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ABSTRACT 

Polycrystalline Co0.40Cu0.20Zn0.40GdxFe2-xO4 prepared by standard solid state 

reaction technique sintered at various temperatures (1000, 1050, 1100 and 1150ºC) in 

air for 3 hours. Structural, surface morphology and compositional analysis are 

characterized by X-ray diffraction (XRD) and Scanning electron microscopy (SEM) 

respectively. The DC magnetizations as a function of applied magnetic field are 

performed and increases with increasing applied magnetic field up to 0.1T, then 

saturation occurs. The XRD patterns confirm the formation of spinel structure. The 

lattice parameter, ao, increases with the Gd content. The bulk density (ρB) increases 

and porosity (p) of the samples decreases with the increase of Gd content. The 

average grain size increases with the Gd content, then decreases. The initial 

permeability (µi
/) is found to increase with Gd content up to x=0.050 and then 

decreases. The value of Q-factor increases with increasing Gd contents from x=0.000 

to x=0.050, then it decreases. The real part of dielectric constant (ε/) initially decreases 

rapidly in the low frequency region but at very high frequencies its value becomes so 

small that it becomes independent of applied frequency. The dielectric loss tangent 

(tanδE) decreases with the increase of Gd content due to the decrease of polarization. 

The value of electric modulus (M/) is very low in the low frequency region. As 

frequency increases the value of M/ increases and reaches a maximum constant value. 

The value of Z/ (real part of impedance) and Z// (imaginary part impedance) decrease 

with increasing frequency. The decrease in the values of Z/ and Z// shows that the ac 

conductivity increases as the frequency increases and Z/ indicates dielectric relaxation 

process. The value of AC conductivity (ζ AC) increases with AC applied field which 

obeys the Jonschers power law. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background and present state of the problem 

Ferrite materials with spinel or inverse spinel structure play an important role 

in technological and magnetic applications because of their high saturation 

magnetization, sufficiently low dielectric losses over a wide range of frequencies, 

high electrical resistivity and large permeability [1-4]. According to their crystal 

structure, spinel-type ferrites have natural super lattice. They have tetrahedral A sites 

and octahedral B sites in AB2O4 crystal structure. They show various magnetic 

properties depending on the composition and cation distribution. Various cations can 

be placed in the A sites and B sites to tune its magnetic properties. Depending on the 

A site and B site cations, it can exhibit ferromagnetic, antiferromagnetic, spin-

(cluster) glass and paramagnetic behavior [5-7]. 

Cobalt ferrites present an increasing interest in applications like magneto-

optical devices and high-density recording media due to their large coercive field, 

high magneto-crystalline anisotropy, moderate saturation magnetization, remarkable 

chemical stability and mechanical hardness [8-10]. In the last decade, an increasing 

attention was given to magnetoelectric composites based on cobalt ferrite [11, 12]. 

Co-Zn ferrite is also a candidate material for applications in drug delivery [13]. These 

are hard magnetic material having high Neel temperature. 

Permeability is one of the most important parameters used in evaluating 

ferrimagnetic materials. Not only it is a function of the chemical composition and 

crystal structure but it is strongly dependent on microstructure, temperature, stress, 
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 2 

and several other factors [14]. Magnetocrystalline anisotropy and magnetostriction 

affect the mechanism of magnetization which also includes the permeability [14]. 

The uniformity of the grain and the average grain size play an important role for 

magnetic properties such as the permeability. The sintering temperature has a great 

influence on the microstructure of the ferrites [15]. The electrical and magnetic 

properties of Co-based ferrites are controlled by the density, porosity, grain size and 

other features of the saturation magnetization. It strongly depends on grain size, 

composition, temperature, cation distribution and preparation condition. 

The super exchange interactions in antiferromagnetic materials may cause magnetic 

disorderness and frustrations at lower temperature and the system shows a low 

temperature spin glass or re-entrant spin glass (RSG) behavior [16-19]. In the RSG 

two transitions are expected. One at high temperature another is low temperature. 

Several concepts have been developed in order to understand the properties of 

disordered magnetic phases. 

Scientists are continuing their effort to achieve the optimum parameters of 

ferrites, like high Ms, high permeability, high resistivity, low eddy current loss, etc. 

Since the research on ferrites is so vast, it is difficult to collect all experimental results 

and information about all types of ferrites in every aspect. The systematic research is 

still necessary for more comprehensive understanding of such materials. 

Many researchers have studied the effect of Gd on the various properties of 

Ni-ferrite [20], Co-ferrite [21], Ni-Cu-Zn ferrite [22]. To the best of our knowledge, 

no literature is available on the structural and magnetic properties of Gd substitution 

of Co0.40Cu0.20Zn0.40GdxFe2-xO4. In this present research, Gd3+ substituted 

Co0.40Cu0.20Zn0.40GdxFe2-xO4 will be prepared and characterized. 
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1.2 Motivation of this Research 

The history of magnetism began with the discovery of the properties of 

magnetite (Fe3O4), which is called ferrite. The use of ferrites has become established 

in many branches of telecommunication and electronic engineering and they now 

embrace a very wide diversity of composition, properties and applications. The Néel 

propose that in ferrimagnetic materials, the opposing moments are unequal and a 

spontaneous magnetization remains. There were still two different lattice sites i.e. A 

and B sublattices, respectively and have opposite types of magnetic moment. The 

most common example is Fe3O4. It has been found that for this particular ferrite, one 

Fe3+ ion occupies A-site while the Fe3+ and Fe2+ ions occupy B-sites. The net 

magnetic moment of Fe3O4 is therefore, equal to the magnetic moment of Fe2+ ion. 

Ferrimagnetic materials have spontaneous magnetization below the TN, and show no 

magnetic order (are paramagnetic) above this temperature. However, there is 

sometimes a temperature below the TN at which the two sublattices have equal 

moments, resulting in a net magnetic moment of zero; this is called the magnetization 

compensation point. This compensation point is observed easily in garnets and rare 

earth-transition metal alloys. Some ferrimagnetic materials are YIG (yttrium iron 

garnet) and ferrites composed of iron oxides and other elements such as aluminum, 

cobalt, nickel, manganese and zinc. In the last two decades, latest advancement in 

wireless technology has explored the area of real-time communication [23]. Internet-

accessible cell phones and high-speed wireless local area network are the best 

examples of this technology. The core of this systems is based on a radio frequency 

(RF) circuit consisting of transmission and receiving circuit blocks required in signal 

amplification, filtering modulation that in turn require hundreds of passive chip 

components such as capacitors and inductors. Inductors adapted to RF circuits of 
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mobile device are mostly multilayer chip inductors (MLCIS). Materials with high 

permeability are also required for reducing the number of layers in MLCIs and for 

realizing the better miniaturization [24, 25]. The electrical properties and structure of 

spinel ferrite are closely related. There are different mechanisms available in literature 

to explain the electrical transport properties. In one of the report Koops proposed that 

the high permittivity of ferrite is attributed to the conductivity inhomogeneity between 

grains and grain boundaries [26]. The electrical conductivity and dielectric behavior 

of ferrites depend on chemical composition, grain size or structure and preparation 

conditions. Studies the effect of temperature, composition and frequency on the 

dielectric behavior and ac electrical conductivity offer valuable information about 

conducting phenomenon in ferrites based on localized electric charge carriers. 

Electron hopping is known to be a mechanism for both conduction and polarization in 

ferrites. 

Ferrites are extensively studied materials because of their several interesting 

physical properties. They have high resistivity, and anisotropic properties. The 

anisotropy is actually induced by an external applied field. When this applied field 

aligns with the magnetic dipoles it causes a net magnetic dipole moment and causes 

the magnetic dipoles to precess at a frequency controlled by the applied field, called 

Larmor or precession frequency. As a particular example, a microwave signal 

circularly in the same direction as this precession strongly interacts with the magnetic 

dipole moments; when it is polarized in the opposite direction the interaction is very 

low. When the interaction is strong, the microwave signal can pass through the 

material. This directional property is used in the construction of microwave devices 

like isolators, circulators and gyrators. Ferrimagnetic materials are also used to 

produce optical insulators and circulators. 
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The crystal structure is expected to change due to the substitution of Gd in 

Co0.40Cu0.20Zn0.40GdxFe2-xO4. Due to the structural change there may be a variation of 

magnetic interaction between A-site and B-site cations and hence a change of 

magnetic properties is also expected in Co0.40Cu0.20Zn0.40GdxFe2-xO4. Better quality 

materials are expected in terms of magnetization, initial permeability and 

microstructure. At present, Bangladesh is very dependent on the imported ferrite cores 

and other soft magnetic materials. If we develop a high quality ferrite with desired 

characteristics in our country, importation can be stopped that will save foreign 

currency. 

1.3 Objectives with specific aims 

Ferrite is especially convenient for high frequency application because of its high 

resistivity. The mechanism of eddy current losses and damping of domain wall 

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

parts of the complex initial permeability. 

The main objectives of the present research are as follows: 

 To synthesize spinel Co0.40Cu0.20Zn0.40GdxFe2-xO4 with x= 0.0, 0.025, 0.050, 

0.075, 0.100 samples by conventional solid state reaction technique. Various 

samples prepared from these powders have been sintered at different 

temperatures. 

 Structural characterization has been performed by X-ray diffraction (XRD). 

From the XRD results lattice parameter, density and porosity of all 

compositions are determined.  

 From microstructural analysis, the average grain sizes of all compositions 

have been measured to investigate the influence of grain size on the domain 
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wall motion, density and porosity of the above mentioned compositions 

through the Scanning Electron Microscopy (SEM) studies. 

 To study the frequency dependents complex permeability (20 Hz-120 MHz).of 

each composition has been measured with Wayne Kerr Electronics Precision 

impedance analyzer. 

 To study the magnetic properties of various Co0.40Cu0.20Zn0.40GdxFe2-xO4 

through studying the electrical properties of various compositions by 

observing complex impedance spectra and Vibrating Sample Magnetometer 

(VSM) spectroscopy. 

 To understand the transport properties of various compositions through 

studying the electrical properties such as AC conductivity and dielectric 

properties viz. dielectric constant and dielectric loss over a range of frequency 

(20Hz-120MHz). 

1.4 Outline of the Thesis 

The thesis has been divided into six chapters: 

Chapter- 1 discusses about brief introduction of our present composition and 

objective of our research. 

Chapter- 2 which is the review of the pertinent work done in fast and their important 

remarks. Also this chapter gives theoretical background as well as crystal structure of 

the spinel type ferrites. 

Chapter - 3 the preparation of the sample is described here. The details of the every 

sample preparations are given.  

Chapter- 4 gives descriptions of different experimental set up of all instruments and 

their usage is also described. The working principle of the instrument, their calibration 

and how to measurement are taken is also given.  
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Chapter- 5 is devoted to the results of various investigations of the study and a brief 

discussion is also given here. How a property changes depending on frequency or 

others, why it changes are all described. The all description is based on the early 

works and new thoughts and ideas are also given. 

Chapter- 6 The conclusions drawn from the overall experimental results and of our 

present work are given in this chapter. And suggestion for the future work is also 

given here. Reference of the authors for each remark is enlisted at the end of each 

chapter. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Overview of the Materials 

Ferrites materials with spinel or inverse spinel structure are the most 

technological important ferrimagnetic compounds derived from iron oxides such as 

magnetite (Fe3O4) as well as combination of other divalent metal oxides and trivalent 

iron oxide [1]. Ferrites commonly expressed by the general chemical formula 

MeO.Fe2O3, where Me represents divalent metals, first commanded the public 

attention when Hilbert (1909) focused on the usefulness of ferrites at high frequency 

[2]. A systematic investigation was launched by Snoek (1936) at Philips Research 

Laboratory [3]. At the same time Takai (1937) in Japan was seriously engaged in the 

research work on the same materials [2]. Snoek's extensive works on ferrites unveiled 

many mysteries regarding magnetic properties of ferrites. He was particularly looking 

for high permeability materials of cubic structure. This particular structure for 

symmetry reasons supports low crystalline anisotropy. He found suitable materials in 

the form of mixed spinel‟s of the type MeZnFe2O4, where Me stands for metals like 

Cu, Mg, Ni, Co or Mn, for which permeability were found to be up to 4000 [2-3, 4]. 

They are quite important because of their established correlations between 

polycrystalline structures, magnetic properties and the recent applications, such, as 

permanent magnets, high frequency transformer, magnetic recording heads, switching 

devices, radar as well as magneto-optic recording materials [5, 6-8]. Ferrites have also 

attracted a great amount of attention because of their magnetic behavior and their 

applications in power electronics devices from the radio frequency (300 kHz to 3 

MHz) to the microwave frequency (3 MHz to 20 GHz) [9]. Particularly, cobalt-based 

ferrites are known to be a good candidate for high frequency devices, memory core 
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and magnetic recording media because of their unique physical properties such as 

high coercive force (Hc), moderate saturation magnetization (Ms), high Néel 

temperature (TN), high resistivity, negligible eddy current losses, chemical stability 

and mechanical hardness [10-12]. Since the research on ferrites is so vast, it is 

difficult to collect all experimental results and information about all types of ferrites 

in every aspect. The systematic research is still necessary for more comprehensive 

understanding of such materials. 

Many researchers have investigated the structural, magnetic and electrical 

properties of Zn substituted Co-ferrites [13-16]. In our laboratory Hossain et al. 

studied frequency dependence permeability of Co0.60Zn0.40Fe2O4 and 

Co0.80Zn0.20Fe2O4 [17]. Khan et al. [18] Reentrant spin glass behavior and large initial 

permeability of Co0.5-xMnxZn0.5Fe2O4 by solid state reaction technique. Azizi et al. 

[19] studied phase formation and change of magnetic properties of Ni0.5Co0.5Fe2O4 by 

annealing. They reported that Hc of annealed powders reduced and Ms increased with 

annealing temperature. They observed that cobalt ions in B-sites of cobalt doped 

nickel ferrite structure induce more magnetic anisotropy than nickel ferrite so. Hc is 

increased by doping cobalt in nickel ferrite. Structural, magnetic and dielectric 

properties of Co0.5Zn0.5Fe2O4 prepared by mechanical alloy and sintering process were 

studied by Waje et al. [20].They observed single phase cubic spinel with the lattice 

constant „a0‟ to be in the range 0.841–0.842 nm, which is within the range of the 

theoretical a0 values of 0.833 and 0.839 nm for zinc and cobalt ferrite, respectively. 

They reported effect of sintering temperature and frequency on initial permeability 

and it decreased after attaining the natural resonance frequency (200 MHz) of the 

material. The rare earth substituted different ferrites are becoming the promising 

materials for different applications. Addition of small amount of rare earth ions to 
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ferrite samples produces a change in their magnetic and electrical as well as structural 

properties depending upon the type and the amount of rare earth elements used. Rare 

earth ions can be divided into two categories: one with the radius closes to Fe ions; 

while the other with ionic radius larger than Fe ions [21]. The difference in their ionic 

radii will lead to micro strains, which may cause domain wall motion resulting in 

deformation of the spinel structure [22]. It has been stated that the rare earth ions 

commonly reside at the octahedral sites by replacing Fe3+ions and have limited 

solubility in the spinel lattice due to their large ionic radii [23]. 

Ferrimagnetism in ferrite is largely governed by Fe-Fe interaction (the spin 

coupling of the 3d electrons). If the rare earth ions enter the spinel lattice, the RE-Fe 

interactions also appears (4f-3d coupling), which can lead to changes in the 

magnetization and Curie temperature [24]. The rare earth oxides are good electrical 

insulators and have resistivities at room temperature greater than 106 Ω-cm [25]. Rare 

earth ion forms the orthoferrite phase (REFeO3).The occupation of RE ions on „B‟ 

sites impedes the motion of Fe2+in the conduction process in ferrite, thus causing an 

increase in resistivity [26]. 

Many investigators have been carried out on the influence of different rare 

earth atoms (La, Sm, Gd, Nd, Dy, Tb, Ce, Th, Y, Eu) on the properties of ferrites. The 

results of these researches show that different rare earth atoms behave differently in 

spinel ferrite. Rezlescu et al. [27] investigated the effect of Fe replacement by RE 

(Yb, Er, Sm, Tb, Gd, Dy and Ce) ions on the properties of (Ni0.7Zn0.3) Fe2O4 ferrite. 

The results showed that the electrical resistivity of a ferrite increased by substituting a 

small quantity of Fe2O3 with RE2O3. Many physical of polycrystalline ferrites are 

very sensitive to the microstructure. The bulk (grain) and grain boundary are the two 

main components that determine the microstructure. Thus The information about the 
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associated physical parameters of the components that constitute the microstructure is 

important in understanding the overall properties of the materials. The electrical 

properties and microstructure of spinel ferrite are closely related. The bulk materials 

in ferrites are assume to be constituted o highly conducting grains separated by low 

conducting grain boundaries [28]. 

Jacobo et al. [29] worked on (Zn0.5Ni0.5)RE0.02Fe1.98O4 ferrites, with RE = Y, 

Gd and Eu. The results showed a small increase in the hyperfine field parameters and 

a strong decrease of the total resonant area with respect to the pure NiZn ferrite. Curie 

temperatures decreased and coercive fields increased with substitution. By adding 

much large ionic radii rare earth ions resulted in local distortion and disorder, enough 

to induce a softening of the network (s electron density). 

Zhao et al. [30] reported influence of Gd on magnetic properties of (Ni0.7Mn0.3) 

GdxFe2-xO4ferrites. It was found the crystallite sizes decreased when Gd ions were 

doped into NiMn ferrites. With Gd-substitution, when x>0.06 all Gd ions could not 

enter into the ferrite lattice but resided at the grain boundary. The maximum content 

of Gd3+ions in ferrite lattices was substituted when x = 0.06. The values of Hc and Ms 

were zero for all the samples calcined at 600°C. In addition, the Hc and Ms values of 

the samples calcined at 800°C were larger than those sintered at 850°C, with Gd 

contents less than 0.08. Whereas, when the Gd contents at x = 0.08 and x = 0.10, the 

Hc and Ms values of the samples increased with the calcination temperatures. 

Sun et al. [31] reported the effect of Fe substitution by La and Gd on the 

structure, magnetic, and dielectric properties of (Ni0.5Zn0.5Fe2-x) RExO4ferrites. It was 

found that the relative density of sintered bodies decreased and the lattice parameter 

increased with increasing RE ion substitution. La and Gd both tend to increase the 

cut-off frequency, decrease the initial permeability and magnetic loss tangent (tanδ) 
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which could be explained by a combination of low density, small grain size, 

secondary phase (REFeO3) formation, and more lattice defects. The low tanδ values 

resulted mainly from the reduction in eddy current loss due to the higher electrical 

resistivity with increasing RE ion. 

Tasaki et al. [32] studied the effect of sintering atmosphere on permeability of 

sintered ferrite. They found that high density is one of the factors, which contribute to 

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

at high sintering temperature where high density was expected. This decrease in 

permeability is attributed to the variation of chemical composition caused by 

volatilization of Zn. At low sintering temperature a high permeability is obtained in an 

atmosphere without O2 because densification and stoichiometry plays a principal role 

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

obtained in the presence of O2 because the effect of decrease of Zn content can then 

be neglected. Studying the electromagnetic properties of ferrites, Nakamura [33] 

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

sintering temperature. These changes were responsible for variations in 

magnetization, initial permeability and electrical resistivity. High permeability 

attainment is certainly affected by the microstructure of the ferrites. Roess showed 

that [34] the very high permeability is restricted to certain temperature ranges and the 

shapes of permeability versus temperature curves are strongly affected by any 

inhomogeneity in the ferrite structure. 

Leung et al. [35] performed a Low-temperature Mössbauer study of a nickel-

zinc ferrite: Zn1-xNixFe2O4. They found that for 5.0x  the resultant A- and B- site Fe-

spin moments have a collinear arrangement, whereas for 5.0x  a non-collinear 

arrangement of A- and B-site Fe-spin moments exist. An explanation based on the 
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relative strength of the exchange constant ABJ  and BBJ  is given to account for this 

difference. Rezlescu et al. [21] reported that the sintering behavior and microstructure 

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

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

by evaporation is minimized [36].  

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

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

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

Globus [37] shows that the intrinsic rotational permeability r  and wall permeability 

w  may be written as: KM sr /21 2  and  4/31 2DM sw  , where Ms is the 

saturation magnetization, K is the total anisotropy, D is the grain diameter and   Kw 

is the wall energy. 

El-Shabasy [38] studied the DC electrical resistivity of ZnxNi1-xFe2O4 ferrites. 

He shows that the ferrite samples have semiconductor behavior where DC electrical 

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

)/exp()( 0 TkET B  , where E is the activation energy for electric conduction and 

0 is the pre-exponential constant or resistivity at infinitely high temperature. The DC 

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

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

octahedral (B) sites while Fe ions partially occupy the A and B sites. On increasing Zn 

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

the migration of some Fe ions from A sites to B sites to substitute the reduction in Ni 

ion concentration at B sites. As a result, the number of ferrous and ferric ions at B 

sites (which is responsible for electric conduction in ferrites) increases. 
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Consequently   decreases on Zn substitution. Another reason for the decrease in 

 on increasing Zn ion substitution is that, zinc is less resistive ( 92.5 cm ) 

than nickel ( 99.6 cm ). The main conductivity mechanism in ferrites is 

attributed to electron hopping between 3Fe and 2Fe  in octahedral sites. Resistivity 

in spinel‟s is very sensitive to stoichiometry; a small variation of Fe content 

in yxOFeNiZn  423.07.0  results in resistivity variations of 710~ . Excess Fe can easily 

dissolve in spinel phase by a partial reduction of Fe from 3
3
23 OFe   to 4

3
2

22 OFeFe 

 

 (and 22/1 O ) [3]. 

2.2 Magnetic Ordering 

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

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

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

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

electronic wave function with those of neighboring atoms. This condition is best 

fulfilled by some transition metals and rare-earths. The exchange interactions depend 

sensitively upon the inter-atomic distance and the nature of the chemical bonds, 

particularly of nearest neighbor atoms. When the positive exchange dominates, which 

corresponds to parallel coupling of neighboring atomic moments (spins), the magnetic 

system becomes ferromagnetic below a certain temperature TC called the Curie 

temperature. The common spin directions are determined by the minimum of 

magneto-crystalline anisotropy energy of the crystal. Therefore, ferromagnetic 

substances are characterized by spontaneous magnetization. But a ferromagnetic 

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

in the demagnetized state a ferromagnetic of macroscopic size is divided into a 
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number of small regions called domains, spontaneously magnetized to saturation 

value and the directions of these spontaneous magnetization of the various domains 

are such that the net magnetization of the specimen is zero. The existence of domains 

is a consequence of energy minimization. The size and formation of these domains is 

in a complicated manner dependent on the shape of the specimen as well as its 

magnetic and thermal history. When negative exchange dominates, adjacent atomic 

moments (spins) align antiparallel to each other, and the substance is said to be anti-

ferromagnetic below a characteristic temperature, TN, called the Néel temperature. In 

the simplest case, the lattice of an anti-ferromagnet is divided into two sublattices 

with the magnetic moments of these in anti-parallel alignment. This result is zero net 

magnetization. A special case of anti-ferromagnetism is ferrimagnetism. In 

ferrimagnetism, there are also two sublattices with magnetic moments in opposite 

directions, but the magnetization of the sublattices are of unequal strength resulting in 

a non-zero magnetization and therefore has net spontaneous magnetization. At the 

macroscopic level of domain structures, ferromagnetic and ferrimagnetic materials are 

therefore similar. 

The Curie and Néel temperatures characterize a phase transition between the 

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

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

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

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

modulated patterns might occur. A useful property for characterizing the magnetic 

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

the applied magnetic field, H i.e. HM / . The temperature dependence of 

susceptibility or, more accurately, inverse of susceptibility is a good characterization  
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Fig.2.1 Temperature dependence of the inverse susceptibility for: (a) a diamagnetic material; (b) a 

paramagnetic material, showing Curie‟s law behavior; (c) a ferromagnetic material, showing a 

spontaneous magnetization for T<TC and Curie-Weiss behavior for T>TC; (d) an antiferromagnetic 

material; (e) a ferrimagnetic material, showing a net spontaneous magnetization for T<TC and nonlinear 

behavior for T>TC. 

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

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

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

)/( CTTC  [3,39]. 
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2.3 Crystal Structure of Spinel Ferrites 

2.3.1 Ionic Charge Balance and Crystal Structure of Cubic Spinel Ferrite 

 The spinel lattice is composed of a close-packed oxygen arrangement in which 

32 oxygen ions form a unit cell that is the smallest repeating unit in the crystal 

network. Between the layers of oxygen ions, if we simply visualize them as spheres, 

there are interstices that may accommodate the metal ions. Now, the interstices are 

not all the same; some which are called A sites are surrounded by or coordinated with 

4 nearest neighboring oxygen ions whose lines connecting their centers form a 

tetrahedron. Thus, A sites are called tetrahedral sites (Fig. 2.2 (a)). The other type of 

site (B sites) is coordinated by 6 nearest neighbor oxygen ions whose center 

connecting lines describe an octahedron. The B sites are called octahedral sites (Fig. 

2.2(b)). In the unit cell of 32 oxygen ions, there are 64 tetrahedral sites and 32 

octahedral sites. If all of these were filled with metal ions, of either +2 or +3 valence, 

the positive charge would be very much greater than the negative charge and so the 

structure would not be electrically neutral. It turns out that of the 64 tetrahedral sites, 

only 8 are occupied and out of 32 octahedral sites, only 16 are occupied. If, as in the 

mineral, spinel, the tetrahedral sites are occupied by divalent ions and the octahedral 

sites are occupied by the trivalent ions, the total positive charge would be 8x (+2) = 

+16 plus the 16x (+3) =+48 or a total of +64 which is needed to balance the 32x (-2) = 

-64 for the oxygen ions. There would then be eight formula units of MO.Fe2O3 or 

MFe2O4 in a unit cell. A spinel unit cell contains two types of sub cells. The two types 

of sub cells alternate in a three- dimensional array so that each fully repeating unit cell 

requires eight sub cells. 

The crystallographic environments of the A and B sites are distinctly 

different.The unit cell contains so many ions that a two-dimensional drawing of the 
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complete cell would not be very informative. Instead we can consider a unit cell of 

edge a, to be divided into eight octants, each of edge a/2, as shown in Fig. 2.2(c). The 

four shaded octants have identical contents, and so do the four unshaded octants. The 

contents of the two lower-left octants in Fig. 2.2(c) are shown in Fig. 2.2(d). One 

tetrahedral site occurs at the center of the right octant of Fig. 2.2(d), and other 

tetrahedral sites are at some but not all octant corners. Four octahedral sites occur in 

the left octant; one is connected by dashed lines to six oxygen ions, two of which, 

shown dotted, are in adjacent octants behind and below. The oxygen ions are arranged 

in the same way, in tetrahedral, in all octants. Not all of the available sites are actually 

occupied by metal ions. Only one-eighth of the A sites and one-half of the B sites are 

occupied, as shown in Table 2.1 [3]. In the mineral spinel, MgO.Al2O3, the Mg2+ ions 

are in A sites and the Al3+ions are in B sites.  

Some ferrites MO.Fe2O3 have exactly this structure, with M2+ in A sites and 

Fe3+ in B sites. This is called the normal spinel structure. If 8 divalent (M) ions 

occupy the A-site i.e., tetrahedral site and 16 tetravalent ions (Fe3+) occupy the B-site 

i.e., octahedral site, the structure is said to be Normal spinel. 

If B-site i.e., octahedral site is occupied half by divalent metal ion and half by 

trivalent iron ions, generally distributed in random and A-site i.e., tetrahedral site by 

trivalent iron ions, the structure is said to be Inverse spinel. Both zinc and cadmium 

ferrite have this structure and they are both nonmagnetic, i.e., paramagnetic. Many 

other ferrites, however, have the inverse spinel structure, in which the divalent ions 

are on B sites, and the trivalent ions are equally divided between A and B sites. The 

divalent and trivalent ions normally occupy the B sites in a random fashion, i.e., they 

are disordered. Iron, cobalt, and nickel ferrites have the inverse structure, and they are 

all ferromagnetic. 
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The normal and inverse structures are to be regarded as extreme cases, 

because X-ray and neutron diffraction show that intermediate structures can exist. 

Thus manganese ferrite is almost, but not perfectly, normal; instead of all the Mn2+ 

ions being on A sites, a fraction 0.8 is on A sites and 0.2 on B sites. Similarly, 

magnesium ferrite is not quite inverse; a fraction 0.9 of the Mg2+ ions is on B sites and 

0.1 on A sites. The distribution of the divalent ions on A and B sites in some ferrites 

can be altered by heat treatment; it may depend, for example, on whether the material 

is quenched from a high temperature or slowly cooled.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.2 Crystal structure of a cubic ferrite [39]. 

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

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

small for the metal ions so that the oxygen ions move slightly to accommodate them. 

The oxygen ions connected with the octahedral sites move in such a way as to shrink 
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the size the octahedral cell by the same amount as the tetrahedral site expands. The 

movement of the tetrahedral oxygen is reflected in a quantity called the oxygen 

parameter, which is the distance between the oxygen ion and the face of the cube edge 

along the cube diagonal of the spinel subcell. This distance is theoretically equal to 

3/8ao where ao is the lattice constant [2]. 

Table 2.1 Arrangements of Metal Ions in the Unit Cell of a Ferrite MO.Fe2O3 [39] 

 

2.3.2 Site Preferences of the Ions 

 The preference of the individual ions for the two types of lattice sites is 

determined by; 

1. The ionic radii of the specific ions 

2. The size of the interstices 

3. Temperature 

4. The orbital preference for specific coordination 

The most important consideration would appear to be the relative size of the 

ion compared to the size of the lattice site. The divalent ions are generally larger than 

the trivalent (because the larger charge produces greater electrostatic attraction and so 

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

Kinds of 

sites 

 

Number 

Available 

 

Number 

Occupied 

 

Occupants 

Normal 

Spinel 

Inverse Spinel 

Tetrahedral 

(A) 

64 8 8M2+ 8 Fe3+ 

Octahedral 

(B) 

32 

 

16 16 Fe3+ 8 Fe3+ 

8 M2+ 
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[40]. Therefore, it is reasonable that the trivalent ions such as Fe3+ would go into the 

tetrahedral sites and the divalent ions would go into the octahedral. Two exceptions 

are found in Zn2+ and Cd2+ which prefer tetrahedral sites because the electronic 

configuration is favorable for tetrahedral bonding to the oxygen ions. Thus Zn takes 

preference for tetrahedral sites over the Fe3+ ions. Zn2+ and Co2+ have the same ionic 

radius but Zn prefers tetrahedral sites and Co2+ prefers octahedral sites because of the 

configurationally exception. Ni2+ and Cr3+ have strong preferences for octahedral 

sites, while other ions have weaker preferences [40]. 

2.3.3 Unit Cell Dimensions 

 The dimensions of the unit cell are given in Angstrom Units which are 

equivalent to 10-8 cm. If we assume that the ions are perfect spheres and we pack 

them into a unit cell of measured (X-ray diffraction) dimensions we find certain 

discrepancies that show that the packing is not ideal. The positions of the ions in the 

spinel lattice are not perfectly regular (as the packing of hard spheres) and some 

distortion does occur. The tetrahedral sites are often too small for the metal ions so 

that the oxygen ions move slightly to accommodate them. The oxygen ions connected 

with the octahedral sites move in such a way as to shrink the size of the octahedral 

cell by the same amount as the tetrahedral site expands .The movement of the 

tetrahedral oxygen is reflected in a quantity called the oxygen parameter which is the 

distance between the oxygen ion and the face of the cube edge along the cube 

diagonal of the spinel subcell. This distance is theoretically equal to 3/8ao. The unit 

cell length of Li-Ferrite, Ni ferrite and Mg Ferrite are observed to be 8.33 Å, 8.3390 Å 

and 8.36 Å respectively [3]. 
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2.4 Cation Distribution of Spinel Ferrites 

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

octahedral or B sites can be present in a variety of ways. If all the 2Me  ions in 

4
3
2

2 OMeMe   are in tetrahedral and all 3Me ions in octahedral positions, the spinel is 

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

of the cations 3Me  are in the A positions and the rest, together with the 2Me  ions are 

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

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

summarized as [3, 41-42] 

1) Normal spinels, i.e. the divalent metal ions are on A-sites: 4
3
2

2 ][ OMeMe  , 

2) Inverse spinels, i.e. the divalent metal ions are on B-sites: 4
3
2

23 ][ OMeMeMe  . 

A completely normal or inverse spinel represents the extreme cases. There are many 

spinel oxides which have cation distributions intermediate between these two extreme 

cases and are called mixed spinel‟s.  

 The general cation distribution for the spinel can be indicated as: 

    4
3
1

2
1

3
1

2 ])[( OMeMeMeMe xxxx












  

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

spinel x=1, for inverse spinel x=0. The quantity x is a measure of the degree of 

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

preparation. The cation distributions of Li-Ferrite, Mg-Ferrite and Ni-Ferrite are 

shown below: 

  Li Ferrite :      (Fe3+)[ Li0.5Fe1.5
3+] O4 [3,43] 

 Ni Ferrite :             (Fe3+)[ Ni 2+Fe3+] O4  
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 Mg Ferrite  (Mg1-xFe3+)[Mgx Fe2-x
 3+] O4     

     where x is the  degree of inversion.  

Both Li ferrite and Ni-Ferrite is a inverse spinel and Mg –Ferrite is a mixed ferrite. 

 The cation distribution of various LixMg0.4Ni0.6-2xFe2+xO4 ferrite assumed as  

  [44] 

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

their cation distributions. Mixed ferrites having interesting and useful magnetic 

properties are prepared by mixing two or more different types of metal ions. Spinel 

oxides are ionic compounds and hence the chemical bonding occurring in them can be 

taken as purely ionic to a good approximation. The total energy involved, however, 

consists of the Coulomb energy, the born repulsive energy, the polarization and the 

magnetic interaction energy. The energy terms are all dependent on lattice constant, 

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

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

these variables. But the only energy that can be written with any accuracy is the 

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

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

generally larger than the trivalent (because the larger charge produces greater 

electrostatic attraction and so pulls the outer orbits inward). The octahedral sites are 

also larger than the tetrahedral. Therefore, it would be reasonable that the trivalent 

ions Fe3+ (0.73Å) would go into the tetrahedral sites and the divalent ions Fe2+ 

(0.86Å) go into the octahedral. Two exceptions are found in Zn2+ and 2Cd  which 

prefer tetrahedral sites because the electronic configuration is favorable for tetrahedral 

bonding to the oxygen ions. It is known that Li1+(0.82Å), Ni2+(0.73Å) and 

Mg2+(0.80Å) ions occupy B sites [45]. Hence the factors influencing the distribution 
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the cations among the two possible lattice sites are mainly their ionic radii of the 

specific ions, the size of the interstices, temperature, the matching of their electronic 

configuration to the surrounding anions and the electrostatic energy of the lattice, the 

so-called Madelung energy, which has the predominant contribution to the lattice 

energy under the constrain of overall energy minimization and charge neutrality. 

2.5 Interaction between Magnetic Moments on Lattice Sites 

Spontaneous magnetization of spinels (at 0K) can be estimated on the basis of 

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

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

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

superexchange interaction is expected to occur between octahedral and tetrahedral 

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

two metal ions on different sites depends on the distances between these ions and the 

oxygen ion that links them and also on the angle between the three ions.  

The nearest neighbours of a tetrahedral, an octahedral and an anion site are 

shown in Fig. 2.3. The interaction is greatest for an angle of 1800 and also where the 

interionic distances are the shortest.  

 

  

 

  

 

 

 

Fig.2.3 Nearest neighbors of (a) a tetrahedral site, (b) an octahedral site and (c) an anion site. 
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Fig.2.4 Interionic distances and angles in the spinel structure for the different type of lattice site 

interactions [40, 46]. 

Fig.2.4 shows the inter-atomic distances and the angles between the ions for 

the different types of interactions. In the A-A and B-B cases, the angles are too small 

or the distances between the metal ions and the oxygen ions are too large. The best 

combinations of distances and angles are found in the A-B interactions. For an 

undistorted spinel, the A-O-B angles are about 125⁰ and 154⁰ [2-3, 47]. The B-O-B 

angles are 90⁰ and 125⁰ but in the latter; one of the B-O distances is large. In the A-A 

case the angle is about 80⁰. Therefore, the interaction between moments on the A and 

B sites is strongest. The B-B interaction is much weaker and the most unfavorable 

situation occurs in the A-A interaction. By examining the interactions involving the 

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

ions antiparallel, Néel was able to explain the ferrimagnetism of ferrites The 

interaction between the tetrahedral and octahedral sites is shown in Fig. 2.4. An 

individual A site is interacted with a single B site, but each A site is linked to four 

such units and each B site is linked to six such units. Thus, to be consistent throughout 

the crystal, all A sites and all B sites act as unified blocks and are coupled antiparallel 

as blocks [40]. 
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2.6 Magnetism in Spinel Ferrite: 

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

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

In crystals the orbital motions are quenched, that is the orbital planes may be 

considered to be fixed in space relative to the crystal lattice, and in such a way that in 

bulk the crystal has no resultant moment from this source. Moreover this orbital-

lattice coupling is so strong that the application of a magnetic field has little effect 

upon it. The spin axes are not tightly bound to the lattice as are the orbital axes. The 

anions surrounding a magnetic cation subject it to a strong inhomogeneous electric 

field and influence the orbital angular momentum. However, the spin angular 

momentum remains unaffected. For the first transition group elements this crystal 

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

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

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

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

smallest permanent magnet [2]. For an atom with a resultant spin quantum number S, 

the spin magnetic moment will be 

    BSSg  )1(   

Where g is the Landé splitting factor and B , known as the Bohr magneton, is the 

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

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

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

magnet to which the electron is equivalent.  

Fig. 2.5 illustrates the electronic configuration of Fe atoms and Fe3+ ions. Fe atom has 

four unpaired electrons and ion has five unpaired electrons. Each unpaired electron spin 
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Fig.2.5 Electronic configuration of atoms and ions [40]. 

produced 1 Bohr magneton. In compounds, ions and molecules, account must be taken of the 

electrons used for bonding or transferred in ionization. It is the number of unpaired electrons 

remaining after these processes occur that gives the net magnetic moment [2]. According to 

the Hund‟s rules the moment of Fe atom and Fe 3+ ions are B4  and B5  respectively. 

Similarly the moment of Fe2+and Ni2+ ion are 4µB and 2µB respectively. 

2.6 .1 Magnetic Moments of Some Spinels Ferrites 

2.6.1.1 Inverse Spinels: 

In the nickel ferrite it was observed that the moments of the eight Ni2+ ions on 

the octahedral sites. The value of moment per Ni2+ion is 2µB or 16 µB for a unit cell 

containing eight formula units. The magnetic moments of the other inverse spinels 

can be predicted in a similar manner. These predicted values are listed in Table 2.2 

along with the measured values [40]. Because the effect of thermal agitation on the 

magnetic moments will lower the magnetic moment, the correlation of the moment to 

Bohr magnetons is always referred to the value at absolute zero or 0⁰K. This is 

usually done by extrapolation of the values at very low temperatures. The deviations 

from the theoretical values can be attributed to several factors, namely: 

 The ion distribution on the various sites may not be as perfect as predicted. 

 The orbital magnetic contribution may not be zero as assumed. 

 The directions of the spins may not be antiparallel in the interactions. In other 

words, they may be canted. 
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2.6.2 Exchange Interactions in Spinel 

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

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

related to the overlapping of total wave functions of the neighboring atoms. The total 

wave function consists of the orbital and spin motions. Usually the net quantum 

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

motion as described above. The exchange interactions coupling the spins of a pair of 

electrons are proportional to the scalar product of their spin vectors [48, 42, 49] 

    


 jiijij SSJV .2 .     (2.1) 

where ijJ is the exchange integral given in a self-explanatory notation by 
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    (2.2) 

  In this expression r ‟s are the distances, subscripts i and j refer to the atoms, 1 and 2 

refers to the two electrons. If the J in equation (2.1) is positive, we achieve 

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

ferrimagnetism. 

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

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

bigger anions (oxygen ions). These anions obscure the direct overlapping of the cation 

charge distributions, sometimes partially and sometimes completely making the direct 

exchange interaction very weak. Cations are too far apart in most oxides for a direct 

cation-cation interaction. Instead, super-exchange interactions appear, i.e., indirect 

exchange via anion p-orbitals that may be strong enough to order the magnetic 

moments. Apart from the electronic structure of cations this type of interactions 

strongly depends on the geometry of arrangement of the two interacting cations and 
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the intervening anion. Both the distance and the angles are relevant. Usually only the 

interactions with in first coordination sphere (when both the cations are in contact 

with the anion) are important. In the Neél theory of ferrimagnetism the interactions 

taken as effective are inter- and intra-sublattice interactions A-B, A-A and B-B. The 

type of magnetic order depends on their relative strength.  

The super-exchange mechanism between cations that operate via the 

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

Anderson and Van Vleck [48, 42]. A simple example of superexchange is provided 

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

seen that the anti-parallel manganese ions are collinear with their neighbouring 

oxygen ions. The O2- ions each have six 2p electrons in three anti-parallel pairs. The 

outer electrons of the Mn2+ ions are in 3d sub-shells which are half filled with five 

electrons in each. The phenomenon of super-exchange is considered to be due to an 

overlap between the manganese 3d orbits and the oxygen 2p orbits with a continuous 

interchange of electrons between them.  

 

 

 

 

 

 

 

 

Fig.2.6 Illustrating super-exchange in MnO. 

It appears that, for the overall energy of the system to be a minimum, the moments of 

the manganese ions on either side of the oxygen ion must be anti-parallel. The 
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manganese magnetic moments are thus, in effect, coupled through the intervening 

oxygen ion. The idea is illustrated in Fig. 2.6. 

 In Fig. 2.6 (a) and Fig. 2.6 (c) the outer electrons in a pair of Mn2+ ions, and in 

an intervening O2- ion in the unexcited state, are shown by the arrows. One suggested 

mode of coupling is indicated in Fig. 2.6 (b). The two electrons of a pair in the oxygen 

ion are simultaneously transferred, one to the left and the other to the right. If their 

directions of spin are unchanged then, by Hund‟s rules, the moments of the two 

manganese ions must be anti-parallel as shown. Another possibility is represented in 

Fig. 2.6(d). One electron only has been transferred to the manganese ion on the left. 

The oxygen ion now has a moment of B1  and if there is negative interaction between 

the oxygen ion and the right-hand manganese ion then again the moments of the 

manganese ions will be anti-parallel. If these ideas are accepted then the oxygen ions 

play an essential part in producing anti-ferromagnetism in the oxide. Moreover, 

because of the dumbbell shape of the 2p orbits, the coupling mechanism should be 

most effective when the metal ions and the oxygen ions lie in one straight line, that is, 

the angle between the bonds is 180˚, and this is the case with MnO. 

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

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

two transition metal cations separated by an O, Fig. 2.7. The O2- has no net magnetic 

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

Orbital px has two electrons: one with spin up, and the other with spin down, 

consistent with pauli‟s exclusion principle. The essential point is that when an oxygen 

p orbital overlaps with a cation d orbital, one of the p electrons can be accepted by the 

cations. When one of the transition-metal cations is brought close the O2-, partial 

electron overlap (between a 3d electron from the cation and a 2p electron form the O2- 
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Fig.2.7 Schematic representation of the superexchange interaction in the magnetic oxides. The p orbital 

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

) can occur only for anti-parallel spins, because electrons with the same spin are 

repelled. Empty 3d states in the cation are available for partial occupation by the O2- 

electron, with an anti-parallel orientation. Electron overlap between the other cation 

and the O2- then occurs resulting in anti-parallel spins and therefore anti-parallel order 

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

expected to take place for cationO2-
cation angles close to 180° [3]. 

2.6.3 Néel Theory of Ferrimagnetism 

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

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

1) different elements in different sites, 

2) same element in different ionic states, and 

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

having the same spin. 

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

spins on the second sub-lattice as well as due to other spins on the same sub-lattice. 



Chapter 2                                                                                                                              Literature Review 

 33 

The molecular fields acting on the two sub-lattices A and B can be written as [3, 39, 

41-42, 47-48] 

BABAAAA MMH


  , 

BBBAABB MMH


   

where AM


 and BM


 are the magnetizations of the two sub-lattices and  ‟s are the 

Weiss constants. Since the interaction between the sub-lattices is anti-ferromagnetic, 

AB  must be negative, but AA  and BB  may be negative or positive depending on the 

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

are also negative, though they are in general quite small. 

Assuming all the exchange interactions to be negative the molecular fields will 

be then given by 

BABAAAA MMH


  , 

BBBAABB MMH


   

Since in general, AA  and BB  are small compared to AB , it is convenient to express 

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

Let ABAA    

And ABBB    

In an external applied field H


, the fields acting on A and B sites are 

)( BAABA MMHH


  , 

)( BAABB MMHH


   

At temperatures higher than the transition temperature, NT , AH


, AM


 and BM


 are all 

parallel and we can write 

)]([ BAAB
A

A MMH
T

CM


  ,    (2.3) 
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)]([ BAAB
B

B MMH
T

CM


      (2.4) 

Where AC  and BC  are the Curie constants for the two sublattices. 

 Here, KSSgNC AABAA 3)1(2   and KSSgNC BBBBB 3)1(2    

AN  and BN denote the number of magnetic ions on A and B sites respectively and AS and 

BS are their spin quantum numbers. Solving for the susceptibility,  , one gets [3,39]  
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WhereC , 0 , b and   are constants for particular substance and are given by  
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Equation (2.5) represents a hyperbola, and the physically meaning part of it is plotted 

in Fig. 2.9. This curvature of the plot of 1/ versus T is a characteristics feature of a 

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

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

a Curie-Weiss law:   
)/( 0


CT
C


  

This is the equation of straightline, shown dashed in Fig. 2.8, to which the 1/ versus 

T curve becomes asymptotic at high temperatures. The Ferrimagnetic Curie 
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temperature CT  is obtained from equations (2.3) and (2.4) with 0H and setting the 

determinant of the coefficients of iM  equal to zero. This gives 

]}4){([
2
1 222

ABBABBBAAABBBAAAC CCCCCCT    (2.6) 

 

 

 

 

 

 

 

 

Fig.2.8. The temperature dependence of the inverse susceptibility for ferrimagnets. 

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

The experimental Curie temperature, the temperature at which the susceptibility 

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

Curie temperature [39]. This disagreement between theory and experiment in the 

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

temperatures above experimental CT [3, 39]. 

 The sub-lattice magnetizations will in general have different temperature 

dependences because the effective molecular fields acting on them are different. This 

suggests the possibility of having anomaly in the net magnetization versus 

temperature curves, Fig. 2.9. For most ferrimagnets the curve is similar to that of 

ferromagnets, but in a few cases there be a compensation point in the curve, Fig. 

2.9(c) [2, 39]. At a point below the Curie temperature point, the two sub-lattice 

magnetizations are equal and thus appear to have no moment. This temperature is 
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called the compensation point. Below this temperature one sub-lattice magnetization 

is larger and provides the net moment. Above this temperature the other 

magnetization does dominates and the net magnetization reverses direction. 

  

 

 

 

 

 

 

Fig.2.9 Superposition of various combinations of two opposing sublattice magnetizations producing 

differing resultants including one with a compensation point (schematic). 

 The essential requisite for Néel configuration is a strong negative exchange 

interaction between A and B sub-lattices which results in their being magnetized in 

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

sublattice interactions are comparable with inter-sublattice interaction. Neel's theory 

predicts paramagnetism for such substances at all temperatures. This is unreasonable  

since strong AA or BB interaction may lead to some kind of ordering especially at low 

temperature. In the cases of no AB interaction, antiferromagnetic ordering may be 
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expected either in the  or in the B sub-lattice. Under certain conditions there may be 

non-collinear spin arrays of still lower energy.  

2.7 Microstructure 

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

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

grains, are complex and interactive interfaces. The whole set of a given material‟s 

properties (mechanical, chemical and especially electrical and magnetic) depend 

strongly on the nature of the microstructure. 

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

the difference in crystallographic orientation between the neighboring grains. For 

certain simple arrangements, the grain boundary is made of an array of dislocations 

whose number and spacing depends on the angular deviation between the grains. The 

ionic nature of ferrites leads to dislocation patterns considerably more complex than 

in metals, since electrostatic energy accounts for a significant fraction of the total 

boundary energy [3]. For low-loss ferrite, Ghate [2] states that the grain boundaries 

influence properties by 

1) creating a high resistivity intergranular layer, 

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

growth modifiers, 

3) Providing a path for oxygen diffusion, this may modify the oxidation state 

of cations near the boundaries. 

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

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

inclusions, second phases, as well as residual strains. Imperfections also act as energy 

wells that pin the domain walls and require higher activation energy to detach. 
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Stresses are microstructural imperfections that can result from impurities or 

processing problems such as too rapid a cool. They affect the domain dynamics and 

are responsible for a much greater share of the degradation of properties than would 

expect [2]. 

Grain growth kinetics depends strongly on the impurity content. A minor 

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

affecting grain boundary motion, pore mobility and pore removal [3, 52]. The effect 

of a given dopant depends on its valence and solubility with respect to host material. 

If it is not soluble at the sintering temperature, the dopant becomes a second phase 

which usually segregates to the grain boundary. 

 

 

 

 

Fig.2.10 Porosity character: (a) intergranular, (b) intragranular. 

The porosity of ceramic samples results from two sources, intragranular 

porosity and intergranular porosity, Fig. 2.10. An undesirable effect in ceramic 

samples is the formation of exaggerated or discontinuous grain growth which is 

characterized by the excessive growth of some grains at the expense of small, 

neighboring ones (Fig. 2.11).  

 

 

 

 

 

Fig.2.11 Grain growth (a) discontinuous (b) duplex (schematic). 
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When this occurs, the large grain has a high defect concentration. Discontinuous 

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

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

excessively high temperatures; in ferrites containing Zn and /or Mn, a low O2 partial 

pressure in the sintering atmosphere. When a very large grain is surrounded by 

smaller ones, it is called „duplex‟ microstructure. 

2.8 Theories of Permeability: 

Permeability is defined as the proportionality constant between the magnetic 

field induction B and applied field intensity H [3, 47,50]. 

    HB       (2.7) 

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

permeability, Fig. 2.15 and is given by  

    
)0( 






H
i H

B
  

This simple definition needs further sophistications. A magnetic material subjected to 

an ac magnetic field can be written as 

    eHH 0
it     (2.8) 

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

presence of various losses and is thus expressed as 

    eBB 0
i(t-)     (2.9) 

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

permeability is then given by 

 ///

0

0

0

0

0

0

0

)(
0 sincos 







i
H
B

i
H
B

H
eB

eH
eB

H
B i

ti

ti




 (2.10) 



Chapter 2                                                                                                                              Literature Review 

 40 

where  cos
0

0/

H
B

     (2.11) 

and  sin
0

0//

H
B

     (2.12) 

 

 

 

 

 

 

Fig.2.12 Schematic magnetization curve showing the important parameter: initial permeability, i  (the 

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

[3]. 

The real part ( / ) of complex permeability (  ), as expressed in equation 

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

the normal permeability. If there are no losses, we should have /  . The 

imaginary part //  corresponds to that of B, which is delayed by phase angle 90˚ 

from H [48, 49]. The presence of such a component requires a supply of energy to 

maintain the alternating magnetization, regardless of the origin of delay. The ratio of 

//  to / , as is evident from equation (2.12) and (2.11) gives 
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   (2.13) 

This tan  is called loss factor.  

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

1
     (2.14) 

  And the relative quality factor, 




tan

/

Q    (2.15) 

The curves that show the variation of both /  and //  with frequency are 

called the magnetic spectrum or permeability spectrum of the material [39]. The 

variation of permeability with frequency is referred to as dispersion. The 

measurement of complex permeability gives us valuable information about the nature 

of domain wall and their movements. In dynamic measurements the eddy current loss 

is very important. This occurs due to the irreversible domain wall movements. The 

permeability of a ferrimagnetic substance is the combined effect of the wall 

permeability and rotational permeability mechanisms.  

2.8.1 Mechanisms of Permeability 

The mechanisms can be explained as follows: A demagnetized magnetic 

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

domain all the magnetic moments are oriented in parallel and the magnetization has 

its saturation value sM . In the walls the magnetization direction changes gradually 

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

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

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

chemical in homogeneities which tend to favour certain wall positions. 

2.8.1.1 Wall Permeability 

The mechanism of wall permeability arises from the displacement of the 

domain walls in small fields. Let‟s us consider a piece of material in the demagnetized 

state, divided into Weiss domains with equal thickness L  by means of 180˚ Bloch 
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walls (as in the Fig. 2.13). The walls are parallel to the YZ plane. The magnetization 

sM  in the domains is oriented alternately in the Z  or Z  direction. When a field 

H  with a component in the Z  direction is applied, the magnetization in this 

direction will be favoured. A displacement dx  of the walls in the direction shown  

 

 

 

 

 

Fig.2.13 Magnetization by wall motion and spin rotation. 

By the dotted lines will decrease the energy density by an amount [35, 21]: 

     
L

dxHM zs2  

This can be described as a pressure zs HM  exerted on each wall. The pressure will be 

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

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

     d
L

dxHM zs  

From the change in the magnetization 

     
L

dM
M s2

 , 

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

Z direction. The magnetization in the   direction becomes 

   cos
2

)(
L
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M s , And with cosHH z   and 

K
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we obtain 



Chapter 2                                                                                                                              Literature Review 

 43 

   
KL

M
H
M s

w


 
22 cos4)(




     (2.16) 

2.8.1.2 Rotational Permeability 

The rotational permeability mechanism arises from rotation of the 

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

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

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

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

magnetostriction. The shape anisotropy is caused by the boundaries of the sample as 

well as by pores, nonmagnetic inclusions and in homogeneities. For small angular 

deviations, x and y  may be written as 

    
s

x
x M

M
  and

s

y
y M

M
 . 

For equilibrium Z -direction, E  may be expressed as [52] 
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where it is assumed that x and y  are the principal axes of the energy minimum. 

Instead of xxE  & yyE , the anisotropy field A
xH  and A

yH  are often introduced. Their 

magnitude is given by  
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 , 

A
xH  & A

yH  represent the stiffness with which the magnetization is bound to the 

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

rotational susceptibilities xr ,  and yr ,  for fields applied along x  and y  directions, 

respectively are  A
x

s
xr H

M
,  and A

y

s
yr H

M
, . 
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For cubic materials it is often found that A
xH  and A

yH  are equal. For 

AA
y

A
x HHH   and a field H  which makes an angle   with the Z  direction (as 

shown in Fig. 2.13) the rotational susceptibility, cr ,  in one crystallite becomes 

     2
, sinA

s
cr H

M
     (2.17) 

A polycrystalline material consisting of a large number of randomly oriented grains 

of different shapes, with each grain divided into domains in a certain way. The 

rotational susceptibility r  of the material has to be obtained as a weighted average 

of cr ,  of each crystallite, where the mutual influence of neighboring crystallites has 

to be taken into account. If the crystal anisotropy dominates other anisotropies, then 

AH  will be constant throughout the material, so only the factor 2sin  (equation 2.17) 

has to be averaged. Snoek [52] assuming a linear averaging of cr , and found 

A
s

r H
M

3
2

  

The total internal susceptibility 

    A
ss

rw H
M

KL
M

3
2cos4 22




   (2.18) 

If the shape and stress anisotropies cannot be neglected, AH  will be larger. Any 

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

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

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

parameters are influenced by such factors as imperfection, porosity and 

crystallite shape and distribution which are essentially unknown.  
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2.8.1.3 Frequency dependent Permeability Curve 

 The techniques of impedance spectroscopy, widely used in dielectrics have 

been applied to magnetic materials [40]. In this method, impedance measurements as 

a function of frequency are modified by means of an equivalent circuit and its 

elements are associated with the physical parameters of the material. 

The complex permeability, µ* , is determined  from the  complex impedance ,Z *, by :

    µ* = (jk/ω)Z *    (2.19) 

Where k is the geometric constant relating to inductance, l, to the permeability. The 

equivalent circuit for domain wall bowing (applied field lower than critical field) is a 

parallel RL arrangement; for wall displacement, additional Warbarg-type impedance 

element is required (Irvine et al.) [53]. 

 

 

Fig.2.14 Permeability spectra of NiFe2O4 samples with different grain size: (a)11µm;(b) 5µm;(c)2 µm 

(d)size <0.2 µm( single domain behavior) [3]. 
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Fig.2.15 Permeability spectrum of a Ni-Zn sample at fields above (open circles) and below (filled 

circles) the critical field [54]. 

Many of the specific applications of ferrites depend on their behavior at high 

frequencies. When subjected to an ac field, ferrite permeability shows several 

dispersions; as the field frequency increases, the various magnetization mechanisms 

become unable to follow the field. The dispersion frequency for each mechanism is 

different time constants, Fig. 2.14. The low frequency dispersions are associated with 

domain wall dynamics and the high frequency dispersion, with spin resonance. The 

spin resonance phenomena occur usually in the GHz range. The two main 

magnetization mechanisms are wall bowing and wall displacement as discussed 

before in section 2.8. Any field results in a bowing of pinned walls, and if this field 

has higher value than the corresponding critical field, walls are unpinned and 

displaced. Otherwise, bowed walls remain pinned to material defects. Measurements 

at low fields therefore show only one wall dispersion. Measurements at high fields, 

several, complex dispersions are observed, such as those in Fig. 2.15. Wall 

displacement dispersion occurs at lower frequencies than wall bowing, since 

hysteresis is a more complex phenomenon of wall bowing, unpinning, displacement 

and pinning steps. 
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Fig.2.16 (a) Schematic representation of the spin deviation from an easy axis by processional spiraling 

into the field direction, (b) Precession is maintained by a perpendicular rf field, hrf [3]. 

At very high frequencies, domain walls are unable to follow the field and the 

only remaining magnetization mechanism is spin rotation within domains. This 

mechanism eventually also shows a dispersion, which always takes the form of a 

resonance. Spins are subjected to the anisotropy field, representing spin-lattice 

coupling; as an external field is applied (out of the spins‟ easy direction), spins 

experience a torque. However, the response of spins is not instantaneous; spins 

precess around the field direction for a certain time (the relaxation time, τ) before 

adopting the new orientation, Fig. 2.16.  

The frequency of this precession is given by the Larmor frequency: 

    ωL  =γ µo HT       (2.20) 

Where HT is the total field acting on the spin.  

HT =HK+H+Hd+……, where HK ,H, Hd are the anisotropy and the external and 

demagnetization fields, respectively. If an ac field of angular frequency ωL is applied 

to the sample, a resonant absorption (ferromagnetic resonance) occurs. The Larmour 

frequency is independent of the precession amplitude. 
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2.9 Magnetization Mechanism 

2.9.1 Concept of Magnetic Domain and Domain Wall 

In 1907 Pierre Weiss in his paper “Hypothesis of the molecular field” [46, 55] 

postulated that a ferromagnetic material rather than be uniformly magnetized, is 

divided into a number of regions of domains, each of which is magnetized to 

saturation level but the direction of magnetization from domain to domain need not be 

parallel. The magnetization vectors are parallel to preferred direction such that the 

demagnetization field, and hence the demagnetization energy (Wdem. = 1/8π H2
D) is as 

small as possible. The total magnetization is then given by the vector summation of 

individual magnetization over all domains. The demagnetized state of the magnet is 

from the view point of an observer outside the material. In ferromagnetic materials, 

the atomic magnetic moments aligned in parallel fashion, while in ferrite domain, the 

net moments of the anti-ferromagnetic interaction are spontaneously oriented parallel 

to each other (even without applied magnetic field) [56]. The applied field serves as a 

control in changing the balance of potential energy within the, magnetic material. 

These uniformly magnetized domains are separated by a thin layer in which the 

magnetization gradually changes from one orientation to another. This transition 

boundary is called domain wall or Bloch wall. 

The domain structure are found basically to reduce the magnetostatic energy i.e., 

the magnetic potential energy contained in the field lines (or flux lines) connecting 

north and south poles outside of the material. This concept can be understood by 

considering a simple case, as shown in Fig. 2.17, in which (a) to (e) represents a cross  

section of a ferromagnetic single crystal. In Fig. 2.17 (a) a single domain crystal is 

shown, the value of magnetostatic energy is high. The arrow indicates the direction of 

magnetization and hence the direction of spin alignment in the domain. If the crystal 
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is divided into two domains (Fig. 2.17 (b), the magnetic energy will be reduced by 

roughly one half of the single domain case. This splitting process continues to lower 

the energy of the system until more energy is required to form the domain boundary. 

When a large domain is split into n domains, as shown in Fig. 2.17 (c) the magnetic 

energy will be reduced to approximately 1/n of the magnetic energy of that of type 

(a). For the domain structure configuration in Fig. 2.17 (d) and (e), the magnetic 

energy is zero as the flux circuit is completed within a crystal, (i.e., flux path never 

leaves the boundary of the material). These triangular domains are callled closure 

domains. Therefore the magnetostatic energy is reduced. This type of structure may 

also be found at the surface of the material. The boundaries between the domains are 

not sharp on atomic scale but are spread over a finite thickness within which the 

direction of the spin changes gradually from one domain to the next [55]. The spin 

within a domain wall as shown in Fig. 2.18, are pointing in necessary directions, so 

that the crystal anisotropy energy within the wall is higher than it is in the adjacent 

domains. 

 

 

 

 

 

 

 

 

 

Fig.2.17 Possible domain structures showing progressively low energy .Each part is representing a 

cross-section of a ferromagnetic single crystal [3, 40]. 
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Fig.2.18 Schematic representation of a domain wall. All spins, within the wall thickness are in non-

easy direction [39]. 

The exchange energy tries to align the spin in a direction parallel to the direction in 

the domain while the anisotropy energy tries to make the wall thin to minimize 

misalignment within the easy directions. The actual thickness of the domain wall is 

determined by the counterbalance of the exchange energy and anisotropy energy. 

2.9.2 The dynamic behavior of Domains 

 Two general mechanisms are involved in changing the magnetization in a domain  

and, therefore, changing the magnetization in a sample. The first mechanism acts by 

rotating the magnetization towards the direction of the field. Since this may involve 

rotating the magnetization from an axis of easy magnetization in a crystal to one of 

more difficult magnetization, a certain amount of anisotropy energy is required. The 
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rotations can be small as indicated in Figure 2.19 (a) or they can be almost the 

equivalent of a complete 180˚ reversal or flip if the crystal structure is uniaxial and if 

the magnetizing field is opposite to the original magnetization direction of the 

domain. The other mechanism for changing the domain magnetization is one in which 

the direction of magnetization remains the same, but the volumes occupied by the 

different domains may change. In this process, the domains whose magnetizations are 

in a direction closest to the field direction grow larger while those that are more 

unfavorably oriented shrink in size. Fig. 2.19 (b) shows this process which is called 

domain wall motion.  

The mechanism for domain wall motion starts in the domain wall. Present in 

the wall is a force (greatest with the moments in the walls that are at an angle of 90˚ to 

the applied field) that will tend to rotate those moments in line with the field. As a 

result, the center of the domain wall will move towards the domain opposed to the 

field. Thus, the area of the domain with favorable orientation will grow at the expense 

of its neighbour. 

 

 

 

 

 

(a)Volume constant , directions changed         b)Volume changed , directions constant  

Fig.2.19 (a) Change of domain magnetization by domain wall movement and (b) Change of domain 

magnetization by domain rotation [40]. 

2.9.3 Bulk Material Magnetization  

Although domains are not physical entities such as atoms or crystal lattices 

and can only be visualized by special means, for the purpose of magnetic structure 
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they are important in explaining the process of magnetization. A material that has 

strongly oriented moments in a domain often has no resultant bulk material 

magnetization. Non-magnetic material can be transformed into a strongly magnetic 

body by domain dynamics discussed above. If the material has been demagnetized, 

the domains point in all random directions so that there is complete cancellation and 

the resultant magnetization is zero (Fig. 2.20). The possible steps to complete 

orientation of the domains or magnetization of the material are also shown in Fig. 

2.20 [40]. 

 

 

 

 

Fig.2.20 Stages in Magnetization of a sample containing several crystals [40]. 

2.9.4 The 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 situations correspond respectively, to random 

orientation of domains complete alignment in one direction with elimination of 

domain walls. It can be started with the demagnetized specimen and increase the 

applied magnetic field and then the bulk material will be progressively magnetized by 

the domain dynamics. The magnetization of the sample will follow the course as 

shown in Fig. 2.21 [40]. The slope from the origin to a point on the curve or the ratio 

M/H is defined as magnetic susceptibility. This curve is called Magnetization Curve. 

This curve is generally perceived as being made of three major portions. 
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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 

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 has already been completed 

and the magnetization takes place by rotation magnetization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.21 Domain dynamics during various parts of the magnetization curve [40]. 
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This range is called rotation magnetization range. Beyond this range the 

magnetization gradually approaches to saturation magnetization (Fig. 2.21 b). 
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CHAPTER 3 

SAMPLE FABRICATION 

In this chapter, various experimental methods of sample preparation techniques of rare earth 

doped gadolinium oxide are described briefly. We describe also the effect of the preparation, 

calcinations and sintering process of the rare earth substituted Co-Cu-Zn ferrites with the general 

formula Co0.40Cu0.20Zn0.40GdxFe2-xO4 are also given in this chapter. Standard solid state reaction 

technique was employed for sample preparation. 

3.1 Composition of the studied ferrite system 

In the present research Gd+3 based soft ferrites are synthesized and 

investigated. The ferrites under investigation are: Co0.40Cu0.20Zn0.40GdxFe2-xO4 (with  

x = 0.000, 0.025, 0.050, 0.075, and 0.100). 

3.2. Sample Preparation Techniques 

Structural and magnetic properties of rare earth (Gd) substituted Co-Cu-Zn 

ferrites are greatly dependent on fabrication technique. There are various fabrication 

processes. Single crystals of Gd2O3 based dilute magnetic composition can be grown 

using chemical reaction. The most common methods for fabricating gadolinium oxide 

based diluted magnetic composition are given below: 

a. Thin film fabrication technique 

i. Pulsed laser deposition (PLD) (c-sapphire and a-sapphire) 

ii. Reactive sputtering (c-sapphire and a-sapphire) 

iii. Glass RF sputtering 

iv. Magnetron sputtering 

b Bulk sample fabrication technique: 

i. Solid state reaction technique 

ii. Bulk ZnO ion Implantation 
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iii. Chemical solution method. 

3.2.1 Material Synthesis and Sample Preparation 

Among all the processes the solid state reaction process is relatively less 

expensive. Maintenance of the critical conditions here is relatively easier than other 

processes. Other advantages of this technique are reproducibility, easy control, and 

obtaining sufficient products for measurements. With a careful control of 

contamination and impurity it is possible to fabricate a perfect dilute magnetic 

composition. The detail of the fabrication technique is described in the following 

section. 

3.2.2 Solid State Reaction 

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

from the appropriate amount of raw mineral oxides or carbonates by crushing, 

grinding and milling [1]. Solid state reaction occurs between apparently regular 

crystal lattices, in which the kinetic motion is very much restricted and it depends on 

the presence of lattice defects [2]. In solid state reaction method, appropriate amounts 

of two or more component of chemical compounds are carefully grinded together and 

mixed thoroughly in mortar with pestle or ball milling with appropriate 

homogenization. Solid oxides do not usually react together at room temperature over 

normal time scale and it is necessary to heat them at much higher temperatures. The 

ground powders are then calcined in air or oxygen at a temperature above 500 °C. 

Sometime this process is continued until the mixture is converted into the correct 

crystalline phase. The calcined powders are then further crushed into fine powders. 

The pellets or disc shaped and toroid shaped samples are made of these calcined 

powders using uniaxial or isostatic pressure. Sintering is carried out in the solid state, 
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at temperatures between 900-1600 °C, for times of typically 1-10 hours and in various 

atmospheres (e.g. Air, O2 and N2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.1 Flow chart for sample preparation and measurement by solid state reaction method. 

3.2.3 Calcination and Sintering 

Calcination is a heat treatment process, where the mixture of appropriate 

material is converted into the correct crystalline phase. Unwanted air molecules and 

impurities are also become evaporated while calcining. Sintering is used in order to 

get better densification and usually done at a higher temperature than calcination. 

Different grain sizes are found by sintering at different temperatures. After sintering 
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the compact solid becomes more homogeneous and free from unwanted impurities. 

Our samples were calcined at 900 °C for 5 hours in air and then sintered at different 

temperatures i.e. 1000, 1050, 1100 and 1150 °C for another 1 hour in air.  The name 

of the furnace is Carbolite Eurotherm 2408 made by England. The temperature ramp 

was 100C/min while rising and was 5°C/min while decreasing. After calcinations, 

samples got a different colour which indicated occurrence of chemical reaction among 

the compounds while calcining. After calcination two samples, formed two different 

coloured powder. The calcined powder was then further grinded for another three 

hours. Then the fine powder was pressed into pellets and toroids of 12 mm outer 

diameter and 6-7 inner diameter and 1-3 mm thick under a pressure of 104 psi for 

about 1-2 minutes using a uniaxial press. The name of uniaxial press that we used to 

palletized sample is Will Corporation, Buehler ltd made by U.S.A. The pellets and 

toroids formed inside the mould had a shinny surface. It was again placed in a boat 

and inserted into the furnace for sintering . The temperature ramp was 10ºC/min for 

heating and 5ºC/min for cooling. 

3.3 Preparation of the present samples 

Polycrystalline Co0.40Cu0.20Zn0.40GdxFe2-xO4 (x= 0.000, 0.025, 0.050, 0.075 

and 0.100) were prepared by a solid state reaction technique. Appropriate amount of 

commercially available high purity powders of Co3O4 (99.9%), CuO (99.99%), ZnO 

(99.9%), Gd2O3 (99.95%) and Fe2O3 (99.9%) were used as the raw materials. The 

exact amounts of compounds were calculated for each composition. Using those raw 

materials were weighed and mixed thoroughly by ball milling. Milling was carried out 

in a wet medium (distilled water) to increase the degree of mixing. 

 The mixture was calcined at 900 ºC for 5 hours. The calcined powder again was 

crashed into fine powders. 
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            (a)          (b)                   (c) 
Fig.3.2 (a) Carbolite Eurotherm 2408 and (b) uniaxial press(c) mortar with pestle Bangladesh 
University of Engineering and Technology (BUET). 

From the fine powders, toroid and disk-shaped samples were prepared and sintered at 

various temperatures (1000, 1050, 1100 and 1150 °C). During sintering the samples 

were heated / cooled in various heating and cooling rates. It was expected that various 

heating/cooling rate was produce samples of various surface morphology, electric and 

magnetic properties. Two sets of each compositions were sintered at the above four 

temperatures. After sintering, one set of samples were kept for XRD analysis and 

another set of sample were rubbed and finished. First, the pellets and rings were 

rubbed using a sand paper (no. 800) then they were further rubbed using another fine 

sand paper (no.1200). Finally, finished samples were found. The thickness, inner 

diameter and outer diameter of each toroid shaped samples were measured. For disc 

shaped samples, thickness and diameter were measured. 

 

 

Fig.3.3 Sample (a) disk shaped, (b) Toroid shaped. 
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CHAPTER 4 

EXPERIMENTAL TECHNIQUES 

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

structural and surface morphology and frequency dependent AC permeability of ferrite samples. We 

also describe the experimental technique for the measurement of magnetization. The transport 

properties and DC magnetization of the samples were also determined. 

4.1 X-ray diffraction 

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

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

wavelength  is incident on a periodic crystal plane at an angle  and is diffracted 

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

given by 

 nSind 2      (4.1) 

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

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

Bragg law suggests that the diffraction is only possible when  ≤ 2d [1]. For this 

reason we cannot use the visible light to determine the crystal structure of a material. 

The X-ray diffraction (XRD) provides substantial information on the crystal 

structure. 

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

Co0.40Cu0.20Zn0.40GdxFe2-xO4 (with x = 0.000, 0.025, 0.050, 0.075 and 0.100). For this 

purpose monochromatic Cu-K radiation was used. The lattice parameter for each 

peak of each sample was calculated by using the formula 

    222 lkhda      (4.2) 
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where h, k and l are the indices of the crystal planes. To determine the exact lattice 

parameter for each sample, 

 

 

 

       

 

Fig.4.1 Bragg law of diffraction. 

Nelson-Riley method was used. The Nelson-Riley function F() is given as  

       (4.3) 

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

against F(). Then using a least square fit method exact lattice parameter 'ao' is 

determined. The point where the least square fit straight line cut the y-axis (i.e. at F() 

= 0) is the actual lattice parameter of the sample.  

The physical or bulk densities B  of the samples were determined by 

Archimedes principle with water medium using the following expression [2]: 

3/ cmg
WW

W
B





     (4.4) 

Where W is the weight of the sample in air,W  is the weight of the sample in 

the water and ρ is the density of water in room temperature. 

The theoretical density th  was calculated using following expression: 

    3
3 /8 cmg

aN
M

oA
th      (4.5) 
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Where NA is Avogadro's number (6.02  1023 mol-1), M is the molecular weight. The 

porosity was calculated from the relation %100 - (%) P
th

Bth 
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4.1.1 Phillips X Pert PRO X-ray diffractometer 

X-ray diffraction (XRD) provides extensive information on the crystal 

structure. The wavelength of an X-ray is of the same order of magnitude as that of the 

lattice constant of crystals and this makes it so useful in structural analysis of crystal 

structure. To study the crystalline phases of the prepared samples PHILIPS PW3040 

X’pert PRO X-ray diffractometer was used AEC, Dhaka, Bangladesh.  

 

Fig.4.2 PHILIPS PW 3040 X’pert PRO X-ray diffractometer used for XRD. 

The specimens were exposed to CuK radiation of wavelength, λ = 1.54178 Å with a 

primary beam of 40 kV and 30 mA with a sampling pitch of 0.02° and time for each 

step data collection was 1.0 sec. A 2 scan was taken from 10° to 90° to get possible 

 

 

 

 

 

 

Fig.4.3 Block diagram of the PHILIPS PW 3040 X’Pert PRO XRD system. 
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fundamental peaks where Ni filter was used to reduce CuK radiation. All the data of 

the samples were analyzed using computer software “X PERT HIGHSCORE”. 

4.1.2 Powder X-ray diffractometer 

Powder X- ray diffraction is perhaps the most widely used X–ray diffraction 

technique for characterizing materials; Powder diffraction is commonly used to 

identify unknown substances, by comparing diffraction database maintained by the 

International Center for Diffraction Data. It may also be used to characterize 

heterogeneous solid mixtures to determine relative abundance of crystalline 

compounds and, when coupled with lattice refinement technique, such as Rietveld 

refinement, can provide structural information on unknown materials. Powder 

diffraction is also a common method for determining strains in crystalline materials. 

Powder diffraction data can be collected using either transmission or reflection 

geometry. Because the particles in the powder sample are randomly oriented, these 

two methods will yield the same data. Powder diffraction data are measured using the 

Philips XPERT PRO diffractometer, which measures data in the reflection mode and 

is used mostly with powder or solid samples.  

 

Fig.4.4 X-ray diffraction, (a) classic transmission geometry and (b) Classic reflection geometry. 

Diffraction can occur when electromagnetic radiation interacts with a periodic 

structure whose distance is about the same as the wavelength of the radiation. This 



Chapter 4   Experimental Techniques 

 67  

technique uses the principle that waves interacting with atomic planes in a material 

will exhibit the phenomenon of diffraction. X-rays incident on a sample are scattered 

off at an equal angle. At certain angles of incidence, x-rays scattering off of 

neighboring parallel planes of atoms will interferer destructively. At other angles, 

these waves will interfere constructively and result in a large output signal at those 

angles.  The XRD technique is based on Bragg’s principle. 

4.2 Surface morphology and microstructure 

The microstructural study was performed in order to have an insight of the 

grain structures. The samples of different compositions and sintered at different 

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

resolution Scanning Electron Microscope (SEM) and then photographed. Average 

grain sizes (grain diameter) of the samples were determined from SEM micrographs 

by linear intercept technique [3]. To do this, several random horizontal and vertical 

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

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

average grain size was calculated. 

4.3 Scanning Electron Microscope 

SEM is a type of electron microscope that creates various images (surface 

morphology) by focusing a high energy beam of electrons onto the surface of a 

sample and detecting signals from the interaction of the incident electron with the 

sample's surface. The type of signals gathered in a SEM varies and can include 

secondary electrons, characteristic x-rays, and back scattered electrons. In a SEM, 

these signals come not only from the primary beam impinging upon the sample, but 

from other interactions within the sample near the surface. The SEM is capable of 
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producing high resolution images of a sample surface in its primary use mode, 

secondary electron imaging. Due to the manner in which this image is created, SEM 

images have great depth of field yielding a characteristic three-dimensional 

appearance useful for understanding the surface structure of a sample. This great 

depth of field and the wide range of magnifications are the most familiar imaging 

mode for specimens in the SEM. Characteristic x-rays are emitted when the primary 

beam causes the ejection of inner shell electrons from the sample and are used to tell 

the elemental composition of the sample. The back-scattered electrons emitted from 

the sample may be used alone to form an image or in conjunction with the 

characteristic x-rays as atomic number contrast clues to the elemental composition of 

the sample. In the present study, the SEM micrographs of different sintered pellets 

were taken using a field emission scanning electron microscope (FESEM, JEOL, JSM 

7800F).  

 

Fig.4.5 Scanning Electron Microscope (SEM). 

4.3.1 Scanning process and image formation 

In a typical SEM, an electron beam is thermionically emitted from an electron 

gun fitted with a tungsten filament cathode. Tungsten is normally used in thermo ionic 
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electron guns because it has the highest melting point and lowest vapor pressure of all 

metals, thereby allowing it to be heated for electron emission, and because of its low 

cost. The electron beam, which typically has an energy ranging from a few 100 eV to 

40 keV, is focused by one or two condenser lenses to a spot about 0.4 nm to 5 nm in 

diameter. The beam passes through pairs of scanning coils or pairs of deflector plates 

in the electron column, typically in the final lens, which deflect the beam in the x and 

y axes so that it scans in a raster fashion over a rectangular area of the sample surface. 

When the primary electron beam interacts with the sample, the electrons lose energy 

by repeated random scattering and absorption within a teardrop-shaped volume of the 

specimen known as the interaction volume, which extends from less than 100 nm to 

around 5 μm into the surface. The size of the interaction volume depends on the 

electron's landing energy, the atomic number of the specimen and the specimen's 

density. The energy exchange between the electron beam and the sample results in the 

reflection of high-energy electrons by elastic scattering, emission of secondary 

electrons by inelastic scattering and the emission of electromagnetic radiation, each of 

which can be detected by specialized detectors. The beam current absorbed by the 

specimen can also be detected and used to create images of the distribution of 

specimen current. Electronic amplifiers of various types are used to amplify the 

signals which are displayed as variations in brightness on a cathode ray tube. The 

raster scanning of the CRT display is synchronized with that of the beam on the 

specimen in the microscope, and the resulting image is therefore a distribution map of 

the intensity of the signal being emitted from the scanned area of the specimen. The 

image may be captured by photography from a high resolution cathode ray tube, but 

in modern machines is digitally captured and displayed on a computer monitor. 
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4.4 Complex permeability measurement 

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

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

fulfill this requirement. The techniques of permeability measurement and frequency 

characteristics of the present samples are described in the following way. 

Measurements of permeability normally involve the measurements of the 

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

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

loss less air coil of inductance 0L . On insertion of a magnetic core with permeability , 

the inductance will be 0L . The complex impedance Z  of this coil [3] can be 

expressed as follows: 

)( ///
00  jLjLjjXRZ              (4.6) 

Where the resistive part is                 //
0LR                                                 (4.7) 

and the reactive part is                          /
0LX                                                       (4.8) 

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

given by equation (4.6). The core is taken as toroidal to avoid demagnetizing 

effects. The quantity Lo is derived geometrically as shown in section 4.5. 

4.5 Frequency characteristics of the present samples 

The frequency dependent complex permeability spectra of mentioned ferrite 

sample were investigated using a Wayne Kerr Precision Impedance Analyzer (model 

no. 6500B) in the solid state physics laboratory, Bangladesh University of 

Engineering and Technology (BUET).which is shown in Fig.4.7. The complex 

permeability measurements on toroid shaped specimens were carried out at room 

temperature on all the samples in the frequency range 100 Hz - 120 MHz. The real 



Chapter 4   Experimental Techniques 

 71  

part )( /
i and imaginary part ( //

i ) of the complex permeability were calculated using 

the following relations [4]: 0
/ LLsi   and  tan///

ii  , where Ls is the self-

inductance of the sample core (Fig. 3.5) and )(ln22
0

i

o
o r

rhNL   is derived 

geometrically. Here Lo is the inductance of the winding coil without the sample core, 

0  is ithe permeability constant in the free space and has a value 4π x 10-7WA-1. N is 

the number of turns of the coil (N = 4), measurements of the toroidal sample,  

or  outer radius, ir  inner radius, h  height. 

 The relative quality factor is determined from the ratio RQF =




tan

/
i . 

 

 

 

 

Fig.4.6 winding of four turns on the sample core. 

 

Fig.4.7 Wayne Kerr Impedance Analyzer (Model No. 6500B) in experimental Solid State Physics 

laboratory, BUET. 
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4.6 Transport properties 

4.6.1 Dielectric Constant 

The overall dielectric constant ( ' ) of an insulator material is given by the relation: 

000 ' EED       (4.9) 

Where D represents the electric displacement, E the electric field in the dielectric, '  

the dielectric constant and 0  permittivity of vacuum. The ' 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 indirectly from the capacitance of a capacitor in 

which the material is used as electrode separator or dielectric. 

The dielectric constant ' , total charge Q (coulombs) and capacitance C 

(farads) can be developed as follows: 

     
dV

SQ
E

D
/

/

00 
     (2.9) 

 Therefore,   CVV
d
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(4.10) 

 Where,    
d
SC '0     (4.11) 
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SC 00      (4.12) 

 And         
00

'



 

C
C

    
(4.13) 

Here, S represents the area of the capacitive cell, d its thickness (or gap between the 

electrodes), 0C  and C the respective capacitance of the capacitor with air and 

material, V the voltage across the cell,  the material permittivity (F/m). Thus, 

represents the ratio of the permittivity or charge storage capacity relative to air or 

vacuum as dielectric. A real capacitor can be represented with a capacitor and a resistor. 
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It is clear from equation 4.10 that for a given size capacitor and applied voltage, the 

higher the ε´ higher the capacitance of the capacitor. This is the only variable left with 

the material scientist to increase the value of capacitance per unit volume of capacitor 

for modern electronics applications. 

    

 

 

 

 

 

 

Fig.4.8 (a) Setup for temperature dependent measurement in experimental Solid State Physics 

laboratory, BUET. 

4.6.2 Dielectric Loss 

Friction is a macroscopic concept and its explanation in terms of models 

conceived at a microscopic level has presented difficulties in many branches of 

physics. Dielectric loss is a special type of friction and the classical and quantum 

statistical mechanical theories of dielectric loss present the familiar difficulties of 

principle encountered in a theory of dissipation. Every type of dissipation (dielectric 

loss) is connected with motions of charge carrier. The effect of their movements in an 

electric field is called polarization. The total polarization is the sum of various 

contributions, e.g. electronic polarization due to the relative displacement of electrons 
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and nuclei, dipolar polarization due to orientation of dipoles, and interfacial or 

Maxwell-Wagner polarization when there are boundaries between the components of 

a heterogeneous system. The occurrence of dielectric loss can generally be understood 

as follows: at very low frequencies the polarization easily follows the alternating 

field, thus its contribution to the dielectric constant is maximal, and no loss occurs. At 

very high frequencies the field alternates too fast for polarization to arise and there is 

no contribution to the dielectric constant, and no energy lost in the medium. 

Somewhere between these two extremes the polarization begins to lag behind the 

field, and energy is dissipated. An ideal dielectric would allow no flow of electronic 

charge, only a displacement of charge via polarization. If a plate of such ideal material 

was placed between the capacitive cell and a dc voltage was applied, the current 

through the circuit would decay exponentially to zero with time. But this would not be 

case if an alternating (sine wave) electric field were applied. In this case equation may 

be written as: 

     tiCVeQ      (4.14) 

 Therefore    VCiCVi
dt
dQI '

00    (4.15) 

Here, I represent the current flow on discharge of the capacitor in time t. For real 

dielectric material, the current I has two vector components, real IR and imaginary IC. 

The condition of a loss dielectric analogous of a resistance in parallel with the 

capacitor. The current Ic represent a (watt less) capacitive current proportional to the 

charge stored in the capacitor. It is frequency dependent and leads the voltage by 090 . 

On the other hand, the current IR is ac conduction current in phase with the voltage V, 

which represents the energy loss or power dissipated in the dielectric. The resultant 
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angle between the current and the voltage is θ somewhat less than 090 . The current in 

real capacitor lags slightly behind what it would be in an ideal capacitor. 

Equation can be written for real and imaginary part, 

     I = RI + CI     (4.16) 

     = VCiVC ''
00

'
00     (4.17) 

By definition,    '

''

tan



      (4.18) 

Dielectric loss often attributed to ion migration, ion vibration & deformation and 

electric polarization. Ion migration is particularly important and strongly affected by 

temperature and frequency. The losses due to ion migration increase at low frequency 

and the temperature increases. 

The imaginary part of dielectric constant (ɛʺ) of the sample was calculated 

using relation: ɛʺ=ɛ′* tanδ; where tanδ is the dielectric loss tangent. 

The ac conductivity was calculated according to the relation ζ ac = d/(A×Rac); 

here Rac is the ac resistance. The electrical conductivity of most materials can be 

expressed as: ζ (ω, T) = ζ ac(T) + ζ ac (ω,T); where ζ dc is the conductivity and depends 

only on temperature. The second term ζ ac is the ac is the ac conductivity, which 

depends on temperature and frequency. The frequency dependent ζac  is expressed by 

the empirical formula: ζ ac (ω, T) = Aωn; where A and n are the constants which depend 

both on temperature and composition; n dimensionless, whereas A has units of ζ ac. 

4.6.3 Impedance spectroscopy 

 AC measurement are often made with a wheatstone-bridge-type of apparratus 

(impedance analyzer or LCR meter) in which the resistance R and capacitance C of the 

sample are measured and balanced against variable resistors and capacitors. The 

impedance ǀZǀ and the phase difference (θ) between the voltage and current are 
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measured as a function of frequency for the given sample and the technique is called 

impadence spectroscopy. Analysis of the data is carried out by flotting the imaginary 

part of impedance Z′= ǀZǀcosθ against the real part Zʺ= ǀZǀsinθ on a complex plane 

called the impedance plot. An impedance plot with linear scale is used to analyze the 

equivalent circuit as follows. Impedance plot of pure resistor is a point on real axis and 

that of pure capacitor is a straight line coinciding with the imaginary axis. The 

impedance of a parallel RC combination is by the following relation: 

     Z*=Z′-j Zʺ = R / (1+jωRC)     

After simplification, one gets 

     (Z′-R /2)2 +Zʺ2 = (R/2)2 

This represents the equation of circle with radius R /2 and centre at (R /2, 0). Thus a 

plot of Z′ vs Zʺ (as a parametric function of Q) will result in a semicircle of radius R /2 

and this plot is called Nyquist plot. The time constant of the simple circuit is defined as 

η =RC =1/ωn. This corresponds to the relaxation time of the sample and the 

characteristic frequency lies at the peak of the semi-circle. In an ideal polycrystalline 

sample, the impedance plot exhibits an arc corresponding to the grain boundary 

behavior and a spike at the lowest frequency corresponding to the electrode effect. 

4.6.4 Modulus spectroscopy 

 The complex modulus spectroscopy study gives the information regarding the 

distribution parameters of different micro regions in the polycrystalline materials, such 

as gain, grain boundary and electrode interface. Different mechanism involved in the 

relaxation as well as in ac conduction process can be resolved by plotting the modulus 

at different frequencies in the complex plane, and is found very effective in separating 

the contributions of various factors such as bulk effect, grain boundary effect, and 

interfaces. Also the use of modulus spectroscopy plot is particularly useful for 
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separating the components with similar resistance but different capacitance. Dielectric 

relaxation studies have been carried out in the complex modulus M* formalism. The 

real and imaginary part of electric modulus was obtained from the impedance data in 

accordance with the relation: 

  M′ = ɛ′/ (ɛ′2 +ɛʺ2) = ωCoZʺ and Mʺ = ɛʺ / (ɛ′2 +ɛʺ2) = ωCoZ′. 

4.7 DC magnetization measurement technique 

The VSM (vibrating sample magnetometer) technique is used to measure the 

change of magnetization of materials as a function of an external field, which enables 

to identify their magnetic nature. It is a versatile and sensitive method of measuring 

magnetic properties developed by S. Foner [5] and is based on the flux change in a 

coil when the sample is vibrated near it. As explained earlier, para-, dia- and 

ferromagnetic materials will have a different reaction to the applied field. In 

ferromagnetic samples, a hysteresis loop is expected. The degree of bending of the M-

H graph represents the amount of ferromagnetism in the examined sample. The 

principle of the VSM is, as its name reveals, based on the mechanical vibration of a 

magnetic sample in a homogeneous magnetic field, which will produce a change in 

the magnetic flux in the neighborhood of the sample. The sample is vibrating 

sinusoidally at small fixed amplitude with respect to stationary pick-up coils. 

According to Faradays law, an electromagnetic field will be induced, proportional to 

the rate of the flux change, as 

        dt
dtV 

)(                (4.19) 

The resulting field change ∂B (t) at a point r inside the detection coils induces a 

voltage. The field B is given by the dipolar approximation, assuming small 
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dimensions of the magnetized sample in comparison to its distance from the detection 

coils 

})(3{
4

)( 33
0

r
rrm

r
mrB

 





             (4.20) 

Where, m is the magnetic moment of the magnetized sample. 

4.7.1 Vibrating Sample Magnetometer (Micro Sense, EV9) 

 

Fig.4.9 VSM machine set up at Material Science Division, AECD. 

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 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. 
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4.7.2 Working principle of VSM  

If a sample is placed in a uniform magnetic field, created between the poles of 

an 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.  Figure 4.10 shows the block diagram of vibrating sample 

magnetometer. The sample is fixed to a sample holder located at the end of a sample 

rod mounted in an electromechanical transducer. The transducer is driven by a power 

amplifier which itself is driven by an oscillator at a frequency of 90 Hertz. 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. 

 

Fig.4.10 Block diagram of vibrating sample magnetometer. 

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 
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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. 

The measurements of the field dependence of the magnetization for bulk 

materials were performed using the VSM Micro Sense (model EV9), The EV9 

Vibrating Sample Magnetometer can reach fields up to 26kOe at a sample space of 5 

mm and 21.5kOe with the temperature chamber in place. The VSM was able to 

deliver fields up to 2 Tesla. The VSM was able to detect magnetic moments down to 

0.5 emu. Since only room temperature measurements were performed, a cryostat 

assembly was not needed. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

In this section structural and surface morphology of Co0.4Cu0.2Zn0.4GdxFe2-xO4 are investigated. The 

gadolinium substituted polycrystalline Co0.4Cu0.2Zn0.4GdxFe2-xO4 ranging from x=0.000 to x=0.100 

have been prepared been prepared by standard solid state reaction technique. XRD patterns confirm 

single phase and formation of cubic structure. The magnetic properties such as complex initial 

permeability of the ferrites investigated in the frequency range (104 kHz -120 MHz) by Wayne Kerr 

Impedance Analyzer (model no.6500B). The DC magnetization and transport properties of the sample 

at Ts= 1100 ºC are also studied. The influence of Gd3+ ion substitution and sintering temperature on 

these parameters of Co0.4Cu0.2Zn0.4GdxFe2-xO4 ferrites are discussed. 

5.1 XRD analysis of the polycrystalline Co0.4Cu0.2Zn0.4GdxFe2-xO4 

Room temperature XRD patterns for various Co0.40Cu0.20Zn0.40GdxFe2-xO4 with 

x=0.000, x=0.025, x=0.050, x=0.075 and 0.100 sintered at 1100˚C are shown in 

fig.5.1. All peaks observed in XRD patterns are identified with their miller indices 

indicate single phase and formation of cubic spinel structure having no impurity peak  
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Fig.5.1 The X-ray diffraction patterns of Co0.4Cu0.2Zn0.4GdxFe2-xO4 sintered at 1100 ᵒC in air. 

is formed as all the peaks in pattern match well with characteristic reflections reported 

as before [1]. Peaks of the observed diffraction pattern have been well indexed to the 
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crystal plane of spinel ferrite (111), (220), (311), (222), (440), (422), (511), and (440) 

plane respectively. The positions of the peaks are in good agreement with the earlier 

reported value [2, 3]. 

5.2 Lattice Constants of the polycrystalline Co0.4Cu0.2Zn0.4GdxFe2-xO4 

The values of lattice parameters, a, obtained from each crystal plane are plotted 

against Nelson-Riley function (equation 4.3 chapter 4). The values of lattice parameters 

were estimated from the extrapolation of these lines to F (θ) = 0 or θ = 90ᵒ. From the 

lattice parameter, a Vs F (θ) curve, precise lattice constant, „ao‟ is determined for each 

composition. Fig. 5.2(a) shows a Vs F () curve for various Co0.4Cu0.2Zn0.4GdxFe2-xO4 

sintered at 11000C. Lattice constants of other samples are calculated in a similar way. The 

lattice constant, ao of various Co0.4Cu0.2Zn0.4GdxFe2-xO4 are plotted as a function of Gd 

content, as shown in Fig. 5.3. In the present case the lattice constant varies from 8.4127 Å 

to 8.4276 Å as presented in Table 5.1. 

 

 

 

 

 

Fig.5.2 (a) Variation of lattice parameter with F() and  (b) Variation of the lattice constant ao with Gd 

content.  

It is clear from Fig. 5.3 that the lattice constant, ao increases with the increase of Gd3+ 

content that follows Vegard‟s law in the whole composition range under present 
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investigation as shown by solid line. The values of lattice constant for various 

Co0.4Cu0.2Zn0.4GdxFe2-xO4 are listed in the Table 5.1. This increase in lattice constant 

with Gd3+ content can be explained in the basis of ionic radii. The ionic radii of the 

cataions used in Co0.4Cu0.2Zn0.4GdxFe2-xO4 are 0.91Å (Gd3+) and 0.64 Å (Fe3+) [5]. 

Here Fe3+ is substituted by Gd3+. So increase in lattice constant ao is expected with 

increasing Gd3+ content. The mean ionic radius of the compositions under 

investigation has the nominal chemical formula Co0.4Cu0.2Zn0.4GdxFe2-xO4 Therefore, 

the mean ionic radius of the variant ions for composition Co0.4Cu0.2Zn0.4GdxFe2-xO4 

can be written as  

r(variant) = xrGd +(2-x)rFe      (1) 

Where rGd is the radius of Gd3+ (= 0.91Å) and rFe is the ionic radius of Fe3+ (=0.64Å) 

[5]. The variation of r (variant) with Gd content is shown in Fig. 5.3, where it increases 

with increasing Gd content. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.3 Variation of the lattice constant ao, and rvarient as a function of Gd content for 

Co0.4Cu0.2Zn0.4GdxFe2-xO4 sintered at 1100 ᵒC in air. 
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Table 5.1 The lattice constant, density, porosity, grain size, natural resonance frequency, maximum 

Quality factor and initial permeability of the various Co0.4Cu0.2Zn0.4GdxFe2-xO4 sintered at various 

temperatures with fixed dwell time 3h. 

x T s 

 

(0C) 

a0 

 

(A0) 

Ρ x-ray 

 

(g/cm3) 

Ρ bulk 

 

(g/cm3) 

P 

 

(%) 

Grain 

Size 

(µm) 

Q max μi′ 

 

(at10kHz) 

0.000 1000 8.4127 

 

 

5.31 

 

4.73 11 0.85 1648 33 

1050 4.75 11 0.85 1889 33 

1100 4.81 9 1.77 1912 35 

1150 4.78 10 1.49 1274 27 

0.025 1000 8.4183 

 

5.36 

 

4.78 11 0.99 2233 34 

1050 4.82 10 1.47 2494 34 

1100 4.87 9 2.08 2628 36 

1150 4.84 10 1.92 1318 25 

0.050 1000 8.4223 

 

5.42 

 

4.84 11 1.77 2452 35 

1050 4.88 10 1.83 2525 35 

1100 4.93 9 2.81 3395 38 

1150 4.91 9 2.74 2049 30 

0.075 1000 8.4243 

 

5.47 

 

4.89 11 1.54 1898 33 

1050 4.94 10 1.62 2499 34 

1100 4.99 9 2.29 2714 35 

1150 4.96 9 2. 21 1787 27 

0.100 1000 8.4276 

 

5.51 

 

4.93 11 1.50 1737 32 

1050 4.99 9 1.60 2414 33 

1100 5.05 8 2.26 2521 34 

1150 5.01 8 2.16 1673 25 
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5.3 Density and porosity of the polycrystalline Co0.4Cu0.2Zn0.4GdxFe2-xO4 

Density plays an important role in controlling the properties of polycrystalline 

ferrites. A significant increase in the bulk density is observed with the Gd content (as 

shown in fig.5.5). Theoretical density, ρth, bulk density, ρB and porosity, P, of the 

various Co0.4Cu0.2Zn0.4GdxFe2-xO4 are tabulated in the Table 5.1. The ρth increases 

with increasing lattice constant, ao in the Gd substituted various 

Co0.4Cu0.2Zn0.4GdxFe2-xO4. It increases because the molecular weight of the each 

sample increases significantly with the addition Gd3+ content. Both theoretical and 

bulk density increase in a similar fashion and porosity decreases with the increase of 

Gd content in Co0.4Cu0.2Zn0.4GdxFe2-xO4 for a fixed sintering temperature, as shown in 

Fig. 5.4. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.4 The variation of theoretical density (ρth) and bulk density (ρB) and porosity (P) with Gd content 

in Co0.4Cu0.2Zn0.4GdxFe2-xO4. 
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Fig.5.6 shows that the variation of ρBulk and P with the variation of sintering 

temperature for Co0.4Cu0.2Zn0.4GdxFe2-xO4. It is observed that the density of all 

samples increases with increasing sintering temperature from 1000 to 1100 °C and 

then it decreases for further increase in sintering temperature. On the other hand, 

porosity (P) of all samples decreases with increasing sintering temperature up to  

1100 °C and an increasing trend is shown beyond it. The increase in density with 

sintering temperature is expected. It is also observed that the ρth of each sample is 

greater than that of ρBulk because there may be some pores which were formed and 

developed during sample preparation or the sintering process in the bulk sample [6, 

7]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.5 (a) Variation of density with respect to Gd content, x and (b) sintering temperature (ᵒC). 
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Fig.5.6 The variation of density and porosity with Ts for Co0.4Cu0.2Zn0.4GdxFe2-xO4 at x=0.000, 

x=0.025, x=0.050, x=0.075 and x=0.100 in air. 
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The effect of Ts on ρB and P may be explained in the following ways- 

The P of ferrite samples usually results from two sources, i.e. intragranular and 

intergranular, depending on whether pores remain within the grains or pores lie in the 

grain boundaries. Therefore, total P may be written as [8] 

Porosity: P = Pintra+Pinter 

i) During the sintering process, the thermal energy generates a force that drives the 

grain boundaries to grow over pores, thereby decreasing the pore volume and 

densifying the samples. 

ii) When the grain growth rate is very high, pores are left behind the rapidly moving 

grain boundaries and are trapped within the grains. This intragranular P is practically 

impossible to eliminate, leading to poor magnetic properties [8]. The discontinuous 

growth of grain rises with temperature [8]. 

At higher Ts, the ρB decreases because the intragranular P increases resulting from 

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

reported in case of Ni-Zn ferrites [9]. 

5.4 Microstructures of Co0.40Cu0.20Zn0.40GdxFe2-xO4 

Structural and magnetic properties sensitively depend on the microstructure of 

ferrites. The average grain size of various Co0.40Cu0.20Zn0.40GdxFe2-xO4 with the 

variation of sintering temperatures1000 and 1150 ᵒC, are listed in Table 5.1. Grain 

size is an important parameter affecting the magnetic properties of ferrites. Grain 

growth is closely related to the grain boundary mobility. Recrystallization and grain 

growth involve the movement of grain boundaries. The grain growth, being a result of 

inter-particle mass transport, appears to be dominated by the diffusion mechanism, 

lattice and grain boundary diffusion. The behavior of grain growth reflects the 
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competition between the driving force for grain boundary movement and the retarding 

force exerted by pores [10]. When the driving force of the grain boundary in each 

grain is homogeneous, the sintered body attains a uniform grain size distribution. 

Abnormal grain growth occurs if this driving force is inhomogeneous. Moreover, the 

strength of the driving force depends upon the diffusivity of individual grains, 

sintering temperature and porosity. The sem of Co0.40Cu0.20Zn0.40GdxFe2-xO4 sintered 

at 1000 to 1150 ºC are shown in Figs. 5.7 to 5.10 respectively. The average grain size 

(D) increases with increasing Gd content in the Co0.40Cu0.20Zn0.40GdxFe2-xO4 up to 

x=0.050 then a decreasing trend is observed for x= 0.075 and 0.100.  It may be 

considered that all Gd3+ ions enter into the spinel lattice during sintering and activate 

the lattice diffusion. The average grain size increases gradually with increase of Gd3+ 

may be due to the fact that melting point of Gd3+ (1585K) is less than that of Fe3+ 

(1808K) and the decrease in grain size beyond x=0.075 perhaps related to 

complicated chemistry of Gd3+ (higher concentration) with other materials. For 

x=0.075 and x=0.100 the formation of exaggerated grains of non-uniform size is seen 

to occur. The uniformity and the grain size and the average grain diameter can control 

properties such as the magnetic permeability. The average grain diameter (D) of the 

samples is determined by linear intercept technique [8].  

 It is also found that the sintering temperatures have influence on grain size for 

a particular composition. It is noticed that the average grain size of all samples 

increases with the sintering temperatures which is shown in Table 5.1. During the 

early stage of sintering temperature, the volume fraction of pores is large and the 

grain growth is inhibited. Once the porosity has decreased as the sintering temperature 
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increases many of the small pores disappear. The grains that grow consume their 

neighbor and become larger. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.7 SEM for polycrystalline Co0.40Cu0.20Zn0.40GdxFe2-xO4 for x=0.000, 0.025, 0.050, 0.075 and 

0.100 at sintering temperature 1000 ᵒC. 

x=0.050 

1µm 

x=0.000 

1µm 

x=0.075 x=0.050 

1µm 

x=0.100 

1µm 

1µm 

x=0.025 



Chapter 5                                                                                                                       Results and Discussion  
 

 
 
 
 
 

91 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Fig.5.8 SEM for polycrystalline Co0.40Cu0.20Zn0.40GdxFe2-xO4 for x=0.000, 0.025, 0.050, 0.075 and 

0.100 at sintering temperature 1050 ᵒC. 
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Fig.5.9 SEM for polycrystalline Co0.40Cu0.20Zn0.40GdxFe2-xO4 for x=0.000, 0.025, 0.050, 0.075 and 

0.100 at sintering temperature 1100 ᵒC. 
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Fig.5.10 SEM for polycrystalline Co0.40Cu0.20Zn0.40GdxFe2-xO4 for x=0.000, 0.025, 0.050, 0.075 and 

0.100 at sintering temperature 1150 ᵒC. 
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Fig.5.11 SEM for polycrystalline Co0.40Cu0.20Zn0.40GdxFe2-xO4 for (a) Ts=1000, (b) 1050,  

(c) 1100 and (d) 1150 ᵒC for x=0.000. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.12 SEM for polycrystalline Co0.40Cu0.20Zn0.40GdxFe2-xO4 for (a) Ts=1000, (b) 1050, (c) 1100 and 

(d) 1150 ᵒC for x=0.025. 
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Fig.5.13 SEM for polycrystalline Co0.40Cu0.20Zn0.40GdxFe2-xO4 for (a) Ts=1000, (b) 1050, (c) 1100 and 

(d) 1150 ᵒC for x=0.050. 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.14 SEM for polycrystalline Co0.40Cu0.20Zn0.40GdxFe2-xO4 for(a) Ts=1000, (b) 1050, (c) 1100 and 

(d) 1150 ᵒC for x=0.075. 
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Fig.5.15. SEM for polycrystalline Co0.40Cu0.20Zn0.40GdxFe2-xO4 for (a) Ts=1000,(b) 1050, (c)1100 

and(d)1150 ᵒC for x=0.100. 

5.5 Frequency dependence of complex permeability 

The complex initial permeability spectra for Co0.40Cu0.20Zn0.40GdxFe2-xO4 

compositions sintered at various sintering temperatures as a function of frequency 

are shown in Fig5.16, 5.17.and 5.18. The complex initial permeability is given by  

µi
* = μi

/- iμi
//, where μi

/ and μi
// are the real and imaginary parts of initial 

 

 

 

 

 

 

Fig.5.16 The variation of /
i  and //

i  spectra for Co0.40Cu0.20Zn0.40GdxFe2-xO4 sintered at Ts=1000 ᵒC. 
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permeability respectively. The real permeability μi
/ describes the stored energy 

expressing the component of magnetic induction B in phase with the alternating 

magnetic field H. The imaginary permeability μi
// describes the dissipation of energy 

expressing the component of B at 90ᵒ out of phase with the alternating magnetic 

field. It is found that the real ( /
i ) and imaginary ( //

i ) permeability increase with 

increase in Gd3+ substitution up to x=0.050 in Co0.40Cu0.20Zn0.40GdxFe2-xO4 because 

of increase in density and grain size with Gd3+ content. Beyond this value of x, 

permeability decreases with increasing Gd3+content due to non collinear spin 

arrangements [11]. The /
i  values increase with the increase of sintering 

temperature up to 1100 ᵒC and above 1100 ᵒC a decreasing trend is observed.  

  

  

  

 

  

   

  

  

 

 

 

 

 

Fig.5.17 The variation of /
i  and //

i spectra for Co0.40Cu0.20Zn0.40GdxFe2-xO4 sintered at Ts=1050, 

1100 ᵒC. 
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Fig.5.18 The variation of /
i  and //

i spectra for Co0.40Cu0.20Zn0.40GdxFe2-xO4 sintered at Ts=1150 ᵒC. 

The increasing value of /
i  with the increase of sintering temperature after 

doping Gd3+ content up to 1100 ᵒC is due to the lower porosity for the samples 

sintered at higher temperature. The porosity causes hindrance to the domain wall 

motion. As the sintering temperature increases, pores and voids are reduced with 

increasing sintering temperature. The values of /
i decreases above 1100 ᵒC because 

the sample heated higher sintering temperatures (above optimum) contain increasing 

numbers of pores with in the grains with results to a decrease in permeability. Similar 

trend was obtained by Guillard [12] in Mn-Zn ferrites. 

 

  

  

 

 

 

Fig.5.19 The variation of /
i  and //

i spectra for Co0.40Cu0.20Zn0.40GdxFe2-xO4 various sintering 

temperature at x=0.000. 
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The initial permeability of ferrite material depends on many factors like 

reversible domain wall displacement, domain wall bulging as well as microstructural 

features viz., average grain size, intra-granular porosity, etc. [13]. In a demagnetized 

magnetic material, there are a number of Weiss domains with Block walls separating 

two domains. These walls are bound to the equilibrium positions. The whole 

permeability phenomena can be explained as below .The permeability of 

polycrystalline ferrite is related to two different magnetizing mechanisms: spin 

rotation and domain wall motion [14, 50, 15-16], 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

 

Fig.5.20 The variation of /
i  and //

i spectra for Co0.40Cu0.20Zn0.40GdxFe2-xO4 various sintering 

temperature at x= 0.025, 0.050.and 0.075. 
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Fig.5.21 The variation of /
i  and //

i spectra for Co0.40Cu0.20Zn0.40GdxFe2-xO4 various sintering 

temperature at x= 0.100. 

Which can be described as follows: i=1+w+spin where w is the domain wall 

susceptibility; spin is intrinsic rotational susceptibility. w and spin may be written as :

 43 2DM sw   and KM sspin
22  with Ms saturation magnetization, K the total 

anisotropy, D the average grain diameter, and  the domain wall energy. The µi
/ is a 

function of grain size. As the grain size increases with Gd content, the µi
/ also 

increases. The domain wall motions are affected by grain size and enhance with the 

increase of grain size thus the µi
/ increases. Therefore in the present case, variation of 

the initial permeability is strongly influenced by its grain size and porosity. The 

magnetic spectra reflect the properties of inductors [17]. 

Moreover, the magnetic properties of soft ferrite are strongly influenced by its 

composition, additives and microstructures of the material. Among all these factors, 

the microstructures have great influence on magnetic properties. It is generally 

believed that larger the grain sizes, the higher the saturation magnetization and initial 

permeability. In microstructure studies of the present ferrite system it is also observed 

that average grain size increases with Gd3+ content up to the same optimum, x=0.050 
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and sudden decrease is observed beyond it. Therefore in the present case, variation of 

the initial permeability is strongly influenced by its grain size and DC magnetization 

property. In ferrites, two resonance peaks are normally observed: one at lower 

frequency (10-100MHz) which is due to the domain wall oscillations [18, 19] and the 

other at higher frequencies (~1GHz) due to Larmour precession of electron spins [20]. 

In the present case, the resonance frequency of domain wall oscillations is not found 

for this composition. 

The magnetization caused by domain wall movement requires less energy than 

that required by domain rotation. As the number of walls increases with the grain 

sizes, the contribution of wall movement to magnetization is increased. In our 

experiment, the grain size is enriched by more content of Gd3+ in the samples up to a 

certain level. Similar result reported for others materials by Hossain et. al [21]. 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.22 Variation of real part of initial permeability of various Co0.40Cu0.20Zn0.40GdxFe2-xO4 at different 

frequencies sintered at 1100 °C with Gd content. 
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It is clearly noticeable that the maximum initial permeability of 

Co0.40Cu0.20Zn0.40GdxFe2-xO4 is obtained at the 1100 °C, so that at higher sintering 

temperature an increasing trend is observed. Fig.5.21 shows the variation of 

permeability at different frequencies with Gd3+ content in Co0.40Cu0.20Zn0.40GdxFe2-

xO4. It shows a decreasing trend in permeability with the increase of Gd3+content. This 

is because at higher frequencies insoluble nonmagnetic impurities between the grains 

and intragranular pores act as pinning points and increasingly hinder the motion of 

spin and domain walls thereby decreasing their contribution to permeability and also 

increasing the loss [22]. 

 

 

 

 

 

 

 

 

 

Fig.5.23 Variation of real part of initial permeability at 10 kHz of various Co0.40Cu0.20Zn0.40GdxFe2-x at 

different sintering temperature with Gd content. 

Fig.5.23 shows the variation of permeability at 10 kHz with Gd3+ content for 

Co0.40Cu0.20Zn0.40GdxFe2-xO4 ferrites sintered at 1000, 1050, 1100 and 1150 °C in air. 

It is clear from the fig.5.30 that permeability increases as the sintering temperature 

increases from 1000 to 1100 ᵒC. The higher sintering temperatures result in the 

increase in the density of the specimen which facilitates the movement of the spins as 

0.00 0.05 0.10
25

30

35

40

 1000C  1050C
 1100C  1150C

Gd content, x


i

(1
0 

kH
z)



Chapter 5                                                                                                                       Results and Discussion  
 

 
 
 
 
 

103 

104 105 106 107 108
0

1000

2000

3000

 

 Frequeny(Hz)
Frequeny(Hz)

R
el

at
iv

e 
qu

al
ity

 fa
ct

or
,Q T

s
=1000C

 x = 0.000  
 x = 0.025
 x = 0.050 
 x = 0.075
 x = 0.100

the numbers of pores which impede the wall motion are reduced. Increase in the 

sintering temperature also results in a decrease in the internal stresses, which reduce 

the hindrance to the movement of the domain walls resulting thereby in the increased 

value of µi
/ [8]. 

5.6 Relative quality factor 

The relative quality factor (Q-factor) versus frequency plots of all the samples 

sintered at 1000, 1050, 1100, and 1150 ᵒC are shown in Fig. 5.24. The relative quality 

factors, Q (=  tan//
i ) were calculated by the ratio of the real part of initial 

permeability and magnetic loss tangent measured on the coil wound toroidal 

samples. The variation of the relative quality factor with frequency showed almost 

similar trend for all the samples. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.24 The variations of Relative Quality factors (Q-factor) with frequency for 

Co0.40Cu0.20Zn0.40GdxFe2-xO4 sintered at 1000 ᵒC, 1050 ᵒC, 1100 ᵒC, and 1150 ᵒC in air. 
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Fig.5.25 The variations of Relative Quality factors (Q-factor) with frequency for 

Co0.40Cu0.20Zn0.40GdxFe2-xO4 at x=0.000, 0.025, 0.075 and 0.100 in air. 
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Calculated Q-factors for various Co0.40Cu0.20Zn0.40GdxFe2-xO4 sintered at various 

temperatures are listed in Table 5.1. It can be seen that the value of Q-factor increases 

with an increase of frequency. It is also observed from the Fig 5.24 that the maximum 

value of Q-factor, Qmax increases with increasing Gd contents from x=0.000 to 

x=0.050, then it decreases. By increasing Gd content, the RQF increases and the peak 

associated with the RQF shifting to higher frequencies. Similar variation is observed 

for Co0.40Cu0.20Zn0.40GdxFe2-xO4 sintered at other temperatures as well.  

It shows a similar trend of /
i  of the present system as it is proportional to the  

Q-factor from the relation: Q= /
i / tanδ. Among all the studied samples, highest value 

of Q-factor (= 2714) is observed for Co0.40Cu0.20Zn0.40GdxFe2-xO4 sintered at 1100 ᵒC, 

similar to /
i . Above 1100 ᵒC, Q-factor is found to decrease because at higher 

sintering temperature, abnormal grain growth occurs which creates trapped pores 

inside the grain. This increasing amount of pores influences the loss factor and turns 

into higher value which results a lower value of Q-factor. 

 

 

 

 

 

 

 

 

Fig.5.26 The variations Qmax of Co0.40Cu0.20Zn0.40GdxFe2-xO4 with sintering temperature and Gd content.  
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5.7 Frequency dependence of loss factor 

The ratio of /
i  and //

i representing the losses in the material are a measure of 

the inefficiency of the magnetic system. Obviously this parameter should be as low as 

possible. 

 

 

 

 

 

 

 

 

 

Fig.5.27 The variations of Loss factor with frequency for Co0.40Cu0.20Zn0.40GdxFe2-xO4. 

The magnetic losses, which cause the phase shift, can be split up into three 

components: hysteresis losses, eddy current losses and residual losses. This gives the 

formula rehm  tantantantan  . The variation of loss factor, tanδm (= //
i / /

i ) 

with frequency for all samples has been studied. Fig.5.27 shows the variations of loss 

factors with frequency for Co0.40Cu0.20Zn0.40GdxFe2-xO4 sintered at 1000, 1050, 1100 

and 1150 °C respectively. It is clear from these figures that the tanδm decreases with 

increasing Gd3+ content. The lag of dipole motion with respect to the applied 

magnetic field is responsible for magnetic loss and this is accredited to lattice 

imperfections [54].  
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5.8 DC magnetization Co0.40Cu0.20Zn0.40GdxFe2-xO4 

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

Co0.40Cu0.20Zn0.40GdxFe2-xO4 (with x = 0.000-0.100 at a step of 0.025) measured at 

room temperature (300K) are shown in Fig.5.28. The magnetization of all samples 

increases linearly with increasing the applied magnetic field up to 0.1T. Beyond this 

applied field magnetization increases slowly and then saturation occurs. It indicates 

that all the samples are in ferromagnetic state. The saturation magnetization, Ms, for 

all sample are determined by the extrapolation of magnetization curve to 0H .  

It is seen that the variation of SM  for various Co0.40Cu0.20Zn0.40GdxFe2-xO4 

slightly increases up to x = 0.050 and then it decreases with increasing Gd-content. 

Using these values of MS, the number of Bohr magneton, Bn , has been calculated by 

using the relation,                    [23], 

 

 

 

 

    

 

Fig.5.28 The variation of magnetization with applied magnetic field for various 

Co0.40Cu0.20Zn0.40GdxFe2-xO4 sintered at 1100 °C. 

 Where M is the molecular weight, AN  is the Avogadro‟s number and B  is the Bohr 

magneton. This formula is used to extract the microscopic magnetic information from 
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the bulk magnetization measurements. The variation of Bn  with Gd-content is shown 

in Figure 5.29. It is found that the value of Bn  follows the similar trend that of SM  

with Gd content because both Bn  and SM  are correlated to each other. 

 

 

 

  

 

 

 

Fig.5.29 The variation of Ms and nB with Gd content, x, in Co0.40Cu0.20Zn0.40GdxFe2-xO4 sintered 

 at 1100 °C in air. 

 

 

 

 

 

  

 

 

 

Fig.5.30 The variation of (a) number of Bohr magneton, nB and initial permeability, µi
/ (at 104Hz) and 

(b) αy-k  and nB with Gd content in Co0.40Cu0.20Zn0.40GdxFe2-xO4 sintered at 1100 °C in air. 
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The observed variation in SM  can be explained on the basis of cation distribution and 

exchange interaction between A and B sites. According to the site occupancy 

preference [24] it is well known that Co2+ and Gd3+ prefer octahedral (B) site 

occupation whereas Zn2+ prefer tetrahedral (A) site. Lakhani et al. [25] reported that 

6–24% of Cu2+ ions occupy the A-sites depending on the preparative parameters. Fe3+ 

can exist at both sides though they have preference for the octahedral site. Therefore, 

the cation distribution of various Co0.40Cu0.20Zn0.40GdxFe2-xO4 ferrites assumed as 

  (Zn2+
0.4Fe3+

0.9)A [Co2+
0.2Cu2+

0.4Gdx Fe3+
1.4-x] B O4 

where the brackets ( ) and [ ] denote A- and B-sites, respectively. In ferrites, the 

magnetic moment arises mainly from the parallel uncompensated electron spin of 

individual ion. The intensity of magnetization can thus be explained by considering 

the metal ion distribution and antiparallel spin alignment of the two sublattice sites as 

given by Neel‟s model [26]. Néel considered three kinds of exchange interactions 

between unpaired electrons of two ions lying: (i) both ions at A sites (AA interaction), 

(ii) both ions at B sites (BB interaction), and (iii) one at A site and the other at B site 

(AB interaction). AB interaction strongly predominates over AA and BB interactions. 

The AB interaction aligns all the magnetic spins at A site in one direction and those at 

B site in opposite direction. A-B super exchange interaction is the strongest one of 

them and the saturation magnetization is given by the vector sum of the magnetic 

moments of the individual A and B sublattices i.e. MS = AB MM  .  

Therefore saturation magnetization is expected to increase as Gd content 

increases. If ferromagnetic gadolinium prefers to occupy only B sublattices, an 

increase in saturation magnetization is expected with the replacement of octahedral 
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Fe3+ ion. The gadolinium entry at B-sites at lower concentrations may be expected as 

the available octahedral site radius is in the order of the substituent ion. In such a case, 

the observed decrease in magnetization might be attributed to some factors other than 

the magnetic moments of the ions and the super exchange interactions among them. 

The fall in magnetization on the addition of gadolinium, the A-B exchange interaction 

gets weakened while B-B sublattice interaction becomes strong, which in turn disturbs 

the parallel arrangement of spin magnetic moments on the B- site and hence canting 

of spin occurs. The canting of the spins gives rise to Yafet-Kittle angle ( KY ) which 

is compared to the strength of A-B and B-B exchange interaction [27, 28, 29]. Thus 

decrease in the magnetic moment beyond x = 0.050, indicates the possibility of a non-

collinear spin arrangement [11, 30]. The net magnetic moment of the lattice is 

therefore the difference between the magnetic moments of B and A sublattices, i.e, M 

= MB-MA which can be given by, 

 AB MM   = (8.4 + 2x) B  - 3 B  = (5.4 + 2x) B   

where, BBBB xxxM  )24.8(5)4.1(34.0712.0  B  and 

BBAM  356.004.0  B .  

Figure 5.27(b) shows KY and number of Bohr magneton ( Bn ) as a function 

of Gd content. The KY is calculated at room temperature by using formula [27,25]: 

)(cos)( xMxMn AKYBB   . The values of KY , Bn , SM  and saturation 

magnetizing field (µ0 SH ) are enlisted in Table 5.2. It is seen that the KY  increases 

for samples with Gd content, x > 0.015. Thus, one can conclude that the increase in 

KY is attributed to the increased favour of triangular spin arrangement on B-sites 
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[28]. This leads to reduce the A-B exchange interaction and subsequent decreases in 

SM . 

Table 5.2 Saturation magnetizing field ( SH0 ), saturation magnetization ( SM ), number of Bohr 

magneton ( Bn ) and Yafet-Kittle angle ( KY ) for polycrystalline Co0.40Cu0.20Zn0.40GdxFe2-xO4. 

 

5.9 Dielectric study 

In Figure.5.31, the effect of frequency on the ɛ/ and ɛ// are shown for the 

sample sintered at 1100 ᵒC. It can be seen from the figure.5.31 that both ɛ/ and ɛ// 

decrease with increase of frequency. This is normal behavior of ferrites, which was 

observed before Mg-Zn [31] and Co-Zn ferrite [32] at room temperature. The 

dielectric properties of ferrites strongly depend on several factors, including the 

method of preparation, chemical composition, and grain size. It is clearly evident 

from these figures that the ɛ/ initially decreases rapidly in the low frequency region 

but at very high frequencies its value becomes so small that it becomes independent of 

applied frequency for both samples. The sharp decrease in the values of ɛ/ at lower 

frequencies can be understood on the basis of Maxwell- Wagner two layer model [33] 

in agreement with Koop's phenomenological theory [34]. Accordingly, the dielectric 

structure of ferrites is made up of well conducting layer of grains followed by poorly 

x 
Cation distribution Ms 

(emu/g) 

µoHs 

(T) 

nB 

(µB) 

αY-K 

(degree) 

0.000 (Zn2+
0.40Fe3+)[Co2+

0.40Cu2+
0.20Fe3+] 72.7 0.2381 3.08 44 

0.025 (Fe3+
0.60Zn2+

0.40)[Co2+
0.40Cu2+

0.02Gd2+
0.025Fe3+

1.375] 75.1 0.3345 3.23 42 

0.050 (Fe3+
0.60Zn2+

0.16)[ Co2+
0.40Cu2+

0.02Gd2+
0.050Fe3+

1.35] 78.7 0.3095 3.43 41 

0.075 (Fe3+
0.60Zn2+

0.24)[ Co2+
0.40Cu2+

0.02d2+
0.075Fe3+

1.325] 69.0 0.2912 3.04 45 

0.100 (Fe3+
0.60Zn2+

0.32)[ Co2+
0.40Cu2+

0.02Gd2+
0.100Fe3+

1.30] 63.0 0.2658 2.81 47 
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conducting layer of grain boundaries. The high value of dielectric constant comes 

from the space charge polarization produced at the grain boundary. The polarization 

mechanism involves the exchange of electrons between the ions of the same element, 

which are present in more than one valence state and are distributed randomly over 

crystallographic equivalent sites. Here the exchange of electrons mainly takes place 

between Fe3+–Fe2+ present at octahedral sites (B-site). During this exchange 

mechanism the electrons have to pass through the grains and grain boundary of the 

dielectric medium. Owing to high resistance of the grain boundary, the electrons 

accumulate at the grain boundary and produce space charge polarization. It is well 

known that the grain boundaries are more effective at low frequency and grains are 

effective at high frequency [34–36]. Hence due to the grain boundary affect the 

dielectric constant decreases rapidly in the low frequency region. At high frequency 

the grains come into action and also the hopping of electrons cannot follow the high 

frequency ac field, thus resulting in a decrease in polarization. Consequently, the 

dielectric constant remains small and constant. Furthermore, the decrease in ɛ/ and ɛ// 

with increase in frequency is due to the fact that the polarization decreases with 

increasing frequency then reaches a constant value. The observed variation in ɛ/ and ɛ// 

may be understood on the basis of space charge polarization, which is due to the 

inhomogeneous structure governed by the number of space charge carriers and the 

resistivity of the samples [37, 38]. The space charge polarization resulting from 

electron displacement on the application of electric field and subsequent charge build 

up at the insulating grain boundary is a major contributor to the dielectric properties in 

ferrites. The decrease in ɛ/ and ɛ// is rapid at low frequencies and becomes slow at high 

frequencies. 
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Fig. 5.31 The variation of the real part of dielectric constant (ε/) and imaginary part of the dielectric 

constant (ε//) with frequency for various Co0.40Cu0.20Zn0.40GdxFe2-xO4 at room temperature sintered at 

1100 ᵒC. 

Fig-5.32 shows the variation of tanδE with frequency for 

Co0.40Cu0.20Zn0.40GdxFe2-xO4 at room temperature. The values of tanδE decreases with 

the increase of Gd content in Co0.40Cu0.20Zn0.40GdxFe2-xO4. The tanδE in ferrites is 

considered to originate from two mechanisms: electron hopping and charge defect 

dipoles. The former contributes to tanδE in the low frequency region, while in the high 

frequency range: tanδE mainly results from the response of the defect dipoles to the ac 

applied field. These dipoles in ferrites are formed due to change in cation sites, such 

as Fe3+/Fe2+, during the sintering process. The decrease of tanδ could not be 

accounted for using Koop‟s model [39]. 

The frequency dispersion of dielectric loss is observed both in the low and 

high frequency regions. In the low frequency region which corresponds to high 

resistivity where grain boundary requires more energy to exchange electron between 

Fe2+ and Fe3+ ions. Thus the energy loss is high. This loss factor is attributed to 
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domain wall resonance [40]. Similar behavior has been observed in the dielectric loss 

vs frequency plots for ferroelectric-ferrite composite by Rahman et al. [40]. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.32 The loss tangent (tanδE) variation with frequency for various Co0.40Cu0.20Zn0.40GdxFe2-xO4 at 

room temperature sintered at 1100 ᵒC. 

At high frequencies, the dielectric loss decreases due to the suppress ion of 

domain wall motion. When the hopping frequency of electrons between different 

ionic sites becomes nearly equal to the frequency of the applied field, maximum 

dielectric loss is observed [41]. 

5.10 Modulus study 

The complex electric modulus approach began when the reciprocal complex 

permittivity was discussed as an electrical analogue to the mechanical shear modulus 

[42]. The complex modulus formalism is a very essential and convenient tool to 

determine, analyze and interpret the dynamical aspects of electrical transport process 
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in the material, such as the parameters (carrier/ion hopping rate, conductivity 

relaxation time, etc.) with the smallest capacitance at high frequencies occurring in a 

dielectric system and thereby large values of permittivity at low frequencies is 

minimized. From the physical point of view, the electrical modulus corresponds to the 

relaxation of the electric field in the materials when the electric displacement remains 

constant. The usefulness of the modulus representation in the analysis of the 

relaxation properties has been demonstrated for polycrystalline ceramic [42–44]. 

Electric modulus M* is defined as 
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Fig. 5.33 Variation of real part (M/) of electric modulus with frequency for various 

Co0.40Cu0.20Zn0.40GdxFe2-xO4. 

The variation of real part of electric modulus (M/) as a function of frequency for 

various composition is given in Fig.5.33. The value of M/ is very low in the low 

frequency region. As frequency increases the value of M/ increases and reaches a 
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maximum value at higher frequencies for all compositions due to the release of space 

charge polarization. Also at lower frequencies M/ approaches nearly to zero, 

confirming the presence of an appreciable space charge polarization at room 

temperature. The value of M/ shows increasing trend from the low frequency value 

towards the high frequency values as Gd content increases implies the reduction of ɛ/ 

in the intrinsic grains [45, 39]. 

 

 

 

 

 

  

 

 

 

Fig.5.34 Variation of imaginary part (M//) of electric modulus with frequency for various 

Co0.40Cu0.20Zn0.40GdxFe2-xO4 at 1100 ᵒC. 

Fig. 5.34 shows the imaginary parts of electric modulus (M//) as a function of 

frequency at various compositions. M// possessed a low value at low frequencies for 

all compositions. This is probably due to the large value of capacitance at low 

frequencies. It may be noted from Fig. 5.34 that the position of the peak shifts to 

lower frequencies as the Gd content is increased which implies that the dielectric 

relaxation is deactivated with compositions, in which a hopping process of charge 
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carriers is distributed [46]. M// shows a single asymmetric peak for all the studied 

compositions, indicating the non-exponential decay of the field. 

5.11 Impedance study 

The impendence spectrum is relatively new and powerful method of 

characterizing the electrical properties of materials with their microstructures. The 

transport properties of polycrystalline materials are greatly influenced by the 

microstructure, and impedance analysis is a very good technique that usually contains 

feature(s) which can be directly related to microstructure. In DC measurement the 

electrical conductivity is actually the sum of electronic contribution from grains, inter-

grain boundaries, surface electrodes contacts, etc. While the use of AC measurement 

at different frequencies makes it possible to discriminate the individual contribution 

from the overall conduction. Impedance spectroscopy study is the plot of specific 

complex impedance (impedance per unit length and cross-sectional area), which is 

useful if various parameters from the different samples are to be compared. To get 

more insight into the electrical properties, we have studied the impedance spectra (the 

real part, Z/ and the imaginary part, Z//) for all samples at room temperature. Figs. 

5.35 (a and b) show that Z/ and Z// decrease with increasing frequency. The decrease 

in the values of Z/ and Z// with increasing frequency shows that the ac conductivity of 

the Co0.40Cu0.20Zn0.40GdxFe2-xO4 increases as the frequency increases. The frequency 

dependence Z/ indicates dielectric relaxation process as shown in Fig.5.35 [50]. It is 

also observed that the value of Z/ for all compositions coincide at higher frequencies 

which indicates possible absence of space charge polarization. The higher impedance 

value at lower frequency is due to the larger space charge polarization. 
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Fig.5.35 Variation of (a) real part (Z/) and (b) imaginary part (Z//) of impedance with frequency of 

Co0.40Cu0.20Zn0.40GdxFe2-xO4 sintered at 1100 ᵒC. 

The complex impedance plot behavior depends upon the grain size and grain 

boundary thickness. For smaller grains sample only one semicircle is observed and 

larger grain samples show two semicircles, that corresponds to grain boundary and 

grains resistance separately [47, 48]. Size of the semicircle changes with grain size 

and is the measure of the magnitude of resistance. A single semicircle in Z/ vs Z// plot 

indicates the grain effects and the second semicircle indicates the presence of grain 

boundary effects. If a third semicircle is present, it indicates the electrode effects. A 

Nyquist plot typically comprises of two successive semicircles: first semicircle is due 

to the contribution of the grain boundary at low frequency and second is due to the 

grain or bulk properties at high frequency of the materials [49]. The pattern in the 

impedance spectrum is a representative of the electrical processes taking place in the 

material which can be expressed as an equivalent electrical circuit comprising a 

parallel combination of resistive and capacitive elements. From the figure.5.36 it is 

observed that none of samples exhibit ideal semi-circle. It is further noted that the 

impedance values gradually increases with increasing Gd content. The incomplete  
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Fig.5.36 The Cole-Cole (Nyquist) plot of Co0.40Cu0.20Zn0.40GdxFe2-xO4 at room temperature sintered at 

1100 ºC. 
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semicircle obtained (in high frequency region) the Cole–Cole plot corresponds to the 

conduction due to grain boundary. The Cole-Cole plot shows the diameter of the 

semicircle arc increases with Gd content up to x=0.050, then decreases further 

increase of Gd content. The increase of diameter of the semicircles with Gd content 

can be attributed from the observed microstructure. It also observed that all the 

compositions exhibit single semicircular arc. This indicates that the materials have 

only grain boundary effect to the conduction mechanism at room temperature. As the 

formation of Gd2O3 at the grain boundary reduce grain size and reduction in Fe2+ ions 

which form during the sintering process and this result increase resistances at grain 

boundary. 

5.12 AC conductivity study 

The ζ AC is an important parameter for understanding the conduction mechanism 

inside the materials. Figure 5.37 shows the variation of ac conductivity (AC) with 

frequency at room temperature. The AC increases almost linear indicating that the 

conductivity increases with increasing frequency [50].  

 

 

 

 

 

 

Fig.5.37 The variation of AC with frequency for various Co0.40Cu0.20Zn0.40GdxFe2-xO4 at room 

temperature at 1100 ºC 
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The electrical conductivity in ferrites is mainly due to the hopping of electrons 

between ions of the same element present in more than one valence state and 

distributed arbitrarily over crystallographic equivalent lattice sites. As a cubic close-

packed oxygen lattice with the cations at the octahedral (B) and tetrahedral (A) sites 

in ferrites distance between two metal ions on B-B sites is smaller than the distance 

between two metals ions on the A-A sites. Therefore, electron hopping between A⇔B 

sites has a very small probability compared with that of B⇔B sites. The hopping 

between A⇔A sites are less probable due to the fact that there are Fe3+ and Zn2+ ions 

at the A sites with largest distance among them, and any Fe2+ ions formed during the 

sintering process preferentially occupy the B sites only. As the Gd3+ substitution 

increases it forced to migrate Fe3+ from A sites to B sites which increases the rate of 

electron hopping between Fe3+⇔Fe2+ at B sites, thereby increases the conductivity. It 

is observed from Fig.5.37 that AC conductivity increases with AC applied field. As 

the frequency of the AC applied field increases, hopping of charge carriers also 

increases, thereby increasing the AC conductivity. The variation of AC conductivity 

with applied frequency could be explained on the basis of Koop‟s model [51]. 

According to this model, the AC conductivity at low frequency is due to the 

conducting grain boundaries while, the conductivity at higher frequencies is due to 

conducting grains [52].It is well known that there are two types polarons viz. small 

poalrons and large polaons. In small polaron model the ζ AC increases linearly with 

increase in frequency and in case of large polarons the conductivity decreases with 

increased frequency [53]. Furthermore the conductivity is almost constant at x=0.00 

and x=0.025 which is called dc. This is because at lower frequencies the resistive 

grain boundaries are more active according to the Maxwell –Wagner double layer 
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model. The frequency independent dc is shifted to frequency independent AC at 

hopping frequency indicating the translation from band conduction to polaron 

hopping conduction [54]. 
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CHAPTER 6 

CONCLUSIONS 

6.1 Conclusions 

The following conclusions have been drawn from the study of 

Co0.40Cu0.20Zn0.40GdxFe2-xO4. Various Co0.40Cu0.20Zn0.40GdxFe2-xO4 were 

successfully prepared by standard solid state reaction technique. 

 The XRD analysis of various Co0.40Cu0.20Zn0.40GdxFe2-xO4 confirms that all the 

samples have single phase cubic spinel structure. No impurity peak is found in 

XRD pattern. 

 It is clear that the lattice constant, ao increases with the increase of Gd3+ content 

that follows Vegard’s law. This phenomenon is explained on the basis of ionic 

radii. The ionic radii of the cataions used in Co0.4Cu0.2Zn0.4GdxFe2-xO4 are 0.91Å 

(Gd3+) and 0.64 Å (Fe3+). Here Fe is substituted by Gd. So increase in lattice ao 

is expected with increasing Gd content. 

 It is observed that the density of Co0.4Cu0.2Zn0.4GdxFe2-xO4 increases with 

increasing sintering temperature up to 1100 °C, then decreases. On the other 

hand, porosity (p) of the samples decreases with sintering temperature up to 

1100 °C and an increasing trend is observed beyond it. At high sintering 

temperatures density decreases, because the intragranular porosity increases as a 

result of discontinuous grain growth that leads to decrease the sintered density. 

 /
i  and //

i  increase with Gd3+ substitution up to x=0.050 in 

Co0.4Cu0.2Zn0.4GdxFe2-xO4 and after that they decrease. With the increase of 

sintering temperature the real part of initial permeability ( /
i ) increases for the 

sample sintered at 1100 °C and above 1100 °C a decreasing trend is observed. 
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Larger grains tend to consist of a large number of domain walls. The initial 

permeability increases with grain size. The domain wall motions are affected by 

grain size and enhance with the increase of grain size thus the µi
/ increases. 

Therefore in the present case, variation of the initial permeability is strongly 

influenced by its grain size and porosity. 

 The value of Q-factor increases with an increase of frequency. It is also 

observed that the value of Q-factor increases with increasing Gd content from 

x=0.000 to x=0.050 then it decreases. By increasing Gd content, the RQF 

increases and the peak associated with the RQF shifting to higher frequencies. 

Similar variation is observed for Co0.40Cu0.20Zn0.40GdxFe2-xO4 sintered at other 

temperatures as well. Among all the studied samples, highest value of Q-factor 

(= 2714) is observed for Co0.40Cu0.20Zn0.40GdxFe2-xO4 sintered at 1100 °C, 

similar to /
i . Above 1100 °C, Q-factor is found to decrease because at higher 

sintering temperature, abnormal grain growth occurs which creates trapped pores 

inside the grain. This increasing amount of pores influences the loss factor and 

turns into higher value which results a lower value of Q-factor. 

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

Co0.40Cu0.20Zn0.40GdxFe2-xO4 (with x = 0.000-0.100 at a step of 0.025) measured 

at room temperature. The magnetization of all samples increases linearly with 

increasing the applied magnetic field up to 0.1T. Beyond this applied field 

magnetization increases slowly and then saturation occurs. It indicates that all 

the samples are in ferromagnetic state. It is observed that the value of SM  

increases up to x = 0.050, then decreases further increase of Gd content. The 

observed variation in SM  can be explained on the basis of cation distribution 

and spin canting. 
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 The value of ɛ/ (real part of dielectric constant) and ɛ// (imaginary part of 

dielectric constant) decrease with the increase of frequency. This is normal 

behavior of ferrites. The decrease in ɛ/ and ɛ// with increase in frequency is due 

to the fact that the polarization decreases with increasing frequency then reaches 

a constant value. The observed variation in ɛ/ and ɛ// may be understood on the 

basis of space charge polarization, which is due to the inhomogeneous structure 

governed by the number of space charge carriers and the resistivity of the 

samples. The space charge polarization resulting from electron displacement on 

the application of electric field and subsequent charge build up at the insulating 

grain boundary is a major contributor to the dielectric properties in ferrites. The 

decrease in ɛ/ and ɛ// is rapid at low frequencies and becomes slow at high 

frequencies. 

 The value of M/ is very low in the low frequency region. As frequency increases 

the value of M/ increases and reaches a maximum value at higher frequencies for 

all compositions due to the release of space charge polarization. Also at lower 

frequencies M/ approaches nearly to zero, confirming the presence of an 

appreciable space charge polarization at room temperature. The value of M/ 

shows increasing trend from the low frequency value towards the high 

frequency values as Gd content increases implies the reduction of ɛ/ in the 

intrinsic grains. 

 M// possessed a low value at low frequencies for all compositions. This is 

probably due to the large value of capacitance at low frequencies. It may be 

noted that the position of the peak shifts to lower frequencies with increasing Gd 

content, which implies that the dielectric relaxation is deactivated with 

compositions, in which a hopping process of charge carriers is distributed. M// 
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shows a single asymmetric peak for all the studied compositions, indicating the 

non-exponential decay of the field. 

 Z/ and Z// decrease with increasing frequency. The decrease in the values of Z/ 

and Z// with increasing frequency shows that the ac conductivity of the 

Co0.40Cu0.20Zn0.40GdxFe2-xO4 increases as the frequency increases. The 

frequency dependence Z/ indicates dielectric relaxation. It is also observed that 

the value of Z for all compositions coincide at higher frequencies which 

indicates possible absence of space charge polarization. The higher impedance 

value at lower frequency is due to the larger space charge polarization. 

 The cole-cole plot shows the diameter of the semicircle arc increases with Gd 

content up to x=0.050, then decreases further increase of Gd content. The 

increase of diameter of the semicircles with Gd content can be attributed from 

the observed microstructure. I also observed that all the compositions exhibit 

single semicircular arc. This indicates that the materials have only grain 

boundary effect to the conduction mechanism  

 The AC increases with increasing frequency. The variation of AC conductivity 

with applied frequency can be explained on the basis of Joncher’s power law. 

According to this model AC at lower frequency is due to the conducting grain 

boundaries while the conductivity at higher frequencies is due to the conducting 

grain. The conductivity is almost constant at x=0.00 and x=0.025 which is called 

dc. This is because at lower frequencies the resistive grain boundaries are more 

active according to the Maxwell –Wagner double layer model. The frequency 

independent dc is shifted to frequency independent AC at hopping frequency 

indicating the translation from band conduction to polaron hopping conduction. 
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 In conclusion it can be said that the composition Co0.40Cu0.20Zn0.40GdxFe2-xO4 

shows the maximum value of magnetic and electrical properties at x=0.025 for 

sintering temperature 1100 °C. This result indicates that it may have potential 

applications as ferrite materials.   

  6.2 Suggestions for future work  

The temperature dependent initial permeability can be measured for 

Co0.40Cu0.20Zn0.40GdxFe2-xO4. Susceptibility measurements with the variation of 

temperature can be carried out for the prepared sample. It was found that among 

the gadolinium doped CoCuZn ferrites (Fe3+
0.60Zn2+

0.16) 

[Co2+
0.40Cu2+

0.02Gd2+
0.050Fe3+

1.35] had the maximum permeability /
i  and 

maximum Q-factor. So Mg, Ca, La and other Metals which prefer a sublattice to 

occupy, can be substituted in Co0.40Cu0.20Zn0.40GdxFe2-xO4 to enhance the 

permeability value. Sintering additives like Bi2O3 and V2O5 can be mixed to 

promote densification and getting better result in lower sintering temperatures to 

magnetic materials. 


