at (a) 13000C(b) 1200oC.
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Figure 5.42:ThevariationofPenneabilityat 300KHz (.) andCurietemperature(e) for
M'I"Z'I,s-yMg"Fe,o. samples

Since anisotropy decreases faster than magnetization on heater,. the initial

permeability is expected to increase with temperature, tends to infinity just below the

Neel temperature and then drops for the paramagnetic phase. The peak near TN is known

as the 'Hopkinson' peak (Figure 5.41) [12]. Figure 5.41 (a), for y=O.2 shows a

monotonic rise of Jl: with temperature and this behaviour is similar to the behaviour of

single domain while in figure 5.41 (b) for y=0.2 has another peak superimposed upon a

general rise as the Neel point approached. This peak has a broaden shape and this is

similar to the behaviour ofa multi-domain [4].

The increase of TN with increasing Mi+ content may be explained by

modification of the A-B exchange interaction strength due to the change of the Fe3+

distribution between A and B sites. The increase of Neel temperature is due to increasing

A-B interaction. This could be attributed to the decrease in the distance the moments of

A and B sites which is confirmed by the decrease in the lattice parameter with increasing

Mg content. Substitution of the diamagnetic Mi+ ions results in changing the spin

ordering from Yalet-Kittle type to the Neel type. Since the energy required to off-set the
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spin alignment in the Nee/-type spin ordering is more than that required in the Y-K type

of spin ordering, resulting in an increase in the Neel temperature [24].

5.4 Investigation of MnO.sZnO.5_yTiyFe204

5.4.1 Lattice Parameters, Density and Porosity of the MnO.sZnO.5_yTiyFe204

The XRD patterns for the polycrystalline samples M"o,Zno,_yTiyFe,o,

(for y = 0, 0.1, 0.2) are shown in Figure 5.43. The XRD patterns for all compositions

also clearly indicate their formation of spinel crystal structure like Mnt_xZnxFe204. The

measured lattice parameter, density, and porosity for different compositions are given in

Table 5.4.

::;- MnO.sZnO.5_y TiyFez04-'"~
~g

8 8~
~ N

.•.
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.;;; ~ ~
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y=O
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Figure 5.43: TheX-raydiffractionpallemsforthepolycrystallineMno., ZnoS_yTiyFe,O, .
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Figure 5.44: The variation of bulk density (.) and porosity (e) with Ti content for
Mno,Znos_yTiyFe,O, samples.

Table-SA: The lattice parameter, density, porosity, Neel temperature and resonance frequency of the

Mno.sZno.s_yAyFe,04 samples.

Sample T, aD Px-ray PH P Max I !, TN
Composition (%) Q Pi

("C) (A) (glcm') (glcm') a/300 KHz (MHz) ("C)

Mno.,zno.,Fe,O,
1200 8.470 5.16

4.36 15 6679 421 0.8 6<Bo3

1300 4.49 13 7624 678 0.4 49H

Mno,SZnO.4Tio.1 FeZ04
1200 4.00 21.22 219 102 2.2 8<Bo3

1300 8.4909 5.08 4.23 17 4678 201 1.2 1300103

Mn,.,Zno.,Tio , Fe, 04 1200 3.96 21.24 624 40 2.9 780103

1300 8.4984 5.03 4.11 18 898 61 2.2 1250103

Figure 5.17 shows the Lattice Parameter as a function of Ti content for

Mno.sZno.s_yTiyFe,O, samples. The increase in lattice parameter can be explained on

the basis of the ionic radii. The radius ofTi2+ is 0.86 A whereas 0.74 A for Zn2+ [2, 23].

Figure 5.44 shows the density and porosity as a function Ti content for

MnO.5Zno.5_yTiyF'e204 (for y = 0, 0.1, 0.2) samples sintered at BOO°C. The density of

these samples decreases as the Ti cation increases. On the other hand, porosity (P) of the

86



Chapter 5 '1I$sufts aruf ![)iscussWn

sample increases. This decrease of density is like Ca doped samples which are described

in section 5.2.1.

5.4.2 Microstructures ofMllo.sZllo.s_yTiyFe20.

The optical micrographs of various Mno.sZno.s.yTiyFe20. compositions sintered at

1300.C are shown in Figure 5.45. It was observed that the average grain size decreases

with increasing Ti content. The decrease in grain size may due to the reduction of Zn

content in material that acts as sintering aid and enhances grain growth.

y=O

y=O.2

y=O.!

Figure 5.45: The optical micrographs of Mno.,ZnoJ.yTi,Fe,O, sample siotered at temperature 1300'C.
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5.4.3 Complex permeability of MnO.sZnO.5_yTiyFe20.

'1/ssu{ts aM I])iscussron

The complex permeability spectra of polycrystalline Mno.5ZnO.5_yTiyFe20.

(y = 0, 0.1, 0.2) ferrites are shown Figure 5.46 and Figure 5.47 sintered at 1200.C and

1300.C respectively. The real part of the initial permeability, Ii: remained almost

constant, until the frequency is raised to a certain value, and then begins to decrease at

higher frequency. The imaginary permeability, Ii:' gradually increased with the

frequency, and takes a broad maximum at a certain frequency, where the real

permeability rapidly decreased. The behavior is similar to Ca and Mg doped samples.
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Figure -5.46: (a) The real and (b) imaginary permeability spectra for Mn05Zno.5.yTiyFe20, samples
sintered at 12000 C in air.
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Figure 5.47: (a) The real and (b) imaginary penneability spectra for Mno.SZnO.5_yTi7e204 samples sintered at
13000C in air.
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Figure 5.48: The variation of Resonance Frequency,}; (0) and Permeability (e) (at 300 KHz) for
Mno.sZno.s_yTiyFe204 samples sintered at 1300°C.
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Figure 5.49: The variation of density (.) and Penneability at 300 KHz (e) forMno.sZno.s_yTiyFe,O,.

The permeability value, fl: decreases with increasing Ti content. As Ti content

increases in Mno.5Zno.5_yTiyFe204 samples sintered at I300°C, the natural resonance

frequency,j; (i.e. the frequency at which fl: shows peak) shifted from 004 MHz to 2.2

MHz samples sintered at 1300°c and from 0.8 MHz to 2.9 MHz samples sintered at

1200°c. The j; values for all samples are tabulated in Table- 504. The variation of fl:

and j; with Ti content are shown in Figure 5048. It is observed that the resonance

frequency,j; decreases with increasingfl: for MnO.5ZnO.5_yTiyFe204 samples.
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Figure 5.50: The variation of Permeability for MnO.5ZnO.5.,A,Fe20, (A~Ca, Mg, Ti) samples.

Figure 5.49 shows the variation of initial permeability value and of bulk density

with Ti content. It is observed that as Ti content increases value of permeability & bulk

density decreases. The variation of permeability with Zn substitute content (Ca. Mg, Ti)

for y=0.2 is shown in Figure 5.50,

Frequency (kHz)
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Figure 5.51: The variation of Loss factors with frequency for Mno.sZno.s_yTi yFe204 samples sintered

at (a) 1200'C (b) 1300'C.
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Figure 5.52: The Variation ofQ factor with frequency for Mno,Zno,.yTi,Fe,O, samples (a) sintered at 12000C
(h) sintered at 1300°e.

Figure 5.51 (a, b) shows the variation of loss factors with frequency of the

MnosZno.s.yTiyFe, 0, samples sintered at (a) 1200°C and (b) l300°C respectively. The

magnetic loss is minimum up to about 2.1 MHz for both y=O.l and y=O.2 sintered at

1200°C.On the other hand the magnetic loss minimum up to about 1MHz for y=OJ and

1.6 MHz for y=0.2 sintered at 1300°C. About 50% loss increases for y=O.l as sintering

temperature increase from 1200°C to l300°C.

The Q factors for MnosZno.s_yTiyFe204 (for y = 0, OJ, 0.2) samples are shown in

Figure 5.52. It is observed that the Q factor is lower than that of Mno.sZno.sFe204,

though the value of Q factor increases with sintering temperature. Similar behavior is

observed in Figure 5.25. Figure 5.26 shows the variation of Maximum Q factor with Ti

content. It is observed that Q factor decreases as Ti content increases in

Mno.sZnos_yTiyF e20 4.
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5.4.4 DC Magnetization ofMnO.sZnO.5_yTiyFe204

'i(fsulls aruf (j)iscussWn

The magnetization as a function of applied magnetic field, M(H), for various

MnO.5ZnO.5_yTiyFe20. samples at room temperature is shown in Figure 5.53. The

magnetization of MnO.5ZnO.5_yTiyFe20. sample increases linearly with increasing the

applied magnetic field up to 0.1T. Beyond this applied field magnetization increases

slowly. No saturation is observed in the presence of IT applied magnetic filed for

MnO.5ZnO.5_yTiyFe20. samples -suggest that those samples are not a collinear ferrimagnet

rather B site cations are canted. As the magnetic filed increases canting angle of B site
cations decreases and hence increases the magnetization. This type of spinel ferrites are

known as Yafet-Kittel type ferrites [I, 19-20]. For Mno5ZnO.5_yTiyFe20. samples, as Ti

added the magnetization deceases. The decrease of saturation magnetization may be

explained by cation distribution of Ti content. When Zn is substituted by Ti, Ti ions tend

to enter B-site [25]. As a result magnetic moment of A -site increases and magnetic

moment of B-site decreases. Consequently, resultant magnetic moment of the material

decreases.

45
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15 -A-.•..-.•..-.•.- ••- ••- ••- ••- ••1. ..•..•. - •.-.. -.- rO.OO
-e-y=O.lO
-&-rO.20

a
0.0 0.5

J.1oH (T)

1.0

Figure 5.53: The M-H curves of Mno.,Zno.,.yTiyFe,O, samples sintered at 1300'C.
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Figure 5.54. The number of nB and Saturation Magnetization as a function of Ti for MnO.5ZnO.5_yTiyFe204

samples sjnlered al 1300' c.

Figure 5.54 shows the number of Bohr magneton (nB) and Saturation Magnetization

as a function of Mg content. From the M-H curves, we also see that the samples with Ti

content no saturation is occur in the presence of 1T applied magnetic field (Figure 5.53).

5.4.5 Temperature dependence Permeability of MnO.sZnO. 5-yTiyFe204.

The real part of initial permeability as a function of temperature for

Mno.sZno.5_yTiyF'e204 (for y = 0, 0.1, 0.2) is shown in Figure 5.55. The TN values for

different compositions sintered at 1200 and 1300'C temperatures are tabulated in

Table 5.4. It is observed that when Ti content increases, the TN increases but decreases

value of initial permeability. The TN is slightly decreased with increase in sintering

temperature.
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CHAPTER 6

CONCLUSIONS

6.1 Conclusions

The XRD pattern of polycrystalline Mni_xZnxFe204, Mno.sZno.s_yCayF'e204,

Mno.sZno.S_yMgyF'e204 and Mno.sZno.S_yTiyF'e204 samples clearly indicate the formation of

spinel structure. The decrease or increase in lattice parameter can be explained on the

basis ofthe ionic radii. The ionic radii of Zn2+, Mn2+, C~+, Mg2+ and T/+ are 0.74, 0.82,

1.0, 0.65 and 0.86 A respectively.

The study of microstructure shows that grain size increases with increasing Zn

content in MnJ_xZnxFe204 as well as increase in density. Grain size decreases when Zn

is substituted by Ca or Ti but increases substituted by Mg. The decrease in grain size due

to reduction of Zn in Ca or Ti doped samples. Normally Zn acts as sintering aid and

enhances grain growth. During the sintering process, the thermal energy generates a

force that drives the grain boundaries to grow over pores, thereby decreasing the pore

volume and increasing the density of the materials. At higher sintering temperatures the

density decreases, because the intragranular porosity increases as a result of

discontinuous grain growth. The discontinuous growth of grain rises with temperature,

hindering the migration of the pore to the grain boundary and hence, contributing

toward the reduction of the sintered density. There is an enlargement of grain size

obtained for increasing Mg content. This is because of the fact that Mg promotes

sintering, bringing about an increase in grain size.

Both )1.: and PB increase with increasing Zn content in Mni_xZnxFe204 up to

x = 0.5 and beyond x = 0.5, )1.: decreases but PB increases. The decrease in )1.: beyond

x = 0.5 is mainly due to the non-collinear spin arrangements. With the increase of

sintering temperature, T" the real part of the initial permeability is found to slightly
increase. The maximum initial permeability is obtained for the composition

Mno,sZno,sFe204. Both )1.: and PB decreases with increasing Ca, Mg or Ti content as a

replacement of Zn content, however resonance frequency increases. When the grain is
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large, the grain contains multidomain, and the permeability is mainly affected by

domain wall displacement or by wall bowing. Porosity and other defects do not affect

the initial permeability if they are confined to the grain boundaries (intergranular

defects); otherwise, the initial permeability severely decreases since porosity within

grains acts as pinning sites, reducing the volume swept by wall bowing or by wall

displacement. The permeability drops off and the magnetic losses increase because of

the occurrence of a ferrimagnetic resonance. This factor limits the frequency at which a

magnetic material can be used. The f.J: values for all samples are found to be

independent of frequency below the resonance frequency. The ferrite with high

permeability tends to have its permeability decreases at a relatively low frequency. This

is because of the fact that the addition of Zn content increases the permeability but

lowers the resonance frequency by lowering the anisotropy. The variation of K, mainly

depends on the microstructure and composition. The requirements of high permeability

and high working frequency lead to a compromise, since for a given composition, art

increase in grain size leads simultaneously to an increase in permeability and decrease in

resonance frequency. The choice of the basic composition also represents a compromise,

since both resonance frequency and permeability are related to crystalline anisotropy

(Resonance frequency increases with the increase of K" and permeability decreases

with the increase ofK, ).

From the loss factor we have calculated the relative quality factor (or Q factor)

for all samples. For inductors used in filter applications, the quality factor is often used

as a measure of performance. The maximum Q value (I1.3xl04
) is found

MnO.6ZnO..Fe204 sintered at 1300°C. We observed that Q factor increases for Mg doped

samples while Q factor decreases for Ca or Ti doped samples.

From the M-H curve, the magnetization as a function of applied magnetic field,

it is clear that at room temperature all samples are in ferrimagnetic state. The maximum

saturation magnetization is found for MnO.8Zn02Fe204 in Mni_xZnxFe204 samples. This is

due to the TN. But among all samples the highest saturation magnetization is found for

Mg doped samples and also magnetization increases as increasing Mg content in this

sample.
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The TN decreases with increasing Zn content because of weakening of the A-B

interaction. It is also observed that when p: is higher, f, and TN are lower for

Mnl_xZnxFez04.This is expected because of the inclusion of higher concentration of

non-magnetic Zn in the materials. This is in harmony with the theoretical and

experimental findings. The decrease of TN with an increasing Zn content may be

explained by a modification of the A-B exchange interaction strength due to the change

of the Fe3+ distribution between A and B sites. The decrease of the Neel temperature is

due to the weakening of the A-B interaction. This could be attributed to the increase in

distance between the moments of A and B sites. The value of TN is increases for Ca, Mg

or Ti doped Mn-Zn samples.

Therefore higher permeability can be obtained for sample with uniform and

bigger grain size as well as higher density. The expansion or compression of lattice

parameter and cation redistribution by addition of Ca, Mg or Ti inMn-Zn ferrite changes

the magnetic properties ofMn-Zn ferrite.
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