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ABSTRACT 

Ni—Cu-Zn ferrites are well known technological magnetic material finding 

applications in various electrical devices. The present work is focused on the 

influence on electromagnetic and transport properties of Fe-deficient Ni-Cu—Zn 

ferrites. These ferrite samples of composition (Ni0.2gCuo.1oZno.62O)(Fe2O3)1 , where x 

= 0.00, 0.02, 0.04, 0.06 and 0.08 were prepared using the solid state reaction 

technique. The phase identification was carried out by X-ray diffraction. The X—ray 

diffraction analysis revealed that the samples crystallize in single phase cubic spinel 

structure. A slight increase of Curie temperature (Tj, saturation magnetization (Ms) 

and initial permeability (p!) with increase of Fe-deficient were observed. The 

permeability spectrum with frequency follows the Snoek's limit. Sample with x = 

0.00 sintered at 1100°C possess the maximum value of relative quality factor (RQF). 

From the B—H loops, the remanance (Br) and coercive force (i-ia)  were determined. 

Saturation induction (Be) and are measured from low field B—H loops is found to 

increase with increasing Fe-deficient up to x = 0.04 thereafter decrease. DC resistivity 

increases with increasing Fe-deficient up to x = 0.06 and thereafter decrease. The 

dielectric constant is found to decrease continuously with increasing frequency and 

remains almost constant at higher frequency range. From hysteresis parameter it was 

revealed that optimum soft magnetic properties corresponds to the composition with x 

= 0.06 sintered at I 100°C having highest permeability, maximum induction, minimum 

coercivity and hysteresis losses. 
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Introduction 



Chapter —I Introduction 

1.1 Introduction 

The history of ferrite began centuries before the birth of Christ with discovery of 

stones that attract iron. The most abundant deposits of these stones were found in Asia 

Minor, and hence the name of the materials becomes magnetite (Fe304). The term ferrite 

has been misused but is commonly used as a class of magnetic oxide compounds that 

contain iron oxide as a major component [1.1]. Ferrites constitute a special branch of 

ferrimagnetism. By ferrites are certain double oxide iron and another metal. The term 

ferrite denotes a group of iron oxides, which have the general formula MO.Fe2O3, where 

M is a divalent metal ion such as Mn 2+  Fe 2+ 
, CO2+ 

 , Ni2+ 
 , Cu2+ 

 , Zn 2+ 
, Mg2+ 2+  or Cd . Ferrite 

exhibits a spontaneous magnetization at room temperature, like ferromagnetic materials. 

They consists of spontaneously magnetized domains, show the phenomenon of magnetic 

saturation and hysteresis loop, and have a critical temperature Tc,  called Curie 

temperature. These are of very high resistivity such as 102 
 - I 0 °  0 - C. which is very 

high than that of iron. This outstanding property of ferrites makes them highly 

demandable for high frequency applications. This fact way first mentioned by S. Hilpert 

[1.2]. Now a days ferrites are employed truly in a wide range of applications, and have 

contributed to the advances in electronics like as transformer cores, inductors, high 

quality filters, radio frequency circuits, rod antennas, read/write heads for high speed 

digital tape and operating devices [1.3-1.5]. 

Polycrystalline soft ferrites prepared from the metal oxides are magnetic 

semiconductors and have made important contributions, both technological and 

conceptual to the development and electronics. Soft ferrites still remain the best magnetic 

materials and can not be replaced by any other magnetic materials with respect to their 

very high frequency application because they are inexpensive, more stable, easily 

manufactured [1.6]. The requisites for a modern ferrite are so many in numbers that only 

extensive research in this field can meet the huge demand of the rapid growing 

technology. The demanded characteristics are as follows: 

1 



• Excellent magnetic and electrical performance 

• Exact mechanical dimensions 

• High quality 

• Low price 

Large number of controllable parameters over a wide range of synthesis 

temperature. 

The ferrites were developed into commercially important materials chiefly during 

the year 1933-1945 by Sonek [1.7] and his associates at the Philips Research Laboratories 

in Holland. In a classical paper published in 1948 Ned [1.8] provided the theoretical key 

to an understanding of the ferrites. The magnetic ferrites mainly fall in to two groups with 

different crystals structures: 

Cubic: These have the general formula MO.Fe2O3, when M is a divalent 

metal ion like Mn, Ni, Fe, Co, Mg and Cu etc. Cobalt ferrites are 

magnetically hard but all other cubic ferrite in magnetically soft. 

Hexagonal: The most important in this group is barium ferrite BaO.Fe203  

which is magnetically hard. 

The most popular combination is Ni-Zn and Mn-Zn ferrite. Ferrite crystallizes 

with two magnetic sub-lattice i.e. tetrahedral (A) site and octahedral (B) site based on 

Neel's model. Magnetic and electrical properties of ferrites are strongly dependent on 

distribution of cation in A and B-sites and their valence state [1.9-1.10]. The properties of 

Ni-Zn ferrites can be tailored by substituting them with different metal ions such as CO2 , 

Mg2 , Mn2 , Cu2  etc. The Ni-Zn ferrites are one of the most versatile responsible cost 

magnetic materials for general use in both low and high frequency devices because of 

their high resistivity, low dielectric losses, mechanical hardness, high Curie temperature 

and chemical stability. High sintering temperature can be reduced by using CuO with Ni-

Zn ferrites as well as with the addition of some oxides heaving low melting point. Spinel 

ferrites of different composition have been studied and used for a long time to get useful 

products. Many researchers have worked on different types ferrites in order to improve 



there electrical and magnetic properties. Researchers have not yet been able to formulate 

a rigid set of rules for ferrites about a single property. Scientists still continue their efforts 

to achieve the optimum parameters of ferrites, like high saturation magnetization, high 

permeability, high resistivity etc. Since the research on ferrites is so rest, it is difficult to 

collect all of the experimental results and information about all types of ferrites in every 

aspect. The systematic research is still necessary for a more comprehensive 

understanding and properties of such material. 

Ni-Cu-Zn ferrites contains inverse NiFe204, CuFe204  and normal ZnFe204  

ferrites in which according to the favorable fit the charge distribution, Ni2  and Cu2  ions 

shows strong performance to B-sites. Zn2  ions show a strong preference for 'A' sites due 

to its electronic configuration. The structural formula can be presented by 

[Zno62Fe1 X]A[Nio28Cuo 1oFe1+,j B04, 

where the third bracket with suffixed A indicates tetrahedral site 'A' and B indicates 

octahedral site 'B'. Sometimes Cu2  distributed into both sites. 

According to the modern theories, the magnetism in solids arises due to orbital 

and spins motions of electrons as well as spins of the nuclei. The motion of electrons is 

equivalent to an electric current which produces the magnetic effects. The major 

contribution comes from the spin of unpaired valence electrons which produces 

permanent electronic magnetic moments. A number of such magnetic moments may align 

themselves in different direction to generate a net non-zero magnetic moment. Thus the 

nature of magnetization produced depends on the number of unpaired valence electron 

present in the atoms of the solid and on the relative orientations of the neighboring 

magnetic properties [1.11] 02 anion has no magnetic moment. Since it has been 

completely filled shells with P-type outer most orbital. On the other hand Ni2 (d8), 

Cu2 (d), Zn2 (d'°) and Fe3 (d5) cations of the ferrite have 2, 1, 0 and 5 unpaired electrons 

respectively. Therefore Ni, Cu and trivalent Fe have magnetic moments due to unfilled 
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3d sub-shell. Zn2  by contrast is diamagnetic because the outer sub shell of it is 

completely filled. 

Ni-Cu-Zn ferrites have potential application in the fabrication of multilayer chip 

inductors (MLCI) and various electronic applications such as telecommunication because 

of their good electro-magnetic properties at high density covering a wide range of 

compositions. In the present research work efforts has been under taken Ni-Cu-Zn ferrites 

of composition NiiCuZnFe2.,04, where the composition of Cu, Zn, Ni and Fe were 

made to present a systematic review of various experimental and theoretical observed 

facts related to this study. 

1.2 The Aim and Objectives of the Present Work 

The main objectives of the present research work were to synthesis Ni-Cu-Zn 

ferrites of composition Ni I-x-y  Cu Zn Fe 2-i  04, where the composition of Ni, Cu, Zn 

and Fe was made (Ni 0.28  Cu 010  .Zn 0.62 0) (Fe203) 1-x,  where X=0.00, 0.02, 0.04, 0.06, 

0.08. The raw materials that would be used in the synthesis of ferrites samples will be 

commercially available nano particles of 20-70 nanometer. The value of x, y and z would 

be maintained in such way a low sintering temperature is as ascertained. The Fe 

deficiency in the chosen composition is proposed to have high resistivity and low 

sintering temperature. The amount to Fe deficiency should be maintained in such way so 

that prepared materials ensure high permeability as a prime requisite for a good inductor 

material. The Cu addition would ensure good sinter ability. The low melting point 

additive as sintering aid would be optimized to a minimum value so that the magnetic 

properties are not jeopardized but an effective low temperature sintering is achieved. 

Finally structural, electrical transport and magnetic properties of all the prepared samples 

such as magnetization, Curie temperature, magnetic permeability, magnetic loss 

components, coercivity, resistivity, dielectric constant etc. would be studied in detail to 

find out an optimum composition. 
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1.3 Experimental reason for Choosing this Research Work 

Ferrite samples have been prepared by conventional double sintering ceramic 

technique using high purity oxide nano materials. The experimental methods that would 

be used in this research work were as follows. 

• Sintering of the samples has been carried out in a microprocessor controlled high 

temperature furnace. 

The prepared samples have been characterized in terms of their Crystal structure, 

unit cell parameters and phases present in the prepared samples with the help of 

X-ray diffraction (XRD) technique. The porosity of the prepared samples has 

been calculated from the theoretical density (using XRD data) and the bulk 

density. 

• Permeability, magnetic loss factor and relative quality factor as a function of 

frequency temperature has been determined using an impedance analyzer, 

• Hysteresis parameters have been determined by B-I-I loop tracer. 

• Curie temperature has been determined by permeability versus temperature 

measurement with the help of a oven using a LCR meter. 

• Magnetization of the samples has been measured as a function of field and 

temperature using vibrating sample magnetometer (VSM). 

• DC/AC electrical resistivity and dielectric properties as a function of frequency 

and temperature has been studied with the help of electrometer/Inductance meter. 

1.4 Review Works 

Ferrites, i.e. ferromagnetic cubic spinals are technically important materials. They 

have been extensively investigated in order to improve good soft magnetic properties. A 

ferromagnetic material is defined as one which below a transition temperature, possesses 

a spontaneous magnetization that arises from non parallel arrangement of the strongly 

coupled magnetic moments. The most important advances were made in ferrimagnetism 

in the field of magnetic oxides. The advancement of high frequency ferrites was initiated 
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by the work done by J. L. Snoek [1.7] who found that associated with excellent properties 

in the high frequency range, Mn-Zn and Ni-Zn ferrites provide a family of magnetic 

materials useful for radio and TV sets as well as carrier telephony as cores of inductors 

transformers and so forth. Technological advances in a variety of areas have generated a 

growing demand for the soft magnetic materials in advances. Among the soft magnetic 

materials, polycrystalline ferrites have received special attention due to their good 

magnetic properties and high electrical resistivity over a wide range of frequencies; 

starting from a few hundred Hz to several GHz. Spinel type ferrites are commonly used 

in many electronic and magnetic devices due to their high magnetic permeability and low 

magnetic losses [1.12-1.13] and also used in electrode materials for high temperatures 

applications because of their high thermodynamic stability electrical resistivity, 

electrolytic activity and resistance to corrosion [1 . 14-1 . 15]. Many investigators have 

focused their attention on the improvement of electromagnetic properties of the ferrite by 

divalent ions substitution. Generally the divalent metal ions (M2 ); Ni, Zn, Cu, Mg, Mn, 

Co or mixtures of these are substituted in different spinel ferrites. 

The studies on microstructure and composition related magnetic properties have 

been reported for Ni-Cu-Zn ferrites by several researchers, which are also given below: 

A. M. Abdeen [1.16] studied electric conduction in Ni-Zn ferrite. The real AC and 

DC electrical conductivities increases as the temperature increases indicating the studied 

samples are semiconductors in nature. The AC electrical conductivity increases with 

increasing angular frequency below Curie temperature (Ta) and above Tc it is 

independent of nature. The values of Tc decreases with increasing of Zn content ant 

activation energy below and above Tc decreases with increasing Zn-content. 

Ahmed et at. [1.17] investigated the influence of zinc ion substitution on 

densification in Ni-Zn ferrite. They found rapid densification with increase Zn2  

concentration. Sun et al. [1.18] reported the initial permeability and relative loss factor 

increased while the cut off frequency decreased with increasing Zn Content in (Ni1  - 
xZnx)Fe2O4  ferrite. Zn substituted (CujZn)Fe204  ferrite had been prepared by Ajmal et 
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al. [1.19]. They found that sintered density increased with increasing Zn concentration. 

Both saturation magnetization and magnetic moment increased with increasing Zn 

concentration up to x = 0.02 and then decreased with further addition of Zn. 

Nakamura [1.20] reported on frequency dispersion of permeability in ferrite 

composite materials. The permeability increases with increasing density of composite 

materials. As the ferrite content decreases, both the shoulder frequency of real part of 

permeability dispersion; both the real and imaginary parts of the low frequency 

permeability is significantly reduced, and the peak frequency of imaginary part of 

permeability shifts toward higher frequency. Nakamura et al [1.21] reported on low 

temperature sintering Ni-Cu-Zn ferrite and its permeability spectra. The post sintering 

density and the complex permeability Ni-Cu-Zn ferrite ceramic can be controlled by 

altering the particle size of the sintering oxide materials and calcinations temperature. 

Hoque et al. [1.22] reported that the magnetization of initial permeability and 

saturation magnetization at 0.2 in (Nii..Cu)Fe204  ferrite, which could be attributed to the 

maximum sintering density obtained for this composition. 1-loque et al. [1.23] reported 

the effect of Cu substitution Mg-Zn ferrites. The found a remarkable increase in the bulk 

density with increasing Cu-substitution for Mg. By incorporating CuO, the initial 

permeability of the samples increased. Saturation magnetization increased slightly with 

increasing Cu content up to x :50.30 and then it decreased for x = 0.35. Cu substitution is 

also used in hard ferrites for improving properties [1.24]. Rezlescu et al. [1.25] reported 

the effect of Cu substitution on the physical properties of (Mgo 5 CuZno 5)Fe2O4  + 

0.5MgO ferrites. They found that the density increased up to x = 0.30 whereas, resistivity 

increased up to x = 0.10 and permeability increased with Cu-content as well. E. Rezlescu 

et. al. [1.26] also reported that the sintered density and resistivity of (Mgo5  

CuZno.5)Fe2O3  ferrite increased up to x = 0.3, whereas permeability increased up to x = 

0.4. 

Ni-Cu-Zn ferrites are widely used multilayer chip devices. These devices were 

studied by K. 0. Low and F. R. Sale [1.27], such as multilayer chip inductors, are 
VA- 
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produced by Co-firing ferrite layers with an internal silver conductor. The low sintering 

temperature is attributed to its Cu-content because the Cu-containing ferrites were 

claimed to suffer thermal dissociation at temperature around 9900C. Kin 0. Low et al. 

[1.28] has design of Ni-Cu-Zn ferrites to Suit a particular application where consideration 

was given on thermal dissociation temperature so that electromagnetic properties are not 

affected. Average crystalline size increase linearly with calcinations temperature, the 

lattice parameter and the ionic radius of octahedral sites increases with copper 

concentrations. The saturation magnetization decreases with increasing non magnetic Cu-

content. 

Caltun et al. [1.29] studied the microstructure and of the permeability spectra of 

Ni-Cu-Zn ferrites. The particle size increases when the sintering temperature is raised. 

For the same chemical composition and different sintering temperature it was found that 

the real permeability in the low frequency region decreases by addition of CuO. As 

sintering temperature increases, the natural resonance frequency, where the imaginary 

permeability had a maximum value, shifted towards low frequency from to 0.5MHz. 

Dimeri et al. [1.30] studied the effect of compositional variation on structural, 

dielectric and magnetic properties of the Cu substituted (Ni.0.6CuZno 4)Fe2O4  ferrite. 

The results showed that addition of copper promoted grain growth, resulting increase in 

grain size. However, TC  was understandably lowered with the increase in Cu-content. A 

Saturation magnetization value of 92 emulgm was obtained for the composition x = 0.2. 

Ferrite with Cu concentration of x = 0.4 showed the highest initial permeability. 

The extensive literature survey reveals that the synthesis of crystalline Ni-Cu-Zn 

ferrite powder through solid state method has been attempted by a number of researchers. 

The electromagnetic properties have been reported with various Fe concentrations in Ni-

Cu-Zn ferrites [1.3 1-1.32]. Optimization of Fe concentration with respect to Ni, Cu and 

Zn is essential to achieve desirable electromagnetic properties in the ferrites. 

[ö] 
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1.5 Organization of the Thesis 

The Thesis has been divided into five chapter: 

Chapter-I presents a brief introduction of Ni-Cu-Zn ferrite and organization of the 

thesis. 

Chapter-Il briefly describes the theories necessary to understand the present work. 

Chapter-Ill enunciates with the detail experimental process related to this research 

work. 

Chapter-IV describes the results and discussion about the optimization of Fe 

deficiency in (Nio.8  CuoioZn0.620)(Fe203)1  ferrites. 

Chapter-V contains the concluding remarks. 

Finally a complete list of references has been given towards the end of the 

chapters. 
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Chapter-I! Theoretical Background 

2.1 Origin of Magnetism 

The origin of magnetism lies in the orbital and spin motions of electrons and how 

the electrons interact with one another. The best way to introduce the different types of 

magnetism is to describe how materials respond to magnetic fields. The motion of 

electrons is equivalent to an electric current which produces the magnetic effects. The 

major contribution comes from the spin of unpaired valence electrons which produces 

permanent electronic magnetic moments. The circulating electron produces its own 

orbital magnetic moment, measured in Bohr magnetons (JiB), and there is also a spin 

magnetic moment associated with it due to the electron itself spinning, like the earth, on 

its own axis. 

In most materials there is resultant magnetic moment, due to the electrons being 

grouped in pairs causing the magnetic moment to be cancelled by its neighbor. A number 

of such magnetic moments may align themselves in different directions to generate a net 

non-zero magnetic moment. Thus the nature of magnetization produced depends on the 

number of unpaired valence electrons present in the atoms of the solid and on the relative 

orientation of the neighboring magnetic moments. The main distinction is that in some 

materials there is no collective interaction of atomic magnetic moments, whereas in other 

materials there is a very strong interaction between atomic moments. 

The magnetism in solids can be classified into the following five major groups: 

Diamagnetism 

Paramagnetism 

Ferromagnetism 

Antiferromagnetism 

Ferrimagnetism 
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Materials in the first two groups are those that exhibit no collective magnetic 

interactions and arte not magnetically ordered. Materials in last three groups exhibit long-

range magnetic order below a certain critical temperature. Ferromagnetic and 

ferromagnetic materials are usually what we consider as being magnetic (i.e. behaving 

like iron). The remaining three are so weakly magnetic that they are usually thought of as 

"nonmagnetc". The varieties of magnetic ordering are schematically presented in Fig.-

2.1. 

A brief description of the above mentioned classes of magnetic materials are 

described below 

2.1.1 Diamagnetism 

Diamagnetism is a fundamental property of all matter, although it is usually very 

weak. It is due to the non-cooperative behavior of orbiting electrons when exposed to an 

applied magnetic field. Diamagnetic substance are composed of atoms which have no net 

magnetic moments (i.e., all the orbital shells are filled and there are no unpaired 

electrons). However, when exposed to a field, a negative magnetization is produced and 

thus the susceptibility is negative. It obeys Lenz's law. The other characteristic behavior 

of diamagnetic materials is that the suspectibility is temperature independent. The typical 

values of suspectibity on the order of I O to I 06.  Most of the materials are diamagnetic, 

including Cu, B, S, N2  and most organic compounds. 

2.1.2 Paramagnetism 

Paramagnetic materials possess a permanent dipole moment due to incomplete 

cancellation of electron spin and /or orbital magnetic moments (unpaired electrons). In 

the absence of an applied magnetic field the dipole moments are randomly oriented; 

therefore the material has no net macroscopic magnetization. When a field is applied 

these moments tend to align by rotation towards the direction of the applied field and the 
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material acquires a net magnetization [2.1-2.4]. The magnetic moment can be oriented 

along an applied field to give rise to positive suspectibility, and the values of 

suspectibility are very small the order of iO to iO. 02,  NO, Mn and Cr are just a few 

examples of the paramagnetic materials. The susceptibility of paramagnetic materials is 

inversely dependent on temperature, which is known as Curie law (Fig.-2.1 a). 

C 
(2.1) 

where C is the Curie constant. 
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Fig. 2.1 Varieties of magnetic orderings (a) paramagnetic, (b) ferromagnetic, 

(c) ferrimagnetic, (d) antiferromagnetic and (e) super paramagnetic. 

2.1.3 Ferromagnetism 

A ferromagnet, like a paramagnetic substance, has unpaired electrons. However, 

in addition to the electrons intrinsic magnetic moments wanting to be parallel to an 

applied field, there is also in these materials a tendency for these magnetic moments to 

want to be parallel to each other. Thus even when the applied field is removed, the 
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electrons in the material can keep each other continually pointed in the same direction. 

Every ferromagnetic substance has its own individual temperature, called the Curie 

temperature, above which it loses its ferromagnetic properties [2.5]. This is because the 

thermal tendency to disorder overwhelms the energy lowering due to ferromagnetic 

order. The susceptibility of a ferromagnetic material does not follow the Curie law, but 

displayed a modified behavior defined by Curie-Weiss law Fig. 2.2 (b) 

X= (2.2) 
T—O 

where C is a constant and 0 is called Weiss constant. For ferromagnetic materials, the 

Weiss constant is almost identical to the Curie temperature (Ta). The elements Fe, Ni and 

Co and many of their alloys are typical ferromagnetic materials. 

Two distinct characteristics of ferromagnetic materials are: 

• Spontaneous magnetization and 

•The existence of magnetic ordering temperature (Curie temperature) 

The spontaneous magnetization is the net magnetization that exists inside a 

uniformly magnetized microscopic volume in the absence of a field. The magnitude of 

this magnetization, at OK is dependent on the spin magnetic moments of electrons. 

Spontaneous magnetization is the term used to describe the appearance of an ordered spin 

state (magnetization) at zero applied magnetic field in a ferromagnetic or ferrimagnetic 

material below a critical point called the Curie temperature or T. This fact led Weiss to 

make the bold brilliant assumption that a molecular field acted in a ferromagnetic 

substance below its Curie temperature as well as above and that this field was so strong 

that it could magnetize the substance to saturation even in the absence of an applied field. 

The substance is then self-saturating or spontaneously magnetized. Saturation 

magnetization is an intrinsic property independent of particle size by dependent on 

temperature. Even through electronic exchange forces in ferromagnets are very large 

thermal energy eventually overcomes the exchange energy and produces a randomizing 

effect. This occurs at a particular temperature called the Curie temperature (Ta). Below 

13 



I 

x \' 

17, 

T 

the Curie temperature the ferromagnetic is ordered and above it, disordered. The 

saturation magnetization goes to zero at the Curie temperature. 

La 

TN Tc 

Fig.-2.2 The inverse susceptibility varies with temperature T for (a) Paramagnetic 

(b) Ferromagnetic (c) Ferrimagnetic and (d) Antiferromagnetic materials, TN and 

Tc are Neel temperature and Curie temperature, respectively. 

2.1.4 Antiferromagnetism 

Anti ferromagniti sm material adjacent magnetic moment parallel to each other 

without an applied field. In the simplest case adjacent magnetic moments are equal in 

magnitude and opposite therefore these is no over all magnetization. The natural state 

makes it different for the material to become magnetized in the direction of the applied 

field but still demonstrates a relative permeability slightly greater than above a critical 

temperature known as the Neel temperature the material becomes paramagnetic [2.4]. 

The antiferromagnetic susceptibility is followed by the Curie-Weiss law with a negative 0 
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as in the inverse susceptibility as a function of temperature is shown in Fig. 2.1 (d). 

Common examples of materials with antiferromagnetic ordering include MnO, FeO, CoO 

and NiO. 

2.1.5 Ferrimagnitism 

Ferrimagnetic material has the aligned magnetic moments are not of the same 

size; that is to say there is more than one type of magnetic ion. An overall magnetization 

is produced but not all the magnetic moment may give a positive contribution to the 

overall magnetization. The magnitude of magnetic moment in one direction defers from 

that of the opposite directions. As a result a net magnetic moment remains in the absence 

of external magnetic field the behavior of susceptibility of a ferrimagnrtic material also 

obeys Curie-Weiss law and has a negative Q as well as in Fig. 2.2(c) while these 

materials may also demonstrate a relative permeability greater than 1, their temperature 

dependence are not as consistent as with ferromagnetic materials and can result is some 

very unusual results. Ferrimagnetism is therefore similar to ferromagnetism. It exhibits 

all the hallmarks to ferromagnetic behavior like spontaneous magnetization, Curie 

temperature hysteresis, and remanence. However ferro and ferrimagnets have very 

different magnetic ordering. In ionic compounds, such as oxides, more complex forms of 

magnetic ordering can occur as a result of the crystal structure. The magnetic structure is 

composed of two magnetic sub lattices (called A and B) separated by oxygen's. The 

exchange interactions are mediated by the oxygen anions. When this happens, the 

interactions are called indirect or super exchange interactions. 

2.2 Theory of Ferrimagnetism 

Ferrimagnetic substances exhibit a substantial spontaneous magnetization at room 

temperature, just like ferrimagnetics, and this fact alone makes them industrially 

important. Again like ferrimagnetics, they consist of self-saturated domains, and they 

exhibit the phenomena of magnetic saturation and hysteresis. Their spontaneous 

magnetization disappears above a certain critical temperature T also called the Curie 
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temperature, and then they become paramagnetic. Ferromagnetic were not recognized as 

forming a distinct magnetic class until 1948. In a classic paper published in 1948, 

Neel[2.6] provided the theoretical key to an understanding of the ferrites. 

The word ferrimagnetisms was coined by Neel to describe the properties of those 

substances which below a certain temperature exhibit spontaneous magnetization arising 

from a non-parallel alignment of atomic magnetic moments. In his original paper Neel  

envisaged a partitioning of the moments into two sub-lattices, which because of their 

mutual interaction are aligned anti parallel to each other, thus producing a total magnetic 

moment equal to the difference between their individual magnitudes. 

Almost all known ferrimagnetic compounds have rather complex structures, with at 

least two crystal lographical ly in equivalent sites for the magnetic ions to provide basis for 

the sub-lattices, but there appears to be no fundamental reason for this, since ordering of 

the type shown in Fig.-3(b). The temperature at long-range order sets in, now generally 

known as the Neel point TN,  is determined largely by the strength of the interaction 

between nearest neighbors, though under special conditions of symmetry other factors 

may also be important. 

This difference can arise in several ways, and some of these are shown 

diagrammatically in Fig.-2.3. Fig.-2.3(a) shows the case in which there are different 

numbers of similar magnetic moments in the sub-lattices. In some respects this 

arrangement superficially resembles that of a normal antiferromagnetic substance with 

unequal partitioning of the sub-lattices, but many of the properties of such a substance are 

similar to those of a ferromagnet with a reduced number of magnetic moments, Fig.-

2.3(b) shows the case of equal numbers of dissimilar moments. The dissimilarity can 

arise either because the magnetic ions are chemically different, or because a different 

local enviroim-ient leads to different effective magnetic moments in ions having the same 

spin. So far only the first of these possibilities has been observed. A third type of 

arrangement is shown in Fig.-2.3(c). This is the case originally considered by Neel and it 

represents a very large number of substances, including most of the ferrites. In this 

arrangement one sub-lattice contains two different types of magnetic moment, one of 
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which also occurs in equal numbers on the second sub-lattice, so that the net effect is that 

of just the one type of moment. An extension of this case arises when the second sub-

lattice also contains two types of moments, as shown in Fig.-2.3(d). 

An extension of the Neel theory has been given by Yafet and Kittel (1952) [2.7], who 

pointed out that if there are strong interactions between the ions within a given sub-

lattice, in addition to the interaction between the sub-lattices, then a triangular 

arrangement such as shown in Fig.-2.3(e)will have a lower energy than the uniaxial Neel 

type arrangements may then occur (see also Yoshimori 1959, Villain 1959, Bertaut 

1960). Obviously such situations can be extended to a large number of variants, involving 

various three-dimensional multi-spin-axis arrangements. 

An alternative type of multi-spin-axis arrangement, which does not seem to have been 

considered before, arises when there are strong local anisotropy forces tending to hold 

each spin in a particular direction relative to the crystal sub-lattice. Consider, for 

example, the simple case of a cubic crystal in which one sub-lattice consists of three 

types of moment, each of which is bound by some anisotropy forces to one of the three 

cube axes. Interaction with a second sub-lattice, which we may for simplicity assume to 

be fee, then produces a compromise arrangement such as shown in Fig.-2.3(f). So far 

there is no direct experimental evidence for such an arrangement, but it seems very likely 

that some ferrimagnetic rare earth compounds have this type of arrangement. 

In general there is nothing to limit the number of sub-lattices and their direction of 

alignment, and it is important to realize that the simple arrangements we have discussed 

are only a first approximation in most real crystals. However, for the explanation of many 

phenomena the simple Neel theory is often quite adequate. 

Several facts led Neel to envisage a distinct form of magnetic structure for the 

ferrites. Crystallographic studies have provided the clue that the cations in a ferrite crystal 

occupy two crystallographically different kinds of position called a sites and B sites. Neel 
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made the basic assumption that the exchange interaction between these two sits is 

negative, meaning that the spin orientation is opposite to each other. This thing also 

happens in antiferromagnetism. The difference is that, in case of ferrimagnetism 

magnitudes of the A and B sublattice magnetizations are not equal and a net spontaneous 

magnetization results. 

-4 
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Fig.2.3 Illustration of six simple sub-lattice arrangements which can give 

rise to a spontaneous ferromagnetic moment. 

The exchange interaction acting in ferrites is of a different kind. As pointed out by 

Neel, the cations are mutually separated by bigger anions (oxygen ions) which practically 

excludes a direct contact between the cation orbitals, making any direct exchange at least 

very weak. Instead, we encounter Supper Exchange i.e. indirect exchange via oxygen p 

orbital that may be strong enough to order the magnetic moments. The strength of this 
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interaction depends on the degree of orbital overlap of oxygen p orbital and transition 

metal d orbital. The interaction decreases as the metal ions move apart and the angle 

between them decreases from 1800  to 900.  In Neel's theory, the interaction are taken as 

effective inter and intra-sublattice interactions A-A, B-B and A-B. The type of magnetic 

order depends on their relative strength. The theory of super exchange as given by 

Anderson (1959, 1963) and the semi empirical rules provided by Good Enough (1958) 

and Kanamori (1959) yield some predictions concerning the sign and strength of this 

interaction. It is found that A-A interaction is weak compared to B-B interaction. But 

angle between B-B interaction is 900  thus making it weak compared to A-B interaction 

where angle is 1250. Thus anti parallel spin alignment takes in two sub lattices. The 

interaction energy density may be written as 

U =-2JS,—S 1 (2.3) 

In the exchange integral, J in equation (2.3) is positive, we achieve ferromagnetism. 

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

exchange fields acting on A and B sites may be written as 

OW 
B4 =I%MA  —  p MB 

B11  =/iM 4  — vM 11 (2.4) 

All constants ?, j.i, v are taken to be positive. The minus sign than corresponds to an 

antiparallel interaction. The interaction energy density is 

u =- (BA.MA +BB.MB) 
2 

=M+ MAMB+1 
2 

VM 
2  
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This is lower when MA is anti-parallel to MB than when MA is parallel to M. The 

energy of antiparallel alignment should be compared with zero, because a possible 

solution is MA  = MB = 0. Thus when 

M 4 M 8 ~i(M±vM) (2.6) 

\the ground state will have MA directed opposite to MB. Under certain conditions there 

may be non-collinear spin arrays of still lower energy. 

The susceptibility of ferrimagnets is readily formulated if we assign separate Curie 

constants CA and CB to the two sublattices. Neglecting intra sublattice interaction we 

have ferrimagnets: 

Sub lattice A Sub lattice B 

BA=  -LM BB=  -.LMA 

MAT = CA (Ba  - JLMB) MT CB (Ba  - 1MA) (2.7) 

Here Ba  is applied field. These equations have a non zero solution for MA and MB in 

zero applied field if 

T JICA  

=0 (2.8) 

ICB T 

from which the ferrimagnetic Curie temperature T = OF is given by 

OF =(C A c B ) (2.9) 

Ii 
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we solve eq. (2.9) for MA  and MR  to obtain the susceptibility at T> Or: 

- 

(C A +C JJ )T -2PC A C B  

Ba - 

7,2 9,. 2  
(2.10) 

This is more complicated than the Curie - Weiss law for Ferro magnets at T> OF. 

2.3 Classification of Ferrites and its Relevance 

Ferrites are essentially ceramic materials, compound of iron, boron, barium, 

strontium, lead, zinc, magnesium or manganese. The ingredients are mixed, preferred, 

milled/crushed, dried, shaped and finally pressed and fired into their final hard and brittle 

state. Now a days newer family of ferrite materials have been discovered, which are rare-

earth types. Additives of rare-earth metals like lanthanum oxide (La203) are used to study 

the effect of enhancing the magnetic properties. They are primarily used as permanent 

magnets. These ferrites are very stable with the excellent characteristic of high 

resistively. 

Ferrites are classified two categories based on their coercive field strength. They are 

Soft ferrite with coercive field strength < 10 Oe 

Hard ferrite with coercive field strength> 125 Oe 

The unique feature of high coercivity and high-energy product of the hexagonal 

ferrites is their high uniaxial magnetocrystalline anisotropy about 100 times higher than 

the soft ferrite with cubic structured. Therefore, hard ferrites constitute the major fraction 

since they are used where energy per unit eight and cost are important considerations 

[2.8]. 

According to the crystallographic structures ferrites fall into three categories 

Cubic ferrites of spinel type 

Cubic ferrites of the garnet type and 

Hexagonal ferrites 
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Ferrites fallen into two groups with different crystal structures are shown in the following 

block diagram shown in Fig. 2.4 

FERRITE 

CUBIC HEXAGONAL 

e.g. MeO. Fe2O3 e.g. BaO.6Fe2O3  

SPINEL GARNET 
e.g. MgA1204 e.g. 3MnO. A1203. 3SiO2  

Fig. 2.4 Classification of Ferrites 

2.3.1 Soft Magnetic Materials 

The wide variety of magnetic materials can be divided into two groups, the 

magnetically soft and the magnetically hard. Soft magnetic materials are those materials 

that are easily magnetized and demagnetized. They have low magnetocrystalline 

anisotropy resulting in reduced coercivity and high permeability. They typically have 

intrinsic coercivity less than 1000 Am* They are used primarily to enhance and/or 

channel the flux produced by an electric current. The important parameter, often used as a 

figure of merit for soft magnetic materials, is the high relative permeability (Pr.  where 

B 
, which is a measure of how readily the material responds to the applied magnetic 

p0  H 

field. The other main parameters of interest are the coercivity, the saturation 

magnetization and the electrical conductivity. 
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The types of applications for soft magnetic materials fall into two main 

categories: AC and DC. In DC applications the material is magnetized in order to 

perform an operation and then demagnetized at the conclusion of the operation, e.g. an 

electromagnet on a crane at a scrap yard will be switched on to attract the scrap steel and 

then switched off to drop the steel. In AC applications the material will be continuously 

cycled from being magnetized in one direction to the other, throughout the period of 

operation, e.g. a power supply transformer. A high permeability will be desirable for each 

type of application but the significance of the other properties varies. 

For DC applications the main consideration for material selection is most likely to 

be the permeability. This would be the ease, for example, in shielding applications where 

the flux must be charmeled through the material. Where the material is used to generate a 

magnetic field or to create a force then the saturation magnetization may also be 

significant. For AC applications the important consideration is how much energy is lost 

in the system as the material is cycled around its hysteresis loop. The energy loss can 

originate from three different sources: (1) hysteresis loss, which is related to the area 

contained within the hysteresis loop; (2) eddy current loss, which is related to the 

generation of electric currents in the magnetic material and the associated resistive losses 

and (3) anomalous loss, which is related to the movement of domain walls within the 

material. Hysteresis losses can be reduced by the reduction of the intrinsic coercivity, 

with a consequent reduction in the area contained within the hysteresis loop. Eddy current 

losses can be reduced by decreasing the electrical conductivity of the material and by 

laminating the material, which has an influence on overall conductivity and is important 

because of skin effects at higher frequency. Finally, the anomalous losses can be reduced 

by having a completely homogeneous material, within which there will be no hindrance 

to the motion of domain walls. 

2.3.2 Soft Ferrites 

At high frequency metallic soft magnetic materials simply cannot be used due to 

the eddy current losses. Therefore, soft ferrites, which are ceramic insulators, become the 

ii 
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most desirable material. These materials are ferrimagnetic with a cubic crystal structure 

and the general composition MO.Fe2O3, where M is a transition metal such as nickel, 

manganese, magnesium or zinc. The magnetically soft ferrites first came into commercial 

production in 1948. 

Mn Zn ferrite, sold commercially as ferroxcube, can be used at frequencies up to 

10MHz, for example in telephone signal transmitters and receivers and in switch mode 

power supplies (also referred to as DC-DC converters). For these type of application the 

driving force to increase frequency is to allow miniaturization. 

Additionally, part of the family of soft ferrites, are the microwave ferrites, e.g. 

yttrium iron garnet. These ferrites are used in the frequency range from 100MHz to 

500GHz, for waveguides for electromagnetic radiation and in microwave devices such as 

phase shifters. 

2.3.3 Hard Ferrites 

Hard magnets are characterized by high remanent inductions and high 

coercivities. They generally exhibit large hysteresis losses. Hard ferrite referred to as 

permanent magnets retain their magnetism after being magnetized. Hard ferrite likes Ba-

ferrite, Sr-ferrite, Pb-ferrite are used in communication device operating with high 

frequency currents because of their high resistivity, negligible eddy currents and lower 

loss of energy due to Joule heating and hysteresis. These are found useful in many 

applications including fractional horse-power motors, automobiles, audio- and video-

recorders, earphones, computer peripherals, and clocks. 

2.3.4 Cubic Ferrites with Spinel Structure 

The cubic ferrite has the general formula MO.Fe2O3  where M is one of the 

divalent cations of the transition elements such as Mn, Ni, Mg, Zn, Cd, Cu, Co etc. A 

combination of these ions is also possible and it can be named as solid solution of two 
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1' ferrites or mixed spinel ferrites. Generally, M represents a combination of ions which has 

an average valency of two. The trivalent iron ion in MO.Fe2O3  can partially be replaced 

by another trivalent ion such as A13  or Cr3 , giving rise to mixed crystals. The structure 

of ferrite is derived from the mineral MgA1204  determined by Bragg [2.9]. These ferrites 

crystallize in the FCC spinel structure. The spinel lattice is composed of a close-packed 

oxygen arrangement in which 32 oxygen ions form the unit cell (the smallest repeating 

unit in the crystal network). These anions are packed in a face centered cubic (FCC) 

arrangement leaving two kinds of spaces between anions: tetrahedral coordinated sites 

(A), surrounded by four nearest oxygen atoms, and octahedral coordinated sites (B), 

surrounded by six nearest neighbor oxygen atoms. These are illustrated in Fig. 2.4. In 

total, there are 64 tetrahedral sites and 32 octahedral sites in the unit cell, of which only 8 

tetrahedral sites and 16 octahedral sites are occupied, resulting in a structure that is 

electrically neutral [2.10- 2.11]. 

The localization of ions either in the A or B sites depends fundamentally on the ion and 

lattice sizes. Also it has been observed to depend on the temperature and the orbital 

preference for specific coordination. In general, divalent ions are larger than trivalent 

ions. This is because trivalent ion nuclei produce greater electrostatic attraction, hence 

their electron orbits contract. The octahedral sites are larger than the tetrahedral sites, 

thus, the divalent ions are localized in the octahedral sites whereas trivalent ions are in 

the tetrahedral sites [2.10]. 

According to the site occupancy of the metal ions, the spinel ferrites are classified as 

normal spinel; where the tetrahedral (A-sites) are occupied by divalent metal ions and 

trivalent ions occupy B sites. A majority of these ferrites present paramagnetic behavior, 

inverse spinel; where all the divalent ions are present in the octahedral site while 

trivalent ions are located on both A and B sites. The spin moments of the trivalent ions in 

an inverse spinel are canceled (direction of moment on A sites is opposed to B sites) 

whereas the spin moments of the divalent ions are aligned, resulting in a net magnetic 

moment [2.11] and (c) mixed spinel; where divalent ions are present both in tetrahedral 

and octahedral sites. 
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204 

A OB Oo 
Fig. 2.5 Schematic of two subcells of a unit cell of the spinet structure, 

showing octahedral and tetrahedral sites 

The cubic ferrite is easily magnetized and demagnetized; it has high permeability and 

saturation magnetization, low electrical conductivity, and the anisotropy energy is 

dominated by the anisotropy constant K1. If K1  is greater than zero, the easy direction is 

the cube edge direction (100) whereas if K1  is less than zero, the body direction is 

preferred (111). For most ferrites the value of K1  is negative, with the exception of cobalt 

ferrite [2.101. 

2.3.5 Cation Distribution in Spinels 

The cation distribution in the spinel Me2 Me3 O4  can be as follows [2.12, 213]; 

0 Normal 

NO 



-11   The Me2  cations are in tetrahedral positions, while the two Me3  cations are in 

octahedral sites. The square brackets are generally used to represent the octahedral sites, 

i.e. Me2 [Me3 ]O4  

• Inverse 

In this case the Me2  cation and one of the Me3  cations are in octahedral positions 

while the second Me3  cation occupies a tetrahedral site. The arrangement is as 

Me34 [Me2 Me34]04  

• Intermediate 

The arrangement of the form like Me 5 Me15   [MeiMe5 j O, is often referred as 

intermediate, where ö is called the inversion parameter. ö = 0.0 for completely normal 

and ö = 1.0 for completely inverse spinels and 0 <8 <I for intermediate spinels. 

The factors affecting the cation distribution over A and B-sites are as follows [2.12, 

2.14]; 

• the size of the cations 

• the electronic configurations of the cations 

• the electronic energy 

• the saturation magnetization of the lattice 

Smaller cations (trivalent ions) prefer to occupy the A-sites. The cations have special 

-41 preference for A and B-sites and the preference depends on the following factors. 

• ionic radius 

• size of interstices 

• temperature 

• Orbital preference for the specific coordination 

The preference of cations is according to Verway-Heilman scheme [2.15, 2.16]; 
2~ 2+ 2+ 3+ 4-' • ions with preference for A-sites Zn , Ge 

•2+ .4+ • ions with preference for B-sites Ni , Cr3+ 
 , Ti , Sn 4± 

• Indifferent ions Mg2 , Al', Fe2 , Co', Mn2 , Fe3 , Cu2  

Moreover the electrostatic energy also affects the cation distribution in the spinel lattice. 

The cations of the smallest positive charge reside on the B-sites having six anions in 

surrounding i.e. the most favorable electrostatic conduction. 
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2.4 Magnetic Properties of Ferrites 

Ferromagnetic materials are characterized by a high magnetization (magnetic 

moments per unit volume) which can be achieved even in polycrystalline materials by the 

application of relatively small magnetic field. In a ferromagnetic material; the individual 

atomic (atom with partly filled 3d or 4f shells) or ionic moments arising from unpaired 

spins are permanent, and interact strongly with one another in a manner which tends to 

cause parallel alignment of the nearby moments. The moments of a large number of 

neighboring ions are thus parallel, even in the absence of an applied field. These regions 

or domains, of spontaneous magnetization exist in both single and polycrystalline 

materials, and within a domain the value of the saturation magnetization M is the 

maximum that can be achieved in the material at the given temperature. 

The origin of the interaction lies in the so-called quantum mechanical exchange 

[2.17-2.18], but, in a phenomenological description of magnetism, it is possible to regard 

that the obliging forces are arising from an internal magnetic field called the Weiss 

molecular field [2.19]. Weiss assumed that spontaneous magnetization properties 

disappear at the curie point when the thermal energy is equal to the energy of the 

individual ionic moment in Weiss induction field then, 

Bw  =kTc +/1Bm , (2.11) 

Where k is Boltzmann constant, T is Curie temperature, p.'s permeability and is the 

Weiss molecular field. It is convenient to write Bm = l-'o H; below the Weiss molecular 

field H is used. Weiss assumed that the molecular field Hm was proportional to the 

magnetization M i.e., 

HmyM, (2.12) 

where M is the magnetization in the material and y  is the constant of pi'oportionality 

called molecular field coefficient. 

A ferrite may be defined as the one, which below a certain temperature bears a 

spontaneous magnetization that, arises from non-parallel arrangement of the strongly 

coupled atomic dipoles. Ferrite is the substance consists of two sublattices with magnetic 

moments of one sublattice tending to antiparallel to those of other. When the sublattice 

magnetizations are not equal there will be a net magnetic moment. The term 
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1 ferrimagnetism has been used in broad sense in order to include the materials with more 

then two sublattice and with other spin configurations, such as triangular or spiral 

configurations. It is usually assumed that a ferrimagnetic material has an appreciable net 

magnetization, although no precise definition of the term appreciable has been given. The 

two sublattices are denoted by A and B. If the magnetic moments of the ions at A and B-

sites are unequal, this inequality may be due to; 

• Presence of elements in different ionic states, e.g. Fe3  and Fe2  

• Different elements in the same or different ionic states, e.g. Fe3  and CO2  

• Different crystalline field acting at two sites. 

The competition between the forces on the B spins may lead to the triangular 

configurations. 

2.4.1 Electron Spin 

With the concept of electron spin introduce by Goldsmith in 1925 and Uhlenbeck 

in 1926, the origin of magnetism was explained. Spin corresponds to movement of 

electric charge in the electron, hence an electric current which produces a magnetic 

moment in the atom. The net magnetic moment is the vector sum of the individual spin 

and orbital moments of the electrons in the outer shells [2.20. Next figure illustrate these 

two phenomenons: 
-41 

fp 

(a) (b) 

Fig.2.6 (a) Electron orbit around the nucleus (b) Electron spin 
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The electron spin can be represented in two modes pointed up or down. In an atom, 

with opposed paired spins cancel and do not result in magnetic moment, while the 

unpaired spins will give rise to a net magnetic moment. 

2.4.2 Magnetic Dipole 

The Earth's magnetic field, which is approximately a magnetic dipole. However, 

the N- pole and S-pole are labeled here geographically, which is the opposite of the 

convention for labeling the poles of a magnetic dipole moment 

In physics, there are two kinds of dipoles: 

• An electric dipole is a separation of positive and negative charges. The simplest 

example of this is a pair of electric charges of equal magnitude but opposite sign, 

separated by some (usually small) distance. A permanent electric dipole is called an 

electrets. 

A magnetic dipole is a closed circulation of electric current. A simple example of this is 

a single loop of wire with some constant current flowing through it [2.20, 2.2 1]. 

2.4.3 Magnetic Field 

The magnetic field (B) is a vector field. The magnetic field vector at a given point in 

space is specified by two properties: 

Its direction, which is along the orientation of a compass needle. 

Its magnitude (also called strength), which is proportional to how strongly the 

compass needle orients along that direction. 

The units for magnetic field strength H are ampere/meter. A magnetic field strength of I 

ampere/meter is produced at the center of a single circular conductor with a one meter 

diameter carrying a steady current of I ampere. 
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2.4.4 Magnetic Moment 

A magnet's magnetic moment (u) is a vector that characterizes the magnet's overall 

magnetic properties. For a bar magnet, the direction of the magnetic moment points from the 

magnet's south pole to its north pole, and the magnitude relates to how strong and how far 

apart these poles are. In SI units, the magnetic moment is specified in terms of A-m2. A 

magnet both produces its own magnetic field and it responds to magnetic fields. The strength 

of the magnetic field it produces is at any given point proportional to the magnitude of its 

magnetic moment. In addition, when the magnet is put into an external magnetic field, 

produced by a different source, it is subject to a torque tending to orient the magnetic 

moment parallel to the field. The amount of this torque is proportional both to the magnetic 

moment and the external field. A magnet may also be subject to a force driving it in one 

direction or another, according to the positions and orientations of the magnet and source. If 

the field is uniform in space, the magnet is subject to no net force, although it is subject to a 

torque. 

2.4.5 Magnetic Moments of Ferrites 

The determination of saturation moments of simple ferrites having the formula 

Me 2 FeO4  where Me2  is the divalent cation, such as Cu, Co, Ni, Fe, Mn etc. agrees 

with the Neel's collinear model. The A-B interactions are much larger than the A-A and 

B-B interactions respectively. The two kinds of magnetic ion forms two sublattices each 

saturated and magnetized in opposite direction at absolute zero. 

Saturation magnetic moments of some selected spinels [2.13] are listed in the 

'Fable. (2.1), the first six ferrites are the inverse type i.e Fe3 [Me2 Fe3 ]04. The magnetic 

moments of the two Fe3  cations compensate each other and the ferrite magnetization 

becomes equal to MMC2 . Since the theoretical magnetic moment is due to spin only 

value, the predicted theoretical moment is MMC2 =2SMC2 . These values are listed in the 

Table (2.1) and the experimental and calculated shows good agreement, except cobalt and 

copper series. The Li ferrite is also completely inverse and its moment is calculated based 

on the cation distribution Fe[Lio.5Fe225]04  is equal to per molecule, is in good 

agreement with the measured value. 
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Table- 2.1 Experimental and calculated saturation moments of some spinels 

Ferrite M(JtB) 2SMe2'(cal.) 

MnFe204  5 - 4.4 5 

FeFe204  4.2-4.08 4 

CoFe204  3.3-3.9 3 

NiFe204  2.3 - 2.40 2 

CuFe204  1.3-1.37 1 

MgFe204  1.1-0.86 1.1 

Li0 5Fe2 504  2.6 2.5 

There are two possible reasons for the discrepancies observed between calculated 

and observed magnetic moments as mentioned in the Table (2.1). 

the orbital moments of the divalent ions may not be neglected, the crystal field 

effects therefore become important. 

the cation distribution must be taken into account. 

2.5 Magnetization Process 

A review of the magnetization process, namely the response of ferro-(ferri) 

magnetic material (bulk) to an applied field with a semi-microscopic approach is 

presented. In ferro-or fern-magnetic material, the magnetization curves, especially in low 

magnetic fields differ widely from sample to sample and as a function of the magnetic 

history of the sample i.e., of the previous fields which have been successively applied. 

2.5.1 Magnetization Curve 

For unmagnetized bulk material, there is a zero net magnetic moment. It can be 

predicted that there will be an infinite number of degree of magnetization between the 

unmagnetized and saturation condition, when the material is subjected to an external 

magnetic field. These extreme situation correspond respectively, to random orientation of 

domains complete alignment is one direction with elimination of domain walls. If we 
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start with the a demagnetized specimen and increase the applied magnetic field, the bulk 

material will be progressively magnetized by the domain dynamics. The magnetization of 

the sample will follow the course as shown in Fig 2.7 (2.13). The slope from the origin to 

a point on the curve or the ratio is defined as magnetic susceptibility. This curve is 

called Magnetization Curve. This curve is generally perceived as being made of three 

major portions. 

Meatization 
rotation 

Irreversible 
boundary 

speciments 

irreversible boundary 

I 

Fig. 2.7 Domain dynamics during various parts of the magnetization curve 

The first, the lower section, is the initial susceptibility region and is 

characterized by reversible domain wall movements and rotations. By reversible means 

that after the magnetization slightly with an increase in field the original magnetization 

conditions can be reversed if the field is reduced to initial value. The contribution of the 

displacement walls to an initial permeability is entirely dependent on the sort of material 

studied. 

In the second stage magnetization curve, if the field is increased, the intensity of 

the magnetization increases more drastically, is called the irreversible magnetization 
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range. This range is obtained mainly by the irreversible domain wall motion from one 

stable state to another. 

If the field is increased further, the magnetization curve become less steep and its 

process become reversible once more. In the third section of magnetization curve, the 

displacement of domain walls have already been completed and the magnetization take 

place by rotation magnetization. This range is called rotation magnetization range. 

Beyond this range the magnetization gradually approaches to saturation magnetization 

shown in Fig. 2.8. 

I 

Range of approach 
to Saturatinn 

7(ange of rotation 
of magnetization 

ge of irreversible 
magnetization 

- -4- - 

Initial permeability range 
"II 

Fig. 2.8 Magnetization curve and the classification of magnetization mechanism 

2.5.2 Hysteresis 

Magnetic hysteresis is an important phenomenon and refers to the irreversibility 

of the magnetization and demagnetization process, when a material shows a degree of 

irreversibility it is known as hysteretic. When a demagnetized ferromagnetic material is 

placed in as applied magnetic field grows at the expanse of the other domain wall. Such 

growth occurs by motion of the domain walls. Initially domain wall motion is reversible, 

and if the applied field is removes the magnetization will return to the initial 

demagnetized state. In this region the magnetization curve is reversible and therefore 
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point "W'. At this point, it can be seen that some magnetic flux remains in the material 

even though the magnetizing force is zero. This is referred to as the point of retentivity on 

the graph and indicates the remanence (Br) or level of residual magnetism in the material. 

(Some of the magnetic domains remain aligned but some have lost their alignment). As 

the magnetizing force is reversed, the curve moves to point "c", where the flux has been 

reduced to zero. This is called the point of coercivity on the curve (The reversed 

magnetizing force has flipped enough of the domains so that the net flux within the 

material is zero). 

The force required to remove the residual magnetism from the material is called 

the coercive force (He) or coercivity of the material. As the magnetizing force is 

increased in the negative direction, the material will again become magnetically saturated 

but in the opposite direction (point "d"). Reducing H to zero brings the curve to point "c." 

It will have a level of residual magnetism equal to that achieved in the other direction. 

Increasing H back in the positive direction will return B to zero. Notice that the curve did 

not return to the origin of the graph because some force is required to remove the residual 

magnetism. The curve will take a different path from point "f" back to the saturation 

point where it with complete the loop. 

From the hysteresis loop, a number of primary magnetic properties of a material can be 

iL determined. 

Retentivity: A measure of the residual flux density corresponding to the saturation 

induction of a magnetic material. In other words, it is a material's ability to retain a 

certain amount of residual magnetic field when the magnetizing force is removed 

after achieving saturation. The value of B at point "b" on the hysteresis curve. 

Residual Magnetism or Residual Flux: the magnetic flux density that remains in a 

material when the magnetizing force is zero. Residual magnetism and retentivity are 

the same when the material has been magnetized to the saturation point. However, the 

level of residual magnetism may be lower than the retentivity value when the 

magnetizing force did not reach the saturation level. 
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(iii) Coercive Force: The amount of reverse magnetic field which must be applied to a 

magnetic material to make the magnetic flux return to zero. The value of H at point 

on the hysteresis curve. 

2.6 Theories of Permeability 

Permeability is namely defines as the proportional constant between the magnetic 

field induction B and applied intensity I-I: 

B=pff (2.13) 

If a magnetic material is subjected to an AC magnetic field as given below: 

H = H0e' (2.14) 

Then it is observed that the magnetic flux density B experiences a delay. The delay is 

caused due to presence of various losses and is thus expressed as 

B = Boe t (2.15) 

where 6 is the phase angle and marks the delay of B with respect to H. The permeability 

is then given by 

B B0e0l 
(2.16) 

II fIe"' 

B0  e 

= 

.t'-ij.f' (2.17) 
H0   

Where 1u'=-
BO  

-cos8 (2.18) 
HO  

B0  
.i -sin8 

H0  
(2.19) 

The real Part t' of complex permeability t as expressed in eq. (2.17) represent 

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

permeability. If there is no losses , we should have ,.i = ii', The imaging part jf 

corresponds to the part of B which is delayed by phase angle arranging up to 90° from II. 

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

magnetization regardless of the origin of delay. 
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The ratio of l  to j.f gives 

B0  
-sinS 
H0  

=tanö (2.20) 
/ B0  

—cosS 
H0  

This tan 8 is called the loss Factor or loss tangent. The Q-Factor or quality factor is 

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

tan S 
(2.21) 

2.7 Transport Properties 

Ferrites are ferromagnetic semiconductors that could be used in electronic 

devices. The increasing demand for low loss ferrites resulted in detailed investigations on 

conductivity and on the influence of various substitutions on the electrical conductivity, 

thermoelectric power, etc. The conduction mechanism in ferrites is quite different from 

that in semiconductors. In ferrites, the temperature dependence of mobility affects the 

conductivity and the carrier concentration is almost unaffected by temperature variation. 

In semiconductors, the band type conduction occurs, where in ferrites, the cations are 

surrounded by closed pack oxygen anions and as a first approximation can well be treated 

as isolated from each other. There will be a little direct overlap of the anion charge clouds 

or orbital. In other words, the electrons associated with particular ion will largely remain 

isolated and hence a localized electron model is more appropriate than a collective 

electron (band) model. This accounts for the insulating nature of ferrites. These factors 

led to the hopping electron model [2.22]. An appreciable conductivity in these ferrites is 

found to be due to the presence of iron ion ions with different valence states at 

crystal lographical ly different equivalent lattice sites [2.23]. Conduction is due to 

exchange of 3d electron, localized at the metal ions, from Fe3  to Fe2t Various models 

have been suggested to account for the electrical properties. These are as follows 

Hopping model of electrons 

• Small polaron model of electrons 
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2.7.1 DC Resistivity of Ferrites 

Extensive investigation into the origin of the electrical conductivity of the spinels 

has been carried out by Verwey [2.24] and later on by Van Uitert [2.25] and Jonker 

[2.45]. The resistivity of ferrites at room temperature can vary , depending on chemical 

composition between about 10.2  to higher than 10+11  ohm-cm [2.26]. The low value of 

resistivity is due to the simultaneous presence of ferrous and fcrric ions on equivalent 

lattice sites (octahedral) as proposed by Verwey [2.24]. For example Fe304  at room 

temperature has resistivity of approximately 7 x  0 Ohm-cm and Fe204  with some 

deficiency in iron and sintered in a sufficiently oxidizing atmosphere so that the product 

contains no ferrous ions can have a resistivity higher than 7x 106  ohm-cm. To make high 

resistivity ferrites one must sure that there are no ferrous ions in the stoichiometric 

ferrites. 

Temperature dependent resistivity of ferrites follows Arrhenius relation [2.26]: 

p = p0e, (2.22) 

Where p is the resistively and Ea is the activation energy required for hopping of an 

electron from one lattice site to another. 

2.7.2 AC Resistivity Ferrites 

AC resistivity is an important property of ferrites material. Ferrites material has 

high intrinsic resistivity. It can be changed with change of frequency and temperature. 

2.7.3 Conduction Mechanisms 

Ferrites are ferrimagnetic semiconductors and exhibit interesting properties that 

could be used in electronic devices. That is why ferrites attracted the attention of the 

physicist. The increasing demand for low loss ferrites resulted in detailed investigations 

on conductivity and on the influence of various substitutions on the electrical 

conductivity, thermoelectric power, etc. 
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The conduction mechanism in ferrites is quite different from that in 

semiconductors. In ferrites the temperature dependence of mobility affects the 

conductivity and the carrier concentration is almost unaffected by temperature variation. 

In semiconductors the band type conduction occurs, where in ferrites, the cations are 

surrounded by closed pack oxygen anions and as a first approximation can well be treated 

as isolated from each other. There will be a little direct overlap of the anion charge clouds 

or orbital. In other words the electrons associated with particular ion will largely remain 

isolated and hence a localized electron model is more appropriate than a collective 

electron (band) model. This accounts for the insulating nature of ferrites. 

These factors led to the hopping electron model [2.27]. An appreciable 

conductivity in these ferrites is found to be due to the presence of iron with different 

valence states at crystallographically different equivalent lattice points [2.28]. 

Conduction is due to exchange of 3d electrons, localized at the metal ions, from Fe 3+  to 

Fe2  [2.29]. Assuming that all the Fe2  ions in the B-site to participate in the in hopping 

transport, the number of charge carriers (n) worked out to be 1022/cm3. Since mobility 

is low, even though n is large. 

Many models have been suggested to account for the electrical properties. These 

are as follows; 

Hopping Model of Electrons 

Small Polaron Model 

Phonon Induced Tunneling 

2.7.3.1 Hopping Model of Electrons 

Jonker [2.30] suggested that in materials like ferrites there is a possibility of 

exchanging the valency of a considerable fraction of metal ions and especially that of iron 

ions. 

Qq 
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In the presence of lattice vibrations however the ions occasionally come close 

enough together for transfer to occur with a high degree of probability. Thus only the 

lattice vibrations induce the conduction and the consequence the carrier mobility shows 

temperature dependence characterized by activation energy. For such a process of 

jumping of electrons and holes the motilities are given by; 

[ 
I e1 

t1  =e11  '1 

L 

kT 

 ] 

and (2.23) 

E2  

e T  
92 =e12  f'2 

kT ' (2.24) 

where subscripts represent the parameters for electrons and holes, I represent jumping 

length, f  and f2  lattice frequencies active in the jumping process, E1  and E2  are activation 

energies involved in the required lattice deformation. 

The general expression for the total conductivity in this case where we have two 

types of charge carriers can be given as; 

cy = n1 e + n2eL2 (2.25) 

The temperature dependence of conductivity arises only due to mobility and not due to 

the number of charge carriers in the sample. It was concluded that for hopping 

conduction; 

• The mobility has a minimum value much lower than the limiting value (0.1 cm2/Vs) 

taken as minimum for band conduction [2.31]. 

• The independence of Seebeck coefficient on temperature is due to fact that in hopping 

model the number of charge carriers is fixed. 

• Thermally activated process with activation energy Ea called hopping activation 

energy. 

• Occurrence of n-p transitions with charge carriers in the Fe2  or oxygen concentration 

in the system. 
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2.7.3.2 Small Polaron Model 

A small polaron is a defect created when an electronic carrier becomes trapped at 

a given site as a consequence of the displacement of adjacent atoms or ions. The entire 

defect (carrier plus distortion) then migrates by an activated hopping mechanism. Small 

polaron formation can take place in materials whose conduction electrons belong to 

incomplete inner (d or f) shells which due to small electron overlap, tend to form 

extremely narrow bands [2.32-2.34]. The migration of small polaron requires the hopping 

of both the electron and the polarized atomic configurations from one site to an adjacent 

site. For a fcc lattice the drift mobility takes the form; 

2F 

p=(1—c)ea (2.26) 

where e is the electronic charge, a is the lattice constant, c is the fraction of sited which 

contain an electron C = -   -, n is the number of electrons and N is the jump rate of the 

polaron from one site to the particular neighboring site given by; 

EH 

F = Pp0  e kT 
(2.27) 

Here p, is the appropriate optical phonon frequency; E11  is the activation energy; p is the 

probability of the electron transfer after the polarized configuration has moved to the 

adjacent site. The small polaron model also explains the low mobility, temperature 

independence of the Seebeck coefficient and thermally activated hopping. 
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Chapter-Ill Experimental Procedure 

3.1 Methodology of Ferrite Preparation 

The preparation of polycrystalline ferrites with optimum desired properties is still 

a complex and difficult task. Knowledge and control of the chemical composition, 

homogeneity and microstructure are very crucial. The ferrite is not completely defined by 

its chemistry and crystal structure but also requires knowledge and control of parameters 

of its microstructure such as density, grain size, porosity and their intra and intcrgranular 

distribution. It is well known that almost all ferrites decompose at the elevated 

temperature of we want to melt them under normal conditions. This., happens because the 

oxygen splits off at higher temperature reducing Fe3 ' and Fe2 . This necessarily implies 

that ferrite preparation by melting as in case of metals is not possible. The normal 

methods of preparation of ferrites comprise of the conventional ceramic method or 

powder metallurgy chemical co-precipitation method and sol-gel method. 

In this work conventional ceramic method has been employed for the preparation 

of Ni-Cu-Zn ferrite samples for its relative simplicity and availability. The excellent 

powder preparation process and sintering facility available at the magnetic materials 

division, Atomic Energy Centre, Dhaka has been utilized for the preparation of samples. 
IL 

3.1.1 Compositions of the Studied Ferrite Systems 

In the present research, several compositions of Ni-Cu-Zn soft ferrites are 

synthesized, characterized and investigated to optimize Fe deficient. General formula of 

the sample is (Nio28Cuo1oZno 620) (Fe203)1 , [where x = 0.00, 0.02, 0.04, 0.06, 0.08]. 

The properties of Ni-Cu-Zn ferrites are influenced considerably by sintering temperature. 

3.1.2 Method of Sample Preparation 

The ferrites of different compositions were prepared using ceramic tecirniquc 
>. involving solid state reaction from metal oxides (NiO, CuO, ZnO and Fe204) in the from 

of grained powder having 99.99% purity supplied by GmMH (E-merk, Germany). A 

series of polycrystalline, samples of mixed ferrites, were prepared by pressing and 
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subsequent sintering. Different oxides were weighted precisely according to there 

molecular weight. The weight percentage of the oxide to be mixed for various samples 

was calculated by using formula 

The appropriate weight percentage of each oxide to be mixed for different 

composition by the following formula: 

Weight % of oxide = 
Molecular weight of oxide x required weight of the sample 

Sum of molecular weight of each oxide in a sample 

The calculated weight of oxide materials, molecular weight of oxides and wt.% 

calculated for each sample prepared are used for experiments. 

3.1.3 Synthesis of Ni-Cu-Zn Ferrites 

Ferrites with optimized properties are always demanded delicate handling and 

caution approach in materials synthesis and appropriate knowledge of thermodynamics 

control of the chemical composition and homogeneity. There are many processing 

methods such as solid state reaction method [3.1], high energy ball milling [3.2], sol gel 

method [3.3], chemical co-precipitation method [3.4], microwave sintering method [3.5], 

auto combustion method [3.6] etc for the preparation of polycrystalline ferrite materials. 

They are mainly divided into two groups. 

Conventional Ceramic Method, i.e. Solid State reaction method, involves 

milling of reactants followed by sintering at elevated temperature. 

Non-conventional method also called wet-method. Among these 

processes: Sol-Gel synthesis, chemical co-precipitation method, organic 

precursor method, reverse micelles method, co-spray roasting, activated 

sintering, etc. 

3.1.4 Solid State Reaction Method 

This method was used the synthesis of Ni-Cu-Zn ferrites by many researchers 

[3.6-3.13]. In this method, different metal oxides are mixed and calcined to get ferrite 

powders. 
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In the present investigation solid state reaction has been employed for the 

preparation of Ni-Cu-Zn ferrite samples for its simplicity and availability. 

The overall preparation process generally comprised of the following four major steps: 

(1) Preparing a mixture of desired composition 

Pre sintering the mixture to form ferrite 

Converting the Raw ferrite into powder and pressing the powder 

Sintering. 

The sintering process is irreversible in terms of microstructure, so that constant 

care could be maintained to keep conditions constant prior to and during sintering. A 

brief discussion given below will give us the idea about the above mentioned four major 

steps. 

Cylindrical container Giinding media 
with integral bottom tumbling as 
and removable lid mill turns 

Rubber- coated rollers 
connected by a belt and 
pulley to a drive motor 

Fig. 3.1 Rubber-lined mill with stainless-steel balls 

The constituent in required stoichiometric proportions of materials were 

thoroughly mixed using ceramic mortar and pestle for 4 hrs and then ball milled in a 

planetary ball mill in ethyl alcohol media for 2hrs with stainless steel balls of different 

>- sizes in diameter Fig. 3.1. The slurry was dried and the powder was pressed into disc 

shape. The disc shaped sample was pre-sintered at 850°C for 6hrs. The sample was then 

cooled down to room temperature at the same rate as that of heating. After that samples 
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shape. The disc shaped sample was pre-sintered at 850°C for 6hrs. The sample was then 

cooled down to room temperature at the same rate as that of heating. After that samples 

were crushed again and subsequently wet ball milled for 6hrs hours in distilled water to 

reduce it to small crystallites of uniform size. In order to produce chemically 

homogeneous and magnetically better material this prefired lump material was crushed. 

• 

11 - 'ill Y 
J. 

4' fr . ..I .. 

7 

Fig. 3.2 Hydraulic press used to make different shaped samples 
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Fig. 3.3 Toroid and disk shape sample 

These oxide mixtures were milled thoroughly for 4-6 hours to obtain homogeneous 

mixture. The mixture was dried and a small amount of saturated solution of polyvinyl 

alcohol (PVA) were added as a binder and pressed into pellet and toroid shape 

respectively under pressure 1.75 ton-cm 2  and 1.2 ton-cm 2  using hydraulic press Fig. 3.2. 

The prepared samples shown in Fig 3.3 were sintered at 1100°C for 2 hrs with a 

microprocessor controlled muffle furnace. The samples were polished in order to remove 

any oxide layer formed during the process of sintering. 

3.1.4.1 Preparing a Mixture of Materials 

The extend of this work in these step greatly, depending on the starting materials, 

when component oxide are used, the corresponding step involves a mere mixing of the 

oxides by wet milling. To avoid iron contamination, mixing is done with stainless steel 

balls in a steel ball milling machine and a fluid such as distilled water is used to prepare 

the mixture into slurry. Ferric oxide, Fe2O3  and whatever oxides, MO are required are 

taken in powder form with the captions in the ratio corresponding to that in the final 

product. Metal carbonate may also be used; during the later firing, CO2  will be given off 

and they will be converted to oxides. 

3.1.4.2 Pre-sintering the Mixture to Form Ferrite 

The slurry prepared in step-I is dried, palletized and then transferred to a 

porcelain crucible for pre sintering in a constant temperature of 850°C for 41 hours. 

Presintering of the materials was preformed in a furnace named Gallen Kamp at AECD 

(Atomic Energy Centre, Dhaka). The cooling and heating rates were 40C/mm. The pre- 
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sintering is very crucial because in this step of sample preparation of ferrite is formed 

form its component oxides. The solid-state reactions, leading to the formation of ferrites, 

actually achieved by counter diffusion. This means that the diffusion involves two or 

more species of ions, which more in opposite direction initially across the interface of 

two contacting particles of different component oxides. 

The following block diagram in Fig. 3.4 represents the method employed for the 

Ni-Cu-Zn-ferrites 

I I 
Oxide of raw materials 

Weight by 
 different mole I____ I Dry mixing by agate 

percentage mortar materials 

Wet mixing of the materials by ball milling 
in ethyl alcohol for 2 hours 

Pressed int
Crushed 

o disc shaped samples and pre-sintered at 
850°C for holding time 6 hours 

Wet milling for 6 hours 
_, Pressing to desired shapes 

in distilled water 
I 

Finished products Sintering 

Fig.3.4 Flowchart of ferrite sample preparation 

The ferrite is formed essentially in the pre-sintering step but the 'raw' ferrite 

formed has poor quality. In order to produce chemically homogeneous, dense and 

magnetically better material of desired shape and size, sintering at an elevated 

temperature is needed. 



3.1.4.3 Converting the Raw Ferrite into Powder and Pressing the 

Powder 

To promote successful sintering in the next step, the powder must be well 

characterized after grinding with respect to such factors as particle size and distribution 

particle shape, homogeneity, absorbed gases, impurities and intra particle porosity. Iron 

contamination due to continuous wear of the mill wall and still ball need to be closely 

watched and minimized. Now to ground homogeneous powder polyvinyl alcohol is added 

as a binder. Pressing the powder into compacts of desired shapes is done either by 

conventional method in a die-punch assembly or by hydrostatic or isocratic compaction. 

By conventional method in a die-punch assembly a uniformly dense body is difficult 

owing to the friction gradient of the powder at the walls of the die and between the 

particles themselves. This problem is some what overcome by the addition of external 

and internal lubricant to the powder such as a satiric acid. 

Mainly, we made three types of samples cylindrical, Tablet and toroidal. 

Specimen was prepared by a hydraulic press with a pressure at I - 10 ton/cm2  (14 - 140 

MPa). The die was designed and made in the workshop of AECD. This is made of 

nonmagnetic stainless steel. 

3.1.4.4 Sintering 

Sintering commonly refers to processes involved in the heat treatment of powder 

compacts at elevated temperatures where diffusion mass transport is appreciable. 

Sintering is traditionally used for manufacturing ceramic objects, and has also found uses 

in such fields as powder metallurgy. Successful sintering usually results in a dense 

polycrystalline solid. However, sintering can proceed only locally (i,e. at contact point of 

grains), without any appreciable change in the average overall density of a powder 

compact. 

Ceramic processing is based on the sintering of powder compacts rather than 

melting I solidification / Cold working (Characteristics for metals), because: 

(i) Ceramics melt at high temperature 
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As solidified microstructures cannot be modified through additional 

plastic deformation and re-crystallization due to brittleness of ceramics 

The resulting coarse grains would act as facture initiation sites 

Low thermal inductivities of ceramics (< 30 - 50 W/mK), in contract to 

thermal conductivity not metals (in the range 50 - 300 W/mK) cause large 

temperature gradients, and thus thermal stress and shock in melting-

solidification of ceramics. 

This is a heat treatment by which a mass of compacted powder is transformed into 

a dense object. This is the final and critical step of sample preparation. Sintering is the 

bonding together of a porous aggregate of particles at high temperature. The 

thermodynamic driving force is the reduction in the specific surface' area of the particles. 

The sintering mechanism usually involves atomic transport over particle surfaces, along 

grain boundaries and through the particle interiors. Sintering may result in densification, 

depending on the predominant diffusion pathway. It is used in the fabrication of metal 

and ceramic components, the agglomeration of ore fines for further metallurgical 

processing and occurs during the formation of sandstones and glaciers. Sintering must 

fulfill three requirements 

. to bond the particles together so as to impart sufficient strength to the product 

to density the grain compacts by eliminating the pores and 

• To complete the reactions left unfinished in the pre-sintering step. 

The theory of heat treatment is based on the principle that when a material has been 

heated above a certain temperature, it undergoes a structural adjustment or stabilization 

when cooled at room temperature. The cooling rate plays an important role on which the 

structural modification is mainly based. 

Sintering can be enhanced by the presence of a liquid phase. If the constitution 

point of an alloy during sintering falls in a solid plus liquid region of the phase diagram, 

then the liquid persists throughout sintering. Transient liquid phase sintering occurs when 

the liquid phase is absorbed by the solid phase during sintering. Because the amount of 

liquid which forms, and the time for which it exists, is dependent on the sintering 

conditions, transient liquid phase sintering systems are process sensitive. The liquid 

phase can form directly from the elements when the sintering temperature is between the 
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4- melting point of the matrix and the additive, by the melting of eutectic phase mixtures, 

which form by diffusion or by incipient melting. The liquid flows between the particles 

filling pores and causing densification by capillary action and through the provision of a 

fast diffusion pathway. Shrinkage occurs by particle rearrangement if the liquid volume is 

high enough and the green density is low enough, by the particles changing shape to 

allow better packing, by pore filling and by solid state sintering if a solid skeleton forms. 

Why do we need Sintering? 

The principal goal of sintering is the reduction of compact porosity. Sometimes the 

-4' initial spaces between compacted grains of ceramics are called "voids", to differentiate 

them from the isolated spaces pores, which occur in the final stages of sintering. Hangs 

occur in: 

To bind the particles together so as to impart sufficient strength to the 

products 

To densify the green compacts by eliminating the pores and 

To homogenize the materials by completing the reactions left unfinished in 

the pre-sintering step [3.7] 

To make strength of elastic modulus 

To make hardness and fracture toughness 

To make homogenous distribution of grain number, grain size and shape 

To improve the average pore size and shape 

To get a stable chemical composition and crystal structure 

Sintering is a widely used but very complex phenomenon. The fundamental 

mechanisms of sintering are still a matter of controversy. Experimental quantification of 

changes in pore fraction and geometry during sintering can be attempted by several 

techniques, such as: dilatometer, buoyancy, gas absorption, porosimetry, indirect methods 

(e.g. hardness) and quantitative microscopy etc. 

The description of the sintering process has been derived from model experiments (e.g., 

sintering of a few spheres) and by observing powdered compact behavior at elevated 

temperatures. The following phenomena were observed: 

1) Increase of inter-particle contact area with time 
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Rounding-off of sharp angles and points of contact 

In most cases, the approach of particle centers and overall densification 

Decrease in volume of interconnected pores 

Continuing isolation of pores 

Grain growth and decrease in volume of isolated pores 

3.2 X-ray Diffraction (XRD) 

X-rays are the electromagnetic waves whose wavelength is in the neighborhood of 

iA. The wavelength of an X-ray is that the same order of magnitude as the lattice 

constant of crystals and it is this which makes X-ray so useful in structural analysis of 

crystals. X-ray diffraction (XRD) provides precise knowledge of the lattice parameter as 

well as the substantial information on the crystal structure of the material under study. X-

ray diffraction is a versatile nondestructive analytical technique for identification and 

quantitative determination of various crystalline phases of powder or solid sample of any 

compound. When X-ray beam is incident on a material, the photons primarily interact with 

the electrons in atoms and get scattered. Diffracted waves from different atoms can interfere 

with each other and the resultant intensity distribution is strongly modulated by this 

interaction. If the atoms are arranged in a periodic fashion, as in crystals, the diffracted waves 

will consist of sharp interference maxima (peaks) with the same symmetry as in the 

distribution of atoms. Measuring the diffraction pattern therefore allows us to deduce the 

distribution of atoms in a material. It is to be noted here that, in diffraction experiments, only 

X-rays diffracted via elastic scattering are measured. 

The peaks in an X-ray diffraction pattern are directly related to the atomic distance. 

Let us consider an incident X-ray beam interacting with the atoms arranged in a periodic 

maimer as shown in two dimensions in Fig. 3.5. The atoms, represented as spheres in the 

illustration, can be viewed as forming different sets of planes in the crystal. For a given 

set of lattice planes with an inter-plane distance of d, the condition for a diffraction (peak) 

to occur can be simple written as 

2dsin nO = n2 (3.1) 
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which is known as Bragg's law. In the equation, ?. is the wavelength of the X-ray, 0 is the 

scattering angle, and n is an integer representing the order of the diffraction peak. The 

Bragg's Law is one of the most important laws used for interpreting X - ray diffraction 

data. From the law, we find that the diffraction is only possible when X < 2d [3.15]. 

X-ray I 

X-iav 2 

Fig. 3.5 Bragg's diffraction pattern 

In the present work, A PHILIPS PW 3040 X'pert PRO X-ray diffractometer was 

used for the lattice parameter to study the crystalline phases of the prepared samples in 

the Materials Science division, Atomic Energy Centre, Dhaka. Fig. 3.6 shows the block 

4 diagram of X' pert XRD system. 

The powder diffraction technique was used with a primary beam powder of 40 kV 

and 30mA for Cu-Ka  radiation. A nickel filter was used to reduce Cu-Kr radiation and 

finally Cu-Ku  radiation was only used as the primary beam. The experimental has been 

performed at room temperature. A 20 scan was taken from 15° to 75° to get possible 

fundamental peaks of the samples with the sampling pitch of 0.02° and time for each step 

data collection was 1.0 sec. Both the programmable divergence and receiving slits were 

used to control the irradiated beam area and output intensity from the powder sample, 

respectively. An anti scatter slit was used just after the tube and in front of the detector to 

get parallel beam only. All the data of the samples were stored in the computer memory 

and later on analyzed them using computer "software, X' PERT HJGHS CORE". For 

XRD experiment each sample was set on a glass slide and fixed the sample by putting 

adhesive typed the two ends of the sample. 
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Fig. 3.6 Block diagram of the PHILIPS PW 3040 X' Pert PRO XRD system 

For each composition, the cylindrical samples of weight more than 2 gm are 

converted into powder. For XRD experiment each sample was set on a glass slide and 

fixed the sample by putting adhesive tape at the two ends of the sample X-ray diffraction 

patterns were carried out to confirm the crystal structure. Instrumental broadening of the 

system was determined from 0-20 scan of standard Si. At (311) reflection's position of 

the peak, the value of instrumental broadening was found to be 0.07°. This value of 

instrumental broadening was subtracted from the pattern. After that, using the X-ray data, 

the lattice constant (a) and hence the X-ray densities were calculated. 
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3.2.1 Different Parts of the PHILIPS X' Pert PRO XRD System 

Fig. 3.7 shows the inside view of the X' pert PRO XRD system. A complex of 

instruments of X- ray diffraction analysis has been established for both materials research 

and specimen characterization. 

ir I 

+ 

I  

Fig. 3.7 Internal arrangement of a PHILIPS X' Pert PRO X-ray diffractometer 

These include facilities for studying single crystal defects, and a variety of other 

materials problems. 

The PHILIPS X' Pert PRO XRD system comprised of the following parts; 

(1) "Cu-Tube" with maximum input power of 60 kV and 55 mA, 

"Ni- Filter" to remove Cu-Ka  component, 

"Solar slit" to pass parallel beam only, 

"Programmable Divergent slits" (PDS) to reduce divergence of beam and 

control irradiated beam area, 

"Mask" to get desired beam area, 

"Sample holder" for powder sample, 

"Anti Scatter slit" (ASS) to reduce air scattering back ground, 

"Programmable Receiving slit" (PRS) to control the diffracted beam 

intensity and 

55 



71- (ix) "Solar slit" to stop scattered beam and pass parallel diffracted beam only. 

3.2.2 Interpretation of the XRD data 

The XRD data consisting of °hkl  and dhkl  values corresponding to the different 

crystallographic planes are used to determine the structural information of the samples 

like lattice parameter and constituent phase. Lattice parameters of Co-ferrites samples 

were determined. Normally, lattice parameter of an alloy composition is determined by 

the Debye-Scherrer method after extrapolation of the curve. We determine the lattice 

spacing (interplaner distance), d using these reflections from the equation which is known 

as Bragg's Law. 

2dhkl SinO = n 

A. I 
i.e. dhkl = , \':. \ J.) (3.2) 

2sinG I  

where ?. is the wavelength of the X-ray, 0 is the diffraction añgle -and n is an integer 

representing the order of the diffraction. 

The lattice parameter for each peak of each sample was calculated by using the 

formula: 

a = dhk/  x ih2 + k2 +12 (3.3) 

where h, k, 1 are the indices of the crystal planes. We get dhkl  values from the computer 

using software "X' Pert HJGHS CORE". So we got ten 'a' values for ten reflection 

planes such as a a1  , a2 a3  .....etc. Determine the exact lattice parameter for each sample, 

through the Nelson-Riley extrapolation method. The values of the lattice parameter 

obtained from each reflected plane are plotted against Nelson-Riley function [3.9].The 

Nelson-Riley function F (0), can be written as 

F(0) 
1[C0s2 0 c0s2 01 

+ 
2[ sinO 0 

where 0 is the Bragg's angle. Now drawing the graph of 'a' vs. F(0) and using linear fitting of 

those points will give us the lattice parameter 'a0'. This value of 'a0' at F(0) = 0 or 0 = 900 

These 'ao's are calculated with an error estimated to be ± o.000iA. 

(3.4) 

56 



3.2.3 X-ray Density and Bulk Density 

X-ray density, d was also calculated usual from the lattice constant. The relation 

between d and 'a' is as follows, 

ZM 
X  - Na 3 

(3.5) 

where M is the molecular weight of the corresponding composition, N is the Avogadro's 

number (6.023X1 023  mol&'), 'a' is the lattice parameter and Z is the number of molecules 

per unit cell, (Z = 8 for the spinel cubic structure). The bulk density was calculated 

considering a cylindrical pellet of mass (m) and volume (V) of the pellets using the 

relation 

dB —  — — 
m m 

V jrr 2h 
(3.6) 

where m is the mass of the pellet sample, r is the radius and h is the thickness of the 

pellet. 

3.2.4 Porosity 

Porosity is a parameter which is inevitable during the process of sintering of oxide 

materials. It is noteworthy that the physical and electromagnetic properties are strongly 

dependent on the porosity of the studied samples. Therefore an accurate idea of 

percentage of pores in a prepared sample is prerequisite for better understanding of the 

various properties of the studied samples to correlate the microstructure property 

relationship of the samples under study. The porosity of a material depends on the shape, 

size of grains and on the degree of their storing and packing. The difference between the 

bulk density dB  and X-ray density d gave us the measure of porosity. Percentage of 

porosity has been calculated using the following relation [3.10] 

d R  P = 0- —) x 100% 
d 

(3.7) 

57 



3.3 Permeability Measurement 

3.3.1 Agilent Precision Impedance Analyzer (Agilent, 4192A) 

Curie temperature measurements were done by using Hewlett Packard 41 92A LF 

Impedance Analyzer shown in Fig. 3.8. Impedance parameters absolute value of 

impedance (lZ),  absolute value of admittance (IYI),  phase angle (0), resistance (R), 

reactance (X), conductance (G), susceptance (B), inductance (L), capacitance (C), 

dissipation (D) and quality factor (Q). Measurement range of JZJ I R / X is 0.1 mn to 

41 

1.2999 M, JYJ/G/B  is 1 ns to 12.999 s; 0 is -180° to +1800; L is 0.1mH to 1.000 kH; C 

is 0.IPF to 100.0 mF, D is 0.0001 to 19.999; Q is 0.1 to 1999.9. All have a basic accuracy 

of 0.1% and resolution of 4 digits. Number of display digits dependence on 

measuring frequency and OSC level setting. We made use of the excellent experimental 

facilities available at the Materials Science Division, Atomic Energy Centre, Dhaka. 

Moreover, the 4192A's high measurement performance and capable functionality 

delivers a powerful tool to circuit design and development as well as materials research 

and development (both electronic and non electronic materials) environments: 

*Accjjrate  measurement over wide impedance range and wide frequency range. 

If 

* Powerful impedance analysis function. 
* Ese of use and versatile PC connectively. 

The following are application examples; 

• Impedance measurement of two terminal components such as capacitors, 

inductors, ferrite beads, resistors, transformers, crystal/ceramic resonators, 

multi-chip modules or array/network components. 

Semiconductor components 

C - r characteristic analysis of varac for diodes. 

• Parasitic analysis of a diode, transistor or IC package terminal/leads. 

• Amplifier input/output impedance measurement. 

• Impedance evaluation of printed circuit boards, relays, switches, cables, 

batteries etc. 
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Dielectric materials 

• Permittivity and loss tangent evaluation of plastics, ceramics, printed circuit 

boards and other dielectric material 

Magnetic materials 

• Permeability and loss tangent evaluation of ferrite, amorphous and other 

magnetic materials. 

Semiconductor material 

• Permittivity, conductivity and C - V characteristics of semiconductor 

materials. 

* 

Power 

! 

Digital 
thermometer 

Cylindrical 
oven 

Impedance analyzer 

Fig. 3.8 Impedance Analyzer Model-Hewlett-Packard 4192A 
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3.3.2 Curie Temperature 

Curie temperature measurement is one of the most important measurements because 

it provides substantial information on magnetic status of the substance in respect to the 

strength of exchange interaction. Above Curie temperature spontaneous magnetization 

vanishes and ferromagnetic materials behave like paramagnetic materials. So the 

determination of Curie temperature accurately is of great importance. The temperature 

dependence properties of ferrite materials depend upon its sublattice distribution and spin 

orientations of the metal ions and we can predict about the sublattice magnetization by 

measuring the Curie temperature. 

There are several processes of measuring the Curie temperature; these are 

by measuring magnetization against temperature, 

by measuring variation of initial permeability against temperature, 

by measuring susceptibility against temperature and 

by measuring the variation of resistivity of the sample against temperature. 

In our present research work, we measured the Curie temperature of the samples by 

observing the variation of initial permeability of the ferrite samples with temperature and 

magnetization against temperature. 

3.3.3 Measurement of Curie Temperature by Observing the Variation 

of Initial Permeability with Temperature 

For ferrimagnetic materials in particular, for ferrite it is customary to determine the 

Curie temperature by measuring the permeability as a function of temperature. According 

to Hopkinson effect [3.11] which arises mainly from the intrinsic anisotropy of the 

material has been utilized to determine the Curie temperature of the samples. According 

to this phenomenon, the permeability increases gradually with temperature and reaching 

to a maximum value just before the Curie temperature. 



The temperature dependent permeability was measured by using induction method. 

The specimen formed the core of the coil. The number of turns in each coil was 5. We 

used a constant frequency (100 kHz) of a sinusoidal wave, AC signal of 100mV. HP 

41 92A impedance analyzer with continuous heating rate of 5 K I min with very low 

applied ac field of z 1 0 30e. By varying temperature, inductance of the coil as a function 

of temperature was measured. Dividing this value of L0  (inductance of the coil without 

core material), we got the permeability of the core i.e. the sample. When the magnetic 

state inside the ferrite sample changes from ferromagnetic to paramagnetic, the 

permeability falls sharply. From this sharp fall at specific temperature the Curie 

temperature was determined. For the measurement of Curie temperature, 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 the temperature of the sample may not follow the 

temperature inside the oven and there can be misleading information on the temperature 

of the samples. The thermocouple showing the temperature in that case will be erroneous. 

Due to the closed winding of wires the sample may not receive the heat at once. So, a 

slow heating rate can eliminate this problem. The cooling and heating rates are 

maintained as approximately 0.5°C min 1  in order to ensure a homogeneous sample 

temperature. Also a slow heating ensures accuracy in the determination of Curie 

temperature. 

The oven was kept thermally insulated from the surroundings. The temperature was 

measured with a digital thermometer attached close to the sample and put inside the 

furnace where the temperature fluctuation is almost negligible. Then the permeability 

versus temperature curve was plotted from which the Curie temperature was calculated. 

3.3.3 Permeability 

From the frequency dependence of complex permeability, evolution of permeability 

and magnetic loss component at different stages of ferrite sample as affected by thermal 

treatment at different temperature was determined using toroids shape sample prepared 
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with insulating Cu wire. The 4192 LF Impedance analyzer directly measure the value of 

inductance, L and loss factor. 

D=tanö (3.8) 

From inductance the value of real part of complex permeability, i'  can be obtained 

by using the relation 

- 

L 
(3.9) 

L0  

where L is the inductance of the toroid and L0  is the inductance of the coil of same 

geometric shape in vacuum, L0  is determined by using the relation, 

- 
,u0 N 2S 

L0 -  _____ 

,rd 
(3.10) 

Here p, is the permeability of the vacuum, N is the number of turns (here N = 5), S is the 

d1 --d2 - 

cross-sectional area of the toroid shaped sample, S = dh, where, d 
= 2 

and d is 

the average diameter of the toroid sample given as 

-t 
d= d1+d2 

2 
' (3.11) 

where, d1  and d2  are the inner and outer diameter of the toroid samples. 

3.3.4 Mechanisms of Permeability 

Mechanisms of permeability can be explained as the following way: a demagnetized 

magnetic material is divided into number of Weiss domains separated by block walls. in 

each domain all the magnetic moments are oriented in parallel and the magnetization has 

its saturation value M. In the walls the magnetization direction changes gradually from 

the direction of magnetization in one domain to that in the next. The equilibrium 
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positions of the walls results from the interactions with the magnetiiation in neighboring 

domains and from the influence of pores; crystal boundaries and chemical in 

homogeneities which tend to favor certain wall positions. 

3.3.5 Technique of Measurements of Permeability 

Measurements of permeability normally involve the measurements of the change in 

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

can now be described as follows. Suppose we have an ideal lossless air coil of inductance 

L0. On insertion of magnetic core with permeability i, the inductance will be iL0. The 

complex impedance Z of this coil can be expressed as, 

Z = R +jX =joL0Qf -jjt"), (3.12) 

where the resistive part is 

RcüL0 i', (3.13) 

and the reactive part is 

X=eL0 .t" (3.14) 

The radio frequency (RF) permeability can be derived from the complex impedance 

of a coil Z (Eq. 3.12). The core is usually toroidal to avoid demagnetization effects. The 

quantity L. is derived geometrically. 

3.3.6 Frequency Characteristic of Ferrite Samples 

The frequency characteristics of the cubic ferrite sample i.e. the permeability spectra 

were investigated using a Hewlett Packard Impedance Analyzer of Model No.41 92A 

provide the value of inductance, L and loss factor, D = tan6. The measurements of 

inductances were taken in the frequency range of I kFlz to 13 MHz. The values of 

measured parameters obtained as a function of frequency and the real (1f) and imaginary 
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part (if) of permeability and the loss factor are calculated. l  is calculated by using the 

Eq.3.9 and Eq.3.10 and [0 is calculated by using the following equation 

= .t' tanö (3.15) 

3.4 Low Field Hysteresis graph 

Hysteresis is well known in ferromagnetic materials. When an external magnetic 

field is applied to a ferromagnet, the atomic dipoles align themselves with the external 

field. Even when the external field is removed, part of the alignment will be retained: the 

material has become magnetized. 

A general view of the B - H loop tracer with its system components is shown in Fig. 

3.9. A hysteresisgraph or B - H Meter allows for the magnetic properties of soft 

magnetic materials to be measured. A schematic diagram of commercial hysteresisgraph 

has been presented Fig. 3.10. A hysteresisgraphhas two major functions. It produces 

current to produce a magnetic field, and measures voltage over time to measure magnetic 

induction. By determining the induction response of the test sample to the applied 

current, the magnetic properties of the material is determined. Most soft magnetic 

materials are measured using ring geometry. Two coils of wire are wound around the 

sample. 

A current from a bi-polar power supply is passed through the primary coil to 

generate a magnetic field in the ring. The applied magnetic field is proportional to the 

current. As the sample magnetic induction changes in response to the applied magnetic 

field, a voltage is induced in the secondary windings. This induced voltage is integrated 

over time with a circuit often called a fluxmeter, as it is used in many applications to 

measure magnetic flux. The integrated voltage is proportional to the magnetic induction 

of the test samples. The current in the primary coil is determined by measuring the 

voltage across a resistor. All the data of the samples were analyzed using computer 

software to control the applied field and measure both B and 1-I simultaneously. 



• 

z1 : 

-r 

Fig. 3.9 B - H ioop tracer 

3.4.1 Measurement of an Initial B - H Curve 

As these are important curves for magnetic design, these curves are measured using a 

hysteresis graph. For accurate initial curves, the sample must be demagnetized prior to the 

measurement. This demagnetization can be performed either externally, or in many cases, the 

sample can be demagnetized by the hysteresis graph. Residual magnetization can greatly 

distort the response of a soft magnetic material near zero field. 
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Fig. 3.10 Schematic diagram of commercial hysteresis graph 

lei 
3.4.2 AC B - H Curve Measurement 

In many applications, soft magnetic materials are subjected to cyclical magnetic 

field. The response of a soft magnetic material can be very complicated in this case, and 

is determined by both material parameters, such as sample permeability and material 

geometry. It can be exceedingly difficult to make accurate predictions of material 

performance through computer models. Therefore, the best way to determine the 

performance of these materials is to measure the B - H curve under cyclical applied 

magnetic fields. This can be performed using a hysteresis graph. The bi-polar power is 

driven at the test frequency, and the fluxmeter can measure the varying magnetic 

induction of the material. The resulting BH-curves are called AC B - H curves, and yield 

important information in regards to the material such as AC permeability and core loss. 



For these types of measurements, it is important that the hysteresis graph components 

have the appropriate frequency response to measure the AC B - 1-I curve properly. 

3.4.3 Materials Geometry 

The AMH-series permeameter measures characteristics of soft magnetic materials, 

according to the IEC 60404-4 and IEC 60404-6 standards. The ideal sample geometry of 

soft magnetic material is a ring. Thus shape is preferable because ring shape eliminates 

factors that can distort the magnetic test results. The main source of distortion of test data 

-4- on soft magnetic materials is usually from air-gaps present in the magnetic test circuit. 

These air gaps lower the apparent permeability of the material, and can be difficult to 

control. As ring geometry is continuous path, the magnetic circuit is closed, without any 

air gaps that cause distortion. In addition, the magnetic path length, which is required to 

convert the applied current in the sense windings into applied magnetic field, is easy to 

calculate an unambiguous for ring samples. In ring shaped samples, primary winding are 

wound on the ring to generate a magnetic field in the sample via applied current to the 

primary windings. A secondary coil is also wound onto the ring to inductively measure 

the magnetic induction of the sample. If this machining process is on a sample must be 

form of ring can be made in different methods: 

made as an unique dense piece of material, obtained by mechanical works or 

by casting, sintering, etc. 

made by stacking several disks with the same internal and external diameter, 

that can be obtained by punching, laser cutting, etc. 

made by a unique thin strip wound as a clock-spring. 

The external diameter De should be higher than 1.4 times the internal diameter D. 

The cross section A of the sample is calculated by the geometrical relation 

A= (D—D,)h 

2 
(3.16) 

where h is the thickness of the sample. The thickness can be measured normally with a 

gauge if the sample is a solid ring. If it is made by stacked rings, sometimes it is preferred 
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Thickness 

3.4.4 Windings 

Fig. 3.11 Sample geometry 

to use the mass and the density, calculating the thickness h with the formula: 

4m 

- p,7(D—D12 )' 

where p is the density of the material. 

(3.17) 

vfArrI ,1 mefAr fl 

In these instances accurate magnetic measurements can still be performed, since the 

sample geometry creates a closed magnetic circuit. For these measurements, primary and 

secondary coils are wound onto the sample, as with ring measurement. The magnetic path 

length of the test circuit must be either determined or known in order to convert the 

applied primary current into applied magnetic field. 

Two types of windings are necessary for the measure: 

Magnetization winding (NH number of turns) and 

Measuring winding (N13  number of turns) 

The magnetization winding consists of a suitable number of turns N11  in which flows 

the magnetization current, i. The current produces the magnetic field H following the 

LSL4. 



relationship: 

irn 
(3.18) 

where 1m  is the mean magnetic path length. If De  does not exceed D1  more than 10 %, we 

can approximate 'm  with the mean circumference: 

(3.19) m 
2 

If D>> D1, then it is preferable to use the 

De  —D 
(3.20) 

ln(-) 
D 

The value of 'm  is automatically calculated by the software. 

The magnetic flux induced in the sample under test is measured using a computer-

controlled integrating fluxmeter attached to the secondary winding. The secondary 

winding produces the induced voltage V2  from which the magnetic flux b is obtained: 

P=-JV2dt, (3.21) 

The integrating fluxmeter is the preferred method of measuring induced magnetic 

flux when the H field is being varied at frequencies from DC (typically 0.01Hz) to 10 

kHz and numerically by the computer controlled software for AC measurements. The 

common method for implementing an electronic integrator consists of a DC amplifier 

with resistive—capacitive feedback and the magnetic induction, B is then obtained by the 

flux by the relationship: 

B= 1 (3.22) 
N13  A 

RM 
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3.4.5 DC Measurement 

DC measurements are made using a field that change very slowly, and that can be 

considered quasi-static. Since the variation of H, and in general the variation of B, is very 

slow, the inducted voltage is very small, and a numerical integration will give inaccurate 

results. The integration of the inducted voltage is performed by the flux meter, which is more 

precise and can follow very well the variation of B at such slow rate. After winding, the ring 

must be connected to the flux meter through the special cable for DC measure shown in 

Fig.3.12. This cable is simply an extension that takes signal from measuring connection to 

flux meters inputs. For devices with two flux meters, use the 
(B) 

 flux meter. This flux meter 

is then connected by the analog output (in the back panel) to the PC boards. A 4-poles 

connector pennits the connection to auxiliary optional devices connect the H-turns to 

magnetization connectors and the B turnc in the connection in DC cable. Then connect the 

other terminals to the flux meter shown in Fig 3.13. The sample put on the fan grid. 

to J fluxmeter 

Fig. 3.12 DC measuring cable 
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AC/DC hysteresis graph for hard and soft magnetic materials of the prepared 

samples measured AMI-I-IK-1800-HS B-I-I loop tracer in the Materials Science division, 

Atomic Energy Centre, Dhaka. In DC conditions, I-I and B are always in phase, and the 

max value of H corresponds to the max value of B. The Hysteresis cycle always has some 

sharp vertex. The DC normal magnetization curve is the set of all the vertex of different 

amplitude. The ratio between B and ILOH is a ratio between two simultaneous values, and 

it is called relative permeability. 

3.5 Transport Property 

3.5.1 DC and AC Resistivity 

Resistivity is an intrinsic property of a material .The technical importance of ferrites 

lies primarily in their high resistivity. Technical ferrites are resistivity of 1 to 1012  c-cm. 

In magnetic material to low resistivity gives raise T eddy current losses. The losses are 

inversely proportional to the resistivity. So measurement of resistivity is very crucial for 

ferrite material. The electrical resistivity measurements carried out by a two probe 

method on silver painted sample a Keithley Electrometer using pellet samples of diameter 

8.3-8.8mm and of thickness 1.2 - 2.5 mm by applying silver electrodes on the surfaces. 

Samples were prepared by sintering the samples at 1100°C to 1200°C for Ni-Cu-Zn 

ferrites for 3hours. The samples were polished using metallurgical polishing machine 

- with the help of silicon carbide papers with grit size 600. After that the samples were 

clean with acetone and then again polished with special velvet type polishing cloth 

named as a-gam, for finer polishing using fine alumina powder of grain size 0.05 micron 

dispersed in a liquid. 

The powders were of various sizes starting with 1 micron to 0.05 micron. Samples are 

then cleaned in a ultrasonic cleaner and dried in surface at 150°C for several hours. Then 

the samples are again cleaned with acetone and silver paste was added to both the sides of 

the polished pellet samples together with two thin copper wires of 100 micron diameter 

for conduction. Again the samples are dried at 150°C to eliminate any absorbed moisture. 

10- The DC and AC resistivity were measured as a function of frequency in the range 1 

kHz- 13MHz at room temperature by Electrometer Keithley model 6514 and impedance 

analyzer. The electrical resistivity has been calculated using the formula: 
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__R [: A = 7rr 2 ] (3.23) 

where R is the resistance of the Pellet, r is the radius of the pellet and 1 is the thickness of 

the pellet . Sintered ferrite pellet specimens were used to determine resistivity. Electrodes 

were painted on the surface of the sample using a conducting silver paste. The AC 

resistivity p was calculated using the formula 

1 A 
= COSE' tan 8 = 2izf tan c2t' (3.24) 

Where co  is the permittivity of free space, is relative dielectric constant, tans is the 

dissipation or loss factor, w is the angular frequency, C is the capacitance, A and t are the 

area and thickness of the sintered pellet respectively. 

Ferrites are semiconductors and their resistivity decreases with increasing 

temperature according to the relation 

PPae 
K IKT 

(3.25) 

where K the Boltzmann constant, T is the absolute temperature, E represents an 

activation energy which according to Verway and De Boer is the energy needed to 

release an electron from the ion to jump to the neighboring ion, thus giving rise to 

electrical conductivity. If we plot log p vs for various ferrites, a straight line is found in 

a wide temperature range with a slope corresponding to E according to the relation 

E=O.l98x1O3 
d(Iogp) 

(3.26) 
d(1 / T) 

3.5.2 Dielectric Properties 

Ceramics are mostly covalently bonded material hence electrically non 

conductive or insulator. Importance of particular property depends on the application 

demand. For instance, dielectric strength is an important parameter for application of 

ceramic as insulators used in power transmission line, load bearing general insulators, in 

house hold appliances etc. In this kind of applications where frequency do not exceed 
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Ir 1kHz, the break down strength, measured in kV/cm, together with mechanical strength 

are important factors. The dielectric constant (C) or loss factor () does not matter much. 

On the other hand, for capacitors and electronics application just the opposite required. 

The values of s' and e are of prime importance, not only their room temperature values 

but also as function of frequency. These are intrinsic properties of material, especially of 

polycrystalline ceramic can be modified by doping, micro structural variation. 

3.5.2.1 Dielectric Constant 

Dielectric constant measurements were done by using.. WAYNE KERR 

INDUCTANCE ANALYZER 3255B. The overall dielectric constant (c) of an insulator 

material as given by the relation: 

D = s0 E = (3.27) 

D represents the electric displacement, E the electric field in the dielectric, c' the 

dielectric constant and CO penriitivity of the vacuum. The electric displacement describes 

the extent to which the electric field has been altered by the presence of the dielectric 

material. The dielectric constant c' is an intrinsic property of a material and a measure of 

the ability of the material to store electric charge relative to vacuum. 

It is measured directly from the capacitance of a capacitor in which the material is 

used as electrode separator or dielectric. The capacitive cell, the dielectric constant (c'), 

total charge (q) and capacitance © can be developed as follows: 

D A 
= (3.28) e 0 E e0 V  

d 

= 

808'AV 
= CV (3.29) 

= 
ee'A 

Where C 
0  

 
d (3.30) 
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Here A represents the area of the capacitive cell, d its thickness, C is the capacitance of 

the material, V the voltage across the cell and 4j±-) the material permittivity in vacuum. 

Thus F1  represents the ratio of the permittivity or charge storage capacity relative to 

air or vacuum as dielectric 

cd 
(3.31) 

0 A 

where c is the capacitance of the pellet in Farad, d the thickens of the pellet in meter, A 

the cross-sectional area of the flat surface of the pellet in m2  and c0  the constant of 

permittivity for free space. Dielectric measurement as a function of frequency in the 

range lOOHz-13MHz at room temperature were carried out by using Hewlett Packrat 

impedance analyzer in conjunction with a laboratory made furnace which maintain the 

desired temperature with the help of a temperature controller. 

3.6 Magnetization Measurement Techniques 

In the present study magnetization has been performed using a Vibrating Sample 

Magnetometer (VSM). 

3.6.1 Vibrating Sample Magnetometer (VSM) 

A vibrating sample magnetometer (VSM) operates on Faraday's Law of 

Induction, which tells us that a changing magnetic field will produce an electric field. 

This electric field can be measured and can tell us information about the changing 

magnetic field. A VSM is used to measure the magnetic behavior of magnetic materials. 

Vibrating Sample Magnetometer is a versatile and sensitive method of measuring 

magnetic properties developed by S. Foner [3.12] and is based on the flux change in a 

coil when the sample is vibrated near it. The Vibrating Sample Magnetometer (VSM) is 

designed to continuously measure the magnetic properties of materials as a function of 

temperature and field. In this type of magnetometer, the sample is vibrated up and down 

in a region surrounded by several pickup coils. The magnetic sample is thus acting as a 
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time-changing magnetic flux, varying inside a particular region of fixed area. From 

Maxwell's law it is known that a time varying magnetic flux is accompanied by an 

electric field and the field induces a voltage in pickup coils. This alternating voltage 

signal is processed by a control unit system, in order to increase the signal to noise ratio. 

The result is a measure of the magnetization of the sample. 

3.6.2 Principle of VSM 

If a sample is placed in a uniform magnetic field, created between the poles of a 

electromagnet, a dipole moment will be induced. If the sample vibrates with sinusoidal 

motion a sinusoidal electrical signal can be induced in suitable placed pick-up coils. The 

signal has the same frequency of vibration and its amplitude will be proportional to the 

magnetic moment, amplitude, and relative position with respect to the pick-up coils 

system. Fig 3.15 shows the block diagram of vibrating sample magnetometer. 

Power 
Driving Coil Amplifier Oscillator 
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Fig. 3.13 Block diagram of vibrating sample magnetometer 
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The sample is fixed to a sample holder located at the end of a sample rod mounted in a 

electromechanical transducer. The transducer is driven by a power amplifier which itself 

is driven by an oscillator at a frequency of 90 Hz. So, the sample vibrates along the Z axis 

perpendicular to the magnetizing field. The latter induced a signal in the pick-up coil 

system that is fed to a differential amplifier. The output of the differential amplifier is 

subsequently fed into a tuned amplifier and an internal lock-in amplifier that receives a 

reference signal supplied by the oscillator. 

The output of this lock-in amplifier, or the output of the magnetometer itself, is a DC 

signal proportional to the magnetic moment of the sample being studied. The 

electromechanical transducer can move along X, Y and Z directions in order to find the 

saddle point. Calibration of the vibrating sample magnetometer is done by measuring the 

signal of a pure Ni standard of known saturation magnetic moment placed in the saddle 

point. The basic instrument includes the electromechanical system and the electronic 

system (including a personal computer). Laboratory electromagnets or superconducting 

coils of various maximum field strengths may be used. 
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Fig. 3.14 Vibrating sample magnetometer 
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Chapter-IV Result and Discussions 

4.0 Introduction 

(Ni028Cu01oZno 620)(Fe203)1  ferrites where x = 0.00, 0.02, 0.04, 0.06 and 0.08 

were investigated to optimize Fe-deficient. Structural characterization and identification 

of phases is a prior necessity for the study of ferrites. Optimum magnetic and electrical 

transports properties of the ferrites necessitate have been investigated with variation Fe-

deficient in Ni-Cu-Zn ferrites. Optimization of Fe-deficient with respect 

(Ni0.28Cu0.ioZn0.62O)(Fe2O3)1  will be investigated to achieve high permeability as well as 

high resistivity in the ferrites. 

4.1 X-Ray Diffraction Analysis 

X-ray neutron and electron diffraction are useful tecimiques to evaluate the 

various phases of the synthesized ferrites as well as their unit cell parameters. In the 

present study X-ray diffraction technique has been utilized to discern these parameters X-

ray diffraction (XRD) studies of the samples were performed by using Philips PERT 

PRO X-ray Diffraction using CUKa  radiation in the range of 20 = 200  to 650  in steps of 

0.02°. 

4.1.1 Phase Analysis 

The phase formation behavior of (Nio28Cuo. ioZno.620)(Fe2O3)1  ferrites where x = 

0.00, 0.02, 0.04, 0.06 and 0.08 sintered at 1100°C were studied by XRD. All the samples 

show crystallization with we defined diffraction patterns exhibited that all the samples 

were identified as a single phase of cubic spinel structure. The XRD patterns for all the 

samples were indexed for fcc spinel structure and the Bragg planes are shown in the 

patterns. The XRD patterns of the samples are given in Fig.-4. I .The peaks (220), (311), 

(222), (400), (422), (551) and (440) correspond to spinel phase which are characteristic of 

spinel structures with a single phase. The lattice parameter 'a' corresponding to each 
IL  
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plane was calculated by using the X-ray data. The average values of 'a' were found by 

plotting a against Nelson-Riley function. 
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Fig.-4.1 X-ray diffraction patterns of (Nio28Cuo.1oZno.620)(Fe2O3)1 ferrites 

sintered at 1100°C for 2hrs. 



4.1.2 Lattice Parameters 

The lattice parameter is plotted against the concentration x in Fig.-4.2. The values 

of the lattice parameter obtained from each plane are plotted against Nelson-Riley 

function [4.1]p(&)= I Ns&+ c05201, where 0 is the Bragg's angle. A decrease in lattice 
2 n 0 0 j 

constant is observed with the increasing of Fe-deficient content (x), in the lattice. This is 

indicates that the present system obeys the Vegard's law [4.2]. This may be due to Fe3  

ions having smaller ionic radius (0.69 A0)  [4.3] than that of Ni 2, Cu 2  and Zn 2  ions of 

ionic radius 0.78 A°, 0.70 A° and 0.82 A° respectively [4.4], which when Zn 2  substituted 

resides on A-site and displaces all small ions from A site to B-site. This decrease can be 

attributed to the vacancy created by Fe3  deficiency with increasing its content. The unit 

cell is expected to reduce its size by contraction of the lattice resulting in decrease of' 

lattice parameter gradually. 
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Fig.-4.2 Variation of lattice parameter 'a' as a function of content (x). 
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4.1.3 Density and Porosity 

Variation of bulk density and X-ray density with Fe-deficiency is shown inFig.-

4.3. The bulk density (d8 ) was measured by usual mass and dimensional consideration 

whereas X-ray density (di ) was calculated from the molecular weight and the volume of 

the unit cell for each sample by using the eq (4.1) and (4.2). 

m m 
= 

V 7rr 2 h 
 

- 
8M  gm / 

- Na 3  /cm 
(4.2) 

The calculated values of the bulk density and theoretical (or X-ray) density of the 

present ferrite system are listed in Table- 4.1. It is observed that bulk density is lower 

than the X-ray density shown in Fig.-4.3. This may be due to the existence of pores 

which were formed and developed during the sample preparation or sintering process. 

The X-ray density slightly decreases with increasing Fe-deficiency and the bulk density 

increases continuously with increasing x-content. 

The enhancement of bulk density is due to activated diffusion process triggered 
At by the excess vacancies created by Fe3  deficiency. It may be also be mentioned that 

reduction Fe2  due to Fe3  deficiency is expected to increase the resistivity of the 

samples. This density plays an important role on the magnetic properties especially on the 

structure sensitive property such as permeability and flux density. Table-4.1 shows the 

results of lattice parameter, theoretical density, and bulk density calculated porosity. It is 

observed from the Table-4.1 that porosity decreases monotonically with increasing Fe-

deficiency in constant with bulk density which shows reverse behavior shown in Fig.4.4. 



5.4 

MIA 
c) 

E 
0 

4.8 Cn 

WO 

BE 

 

0 0.02 0.04 0.06 0.08 

Content x 

Fig.-4.3 Variation of bulk density and X-ray density as a function of Fe-deficient 

content (x). 

Table-  4.1 Data of the lattice parameter (a), X-ray density (dx), bulk density (dB), 

porosity (P%), molecular weight (M) of (Nio 28Cuo1oZno620) (Fe2O3) 

samples sintered at 1 100°C for 2hrs 

Fe-deficient 
content (x) a (A) d 

(g/cm3) 
dB 

(g/cm3) p% M 
(g) 

0.00 8.4382 5.21 4.52 13.24 239.02 

0.02 8.4365 5.25 4.62 12 237.42 

0.04 8.4338 5.22 4.80 8.04 235.82 

0.06 8.4307 5.19 4.88 4.045 234.23 

----t  0.08 8.4275 5.16 4.93 4.04 232.63 
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Fig.-4.4 Bulk density and porosity as a function of Fe- deficient content (x) 

The density of Fe, Ni, Cu and Zn are 7.87gmlc.c., 8.91gmlc.c. and 7.14gm/c.c. 

respectively. Zn acts as densification. It is known that Ni reduces densification rate of Ni-

Cu-Zn ferrites; while Cu helps its densification [4.5]. This increase in densification is 

mainly due to decreasing of lattice parameter. Another reason might be due to the liquid 

phase formation in the ceramic promoted material or atomic diffusion in the crystal [4.6]. 

The porosity which is intrinsic for any oxide material plays an important role in the 

deciding the magnetic and electrical properties. 
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4.2 Magnetic Properties 

4.2.1 Temperature Dependence of Initial Permeability 

Fig.-4.5 shows the temperature dependence of initial permeability, ji", for the 

toroid shaped samples (Nio 28Cu01oZno 620) (Fe203)1 ferrites where x = 0.00, 0.02, 0.04, 

0.06 and 0.08 sintered at 1100°C for 2hrs, which is measured at a constant frequency 

(100kHz) of an AC signal by using Impedance Analyzer. It is observed that the initial 

permeability increase with the increase in Fe-deficiency throughout the entire range of 

compositions, while it falls abruptly close to the Curie point. This because Fe in these 

compositions not only increases the magnetic moments and but also lower anisotropy K 3  

[4.7]. On the other hand, permeability increases with the decrease of K3  as the 

MD 
temperature increases according to the relation P cc [4.8 - 4.9]. It is observed 

from Fig.-4.5 that the permeability falls sharply when the magnetic state of the ferrite 

samples changes from ferromagnetic to paramagnetic. 

Fig.-4.6 shows the variation of Curie temperature (Tc) with Fe-deficiency of 

(Nio.28Cu0.1oZno,620) (Fe203)1 ferrites and the values are taken during the heating the 

It 
sample. Tc is the transition temperature above which the ferrite material losses its 

magnetic properties. The Tc  gives an idea of the amount of energy required to break up 

the long range ordering in the ferromagnetic material. The Tc mainly depends upon the 

strength of A - B exchange interaction. From the Fig.-4.6 it is observed that TC  slowly 

and gradually increases with increasing of Fe deficiency. 

It is known that at T, the thermal energy wining over the exchange energy which 

results to disorder the system from an ordered one i.e. a ferromagnetic substance 

transforms to a paramagnetic one. Tc  of ferrites is dependent on the strength of A —B 

exchange interaction [4.10]. As the Fe 
- deficiency is increased in the sample, the 

strength of the interaction of between the tetrahedral A —site and octahedral B-site might 

be increased which enhances the T. 
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Fig.-4.6 Variation of Tc with Fe-deficient (x) of (Nio 28Cu 010Zn 0.620) (Fe203) ferrites 
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Fe- deficient 
Content 

x 

T=110O°C 

T(°C) 

0.00 146 

0.02 147 

0.04 151 

0.06 150 

0.08 151 

Table - 4.2 Data of Curie temperature (Tc) (NiO  2gCu 010Zn 0.620) (Fe203)1  ferrites 

4.2.2 Frequency Dependence of Complex Permeability 

The complex permeability is given by /1 = /1' - i/I" 
, p is the real 

permeability (in phase) and p'  the imaginary permeability (900  out of phase). Complex 

permeability has been determined as a function of frequency, f up to 13MHz at room 

temperature for all the samples of series (Nio 28Cu o 10Zn 0.620) (Fe203)1  ferrites by using 

the conventional technique based on the determination of the complex impedance of 

circuit loaded with toroid shaped sample. Fig.-4.7 represents the results of the real part of 

the permeability p' and Fig.-4.8 imaginary part, p as a function of frequency for the 

whole series of ferrite samples at 1100°C for 2hrs. 

ia 
From Fig.-4.7 it is noticed that the real component of permeability, p'  is fairly 

constant with frequency up to certain frequency range and then falls rather rapidly to very 

low value at higher frequency. The permeability of composition with x = 0.00 to 0.08 

were stable up to 2 - 3 MHz and the cut off frequencies of samples were evident from 

these figures that the initial permeability as a function of frequency increases with fe-

deficiency (x-content), i.e. the permeability ,ti' increases monotonically with x - content. 

The constant value of permeability over a wide frequency range, which is named the zone 

of utility of ferrites, is desirable over various applications such a broad band transformer 

and wide band read-writes head for video recording [4.11]. From Fig.-4.6 the range of 

operating frequency in the x = 0.04 and 0.06 samples are wider than that in the others 

which shows the compositional stability and quality of the ferrites samples. 
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Fig.-4.7 Variation of initial permeability with frequency of (Nio 28Cu 01oZn 0.620) 

(Fe203)1  ferrites sintered at 11000C for 2hrs. 

From the Fig.-4.8, the imaginary permeability, i"  first rises slowly and then increases 

quite abruptly making a peak at a certain frequency (called resonance frequency fr ), 
where the real component j.t'  is failing sharply. This phenomenon is attributed to the 

ferromagnetic resonance. Resonance frequency (fr)  was determined from the maximum 

of imaginary permeability of the ferrites. It is observed from the Fig.-4.8 that the higher 

the permeability the lower the resonance frequency of the material. This really confirms 

with Snoek's limit [4.12] 

fr(i1) 
(4

)YMS (4.3) 

[1U1 



Where, f is the resonance frequency for domain wall motion, 'y is the gyro magnetic ratio 

and Ms the saturation magnetization. This means that there is effective peaks are the 

results of the absorption of energy due to matching of the oscillation frequency of the 

magnetic dipoles and the applied frequency. Since the starting point of resonance 

frequency determine the upper limit of the operational frequency of any device, it 

predicts that the operational frequency range of the samples is greater than 6MHz. The 

resonance frequencies along with the permeability of the samples are listed in Table-4.2. 
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Fig.-4.8 Complex imaginary permeability l''  with frequency of (Nio.28Cu 

o10Zn 0.620) (Fe203)1 .. ferrites sintered at 1100°C for 2hrs. 
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Fig.-4.9 shows that the variation of initial permeability at frequency 10kHz with 

Fe-deficient Nio 28Cu 010Zn 0.620) (Fe203)1 ferrites sintered at 1100°C for 2hrs. It was 

observed that the permeability increases slowly with increase in Fe deficiency. 
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Fig.-4.9 Variation of initial permeability, p.' at frequency 10kHz with Fe-deficient 

of (NiO 28Cu 010Zn 0.620) (Fe203)i.. ferrites sintered at 1100°C for 2hrs. 

The increase of permeability with Fe-deficient is connected with increased 

magnetization, density, grain size and possible reduction of anisotropy energy. The initial 

permeability is closely corrected to the densification. An increase in the density of ferrites 

not only results in the reduction of magnetization field due to the presence of pores but 

also raise the spin rotational contribution, which in turn increases the permeability [4.13]. 
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Table-4.3 Data for permeability (t), resonance frequency (f1) and Snoek's 

limit (ii!. fr) of (NiO 28Cu o 1oZn 0.620) (Fe203)1  -x  ferrites sintered at 1100°C for 2hrs. 

Fe-deficient 
content (x) 

Ts= 1100°C 

(10kHz) 
fr (M11Z) Snoek's 

 i.fr(GHZ) 

0.00 212 13 2756 
0.02 219 12 2628 
0.04 272 12 2784 
0.06 1 271 10.5 2846 
0.08 1 283 10 2830 

4.2.3 Frequency Dependence of Quality Factor 

Fig.4. 10 show the frequency dependence of relative quality factor (RQF) of the 

samples sintered at 1100°C. The variation of the relative quality factor with frequency 

showed a similar trend for all the samples. Q-factor increases with increases of frequency 

showing as peak and the decreases with further increase of frequency. It is seen that RQF 

deteriorates beyond 4.5MHz i.e., the loss tangent is minimum up to 4.5MHz and then it 

rises rapidly. The loss is due to lag of domain wall motion with respect to the applied 

alternating magnetic field and is attributed to various domain defects [4.14], which 

include non-uniform and non-repetitive domain wall motion, domain wall bowing, 

localized variation of flux density, nucleation and annihilation of domain walls. This 

phenomenon is associated with the ferromagnetic resonance within the domains [4.15] 

and at the resonance maximum energy is transferred from the applied magnetic field to 

the lattice resulting in the rapid decreases in RQF. 

The peak corresponding to maxima in Q-factor shifts to lower frequency range as 

Fe-deficiency increases, sample with x = 0.00 posses the maximum value of quality 

factor. 
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Fig.-4.10 Variation of RQF as a function of frequency of (Nio 28Cu 010Zn 0.620) 

(Fe203)1.. ferrites sintered at 1100°C for 2hrs. 

4.2.4 Low Field B - H Loop at Room Temperature 

Both ferro- and ferromagnetic materials differ widely in the case with which they 

can be magnetized. If a small applied field suffices to produce saturation the material is 

said to be magnetically soft. Saturation of some other material, which will in general have 

a different value of M5, may require very large fields. Such a material is magnetically 

hard. Sometimes the same material may be either magnetically soft or hard, depending on 

its physical condition: thus curve (a) might relate to a well annealed material, and curve 

(b) to the heavily cold worked state. 

(dB 
Thus derivative dH ) is unity beyond the point B5, called the saturation 

induction. However, the slope of these lines does not normally appear to be unity, 

because the B and H scales are usually quite different. 
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Fig.-4. 11 represents the B - H loops at room temperature were measured with B - 

1-1 loop tracer at constant frequency (f = 1kHz) and applied field 1-1 = 0 - 150e for the 

whole series of (NiO 28Cu 010Zn 0.620) (Fe203)1  ferrites where x = 0.00, 0.02, 0.04. 0.06 

and 0.08 sintered at 1100°C for 2hrs. From these loops the remanence induction (Br), 

saturation induction (B5) and the coercive force (I-Ic)  were determined. These results are 

shown in Table-4.3. 
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Fig.-4.1 1 Magnetic hysteresis graphs of (NiO 2gCu o 1oZn 0.620) (Fe203)1 .. ferrites 
with x sintered at 1100°C for 2hrs. 
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It is observed that the Br and Bs both increase with x-content. For high 

permeability material a low coercivity is a prime requirement which is fulfilled in the 

1 
present study. Since permeability is inversely related to coercivity i.e., 1 

H 
. 

Again a high B5  is also a requirement for high permeability which is also manifested in 

the studied sample. Fig.-4. 12 shows the dependence of permeability jig'  and coercivity, 14c  

with x content. And excellent correlation between L'  and Hc  is observed. 

Fig.-4.12 Magnetic hysteresis graph of (Nio.28Cu 010Zn 0.620) (Fe203)1  ferrites with x 

sintered at 1100°C for 2hrs at constant frequency f = 1kHz and vt"  and Hc  versus x-

content. 

The low coercive force and higher permeability confirms that the development of 

soft magnetic characteristic properties of Ni-Cu-Zn ferrite with increasing Fe-deficiency, 

which is well known as soft magnetic materials from application point of view. The 

increase of Fe-deficiency decreased the coercive field and the hysteresis losses, increase 
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the samples magnetization and permeability. Bs  is found to increase with increasing Fe- 

Br  
deficient. The different values of retantivity and 

BS 
 ratio observed are interpreted in a 

quantitative way by means of domain theory. The predominant losses in Ni-Cu-Zn ferrite 

are hysteresis and eddy current at operating frequencies lower than the relaxation 

frequency of the wall displacement. The values of maximum flux density, coercive field, 

and hysteresis loss of the system has been found with x = 0.08. 

Table-4.4 The experimental values of coercive force (He), remanence induction (Br), 

B' 
saturation induction (Ba), ratio and losses of (Nio 28Cu 010Zn 0.620) 

(Fe203)1  samples at room temperature with constant frequency (f = 1kHz) at 

sintering temperature 1100°C for 2hrs. 

Fe- 
deficient 

Hc (Oe) B. (kG) 

content_(x)  

B (kG) Br/Bs Losses 
(W/kg) 

0.00 2.34 0.97 1.84 0.53 22.13 
0.02 2.08 1.03 1.90 0.54 21.11 
0.04 1.87 1.17 1.97 0.59 20.39 
0.06 1 1.87 1 1.21 2.13 1 0.56 23.64 
0.08 1 1.94 1 1.10 2.10 1 0.52 23.85 

If H is reduced to zero after saturation has been reached in the positive direction, 

the induction in a ring specimen will decrease from B to Br, called the retentivity or 

residual induction. If the applied field is then reversed, reversing the current in the 

magnetizing winding, the induction will decrease to zero when the negative applied field 

equals the coercivity, H. The B - H loop of this sample is wide and almost reversible. 
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4.2.5 Variation of Saturation Magnetization at Room Temperature 

The room temperature magnetic hysteresis loop of the samples has been measured 

and is presented in Fig.-4.13. The hysteresis loops do not show any noticeable hysteresis 

effect. All samples exhibited low coercivity values inducting that all the samples being to 

the family of soft ferrites. Fig.-4. 14 shows the variation of magnetization of the (Nio 28Cu 

010Zn 0.620) (Fe203)1  ferrites as a function of applied magnetic field for various samples 

where x = 0.00, 0.02, 0.04, 0.06 and 0.08. It is observed from the Fig.-4.15 that virgin 

saturation magnetization M increases up to x = 0.06 and then decrease slightly with x 

content. 
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Fig.-4. 13 Variation of magnetization at room temperature as a function of applied 

field on (NiO 2gCu 010Zn 0.620) (Fe203)1 ferrites where x = 0.00, 0.02, 0.04, 0.06 

and 0.08. 

94 



The insignificant decrease of M may be experimental uncertainty. The observed 

variation in M can be explained on the basis of cation distribution and the exchange 

interactions between A and B sites. The initial increase in M with increased Fe-deficient 

is due to the increase of resultant sub lattice magnetic moment which can be explained on 

the basis of Neel's two sub lattice model. Ned [4.16] considered three types of exchange 

interactions between unpaired electron of two ions lying in A and B sites. In perfect 

ferrites, the A - A, B - B and A - B nearest neighbor exchange coupling are normally anti 

ferromagnetic and the A - B exchange coupling is usually heavily predominant. 
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Fig.-4.14 Field dependence of magnetization at virgin state of (Nio28Cu o1oZn 

0.620) (Fe203)1  ferrites where x = 0.00, 0.02, 0.04, 0.06 and 0.08 sintered at 

1100°C for 2hrs at constant frequency f = I kHz. 

The net magnetization is therefore the difference between the magnetic moments 

of B and A sub lattices, i.e. M = M - MA and will normally be parallel to the B-sub 

lattice magnetization because the number of cations on B-sites is twice the number of 

cations on A-sites. The magnetization of each composition depends on the distribution of 
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Fe3 ions between the two sub lattices A and B, where the Ni2  and Zn  21  ions are non 

magnetic. It is mentioned that CuFe204  and NiFe204  ferrite are known as inverse ferrite, 

where Cu2  and Ni2  ions are located on B-sites. 

The substitution will lead to increase Fe3  ions on the B-sites and consequently 

the magnetization of the B-sites will increase. At the same time the magnetization of A-

site will decrease according to the decrease of the Fe3  ions on A-site. So the net 

magnetization will increase accordingly up to x = 0.06 as shown in Fig.-4.15. 
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Fig.-4.I5 Saturation magnetization (Ms) versus Fe-deficient in,, (Nio2gCu 0,,oZn 

0.620) (Fe203)1 ferrites 

Fig.-4. 16 shows the temperature dependence of saturation magnetization 

measured with an applied magnetic field of H = 5k0e. It is observed that magnetization, 



M decreases monotonically with increasing temperature and finally tends toward zero 

above the Curie temperature, T . The show decreases of magnetization unlike 

ferromagnet where much sharper fall of M is observed that at T = T. From the Fig-4. 16, 

it is observed that at low temperature magnetization increases slightly with increasing x-

content. 
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Fig.-4.16 Temperature dependences of magnetization of (Nio.28Cu o10Zn 0.620) 

(Fe203)1 ..,, ferrites with an applied field 5k0e 

4.3 Electrical Transport Property 

4.3.1 Compositional Dependence of DC Electrical Resistivity 

Electrical DC resistivity is an important electrical property of ferrites in high 

frequency application. Fig.-4. 17 shows the room temperature values of resistivity versus 
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Fe-deficient of samples of series (Nio 28Cu 01oZn 0.620) (Fe203)1  ferrites by using a 

keithely Electrometer. For measurements, the pellet shaped samples were coated with 

silver paint on the both surfaces of each sample to obtain good ohmic contact. The DC 

resistivity is found to increase vary fast up to x = 0.02 with Fe-deficient. Resistivity is 

found to increase slowly with further addition of Fe-deficient. Resistivity is found to 

decrease with further increase of Fe-deficient. This decrease of resistivity may be 

attributed to the entrapped of intragranular porosity. Sankpul et. at. and Shaikh et. al. 

measured resistivity as a function of composition in their work on Ni-Cu and Li-Cu 

ferrites [4.17 —4.18]. 
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Fig.-4. 17 Room temperature DC resistivity as a function of Fe-deficient content 

(x) of (NiO 2gCu o.ioZn 0.620) (Fe203)1  ferrites sintered at 1100°C for 2hrs. 

The highest value of DC resistivity for x = 0.06 same is observed 12.3x10 -crn 

and values are shown in Table-4.4. The observed decrease in resistivity with the increase 
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of Fe-deficient has been related to the decrease of porosity since pores are non-

conductive. This trend could be attributed to the high activation energy, which is 

associated with high resistivity at room temperature. 

4.3.2 Frequency Dependence of Resistivity 

This very large resistivity means in turn that an applied alternating magnetic field 

will not induce eddy currents in a ferrite. This property makes ferrite the best magnetic 

materials for high frequency applications where power losses from eddy currents must be 

minimized. Fig.-4. 18 shows the frequency dependence of AC resistivity and values are 

shown in table-4.4. A large decrease in resistivity was found with increasing Fe-

deficient. All the samples show the significant dispersion with frequency which is the 

normal ferromagnetic behavior. The AC resistivity of the composition also decreased due 

to enhancement of Fe2  ion concentration. It means that the decrease in AC resistivity 

with Fe-deficient was due to the increase of electrons in the ferrites. 

Tabk-4.5 AC and DC resistivity at 100kHz of (Nio 28Cu o.1 oZn 0.620) (Fe203)1  

ferrites sintered at 1100°C for 2hrs. 

X DC Resistivity 

Pdc fcm 

AC Resistivity 

Pac, a-cm 

1kHz 

Pac a-cm 

100kHz 

0 7.8xlO3  3.1 x 104 1.4x10 

0.02 10.8x  103 
6.3 x  104 2.3x10 

0.04 11.9x10 7.7 x 
 104 

3.7x10 

0.06 12.3x10 9.1x10 5.6x10 

0.08 10.6x10 3.7x10 4.1x10 

The resistivity of all the composition decreased with the increasing frequency. 

The resistivity (Pac) was calculated as per equation (4.4) 

1. 
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4 

1 
P ac - 

a's 0 k tan (5 

A 
Pac 

2rf tan 80 (4.4) 

The resistivity was primarily dependent on the frequency and was found to be 

inversely proportional that was why resistivity decreases with the increase in frequency. 

The low frequency region corresponds to high resistivity due to grain boundaries whereas 

high frequency ranges corresponds to low resistivity due to the grains [4.19]. 
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Fig.-4.18 AC resistivity as a function of frequency of (Nio 28Cu 01oZn 0620) 

(Fe203)1 ferrites sintered at 1100°C for 2hrs. 
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4.3.3 Frequency Dependence of Dielectric Constant 

Fig.-4. 19 shows the variation of dielectric constant, c" with frequency for different 

composition of (Nio 28Cu o 1 oZn 0.620) (Fe203)1 ferrites sintered at 1 100°Cl2hrs for I kl-lz 

to 13MHz at room temperature. It can be seen from the figure that the dialectric constant 

is found to decrease continuously with increasing frequency for all the specimens 

exhibiting a normal dielectric behavior of ferrites. The dielectric dispersion is rapid at 

lower frequency region and it remains almost independent at high frequency side. The 

incorporation of Fe into these ferrites has no pronounced effect on the dielectric constant 

in high frequency, but significantly decreases the dielectric constant in the low frequency 

range. 

The type of behavior was observed in a number of ferrites such as Li- Co ferrites 

[4.20], Cu - Cd ferrites [4.21], Ni—Cu—Zn ferrites [4.22], Mg—Cu—Zn ferrites [4.24-

4.25]. The dielectric behavior of ferrites may be explained on the basis of the mechanism 

of the dielectric polarization process and is similar to that of the conduction process. The 

electronic Fe2  *-) Fe3  gives the local displacement of electrons in the direction of 

applied electric field, which induces the polarization in ferrites [4.25]. 

The magnitude of exchange depends on the concentration Fe2 /Fe3  in pairs 

present on B-site for the present ferrite. All the samples have high value of c" in the order 

of 105 
 at low frequencies. This could be explained using Koop's phenomenological 

theory [4.26] which was based on the Maxwell-Wagner model [4.27 - 4.28] for the 

inhomogeneous double layer dielectric structure. The first layer is the fairly well 

conducting large ferrite grain which is separated by the second thin layer of the poorly 

conducting grain boundaries. The grain boundaries of the lower conductivity were found 

to be ferrite at lower frequencies while ferrite grains of high conductivity are effective at 

high frequency. 
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Fig.-4.19 Dielectric constant as a function of frequency of the ferrite system of 

(NiO 28Cu 010Zn 0.620)  (Fe203)1.. ferrites sintered at 1100°C for 2hrs. 
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Conclusions 

5.1 Conclusions 

The present work is focused on the synthesis, characterization and detail study of 

structure, electrical and transport magnetic properties of Fe-deficient of 

(Nio28Cu0ioZno620)(Fe2O)1.. ferrites where x = 0.00, 0.02, 0.04, 0.06 and 0.08 samples 

using standard double sintering ceramic method, sintered at 1100°C for two hours. The 

X-ray diffraction confirmed thesingle phase cubic spinel structure of the samples. The 

lattice constant decreases with increasing Fe-deficient content obeying Vegard's law. 

Bulk density is found to increase while porosity decreases with decreasing Fe-deficient 

content. 

Curie temperature slightly increases linearly with the addition of Fe-deficient 

content possibly due to weakening of A—B exchange interaction. This happened due to 

increase linkage between the magnetic ions and exchange coupling that determines the 

magnitude of the Curie temperature. The initial permeability gradually increases with 

increasing x-content at constant sintering temperature 1100°C for 2hrs. The initial 

permeability is constant up to 2 - 4.5MHz region dependent on sintering temperature. 

Grain size has a great influence on the domain wall contribution and hence on 

permeability is constant up to 2 - 3 MHz region dependent on sintering temperature. 

Ferromagnetic resonance fr shifts to lower frequency with increasing of permeability 

validating Snoek's relation JJ.i.fr = constant. 

Saturation magnetizations are found to increase with increasing Fe-deficient. This 

may be due to modified cation distribution on two sub lattice. The low field hysteresis 

parameter such as coercivity (He) decreases with increasing Fe-deficiency. The 

remanance (Br) and flux density (B) increases gradually with Fe-deficient. Increase of H 

comes from the enhancement of pinning force between domain walls and grain 

boundaries resulting from smaller grain size. The DC electrical resistivity increases with 

increasing Fe-deficient content up to x = 0.06 and thereafter decreases. The AC electrical 
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resistivity decrease with increase in frequency. Dielectric constant decreases with 

increasing frequency exhibiting normally dielectric behavior of ferrites. Based on the 

experimental results in terms of soft magnetic properties it may be concluded that 

optimum composition of Fe-deficient (Nio28CuoioZno620)(Fe2O)i ferrites series x = 

0.06 sintered at 1100°C for 2hrs with high initial permeability of 271, low ft of 1.870e 

and minimum hysteresis loss of 23.64W/kg. 

Finally Soft ferrite materials are extensively used in inductor cores which form a 

basic requirement in modern technology. Ni—Cu-Zn ferrites are suitable for these devices 

+ 
for future. Fabrication and characterizations of multilayer chip inductor using improved 

Ni-Cu-Zn ferrites is of high demand. 

5.2 Scope for Future Work 

With the development and advancement of nanotechnology a tremendous growth 

in research on miniaturization and high efficiency electronic devices is taking place. For 

these efficient miniaturized devices we need soft magnetic materials as its basic magnetic 

component. Soft ferrites are extensively used in inductor cores which form a basic 

requirement in modern technology. Ni-Cu-Zn ferrites are suitable for these devices for 

k 
future advanced technology. Fabrication and characterizations of multilayer chip inductor 

using improved Ni-Cu-Zn ferrites is of high demand. 

./' 
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