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Abstract 

Cobalt ferrite, having an inverse spinel structure and the inherent properties of high 

coercivity, moderate saturation magnetization and high electrical resistivity, is a 

potential candidate for magnetic storage devices and high frequency applications. In 

the present study, cobalt ferrite has been doped with various dopants like Cr, rare 

earths (Sm, Ho, Er, Dy and Pr) and Zr co-doped with Mg, Mn and Ni, in order to 

improve the electrical and magnetic properties while maintaining a spinel structure 

and moderate saturation magnetization values a micro-emulsion method of 

preparation in which a cheap surfactant, namely polyethylene glycol, has been used. 

The formation of spinel phase occurs between 573 and 673K as indicated by the 

thermal analyses (TG/DTA), but a well crystalline and stable spinel phase is achieved 

at 1073K as evident from the powder X-ray diffraction studies of the synthesized 

samples. All the doped cobalt ferrite samples are in single spinel phase as confirmed 

by XRD and magnetic susceptibility measurements. The average crystallite sizes of 

the doped cobalt ferrite samples are in the range of 13 nm to 70 nm. The elemental 

composition of doped cobalt ferrites is confirmed by energy dispersive X-ray 

fluorescence analysis which shows an agreement between the theoretical and 

experimental compositions of the prepared samples.  Electrical resistivity as measured 

at 293K the by two point probe method is found to have a value of 1.25 × 106 Ωm for 

un-doped cobalt ferrite which is enhanced by doping with Cr, Zr-Mg, Zr-Mn and Zr-

Ni. For small contents of rare earth metal cations introduced into spinel lattice of 

cobalt ferrite the electrical resistivity (at 293K) increases to a larger extent due to 

insulating nature of rare earth oxides. The variation in electrical resistivity with 

composition and temperature has been discussed on the basis of hopping model of 

electron conduction in ferrites. The activation energy of hopping and drift mobility of 



 iii

the charge carrier is calculated from the resistivity data. The dielectric properties are 

measured by inductance capacitance resistance (LCR) meter in the frequency range of 

100Hz – 1MHz and dielectric constant (έ), dielectric loss angle (tanδ) and dielectric 

loss factor (ε ′′ ) are calculated from the capacitance data. These dielectric parameters 

are found to decrease with increasing frequency. This behaviour is typical of ferrites 

as explained by Koop’s model. The dielectric constant (έ) and the dielectric losses of 

the un-doped cobalt ferrite have been reduced by doping in the present work.  Curie 

temperature has been determined from the low field AC-magnetic susceptibility 

measurements and was found to increase for specific contents of dopants as compared 

to the un-doped cobalt ferrite while for others a lower value of Curie temperature was 

observed. Saturation magnetization has been increased by doping with Cr up to x = 

0.5, Zr-Mn content x = 0.1, Sm content x = 0.04 and Er content x = 0.08 while for the 

rest of compositions the saturation magnetization has been decreased as compared to 

the un-doped cobalt ferrite sample. Beside this, the coercivity of the materials 

prepared in the present study has been increased by doping rare earth metal cations, 

while it has been reduced by Cr and Zr co-doped with Mg, Mn and Ni, in cobalt 

ferrites. The reduction in magnetization has been discussed in terms of dilution of 

magnetization, crystallite size effects and the spin canting introduced by the dopants 

at octahedral sites.  
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1.1  NANOTECHNOLOGY 

Nanoscience and nanotechnology pertain to the synthesis, characterization, 

exploitation and utilization of nanostructured materials which are characterized by at 

least one dimension in the nanometer (1 nm = 10-9 m) range.  Such nanostructured 

systems constitute a bridge between single molecules and infinite bulk systems. 

Individual nanostructures involve clusters, nanoparticles, nanocrystals, quantum dots, 

nanowires and nanotubes, while collections of nanostructures involve arrays, 

assemblies and super lattices of individual nanostructures [1, 2]. The dimensional 

range of 1 to 100 nm is referred as the nanoscale and materials at this scale are called 

nanocrystals or nanomaterials. 

The chemical and physical properties of nanomaterials can significantly differ 

from those of bulk materials of same chemical composition. The uniqueness of the 

structural characteristics, energetics, response, dynamics and chemistry of 

nanostructures constitutes the experimental and conceptual background for the field of 

nanoscience. Suitable control of properties and response of nanostructures can lead to 

new devices and technologies. The underlying themes of nanoscience and 

nanotechnology are dual: first, the bottom-up approach of the self assembly of 

molecular components where each molecular or nanostructured component plugs 

itself into a superstructure [3]; second, the top-down approach of miniaturization of 

the components [4].  

The deviation of properties of the nano sized materials from the bulk material 

properties are due to surface effects which mainly depend upon the ratio of surface 

area to volume and size of the particles along with the chemical composition and 

interaction between particles. The increase in surface to volume ratio, which is a 

gradual progression as the particle gets smaller, leads to an increasing dominance of 
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the behavior of atoms on the surface of particles over that of those in the interior of 

particle as these atoms have lower coordination number than the interior atoms. In 

addition, depending on the geometry, different sites on the surface will be different in 

local coordination number [5]. 

In the last two decades, a class of materials with a nanometer-sized 

microstructure have been synthesized and studied. These materials are assembled 

from nanometer-sized building blocks, mostly crystallites. The building blocks may 

differ in their atomic structure, crystallographic orientation or chemical composition. 

In cases where the building blocks are crystallites, incoherent or coherent interfaces 

may be formed between them, depending on the atomic structure, the crystallographic 

orientation, and the chemical composition of adjacent crystallites. In other words, 

materials assembled of nanometer-sized building blocks are micro-structurally 

heterogeneous, consisting of the building blocks (e.g. crystallites) and the regions 

between adjacent building blocks (e.g. grain boundaries).The inherently 

heterogeneous structure on a nanometer scale that is crucial for many of their 

properties and also distinguishes them from glasses, gels etc., that are micro-

structurally homogeneous [6]. 

In recent years, a lot of work has been done on nano crystalline materials 

because of their unusual properties compared to the properties of bulk materials [7, 8].  

Several research groups are involved in the investigations of spinel oxide nano 

particles because of their potential applications in magnetic devices, microwave 

technology and high-density magnetic recording media, etc. Various types of 

nanoparticle materials such as metal (Fe, Co, Ni), metallic alloys (Fe-Cu) and metallic 

oxides (CoFe2O4, MnFe2O4 and ZnFe2O4) are under current research activity. While 

metal and inter-metallic nanoparticles suffer from stability problems in atmospheric 
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conditions, metallic oxides are highly stable under ambient conditions. Various 

factors such as, particle size distribution, inter-particle interactions grain and grain 

boundary structure and meta-stable structure of the system control the properties of 

nanoparticles [9]. The other fields where nanostructured materials are used include 

electronics, medical, energy production, energy utilization, transportation and national 

security. 

 

1.2  SPINEL COMPOUNDS 

 The word spinel is derived from Italian spinella, diminutive of spine, thorn 

(from its sharply pointed crystals). Spinel crystallizes in the cubic system, forming 

octahedral crystals. There are at least 30 oxide minerals included in spinel super 

group. The majority of spinel compounds belong to the space group Fd3m. The 

principal member of the group has the formula, AB2O4; the ‘A’ represents a divalent 

metal ion such as magnesium, iron, nickel, manganese and zinc. The quadrovalent 

lead ion can also occupy this site. The ‘B’ represents trivalent metal ions such as 

aluminum, iron, chromium and/or manganese. However, titanium Ti4+ and Pb2+ etc. 

may also occupy this site. Solid solutioning is common in this group of minerals 

meaning that they may contain certain percentages of different ions in any particular 

specimen [10]. In most oxide structures, the oxygen ions are appreciably larger than 

the metallic ions and the spinel structure can be approximated by a cubic close 

packing of O2- ions in which the cations (e.g. Co2+, Fe3+) occupy certain interstices. 

The structure of a spinel compound is similar to the highly symmetric 

structure of diamond. The position of the A ions is nearly identical to the positions 

occupied by carbon atoms in the diamond structure. This could explain the relatively 

high hardness and high density typical of this group. The arrangement of the other 
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ions in the structure conforms to the symmetry of the diamond structure. The 

arrangement of the ions also favors the octahedral crystal structure, which is the 

predominant crystal form and is in fact the trademark of the spinels. There are well 

over a hundred compounds with the spinel structure reported to date. Most of them 

are oxides, some are sulphides, selenides and tellurides and few are halides. Many 

different cations may be introduced into the spinel structure and several different 

charge combinations are possible; almost any combination that adds up to eight 

positive charges to balance eight anionic charges [11], for example Co2+Fe2
3+O4, 

Mg2
2+Ti4+O4, Li1+Al3+Ti4+O4, Li0.5

1+Al2.5
3+O4 and Na2

1+W6+O4, etc. 

In oxide spinels, the two types of cations do not usually differ greatly in size, 

because the spinel structure is stable only if the cations are rather medium sized and, 

in addition, the radii of the different ionic species in the same compound do not differ 

too much. Similar cation combinations occur in sulphides, e.g. Zn2+Al23+S4 and 

Cu2
2+Sn4+S4. However, in halide spinels e.g. Li21+Ni3+F4 and Li1+Mn2

3+/ 4+F4, cations 

are limited to charges of +1 and +2, in order to give an overall cation: anion ratio of 3: 

4. 

Most spinels fall into three series determined by a B metal: aluminate series 

with Al3+ (Hercynite, Gahnite, Galaxite); a magnetite series with Fe3+ (Magnetite, 

Magnesioferrite, Franklinite); a chromite series with Cr3+ (Chromite, 

Magnesiochromite). There is extensive cationic exchange (solid solution) within each 

series but very little between the series [12]. Spinels are classified on the basis of the 

distribution of cations in the two principal sites, tetrahedral site (T-) and octahedral 

site (O-) [13], into three types. 
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1.2.1 NORMAL SPINEL 

In normal spinel A (BB) O4, has all the divalent (A) cations on the tetrahedral 

(T-) sites and the trivalent (B) cations on the octahedral (O-) sites. This can be 

represented by the formula [A]tet [B2]oct O4.  Examples of normal spinel are 

MgO.Al2O3 = MgAl2O4 (normal, parent mineral) 

            ZnO.Fe2O3 = ZnFe2O4  (normal) 

            FeO.Al2O3 = FeAl2O4   (normal) 

CoO.Al2O3 = CoAl2O4 (normal)  

MnO.Al2O3 = MnAl2O4  (normal) 

NiO.Al2O3 = NiAl2O4     (normal) 

1.2.2 INVERSE SPINEL 

The inverse spinel, B (AB) O4, has the divalent cations occupying the O-sites 

and the trivalent cations are equally divided among the T- and remaining O-sites. This 

can be represented by formula, [B]tet [A, B]oct O4. CoFe2O4 is predominantly an 

inverse spinel with a formula; 

CoxFe1-x (Co1-xFe1+x) O4 (with x  0) 

where x is the cation distribution factor which describes the fraction of tetrahedral 

sites occupied by Co2+ cations [14].  

            CoO.Fe2O3 = FeCoFeO4 (inverse) 

            NiO.Fe2O3 = FeNiFeO4 (inverse) 

 MgO.Fe2O3 = FeMgFeO4  (inverse)  

1.2.3 RANDOM SPINEL  

It has an intermediate cation distribution, represented as [B0.67 A0.33]tet [A0.67 

B1.33]octO4.  
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It has been established now that in the elementary unit cell of spinel structure 

eight tetrahedral and sixteen octahedral sites are occupied by metal ions and 

completely normal and inverse spinel represent the extreme cases, so the general 

cation distribution can be represented as 

          422/)2(2/1 2112 OMMMM VIIV Bq
i

p
i

Ap
i

q
i







  

 where M (1)p+ and M(2)q+ are the minority and majority cations respectively. The 

first quantity in brackets represents the average occupancy of A-sites (coordination 

number of four (IV)), whereas the second quantity in brackets represents the average 

occupancy of B-sites (coordination number of six (VI)). The variable γ is the 

inversion parameter, which specifies the fraction of A-sites occupied by majority 

ions.  

 Normal          4OBA octtet    0  

 Inverse           4, OBAB octtet    1      

            Random         433.167.033.067.0 OBAAB tet   67.0   

The inversion parameter is a measure of the degree of inversion and in some ferrites 

depends on the method of preparation [15]. 
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1.3  SPINEL FERRITE 

1.3.1  CHEMICAL COMPOSITION OF SPINEL FERRITE 

Complex oxides with the spinel structure often called “spinels” belong to the 

group of strategic materials which are used in the wide area of modern technologies. 

They exhibit excellent magnetic, refractory, semiconducting, catalytic and sorption 

properties.  

The general chemical formula of ferrites possessing the structure of the 

mineral spinel, MgAl2O4, is MeFe2O4, where Me represents a divalent metal ion with 

an ionic radius approximately between 0.6 and 1Å. In the case of simple ferrites, Me 

is one of the transition elements Mn, Fe, Co, Ni, Cu and Zn, or Mg and Cd. A 

combination of these ions is also possible, a mixed ferrite. The symbol Me can 

represent a combination of ions which have an average valency of two e.g. Li1+ and 

Fe3+ in lithium ferrite, Li0.5Fe2.5O4. 

The trivalent iron ions (Fe3+) in MeFe2O4 can be completely or partly replaced 

by another trivalent ion such as Al3+ or Cr3+, giving rise to mixed crystals with 

aluminates and chromites. These compounds are also ferrimagnetic at room 

temperature if large amount of non-magnetic ions are not present. If the ferric ions are 

replaced by a tetravalent ion like Ti4+, an equal part of the Fe3+ are changed into Fe2+. 

A great variety of the chemical composition of ferrimagnetic oxide with spinel 

structure is possible. 

 

1.3.2  CRYSTAL STRUCTURE OF SPINEL FERRITE 

 The smallest cell of the spinel lattice that has cubic symmetry contains eight 

“molecules” of MeFe2O4. The relatively large oxygen ions form an fcc. lattice. In the 

cubic close packed structure two kinds of interstitial sites occur, the tetrahedral (A) 
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and octahedral (B) sites which are surrounded by 4 and 6 oxygen ions respectively. In 

the above mentioned cubic unit cell, 64 tetrahedral and 32 octahedral sites are present, 

of which only 8 and  16 respectively, are occupied by metal ions.  

  In a tetrahedral site, the interstitial is in the center of a tetrahedron formed by 

four lattice atoms. Three atoms, touching each other, are in plane; the fourth atom sits 

in the symmetrical position on top. Again the tetrahedral site has a defined geometry 

and offers space for an interstitial atom. An octahedral position for an (interstitial) 

atom is the space in the interstices between 6 regular atoms that form an octahedron. 

Four regular atoms are positioned in a plane; the other two are in a symmetrical 

position just above or below. All spheres can be considered to be hard and touching 

each other. The six spheres define a regular octahedron, in its interior there is a 

defined space for an interstitial atom, bordered by six spheres. 

The primitive tetrahedral unit cell of spinel ferrite consists of two molecular 

MeFe2O4 units and is represented by two octants as shown in the figure1.1. Four 

primitive unit cells (Figure 1.1) combine to form the conventional, cubic unit cell of 

spinel. 

  

 

Figure 1.1 MeFe2O4 Spinel structure [Sickafus, K. E. and Wills, J. J. Am. Ceram. Soc. 

1999, 82, 3279] 
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  48f tetrahedral vacancy                  A-site cation   oxide anion 

     2nd n.n. B cation                           B-site cation                     16c octahedral vacancy                                                          

  8b tetrahedral vacancy         2nd n.n. oxide ion    

   

Figure 1.2 Schematic drawings of lattice surroundings and nearest neighbours for (a) 

the tetrahedral A-site (8a), (b) the octahedral B-site (16d), and (c) the 

tetrahedral oxide site (32e).  Anion dilations are indicated in (a) by solid 

arrows [King, R. J. Geology Today, 2004, 20, 194]. 
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Consequently, there are Z = 8 formula units per cubic unit cell, each of which 

consist of 32 anions and 24 cations, for a total of 56 atoms [16]. There are 96 

interstices between the anions in the cubic unit cell; however, in spinel ferrites, only 

24 are occupied by cations. Of the 64 tetrahedral interstices (8a, 8b, 48f) that exist 

between the anions, only 8 are occupied by cations. The remaining 16 cations occupy 

half of the 32 octahedral interstices (16c, 16d). The unoccupied sites are octahedral 

(16c) and tetrahedral (8a, 48f) [17] as shown in Figure 1.2. 

The location of tetrahedral and octahedral site is always the same and do not 

depend on the nature of constituent cations. However, the general position of anions 

depends on the relative size of A and B cations. The anion sub lattice is arranged in a 

pseudo-cubic close–packed (ccp) spatial arrangement, although some spinels possess 

almost–ideal ccp anion sub lattices. The repeat unit of the conventional unit cell is 

twice that of the anion lattice. As a consequence, the spinel lattice parameter ‘a’ is 

large. 
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1.3.3 CATION DISTRIBUTION IN SPINEL FERRITES 

The following are some of the factors which can influence the distribution of 

the metal ions over the A and the B-sites. 

 

1.3.3.1 Ionic radius 

 Since the tetrahedral site is the smaller, one might expect that the smaller ions 

will prefer to occupy the tetrahedral sites. Trivalent ions are usually smaller than the 

divalent ions and this favours the inverse structure.  

 

1. 3.3.2 Electronic configuration 

 Certain ions have special preference for a certain environment. For example, 

Zn2+ and Cd2+ show a marked preference for tetrahedral sites where their 4s, p or 5s, p 

electrons respectively can form a covalent bond with the six 2p electrons of the 

oxygen ion. This produces four bonds oriented towards the corner of a tetrahedron. A 

marked preference of Ni2+, Co2+ and Cr3+ for octahedral environment is due to 

favorable fit of the charge distribution of these ions in the crystal field at an 

octahedral site [15].  

 

1. 3.3.3 Electrostatic energy 

 The electrostatic energy is gained when the ions are brought close together to 

form the spinel cubic lattice from infinity. In the normal spinel, the cation with the 

smallest positive charge is surrounded by four oxygen atoms while the cation with the 

higher positive charge by six oxygen atoms, being electrostatically more favorable. In 

the spinels the inverse structure is electrostatically more favorable and has the lowest 

energy when the oxygen parameter value (u) is smaller than the normal value (u = 
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0.379) while normal spinel has the lowest energy when ‘u’ is larger than the normal 

[15].  

 

1.3.4  ELECTRICAL PROPERTIES OF SPINEL FERRITES 

1.3.4.1 Temperature dependent electrical properties 

 For crystals of, for instance, micrometer dimensions, the number of energy 

levels is so large and the gap between them is so small that they could be treated as 

essentially infinite solids with continuous bands of allowed energy. At the nanometer 

scale, one can still think of the particles as giant molecules but not large enough to 

make an infinite solid a good approximation. The result is that in nanoparticles, bands 

of energy can still be distinguished, but the gaps between the bands may differ from 

those found in larger crystals and within the bands, the energy levels do not quite 

form a continuum so that effects due to the quantized nature of levels within bands 

can be observed. As a crystal of a semiconductor becomes smaller, fewer atomic 

orbital are available to contribute to the bands. As the size of crystal continues to 

shrink, so does the number of orbital energy levels decrease and as a result the band 

gap increases [5]. 

Electrical conduction occurs by the long-range migration of either electron or 

ions. Usually conduction by one or other type of charge carrier predominates but in 

some inorganic materials both ionic and electronic conductions are appreciable in the 

same material [18]. The electrical properties of ferrites depend on the charge transport 

among B-site ions. For iron rich ferrites with ionic formula 
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The concentration of the conduction electrons is 0)1( Nlm   (N0 = Avogadro’s 

number) and these electrons are distributed in a band consisting of 0)2( Nm  levels, 

if each B site Fe ion contributes one energy level.  

 Magnetite (Fe3O4) has 1/3 Fe ions on tetrahedral sites and the remaining 2/3 

on octahedral sites, octahedral site containing an equal number of Fe2+ and Fe3+ ions. 

Charge transport occurs by the transfer of electrons between otherwise trivalent iron 

ions. The overlap between 3d-like wave functions of nearest neighbour cations is 

sufficient to give rise to almost metallic type of conductions. But for other simple type 

ferrites the transport may then be represented by 

  223322 FeOMeFeOMe  

where the activation energy must reflect the difference between the third ionization 

potentials of the Fe3+ and Me3+ ions in the solid.  

Cobalt ferrite (CoxFe3-xO4) has a simple inverse spinel phase through out the 

range0  x  1. For low cobalt content the conductivity is very similar to that of 

magnetite. With increasing x the concentration of the nearest neighbour Fe2+-Fe3+ 

pairs will be reduced so that eventually transitions to next nearest and more distant 

neighbour will play a significant role. The main contributions to activation energy 

will then be the difference in the Madelung energy and the crystal field stabilization 

of the configurations [18]. For CoFe2O4 a rapid increase in the resistivity and 

activation energy is observed. The range of the published values of resistivity of the 

bulk ferrite materials is wide, from about 10-4-10-9 m at room temperature. The 

value of low conductivities of ferrites is considered to be associated with the presence 

of Fe2+/Fe3+ ions at the octahedral sites in their crystal lattice. The resistivity value of 

magnetite is found to be in the range of 10-4-10-5 m.  
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The electrostatic interaction between the conduction electron / hole and nearby 

ions may result in a displacement of the latter and hence in the polarization of the 

surrounding region, so that the carrier is present at the centre of the polarization 

potential well. If this well is deep, the carrier will be trapped at a lattice site and its 

translation to neighbouring site is determined by thermal activation. This mechanism 

of conduction is known as hopping [18]. 

An electron interacts through its electrical charge with the ions or atoms of the 

lattice and creates a local deformation of the lattice. The deformation tends to follow 

the electron as it moves through the lattice.  The combination of the electron and its 

strain field is known as polaron. Hopping is limited to orbital of the same energy (e.g. 

the eg orbital of metals on the same site). The extra electron on a ferrous ion requires a 

little energy to move to the ferric ion at the adjacent octahedral site, which is called 

hoping energy of activation and thus the valance state of the two are interchanged 

[19].  

At higher temperatures small polaron motion may result from the absorption 

of one or more phonons and this process is essentially the hopping mechanism. The 

contribution from the conventional band mobility and from hopping mechanism are 

additive. Ferrite materials are semiconductors, their resistivity decreases with increase 

in temperature and show Arrhenius type temperature dependence according to the 

equation: 






 kT

Ea
o exp      (1.1) 

The activation energy (Ea) in this expression is thus called the activation 

energy of hopping and the graph between ln and 1/T is linear in some cases but 

usually a curve is also observed. Ea values are found to be in the range of 0.1-0.5 eV. 

The materials having the higher resistivity at room temperature have associated high 
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activation energy. Many workers have established the relation between resistivity and 

the stoichiometry. The presence of excess iron leads to the formation of more ferrous 

ions, so in the preparation of high resistivity ferrites, it is necessary to avoid excess 

iron in the lattice by adding cobalt and manganese which inhibit the formation of 

ferrous ions. The conductivity mechanism in crystalline solids is determined by 

different arrangement and behavior of the immobile media. Apart from the inherent 

resistivity of the material, there are various contributions to the measured dc-

resistivity, [19] including the porosity of the materials, grain size and grain to grain 

contact, heat treatment, chemical inhomogneity, concentration of the charge carriers, 

distance between the available positions, temperature, polarizability and change of the 

thermodynamic potential motions of the ions.  

 

1.3.4.2 Frequency dependent electrical properties 

For most solids, there is no net separation of positive and negative charges; 

that there is no net dipole moment. The molecules of solids are arranged in such a 

way that the unit cell of the crystal has no net dipole moment. If such a solid is placed 

in electric field then the field is induced in the solid which opposes the applied 

electric field. This field arises from the two sources, a distortion of the electron cloud 

of the atoms or molecules and a slight movement of the atoms themselves. The 

average dipole moment per unit volume induced in the solid is the electrical 

polarization and is proportional to electric field applied [6]. The polarizabilty, of the 

dielectric is defined by  

p=E       (1.2) 

where p is the dipole moment induced by local electric field, E. Polarizabilty has four 

possible contributors and is given by the summation: 
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=e+i+d+s      (1.3) 

where e is electronic polarizability, i ionic polarizability, d dipolar polarizability 

and s space charge polarizability. The electronic polarizability is caused by a slight 

displacement of the negatively charged nucleus. Electronic polarizability occurs in all 

solids and in some, such as diamond, it is the only contributor to the dielectric 

constant since others are absent. The ionic polarizability arises from a slight relative 

displacement or separation of anions and cations in a solid. It is the principal source of 

polarization in ionic crystals. Dipolar polarizability is present in materials with 

permanent electric dipoles which change their orientation with the applied electric 

field and align themselves along the applied field. The effect is temperature dependent 

as the dipoles may be frozen in at low temperatures. Space charge polarizability 

occurs in materials that are not perfect dielectrics but in which some long range 

charge migration may occur. When such effects are appreciable, the material is better 

regarded as a conductor or solid electrolyte than as a dielectric [13].  

At low frequencies, e.g. audio frequencies (103 Hz) all four may contribute to 

. At radio frequencies (106 Hz), space charge effects may not have time to build up 

in most ionically conducting materials and are effectively ‘relaxed out’. At microwave 

frequencies (109 Hz) dipoles do not usually have time to reorient themselves and are 

effectively relaxed out. The timescale of ionic polarizations is such that they do not 

occur at frequencies higher than infrared (1012 Hz). This leaves the electronic 

polarization which is observable into the UV but is relaxed out at X-ray frequencies 

[13]. In good dielectric materials, the limiting low frequency permittivity is composed 

of only ionic and electronic polarizability.  

The permittivity of a dielectric material has both the real and imaginary parts. 

The imaginary part of permittivity describes the energy loss from an AC signal as it 
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passes through the dielectric material. The real part of permittivity is also called 

dielectric constant and relative permittivity which explains the relationship of the AC 

signal’s transmission speed and the dielectric material’s capacitance. The relative 

word indicates that the value is reported relative to the dielectric properties of 

vacuum.  

Dissipation factor (loss tangent) is the ratio of the energy dissipated to the 

energy stored in the dielectric material. The more energy that is dissipated into the 

material, the less is going to reach the final destination. In the dielectric material, this 

dissipated energy changes into heat or radiated as radio frequency into the air. When 

the high power signals are to be transmitted, materials with large loss factor could 

result in the tremendous heat production culminating in a fire (advanced dielectric 

heating). Signals with low power in a high loss factor material will be lost within the 

material in its transmittance path. The goal is to get materials which can transmit 

signals through the interconnection network with 100% efficiency with no absorption 

of the signals in the material. In order to retain maximum signal power, a low loss 

material should be used. 

 

Figure 1.3 Condenser with double-layer dielectric [Standley, K. J. Oxide Magn. 

Mater.Oxford University Press, London, 1962]. 
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Figure 1.4 If circuits (a) and (b) are equivalent and C1, C2, R1 and R2 are constants, 

then Cp and Rp are not constants with respect to frequency but obey 

dispersion formulae [Standley, K. J. Oxide Magnetic Materials, Oxford 

University Press, London, 1962]. 

Dielectric constant and the loss factor are directly related with the capacitance 

of the dielectric material which in turn varies with the signal frequency. The dielectric 

values are high at low frequencies and vice versa while loss factor increases with 

frequency [20]. Many non-conducting oxides have dielectric constants in the range of 

10-20. The sintered ferrites do not have a homogenous structure. These may consist of 

grains and grain-boundaries. The grains have homogenous structure as compared to 

the grain wall and boundaries, and that’s why grains can be considered moderately 

well conducting as compared to the grain boundaries, the inter grain contacts and 

pores which are poorly conducting regions. We can represent this inhomogeneous 

structure simply by double-layer dielectric as show in Figure 1.3 where the subscript 2 

refers to the ferrite (grains) and 1 to the boundary layer. Figure 1.4 indicates that the 

resistance R2, and possibly R1, may contain a contribution from the dielectric losses in 

addition to a purely ohmic term. 

If the specimen is regarded as a parallel plate condenser of plate area A, 
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where  is the dielectric constant and  is the resistivity. It then follows by equating 

the impedances in the two representations of figure 1.4 that  

221 






 


o       (1.6) 

221 






 


o       (1.7) 

where the subscript ∞ and 0 refers to very high and very low frequencies respectively, 

where the relaxation time  is a characteristic time constant of the ferrite and =2 

where  is the measuring frequency. The relaxation frequency for different materials 

is approximately proportional to the low-frequency value of the dielectric constant. It 

has been observed that the dielectric constant and resistivity become smaller with 

increasing field strength, particularly for ferrites with a high dielectric constant. It 

appears that in sufficiently high measuring fields the low frequency value of dielectric 

does not differ from the high frequency value.  

 Koops [19] made the following further assumptions: 

a) 21 / ddx   1 

b) 1  2 

c) Although x is small x1  2 by a reasonable factor 

d) 1=2 (for most oxides this is a fair assumption). 

At very high frequencies  

2    and  2   

and at very low frequencies 
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120  x   and  x/220    

Thus in order to obtain values of  and  characteristic of ferrite itself, the 

measurements should be extended, and extrapolated, to high frequencies. Koops 

found values of x of the order of 0.01, but in those cases where low-frequency 

dielectric constants of the order of 104 or 105 are found. This theory suggests an 

effective boundary layer only a few Angstrom units thick [19]. 

 

1.3.5 MAGNETIC PROPERTIES OF SPINEL FERRITES 

 According to the Neel’s theory of ferrimagnetisms, materials like cobalt ferrite 

consist of two sublattices i.e. A and B sublattices. Within the individual sublattices, 

the magnetic moments are arranged parallel to one another but the strong interactions 

between the two sublattices results in the antiparallel arrangement of the two 

sublattices. A spinel ferrite then may be defined as the material which below a certain 

temperature (Curie temperature) shows a spontaneous magnetization, arising from the 

anti-parallel arrangement of the strongly coupled atomic dipoles. If MA and MB are 

the moments of the sub lattices, then ideally the ferrimagnetic moment is MA- MB, 

assuming MA MB. The reasons for this inequality may be the presence of elements in 

different ionic states, e.g. Fe3+ and Fe2+, different elements in the same or different 

ionic states e.g. Fe3+ and Co2+ and different crystalline fields acting at two sites. 

 The interactions between magnetic ions may be classed as A-A, B-B, A-B and 

B-A, where A-A represents the interaction of an ion on an A-site with its neighbours 

also on A-site, with similar definitions for other terms. In the Neel’s theory it is 

assumed that the A-B and B-A interactions are identical and predominate over A-A and 

B-B interactions and thus favours the antiparallel arrangement of the magnetic 

moments of the two sublattices.  
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 There are two magnetic ions present and each is to be found on both lattice 

sites, a total to ten different interactions must be considered, since the A-A, B-B and 

A-B interactions all depend upon the nature of these interacting ions. It is well known 

that the magnetic properties of materials originate from mainly two factors i.e. 

exchange interaction and spin-orbit couplings. Exchange interactions provide 

information about the magnetic ordering of the materials, while the other factor 

determines the magnetization orientation within the material. 

The magnetic properties of mixed ferrites depend on the preference for a given 

crystallographic site which an ion exerts in a single, the change in interaction between 

sublattices (A-B interaction) with composition, weakening A-B interaction due to 

negative B-B and A-A interactions by the formation of angles and the character of the 

neighbours of a given ion on a given site which may change [18]. 

 

1.3.5.1 Magnetic Ordering 

Magnetic materials can be divided into two categories that are based on 

electronic configuration:  

(a) Diamagnetic Materials. Diamagnetic materials are materials in which the electron 

spin moments are compensated and there is no interaction between individual 

magnetic moments. Diamagnetic materials do not have unpaired electrons in them. 

These materials are weakly repelled in a magnetic field because they have a weak, 

negative magnetic susceptibility. The origin of the magnetic moment is the orbit of 

the electrons around the nucleus. This generates a magnetic field according to 

Faraday's Law.  
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When placed in a magnetic field, an extra torque is applied to the electron, 

resulting in an antiparallel alignment of the atomic magnetic moment. This accounts 

for the weak and negative magnetic susceptibility. 

(b) Paramagnetism. Paramagnetic materials are those in which individual atoms, ions 

or molecules have some number of uncompensated spins with random orientation and 

thus have a permanent net spin magnetic moment. As the spin moment is much larger 

than the orbital moment, it would therefore be expect that the behavior of 

paramagnetic materials, when placed in a magnetic field, would be governed by the 

behavior of the spin magnetic moments.  

When paramagnetic substances are placed in an external magnetic field; the 

uncompensated spin moments tend to couple with one another and form magnetically 

ordered states. The magnetic energies involved in this alignment are relatively small 

and the energy associated with thermal agitation tends to work against the alignment, 

having a randomizing effect. The degree of alignment of the uncompensated spins 

with the applied magnetic field depends therefore on the strength of the field (the 

stronger the field, the greater the degree of alignment up to very high fields) and the 

temperature (the hotter the material, the lower the degree of alignment in the same 

applied field).  

This magnetic ordering can take the form of ferromagnetism, anti-

ferromagnetism or ferrimagnetisms, depending on the extent of the magnetic 

interaction of the uncompensated spins with the applied magnetic field. The material 

is ferromagnetic when the magnetic interactions favour parallel alignment of the 

uncompensated spins and exhibits net magnetization even in the absence of magnetic 

field e.g. iron, nickel and cobalt. The uncompensated spins in individual atoms of a 

ferromagnetic material may couple either directly (direct exchange) or through an 
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intermediate anion - usually oxygen (super exchange). In crystals of a ferromagnetic 

material, this gives rise to a net magnetic moment due to the coupling of spins in a 

preferred orientation (keep in mind that this coupling is quantum mechanical in nature 

and not purely due to the magnetic forces acting between neighboring atoms). These 

materials have a large, positive magnetic susceptibility. 

While material is anti-ferromagnetic when uncompensated spins arrange 

themselves antiparallel to applied magnetic field e.g. CoO, MnO, NiO and CuCl2. 

These materials do not show net magnetization in the absence of applied magnetic 

field. In ferrimagnetic materials, neighboring spin lattices are arranged antiparallel to 

each other under the applied magnetic field but of unequal magnitude e.g. cobalt 

ferrite, nickel ferrites. This gives rise to a relatively strong net magnetization 

(particularly when compared to anti-ferromagnets). These have small magnetic 

susceptibilities than the other paramagnetic materials. 

The magnetic susceptibility () is the degree of magnetization (M) of a 

material in response to applied magnetic field (H) The linear temperature dependence 

of the magnetic susceptibility in paramagnetic materials was worked out by Pierre 

Curie and is known as Curie's Law:  

H
M

  and 
T
C

                                                                          (1.8) 

where M is the magnetization, H is the applied magnetic field, C is the Curie constant 

and T is temperature. It can be written as 

T
C

H
M

       (1.9) 
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In paramagnetic materials the individual moments align in magnetic field 

which becomes more difficult with the increasing temperature and hence the 

susceptibility decreases with temperature. 

 

(a)                         (b)                        (c)                         (d) 

 

Figure 1.5 Different types of magnetic moment ordering (a) Paramagnetic (b) 

Ferromagnetic (c) Antiferromagnetic (d) Ferrimagnetic (e) Variation in 

magnetic susceptibility with temperature. 

In case of ferro- and ferrimagnetic materials, the temperature dependence 

follows the Curie-Weiss law (Figure 1.5) 

   



T

C           (1.10)             

where θ is the Weiss constant. For these materials the Weiss constant and the Curie 

temperature (Tc) are nearly identical, below Tc the materials are in ordered state 

while above this temperature the materials is paramagnetic. 

Magnetism in transition metal oxides is observed to be rather complex than 

that of individual isolated atoms because of the presence of coupling of atomic 

(e) 



     
                                                                                                                                      25 

                                                                                                                                                    
 
 

moments. This coupling of moments is responsible for cooperative nature of 

magnetism in transition metal oxides. The statistical correlation for electrons of like 

spin, with each surrounded by a void due to local depletion of parallel spin electrons, 

is called exchange. There exist three types of magnetic interactions direct exchange, 

double exchange and super-exchange. 

 

1.3.5.2 Direct Exchange Interaction 

When the individual moments are located close enough to allow sufficient 

overlap of their wave functions, the direct exchange can occur. In such conditions 

minimum Coulomb’s interactions will be experienced when electrons are located 

between the nuclei. The electrons in such a condition should have opposite spins 

which results in anti-ferromagnetism. While ferromagnetism is observed when the 

moments are arranged parallel to each other, which is possible only when the 

electrons are located far from one another. Such a magnetic dipole-dipole interaction 

would be too small by a factor at least 103 to explain the observed Curie temperatures. 

The interaction can be explained on the basis of an exchange force, which is quantum 

mechanical in origin; according to Heisenberg. The exchange energy Eex between two 

atoms having spins Si and Sj is given simply by 

Eex = -2Jex


ji SS .       

       = -2Jex Si . Sj cos      (1.11) 

where Jex is called exchange integral which occurs in the calculation of the 

exchange effect and it is a measure of the extent to which the electronic charge 

distributions of the two atoms concerned overlap one another, and θ is the angle 

between the spins. If Jex has a positive value then the exchange energy Eex is minimum 

when electron spins are parallel i.e., θ = 0 (ferromagnetism). If Jex has negative value, 
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then Eex is minimum when electron spins are anti-parallel; i.e., θ = 180o 

(antiferromagnetism). 

 

Figure1.6 Slater-Bethe curve showing the magnitude and sing of the exchange 

integral as a function of D/d [Standley, K. J. Oxide Magnetic Materials, 

Oxford University Press, London, 1962]. 

 

However, in cases of the minimum exchange energy the magnetic material in 

which spins are parallel is termed as ferromagnetic material while that in which the 

spins are anti-parallel is termed as anti-ferromagnetic material. Figure 1.6 shows how 

the magnitude and sign of the exchange integral depends upon the ratio D/d, where D 

is the atomic or ionic separation of the interacting atoms or ions and d is the diameter 

of the electron orbit concerned. We can see that when D/d is less than 1.5, the 

exchange interaction is negative and is positive for higher values of D/d reaching 

maximum at 1.8. For ferromagnetic spinels it is usually of the order of 2.5, which 

suggest a moderate weak positive interaction from direct exchange interaction while 

the experiments favour [19].  
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1.3.5.3 Super-exchange Interaction 

The oxide ion has a very small interaction magnitude with metallic ions in its 

ground state because of a completely filled 2p orbital. The superexchange interaction 

has been proposed for the case in which there is a mechanism of excitation from this 

ground state as the interaction can only take place in the excited state with the 

metallic ion. 

The possible excitation mechanism involves the temporary transfer of one 

oxide 2p electron to a neighboring metal ion. Qualitatively we can describe the 

superexchange interaction by considering the following example of ferric ions in an 

oxide (Fig 1.7). We go from a ground state of these ferric ions in which the five 3d 

electrons according to Hund’s rule are all aligned parallel to each other. The six 2p 

electrons of the oxygen ion form three pairs. The spin of electrons in each of these 

pairs is paired and they reside in a dumb-bell shape p-orbital. In an excited state the 

electron from the nearby oxide ion leaves the p-orbital and becomes (temporarily) part 

of Fe3+ ion, which becomes Fe2+ on gaining one electron. The transfer process in 

which we have one Fe3+ ion on one side of the oxygen and another Fe3+ ion on the 

other side is given as shown in (Figure 1.7). 

 

Fe3+(3d5)    O2-(2p6)    Fe3+(3d5) → Fe3+(3d5)    O1-(2p5)    Fe2+(3d6) 

↓↓↓↓↓          ↑↓            ↓↓↓↓↓            ↓↓↓↓↓        ↑↓              ↓↓↓↓↓ 

                    ↑↓                                                    ↑↓              ↑ 

                ↑↓                                           ↓ 

Figure 1.7 Super-exchange Interactions [Standley, K. J. Oxide Magnetic Materials, 

Oxford University Press, London, 1962] 
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The one Fe3+ ion now becomes a Fe2+ ion. The unpaired electron of the 

oxygen p orbital which was directed toward the Fe3+ ions now can interact with the 

Fe3+ ion present on the opposite side. The overall coupling between the cations 

depends on a combination of direct exchange, excitation and intra-atomic (Hund’s 

Rule) coupling, and is known as superexchange. If the 3d orbital of the metal ions are 

less than half full, the superexchange should favour a positive interaction; for 3d 

shells which are half filled or more than half filled, e.g. Fe3+ ion, a negative 

interaction with anti-parallel spin is probable. It is generally assumed that this 

superexchange interaction diminishes rapidly as the distance between the ions 

increases. The dumbbell shape of the 2p orbital makes it reasonable to assume that the 

interaction for a given ionic separation is greatest when the metal oxygen-metal angle 

is 180° and is least when this angle is 90o. Thus in a spinel lattice we conclude that A-

B interaction is relatively strong, the A-A interaction is relatively weak and the B-B 

interaction is probably intermediate [19]. 

 

1.3.5.4 Double Exchange Interaction 

The double exchange interaction has been proposed by Zener (1951) to 

account for the interaction between adjacent ions of parallel spins through 

neighbouring oxygen ion. This model is more restrictive than the super exchange 

interaction and requires the presence of ions of the same element but in different 

valence states; e.g. in magnetite Fe2+ and Fe3+. It involves the excitation of a d 

electron from the cation with the highest number of electrons e.g. in magnetite from 

Fe2+ ion, into an overlapping anion orbital (oxygen ion) with the simultaneous transfer 

of a p electron with the same spin from anion to a neighboring cation (Fe3+ ion) 

(Figure 1.8). 
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This process is similar to the hopping conduction model for the electrical 

conductivity in semiconductors. The double exchange mechanism favours only 

positive interaction (i.e., parallel spins on adjacent ions). It cannot account for the 

negative A-B interactions in ferrites but may be a contributing factor to the observed 

ferromagnetic (positive) interactions in certain manganites and cobaltites [19]. 

 

Fe2+(3d6)     O2-          Fe3+(3d5)  →  Fe3+(3d5)    O2-          Fe2+(3d6) 

↓↓↓↓↓  ↑↓            ↓↓↓↓↓            ↓↓↓↓↓  ↑↓              ↓↓↓↓↓ 

↑                   ↑↓                                             ↑↓              ↑ 

                 ↑↓                                     ↑↓ 

 Before exchange                                                After exchange 

Figure 1.8 Double exchange interactions [Standley, K. J. Oxide Magnetic Materials, 

Oxford University Press, London, 1962] 

  

1.3.5.5 Hysteresis 

In soft magnetic materials, a high magnetization for a low applied field is a 

desired property. In an unmagnetized ferrimagnetic material, the collections of 

magnetic moments are randomly oriented throughout the material and therefore 

collectively self-cancel, resulting in a small or zero net magnetization (Figure 1.9). On 

increasing the magnetic field strength the magnetization also increases. In a 

sufficiently large external magnetic field, the spins in each domain rotate parallel to 

the direction of the applied magnetic field until all the dipoles are aligned. After this 

the magnetization flattens out at a value called the saturation magnetization (Ms) 

(Figure 1.9). The smooth curve in figure 1.9 depicts the rotation of the vector moment 
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in the domain wall as the magnetic field strength (H) is varied, actually occurs in very 

small jumps.  

 

Figure 1.9 Magnetization (M) versus magnetic field strength (H) [Kittel, C. 

Introduction to Solid State Physics, Wiley, New York, 1976] 

 

When the applied field is decreased magnetization decreases. In multi-domain 

bulk materials, demagnetization occurs primarily via spin rotation through the domain 

walls [21]. If the demagnetization curve, during the removal of the applied field, does 

not follow the initial magnetization curve, the material displays hysteresis, which is 

the lag in the magnetization with respect to the field. This lag is called the hysteresis. 

The area included in the hysteresis loop is the measure of the magnetic losses incurred 

in the cyclic magnetization process. The remnance magnetization (MR) is the 

magnetization remaining at zero applied field (H = 0). The values of the reverse field 

needed after saturation to reduce the magnetization to zero is called the coercive force 

or coercivity (Hc) [22]. 

The shape and width of the hysteresis loop of a ferrite depend not only on the 

chemical composition, which determines the intrinsic properties, but also on various 
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factors connected with the sintering process, such as porosity, the size and the shape 

of the pores and the size and shape of the crystals. Most polycrystalline sintered 

samples of ferrites with spinel structure have a relatively low coercive force. 

Exceptions are the simple and mixed cobalt ferrites, for which the Hc can be larger 

than 1000 Oe [15].  

 

1.3.5.6 Magnetic Anisotropy 

In most magnetic materials, to varying degree, the magnetization tends to 

align itself along one of the main crystal directions. That direction is called the easy 

direction of magnetization. All ferromagnetic and ferrimagnetic materials possess, to 

a lesser or greater degree, a crystal direction or a set of directions in which the 

magnetization prefers to be oriented [18]. 

This magnetic anisotropy can have various causes. The most important in 

magnetic materials are the shape and magnetocrystalline anisotropies. Shape 

anisotropy is associated with the geometrical shape of a magnetized body, and refers 

to the preference that the polarization in a long body is for the direction of the major 

axis. The magnetocrystalline anisotropy is associated with the crystal symmetry of the 

material.  

There are three situations that give rise to this anisotropy as an intrinsic crystal 

property. The first and most important one is that in which the atoms possess an 

electron-orbital moment in addition to an electron-spin moment. In such a situation 

the spin direction may be coupled to the crystal axis. This arises through the coupling 

between spin and orbital moments and the interaction between the charge distribution 

over the orbit and the electrostatic field of the surrounding atoms. There will then be 

one or more axes or surfaces along which magnetization requires relatively little 
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work. The crystal will then be preferentially magnetized along such an easy axis or 

plane. 

The second situation is encountered in non-cubic crystal lattices. In these 

crystals the magneto-static interaction between the atomic moments is also 

anisotropic, which may give rise to easy directions or planes of magnetization. 

The third possibility of crystal anisotropy is found in the directional ordering 

of atoms as described by Néel (1954). This typically involves solid solutions of atoms 

of two kinds, A and B, linked by the atomic bonds A-A, A-B and B-B. In the presence 

of a strong external magnetic field the internal energy of these bonds may be to some 

extent direction-dependent. Given a sufficient degree of atomic diffusion-as a result of 

raising the temperature, for example-a certain ordering can be brought about in the 

distribution of the bonds; in this way it is possible to "bake" the direction of this field 

into the material as the easy axis of magnetization. 

In addition to these sources of magnetocrystalline anisotropy mechanical 

stresses may contribute through the magneto-elastic (magneto-strictive) properties of 

the crystal. This contribution, however, is considered to be negligible in hard 

magnetic materials [18]. 

 

1.3.6 SIGNIFICANE OF SPINEL FERRITES 

Nanosized spinel ferrite materials exhibit remarkable electrical and magnetic 

properties and promising technological applications in different fields of life. The 

most challenging aspect of nano-magnetism is the usage of the nanomaterials in 

biological and clinical applications. Iron oxide is extensively used for various 

purposes like cell separation and purification, contrast agent in magnetic resonance 

imaging (MRI), targeted drug delivery, nanobiosensors and magnetic fluids 
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hyperthermia (MFH). By using magnetic particles with affinity for certain cancer 

cells, these cells can be selectively heated by external alternating magnetic field in the 

range of 50-500 kHz frequency range. This heating results in the death of the selected 

cells whereas the healthy cells are not affected with such treatment. The side effects 

of chemotherapy like ‘hair loss’ can be avoided [23].  

If a drug is attached to a magnetic carrier, guided by a magnet, can be made to 

target a specific drug site, is called targeted drug delivery. It helps in the local 

treatment of diseases in the body with more target-specific delivery of drugs. 

Magnetic heating can also be used as trigger to release drug from an implant. The 

drug is bounded with a thermo responsive polymer which releases the drug on its 

target when heated by means of an external AC-magnetic field [24].   

Functionalized magnetic colloids can serve as carrier particles for the transport 

of, among others, molecules, cells and drugs with the help of applied magnetic field 

gradient. The magnetic force acting on the particles originating from the magnetic 

field gradient and the net dipole moments, results in the transport of the particles in an 

external magnetic field. Magnetic nanoparticles must be superparamagnetic at room 

temperature in order to avoid agglomeration in biomedical applications such as MRI 

contrast agents.  

Spinel ferrite thin film is promising as perpendicular magnetic recording 

material for high density recording because a protective overcoat is not required. 

Introduction of the soft magnetic layer as a back layer is essential to improve 

recording and reproducing performance of the media. The increase of the storage 

capacity is being achieved by decreasing the particle size of the magnets (bits). 

However this decrease in size is limited by the presence of superparamagnetism at 

room temperature. Superparamagnetism must be avoided in high density information 
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storage since superparamagnetic relaxation of the data bits will cause the magnetic 

moment of each bit to fluctuate and as a result the stored information will be lost [25]. 

So the magnetic nanoparticles with large magnetocrystalline anisotropy like cobalt 

ferrites are used for such purposes. 

One example, of the commercials application of magnetic nanomaterials, is 

the use of magnetic toners in the Direct Image Printing (DIP). The toner particles are 

both charged and magnetic which are transported from the toner reservoir by a 

magnetic force. A digital image is converted to a voltage pattern on an imaging unit, 

to which the toner particles are attracted when the electrical force exceeds the 

magnetic force acting on the particles. This results in the formation of the toner image 

from the digital image. For this purpose the toner particles with embedded magnetic 

particles must have high saturation magnetization and low remnance [26].  

Magnetic nanomaterials can be used as supports for catalytic molecules to 

combine the efficiency of homogenous catalysts and the convenient recycling of 

heterogeneous catalysts. The magnetic moment of these allow for manual separation 

with a small magnet [27].  

 

1.4 SYNTHESIS AND CHARACTERIZATION OF SPINEL 

FERRITES: LITERATURE SURVEY 

Lee et al [28] synthesized Co1-xMnxFe2O4 spinels in air as bulk phases. The 

lattice parameters increased with the addition of Mn cation, which was closely related 

to the effective substitution of Mn2+ cation. From the measurements of the magnetic 

moment, it is shown that Mn contributes to the canted magnetic moment between 

tetrahedral (A) and octahedral (B) sites. The n-type conduction was observed from 

Seebeck coefficient measurements: this was ascribed the formation of Co3+ and Mn3+ 
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from Co2+ and Mn2+ cations on A and B sites. The electrical conductivities increase 

with Mn substitution. It was suggested that the possibility of charge transfer between 

2+ and 3+ cation in A as well as B sites contributed to electrical conductivity. 

Vasamber et al [29] prepared polycrystalline compounds of the series CdxCo1-

xFe2-yCryO4 where x = 0, 0.25, 0.50, 0.75 and 1.00; y =0, 0.15 and 0.30 by a standard 

ceramic technique. The crystallographic data were obtained using X-ray diffraction 

showed that all the compounds have fcc symmetry. The ionic radii on A and B sites, 

rA and rB, respectively and the bond lengths on A and B sites (A-O and B-O, 

respectively) were calculated. The values of rB and B-O were found to be greater than 

rA and A-O, except for the Cd2+ and Cr3+ substituted Cd ferrites. The activation 

energies (Ea) were found to be higher in the para-region than in the ferri-region. The 

resistivity of the samples was found to be dependent on the saturation magnetic 

moments of the samples. The resistivity of Co ferrite was found to be higher than that 

of Cd ferrite at 475 K. 

Li et al [30] synthesized cobalt–ferrite nanoparticles in water-in-oil 

microemulsions reversed micelles with varying cation composition. Transmission 

electron microscopy revealed that the particles were nanospheres with particle size 

ranging from 12 to 18 nm. X-ray diffraction results indicated that at low Co2+:Fe2+ 

ratio 1.10 and 1.5 in the precursor, the particles retained an essentially ferrite structure 

( -Fe2O3). However, the cobalt–ferrite phase (CoFe2O4) formed upon further increase 

of the Co2+ content. The materials were found to exhibit superparamagnetism. The 

blocking temperatures and coercivities were dependent on the Co2+:Fe2+ ratio in the 

system. 

Liu et al [31] established a correlation between the electron spin-orbital 

angular momentum coupling and the superparamagnetic properties in MgFe2O4 and 
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CoFe2O4 spinel ferrite nanoparticles. The contribution to the magnetic anisotropy 

from the Fe3+ lattice sites was almost the same in both nanocrystallites as neutron 

diffraction studies presented a similar cation distribution in these two types of spinel 

ferrite nanoparticles. Due to the strong magnetic couplings from Co2+ lattice sites, the 

blocking temperature of CoFe2O4 nanoparticles was at least 150 degree higher than 

the same sized MgFe2O4 nanoparticles. Mossbauer spectroscopy studies demonstrated 

that the magnetic anisotropy of CoFe2O4 nanoparticles was higher than that of the 

same size MgFe2O4 nanoparticles.  

Liu et al [32] synthesized CoFe2O4 nanoparticles by microemulsion method 

using a stable ferric salt (FeCl3). The normal micelles were formed by sodium dodecyl 

sulfate (NaDS) in aqueous solutions. The mean size of the nanoparticles could be 

controlled from less than 4 nm to about 10 nm through controlling the concentrations 

of the reagents. CoFe2O4
 nanoparticles had a high degree of inversion with 66% of the 

tetrahedral sublattice occupied by Fe3+ and are superparamagnetic in nature. The 

blocking temperature and coercive field of the nanoparticles increased with increasing 

size of the nanoparticles.  

Kahn and Zhang [33] doped lanthanide ions into cobalt spinel ferrites using an 

oil-in-water micellar method to form CoLn0.12Fe1.88O4 nanoparticles with Ln=Ce, Sm, 

Eu, Gd, Dy, or Er. Doping with lanthanide ions (LnIII) modulated the magnetic 

properties of cobalt spinel ferrite nanoparticles. In particular cases of Gd3+ or Dy3+ 

ions, a dramatic increase in the blocking temperature and coercivity was observed. 

Indeed, the introduction of only 4% of Gd3+ ions increased the blocking temperature 

100 K and the coercivity 60%. 

Chae et al [34] fabricated the Ti0.2Co1.2Fe1.6O4 ferrite films by a sol–gel 

method. The growths of particles, crystallographic and magnetic properties of the 
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films were investigated by X-ray diffraction, atomic force microscopy and vibrating 

sample magnetometry.  Ferrite films annealed at and above 873K had only a single 

spinel structure. The grain sizes and the surface roughness increased as the annealing 

temperature increased. The coercivity perpendicular to the plane was higher than that 

parallel to the plane. The coercivity of the samples annealed at and above 673K 

increased as the annealing temperature increased. The maximum coercivity of our 

ferrite films annealed at 1073K was 1566 Oe. 

Yamamoto and Nissato [35] investigated the effect of NiO substitution on the 

magnetic and physical properties of Co ferrite prepared by the chemical 

coprecipitation method without post annealing. They found that the single-phase Co–

Ni spinel ferrite fine particles could be prepared by the chemical coprecipitation 

method without post annealing. The typical magnetic and physical properties were 

saturation magnetization= 56.3106 Wb m/kg (44.8 emu/g), coercivity = 506.9 kA/m 

(6.37 kOe), Curie temperature = 557.3oC, the lattice constant = 0.8384 nm, and the 

average particle size = 30 nm. The rotational hysteresis integral Rh, which was related 

to the magnetization mechanism of these fine particles, was 1.57. 

A study about the magnetic viscosity and magnetization reversal in co-

precipitated cobalt ferrite was carried out by Cornejo et al [36]. Measurements of 

direct current demagnetization reversible Mrev and irreversible Mirr magnetization as 

well as magnetic viscosity were performed at room temperature along the 

demagnetization curve for different applied fields.  

Mahajan et al [37] prepared CoFe2O4–BaTiO3 composites using conventional 

ceramic double sintering process with various compositions. Presence of two phases 

in the composites was confirmed using X-ray diffraction. The dc resistivity and 

thermo-emf as a function of temperature in the temperature range 300 K to 600 K 
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were measured. Variation of dielectric constant (εo) with frequency in the range 100 

Hz to 1 MHz and also with temperature at a fixed frequency of 1 kHz was studied. 

The ac conductivity was derived from dielectric constant (εo) and loss tangent (tan δ). 

The nature of conduction was discussed on the basis of small polaron hopping model. 

The static value of magneto-electric conversion factor had been studied as a function 

of magnetic field.  

Panda et al [38] prepared the magnetic properties of nano-crystalline 

CoMxFe2-xO4 (where M=Gd and Pr and x = 0, 0.1 and 0.2) powders by a citrate 

precursor technique and studied by using vibrating sample magnetometer (VSM). The 

crystallite sizes of the materials were within the range of a minimum of 6.8nm and a 

maximum of 87.5 nm. TG study indicated the formation of the spinel ferrite phase at 

220 oC. The room temperature saturation magnetization of the ferrite materials 

decreased with the reduction of size due to the presence of superparamagnetic 

fractions in the materials and spin canting at the surface of nano-particles. Insertion of 

rare-earth atoms in the crystal lattice inhibited the grain growth of the materials. The 

improved coercivity compared with those for the pure cobalt ferrites was attributed to 

the contribution from the single ion anisotropy of the rare-earth ions present in the 

crystal lattice and the surface effects resulting in alteration of magnetic structures on 

the surface of nano-particles.  

Lelis et al [39] prepared nickel- and cobalt-doped magnetites by a co-

precipitation method. From chemical analysis, the continuous increase of Ni2+ or Co2+ 

was accompanied by a simultaneous decrease of the Fe2+ contents, in the spinel 

structure. The magnetization values also decreased continuously with increasing 

doping cation contents. Mössbauer parameters were characteristic of substituted 

magnetites and indicated the presence of a single phase only. Based on the inverted 
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intensities of the lines 1   and 2 of Mössbauer spectra of doped samples, relatively to 

the pure magnetite, it was assumed that the isomorphical substitution occurred 

preferentially on octahedral coordination sites of the spinel structure. The coercive 

field of these ferrites decreased steadily with Ni2+ but increased with Co2+ contents, 

reaching a maximum at x = 0.38, in the general formula CoxFe3-xO4. 

Li and Kutal [40] synthesized CoFe2O4 nanoparticles having dimensions 

varying from 6.3 to 10.5nm by a micelle chemical control method. The average 

diameter of cobalt ferrite particles ranged from several nanometers to tens of 

nanometers, which could be controlled by the value of x. For the fine particle, a 

diffused electron pattern was observed. The Mossbauer absorption patterns consisted 

of a ferromagnetic component superposed on a superparamagnetic doublet. The 

intensity of the superparamagnetic doublet was found to be larger for particles having 

small average diameter. The magnetic hyperfine field showed size dependence and 

was bigger for very fine particle. They decreased with increasing particle size for all 

the two sublattice sites.  

 Choi et al [41] synthesized CoFe2O4 nanoparticles by a microemulsion 

method. All peaks of X-ray diffraction patterns could be attributed to a cubic spinel 

structure with the lattice constant a= 8.39oA. The average size of the particles, 

determined by transmission electron microscopy, was 7.8 nm. Superparamagnetic 

behavior of the particles was confirmed by the coincidence of plots of the 

magnetization versus field divided by temperature. As the temperature approached 

toward the Neel point, Mossbauer line broadening and a pronounced central doublet 

appeared, suggesting superparamagnetic relaxation. As the temperature increased, the 

relaxation rate increased rapidly as the seventh power of the absolute temperature. 
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Vestal and Zhang [42] developed a method for coating silica on CoFe2O4 and 

MnFe2O4 spinel ferrite nanoparticles by using a reverse micelle microemulsion 

approach. The ability to controllably synthesize magnetic nanoparticulate cores 

independent of encapsulation provided great flexibility in tuning the magnetic 

properties of this magnetic nanocomposite system by controlling the magnetic 

properties of nanoparticulate cores. For these spinel ferrite nanoparticles, the 

saturation and remnant magnetizations decreased upon silica coating. The coercivity 

of silica-coated CoFe2O4 nanoparticles did not show any change after coating, while 

the coercivity of MnFe2O4 nanoparticles decreased by 10% after they were coated 

with silica. 

Nanocrystalline CoFe2O4 powders were synthesized by Silva et al [43] using 

metallic nitrates dispersed in aqueous media precipitated by stoichiometric amount of 

NH4OH. The specific surface area varied from 1.5×105 to 1×103 m2kg-1 while the 

average crystallite size varied from 17-100 nm with the annealing temperature. The 

corresponding saturation magnetization value at room temperature varied from 25.9 to 

60.3 emu g-1 and the coercivity increased up to 119.4 kAm-1 when the crystallite size 

reached 94 nm and dropped up to 43 kAm-1 with the increase in crystallite size. 

 Praserthdam et al [44] synthesized four kinds of spinel oxide, ZnM2O4 (M 

=Cr, Fe, Co, and Mn), nanocrystals by the glycothermal reaction of metal 

acetylacetonate and 1, 4-butanediol at 250 and 300°C. The products were then 

calcined at temperatures in the range of 500-900 oC. It was found that both the initial 

crystallite size and the calcination temperature affected crystal growth and this 

behavior was unambiguously demonstrated by log-linear plotting between (d/do) and 

T/do where do and d are the crystallite size before and after calcination respectively 

and T is the temperature of calcination. 
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 Sun et al [45] established that high-temperature solution phase reaction of iron 

(III) acetylacetonate, Fe (acac)3 with 1,2-hexadecanediol in the presence of oleic acid 

and oleylamine led to monodispersed magnetite (Fe3O4) nanoparticles. Similarly, 

reaction of Fe (acac)3 and Co (acac)2 or Mn (acac)2 with the same di-ol resulted in 

mono-disperse CoFe2O4 or MnFe2O4 nanoparticles. Particle diameter could be tuned 

from 3 to 20 nm by varying reaction conditions or by seed-mediated growth. The as-

synthesized iron oxide nanoparticles had a cubic spinel structure as characterized by 

HRTEM, SAED, and XRD. Further, Fe3O4 oxidized to Fe2O3, as evidenced by XRD, 

NEXAFS spectroscopy, and SQUID magnetometry. The hydrophobic nanoparticles 

were transformed into hydrophilic ones by adding bipolar surfactants, and aqueous 

nanoparticle dispersion was readily made. These iron oxide nanoparticles and their 

dispersions in various media had great potential in magnetic nanodevice and bio-

magnetic applications. 

Lelis et al [46] prepared cobalt-doped magnetite by the co-precipitation 

method and studied by X-ray absorption and Mossbauer spectroscopies. From the 

chemical analysis, it was observed that the continuous increase of Co2+ was followed 

by a simultaneous decrease of the Fe2+ contents, in the spinel structure. Room 

temperature Mossbauer parameters indicate that samples were formed by single 

crystallographic phases of pure magnetite or its Co substituted analogs. Basing on the 

inversion of intensities of the Mossbauer lines 1 and 2, it was assumed that the Co-

substitution occurs essentially, if not only, at octahedral sites of the spinel structure. 

XAS results obtained at Co K-edge confirm that the Co-substitution occurs 

preferentially at octahedral coordination sites. 

Gabal and Ata-Allah  [47] synthesized polycrystalline samples with the 

general formula Co1-xCdxFe2O4 (0  x 1) by calcination of the respective oxalates 
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mixtures at 1000 .C for 5 h. Their structural, electrical and magnetic properties were 

studied using X-ray diffraction, Fourier transform infrared and Mossbauer 

spectroscopy, and electrical conductivity and magnetic susceptibility techniques. With 

cadmium ion substitution, the lattice parameter, X-ray density, oxygen parameter, 

inversion factor and radii of tetrahedral and octahedral sites were calculated. The 

Fourier transform infrared spectra showed two dominant bands in the high- and low-

frequency range which were assigned to the tetrahedral and octahedral complexes, 

respectively. The relationship between bands position and cadmium content was also 

investigated. Mossbauer spectroscopic study revealed that ions at octahedral site 

moved to the tetrahedral site, and that this system varied from an inverse to a normal 

spinel structure. The temperature variation of the conductivity showed a definite kink, 

except for the CdFe2O4 sample, which corresponds to the ferrimagnetic to 

paramagnetic transitions. The effective magnetic moment of the samples and their 

Curie temperature were observed to decrease by the substitution effect. 

Yang et al [48] prepared the mixed transition-metal spinel oxide CoFe2O4 

through a co-precipitation method. The electrochemical performances of CoFe2O4 as 

active material for lithium ion battery were tested in the Teflon cells. It was found that 

the first discharge capacity was close to 882mAh g-1 at a current density of 0.2mAcm-

2, corresponding to the reaction of 7.7 Li+ per CoFe2O4. And the mechanism of the 

reaction of lithium with cobalt ferrite spinel was discussed.  

Abo El Ata et al [49] prepared a series of polycrystalline spinel ferrite with 

composition Li0.5xCoxFe2.5-0.5xO4 where (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) by the well-

known double sintering process to investigate their spectral, initial magnetic 

permeability and transport properties. The X-ray diffraction analysis showed that all 

samples have single cubic spinel phase. The lattice parameter ‘a’ was increased with 
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increasing Co2+ ion substitution. The IR spectrum shows four main absorption bands. 

The differential thermal analysis (DTA) reveals three principal peaks at 90, 350 oC 

and at Curie temperature, respectively. The thermoelectric power coefficient has 

negative sign indicating that the majority charge carriers were electrons. The DC 

electrical conducting increases with increasing temperature ensuring the 

semiconducting nature of the samples. The Curie temperature determined from DC 

electrical conductivity was found in satisfactory agreement with that determined from 

initial magnetic permeability measurements.  

Arulmurugan et al [50] prepared Co1-xZnxFe2O4 and Mn1-xZnxFe2O4 (x = 0.12-

0.5) nanoparticles less than 12nm by chemical coprecipitation method which could be 

used for ferrofluid preparation. The saturation magnetization of the Co–Zn substituted 

ferrite nanoparticles decreased continuously with the increase in Zn concentration, 

whereas for the Mn–Zn substituted ferrite nanoparticle the saturation magnetization 

was maximum for x=0.2 and decreased on further increase in Zn concentration. The 

particle size decreased with the increase in the Zn concentration for both Co–Zn and 

Mn–Zn ferrites. The estimation of associated water content, which increased with the 

Zn concentration, played a vital role for the correct determination of cation contents. 

The Curie temperature and the temperature at which maximum value of thermo-

magnetic coefficient was observed simultaneously decreased with the increase in the 

initial substitution degree of zinc. 

Makovec et al [51] prepared magnetic maghemite nanoparticles with a narrow 

size distribution in water–CTAB (Cetyl trimethylammonium bromide) –hexanol–

butanol microemulsion. The particle size was controlled with the composition of the 

microemulsion (water-to-CTAB ratio) and the temperature during synthesis. The 

saturation magnetization of the nanoparticles depended mainly on their size, i.e. 
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2.2×10-2 Am2/ kg for a particle size of 3.4 nm and 6.4×10-2 Am2/ kg for a size of 

15.3nm. 

Khedr et al [52] used various preparation techniques to produce cobalt ferrite 

nanoparticles namely ball milling, co-precipitation and ceramic method. Thermal 

analysis (TGA and DTA), X-ray diffraction, SEM, TEM, magnetic and surface area 

measurements have been used for characterization of the prepared samples. Results 

showed that saturation magnetic flux density (Bs) and remnant magnetic flux density 

(Br) varied with crystallite size from 6.929-14.91×10-3 and 2.73-8.146×10-3 Am2/ kg 

respectively. The measured surface area (SBET) for the prepared Co-ferrite particles 

ranged from 5.3 - 47×103 m2/ kg. Nanocrystalline CoFe2O4 showed a catalytic activity 

towards CO2 decomposition with the formation of carbon nanotubes.  

Gu and Hu [53] prepared nano-crystalline spinel ferrite thin films of CoxFe3-

xO4 (x =0.3, 0.5, 0.8, and 1.0) by RF sputtering on quartz substrate without a buffer 

layer at room temperature and annealed at the temperature range from 200 to 600 oC 

in air. The as-sputtered films exhibited the preferred orientation and the high 

magnetization and coercivity. After annealing, the preferred orientations become 

poor, but the magnetization and coercivity increased. The sample, with a 

magnetization Ms = 455 emu/cm3, coercivity Hc = 2.8 kOe, remanence ratio of 0.72 

and maximum energy product of 19.1 kJm-3 was obtained. The influence of Co ions 

and annealing temperature on the magnetic properties has been discussed. 

El Ata et al [54] investigated the ac-electrical conductivity and initial magnetic 

permeability for some rare earth-substituted spinel ferrites. They were prepared by 

standard ceramic techniques. With respect to ac-electrical conductivity, measurements 

showed dispersion with frequency at low temperatures. This dispersion obeyed the 

universal power law. The frequency exponent of the power law decreased with both 
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Co ion content and temperature. This indicated that the classical barrier hopping 

mechanism was the predominant one in these samples. On the other hand, the 

behavior of the initial magnetic permeability with temperature exhibited multi-domain 

structure only for the samples with x = 0.0; and single domain structure otherwise. 

 Tahar et al [55] prepared pure nanoparticles of the CoFe2-xRExO4 (RE = Gd, 

Sm; x = 0.0, 0.1) system by forced hydrolysis in polyol. X-ray diffraction (XRD) 

evidences a cell size increase with slight distortions in the spinel-like lattice indicating 

the entrance of RE3+ ions. Micro-Raman spectroscopy confirms the cubic inverse-

spinel structure and rules out the existence of impurities like hematite. Magnetic 

measurements (SQUID) show important differences in the magnetic properties of the 

unsubstituted and substituted particles. All the particles are superparamagnetic at 

room temperature and ferrimagnetic at low temperature. However, their main 

magnetic characteristics appear to be directly dependent on the RE content. 

 Lavela and Tirado [56] have prepared CoFe2O4 and NiFe2O4 by a sol–gel 

process based on a vacuum sublimation of a citrate precursor. Several samples of 

CoFe2O4 were obtained by varying the conditions of citrate precursor formation and 

further annealing. The formation of layered flake-like aggregates defining a macro-

porous system is assumed to improve the electrolyte–electrode contact in iron-

containing samples. An enhanced electrochemical performance was achieved for 

samples annealed at high temperatures; especially for CoFe2O4 heated at 1000 ◦C for 

24 h. 57Fe Mossbauer spectroscopy was used to clarify aspects of the mechanism of 

the electrochemical reaction. 

 

 

 



     
                                                                                                                                      46 

                                                                                                                                                    
 
 

1.5  AIMS AND OBJECTIVES 

 To enhance the electrical resistivity of cobalt ferrite from it’s currently reported 

value of ~106 cm. 

 To decrease the eddy current losses in cobalt ferrite in order to make it more 

suitable for application in the inductor and transformer cores.  

 To prepare ferrite materials able to (i) sustain stability in different environments 

and at high temperatures and (ii) having switch able magnetic states suitable for 

use in storage and recording devices.  

 Cobalt ferrites with a size range DSPDDSD are suitable for use in recording 

devices [57] having a moderate saturation magnetization and high coercivity.  

In order to achieve these objectives, different cations (Cr3+, Zr4+ co-doped with 

Mg2+, Mn2+, and Ni2+, Sm3+, Ho3+, Er3+, Dy3+ and Pr3+) may be substituted in cobalt 

ferrite for the reason described in the following paragraph. Microemulsion method 

of sample preparation has been reported to produce nanosized materials with low 

particle size distribution [58], so micro-emulsion method will be employed using 

PEG as a chelating agent for the synthesize cobalt ferrite and its doped derivatives.  

Bulk cobalt ferrite has a high Curie temperature (Tc = 793K), coercivity (59.7) 

and saturation magnetization (8.08×10-2 Am2/ kg) [59]. Substitution of rare earth 

elements is promising for decreasing the Curie temperature [60] and to increase 

coercivity and magnetic anisotropy of the materials. Since the rare-earth oxides are 

insulators their addition in small quantities is expected to enhance the electrical 

resistivity and the coercivity of cobalt ferrite materials. Cr3+ substitution in different 

spinel ferrites is known to increase the electrical resistivity of the materials and also 

to decrease the Curie temperature.  
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Zr4+, having do configuration, has no site preference and when substituted in 

cobalt ferrite may occupy tetrahedral site resulting in the migration of some of Fe3+ 

ions to octahedral sites, resulting in an increase in saturation magnetization with 

simultaneously decreasing the resistivity as the concentration of Fe3+increases at the 

octahedral sites. The metal cations like Mg2+, Ni2+ and Mn2+ have strong preference 

for octahedral site, so when doped in combination with Zr4+ will result in the 

increased resistivity, and will result in materials with low eddy current losses, more 

suitable for high frequency applications.  

The structural changes occurring in the doped cobalt ferrites will be studied by 

X-ray diffraction analysis (XRD) and energy dispersive X-ray fluorescence 

spectroscopy (EDX-XF) and surface morphology by scanning electron microscopy 

(SEM). The change in the electrical resistivity will be determined by two-probe 

resistivity measurement method in the temperature range of 293-673  5K. The 

dielectric and dielectric loss factor are measured by using LCR meter. The changes 

in magnetic structure and properties will be discussed in terms of changes in 

saturation magnetization, remnant magnetization, coercivity and Yafet-Kittle 

angles.  
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2.1  CHEMICALS USED  

Chemicals used in the present study and their percentage purity are tabulated 

in table 2.1. Since the chemicals were of high purity, they were used without any 

further purification. 

 

2.2 APPARATUS USED 

The equipments used in the synthesis of CoFe2O4 nanoparticles and its 

derivatives, for example, glass ware, hot plate with magnetic stirrer (Velp, model 

ARE) to maintain homogeneity and the required temperature, pH meter (Inolab, 

model pH 720) to maintain pH of the reaction mixture, tube furnace (Carbolite model 

CFT 12/100) to anneal the samples at preset heating rates and different temperatures, 

hydraulic press (Pawl-Weber model PW100) for making pellets of 13mm diameter 

and at 70kN pressure, constant temperature oven (Advantac, model FS–63D) and agar 

mortar with pestle.  
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Table 2.1 Chemicals Used with Percentage Purity. 

Sr. 

No. 

Compounds Chemical formula Mol. mass 

(g mol-1) 

% Purity 

 

Supplier 

1 Iron (III) nitrate 

nona hydrated 

Fe(NO3)3.9H2O 404.00 98.0 Panreac 

2 Cobalt(II)acetate 

tetra hydrate 

Co (CH3COO)2. 

4H2O 

249.08 99.0  Fluka 

3 Nickel (II) chloride NiCl2.6H2O 237.71 99.0 Aldrich 

4 Chromium (III) 

nitrate Nona 

hydrated 

Cr(NO3)3.9H2O 400.15 99.0 Riedal  

5 Zirconylchroride ZrOCl2 322.25 96.0 BDH  

6 Ammonia solution  NH3 17.03 33.0  Riedal  

7 Magnesium nitrate 

hexa hydrated 

Mg (NO3)2.6H2O 256.41  99.0 Merck  

8 Manganese acetate 

tetra hydrated 

Mn (CH3COO)2. 

4H2O 

245.09 99.0 Fluka 

9 Neodymium acetate 

hydrated 

Nd(CH3COO)3. 

xH2O 

321.38 99.9 Aldrich 

10 Smarium Nitrate 

Hexa hydrated 

Sm(NO3)3.6 H2O 426.36 99.9 

 

Sigma 

Aldrich 

11 Holmium nitrate 

penta hydrated 

Ho(NO3)3.5 H2O 441.02 99.9 Aldrich 

12 Erbium nitrate penta 

hydrated 

Er (NO3)3.5 H2O 443.35 99.9 Aldrich 

13 Dysprosium nitrate 

penta hydrated 

Dy (NO3)3.5 H2O 438.59 99.9 

 

Aldrich 

14 Praseodymium 

nitrate penta 

hydrated  

Pr (NO3)3.5 H2O 416.92 99.9 

 

Fluka 

15 Poly ethylene glycol 

(PEG) 

 20,000 98.0 BDH 
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2.3  METHODS OF SAMPLE PREPARATION 

 The novel properties and the numerous applications of nanophase materials, 

especially ceramic powders, have encouraged many researchers to invent and explore 

the methods, both chemical and physical, by which such materials can be prepared. 

Cobalt ferrite is synthesized by a variety of chemical methods including standard 

ceramic method/ solid state reaction method [52], high energy ball milling [52], 

coprecipitation [36, 39, 43, 48, 51], sol-gel method [56], RF-sputtering [53] and 

microemulsion method [30, 31, 40, 41, 42] . 

 In ceramic method, high temperatures are required for the better atomic 

mobility and solid state reaction to occur. These reactions are diffusion limited and 

repeated grinding and sintering are a common practice. Grinding can be done by high 

energy ball milling of the reactants, but this may lead to the contamination of the 

materials, which is detrimental for the materials properties. High temperature 

sintering will result in materials with low surface area and undesirable crystal growth 

[61].  

 In order to avoid high temperature sintering, different wet chemical methods 

are developed. Sol-gel method is one of them. In this method, metal alkoxides are 

dissolved in an organic solvent to get a sol, which is further decomposed to get the 

metal oxides. But many of the metal alkoxides, whose valence is less than four, are 

not soluble in organic solvents [62]. This method has been modified by the use of 

metal nitrates which undergo self combustion when the gel is dried, producing the 

metal oxides.  
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2.3.1 MICRO-EMULSION METHOD 

In this process [63] two chemicals that react to produce the desired material 

are chosen such that one of them is soluble in water only and the other in the organic 

phase only. An emulsion is made by mixing a small volume of water in a large 

volume of the organic phase. In order to make nano particles, it is necessary to carry 

out this reaction on a much smaller scale therefore, a surfactant is added. The size of 

the water droplets are directly related to the ratio of water to surfactant. The surfactant 

molecules collect on the surface of the water drop and stabilize the drop. Such a 

droplet is termed a reverse miscille. Since the drop is small, only a small amount of 

reactants can squeeze into it. When this drop reacts with the other reactant, a tiny 

particle is formed. If more surfactant were to be added smaller drops would be 

produced and therefore, as will become apparent, smaller particles. Thus a 

nanoparticle has been synthesized and prevented from growing out of the nano 

regime. Micro emulsions are optically transparent and isotropic, thermodynamically 

dispersions stabilized with surfactant molecules [64]. The domain size of the 

dispersed phase in micro emulsions is usually very small (a few nanometers) and 

chemical reactions may occur within the nano-droplets or at the oil–water interface in 

micro emulsions [65]. Micro emulsions can be made very stable with respect to the 

salinity of the aqueous phase, time and temperature by choosing suitable components 

and environmental conditions. The special physicochemical properties allow material 

scientists to use micro emulsions for the synthesis of new materials, especially nano-

sized particulates [66].  
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2.3.2 SYNTHESIS PROCEDURE 

 Keeping in view the advantages and merits of the microemulsion method, the 

samples were synthesized by a micro-emulsion method using PEG as a surfactant and 

2M ammonia (33.0%, Riedal) solution as a precipitating agent at a pH of 9.5. 250 mL of 

polyethylene glycol, PEG, (98.0%, BDH) solution was prepared maintaining metal 

cation (Fe3++Co2+) to monomer ratio of 1:3 in a flask. 250 mL of each of 0.2 M of 

Fe(NO3)2.6H2O (98.0%, Panreac) and 0.1M Co(CH3COO)2.4H2O (99.0%, Fluka) were 

added into the flask containing PEG solution simultaneously. The resulting solution 

was stirred for 30 min and then ammonia solution (2M) was added drop wise with 

constant stirring, on a magnetic stirrer, to maintain the pH at 9.5 by using pH meter. 

The sample was continuously stirred on same magnetic stirrer for 1 hour and then 

aged 363 K overnight in an oven. The precipitates were collected after centrifugation 

and washed repeatedly with water and ethanol. Then the precipitates obtained were 

dried at 393 K in a constant temperature oven for 7h. The precipitates of the 

precursors obtained were analyzed by thermo-gravimetry in order to determine the 

optimum temperature for the formation of crystalline spinel phase. Thermo-

gravimetric analysis showed the presence of well crystalling and stable spinel phase at 

1073 K for doped cobalt ferrites, so the precursors of doped cobalt were annealed in 

air for 3 hours at a rate of 5 K/min up to 1073 K in a temperature controlled tube 

furnace. The samples thus obtained were ground and palletized using a hydraulic 

press and a 13 mm diameter die at a pressure of 70 kN for further analyses.     
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2.4 CHARACTERIZATION OF SAMPLES 

The characterization of prepared samples is done by thermogravimetric 

analysis (TGA), X-ray diffractometer (XRD), energy dispersive x- ray fluorescence 

spectrophotometer (ED-XRF), scanning electron microscopy (SEM), laboratory 

designed resistivity measurement setup, dielectric constant measurements, and 

magnetization studies by magnetic susceptometer and magnetometer. 

 

2.4.1 THERMAL ANALYSIS  

2.4.1.1 Principle of Thermal Analysis 

The sample is allowed to heat rapidly to some elevated temperature, followed 

by measurement of change in weight (thermogravimetric analysis, TGA) and heat 

flow with time (Differential Thermal analysis, DTA). The results of such 

measurements are thermal analysis curves and the changes in these curves correspond 

to the thermal events in the sample [67] 

The TG determines the weight change of a sample whereas the DTA measures 

the change in temperature between a sample and the reference as a function of 

temperature and/ or time. Diamond TG/DTA (Perkin Elmer) has been used for the 

recording the thermograms of the dried precursors of samples. The temperature range 

is from room temperature to 1773 K.  

 

2.4.1.2 Construction and Working of Thermal Analyzer 

A thermobalance is a combination of an electronic microbalance, furnace and 

a temperature programmer. The thermobalance is placed in an enclosed system to 

control the atmosphere. The measurements of mass changes with temperature are 

carried out with the help of such thermobalance. The maximum load for 
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thermobalance is 1g and a sensitivity of 1g. The sample should be powdered where 

possible and should be spread in a thin and uniform layer in the sample container. 

Thermobalance is normally housed in a glass or metal systems to control the pressure 

and the atmosphere inside it. A regular gaseous flow may be maintained in order to 

remove the evolved gases from the thermobalance with the care that these the flow 

gases don not disturb the balance [68].   

Temperature sensors are either platinum resistance thermometers or 

thermocouples. The temperature controller attached to the instrument offer heating 

rates from a fraction of a degree per minute to nearly 100oC min-1 with additional 

characteristic of isothermal heating.   

 

 

Figure 2.1 A schematic thermobalance [Brown, M. E. Introduction to Thermal 

Analysis   Techniques and Applications, Chapman and Hall: New York, 1988] 

The beam is displaced by change in weight loss with temperature on sample 

side. This displacement is detected optically and the drive coil current is changed to 



     
                                                                                                                                      55 

                                                                                                                                                    
 
 

return the displacement to zero. The detected drive coil current change is proportional 

to the amount of weight change in sample and is output as the TG signal. The DTA 

detects the temperature difference between the sample holder and the reference holder 

using electromotive force of thermocouples, attached to the holders. The differential 

is output as the DTA signal.  

 

2.4.1.3 Applications 

TG gives us information about the thermal events which are accompanied by 

changes in mass. For desorption, decomposition and oxidation processes, useful 

information can be collected from TG analysis. It gives accurate information about 

drying and the decomposition of metal hydroxides into oxides in ferrite processing. 

The mass losses define the stages and the conditions of temperature and atmosphere 

necessary for the preparation of the spinel phase and the stability. TG curves for 

complex ternary metal hydroxides like the present study, may not give the exact 

reaction occurring even then it can be used for ‘finger print’ purposes [68].  

Further it can be utilized for engine oil volatility measurements, filler content, 

flammability studies, heat of transition, oxidative stabilities, thermal stabilities, 

transition temperatures and catalyst and coking studies.  

 

2.4.2 X-RAY DIFFRACTOMETER (XRD) 

X-ray diffraction is the most widely used and the least ambiguous method for 

the precise determination of the positions of atoms in all kinds of matter ranging from 

fluids and powders to perfect crystals. It is a non-destructive technique applied for the 

characterization of crystalline materials. It provides information about the structure, 
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phases, preferred crystal orientation and other structural parameters such as lattice 

parameters, crystallite size, crystallinaty, and strain and crystal defects.  

Powder type X-ray diffractometer (PANalytical model 3040/60 X’ Pert PRO) 

which uses CuKα (1.5418Å) as a radiation source operated at 40 kV and 30 mA was 

used for verification of crystal structure and the average crystallite size of particles. 

Data were collected in the 2 range from 10o to 80o with a step 0.04o and counting 

time of 1sec/step.    

Powder diffraction pattern requires only a small quantity of the sample. As 

little as 10 mg of the sample yields good data, although 500 mg is the required 

amount for common sample mounts. Sample preparation is extremely simple, no 

crystal faces [13].                          

  

2.4.2.1 Principles of X-ray Diffraction  

 X-rays are electromagnetic radiation of exactly the same nature as light but of 

very much shorter wavelength lying approximately in the range 0.5 – 2.5 Å. X-rays 

interact with electrons in matter. Matter absorbs x-rays in two distinct ways, by 

scattering and by true absorption. When a beam of X-rays impinges on the material it 

is scattered in various directions by the electron cloud of the atoms. If the wave length 

of X-rays is comparable to the separation between the atoms then interference can 

occur. X-ray diffraction peaks are produced by constructive interference of 

monochromatic light scattered by each set of lattice plans at specific angles. The peak 

intensities are determined by the atomic decoration in the lattice plans. For an ordered 

arrays of scattering centers (such as atoms or ions in a crystalline solid), this can give 

rise to interference maxima and minima.  
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Figure 2.2 Powder X-ray diffraction experiment [West, A. R. Solid State Chemistry 

and its Applications; John Wiley & Sons: Singapore, 1989] 

 

True absorption is caused by electronic transitions within the atom and is best 

considered from the viewpoint of the quantum theory of radiation. Just as an electron 

of sufficient energy can knock a K electron, for example, out of an atom and thus 

cause the emission of K characteristic radiation, so also can an incident quantum of x-

rays, provided it has the same minimum amount of energy (Wk) which is the work 

required to remove a K electron. Consequently, the X-ray diffraction pattern is the 

fingerprint of periodic atomic arrangements in a given material.  

 X-rays interact with planes of atoms in the three-dimensional lattices which 

show the translational symmetry of the structure. Each plane is a representative 

member of the parallel set of equally spaced planes, and each lattice point must lie on 

one of the planes. The labels used for describing these plane are known as Millers 

indices and are given the descriptions h, k and l where h, k, l take values of positive or 

negative integers or zero. The separation of the planes is known as the d-spacing and 

is normally denoted as dhkl and is given by Bragg’s law:        

                      Path difference =  nd hkl sin2                         (2.1) 
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2.4.2.2 Identification of Unknown Material 

 The powder X-ray diffraction method is very important and useful in the 

qualitative phase analysis because every crystalline material has its own characteristic 

powder pattern; indeed the method is often called the powder fingerprint method. 

There are two main factors which determine powder   patterns (a) the size and shape 

of unit cell and (b) The atomic number and position of various atoms in the cell. Thus, 

two materials may have the same crystal structure but almost certainly they have quite 

distinct powder patterns. The powder pattern has two characteristic features, 

therefore: the d-spacing of the lines and their intensity. Of the two, the d-spacing is far 

more useful and capable of precise measurement. The d-spacing should be 

reproducible from sample to sample unless impurities are present to form a solid 

solution or the material is in some stressed, disorder or meta-stable condition. On the 

other hand, intensities are more difficult to measure quantitatively and often vary 

from sample to sample. Intensities can usually be measured only semi-quantitatively 

and may show variation of, say, 20 percent from sample to sample (much more if 

preferred crystal orientation is present). 

 Over 150,000 unique powder diffraction data sets have been collected from 

organic, organometallic, inorganic and mineral samples. These have been complied 

into a database known as the JCPDS (joint committee on powder diffraction 

standards). Identification of an unknown is also possible within 30 min of obtaining 

its measured powder pattern. Problem arises when the material is not pure and 

contains lines from more than one phase. It is then much easier to have a hand a 

standard pattern for all possible phases likely to be encountered, resulting in the 

identification of the unknown material [13]. 
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2.4.2.3 Structure Determination  

 Although structure determination is normally carried out using single crystal 

X-ray data, there are instances where powder data can be used and may even be 

advantageous. Structures of metals and alloys have generally been solved from 

powder data. They are often cubic, hexagonal or tetragonal and it is a straightforward 

exercise to index them and calculate their cell dimensions. Many or all of the atoms in 

the unit cell lie on special positions such  as  the origin, face canters, body centers etc, 

and so  the number of positional parameters which is variable and must be determined 

is either small or zero [13]. The lattice constant (a) of all cubic system was calculated 

by following equation [69]: 

           2/12222 )( lkhda                                               (2.2) 

where d is value of d-spacing of line in XRD pattern, hkl are corresponding indices to 

each line in pattern. Unit cell volume ( 3aV  ) was calculated and incorporated in the 

equation given below to calculate the X-ray densities (dx) of all samples [70]. 

           
A

x NV
massMolZd .

                                                 (2.3) 

where, Z is the number of molecules per formula unit (Z = 8 for spinel system), 

Mol.mas is the molecular mass of the sample, V is the unit cell volume, NA is the 

Avogadro’s number.  

This simple formula has a number of uses as follows [13]: 

a) It can be used to check that a given set of crystal data are consistent. 

b) It can be used to calculate any of the four variables if the other three are 

known. 

c) The bulk density was calculated by the equation (
V
mdb  , where, m is the 

mass of pellet, V is the volume of pellet) [71] and then by comparing the bulk 



     
                                                                                                                                      60 

                                                                                                                                                    
 
 

density with the X-ray density, information may be obtained on the porosity of 

the materials as given by the equation: 

                 
x

b

d
d

p  1                                                           (2.4) 

    

2.4.2.4 Crystallite Size Calculation 

 The Scherrer formula [69] relates the thickness of the crystallite to the width 

of its diffraction peaks, and is widely used to determine particle size in clays and 

polymers. The Scherrer formula is given by: 

 
B

kD



cos

                              (2.5) 

where, D is the crystallite thickness,  is the broadening of diffraction line measured 

at half its maximum intensity, k is the shape factor and λ is the wavelength of the X–

ray beam. 

 

2.4.3 ENERGY DISPERSIVE X-RAY FLOURESCENCE (ED-XRF) 

Energy dispersive X-ray fluorescence (ED-XRF) is a technique of chemical 

analysis. It has been called 'the curator's dream instrument' because measurements are 

non-destructive and usually the whole object can be analyzed, rather than a sample 

removed from one. The technique involves aiming an X-ray beam at the surface of an 

object; this beam is about 2 mm in diameter. An energy dispersive X-Ray 

fluorescence (ED-XRF) spectroscope, model Horiba, MESA-500 is used for the 

elemental compositional analysis of the synthesized samples. 
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2.4.3.1 Principle of ED-XRF 

The atoms in the sample material, which could be any solid, powder or liquid, 

are excited by X-Rays emitted from an X-Ray tube or radioisotope. The interaction of 

X-rays with an object causes secondary (fluorescent) X-rays to be generated which 

are characteristics of each element present in the sample. These X-rays can be 

detected and displayed as a spectrum of intensity against energy. The positions of the 

peaks identify which elements are present and the peak heights identify how much of 

each element is present.  

 

Figure 2.3 Block diagram of Energy dispersive X-ray Fluorescence spectrometer (ED-

XRF) [Cowell, M.R., Coin Analysis by Energy Dispersive X-ray 

Fluorescence Spectrometry; Royal Numismatic Society: London, 1998] 

 

XT=X-ray Tube 
F=Filter 
ST=Secondary Target 
C=Collimator 
S=Sample 
D=Detector 
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2.4.3.2 Construction of ED-XRF 

Three major components of ED-XRF spectroscope are X-ray source, detector, 

and filters. X-ray source in most laboratory instruments is a 50 to 60 kV and 50-300 

W X-ray tube. The second major component is the detector in which electrical pulses 

are produced that varies with the energy of the incident X-rays. Liquid nitrogen or 

Peltier cooled Si(Li) detectors are usually used. The X-ray tube filters are the next 

critical component, which are available in most ED-XRF instrument. Their function is 

to absorb or transmit some energies of source X-rays more than other in order to 

reduce the counts in the region of interest while producing a peak that is well suited to 

exciting the elements of interest. A secondary target material may also be used excited 

by the primary x-rays from the x-ray tube, and then to emit secondary x-rays that are 

characteristic of the elemental composition of the target. Secondary targets are used to 

reduce background and better excitation than filter but require approximate 100 times 

higher primary x-ray intensity.  

 

2.4.3.3 Applications 

ED-XRF is accurate and fast (a result can be obtained in a few minutes), but it 

is not sensitive enough to measure low concentrations such as trace elements (i.e. 

those present at levels below about 0.1%). However, it will quickly determine the 

alloy composition of a metal artifact and it can also be used to analyze some non-

metallic materials such as ceramics and glass. Energy dispersive X-ray fluorescence 

(ED-XRF) technique has become a powerful technique for non-destructive multi-

element analysis of materials. 
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One limitation of the technique is that only a thin layer, less than 0.1mm, is actually 

analyzed. This can sometimes give misleading results on corroded or plated metals 

unless the surface is cleaned. Over the last years, several developments have taken 

place in the methodology for quantitative analysis using this technique with the aim, 

on the one hand, to enhance the quality and reliability of the results, and to extend the 

range of its applications on the other hand [72]. 

 

2.4.4 SCANNING ELECTRON MICROSCOPY (SEM) 

 Electron microscopy is an extremely versatile technique capable of providing 

structural information over a wide range of magnification. Scanning electron 

microscopy (SEM) Hitachi VP S3400N), 20-30 kV electron beam is used to get the 

scanning electron micrographs of the samples. 

 

2.4.4.1 Principle of SEM 

In the SEM, electrons from the electron gun are focused to a small spot, 50-

100Å in diameter, on the surface of the sample. Electron beams which have been 

accelerated through a voltage lieing between 1 and 50 kV, are used for most 

applications.. 

 

2.4.4.2 Working of SEM 

Electron microscopy takes advantage of the wave nature of rapidly moving 

electrons. Where visible light has wavelengths from 4,000 to 7,000 Å, electrons 

accelerated to 10,000 k eV have a wavelength of 0.12 Å [73]. Electron microscopes, 

so far, are limited to magnifications of around 1,000,000 diameters, primarily because 

of spherical and chromatic aberrations.  
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The scanning electron microscope generates a beam of electrons in a vacuum. 

That beam is collimated by electromagnetic condenser lenses, focused by an objective 

lens, and scanned across the surface of the sample by electromagnetic deflection coils 

as shown Figure 2.4. When an electron beam penetrates into a solid, most of the 

energy is initially lost by ionizing the atoms of the specimen. The ionization energy is 

3 to 8 eV. The electron beam interacts with the specimen to give, among other effects, 

secondary electron emission, a reflected electron current, beam-induced conduction 

and, often, cathodeluminescence. Within 10-10 seconds a cascade of ejected or 

secondary electrons is formed which diffuse outwards and gradually lose the 

remaining kinetic energy mainly by heating up the lattice.  

 

Figure 2.4 Block diagram of a scanning electron microscope [Thornton, P. R. 

Scanning Electron Microscopy, Chapman and Hall Ltd., London, 1968] 

 

The primary imaging method is by collecting secondary electrons that are 

released by the sample. Some of the secondary electrons produced near the surface 

will diffuse out and by the time they reach the surface they still retain kinetic energy 
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in excess of the surface barrier energy and will escape from the surface. If a suitably 

placed electrode is charged to a positive potential these secondary electrons are 

attracted towards the ‘collector’ to give and emission current, which is then amplified, 

to form the image of the surface. The secondary electrons are detected by a 

scintillation material that produces flashes of light from the electrons. The light 

flashes are then detected and amplified by a photomultiplier tube [73]. Some of these 

secondary electrons drop into the inner unoccupied states of the ions initially formed, 

resulting in the formation of characteristic X-ray emission. This process forms the 

basis of the X-ray micro-analyzer [74]. 

 

2.4.4.3 Applications 

Scanning electron microscopy (SEM) is used for studying the texture, 

topography and surface features of powder and solid pieces; features up to tens of 

micrometer in size can be seen and because of the depth of the focus of SEM 

instrument, the resulting pictures have a definite three dimensional quality.  

 

2.4.5 DC- ELECTRICAL RESISTIVITY MEASUREMENT 

DC-electrical resistivity of ferrites depends upon the thermal history of the 

processing in addition to the composition of the ferrites. Ferrites show 

semiconducting nature but the mechanism of electrical conduction is not that involved 

in traditional semiconductors but the hopping mechanism as given in the chapter 1.  

 

2.4.5.1 Principle of Resistivity Measurement  

There are two methods used to measure high resistance, the constant voltage 

method and the constant current method. In the constant voltage method, a known 
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voltage is sourced and a pico-ammeter or electrometer is used to measure the resulting 

current. Some of the applications which use this method include: testing two-terminal 

high resistance devices, measuring insulation resistance, and determining the volume 

and surface resistivity of insulating materials. In the constant current method, a 

constant current is forced through the unknown resistance and the voltage drop across 

the resistance is measured. The constant current method is used when determining 

high resistivity using the four-point probe technique is to be done.  

 

2.4.5.2 Construction of Two-Point Probe for Resistance Measurements 

The resistivity of the semiconducting material is often measured using a two-

point probe technique. This technique involves bringing two probes in contact with a 

material of unknown resistance (Figure 2.5). Pellet of the sample was placed in 

sample holder. Fine copper wire was used for electrical connections of two probes.  

One of the probe was used for sourcing dc-voltage from a constant voltage 

source (Keithley, model 2400), which measure voltage from 1µV to 211V with an 

accuracy of 0.0001V and the other probe were used for measuring the resulting 

change in current across the surface of the sample using the same electrometer. 

A temperature controlling furnace along with sample holder and constant 

voltage source meter (Keithley, model 2400), which measure voltage from 1µV to 

211V with an accuracy of  0.0001V, were connected in series with dc-power supply 

as shown in Figure 2.5. Temperature of sample was varied from room temperature up 

to 400oC, and corresponding change in current was noted down by source meter 

(Keithley, model 2400), which measure current from 1µA to 400A with an accuracy 

of 0.0001A. A temperature sensing multimeter (Uni, UT 55) which was connected to 
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temperature sensor thermocouple PT 100 was used to read the temperature with an 

accuracy of 0.01K.  

 

Figure 2.5 Block diagram of two point-probe set up for high temperature resistivity 

measurement. 

 

2.4.5.3 Calculations for Resistivity Parameters 

Resistance of sample was calculated by using Ohm’s law:  

                         
I
VR                                                               (2.6) 

where, V is constant voltage applied to the sample and I is the corresponding change 

in current. Using resistance, resistivity of pellet of sample was calculated as:   

                          
L
AR                                                             (2.7) 
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where, L is the height of pellet of sample and A ( 2rA  ) is the area of pellet of 

sample. Activation energy of hopping was calculated by using Arrhenius equation 

which can be written in its linear form as [15]: 

                       
Tk

E

B

a
o   lnln                                                   (2.8)                 

A graph was plotted between lnρ and 1000/T, and activation energy of hopping was 

calculated as 

                         1000 Ba kslopeE                                            (2.9) 

The drift mobility of the charge carriers can be calculated from the resistivity data by 

the relation  




ne
1

       (2.10) 

where n is the number of charge carriers, e is charge of one electron and  is the 

resistivity at a given temperature. The number of charge carriers ‘n’ can be calculated 

by the relation given  

massMol
PdN

n FebA

.
       (2.11) 

where db is the bulk density, PFe is the number of iron atoms present in the chemical 

formula of the compounds synthesized.  

 

 

 

 

 

 

 



     
                                                                                                                                      69 

                                                                                                                                                    
 
 

2.4.6 DIELECTRIC MEASUREMENTS 

2.4.6.1 Principle of Dielectric Measurements  

 LCR meter is used to measure the resistance, capacitance, inductance, 

impedance, loss factor etc. of the materials. In an automatic LCR meter bridge 

method, the bridge circuit employs a fixed standard resistor beside the unknown 

impedance, and a multiplying digital-to-analog convertor (MDAC) that works as a 

resistive potentiometer.  

 

2.4.6.2 Working of LCR Meter 

 Two independent quasi-balances are maintained in the bridge by varying the 

potentiometer settings and the unknown value of the standard resistance. In automatic 

LCR meter bridge, a fixed standard resistor despite a variable standard resistor is 

used. In order to determine the values of dielectric constant for the materials, an ideal 

capacitor Cp (with loss-free dielectric) in parallel with a resistor R is taken as the 

equivalent circuit of a capacitor with dielectric having certain conductivity.  

The resistor R can be considered as built up from two parallel resistors, one 

representing the finite ohmic resistance of the dielectric (ferrite) and the other 

representing an equivalent resistance of such a value that the energy dissipated in it is 

equal to the dielectric losses in the dielectric. It is not possible by a measurement at a 

single frequency to determine these two resistances separately, and for this reason it is 

usual to apply the simple equivalent circuit of figure 1.4 b for a capacitor with 

dielectric. Putting  as the real part of the dielectric constant and  as conductivity, 

dAC o /  farad and AdR /  , where A expressed in m2 is the area of the 

capacitor plates and d expressed in m is the distance between the plates, which is 

entirely filled with the dielectric under investigation [15].  
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2.4.6.3 Calculations for Dielectric Parameters 

The dielectric constant is calculated from the capacitance value of the 

material, measured by the LCR meter, by the formula given below: 

0C
C

       (2.12) 

C is the capacitance of the material and C0 is the capacitance of air ( d
AeC 0

0   

where e0 is the permittivity of the air and has a value of 8.85410-12 Fm-1). The 

equation 2.12 becomes 

Ae
Cd

0

       (2.13) 

This equation is used for the calculation of the dielectric constant from the measured 

capacitance of the samples from LCR meter. The fact that dielectric is not loss free 

can generally be denoted by a complex dielectric constant () hence: 

  i       (2.14) 

where o / . The dielectric loss factor is given by: 

   /)(tan 1RC    (2.15) 

and the dielectric loss is calculated from the dielectric loss factor by the relation: 

 tan      (2.16) 

The sintered ferrites with a high conductivity at low frequencies always have a high 

dielectric constant (105). In general it is found that dielectric constant is roughly 

inversely proportional to the square root of conductivity and both these depend on the 

measuring frequency [15].  
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2.4.7 MAGNETIC SUSCEPTIBILITY 

2.4.7.1 Principle of Magnetic Induction and Susceptibility 

The production of an electromotive force (emf) or voltage in an electric circuit 

caused by a changing magnetic flux in a neighbouring circuit is called mutual 

induction. The two circuits are often coils of wire and the size of the induced voltage 

depends on the numbers of turns of wire in each of the coils.  

The magnetic susceptibility of the ferrimagnetic materials increase with 

increase in temperature and at a certain temperature, called Curie temperature (Tc) the 

material lose its ferrimagnetic nature and become paramagnetic. Sudden drop in 

magnetic susceptibility is observed at Tc.  

 

2.4.7.2 Construction of High Temperature Susceptometer 

A high temperature (300-900 K) AC-susceptometer was constructed, based 

upon the principle of mutual inductance for measuring the temperature dependence of 

the ferrimagnetic nature of ferrite nanoparticles. The assembly consists of a pair of co-

axial coils i.e. primary and the secondary, wound over a non-magnetic Teflon core as 

shown in Figure 2.6. The secondary coil is divided into two equal halves wounded in 

opposite directions to make the total induced voltage of coil equal to zero. To measure 

the output signal from the secondary coil, the Stanford Research Systems (Model 

SR830 DSP) Lock-in Amplifier was used. The band of frequencies, which does enter 

the phase sensitive detector, is converted to sum and difference frequencies with 

respect to the reference. A selectable single or double section low pass filter rejects all 

frequency components due to a signal present at the reference frequency. Thus noise 

or other interference is eliminated leaving only a DC voltage proportional to the 

signal. The signal can be measured within 0.02 V in the direct mode.  
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The DC power supply (model Topward Model 33010 DC power supply) was 

used to provide the current to the heater. The power supply has the capacity of 

maximum 30 A current. An element heater was placed inside the coil to heat the 

sample. The diameter of the heater was about 10 mm. The element wire was wound 

on the ceramic rod from one end to the other and then back to the starting point. Care 

was taken that the two windings never crossed each other to avoid short-circuiting. 

The aim of this exercise was to cancel the magnetic fields due to the currents flowing 

in two directions. The heater was then placed inside the Teflon core. The two ends of 

the heating wire were connected to the DC power supply.  

   

 

Figure 2.6 Block diagram of high temperature susceptibility measuring apparatus 

developed in the lab. 
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To record the temperature of sample a Pt-100 thermocouple was attached to 

the system. The thermocouple was connected to a multimeter to measure the 

resistance from which the temperature can be obtained by comparing it with the 

standard Pt-100 resistance table. The other end was inserted into the heater to know 

about the temperature of the sample. The range of this Pt-100 was 1073 K. The main 

advantage of using Pt-100 temperature sensor was that it reduced the background 

voltage significantly.  

In order to avoid coil heating, a thick, cylindrical shaped glass tube was 

introduced between the heater and the coil. Moreover air gap was employed between 

the coil and the glass tube to prevent coil heating. Also an exhaust fan was mounted at 

the backside of the coil and the distance between the coil and fan was covered. The 

fan was mounted at some distance to avoid the signal produced by the motor of the 

fan. This fan was run by a dc 12 V adapter.  

 

2.4.7.3 Parameters Calculated from Susceptibility Measurements 

 The Curie temperature (Tc) is determined from the susceptibility 

measurements which show the transition from ferrimagnetic to paramagnetic phase 

and the changing Curie temperature values give us the information about the strength 

of the A-B exchange interactions and the thermal stability of the ferrimagnetic 

characteristics. 

 

2.4.8 HYSTERESIS MEASUREMENTS 

It uses a standard AC induction method, in which the variation in 

magnetization M with changing magnetic field strength H is measured. The magnetic 

field H and the magnetic induction M are both measured through two coils placed 
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near the sample. The hysteresis loops (M-H loop) recorded furnishes information 

about the saturation magnetization (Ms), remnant magnetization (Mr) and coercivity 

(Hc) of the magnetic materials.  

 

2.4.8.1 Construction of the Hysteresis Measurement Setup 

The experimental set up consists of a magnetic field generator, sensor coils 

and data processing hardware. This system is employed to measure the ac magnetic 

properties of, mainly, powdered samples.  

The magnetic field generator is made up of a Silicon Iron laminated core and 

two excitation coils connected to the mains supply through a variable transformer. 

The core has two identical gaps in which the sensor coils are placed. The magnetic 

field at the gaps can be controlled by varying the voltage applied to the excitation 

coils. The excitation coils can also be connected to the output of a waveform 

generator through a power amplifier in order to generate fields of variable frequency. 

The maximum permissible applied field is restricted by the maximum output power of 

the amplifier in this set up. 

The second part of this set up is the sensor coils. There are two identical flat 

and square sensor coils placed at the core gaps L1 and L2 as shown in Figure 2.7. The 

coil L1 is empty while L2 is filled with the powdered sample. The coils are wired in 

series and connected to the input of a digital oscilloscope (Tektronix TDS 210). The 

voltage induced in L1 (e1) is applied to the channel 1 (CH1) while the difference 

between is applied to channel 2 (CH2) of the oscilloscope as shown in Figure 2.8.   
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Figure 2.7 The sensor coils used in the hysteresis loops measurement system. 

 

 

 

 

 

 

 

 

Figure 2.8 The sensor coil connection with the oscilloscope. 

 

 The waveform data acquired by the oscilloscope is transferred to the control 

computer via the general purpose interface bus (GPIB) of the oscilloscope to USB 

bridge. The computer performs all the data manipulation need to extract the relevant 

data from the digitized waveforms. The computer program is written in Agilent VEE 

graphical language, using Agilent I/O libraries. 
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It is to be noted that the CH2 voltage is not dependent on the coil area it only 

depends on the sample area. The coil area ‘A’ is calculated in the calibration process 

using an accurate gauss meter to measure magnetic field in the gaps. The computer 

performs the numerical integration of these values to obtain M-H loop for each 

sample, saves the data and plots the resulting curve.  

 

2.4.8.2 Parameters Obtained from Hysteresis Loops 

 The values of saturation magnetization (Ms), remnant magnetization (Mr) and 

coercivity (Hc) of the synthesized samples are obtained from hysteresis loops as 

defined in section 1.3.5.5 and figure 1.9. The ratio of remnant magnetization (Mr) and 

saturation magnetization (Ms) is called remnance or squareness ratio and can be 

represented by the relation: 

Remnance ratio = Mr / Ms      (2.17) 

The magnetic moment (nB) of the synthesized samples is calculated with the help of 

saturation magnetization value (Ms) obtained from hysteresis loop by using the 

equation [15]: 

b

s
B d

MmassMol
n





585.5
.

      (2.18) 

where db is the bulk density of the sample under measurement. The values of 

magnetic moment thus obtained are utilized to explain the decrease in the saturation 

magnetization value (Ms) according to the Yafet-Kittle model. The Yafet-Kittle angles 

(Y-K) define the spin canting introduced by the dopants and are calculated by the 

relation [75]: 

)6(
)1(5
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x

xnB
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      (2.19) 

where x is the dopant content in doped cobalt ferrites. 
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3.1 STRUCTURAL AND MORPHOLOGICAL PROPERTIES 

Cobalt ferrite has been doped with various metal cations like Cr3+, Sm3+, Ho3+, 

Er3+, Dy3+, Ho3+ and also by a combination of Zr4+ with Mg2+, Mn2+ and Ni2+ at the 

Fe3+ site by using the micro-emulsion method as described in the experimental section. 

The synthesized samples were characterized by thermo-gravimetry (TG/ DTA), 

powder X-ray diffraction (XRD), energy dispersive X-ray fluorescence spectroscopy 

(ED-XRF) and scanning electron microscopy (SEM) for their structural and 

morphological characteristics.  

 

3.1.1 THERMAL ANALYSIS 

 The precursors of representative doped cobalt ferrites were subjected to 

thermo-gravimetric analysis to study the effect of rise in temperature from 290 K – 

1573 K with a heating rate of 5 K/min on the weight loss (TG) and heat flow (DTA). 

The dried precipitates of the precursors were analyzed by thermo-gravimetry in order 

to determine the optimum temperature for the formation of spinel phase.  

 Figure 3.1 shows the representative thermo-grams (TG) of un-doped and 

doped cobalt ferrite precursors with Cr, Zr-Mg, Zr-Mn, Sm and Ho as dopants. A 

gradual weight loss in the TGs of un-doped and doped cobalt ferrite precursors is 

observed in the temperature range 293 – 453 K which is due to the loss of absorbed 

water from the samples. A sharp weight loss in the region 453 – 523 K in the TGs is 

observed which is accompanied by an exothermic peak in the DTA curve (Figure 3.2). 

This sharp change is due to the decomposition of the metal hydroxides present in the 

dried precursors into corresponding metal oxides. A very slow weight loss in the 

region of 523 – 873 K corresponds to the rearrangement of the oxides to form the 
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spinel crystalline phase. The temperatures range of 873 – 1573 K represents the 

agglomeration of the crystallites to form larger particles. 
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Figure 3.1 TG curves for (a) un-doped cobalt ferrite (b) CoCr0.2Fe1.8O4 (c) 

CoZr0.1Mg0.1Fe1.8O4 (d) CoZr0.1Mn0.1Fe1.8O4 (e) CoSm0.04Fe1.96O4 (f) 

CoSm0.04Fe1.96O4.  

 

 TG (Figure 3.1 c) and DTA curve (Figure 3.2 c) for Zr-Mg doped cobalt 

ferrite precursor are slightly different from the others. TG for Zr-Mg doped cobalt 

ferrite shows weight loss in two steps between temperature range of 480 – 680 K with 

corresponding exothermic peaks at 403 K and 693 K. This weight loss in two steps 

indicated the decomposition of the metal hydroxides in two steps to form ZrO2, CoO, 

Fe2O3 and MgO which then rearrange themselves between 500 K and 973 K to form 

the spinel lattice.  
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Figure 3.2 DTA curves for (a) un-doped cobalt ferrite (b) CoCr0.2Fe1.8O4 (c) 

CoZr0.1Mg0.1Fe1.8O4 (d) CoZr0.1Mn0.1Fe1.8O4 (e) CoSm0.04Fe1.96O4 (f) 

CoSm0.04Fe1.96O4. 

  

It can be concluded from the thermal analysis that 973 K is the optimum 

temperature for the existence of the stable spinel phase. So, all the doped precursors 

were synthesized at 1073 K to get stable and well crystalline spinel ferrite phase. The 

chemical reaction during synthesize may occur according to the following equations: 

0.2Me(NO3)2 + Co(CH3COO)2 + 1.8Fe(NO3)3+NH4OH   5.9pH  Co(OH)2 + 

1.8Fe(OH)3 + 0.2Me(OH)2   Co180 CoO+0.9Fe2O3+0.2MeO    Co700400   

CoMe0.2Fe1.8O4 

Where ‘Me’ represents the dopant used in the preparation of doped cobalt ferrites.  
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3.1.2 X-RAY DIFFRACTION STUDIES 

Figure 3.3 depicts the XRD patterns of an un-doped cobalt ferrite and its 

chromium substituted derivatives (CoCrxFe2-xO4) containing different Cr contents of 

0.0>x<1.0. These patterns perfectly match with the standard pattern of a single spinel 

phase materials and all the major XRD peaks i.e. (220), (311), (400), (511) and (440), 

correspond to the face centered cubic close packed fcc system (ICSD 01-076-2496).  

 

 

Figure 3.3 Comparison of XRD patterns of different CoCrxFe2-xO4 samples with Cr 

content variation from x = 0.0-1.0. 
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Figure 3.4 shows a comparison of the XRD patterns of cobalt ferrite samples 

doped with Zr-Mg, Zr-Mn, Zr-Ni, Cr, Sm, Ho, Er, Dy and Pr. All the major peaks 

corresponding to the pure single spinel fcc phase remain unchanged as a result of 

substitution of the dopants while a peak designated by * may be due to the presence of 

magnetite. However, there is a slight shift in the peak position in the case of different 

dopants and variable peak widths due to the difference in the nature of metal cations, 

their ionic radius, binding energies and the site preferences.  

Evidently, different contents of the dopants are completely soluble and do not 

affect the fcc structure of the spinel lattice of cobalt ferrite. It can be concluded from 

the XRD analysis of the synthesized samples of cobalt ferrite and its derivatives that a 

pure, crystalline, single spinel phase is obtained under the experimental conditions. 

Further the doping of rare earths by micro-emulsion method up to a content of x = 

0.20 is successfully achieved which is not reported earlier by this method.  

 

3.1.2.1 Lattice Parameter 

The values of lattice parameter ‘a’ for the un-doped and the doped cobalt 

ferrite sample are calculated using the XRD data by equation 2.2 as described in 

section 2.4.2.3. The lattice parameter ‘a’ calculated in the present study has a value of 

8.385 ± 0.001Å for the un-doped and 8.355±0.001Å for Cr (x = 1.0) doped cobalt 

ferrite samples [76] which are comparable with the reported literature value of 8.38Å 

[77] and 8.361Å [78], respectively (Table 3.1). The value of ‘a’ decreases with an 

increase in the chromium content for x ≤ 1.0 as has also been observed by Mane et al 

[79]. It is due to the reason that the ionic radius of Cr3+ (0.630 Å) is less than that of 

the Fe3+ (0.645 Å) [34]. Vegard’s law also predicts a linear decrease in the value of 

‘a’ with the substitution of an ion i.e. Cr3+ having a lower ionic radius than Fe3+.   
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Figure 3.4 Comparison of XRD patterns of (a) CoFe2O4 (b) CoZr0.5Mg0.5FeO4 

(c) CoZr0.5Mn0.5FeO4 (d) CoZr0.5Ni0.5FeO4 (e) CoCrFeO4 (f) CoSm0.2Fe1.8O4  

(g) CoHo0.2Fe1.8O4 (h) CoEr0.2Fe1.8O4 (i) CoDy0.2Fe1.8O4 (j) CoPr0.2Fe1.8O4. 
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The value of ‘a’ for Zr-Mg (x  0.5), Zr-Mn (x  0.2) and Zr-Ni (x  0.5) 

doped samples indicate a slight shrinkage of the unit cell (Table 3.2 – 3.4) with the 

increase in content ‘x’ of the dopant due to random spinel formation. Although Zr4+ 

has a large ionic radius (0.800 Å) yet show strong tetrahedral site preference [80], 

which changes to a certain extent inverse spinel structure of cobalt ferrite to the 

normal spinel structure. The Zr4+ co-doped cobalt ferrite samples containing Mg2+, 

Mn2+ and Ni2+ which have preferential occupation at octahedral site [81-83], the 

degree of inversion decreases with increase in Zr4+ ions content as the value of ‘a’ 

decreases with enhancement in the dopant content in all of the Zr4+ co-doped series. 

However, the value of ‘a’ increases with the addition of Zr-Mn where x0.2 because 

it becomes difficult for the cubic lattice to accommodate larger Zr4+ and Mn2+ cations 

at higher content (x  0.2) and in this effort the unit cell expands resulting in the 

increased lattice parameter. This change of the lattice parameter indicates that Zr4+ 

and Mn2+ ions occupy either the octahedral or tetrahedral lattice sites by replacing the 

Fe3+ or Fe2+ ion of the spinel unit cell. 

The value of the lattice parameter decreases very slightly with doping of Sm, 

Ho, Er, Dy and Pr in cobalt ferrite between x = 0.04 to x = 0.20 (Table 3.5 – 3.9) 

although the ionic radii of these rare earth elements i.e. Sm3+ (0.958Å), Ho3+ (1.04 Å), 

Er3+ (1.03 Å), Dy3+ (1.05 Å) and Pr3+ (1.13 Å), are larger than that of an Fe3+ ion 

(0.645Å) [34]. This observed decrease in the value of ‘a’ in the rare earth doped 

cobalt ferrite samples is the result of higher bonding energies of the rare earth oxides 

in the spinel structure as compared to iron oxide [84]. Hayashi et al. [84] suggested 

that the larger the bonding energy in the octahedral MO6 sites, the smaller the lattice 

parameter of the spinel oxide. The rare earth metal cations, having strong octahedral 

site preference in spinel cobalt ferrite, have high bonding energy as compared to iron 
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ion in ReO6 octahedra leading to a reduction in lattice parameter with increasing rare 

earth content in doped cobalt ferrites and hence lead to higher thermal stabilization of 

the spinel lattice.  

 

3.1.2.2 X-Ray Density and Porosity 

The values of X-ray density (dx) and porosity (p) are calculated from the XRD 

data using equations (2.3-2.4) given in chapter 2.  The value of dx is dependent on the 

molar mass of the synthesized compounds and the lattice parameter ‘a’ as indicated 

by equation 2.3 while the porosity values depend on the both the bulk density (db) and 

X-ray density (dx). 

The value of dx decreases with an increment in Cr content ‘x’ in the doped 

cobalt ferrite samples (Table 3.1). The observed decrease in value of dx with a lower 

molar mass of the compounds as Cr has a lower atomic mass (52 g mol-1) as 

compared to Fe (55.8 g mol-1) which is being substituted. The values of dx for all the 

cobalt ferrite doped samples containing Zr-Mg, Zr-Mn, Zr-Ni and rare earth like Sm, 

Ho, Er, Pr, Dy; show an increasing behaviour with increase in the dopant content ‘x’ 

due to the reason that the atomic mass of all dopants other than Cr used in the present 

study is larger than the Fe as perceived by tables 3.2 – 3.9.  

The value of porosity ‘p’ is calculated to be 0.33 for un-doped cobalt ferrite 

sample with the help of its X-ray and bulk density. The value of porosity ‘p’ increases 

with the addition of Cr in cobalt ferrite as shown in table 3.1. The substitution of Cr in 

cobalt ferrite enhances the porosity from a value of 0.33 (x = 0.0) to a value of 0.50 (x 

= 1.0). Zr-Mg doped cobalt ferrite sample having dopant content of x = 0.5 has a 

porosity of 0.39 which is less as compared to the other doped samples of this series, 

but the porosity has been enhanced as compared to the un-doped cobalt ferrite (Table 
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3.2). The porosity of Zr-Mn doped cobalt ferrite samples lie between 0.50 (x = 0.1) 

and 0.54 for x = 0.5 (Table 3.3) while in case of Zr-Ni doped samples porosity varies 

from 0.33 for un-doped cobalt ferrite to  0.50 for Zr-Ni content x = 0.3 and then 

decrease to a value of 0.45 for x = 0.4 and x = 0.5 (Table 3.4). These variations in 

porosity values mainly depend on the crystallite size and bulk density which alters 

within each series of doped cobalt ferrites. In general the doping has resulted in 

enhancement of sample porosity and larger size particles formation.  

When rare earths ions are doped in cobalt ferrite, most of the samples formed 

have high porosity values ~0.50  0.05, which may be the result of retarded grain 

growth in the presence of the rare earth cations. Table 3.5-3.9 shows that the porosity 

of rare earth doped cobalt ferrite samples is higher than the samples doped with Cr, 

Zr-Mg, Zr-Mn and Zr-Ni which has a direct relation with the smaller crystallite sizes 

of rare earth doped cobalt ferrite samples. 

 

3.1.2.3 Crystallite Size 

The crystallite sizes (D) of all the synthesized samples are calculated by 

Scherer formula (equation 2.5) using the peak width at half intensity of the maximum 

intensity peak (311) as has been described in section 2.4.2.4.  

The average value of crystallite size (D) calculated for the un-doped cobalt 

ferrite sample is 20 nm which is comparable with crystallite size (23.8 nm) observed 

for un-doped cobalt ferrite by Zhao et al [85]. The Cr (x = 0.2-1.0) and Zr-Mg (x = 

0.1-0.5) doped cobalt ferrite samples show a higher grain growth and the crystallite 

size (D) lies in the range of 60-70 nm (Table 3.1) and 30-55 nm (Table 3.2) 

respectively. The ‘D’ values calculated for Zr-Mn (x = 0.1-0.5) doped cobalt ferrite 

samples are 50-70 nm except for a sample with x = 0.2 which has a crystallite size of 



 86 

28nm (Table 3.3). But the doped cobalt ferrite samples containing Zr-Ni as dopant 

(x = 0.0-0.5) have lower crystallite sizes as compared to Cr, Zr-Mn and Zr-Mg doped 

cobalt ferrites and the ‘D’ values are found to be in the range of 25-47 nm (Table 3.4). 

It can be inferred that the presence of Ni in combination with Zr has reduced the 

densification process and as a result a lower crystallite size is observed as given in 

table 3.4.  

The crystallite sizes (D) obtained for Sm doped cobalt ferrite samples (x = 

0.04 to x = 0.20) are in the range of 13-28 nm (Table 3.5) while the ‘D’ values lie 

between 19-35 nm (Table 3.6) for Ho doped (x = 0.04 to x = 0.20), 15-30 nm (Table 

3.7) for Er doped (x = 0.04 to x = 0.20), 14-30 nm (Table 3.8) for Dy doped (x = 0.04 

to x = 0.20) and 17-27 nm (Table 3.9) for Pr doped (x = 0.04 to x = 0.20) cobalt 

ferrite samples. The crystallite sizes (D) of samples doped with the rare earth trivalent 

metal cations like Sm3+, Ho3+, Er3+, Dy3+ and Pr3+ are lower as compared to those with 

doping Cr, Zr-Mg, Zr-Mn, Zr-Ni. The rare earth ions usually have empty, half filled 

or completely filled 4f orbital, which have a stable structure, giving the rare earth ions 

high thermal stability. So, a large amount of energy is required in order to form Re3+-

O-2 bond and the crystallization and growth of grains require higher temperatures as 

compared to the other doped cobalt ferrite samples [85]. Although all the doped cobalt 

ferrite samples in the present study are prepared at 1073 K, rare earth doped cobalt 

ferrite samples show a lower crystallite size. It can also be concluded that the 

presence of rare earth metal cations in cobalt ferrite, even in very low concentrations 

(x = 0.20) has decreased the densification process.   
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3.1.3 ELEMENTAL COMPOSITION 

The experimental molar compositions of different samples determined from 

ED-XRF analysis are listed in tables 3.1 – 3.9 which are calculated from the wt% of 

various elements in the samples. The un-doped cobalt ferrite, the molar concentration 

of cobalt ions is half that of the iron ions, which is pre-requisite for the spinel 

geometry. It is observed from table 3.1 that the calculated Cr molar concentration in 

Cr doped cobalt ferrite samples is increased on increasing the Cr content from x = 0.0 

to x = 1.0 with a corresponding decrease in the Fe content while the Co content is 

observed to be almost constant in the synthesized samples (Table 3.1). ED-XRF 

analysis of all the other doped samples show that by increasing the content of a 

particular dopant is accompanied by a decrease in the Fe concentration as evident 

from table 3.2-3.9. It is established from the above observations that the 

stoichiometric molar ratios and the experimentally calculated molar concentration of 

different elements present in the doped cobalt ferrite samples are in good agreement 

with one another and also that the doped Cr, Zr, Mg, Mn, Ni, Sm, Ho, Er, Dy and Pr 

elements are actually replacing Fe in the fcc unit cell of cobalt ferrite maintaining 1:2 

divalent to trivalent ratio. 
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Table 3.1 Lattice parameter (a), crystallite size (D), X-ray density (dx), porosity (p) 

and observed molar contents of CoCrxFe2-xO4 (x = 0.0 – 1.0). 

Cr content (Theoretical) ‘x’ 0.0 0.2 0.4 0.6 0.8 1.0 

a (±0.001 Å)  8.385 8.381 8.373 8.368 8.364 8.355 

D (nm) 20 62 49 70 70 49 

dx (±0.01 gcm-3) 5.12 5.11 5.11 5.10 5.09 5.09 

p(±0.05) 0.33 0.39 0.39 0.42 0.46 0.50 

Cr 0.00 0.19 0.36 0.59 0.73 0.95 

Fe 2.10 1.72 1.54 1.31 1.17 1.16 

Observed contents 

(±0.01 mol)  

Co 1.08 1.0 1.09 1.10 1.09 0.90 

 

Table 3.2 Lattice parameter (a), crystallite size (D), X-ray density (dx), porosity (p) 

and observed molar contents of CoZrxMgxFe2-2xO4 (x = 0.0 – 0.5). 

Zr-Mg content (Theoretical) ‘x’ 0.0 0.1 0.2 0.3 0.4 0.5 

a (±0.001 Å)  8.385 8.387 8.364 8.350 8.343 8.339 

D (nm) 20 52 53 47 47 35 

dx (±0.01 gcm-3) 5.12 5.24 5.17 5.21 5.23 5.24 

p (±0.05)  0.33 0.46 0.41 0.46 0.46 0.39 

Zr  0.00 0.09 0.19 0.28 0.36 0.46 

Mg  0.00 0.08 0.19 0.32 0.39 0.49 

Fe  2.10 1.80 1.59 1.42 1.24 1.09 

Observed contents 

(±0.01 mol) 

Co  1.08 0.99 1.04 1.04 1.03 1.04 
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Table 3.3 Lattice parameter (a), crystallite size (D), X-ray density (dx), porosity (p) 

and observed molar contents of CoZrxMnxFe2-2xO4 (x = 0.0 – 0.5). 

 Zr-Mn content (Theoretical) ‘x’ 0.0 0.1 0.2 0.3 0.4 0.5 

a (±0.001 Å)  8.385 8.377 8.358 8.364 8.368 8.375 

D (nm) 20 60 28 51 55 69 

dx (±0.01 gcm-3) 5.12 5.19 5.27 5.34 5.42 5.49 

p (±0.05) 0.33 0.50 0.51 0.52 0.53 0.54 

Zr  0.00 0.09 0.22 0.32 0.38 0.52 

Mn  0.00 0.10 0.21 0.31 0.41 0.48 

Fe  2.10 1.77 1.57 1.37 1.21 1.01 

Observed contents 

(±0.01 mol) 

Co  1.08 1.05 1.02 0.99 1.00 0.98 

 

Table 3.4 Lattice parameter (a), crystallite size (D), X-ray density (dx), porosity (p) 

and observed molar contents of CoZrxNixFe2-2xO4 (x = 0.0 – 0.5). 

 Zr-Ni content (Theoretical) ‘x’ 0.0 0.1 0.2 0.3 0.4 0.5 

a (±0.001 Å)  8.385 8.363 8.353 8.346 8.320 8.291 

D (nm) 20 38 43 46 34 26 

dx (±0.01 gcm-3) 5.12 5.24 5.34 5.44 5.58 5.72 

p (±0.05) 0.33 0.47 0.49 0.50 0.45 0.45 

Zr  0.00 0.11 0.22 0.32 0.42 0.52 

Ni 0.00 0.09 0.18 0.26 0.39 0.47 

Fe  2.10 1.81 1.58 1.41 1.21 1.04 

Observed contents 

(±0.01 mol) 

Co  1.08 0.99 0.98 1.01 0.98 1.00 
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Table 3.5 Lattice parameter (a), crystallite size (D), X-ray density (dx), porosity (p) 

and observed molar contents of CoSmxFe2-xO4 (x = 0.00 – 0.20). 

Sm content (Theoretical) ‘x’ 0.0 0.04 0.08 0.12 0.16 0.20 

a (±0.001 Å)  8.385 8.398 8.395 8.374 8.372 8.366 

D (nm) 20 21 28 22 14 14 

dx (±0.01 gcm-3) 5.12 5.24 5.27 5.40 5.45 5.55 

p (±0.05) 0.33 0.53 0.52 0.53 0.52 0.48 

Sm  0.00 0.04 0.08 0.12 0.17 0.21 

Fe  2.10 1.95 1.91 1.90 1.83 1.79 

Observed contents 

(±0.01 mol) 

Co  1.08 0.99 1.00 0.97 0.99 1.02 

 

Table 3.6 Lattice parameter (a), crystallite size (D), X-ray density (dx), porosity (p) 

and observed molar contents of CoHoxFe2-xO4 (x = 0.00 – 0.20).  

Ho content (Theoretical) ‘x’ 0.0 0.04 0.08 0.12 0.16 0.20 

a (±0.001 Å)  8.385 8.379 8.375 8.363 8.359 8.352 

D (nm) 20 32 19 24 22 26 

dx (±0.01 gcm-3) 5.12 5.23 5.33 5.45 5.55 5.66 

p (±0.05) 0.33 0.45 0.52 0.54 0.55 0.56 

Ho  0.00 0.05 0.09 0.14 0.17 0.22 

Fe  2.10 1.92 1.89 1.85 1.79 1.82 

Observed contents 

(±0.01 mol) 

Co  1.08 0.98 1.04 1.08 1.06 1.02 
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Table 3.7 Lattice parameter (a), crystallite size (D), X-ray density (dx), porosity (p) 

and observed molar contents of CoErxFe2-xO4 (x = 0.00 – 0.20). 

Er content (Theoretical) ‘x’ 0.0 0.04 0.08 0.12 0.16 0.20 

a (±0.001 Å)  8.385 8.387 8.384 8.383 8.377 8.351 

D (nm) 20 31 23 18 28 15 

dx (±0.01 gcm-3) 5.12 5.21 5.32 5.42 5.52 5.67 

p (±0.05) 0.33 0.45 0.46 0.57 0.53 0.52 

Er 0.00 0.03 0.08 0.11 0.17 0.21 

Fe  2.10 1.96 1.92 1.89 1.83 1.80 

Observed contents 

(±0.01 mol) 

Co  1.08 0.99 0.98 1.01 0.98 1.01 

 

Table 3.8 Lattice parameter (a), crystallite size (D), X-ray density (dx), porosity (p) 

and observed molar contents of CoDyxFe2-xO4 (x = 0.00 – 0.20). 

Dy content (Theoretical) ‘x’ 0.0 0.04 0.08 0.12 0.16 0.20 

a (±0.001 Å)  8.385 8.372 8.372 8.372 8.372 8.370 

D (nm) 20 30 18 17 16 15 

dx (±0.01 gcm-3) 5.12 5.24 5.33 5.42 5.52 5.62 

p (±0.05) 0.33 0.52 0.53 0.55 0.46 0.51 

Dy  0.00 0.04 0.09 0.11 0.16 0.19 

Fe  2.10 1.96 1.90 1.88 1.83 1.79 

Observed contents 

(±0.01 mol) 

Co  1.08 0.99 1.00 0.97 1.01 1.02 
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Table 3.9 Lattice parameter (a), crystallite size (D), X-ray density (dx), porosity (p) 

and observed molar contents of CoPrxFe2-xO4 (x = 0.00 – 0.20). 

Pr content (Theoretical) ‘x’ 0.0 0.04 0.08 0.12 0.16 0.20 

a (±0.001 Å)  8.385 8.383 8.367 8.364 8.362 8.361 

D (nm) 20 24 20 20 26 17 

dx (±0.01 gcm-3) 5.12 5.20 5.30 5.38 5.46 5.54 

p (±0.05) 0.33 0.44 0.46 0.48 0.50 0.51 

Pr 0.00 0.04 0.09 0.12 0.17 0.21 

Fe  2.10 1.95 1.91 1.90 1.85 1.81 

Observed contents 

(±0.01 mol) 

Co  1.08 1.05 1.00 0.98 0.99 0.99 

 
 

3.1.4 SURFACE MORPHOLOGY 

The scanning electron micrographic (SEM) images of representative doped 

cobalt ferrite samples prepared in this study are shown in figure 3.5 which indicate the 

porous nature, particles of nanometer sizes and almost homogenous distribution of 

particle size.  

The SEMs of a doped cobalt ferrite sample containing Cr = 0.2 (Figure 3.5) 

shows that the synthesized material is porous in nature. A rough estimate provides 

that the size of the particle at the surface are in the range of 60-70 nm for Cr doped 

cobalt ferrite samples which are close to the crystallite sizes obtained by XRD 

analysis for the same samples.  This indicates that agglomeration of the crystallites to 

much bigger particles has not occurred during its preparation by the micro-emulsion 

method.  

Examination of the SEM images for the rare earth doped cobalt ferrites 

(Figure 3.5) show that the samples consists of smaller sized particles as compared to 
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those found in Zr-Mg, Zr-Mn, Zr-Ni and Cr doped cobalt ferrites. These observations 

are in accordance with the Scherrer crystallite size calculated using the XRD data for 

rare earth metal cation doped cobalt ferrites as discussed above.  

 
(Cr content ‘x’ = 0.2)  

 
(Zr-Mg  content ‘x’= 0.1) 

 
(Zr-Mg content ‘x’= 0.5) 

 
(Zr-Mn content ‘x’= 0.2) 
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(Zr-Ni content ‘x’= 0.1) (Zr-Ni content ’x’= 0.5) 

 
(Sm content ‘x’= 0.04) 

 
(Sm content ‘x’= 0.20) 

 
(Ho content ‘x’= 0.04) 

 
(Ho content ‘x’= 0.20) 

 
(Er content ‘x’= 0.04) 

 
(Er content ‘x’= 0.20) 
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(Dy content ‘x’= 0.04) 

 
(Dy content ‘x’= 0.20) 

 
(Pr content ‘x’= 0.04) 

 
(Pr content ‘x’= 0.20) 

 

Figure 3.5 Scanning electron micrographs (SEM) of various doped cobalt ferrites 

(CoMexFe2-xO4;   Me = Cr, Zr-Mg, Zr-Mn, Zr-Ni, Sm, Ho, Er, Dy, Pr). 

 

3.2 ELECTRICAL PROPERTIES 

The aim of the present study is to increase the electrical resistivity of the 

cobalt ferrite to make it suitable for use in high frequency applications and as data 

storage devices. The dominant mechanism for electrical conduction in ferrites is the 

hopping mechanism [86] in which an easy transfer of electron takes palace between 

Fe3+/ Fe2+ ion pairs present at octahedral (B) sites.  This conduction in ferrites is not 
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easy to eliminate without eliminating Fe, which is the basic element of ferrites 

composition, or by reducing the number of Fe2+ ions at the octahedral site by their 

replacement by dopant ions. For this purpose, different metal cations like Cr3+, Sm3+, 

Ho3+, Er3+, Dy3+, Pr3+ and Zr4+ in combination with Mg2+, Mn2+, Ni2+; are doped in 

cobalt ferrite. The reason for choosing these dopants is already discussed in section 

1.5. 

 

3.2.1 DC-ELECTRICAL RESISTIVITY 

The dc-electrical resistivity () observed for un-doped cobalt ferrite sample at 

373 K is found to be 5.59105m  which is enhanced by doping Cr in cobalt ferrite 

to 9.66107 m for x = 1.0 (Table 3.10). The electrical resistivity () of cobalt ferrite 

at 373 K shows an improvement of an order of 102 by doping it with chromium. Table 

3.11 shows the variation of resistivity,  (293 K), in the Zr-Mg doped cobalt ferrite 

samples with composition. The electrical resistivity  (293 K) of un-doped cobalt 

ferrite is found to be 1.25106 m which is increased with the increase in the Zr-Mg 

content to a value of 2.75107 m for x = 0.5. The electrical resistivity has been 

enhanced ~20 times as compared to the value of the un-doped cobalt ferrite sample at 

293 K. Similarly, the substitution of Zr-Mn in the spinel cobalt ferrite has also 

resulted in the enhancement of the electrical resistivity at 293 K from a value of 

1.25106 m for the un-doped cobalt ferrite sample (x = 0.0) to 3.01106m for a 

doped (x = 0.2) sample which decreases on further increase in Zr-Mn content in 

cobalt ferrite reaching a lower value of 1.58106m (x = 0.5) (Table 3.12). This 

lower value is still higher by an order of magnitude than the un-doped cobalt ferrite 

sample. However, the electrical resistivity of cobalt ferrite at 293 K increases by 

doping with Zr-Ni to a value of 47.04m for x = 0.5 (Table 3.13). 
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This trend in the variation of electrical resistivity leads to the possibility that 

the conduction mechanism in ferrites is due to an exchange or hopping of electrons 

between Fe2+ and Fe3+ ions at the octahedral site as the distance between the two 

neighbouring octahedral sites is minimal [86]. This hoping of electron results in the 

local displacement of charges that causes polarization. The frequency of this exchange 

depends on the Fe3+/Fe2+ ion pairs present on octahedral (B) sites [34]. On 

replacement of Fe3+ ions by Cr3+ ions, which are reported to have strong preference 

for the octahedral (B) site [87], a decrease in Fe3+/ Fe2+ ion pairs at the octahedral 

sites results in enhancement in the electrical resistivity of the doped cobalt ferrite. 

Highest value of  (293 K) in cobalt ferrite samples is observed for Zr-Ni doped 

cobalt ferrites while minimum value has been noted for Zr-Mn doped samples. 

However, the improvement in electrical resistivity at 293 K is found to be lesser for 

Zr-Mg doped samples. The reason for such behaviour of Zr-Ni is the decreased 

number of Fe2+ ions due to the presence of Ni2+ retards the electron hopping by the 

process given below [88]:   

Fe3+ + Ni2+    Fe2+ + Ni3+ 

 In case of cobalt ferrite doped with Zr-Mn, the number of Fe3+/Fe2+ ion pairs 

present at the octahedral sites is reduced because Mn2+ ions also have preference for 

the octahedral site [19]. The hopping of an electron between Mn2+ and Mn3+ is fairly 

possible but it requires higher energy as compared to that required for Fe3+/Fe2+ 

exchange [82]. The increase in the electrical resistivity up to x = 0.2 can be explained 

on the basis of the fact that at lower concentrations of Zr-Mn, the Fe3+ are replaced by 

Mn2+ ions at octahedral sites. While at Zr-Mn content x > 0.2 in cobalt ferrite, some 

of the Mn2+ ions may also occupy tetrahedral sites, forcing some tetrahedral Fe3+ ions 

to migrate to the octahedral site resulting in a decrease in the electrical resistivity at 
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room temperature. In case of Zr-Mg doped cobalt ferrites, Mg does not contribute to 

blockage of Fe3+/Fe2+ transition; it reduces the number of these ions pairs, thus 

increasing the room temperature electrical resistivity as compared to the un-doped 

cobalt ferrite.  

Substitution of rare earth metal cations i.e. Sm, Ho, Er, Pr and Dy, has been 

done for Fe at octahedral site in cobalt ferrite at a very low content level due to their 

large ionic radii and low solubility in the spinel lattice. The replacement of Fe by Sm 

in the spinel cobalt ferrite results in an increased value of  (293 K) of the samples 

from 1.25106 m (x = 0.00) to 7.70106m (x = 0.20) (Table 3.14) however 

doping of Ho at Fe site initially increases the value of  (293 K) from 4.07106m (x 

= 0.04) to 5.04106m (x = 0.12) which on further increase in Ho content decreases 

to 2.82106m (x = 0.20) at 293 K (Table 3.15). Cobalt ferrite doped with Er 

exhibits higher electrical resistivity value  (293 K) of 1.17107m (x = 0.04) which 

increases to a value of 1.68107m (x = 0.20) (Table 3.16). Table 3.17 shows that 

the substitution of Dy content x = 0.04 in cobalt ferrite has resulted in an increase in 

the  (293 K) of un-doped cobalt ferrite to a value of 2.60m which shows 

further enhancement by increasing Dy content and attains a value of 4.82m (x 

= 0.20). While doping cobalt ferrite with Pr shows that the  (293 K) values changes 

from 1.38m (x = 0.04) to 5.53 m for x = 0.20 (Table 3.18).   

 In cobalt ferrite samples doped with the rare-earth metal ions, the highest 

value of (293 K) is observed for Pr doped cobalt ferrites however the value is 

reasonably high also for Er doped cobalt ferrites. The high values of  (293 K) 

observed for low content (x = 0.04-0.20) of the rare-earth metal cations is due to the 

insulating nature of the rare earth oxides [89]. Moreover, the rare earth metal cations 
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used in this study have strong octahedral site preference [90] and do not facilitate the 

electron hopping resulting in high  (293 K) values. It can be concluded that the 

presence of small quantities of rare earth metal ions, like Pr and Er, can boost the 

electrical resistivity more than that by Cr, Zr-Mg, Zr-Mn or Zr-Mn because of the 

electrically insulating nature of rare earth oxides, making cobalt ferrite more suitable 

for high frequency applications. 
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Figure 3.6 Electrical resistivity () of Pr doped cobalt ferrites CoPrxFe2-xO4 (x = 0.00-

0.20) as a function of temperature (T). 

 

 A representative plot of the variation of electrical resistivity with temperature 

in Pr doped cobalt ferrites is shown in figure 3.6. The dc-electrical resistivity of the 

un-doped and doped cobalt ferrite samples decrease exponentially with temperature in 

the range 293-673 K investigated here; such behaviour is typical of semiconductors. 

The variation in electrical resistivity follows Arrhenius-type temperature dependence 
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(Equation 1.1) [19]. But in ferrites, unlike traditional semiconductors, the decrease in 

electrical resistivity with temperature is not due to the increased number of charge 

carriers at higher temperatures like intrinsic semiconductors but due to the enhanced 

thermal mobility of the charge carriers since lesser amount of energy is required for 

the hopping of electron between two equivalent lattice sites (octahedral) at higher 

temperatures [91]. 

 

3.2.2 ACTIVATION ENERGY OF HOPPING 

 The activation energy of hopping (Ea) is the minimum amount of energy 

required for the easy transfer of electron between two sites in the spinel lattice of 

ferrites. The activation energy of hopping (Ea) of electron depends on the distance and 

the energy difference between the two sites. In ferrites, the hoping is believed to takes 

place between two equivalent octahedral sites as the distance between the two sites is 

minimal in the spinel lattice [92]. The energy of activation for hopping (Ea) is 

calculated from the slope of the linear plot of ln versus 1/T and is listed in table 3.10 

– 3.18. 

The value of Ea for the un-doped cobalt ferrite sample is calculated to be 0.34 

± 0.02 eV (Table 3.10). The value of activation energy of hopping (Ea) initially 

decreases by doping with Cr up to a content of x  0.1 (0.33 ± 0.02 eV). However, on 

further increasing the Cr content ‘x’ in cobalt ferrite, the value of Ea becomes 0.52 ± 

0.02 eV for x = 1.0 as shown in table 3.10.  

When cobalt ferrite is doped with Zr-Mg, it results in an increase in activation 

energy value from 0.34 ± 0.02 eV (x = 0.0) to Ea = 0.48 ± 0.02eV at x = 0.5 as shown 

in table 3.11. The value of Ea varies from 0.42 ± 0.02eV (x = 0.1) to 0.39 ± 0.02eV (x 

= 0.5) in Zr-Mn doped cobalt ferrite series (Table 3.12). The value of Ea decreases 
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with increase in Zr-Mn content in cobalt ferrite, but the value is higher than the un-

doped cobalt ferrite which is in accordance with the increased electrical resistivity at 

room temperature because the activation energy of hopping increases with increase in 

electrical resistivity. The higher value of Ea for Zr-Mn doped cobalt ferrite shows that 

the hopping of electron between Mn2+ and Mn3+ is more difficult as compared to Fe2+ 

/Fe3+ ions at octahedral sites. The Ea value for the cobalt ferrite samples doped with 

Zr-Ni are also higher than the un-doped cobalt ferrite and changes from 0.34 ± 0.02eV 

for x = 0.1 to a value of 0.63 ± 0.02eV for x = 0.5 (Table 3.13). It can be inferred 

from the above observations that conduction of current by hopping of electron in Zr-

Ni doped cobalt ferrites is most difficult as apparent from high Ea and room   

temperature electrical resistivity values of the doped samples.  

Cobalt ferrites doped with the rare earth metal ions have Ea values ranging 

from 0.34 to 0.52 ± 0.02eV for different compositions and combinations. The Ea 

values change from 0.34 ± 0.02eV for un-doped cobalt ferrite to 0.45 ± 0.02eV (x = 

0.20) for Sm doped cobalt ferrites (Table 3.14) while doping with Ho has resulted in 

an Ea value of 0.42 ± 0.02eV for x = 0.04 which enhances to 0.43 ± 0.02eV for Ho 

content x = 0.20 (Table 3.15). The highest value Ea of (0.45 ± 0.02eV) is obtained for 

the doped cobalt ferrite with Ho content of x = 0.12 among Ho doped cobalt ferrite 

samples. It is clear from table 3.16 that Er doped cobalt ferrite samples which have 

high electrical resistivity values at 293 K show an increase in the value of Ea with an 

increase in Er content from x = 0.04 (0.39 ± 0.02eV) to x = 0.20 (0.49 ± 0.02eV). The 

reason for the increase in activation energy of hopping with increasing the dopant 

content in cobalt ferrite is the high electrical resistivity of the samples. 

Cobalt ferrite doped with Pr has high activation energy of 0.47 ± 0.02eV for x 

= 0.04 which increases and attains a value of 0.53 ± 0.02eV for Pr content x = 0.20 as 
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compared to un-doped cobalt ferrite (Table 3.18). Dy doped cobalt ferrite samples 

which have reasonably high electrical resistivity values (Table 3.17) at 293 K, have Ea 

values varying from 0.44 ± 0.02eV (x = 0.04) to 0.52 ± 0.02eV (x = 0.20) which are 

comparable with those observed for Pr doped samples but higher than that of Er 

doped cobalt ferrite samples. The highest value of activation energy for hopping (Ea) 

is obtained for the Pr doped cobalt ferrite having Pr content x = 0.20 among all of the 

doped cobalt ferrites samples prepared in the present study. This indicates that 

hopping of electron at octahedral site is most difficult for Pr doped cobalt ferrites. The 

reason for such a high value of activation energy for hopping is high electrical 

resistivity of Pr doped cobalt ferrite as observed from table 3.18. 

Ea is known to have a direct relation with the electrical resistivity of the 

samples as indicated by Smit [15]. The enhanced values of Ea for the doped cobalt 

ferrite samples shows that the doping has resulted in the obstruction of the electron 

hopping by reducing the number of Fe2+ and Fe3+ ions at the octahedral sites, thus 

making the phenomenon of hopping to be less abundant and increasing the resistivity 

of the doped cobalt ferrite samples.   

 

3.2.3 DRIFT MOBILITY 

The drift mobility () of the charge carriers (electrons and holes in ferrites) 

depends on electrical resistivity and is calculated from the dc-electrical resistivity data 

using equation 2.10 and are listed in tables 3.10 – 3.18. 

 The drift mobility () of un-doped cobalt ferrite calculated has values 

2.8310-16 m2 V-1 sec-1 (293 K) and 5.1510-16 m2 V-1 sec-1 (373 K). The drift mobility 

() of un-doped cobalt ferrite shows an increasing behaviour with increase in 

temperature as depicted from figure 3.7 and also from the comparison to the values of 
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drift mobility at 293 K and 373 K (Table 3.1 – 3.2). This increase in drift mobility 

with temperature is due to the enhanced thermal mobility of the hopping electrons 

which facilitate the easy the transfer of electron between two octahedral sites.  

The drift mobility () values at 373 K of cobalt ferrite samples doped with Cr 

show a decreasing behaviour with increasing Cr content as observed in Table 3.10. 

This decrease in drift mobility is attributed to higher electrical resistivity of the Cr 

doped cobalt ferrites originating from the reduced number of charge carriers 

(electrons) in the doped samples.  

Similar trends are observed for the other doped cobalt ferrite samples prepared 

in the present study which possess higher values of room temperature electrical 

resistivity. The doping cobalt ferrite with Zr-Mg decreases the drift mobility at 293 K 

to a value of 4.510-17 m2V-1sec-1 for x = 0.5 (Table 3.11). The doping of Zr-Mg in 

cobalt ferrite has five times reduced the drift mobility of the charge carriers as 

compared to un-doped cobalt ferrite. The highest value of the drift mobility () at 293 

K calculated for Zr-Mn doped cobalt ferrites samples is 4.8110-16m2V-1sec-1 for x = 

0.1 which decreases and reaches a minimum value of 2.5110-16m2V-1sec-1 in this 

series for x = 0.3 as reported in table 3.12. On further increasing Zr-Mn to x = 0.5 in 

cobalt ferrite, it increases sharply to 6.37 10-16m2V-1sec-1. This sharp increase in Zr-

Mn doped cobalt ferrite with dopant content x  0.3 is due to increased number of 

charge carriers resulting from the migration of some of Fe3+ ions from tetrahedral to 

octahedral sites due to the occupation of tetrahedral sites by some of Mn2+. In cobalt 

ferrite doped with Zr-Ni the drift mobility (293 K) reduces to a value of 1.22 10-17 

m2 V-1sec-1 (x = 0.5) which is about 20 times less than the un-doped cobalt ferrite 

sample at the same temperature (Table 3.13).  
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The above observations lead to conclude that room temperature drift mobility 

of cobalt ferrite is reduced by the presence of Cr, Zr in combinations with either of 

Mg, Mn and Ni at the octahedral sites in cobalt ferrite as the number of charge 

carriers (electrons) available for hopping is reduced by the presence of these dopants.  

The doping of the rare earth metal ions in cobalt ferrite, in low concentrations 

(x  0.20) has resulted in lowering of the drift mobility at room temperature. The 

values of drift motility at 293 K calculated for rare earth doped cobalt ferrites are 

0.6610-16 m2V-1sec-1, 2.0710-16 m2V-1sec-1, 3.2610-17 m2V-1sec-1, 1.0310-16 m2 V-1 

sec-1 and 0.8910-17 m2V-1sec-1 for Sm, Ho, Er, Dy and Pr doped cobalt ferrites 

respectively with x = 0.20 (Table 3.10 – 3.18). The variation in drift mobility (at 293 

K) with the composition shows a decreasing trend which makes these materials good 

choice for high frequency applications. 
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Figure 3.7 Drift mobility () of Pr doped cobalt ferrites CoPrxFe2-xO4 (x = 0.00-0.20) 

as a function of temperature (T).  
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Figure 3.7 shows a typical plot of drift mobility (µ) of doped cobalt ferrite 

samples containing different Pr content ‘x’ versus temperature. The drift mobility (µ) 

of doped cobalt ferrites increases with increase in temperature. The charge carrier 

concentration is said to remain constant in the studied temperature range and no 

charge carriers are produced at elevated temperatures as a result of thermal activation 

[93].  The reason for the enhanced drift mobility (µ) of charge carriers with 

temperature may be the ease of electrons to hop between the neighboring octahedral 

sites at higher temperatures and as a result the drift mobility has higher values [91].  

 

3.2.4 DIELECTRIC CONSTANT 

Figure 3.8 shows a representative behaviour of un-doped and Ho doped cobalt 

ferrites in which the change in dielectric constant (έ) with frequency (f) of the applied 

AC field has been indicated. The dielectric constant (έ) of un-doped cobalt ferrite and 

cobalt ferrite doped with Cr, Zr-Mg, Zr-Mn, Zr-Ni, Sm, Ho, Er, Dy, and Pr prepared 

in the present study, show a similar behaviour. A high value of έ is observed at lower 

frequencies which fall rapidly with increasing frequency. This behaviour is typical of 

ferrites and a similar behaviour was observed by several authors [94-97]. The trend 

can be explained on the basis that at lower frequencies, four different types of 

polarization contributions i.e. electronic, ionic, dipolar and space charge, take part in 

the dielectric constant (έ), but at higher frequencies some of the polarization 

contributions relax out, resulting in lowering of dielectric constant (έ) [5].  

The decrease in dielectric constant (ε′) with increasing frequency is also 

explained on the basis of the fact that the frequency of electron hopping between the 

Fe2+ and Fe3+ ions at octahedral sites is higher as compared to the applied AC field 

and thus can interact with the applied field easily, resulting in a higher value of 
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dielectric constant at lower frequencies. Contrary to it, at higher frequency the 

hopping electron can not follow the frequency of the applied electric field, resulting in 

lowering of dielectric constant. Consequently, the electron exchange between Fe2+ 

and Fe3+ is perturbed at high frequencies, which explains the slower decrease of 

dielectric constant (ε′) at high frequency.  

Another possible explanation of the decrease of dielectric constant (ε′) with 

frequency is given by Koops’ model [98]. According to this model, the ferrite consists 

of two layers, the grains (a more conducting layer) and the grain boundaries (a poor 

conducting layer).  In nanosized ferrites, the number of grain boundaries increases 

which contributes towards the dielectric constant at lower frequencies while the grains 

have low dielectric constants and are effective at high frequencies. 
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Figure 3.8 Plot of dielectric constant (έ) versus frequency (f) of CoHoxFe2-xO4 (x = 

0.00-0.20).    
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 The values of dielectric constant (έ) for un-doped and the doped cobalt ferrites 

are calculated, at 1MHz, from the capacitance data obtained from LCR meter using 

equation 2.13, section 2.4.6.3 and are listed in table 3.10 – 3.18. The value of έ for the 

un-doped cobalt ferrite calculated in the present study (i.e. 88.6) is higher than that 

reported by Gul et al i.e. 13 and 23 value of dielectric constant for un-doped cobalt 

ferrite [99, 100]. The difference lies in the discrepancies in the cation distribution, 

method of preparation, porosity and the grain size of the prepared samples.  

It is evident from table 3.10 that the dielectric constant (έ) of Cr doped cobalt 

ferrites decreases with increase in the Cr content or alternately with decrease in the Fe 

content. A lowest value of έ = 22.6 is observed for a sample containing Cr content of 

x = 1.0. The doping cobalt ferrite with Cr, the number of hopping electrons is reduced 

and lesser number of hopping electrons is available to interact with the applied AC 

field. As a result the space charge polarization is decreased, thus decreasing the 

dielectric constant of the Cr doped cobalt ferrites. This decrease in dielectric constant 

(έ) is in accordance with the observed improvement in the room temperature electrical 

resistivity (Table 3.10) of Cr doped cobalt ferrites resulting in a decrease in the space 

charge polarization [101].  

The variation of dielectric constant (έ) on doping with different contents of Zr-

Mg and Zr-Mn in cobalt ferrite is irregular which may be attributed to the difference 

in cation distribution, porosity and the grain size (Table 3.11 – 3.12). This results in 

varying extent of lattice polarization, culminating in the observed irregular values of 

dielectric constant. The value of έ of the un-doped cobalt ferrite is 88.6 which is 

drastically reduced to nearly 7.65 by doping cobalt ferrite with Zr-Mg (x = 0.2) while 

for other compositions containing Zr-Mg a higher value is obtained but still less than 

the un-doped cobalt ferrite (Table 3.11). A low value of dielectric constant (έ) 10.91 is 
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observed by doping with Zr-Mn content of x = 0.1 in cobalt ferrite and a 

comparatively high value of dielectric constant (36.9) for Zr-Mn content x = 0.2 is 

noted (Table 3.12). But generally saying the dielectric constant of Zr-Mg and Zr-Mn 

doped cobalt ferrites is less than the un-doped cobalt ferrite sample. These 

irregularities in variation of dielectric constant with composition are attributed to 

variation in crystallite size of the samples because according to Koops’ model at 

higher frequencies the polarization of the crystal lattice is the main contributor of 

dielectric constant.  

In contrast, doping of cobalt ferrite with Zr-Ni results in an enhanced electrical 

resistivity at room temperature while the dielectric constant of these materials 

decreases from 88.6 for un-doped cobalt ferrite to 10.34 for Zr-Ni content x = 0.5 

(Table 3.13). The conduction mechanism in Ni-doped ferrites is suggested by Ahmad 

et al [102] to be of p-type i.e., by hole exchange between Ni3+ and Ni2+ leading to a 

decrease in the dielectric constant   

The values of dielectric constant (έ) for cobalt ferrite samples doped with Zr-

Mg, Zr-Mn and Zr-Ni are lower than the un-doped cobalt ferrite sample. The reason 

for this observation is the decrease in the number of Fe2+ ions due to the substitution 

of the dopants possibly at the octahedral sites. Hence, due to hindrance of electron 

transfer between Fe2+ and Fe3+ by the dopants, a reduced space charge polarization is 

expected to decrease the dielectric constant. Dc-electrical resistivity increases with the 

substitution of dopants for the reason that the replacement by the doped cations of 

Fe3+ ions takes place at the octahedral sites that obstructs the flow of charge carriers 

and reduces the build-up of space charge polarization [103]. Therefore, the dielectric 

constant decreases with the introduction of dopants.  
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The rare earth oxides are insulators in nature [89] and their substitution at 

octahedral site in the cobalt ferrite lowers the number of Fe2+ ions, thus reducing the 

electrical conduction as well as polarization of the lattice. The dielectric constant (έ) 

calculated for cobalt ferrite doped with the rare earth metal ions, e.g., Sm, Ho, Er, Dy 

and Pr are reported in table 3.14 – 3.18. It is evident that έ decrease from 88.6 for un-

doped cobalt ferrite to a very low values of 9.95 and 11.65 with the substitution of Sm 

and Ho content of x = 0.20, respectively (Table 3.14 – 3.15). The doping of Er, Dy 

and Pr in cobalt ferrite at octahedral sites also reduces the value of dielectric constant 

but its variation with composition is not regular. Lowest value of έ = 10.15 is 

calculated for Er doped (x = 0.04) cobalt ferrite sample but for other Er doped cobalt 

ferrites, its value is slightly higher than 10.15 (Table 3.16). Doping cobalt ferrite with 

Dy and Pr, results in lowering the έ, respectively, to 6.59 and 8.28 for Dy and Pr 

content of x = 0.12 (Table 3.17 – 3.18). However, the lowest value of dielectric 

constant (έ) is calculated for CoDy0.12Fe1.88O4 (6.59) among all the samples prepared 

in the present study (Table 3.17). 

From the observations of dielectric constant values of the rare earth doped 

cobalt ferrite samples, it can be concluded that overall their presence has decreased 

the space charge polarization present in cobalt ferrites because of their insulating 

character, which has cut the dielectric constant of the rare earth doped samples. The 

space charge polarization is a result of the presence of higher conductivity phase 

(grains) in the insulating matrix (grain boundaries) of a dielectric, causing localized 

accumulation of charge at the grain boundaries under the influence of electric field. 

The space charge polarization occurs due to electron hopping between Fe2+ and Fe3+ 

under the influence of an applied electric field in the spinel lattice. The subsequent 

charge build up at the insulating grain boundary, which is decreased due to the 
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presence of the rare earth element ions, contributes to the dielectric constant in ferrites 

[8]. The overall lowering of dielectric constant (έ) by the rare earth elements is higher 

as compared to that by Cr, Zr-Mg, Zr-Mn and Zr-Ni doped cobalt ferrite even if the 

former dopants are added in much lower concentrations. This is attributed to their 

insulating nature and smaller size of the rare earth elements compared to the transition 

elements.   

 

3.2.5 DIELECTRIC LOSSES 

The dielectric losses are defined in terms of dielectric loss angle (tan) and 

dielectric loss factor (   ) that are explained in detail in section 1.3.4.2 and are 

calculated by utilizing equations 2.15 and 2.16.  
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Figure 3.9 Plot of dielectric loss angle (tan) versus frequency (f) of CoHoxFe2-xO4 

(x=0.00 -0.20).  
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Figures 3.9 and 3.10 show a representative plot each of dielectric loss angle 

(tan) and dielectric loss factor (  ) with frequency of Ho doped cobalt ferrites. The 

dielectric loss angle (tan) and dielectric loss factor (  ) of un-doped and doped 

cobalt ferrites are observed to decrease with increase in the frequency of the applied 

AC field. The values of dielectric loss angle (tan) and dielectric loss factor (  ) are 

higher at lower frequencies and lower at higher frequencies. The decrease in the 

values of both tan and   with the frequency is elucidated with Koops’s model [98]. 

According to Koop’s, at lower frequencies the resistivity is high and the principal 

effect is of the grain boundaries (low resistivity regions), therefore the energy 

required for electron hopping between Fe2+ and Fe3+ at the grain boundaries is higher 

and hence the energy losses (tan δ and  ) are larger as depicted from Figures 3.9 and 

3.10.  
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Figure 3.10 Plot of dielectric loss factor (  ) versus frequency (f) of CoHoxFe2-xO4  

(x = 0.00 -0.20). 
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At higher applied frequencies, where the resistivity is small and the grains are 

more effective in electrical conduction, a small amount of energy is required for the 

electrons to be exchanged between Fe2+ and Fe3+ ions located in the grains and thus 

the energy losses (tan δ and   ) are also low. Thus, the possible mechanism 

representing the observed dielectric behaviour in the case of the doped cobalt ferrite 

samples investigated in the present study may be of two layers type [103]. A 

maximum in the dielectric loss angle (tan) plot is observed (Figure 3.9). This 

maximum or hump is observed when the hopping frequency of electron between Fe2+ 

and Fe3+ is approximately equal to that of the external electric field and it results in 

increasing the amplitude of the applied AC field [104].   

Tables 3.10 – 3.18 show the compositional variation of dielectric loss angle 

(tan) and dielectric loss factor (  ) of the un-doped and doped cobalt ferrite samples 

at 1 MHz. The dielectric loss angle (tan) has a very low value for the un-doped 

cobalt ferrite as well as doped cobalt ferrite samples in the range 0.01 to 0.8, which 

indicates a very low loss in signal during its passage from the materials. The values of 

dielectric loss angle (tan) and dielectric loss factor (  ) are found to decrease with 

increase in the dopant content for Zr-Ni (Table 3.13), Sm (Table 3.14) and Ho (Table 

3.15) doped cobalt ferrite samples, but for the other doped cobalt ferrites prepared in 

the present study, both show an irregular trend. However, both dielectric loss angle 

(tan) and dielectric loss factor (  ) show trend similar to that observed for dielectric 

constant of the same doped cobalt ferrite samples because these dielectric parameters 

are correlated with each other by the equations 2.15 and 2.16. The substitution of the 

rare earth metals like Sm, Ho, Er, Dy and Pr in cobalt ferrite results in a lowering of 

the dielectric loss angle and dielectric loss factor (Table 3.14 – 3.18).  
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-Loss tangent (tan δ) and dielectric loss factor (   ) designate the energy 

dissipation in the dielectric systems. It is considered to be caused by the so-called 

domain wall resonance. At higher frequency, the losses are low since domain wall 

motion is repressed and magnetization is forced to change rotation. According to 

Equation 2.16 tan δ is proportional to the imaginary part of dielectric constant i.e. the 

dielectric loss factor (  ). The lowering of dielectric constant and dielectric losses 

along with enhancement in resistivity of these materials are promising for use in 

transformers cores and in motors that work at relatively low frequency.  

 

 

 

 

Table 3.10 Electrical resistivity () at 373 K, activation energy of hopping (Ea), drift 

mobility () at 373 K, dielectric constant (έ), dielectric loss angle (tan), dielectric 

loss factor (  ) of  CoCrxFe2-xO4 (x = 0.0 – 1.0). 

Cr content (Theoretical) ‘x’ 0.0 0.2 0.4 0.6 0.8 1.0 

 (373 K) 107 (m)  0.056 0.063 0.433 1.700 4.490 9.660 

Ea  (±0.02 eV) 0.34 0.35 0.41 0.47 0.50 0.52 

 (373 K) 10-17(m2V-1sec-1) 51.5 29.7 7.3 0.9 0.4 0.2 

έ * 88.6 61.0 53.5 43.8 39.5 22.6 

tan * 0.045 0.042 0.083 0.025 0.076 0.105 

  * 4.01 2.57 4.41 1.11 3.02 3.01 

* at 1MHz 
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Table 3.11 Electrical resistivity () at 293 K, activation energy of hopping (Ea), drift 

mobility () at 293 K, dielectric constant (έ), dielectric loss angle (tan), dielectric 

loss factor (  ) of  CoZrxMgxFe2-2xO4 (x = 0.0 – 0.5).  

Zr-Mg content (Theoretical) ‘x’ 0.0 0.1 0.2 0.3 0.4 0.5 

 107  (m) 293K 0.13 0.16 0.50 0.67 1.55 2.75 

Ea (±0.02 eV) 0.34 0.36 0.39 0.41 0.43 0.48 

 (293 K) 10-16 (m2V-1sec-1) 2.83 3.05 2.35 1.31 0.56 0.45 

έ * 88.6 9.46 7.65 8.43 11.64 10.99 

Tan * 0.045 0.264 0.227 0.205 0.243 0.174 

  * 4.01 2.49 1.74 1.73 1.92 2.83 

* at 1MHz 

 

Table 3.12 Electrical resistivity () at 293 K, activation energy of hopping (Ea), drift 

mobility () at 293 K, dielectric constant (έ), dielectric loss angle (tan), dielectric 

loss factor (  ) of  CoZrxMnxFe2-2xO4 (x = 0.0 – 0.5). 

Zr-Mn content (Theoretical) ‘x’ 0.0 0.1 0.2 0.3 0.4 0.5 

 (m) at 293 K 1.25 1.10 3.01 2.83 1.58 1.63 

Ea (±0.02 eV) 0.34 0.43 0.42 0.41 0.41 0.39 

 (293 K) 10-16 (m2V-1sec-1) 2.83 4.81 1.99 2.51 3.90 6.37 

έ * 88.6 10.91 36.96 18.71 29.58 32.21 

tan * 0.045 0.338 0.694 0.590 0.772 0.751 

  * 4.01 3.69 25.65 11.03 22.84 24.19 

* at 1MHz 

 



 115 

Table 3.13 Electrical resistivity () at 293 K, activation energy of hopping (Ea), drift 

mobility () at 293 K, dielectric constant (έ), dielectric loss angle (tan), dielectric 

loss factor (  ) of  CoZrxNixFe2-2xO4 (x = 0.0 – 0.5).  

Zr-Ni content (Theoretical) ‘x’ 0.0 0.1 0.2 0.3 0.4 0.5 

 (m) at 293K 1.25 1.92 8.49 11.56 26.53 47.04 

Ea (±0.02 eV) 0.34 0.34 0.44 0.46 0.49 0.63 

 (293 K) 10-16 (m2V-1sec-1) 2.83 8.32 5.79 4.33 1.86 1.22 

έ * 88.6 41.29 25.43 12.88 11.62 10.34 

tan * 0.045 0.718 0.665 0.391 0.392 0.392 

  * 4.01 27.47 18.28 5.05 4.55 4.05 

* at 1MHz 

 

Table 3.14 Electrical resistivity () at 293 K, activation energy of hopping (Ea), drift 

mobility () at 293 K, dielectric constant (έ), dielectric loss angle (tan), dielectric 

loss factor (  ) of  CoSmxFe2-xO4 (x = 0.00 – 0.20). 

Sm content (Theoretical) ‘x’ 0.00 0.04 0.08 0.12 0.16 0.20 

 (m) at 293K 1.25 1.04 2.35 4.05 4.66 7.70 

Ea (±0.02 eV) 0.34 0.41 0.42 0.43 0.44 0.45 

 (293 K) 10-16 (m2V-1sec-1) 2.83 2.73 2.21 1.38 1.16 0.66 

έ * 88.6 12.90 12.06 10.45 10.25 9.95 

tan * 0.045 0.342 0.340 0.303 0.300 0.319 

  * 4.01 3.6 3.5 3.4 3.1 3.2 

* at 1MHz 
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Table 3.15 Electrical resistivity () at 293 K, activation energy of hopping (Ea), drift 

mobility () at 293 K, dielectric constant (έ), dielectric loss angle (tan), dielectric 

loss factor (  ) of  CoHoxFe2-xO4 (x = 0.00 – 0.20). 

Ho content (Theoretical) ‘x’ 0.00 0.04 0.08 0.12 0.16 0.20 

 (m) at 293K 1.25 4.07 4.21 5.04 3.06 2.82 

Ea (±0.02 eV) 0.34 0.42 0.43 0.45 0.44 0.43 

 (293 K) 10-16 (m2V-1sec-1) 2.83 1.06 1.66 1.08 1.36 2.07 

έ * 88.6 14.16 13.15 12.83 11.92 11.65 

tan * 0.045 0.384 0.379 0.372 0.383 0.306 

  * 4.01 5.44 4.99 4.77 4.57 3.56 

* at 1MHz 

 

Table 3.16 Electrical resistivity () at 293 K, activation energy of hopping (Ea), drift 

mobility () at 293 K, dielectric constant (έ), dielectric loss angle (tan), dielectric 

loss factor (  ) of  CoErxFe2-xO4 (x = 0.00 – 0.20). 

Er content (Theoretical) ‘x’ 0.00 0.04 0.08 0.12 0.16 0.20 

(m) at 293K 0.13 1.17 1.31 1.47 1.52 1.68 

Ea (±0.02 eV) 0.34 0.39 0.43 0.45 0.47 0.49 

 (293 K) 10-16 (m2V-1sec-1) 2.83 3.76 3.53 3.99 3.60 3.26 

έ * 88.6 10.15 12.93 15.77 20.19 13.77 

tan * 0.045 0.315 0.335 0.465 0.477 0.243 

  * 4.01 3.19 4.34 7.33 9.62 3.35 

* at 1MHz 
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Table 3.17 Electrical resistivity () at 293 K, activation energy of hopping (Ea), drift 

mobility () at 293 K, dielectric constant (έ), dielectric loss angle (tan), dielectric 

loss factor (  ) of  CoDyxFe2-xO4 (x = 0.00 – 0.20). 

Dy content (Theoretical) ‘x’ 0.00 0.04 0.08 0.12 0.16 0.20 

 (m) at 293K 1.25 2.60 3.64 4.22 4.32 4.82 

Ea (±0.02 eV) 0.34 0.44 0.46 0.47 0.48 0.52 

 (293 K) 10-16 (m2V-1sec-1) 2.83 2.17 1.45 1.24 1.12 1.03 

έ * 88.6 9.42 13.71 6.59 11.46 10.56 

tan * 0.045 0.280 0.282 0.166 0.281 0.230 

  * 4.01 2.63 3.87 1.09 3.22 2.43 

* at 1MHz 

 

Table 3.18 Electrical resistivity () at 293 K, activation energy of hopping (Ea), drift 

mobility () at 293 K, dielectric constant (έ), dielectric loss angle (tan), dielectric 

loss factor (  ) of  CoPrxFe2-xO4 (x = 0.00 – 0.20). 

Pr content (Theoretical) ‘x’ 0.00 0.04 0.08 0.12 0.16 0.20 

(m) at 293K 0.13 1.38 1.55 2.46 3.32 5.53 

Ea (±0.02 eV) 0.34 0.47 0.48 0.50 0.50 0.53 

 (293 K) 10-16 (m2V-1sec-1) 2.83 3.61 3.46 2.10 1.31 0.89 

έ * 88.6 10.48 10.00 8.28 11.00 8.51 

tan * 0.045 0.215 0.228 0.221 0.283 0.244 

  * 4.01 2.26 2.28 1.83 3.12 2.08 

* at 1MHz 
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3.3 MAGNETIC PROPERTIES 

The magnetic properties of synthesized samples have been determined through 

measurement of the variations of low field AC-susceptibility (0.1Oe) with respect to 

temperature (298-690K) and of magnetization and demagnetization of a powdered 

sample in the presence of external magnetic field (1-6T).  The values of saturation 

magnetization (Ms), remnant magnetization (Mr), magnetic moment (nB), Yafet-Kittle 

angles (Y-K), remnance ratio and coercivity (Hc) are obtained from the hysteresis 

loops as described in the experimental section 2.4.8 and are listed in table 3.19 – 3.27.  

 

3.3.1 CURIE TEMPERATURE  

Figure 3.11 shows the variation of low field AC-magnetic susceptibility () of 

un-doped and doped cobalt ferrite samples containing Cr as dopant with temperature. 

The magnetic susceptibility of the ferrimagnetic materials increases with temperature 

up to the Curie temperature (Tc), however the material loses its ferrimagnetic nature 

and become paramagnetic when the temperature exceeds Tc. The value of Tc 

represents the strength of characteristic magnetic interactions i.e. A-B exchange 

interactions, between the cations present at the octahedral and tetrahedral lattice sites 

in the spinel crystal structure of ferrites where the magnetic moments arrange 

themselves in an anti-parallel fashion. This behaviour is typical of small magnetic 

particles and is considered to be due to blocking of individual particle magnetic 

moments along their anisotropy direction at T = Tc. The sudden decrease in magnetic 

susceptibility near Curie temperature confirms the absence of impurities even in trace 

amount leading to the conclusion that a single spinel phase is formed as already 

predicted on the basis of the XRD analysis of the Cr doped cobalt ferrite samples 

(Figure 3.3, section 3.1). The sudden decrease in the value of magnetic susceptibility 
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at Tc is due to the loss of magnetization and the material changes its ferrimagnetic 

nature and becomes paramagnetic at Tc and the magnetic susceptibility of 

paramagnetic materials decreases with increase in temperature as discussed earlier 

[15]. 
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Figure 3.11 Temperature dependence of inverse of AC magnetic susceptibility (1/) 

for CoCrxFe2-xO4 (x = 0.0-1.0) 

 

Cobalt ferrite samples doped with Zr-Mg, Zr-Mn, Zr-Ni, Sm, Ho, Er, Dy and 

Pr are observed to show similar low field AC-magnetic susceptibility behaviour as in 

figure 3.11. All the doped cobalt ferrite samples show a sudden fall in magnetic 

susceptibility after Tc indicating the formation of single spinel phase as foreseen on 

the basis of the XRD analysis of the doped cobalt ferrite samples (Figure 3.4). 

The Curie temperature values determined from AC-susceptibility plots for un-

doped and the doped cobalt ferrites are reported in table 3.10 – 3.18. The value of Tc 

= 545K is determined  in this study for the un-doped cobalt ferrite which is less than 
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that calculated by Rajendran et al (773K) [105] and Gul and Maqsood (678K) [99] 

while a value of Tc = 793 K is reported for bulk cobalt ferrite [59]. The difference in 

these observations are attributed to the lower crystallite sizes of cobalt ferrite prepared 

in the present study and also to the variation of cation distribution at octahedral and 

tetrahedral sites of Co2+ and Fe3+ due to the better synthesis method adopted here as 

compared to those employed by the others mentioned above [99, 105]. Tc increases 

with increase in Cr content up to x ≤ 0.2 in cobalt ferrite then decreases up to x =1.0 

(Table 3.19). The reason for the enhanced Tc may be the migration of some of Co2+ 

ions to tetrahedral sites with corresponding migration of a few Fe3+ to the octahedral 

sites under the influence of Cr3+ present at octahedral sites, consequently increasing 

the B-sublattice magnetization and hence A-B exchange interactions in the doped 

cobalt ferrites. While for x  0.2, Cr3+only substitutes the Fe3+ ions on the octahedral 

sites and hence the Cr3+ ion carries a reduced spin value of 3/2 as compared with 5/2 

for the Fe 3+ ion, such a substitution in B sites results in lowering of B-sublattice 

magnetizations and thus weakens the A-B exchange interactions [106]. It is well 

known that the replacement of Fe 3+ ions by the paramagnetic or diamagnetic ions 

results in the fall of Curie temperature [107-110].The observed decrease in Tc, in Cr 

doped cobalt ferrite suggests these materials to be used as magnetic fluids lubricants 

[111].  

Curie temperature observed for pure cobalt ferrite is 545 K which shows an 

improvement with the doping Zr-Mg in spinel structure of cobalt ferrite (Table 3.20). 

The CoZr0.2Mg0.2Fe1.6O4 sample has the highest value of Tc (644 K) which decreases 

with further increase in Zr-Mg content (x  0.2). In spite of this decreasing behaviour 

the value of Tc remains larger than the un-doped cobalt ferrite for Zr-Mg doped cobalt 

ferrite samples except for x = 0.5 (539 K). As Zr4+ ions have strong preference for 
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tetrahedral site [120, 80] so they will substitute Fe3+ ions from tetrahedral site while 

Mg+2 ions, showing octahedral site preference [81], replace Fe3+ ions octahedral sites. 

The migration of some of Co2+ ions to tetrahedral sites with the doping of Zr-Mg in 

cobalt ferrite for x  0.2 is suggested to be responsible for the initial increase in Tc as 

depicted by the electrical resistivity values at 293 K (Table 3.11) for the samples. This 

migration of Co2+ ions to tetrahedral site results in strengthening of the A-B exchange 

interactions in the samples. While for Zr-Mg content x  0.2 in doped cobalt ferrite, 

non-magnetic Zr4+ and Mg+2 ions doping results in magnetic dilution on both the 

tetrahedral and octahedral sites, respectively, leading to reduction in the A-B exchange 

interactions.     

The value of Curie temperature initially increases with doping Zr-Mn content 

of x ≤ 0.1 in cobalt ferrite but its value decreases on further addition of the Zr-Mn 

(Table 3.21). The initial increase in the Curie temperature is due to the enhanced A-B 

exchange interactions between Fe3+ in tetrahedral sublattice and Mn2+ in octahedral 

sublattice in the samples. While for x  0.1, the Mn2+ ions along with Zr4+ occupy 

tetrahedral site and the magnetization of B-sublattice remains constant while that of 

A-sublattice has been decreased which will weaken the A-B exchange interactions. 

These reduced A-B exchange interactions are responsible for the observed lowering of 

the Curie temperature of cobalt ferrite doped with Zr-Mn content x ≤ 0.1.  

Table 3.22 shows that the Curie temperature for Zr-Ni doped cobalt ferrites 

initially increase up to x = 0.2 (Tc= 663K) and afterwards it decreases with Zr-Ni 

substitution (Tc = 604K, x = 0.5). The value of Curie temperature for Zr-Ni 

substituted cobalt ferrite samples is higher than that of pure cobalt ferrite (545K). This 

increase is the result of predominant decrease in the A-sublattice magnetization by the 

substitution of non magnetic Zr4+ ions at tetrahedral sites, while the less magnetic Ni2+ 
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doped at the octahedral site has not a considerable effect at lower Zr-Ni content but 

the spin canting induced by Ni2+ ions at octahedral sites results in the lowering of A-B 

exchange interactions which culminates into the observed decrease in the Curie 

temperature. 

The studies based on AC-susceptibility measurements, especially for binary 

doping in cobalt ferrite, are not frequently reported in the available literature. It is 

evident from the analysis of table 3.20 – 3.22 that the highest values of Curie 

temperature are observed for doped cobalt ferrite samples with Zr-Ni. The effect lies 

in the strong octahedral preference reported for magnetic Ni2+ [83] while Mg2+ [81] is 

nonmagnetic (octahedral site preference) and Mn2+ with (d5) configuration has equal 

probability to occupy either octahedral or tetrahedral site [82].  

The rare earth metal cations, when introduced in small quantities as dopanats 

in ferrites, are known to decrease the Curie temperature [112, 113] but in the present 

study some of the compositions containing rare earth metal cations as dopants in 

cobalt ferrite show higher Curie temperature than that of the un-doped cobalt ferrite. 

However, Tc continuously decreases with increase in the rare-earth metal cation 

contents in cobalt ferrite as reported earlier [112, 113]. The Curie temperature has a 

higher value (598 K) for Sm (x = 0.04) doped cobalt ferrite sample (Table 3.23) as 

compared to the un-doped cobalt ferrite (545 K). The Curie temperature however 

decreases with increasing Sm content x  0.04 in cobalt ferrite as has been reported 

for the rare earth substituted ferrites [114, 115].  A sample of cobalt ferrite doped with 

Ho  (x = 0.04) has a Curie temperature of 564 K which also decreases with further 

increase in the Ho content and reaches a minimum value of 520 K for x = 0.20 (Table 

3.24). Cobalt ferrite doped with Er shows a slightly different behaviour as the value of 

Tc increases up to Er content of x = 0.08 but then it decreases (Table 3.25) as is the 



 123 

case with Sm, and Ho doped cobalt ferrites discussed above. Tc for doped cobalt 

ferrite with Dy content of x = 0.04 (Tc = 584 K) is higher than the un-doped cobalt 

ferrite (545 K) which decreases with increase in Dy content  0.04 (Table 3.26). The 

rare earth oxides are paramagnetic in nature and their presence in the ferrimagnetic 

cobalt ferrite would result in decreasing the ferrimagnetic character, thus reducing the 

Curie temperature.  

Curie temperature observed for Pr doped cobalt ferrite samples having x  

0.12 is less than that of the un-doped cobalt ferrite sample but for Pr concentration 

above 0.12, the value of Tc becomes higher than that of the un-doped sample (Table 

3.27). The reason for this anomalous behaviour of Pr doped cobalt ferrite may be the 

anti-ferromagnetic ordering observed in praseodymium oxide [89].  

The decrease in Tc in rare earth substituted cobalt ferrites can also be 

explained on the basis of the A-B exchange interactions in ferrites. For all the samples 

substituted with the rare earth elements, although the rare earth ions (Re) enter the 

spinel crystal lattice at octahedral sites as confirmed by XRD and ED-XRF analysis 

yet the Re–Re interactions are negligible and the Re–Fe interactions are weak [116]. 

Hence, the Tc values are expected to decrease relative to the un-doped cobalt ferrite 

sample which is in agreement with the experimental observation except for Pr 

substituted cobalt ferrite samples.  

 

3.3.2 SATURATION MAGNETIZATION 

According to Néel’s model, the ferrites are considered to possess collinear 

ferrimagnetic structure in which the magnetization of the tetrahedral sub-lattice is 

anti-parallel to that of the octahedral (B) sub-lattice. From the field dependence of 

magnetization, ferrimagnetic behaviour for the samples has been observed.  
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Figure 3.12 shows typical hysteresis loops recorded for Cr doped cobalt ferrite 

with Cr contents of x = 0.2 and 0.4. The shape and the width of the hysteresis loop 

depend on factors such as chemical composition, cation distribution, porosity, grain 

size, etc. This shape is the result of reversal of the individual magnetic moments, 

representing the cooperative behaviour of the interaction effects in the crystal lattice 

of ferrites. The reversal of the magnetic moments is a collective process involving the 

reversal of strongly correlated particle moments. A strong correlation may exist 

between the particle moments because the spins at the interface are exchange coupled 

from grain to grain as suggested by Stewart et al [117].  
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     Figure 3.12 Hysteresis loops for cobalt ferrite doped with Cr content x = 0.2 and 

0.4 

The value of saturation magnetization (Ms) observed in the present study for 

the un-doped cobalt ferrite is 81.6kAm-1 which is comparable with the value of 

saturation magnetization reported for bulk cobalt ferrite (80.8 emu/g) [59]. Following 
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Néel’s model, the magnetic arrangement of cobalt ferrite consists of two sub-lattices; 

A-sub-lattice and B-sub-lattice. The individual moments of A and B-sub-lattice 

arrange themselves anti-parallel to one another, but within A or B sub-lattice the 

individual magnetic moments are arranged parallel to one another as shown in Figure 

3.13. In this manner, the magnetic moment of A-sublattice and B-sublattice cancel 

each other. The net magnetization is due to the B-sublattice magnetization as the B-

sublattice magnetization is higher as compared to the A-sublattice.  

 

 

 

 

 

 

Figure 3.13 Néel’s model of arrangement of magnetic moments in cobalt ferrite. 

 

When cobalt ferrite is doped with Cr, the saturation magnetization (Ms) 

initially increases up to 111 kAm-1 for Cr3+ content of x = 0.2 (Table 3.19). The initial 

increase in Ms may be due to the migration of some Co2+ to tetrahedral site (A) with 

Cr substitution, resulting in an increase in Ms as suggested for the increase in Curie 

temperature in the previous section. For x  0.2, the concentration of Fe+3 ions at the 

octahedral (B) site decreases due to the entrance of Cr3+ ions on B-sites [118] and 

hence changing the magnetic structure, resulting in a lowered Ms values. This is due to 

the fact that the magnetic moment of Cr3+ (3µB) is less than that of Fe+3 (5µB) which 

results in the dilution of the magnetization at the B-site reducing the B-sublattice 

magnetization [119]. These results are in conformity with the change in the Curie 
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temperature (Tc) determined from the ac-susceptibility measurements (Table 3.19). 

Proper hysteresis loops have not been formed for x ≥ 0.6 because of the dilution of 

magnetization and the spin canting introduced by Cr doping. 

The values of magnetic moment (nB) for doped cobalt ferrites samples are 

calculated by using the formula given in equation 2.19 and are listed in Table 3.19. 

The highest value of nB was observed for doped cobalt ferrite containing Cr content of 

x = 0.2 (3.41 µB) which goes on decreasing with increasing Cr content in cobalt ferrite.   

The decrease in Ms can also be explained in the light of Yafet-Kittle model of 

triangular spins [120]. For cobalt ferrites doped with the Cr content x  0.2, Néel’s 

model of two sublattices does not hold good and there exist two different sublattices 

within B-sublattice, B and B, with spins anti-parallel to each other as shown in 

figure 3.14. The net magnetic moment of the B-sublattice is the resultant of B and B, 

the so-called spin canting, which is introduced by the presence of Cr at the octahedral 

site in the spinel lattice of cobalt ferrite and this canting is responsible for the 

reduction in Ms.  

    

Figure 3.14 Spin canting in B-sublattice of doped cobalt ferrite. 

The degree of spin canting is defined in terms of Yafet-Kittle angles (Y-K) 

which are calculated from the value of magnetic moment (nB) using equation 2.19 

(Section 2.4.8).  An increased spin canting with Cr content in cobalt ferrite is 

observed and its value changes from 19o to 85o. Hence, it is concluded that the Cr 

B 

B 

B 
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when present in cobalt ferrite lattice, has increased the spin canting in cobalt ferrite 

which was absent in the un-doped cobalt ferrite, subsequently decreasing the Ms. 

By doping cobalt ferrite with nonmagnetic Zr+4 at tetrahedral sites [80, 121] 

and Mg+2 at octahedral sites [81] simultaneously, a gradual decrease in saturation 

magnetization with a corresponding improvement of electrical resistivity of the 

materials is observed. The value of saturation magnetization varies with Zr-Mg 

content in doped cobalt ferrite from a value of 71.6 kAm-1 (of x = 0.1) to 23.9 kAm-1 

(x = 0.5) as given in Table 3.20. The value of magnetic moment (nB) for the doped 

cobalt ferrites also decreases with increase in Zr-Mg content. The decrease in the 

saturation magnetization with Zr-Mg doping in cobalt ferrite is the result of the non-

magnetic nature of the dopants (i.e. Zr+4 and Mg+2) which decreases the A and B-

sublattice magnetization simultaneously as the number of high magnetic moment Fe+3 

ions are decreased. 
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Figure 3.15 Variation of Yafet-Kittle angle (Y-K) with dopant (Zr-Mn and Zr-Ni) 

contents in doped cobalt ferrite. 
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Replacement of Fe3+ by Zr+4 and Mn2+ in cobalt ferrite increases the Ms value 

of cobalt ferrite from 81.6 kAm-1 (x = 0.0) to a value of 87.6 kAm-1 (x = 0.1) but on 

further addition of Zr-Mn content, it gradually decreases to a value of 43.8 kAm-1 for 

x = 0.5 (Table 3.21).  The initial increase in Ms with Zr-Mn doped cobalt ferrite is due 

to the introduction of non-magnetic Zr4+ ions which substitutes the Fe3+ ions at the 

tetrahedral sites as Zr4+ has a reported preference for tetrahedral sites [121]. A gradual 

decrease in saturation magnetization with Zr-Mn content in cobalt ferrite for x  0.1 is 

due to two factors. Firstly, the magnetic dilution of A-sublattice magnetization 

produced by the presence of the nonmagnetic Zr4+ ions at the tetrahedral sites and 

secondly, the spin canting introduced by Mn2+ at octahedral sites.  

Table 3.21 shows that the values of nB decrease with increasing the dopant Zr-

Mn content ‘x’ in cobalt ferrite. It can be concluded from above observations that the 

Zr-Mn doped cobalt ferrite samples show a ferrimagnetic behaviour that decreases 

with increasing Zr-Mn content ‘x’ in cobalt ferrite. The value of spin canting angle 

( KY  ), calculated from the magnetic moment, is zero for doped cobalt ferrite having 

Zr-Mn content of x = 0.1, showing that it obeys Néel’s two sub-lattice model. The 

values of KY  for doped cobalt ferrites with Zr-Mn content x = 0.2, 0.4 and 0.5 are 

39o, 64o and 78o, respectively, as shown in figure 3.15. This suggests a triangular type 

of spin arrangement (non-collinear spin order) on B-sites and canting angle increases 

with Zr-Mn content in cobalt ferrite. This increase in KY   angles also indicates the 

weakening of the A-B exchange interactions in the doped cobalt ferrites and this leads 

to a reduction in the value of saturation magnetization (Ms). It can also be inferred 

that chemical composition has a strong influence on the spin ordering and 

consequently on the saturation magnetization. Further, the presence of Mn2+ at 
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octahedral sites in cobalt ferrite has produced randomness of the spins (spin canting) 

as suggested by other authors for other similar ferrite systems [75, 122]. 

The magnetization studies for the Zr-Ni doped cobalt ferrite samples show the 

highest value of saturation magnetization of 71.6 kAm-1 for Zr-Ni content of x = 0.2, 

which is however lower than that of the un-doped cobalt ferrite (81.6 kAm-1). For a 

Zr-Ni content of x  0.2 in doped cobalt ferrites, the saturation magnetization 

decreases (Table 3.22). These results are in accord with the susceptibility 

measurements of these materials (as discussed above in section 3.3.1).  A moderate 

value of saturation magnetization for Zr-Ni content x = 0.2 in cobalt ferrite can be 

attributed to the occupation of some of Ni2+ ions residing at tetrahedral sites, which 

result in lowering of A-sublattice magnetization, which cause an overall enhanced 

value of saturation magnetization. The decrease in Ms values with the doping of Zr-Ni 

in cobalt ferrite is caused by the nonmagnetic nature of Zr4+ and a low magnetic 

moment of Ni2+ occupying the octahedral lattice sites. The calculated value of 

magnetic moment (nB = 2.27B) for the sample with Zr-Ni content of x = 0.2 is also 

higher which then decreases to a very low value of 0.48B for x = 0.5 in cobalt ferrite 

(Table 3.22). 

The observed decrease in Ms with the Zr-Mn content in cobalt ferrite can be 

explained by Yafet-Kittle model of canted spins (Figure 3.15). The canting angles 

(Y-K) varies from 22 o to 86o by increasing the Zr-Ni content from x = 0.1 to 0.5 in 

doped cobalt ferrites. The increase in spin canting angle of the B-sublattice is due to 

Ni2+ ions at octahedral sites [83], responsible for the lowering of saturation 

magnetization in Zr-Ni doped cobalt ferrites as depicted in Figure 3.15.  

Beside the nature of the dopants, crystallite size plays an important role in 

magnetic properties of the ferrites. It is already reported that the value of saturation 
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magnetization increases with increase in crystallite/particle size, keeping the 

composition constant [38]. A comparison of the structural and magnetic properties 

shows that Zr-Ni doped cobalt ferrites have lower crystallite size as compared to 

cobalt ferrite samples doped with Zr-Mn and Zr-Mg. A lower crystallite size imparts 

low value of saturation magnetization to Zr-Ni doped cobalt ferrite samples. 

Concluding the above three cobalt ferrite series doped with Zr codoped with 

Mg, Mn and Ni, it becomes evident that the value of saturation magnetization not only 

varies with the cation distribution at octahedral and tetrahedral sites, nature of the 

cations, site preference and concentration of the dopants but also on the crystallite size 

of the synthesized samples.  

Doping of rare earth metal ions in ferrites is generally known to decrease the 

saturation magnetization because of their paramagnetic nature and lower magnetic 

moment as compared to ferromagnetic Fe3+ ions but some of the rare earth metal ions 

like Dy3+, Ho3+, Er3+, etc;  have high magnetic moment as compared to that of Fe3+. 

  Doping cobalt ferrite with Sm increases the saturation magnetization (Ms) of 

un-doped cobalt ferrite from a value of 81.6 kAm-1 to 83.6 kAm-1 for a sample 

containing Sm content of x = 0.04 but decreases to 27.8 kA m-1 on further addition of 

Sm up to x = 0.20 (Table 3.23).  The initial increase in Ms with the substitution of Sm 

up to x ≤ 0.04 may be due to migration of some Co2+ from octahedral (B) to 

tetrahedral sites (A) while the Fe3+ concentration at the octahedral sites (B) remains 

constant. The decrease in the Ms for Sm content of x  0.04 is due substitution of Sm 

at the octahedral B- sites [90] whose magnetic moment (1.5µB) is less than that of 

Fe+3 (5µB).  

The calculated values of magnetic moment (nB) decrease with increasing Sm 

content in spinel cobalt ferrite.  It can be deduced that Sm doped cobalt ferrite 
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samples show ferrimagnetic behaviour that decreases with increasing the Sm content. 

This shows decrease in the A-B interactions with Sm content which consequently 

result in reduction in the saturation magnetization of the samples with Sm  0.04.  

The saturation magnetization values of 83.6 kAm-1 and 87.6 kAm-1 are 

observed for doped cobalt ferrite samples containing Sm content of x = 0.04 and Er 

content of x = 0.08, respectively. Both of these values are higher than that of the un-

doped cobalt ferrite while for the other rare earth doped samples used here, a lower 

saturation magnetization is observed. The higher value of saturation magnetization for 

these compositions is due to the migration of some of the cobalt ions from octahedral 

site to tetrahedral site. When cobalt ferrite is doped with Ho, Er and Dy content of x = 

0.04 to 0.20, the values of saturation magnetization show at first an increase up to a 

rare earth content of x = 0.08 and then decrease for 0.08 < x > 0.16. The low value of 

saturation magnetization of cobalt ferrite doped with Er and Dy contents of x = 0.16 is 

due to spin canting introduced by these ions at the octahedral site. Yafet-Kittle angles 

calculated for these doped samples are 20o and 11o, respectively. The values of Ms for 

Ho, Er and Dy doped cobalt ferrites with content of x = 0.20 are calculated to be 

higher than those for dopant content x = 0.16.  

Although the magnetic moment of Ho3+, Er3+ and Dy3+ are larger than Fe3+, 

but their presence at octahedral site decreases the saturation magnetization of doped 

cobalt ferrites because of the paramagnetic nature of these rare earth metal cations. It 

is also observed that the saturation magnetization of cobalt ferrite doped with Ho, Er 

and Dy content x = 0.20 have moderate values i.e. 62.1 kAm-1, 79.6 kAm-1 and 57.32 

kAm-1 respectively; as compared to that for observed Sm doped cobalt ferrite i.e. 

CoSm0.2Fe1.8O4 has a value of 27.8 kAm-1. The reason for the moderate values of the 

saturation magnetization is the high magnetic moment of Ho3+, Er3+ and Dy3+ ions as 
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compared to that of Sm3+. The difference in magnetization between the rare earth 

doped cobalt ferrite samples is attributed to the difference in the magnetic moment of 

these rare earth ions [115].  

The value of magnetic moment (nB) calculated for Ho, Er and Dy doped cobalt 

ferrite samples show a similar trend as that of saturation magnetization of these doped 

samples. The value of nB  shows first an increase up to a rare earth content of x = 0.08 

which then decrease for x  0.08. The values of nB depend on the saturation 

magnetization which in turn depends on site preference of the ions and their magnetic 

behaviour as discussed above.    

On doping cobalt ferrite lattice with Pr to replace Fe at the octahedral site, very 

low values of saturation magnetization are observed as compared to those observed 

for Sm, Ho, Er and Dy doped samples (Tables 3.23 – 3.27). The saturation 

magnetization shows a random change with a change in Pr content in cobalt ferrite 

(Table 3.27). The Ms for Pr doped cobalt ferrites lie between 36-58 kAm-1 when the 

Pr content is varied in the range x = 0.04-0.20.  The observed low values of 

magnetization are due to the anti-ferromagnetic character of praseodymium oxide [89] 

as compared to the other rare earth metal cations doped in cobalt ferrite in the present 

research work. 

The reduced values of saturation magnetization may also be due to spin 

canting in B-sublattice and can be explained on the basis of Yafet-Kittle model of 

triangular spins. Figure 3.16 shows the variation of Yafet-Kittle angles (Y-K) with Pr 

content in cobalt ferrite and shows a random behaviour. From the irregular behaviour 

canting angles, it is said that the degree of randomness introduced by the presence of 

Pr in B-sublattice of cobalt ferrite has no specific trend. 
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High values of Ms 111 kAm-1, 87.6 kAm-1, 83.6 kAm-1 and 87.6 kAm-1 are 

observed for doped cobalt ferrite samples containing Cr content x = 0.2, Zr-Mn 

content x = 0.1, Sm content of x = 0.04 and Er content of x = 0.08 respectively, which 

make these samples good for their use in recording devices and also for digital image 

printing (DIP). 
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Figure 3.16 Plot of Yafet-Kittle angles (Y-K) against Pr content in doped cobalt 

ferrite. 

 

3.3.3 REMNANT MAGNETIZATION 

 Remnant magnetization (Mr) is the amount of magnetization retained by a 

material at zero applied magnetic fields. Remnant magnetization is controlled by the 

same factors as that of saturation magnetization as the two parameters are correlated 

with each other. The values of remnant magnetization (Mr) are determined from the 

hysteresis loops as discussed in section 1.3.5.5 and figure 1.9.  
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The value of remnant magnetization for un-doped cobalt ferrite is 50.9 kAm-1 

(Table 3.19). The ratio of remnant magnetization to saturation magnetization is called 

the squareness ratio (Mr/ Ms). The squareness ratio for an un-doped cobalt ferrite in 

the present study is 0.62 at room temperature which is comparable to that observed by 

Zhao et al (0.6) [123] and higher than that reported by Maaz et al (0.47) [124]. The 

value of the squareness ratio reflects that the system consists of randomly oriented 

uni-axial particles with cubic magneto-crystalline anisotropy [125].  

Largest value of remnant magnetization (63.7 kAm-1) for Cr doped cobalt 

ferrite with Cr content of x = 0.2 is observed as compared to the other doped cobalt 

ferrites studied in the present work as evident from table 3.19. Larger crystallite size 

and high saturation magnetization of the Cr-doped samples are responsible for such 

large value. The squareness ratio (Mr/Ms) obtained for Cr doped cobalt ferrite samples 

shows a decreasing trend with increasing Cr content (Table 3.19). In addition, cobalt 

ferrite samples doped with Cr (x  0.6) have squareness ratios higher than 0.5. While 

for doped cobalt ferrite samples containing Cr content x  0.6, squareness ratio is less 

than 0.5. When the squareness ratio if higher than 0.5, the exchange coupling of the 

spins is present and if it is less than 0.5 as in the case for Cr content x  0.6 the 

particles can interact by magnetostatic interactions. 

 The doping of Zr-Mg, Zr-Mn and Zr-Ni in cobalt ferrite has decreased the 

remnant magnetization with increasing dopant content in cobalt ferrite (Table 3.20 – 

3.22). The squareness ratio of Zr-Mg doped cobalt ferrites is less than 0.5 except for 

Zr-Mg content x = 0.5 (0.58) which is lower than the un-doped cobalt ferrite, 

indicating the magnetostatic interactions of the individual particles of doped cobalt 

ferrites. While the squareness ratio for Zr-Mn doped cobalt ferrites is higher than 0.5 

but less than the un-doped cobalt ferrite (Table 3.21), showing the exchange coupling 
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of the spins between Mn2+ and Fe3+ at has been decreased. Zr-Ni doped cobalt ferrite 

sample with dopant content x = 0.2 has a saturation magnetization value of 71.6 kAm-

1 with a reasonable value of remnant magnetization (52.5 kAm-1) and a high value of 

squareness ratio of 0.73, which is the evidence of exchange coupled spins in the 

particles and the presence of uni-axial anisotropy. These characteristics make Zr-Ni 

doped cobalt ferrite (x =0.2) suitable for use in magnetic recording devices. 

The remnant magnetization (Mr) of Sm doped cobalt ferrite shows a 

decreasing behaviour with increase in Sm content from x = 0.00 to x = 0.20. The 

decrease in Mr is due to lower magnetic moment of Sm3+ as compared to Fe3+. The 

squareness ratio of Sm doped cobalt ferrite samples is larger than 0.5 but less than the 

un-doped cobalt ferrite. Mr values for Er and Dy doped cobalt ferrites show first 

increase (up to x = 0.08) and then decrease up to x = 0.16 and then increase for x = 

0.20 dopant content. Pr doped cobalt ferrite samples show Mr values which have 

irregular trend. This behaviour is similar with Ms because Mr depends on Ms values. 

The squareness ratio in rare earth metal cation (Sm, Ho, Er, Dy and Pr) doped cobalt 

ferrites is higher than 0.5. A high squareness ratio has been observed in doped cobalt 

ferrite with Ho (0.77) and Er (0.76) content x = 0.04.  

Stoner and Wohlfarth [126] have reported squareness ratio of 0.5 for randomly 

oriented non-interacting particles that undergo coherent rotation under the effect of 

applied magnetic field, while for squareness ratio less than 0.5, the particles are 

considered to interact by magnetostatic interactions only. The exchange-coupling is 

present when squareness ratio is larger than 0.5. It has also been suggested that the 

squareness ratio less than 0.6 is due to the presence non-interacting single domain 

particles with cubic anisotropy in the studied samples [127]. In nano sized materials, 

the surface area is high and the surface effects in magnetic nanoparticles are 
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responsible for the uni-axial anisotropy of the particles [128]. Kodama [128] has 

suggested that due to high surface area of nano materials, the spins at the surfaces are 

canted and the Néel’s model of two sublattices is no more valid. This spin canting at 

the surfaces results in higher magneto-crystalline anisotropy of these materials.  The 

high value of cubic anisotropy can also be attributed to their particle size as compared 

to their bulk counter parts.  

The variation in the squareness ratio indicates the fluctuating behaviour of the 

doped cobalt ferrites between the magneto-static and exchange coupled interactions 

present between the particles. The magnetic fluctuations may be correlated with the 

change in magnetization reversal mechanism in doped cobalt ferrites. The 

magnetization reversal mechanism depends on the particle size and their grain 

boundaries [129] that vary with sample composition and the synthesis conditions. 

 

3.3.4 COERCIVITY 

The coercive field or coercivity (Hc) is the magnitude of the field that must be 

applied in the negative direction to bring the magnetization of the sample back to zero. 

The values of coercivity (Hc) are obtained from the hysteresis loops recorded and are 

listed in table 3.19 – 3.27. The coercive force (Hc) obtained for un-doped cobalt ferrite 

in the present study is 69.7 kA/m which is less than the coercivity value of  77.8 kA/m 

as observed by Zhao et al [123]. The difference in coercivity of the two studies is due 

to the crystallite size variation as the coercivity increases with particle size as 

suggested by Liu et al [32]. The large value of coercivity essentially originates from 

the anisotropy of the cobalt ions at the octahedral (B) site due to its important spin-

orbit coupling [119].  
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The coercive field (Hc) in Cr doped cobalt ferrite is found to decrease with 

increasing chromium content in the doped cobalt ferrites, which may be attributed to 

the loss of anisotropy due to the migration of Co2+ ions to the tetrahedral site and also 

due to the decrease in the ferrous content in doped cobalt ferrite.  

The coercive field for Zr-Mg doped cobalt ferrite is less than that observed for 

the un-doped cobalt ferrite. The coercivity (Hc) value varies from 63.7 kA/m to 46.2 

kA/m when Zr-Mg content was varied from x = 0.1 to x = 0.5. The substitution of Zr-

Mg in cobalt ferrite has resulted in a reduction of Fe2+ ions at octahedral site by the 

presence of Mg2+ ions [81], which has caused a lowering of anisotropy and 

consequently the coercivity of the doped cobalt ferrites. The compositions of Zr-Mn 

doped cobalt ferrite containing x = 0.2 and 0.4 have coercivity (Hc) values higher 

(87.9 kA/m and 72.7 kA/m) than the un-doped cobalt ferrite (69.9 kA/m) which 

makes them better suited for their use in recording media coercivity values above 47.7 

kA/m are required for such media in order to avoid the loss of data bits. The 

composition with Zr-Mn content of x = 0.2 in cobalt ferrite has the highest value of Hc 

=87.9 kA/m accompanied by a moderate value of saturation magnetization of 62.90 

kAm-1. The high value of Hc is due to the small crystallite size (~28nm) and the spin 

canting as discussed in the previous section 3.3.2 in the Zr-Mn substituted cobalt 

ferrite. The increase in coercivity of samples is accompanied by the reduction of 

saturation magnetization and remnant magnetization.  

The coercivity (Hc) of Zr-Ni doped cobalt ferrite samples decreases with 

increasing content of dopant and is less than that of the un-doped cobalt ferrite (69.9 

kA/m). The maximum value of Hc is observed for Zr-Ni doped cobalt ferrite series is 

63.8 kA/m (x = 0.2) while for others a lower value of Hc has been observed as is clear 

from table 3.22. The reason for the decrease in coercivity of Zr-Ni in cobalt ferrite is 
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the decrease in magneto-crystalline anisotropy by lowering the concentration of Fe2+ 

ions at the octahedral sites in the spinel lattice because Fe2+ ions are also a source of 

the magnetic anisotropy in ferrites [130].  

In short, the doping of Cr, Zr-Mg, Zr-Mn and Zr-Ni in cobalt ferrite has 

lowered the magneto-crystalline anisotropy of the doped cobalt ferrites either by the 

migration of Co2+ ions to tetrahedral site or the decrease in the concentration of Fe2+ 

in cobalt ferrite due to doping except for Zr-Mn doped samples.  

The rare earth ions like Sm3+, Ho3+, Er3+, Dy3+ and Pr3+ when present in small 

quantities in spinel ferrites are known to increase the coercive force [38, 60] as 

discussed in section 1.5. There is a decrease in Hc value with the addition of samarium 

(x = 0.04, 0.12 and 0.20) in the doped cobalt ferrites which may be due to 

rearrangement of the cations in the spinel lattice. For Sm content of x = 0.08 (87.9 

kA/m) and x = 0.16 (72.7 kA/m), enhanced values of coercivity are observed as 

expected (Table 3.23) because of higher level of spin-orbit coupling.  

It is evident from table 3.24 that the doping of Ho in cobalt ferrite has resulted 

in enhanced coercive force of the doped cobalt ferrite and the highest value of 

coercivity (80.2 kA/m) is observed for a Ho content of 0.20 in Ho doped cobalt ferrite 

series. The coercivity of cobalt ferrite has been improved by doping Er, Dy and Pr in 

it except for Er content x = 0.16 (Hc = 56.7 kA/m) Dy content of x = 0.12 (Hc = 790), 

0.20 (Hc = 790) and Pr content x = 0.20 (63.3 kA/m) (Table 3.25 – 3.27). The random 

variation in coercivity in rare earth doped cobalt ferrites in the present study may be 

attributed to difference in crystallite size, porosity and composition. 

Concisely, the doping of rare earth metal ions like Sm3+, Ho3+, Er3+, Dy3+ and 

Pr3+ in cobalt ferrite has resulted in the enhancement of coercivity. The reason for 

higher coercive force may lie in the larger ionic radii of rare earth ion as compared to 
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that of Fe3+ ions. Hence, the symmetry of crystal may be decreased after cobalt ferrite 

is doped by rare-earth ions. The low crystal symmetry may lead to a strong magneto-

crystalline anisotropy, which is one reason for the doped samples to have high 

coercivity compared to the un-doped sample [131]. Such effects may also be endorsed 

by the contribution from the single ion anisotropy of the rare-earth ions present in the 

crystal lattice in conjunction with the surface effects resulting from alteration of the 

magnetic structures on the surface of the nanoparticles [38]. 

From the above observations and considering the requirements for high 

density recording media, digital image printing and high frequency applications, 

compositions of the doped cobalt ferrite containing rare earth metal cations like Ho, 

Er and Dy are proposed to be better substitutes as compared to un-doped cobalt ferrite.  

 

Table 3.19 Curie temperature (Tc), saturation magnetization (Ms), remnance 

magnetization (Mr), coercivity (Hc), squareness ratio (Mr/ Ms) and magnetic moment 

(nB) of CoCrxFe2-xO4 (x = 0.0 – 1.0). 

Cr content (Theoretical) ‘x’ 0.0 0.2 0.4 0.6 0.8 1.0 

Tc (±1 K) 545 644 581 484 412 312 

Ms (kA/m) 81.6 111 99.5 63.7 51.7 19.9 

Mr (kA/m) 50.9 63.7 50.9 34.2 19.9 4.54 

Hc (kA/m) 69.9 64.8 51.4 30.9 20.2 4.6 

Mr/ Ms 0.62 0.57 0.51 0.54 0.38 0.23 

nB (µB)  2.50 3.41 3.03 1.93 1.57 0.60 
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Table 3.20 Curie temperature (Tc), saturation magnetization (Ms), remnance 

magnetization (Mr), coercivity (Hc), squareness ratio (Mr/ Ms) and magnetic moment 

(nB) of CoZrxMgxFe2-2xO4 (x = 0.0 – 0.5). 

Zr-Mg content (Theoretical) ‘x’  0.0 0.1 0.2 0.3 0.4 0.5 

Tc (1K) 545 624 644 610 581 539 

Ms (kA/m) 81.6 71.6 55.7 39.8 33.4 23.9 

Mr (kA/m) 50.9 31.8 22.3 15.9 14.3 13.9 

Hc (kA/m) 69.9 63.7 55.7 54.3 49.3 46.2 

Mr/ Ms 0.62 0.44 0.40 0.40 0.43 0.58 

nB (µB)  2.50 2.20 1.71 1.23 1.03 0.74 

 

 

Table 3.21 Curie temperature (Tc), saturation magnetization (Ms), remnance 

magnetization (Mr), coercivity (Hc), squareness ratio (Mr/ Ms) and magnetic moment 

(nB) of CoZrxMnxFe2-2xO4 (x = 0.0 – 0.5). 

Zr-Mn content (Theoretical) ‘x’    0.0 0.1 0.2 0.3 0.4 0.5 

Tc (K) 545 650 560 539 513 465 

Ms (kA/m) 81.6 87.6 62.9 - 61.3 43.8 

Mr (kA/m) 50.9 35.8 47.7 - 33.4 15.9 

Hc (kA/m) 69.9 67.0 87.9 - 72.7 57.5 

Mr/ Ms 0.62 0.41 0.60 - 0.53 0.57 

nB (µB)  2.50 2.72 2.51 - 2.07 0.92 
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Table 3.22 Curie temperature (Tc), saturation magnetization (Ms), remnance 

magnetization (Mr), coercivity (Hc), squareness ratio (Mr/ Ms) and magnetic moment 

(nB) of CoZrxNixFe2-2xO4 (x = 0.0 – 0.5). 

Zr-Ni content (Theoretical) ‘x’     0.0 0.1 0.2 0.3 0.4 0.5 

Tc (K) 545 622 663 627 624 604 

Ms (kA/m) 81.6 55.7 71.6 32.6 17.5 14.3 

Mr (kA/m) 50.9 33.4 52.5 23.9 16.7 13.9 

Hc (kA/m) 69.9 62.0 63.8 62.2 57.3 51.6 

Mr/ Ms 0.62 0.60 0.73 0.73 0.95 0.97 

nB (µB)  2.50 1.74 2.27 1.05 0.57 0.48 

 
 

 

Table 3.23 Curie temperature (Tc), saturation magnetization (Ms), remnance 

magnetization (Mr), coercivity (Hc), squareness ratio (Mr/ Ms) and magnetic moment 

(nB) of CoSmxFe2-xO4 (x = 0.00 – 0.20).  

Sm content (Theoretical) ‘x’    0.0 0.04 0.08 0.12 0.16 0.20 

Tc (K) 545 598 587 531 517 512 

Ms (kA/m) 81.6 83.6 79.6 62.9 63.7 27.8 

Mr (kA/m) 50.9 35.8 47.7 31.8 33.4 15.9 

Hc (kA/m) 69.9 67.0 87.9 66.9 72.7 57.5 

Mr/ Ms 0.62 0.41 0.60 0.51 0.53 0.57 

nB (µB)  2.50 2.73 2.52 2.02 2.08 0.92 

 



 142 

Table 3.24 Curie temperature (Tc), saturation magnetization (Ms), remnance 

magnetization (Mr), coercivity (Hc), squareness ratio (Mr/ Ms) and magnetic moment 

(nB) of CoHoxFe2-xO4 (x = 0.00 – 0.20).  

Ho content (Theoretical) ‘x’      0.0 0.04 0.08 0.12 0.16 0.20 

Tc (K) 545 564 554 549 539 520 

Ms (kA/m) 81.6 55.7 71.6 63.7 54.1 62.1 

Mr (kA/m) 50.9 43.0 39.8 35.8 31.8 38.2 

Hc (kA/m) 69.9 66.4 76.3 68.8 71.3 80.1 

Mr/ Ms 0.62 0.77 0.56 0.56 0.59 0.62 

nB (µB)  2.50 1.74 2.28 2.06 1.78 2.08 

 
 

 

Table 3.25 Curie temperature (Tc), saturation magnetization (Ms), remnance 

magnetization (Mr), coercivity (Hc), squareness ratio (Mr/ Ms) and magnetic moment 

(nB) of CoErxFe2-xO4 (x = 0.00 – 0.20).  

Er content (Theoretical) ‘x’       0.0 0.04 0.08 0.12 0.16 0.20 

Tc (K) 545 532 538 527 521 518 

Ms (kA/m) 81.6 51.7 87.6 59.7 47.7 79.6 

Mr (kA/m) 50.9 39.2 50.7 37.8 29.1 53.4 

Hc (kA/m) 69.9 75.4 83.6 78.7 56.7 143.2 

Mr/ Ms 0.62 0.76 0.58 0.63 0.61 0.67 

nB (µB)  2.50 1.62 2.79 1.94 1.58 2.68 
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Table 3.26 Curie temperature (Tc), saturation magnetization (Ms), remnance 

magnetization (Mr), coercivity (Hc), squareness ratio (Mr/ Ms) and magnetic moment 

(nB) of CoDyxFe2-xO4 (x = 0.00 – 0.20).  

Dy content (Theoretical) ‘x’            0.0 0.04 0.08 0.12 0.16 0.20 

Tc (K) 545 584 526 514 538 503 

Ms (kA/m) 81.6 68.5 71.6 63.7 55.7 57.3 

Mr (kA/m) 50.9 43.0 38.2 32.6 31.8 38.2 

Hc (kA/m) 69.9 78.8 70.8 62.9 71.3 62.9 

Mr / Ms 0.62 0.63 0.53 0.51 0.57 0.67 

nB (µB)  2.50 2.14 2.28 2.06 1.83 1.92 

 

 

 

Table 3.27 Curie temperature (Tc), saturation magnetization (Ms), remnance 

magnetization (Mr), coercivity (Hc), squareness ratio (Mr/ Ms) and magnetic moment 

(nB) of CoPrxFe2-xO4 (x = 0.00 – 0.20).  

Pr content (Theoretical) ‘x’           0.0 0.04 0.08 0.12 0.16 0.20 

Tc (K) 545 518 535 544 582 552 

Ms (kA/m) 81.6 36.6 38.7 50.1 38.2 58.1 

Mr (kA/m) 50.9 19.1 20.7 27.8 15.8 29.4 

Hc (kA/m) 69.9 78.8 80.4 84.4 89.9 63.3 

Mr/ Ms 0.62 0.52 0.53 0.56 0.41 0.51 

nB (µB)  2.50 1.14 1.22 1.61 1.24 1.91 
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CONCLUSIONS 

 In the present study, micro-emulsion method is found to be economical and 

efficient for the synthesis of doped cobalt ferrites containing Cr, Zr-Mg, Zr-

Mn, Zr-Ni and rare earth metal cations like Sm, Ho, Er, Dy and Pr. The doping 

level of rare earth metal cations (x = 0.20) in cobalt ferrite is higher by micro-

emulsion method as compared to standard ceramic, co-precipitation and sol-

gel methods used by other researchers.  The purity and phase of the prepared 

doped cobalt ferrite samples is confirmed by XRD and AC magnetic 

susceptibility. 

 Cr, Zr-Mg, Zr-Mn and Zr-Ni doped cobalt ferrite synthesized by the micro-

emulsion method has a crystallite size lying in the range of 20 – 70 nm, as 

calculated from the XRD data. The crystallite sizes for rare earth metal cations 

(Sm, Ho, Er, Dy and Pr) doped cobalt ferrite samples are between 14 to 30 nm. 

The crystallite size of doped cobalt ferrites is larger than super-paramagnetic 

particle size (10 nm) and smaller than single domain particle size (70 nm), 

which makes it most suitable for application in high density recording media.  

 The electrical resistivity of the un-doped cobalt ferrite has been improved by 

doping Cr, Zr-Mg, Zr-Mn, Zr-Ni and rare earth metals like Sm, Ho, Er, Dy 

and Pr while the dielectric constant and dielectric losses have been reduced by 

doping. Hence reducing the eddy current losses in the doped cobalt ferrites 

prepared in the present study making them better suited for high frequency 

applications.  

 Doping Cr, Zr-Mg, Zr-Mn, Zr-Ni and rare earth metal cations like Sm, Ho, Er, 

Dy and Pr in cobalt ferrite has resulted in enhancing the activation energy of 

hopping of electron. The activation energy increased from 0.34 eV for 
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undoped cobalt ferrite to a maximum 0.63 eV, observed in the present study,  

for Zr-Ni content x = 0.5 in doped cobalt ferrite. This increase in more 

prominent in doped cobalt ferrites doped with rare earth metal cations. The 

drift mobility of charge carriers (electrons) of doped cobalt ferrites has been 

reduced by doping. The improvement of activation energy and reduction in 

drift mobility is a direct consequence of enhanced electrical resistivity of 

doped cobalt ferrites.  

 The electrical resistivity of doped cobalt ferrites is observed to decrease with 

increasing temperature and vice versa for drift mobility of the charge carriers. 

The factor operating behind the two is the higher mobility of charge carriers 

(electrons) at elevated temperatures.  

 The dielectric constant and dielectric losses of doped cobalt ferrites were 

decreased by increasing the frequency of the applied AC field, representing 

the typical behaviour of ferrites, caused by the lagging of hopping electron 

behind the changing frequency of applied AC field. 

 Tc has been reduced to 545 K for un-doped cobalt ferrite as compared to bulk 

cobalt ferrite (993 K) in the present study. Doping of Cr, Zr-Mn, Sm, Ho, Er 

and Dy in cobalt ferrite has shown to decrease Tc with increase in dopant 

content while doping of Zr-Mg, Zr-Ni and Pr has resulted in enhanced Tc 

values. Cr doped cobalt ferrites with lowest Curie temperature (312 K for x = 

0.1) are suggested as magnetic fluid lubricants. 

 High values of saturation magnetization i.e. 111 kAm-1, 87.6 kAm-1, 83.6 

kAm-1 and 87.6 kAm-1; are observed for doped cobalt ferrite samples 

containing Cr content x = 0.2, Zr-Mn content x = 0.1, Sm content of x = 0.04 
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and Er content of x = 0.08 respectively, which make these samples good for 

their use in recording devices and also for digital image printing (DIP). 

 The coercivity of the doped cobalt ferrites has been enhanced by doping rare 

earth metal cations like Sm (87.9 kA/m for x = 0.08), Er (87.9 kA/m for x = 

0.08), Ho (87.9 kA/m for x = 0.08), Dy (87.9 kA/m for x = 0.08) and Pr (87.9 

kA/m for x = 0.08) in low content level. Moderate saturation magnetization 

values, high remnance ratio (0.6) and high coercivity in combination with 

high electrical resistivity makes them a better choice for high density 

recording media, digital image printing and high frequency applications. 
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FUTURE SUGGESTIONS 
 
 Cobalt ferrite doped with various metal cations like Cr, rare earths (Sm, Ho, Er, 

Dy and Pr) and Zr co-doped with Mg, Mn and Ni by using micro-emulsion method. 

The crystallite size calculations for the prepared samples showed that the crystallite 

size varies between 13 to 70 nm. The crystallite size can be controlled by optimizing 

the concentration of the reactants, pH of the reaction mixture and temperature of 

sintering the precursors and as a result particles with a narrower range of crystallite 

sizes and thus more controlled properties will be obtained. 

 Seaback coefficient of the prepared samples can be calculated by the 

thermoelectric power measurements. Seaback coefficient gives us information 

regarding the type and mobility of charge carriers which cause the electrical 

conduction through ferrite samples. 

 The Mossbauer spectrometer can be used to determine the distribution of the 

doped ions between tetrahedral and octahedral sites and the ratio of, for instance, Fe2+ 

and Fe3+ ions in a samples resulting in a comprehensive explanation of the electrical 

and magnetic properties of the materials studied. Measuring the variation in 

magnetization with temperature of the doped cobalt ferrites can be another aspect of 

the future study. This will provide information about the blocking temperature of the 

samples.   

 Cobalt ferrite and its doped derivatives could be exploited for their use in 

biomedical applications such as target drug delivery, MRI and protein separation by 

studying their interaction with different drugs.  
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        (e) 

Figure 1 Plots of (a) electrical resistivity () and (b) electrical drift mobility (µ) versus 

temperature (T), (c) loss angle (tan) (d) dielectric constant (έ) and (e) loss factor 

versus frequency (f) of CrxCoFe2-xO4 (x = 0.0-1.0) 
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(e)      (f) 

Figure 2 Plots of (a) electrical resistivity () and (b) electrical drift mobility (µ) versus 

temperature (T), (c) dielectric constant (έ) (d) loss angle (tan) and (e) loss factor 

versus frequency (f), (f) magnetic susceptibility (1/) versus temperature (T) of 

ZrxMgxCoFe2-2xO4 (x = 0.0-0.5) 
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(g)        

Figure 3 Plots of (a) electrical resistivity () and (b) electrical drift mobility (µ) versus 

temperature (T), (c) dielectric constant (έ) (d) loss angle (tan) and (e) loss factor 

versus frequency (f), (f) magnetic susceptibility (1/) versus temperature (T) and (g) 

hysteresis loops of ZrxMnxCoFe2-2xO4 (x = 0.0-0.5) 
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(g)       

Figure 4 Plots of (a) electrical resistivity () and (b) electrical drift mobility (µ) versus 

temperature (T), (c) dielectric constant (έ) (d) loss angle (tan) and (e) loss factor 

versus frequency (f), (f) magnetic susceptibility (1/) versus temperature (T) and (g) 

hysteresis loops of ZrxNixCoFe2-2xO4 (x = 0.0-0.5) 
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(e)      (f) 

Figure 5 Plots of (a) electrical resistivity () and (b) electrical drift mobility (µ) versus 

temperature (T), (c) dielectric constant (έ) (d) loss angle (tan) and (e) loss factor 

versus frequency (f), (f) hysteresis loops of SmxCoFe2-xO4 (x = 0.00-0.20) 
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(c)      (d) 

Figure 6 Plots of (a) electrical resistivity () and (b) electrical drift mobility (µ) versus 

temperature (T), (c) magnetic susceptibility (1/) versus temperature (T) (d) hysteresis 

loops of HoxCoFe2-xO4 (x = 0.00-0.20) 
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(g)       

Figure 7 Plots of (a) electrical resistivity () and (b) electrical drift mobility (µ) versus 

temperature (T), (c) dielectric constant (έ) (d) loss angle (tan) and (e) loss factor 

versus frequency (f), (f) magnetic susceptibility (1/) versus temperature (T) and (g) 

hysteresis loops of ErxCoFe2-xO4 (x = 0.00-0.20) 
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(e)      (f) 

Figure 8 Plots of (a) electrical resistivity () and (b) electrical drift mobility (µ) versus 

temperature (T), (c) dielectric constant (έ) (d) loss angle (tan) and (e) loss factor 

versus frequency (f), (f) hysteresis loops of DyxCoFe2-xO4 (x = 0.00-0.20) 
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(c)      (d) 

Figure 9 Plots of (a) dielectric constant (έ) (b) loss angle (tan) and (c) loss factor 

versus frequency (f) and (d) hysteresis loops of ErxCoFe2-xO4 (x = 0.00-0.20) 
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(e)       

Figure 1 Plots of (a) electrical resistivity (ρ) and (b) electrical drift mobility (µ) versus 

temperature (T), (c) loss angle (tanδ) (d) dielectric constant (έ) and (e) loss factor 

versus frequency (f) of CrxCoFe2-xO4 (x = 0.0-1.0) 
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(e)      (f) 

Figure 2 Plots of (a) electrical resistivity (ρ) and (b) electrical drift mobility (µ) versus 

temperature (T), (c) dielectric constant (έ) (d) loss angle (tanδ) and (e) loss factor 

versus frequency (f), (f) magnetic susceptibility (1/χ) versus temperature (T) of 

ZrxMgxCoFe2-2xO4 (x = 0.0-0.5) 
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(g)       

Figure 3 Plots of (a) electrical resistivity (ρ) and (b) electrical drift mobility (µ) versus 

temperature (T), (c) dielectric constant (έ) (d) loss angle (tanδ) and (e) loss factor 

versus frequency (f), (f) magnetic susceptibility (1/χ) versus temperature (T) and (g) 

hysteresis loops of ZrxMnxCoFe2-2xO4 (x = 0.0-0.5) 
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(g)       

Figure 4 Plots of (a) electrical resistivity (ρ) and (b) electrical drift mobility (µ) versus 

temperature (T), (c) dielectric constant (έ) (d) loss angle (tanδ) and (e) loss factor 

versus frequency (f), (f) magnetic susceptibility (1/χ) versus temperature (T) and (g) 

hysteresis loops of ZrxNixCoFe2-2xO4 (x = 0.0-0.5) 
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(e)      (f) 

Figure 5 Plots of (a) electrical resistivity (ρ) and (b) electrical drift mobility (µ) versus 

temperature (T), (c) dielectric constant (έ) (d) loss angle (tanδ) and (e) loss factor 

versus frequency (f), (f) hysteresis loops of SmxCoFe2-xO4 (x = 0.00-0.20) 
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(c)      (d) 

Figure 6 Plots of (a) electrical resistivity (ρ) and (b) electrical drift mobility (µ) versus 

temperature (T), (c) magnetic susceptibility (1/χ) versus temperature (T) (d) hysteresis 

loops of HoxCoFe2-xO4 (x = 0.00-0.20) 

 

 

 

 



 166

0

3

6

9

12

15

18

275 375 475 575 675

T/K

ρ×
10

6 / (
Ω

m
)

x=0.04
x=0.08
x=0.12
x=0.16
x=0.20

0

10

20

30

40

50

60

275 375 475 575 675

T/K

µ×
10

−1
4 /m

2 V-1
se

c-1

x=0.04
x=0.08
x=0.12
x=0.16
x=0.20

 

(a)      (b) 

0

2

4

6

8

10

4 6 8 10 12 14
ln f / Hz

ε 
(1

03 )

x=0.04
x=0.08
x=0.12
x=0.16
x=0.20

0.0

1.0

2.0

3.0

4 6 8 10 12 14
ln f  / Hz

ta
n δ

x=0.04
x=0.08
x=0.12
x=0.16
x=0.20

 

(c)      (d) 

0.00

0.06

0.12

0.18

4 6 8 10 12 14
ln f / Hz

lo
ss

 fa
ct

or
 (1

0-5
)

x=0.04
x=0.08
x=0.12
x=0.16
x=0.20

5.5

6.5

7.5

8.5

9.5

275 375 475 575 675

T/K

1/
χ

x=0.04
x=0.08
x=0.12
x=0.16
x=0.20

 

(e)      (f) 



 167

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

-0.5 -0.3 -0.1 0.1 0.3 0.5

H/ Tesla

M
/ T

es
la

x=0.04
x=0.08
x=0.12
x=0.16
x=0.20

 

(g)       

Figure 7 Plots of (a) electrical resistivity (ρ) and (b) electrical drift mobility (µ) versus 

temperature (T), (c) dielectric constant (έ) (d) loss angle (tanδ) and (e) loss factor 

versus frequency (f), (f) magnetic susceptibility (1/χ) versus temperature (T) and (g) 

hysteresis loops of ErxCoFe2-xO4 (x = 0.00-0.20) 
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(e)      (f) 

Figure 8 Plots of (a) electrical resistivity (ρ) and (b) electrical drift mobility (µ) versus 

temperature (T), (c) dielectric constant (έ) (d) loss angle (tanδ) and (e) loss factor 

versus frequency (f), (f) hysteresis loops of DyxCoFe2-xO4 (x = 0.00-0.20) 
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(c)      (d) 

Figure 9 Plots of (a) dielectric constant (έ) (b) loss angle (tanδ) and (c) loss factor 

versus frequency (f) and (d) hysteresis loops of ErxCoFe2-xO4 (x = 0.00-0.20) 

 




